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Electroporation enables the increase in cell membrane permeability by exposing cells to
high-voltage electric pulses and is widely used in medical procedures such as
electrochemotherapy, non-thermal tumour ablation, and most recently for ablation of
arrhythmogenic cardiac tissue. Despite its broad applications, the regulation of
transmembrane voltage following electroporation remains incompletely understood.
This dissertation aims to investigate how TMV is shaped and modulated after
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
governed by an interplay between nonselective leak current due to membrane
permeabilization and ion channel activation. The second study examined reversible
electroporation in patient-derived glioblastoma cells, showing that electric field
exposure can alter the invasive behaviour of surviving cells, with evidence implicating
ion channels in this adaptive response. The third study explored pharmacological
inhibition of voltage-gated sodium channels using lidocaine during electroporation,
revealing that lidocaine can affect cell survival outcome through mechanisms that
extend beyond simple ion channel modulation. Taken together, these studies provide an
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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Elektroporacija je pojav, pri katerem pride do poveCane prepustnosti celicne membrane
zaradi izpostavitve celic visokonapetostnim elektri¢énim pulzom. Pogosto se uporablja v
medicini, med drugim pri elektrokemoterapiji, netermi¢ni ablaciji tumorjev ter v
zadnjem casu tudi pri ablaciji aritmogenega srénega tkiva. Kljub Siroki 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
celi¢ne procese. Delo temelji na treh medsebojno dopolnjujocih se Studijah.
V prvi $tudiji smo preucevali spremembe transmembranske napetosti v ¢asu 30 minut
po izpostavitvi celic elektricnemu pulzu in pokazali, da dinamiko teh sprememb
uravnava tako neselektivni tok ionov, ki nastane zaradi poveCane prepustnosti
membrane, kot tudi aktivacija ionskih kanalov. V drugi $tudiji smo ovrednotili vpliv
reverzibilne elektroporacije na primarne humane glioblastomske celice ter pokazali
spremembe v invazivnem vedenju prezivelih celic, pri cemer je bilo nakazano, da so v
te prilagoditvene odzive vkljuceni tudi ionski kanali.V tretji Studiji pa smo raziskovali
vpliv lidokaina, modulatorja napetostno odvisnih natrijevih kanalov, na elektroporacijo
in pokazali, da lahko lidokain vpliva na prezivetje celic prek mehanizmov, ki presegajo
zgolj modulacijo ionskih kanalov. Skupaj rezultati teh Studij ponujajo poglobljen
vpogled v to, kako izpostavitev elektricnemu polju vpliva na spremembe v celi¢nih
procesih in odzivu celic po elektroporaciji. Z razkrivanjem povezav med regulacijo
transmembranske napetosti, delovanjem ionskih kanalov, invazivnostjo celic in
farmakolosko modulacijo odzivov na izpostavitev celic elektriénemu polju, ugotovitve
v doktorski nalogi poglabljajo dosedanje razumevanje mehanizmov elektroporacije. S
tem se odpirajo nove moznosti 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
TMYV 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 wused 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 (CI), and calcium (Ca*"), 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).

Extracellular space
Nat/K*-ATPase
Potassium-leak Sodium channel
channels @Na'
@
’K+ . ‘ ATP
Cytoplasm

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 (Kj:) 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:

(1)

AV = In (PK"' [K+]o+ PNa+ [Na+]o+ PCl_[Cl_]o)
T = —

Pt[K*]; + Py o+ [Nat]i+ Pe- [CL7];
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In this equation, the following symbols are used:

Vin resting transmembrane voltage (V),

Py relative membrane permeability for the major ions — K, Na" and CI,
[X]i intracellular concentration of these ions — K*, Na* and CI" (mM),
[X]o extracellular concentration of these ions — K*, Na* and CI (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 (CI') ions are less
pronounced. Under resting conditions, the contribution of calcium ions (Ca?") is considered
negligible because of its considerably lower extracellular and cytoplasmic concentrations
compared with sodium (Na"), potassium (K*), and chloride (CI") 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

TMYV 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 (Ca?") 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
(Ca*"), 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 1on 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 Miklav¢i€, 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).

Lty
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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 Miklav¢ic, 2016).

Electroporation induces effects on the membrane, including oxidative damage to membrane
lipids, cytoskeletal disruptions, and modifications of transmembrane proteins (Kotnik et al.,
2019; Vizintin and Miklav¢ic, 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; Teissi¢ and Ramos, 1998; Weaver and Chizmadzhev, 1996) and then
clearly experimentally demonstrated in 2015, when carefully designed electrophysiological

6



Blazi¢ A. Changes in transmembrane voltage regulation due to cell electroporation.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025

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-Cerne 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—éerne 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 (Ca?") 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 (Vizintin and Miklav¢ic, 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 Teissi¢, 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 (Balanti¢ 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
(Kazmierska 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
(Ca?") 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 B-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 (Ca**) ions and activation of downstream
signalling pathways (Burke et al., 2017; Casciola et al., 2017, 2019; Craviso et al., 2010; Kotnik
etal., 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-Fernandez 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 NayMs 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. Figure4 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 (Mahni¢-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 (Poto¢nik 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 1is
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 (t7,,), 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 (AV,;,) can be
estimated using Schwan’s equation:

AV, = ;ERce” cos @ (1 — exp(—t/rm)) ... (2
In this equation, the following symbols are used:

AV, induced transmembrane voltage (V),

E applied electric field strength (V/m),

Reen  cell radius (m),

0 angle between the direction of the electric field and the point on the cell membrane,
t time after electric field onset (s),

Tm membrane charging time constant (s).

Equation (2) has been derived in a spherical coordinate system, where 6 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 # = 0° and 6§ = 180° (the “poles” of the cell) and in-
between these poles it varies proportionally to the cosine of . 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-Cerne 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 TRPMS 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 Ca**-ATPase and Na',K'-ATPase
isoforms in a cardiac cell line H9¢2 (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
TMYV 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 Il 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

Blazi¢ 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.
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Electroporation causes a temporal increase in cell membrane permeability and leads to prolonged changes in
transmembrane voltage (TMV) in both excitable and non-excitable cells. However, the mechanisms of these TMV
changes remain to be fully elucidated. To this end, we monitored TMV over 30 min after exposing two different
cell lines to a single 100 ps electroporation pulse using the FLIPR Membrane Potential dye. In CHO-K1 cells,
which express very low levels of endogenous ion channels, membrane depolarization following pulse exposure
could be explained by nonselective leak current, which persists until the membrane reseals, enabling the cells to
recover their resting TMV. In U-87 MG cells, which express many different ion channels, we unexpectedly
observed membrane hyperpolarization following the initial depolarization phase, but only at 33 °C and not at
25 °C. We developed a theoretical model, supported by experiments with ion channel inhibitors, which indicated
that hyperpolarization could largely be ataibuted to the activation of calcium-activated potassium channels. Ion
channel activation, coupled with changes in TMV and intracellular calcium, participates in various physiological
processes, including cell proliferaton, differentiation, migration, and apoptosis. Therefore, our study suggests
that ion channels could present a potential target for influencing the biological response after electroporation.

1. Introduction intensity electric fields [1,5], a remarkable tool that is being actively

explored for tissue engineering [6,7].

All cells maintain an electric potential difference across their plasma
membranes, which results from the differences in membrane perme-
abilities for potassium, sodium, calcium and chloride ions. This potential
difference is called the resting transmembrane voltage (TMV) and is
maintained by a system of ion channels and pumps. In the normal
physiological state, the resting TMV is negative, meaning that the cell
interior is electrically more negative than its exterior. Changes in TMV
have a fundamental biological function contolling the activity of
various membrane proteins and act as an important biological signal
closely associated with the cell cyele [1,2]. Furthermore, cells with less
negative resting TMV (up to approximately —5 mV) tend to proliferate
more, as observed in developing and cancerous cells [3]. Conversely,
hyperpolarization (more negative TMV values, down to —90 mV) ac-
celerates the cell differentiation process [4]. Therefore, changes in TMV
can be used as an external signal to control cell proliferation, differen-
tiation, and migration by continuous exposure (over hours) to low-
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Long-term changes in TMV, persisting on the time scale of minutes,
can also be observed after brief exposure to high-intensity pulsed elec-
tric field that result in electroporation. Electroporation is a phenomenon
associated with increased plasma membrane permeability due to the
creation of hydrophilic pores in the membrane lipid domains, lipid
oxidation, and/or damage to certain membrane proteins, all promoted
by the intense electric field [8]. Previous studies reported that electro-
poration is followed by prolonged membrane depolarization, lasting
several minutes, both in excitable and non-excitable cells, as determined
by potentiomewric dyes (9] and electophysiological measurements
[10,11]. There is some evidence in the literature that these long-term
changes in TMV might influence the progression of cells through the
cell cycle. Electroporation with millisecond-duration electric pulses has
been shown to initiate de-differentiation of cells in the limbs of newts,
similar to that which occurs after limb amputation [12]. More recently,
high-intensity nanosecond pulses have been shown to increase the
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chondrogenic potential of mesenchymal stem cells and promote prolif-
eration and differentiation of osteoblasts and myoblasts [13-16].

To systematically study the biclogical implications of long-term
changes in TMV, it is of crucial importance to understand the underly-
ing mechanisms by which electroporation alters the TMV. To this end, it
is also important to establish or select an adequate methodology that
allows one to monitor TMV after electroporation on a relevant time
scale. While patch-clamp remains the golden standard for measuring the
TMV [17], it has several limitations when it comes to electroporation
research, including low throughput, perturbation of the gigaseal with
high-voltage electroporation pulses and limitations on the pulse pa-
rameters that can be studied [18-20]. Another approach to measure
changes in TMV is the use of voltage-sensitive fluorescent dyes. Based on
their response mechanism, these dyes are divided into two classes: (i)
slow-response dyes that translocate across the plasma membrane and
consequently accumulate within the cells in a wvoltage-dependent
manner, and (ii) fastresponse dyes that incorporate into the mem-
brane and have a voltage-dependent change in fluorescence emission.
Fastresponse dyes, such as FluoVolt and ElecoroFluor630 (fluorinated
version of the well-known ANEP dyes), were already used to monitor
changes in action potential generation upon electroporation [21,22].
Slow-response indicators, such as the FLIPR Membrane Potential (FIMP)
dye, were used to detect long-term changes in TMV in excitable and non-
excitable cells after exposure of cells to high-intensity pulsed electric
field [9,23].

The FMP dye was originally developed for high throughput screening
of ion channel activity using a plate reader [24-28]. The dye consists of
two components, an anionic fluorescent voltage sensor molecule that
enters the cells upon membrane depolarization and increases the cell
fluorescence, and a quencher molecule that remains in the cell exterior
and absorbs the fluorescence of the voltage sensor thus minimizing
background fluorescence [9]. The FMP dye was demonstrated to be
extremely sensitive showing a 50 % change in fluorescence per 10 mv
[29]) with a large signal-to-noise ratio [30] and response time in sec-
onds [29-31]. When compared with previously well-accepted dyes, like
DiBAC4(3) [30,32-34] and dyes based on the FRET dye system [34], the
FMP dye showed a greater sensitivity (response in fluorescence during
membrane depolarization), a faster response time compared to DiBAC4
(3) and similar signal stability. Furthermore, an excellent correlation
was shown between fluorescence changes and measurements made with
the waditional patch clamp technique [29,30,33]. One of the limitations
of the dye is that it can respond not only to changes in TMV at the plasma
membrane but also to changes in TMV on the membranes of inner or-
ganelles [32].

Using the FMP dye, Burke et al. [23] demonstrated that prolonged
membrane depolarization following pulse exposure was not solely
associated with a nonselective leak current through pores in the plasma
membrane, as previously thought [18,35,36]. Instead, they found that
the observed depolarization may result from a more complex response
involving the activation of multiple types of voltage-gated ion channels
[23]. Their study exposed U-87 MG glioblastoma cells to a single 10 ns,
34 kV/cm pulse and monitored TMV changes over a 30-minute period.
Inspired by this work, our primary objective was to further investigate
mechanisms underlying long-term changes in TMV after exposing cells
to 100 ps pulses. These longer pulses are more commeonly employed in
electroporation applications, including electrochemotherapy [37,38]
and irreversible electroporation [39]. Following [23], we utilized the
FMP dye to monitor TMV changes in U-87 MG cells, which express many
different ion channels, and CHO-K1 cells, which express very low levels
of endogenous ion channels. Our study delivers new insights into the
mechanisms of TMV regulation after electroporation and identifies
several challenges related to measuring electroporation-mediated long-
term changes in TMV.
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2. Materials and methods
2.1, Cell culture

Chinese hamster ovary cells (CHO-K1, #85051005) and human
glioblastoma cells (U-87 MG, #9081402) were obtained from the Eu-
ropean Collection of Authenticated Cell Cultures, Public Health En-
gland. They were grown in Ham-F12 (#N6658) and in EMEM
(#51416C) medium, respectively. Both growth media were supple-
mented with 10 % fetal bovine serum (#F9665 for CHO-K1 and #F2442
for U-87 MG), L-glutamine (#G7513) and antibiotics (Penicillin-Strep-
tomycin, #P0781, and Gentamicin, #G1397). All listed media and
supplements were from Sigma-Aldrich, Germany. Cells were routinely
passaged every 3 to 4 days, and passages between 5-30 were used for
experiments. For experiments, cells were first trypsinized and counted.
Afterwards 1.25 x 104 cells/3 days or 0.625 x 10% cells/4 days (CHO-
K1) and 1 x 10° cells/3 days or 5 x 10% cells/4 days (U-87 MG) were
seeded in Nunc Lab-Tek IT chambered coverglass (Thermo Scientiﬁcm,
#154461) and were grown in a humidified environment at 37 °C and 5
% COp.

2.2. Electric pulses

The cells were exposed to a single 100 ps electric pulse of chosen
amplitude (70-630 V), delivered by a pulse generator B10 HV-LV
(Leroy Biotech, France) or L-POR V0.1 (mPOR, Slovenia), through a
pair of parallel Pt-Ir wire electrodes with wire diameter of 1 mm and the
distance between inner edges of the electrodes of 2 mm. Delivered
current and voltage were routinely monitored by the oscilloscope
Wavesurfer 422, 200 MHz, the current probe CP030 and the differential
probe ADP305 (all from LeCroy, USA), as per recommendations [40].
The electric field to which the cells were exposed was estimated as the
ratio between the applied voltage and the interelecrode distance.

2.3. Electroporation buffer

Live Cell Imaging Solution (LCIS; Molecular Probes, #A14291DJ;
composition: 140 mM NacCl, 2.5 mMKCl, 1.8 mM CaCl,, 1.0 mM MgCls,
20 mM HEPES, pH 7.4, 300 mOsm), supplemented with 200 g/ml D-
glucose (Gibeo, #A2494001) in final 5.5 mM concentration, was
selected as the electroporation buffer based on previous studies [9,23].
We did not use the growth medium for electroporation, since U-87 MG
cells showed morphological changes (cell rounding and detachment)
after several minutes of exposure to their growth medium (EMEM) at
ambient conditions, likely due to the poor pH buffering capacity of the
bicarbonate buffer at ambient CO, (Suppl. Material 1, Fig. $1.1a).
Moreover, U-87 MG cells exhibited significantly lower cell survival
when electroporated in EMEM compared with LCIS (Suppl. Material 1,
Fig. S1.1b, ¢).

2.4. Temperature control

For experiments, the cells were first stained with selected dye (see
sections 2.5-2.8), then the electrodes were positioned into the imaging
chamber, and the chamber was placed on the microscope stage inside
the microscope’s incubator i8 Black (PeCon, Germany), as presented in
Fig. la. Before time-lapse imaging, the cells were left for 5 min to
equilibrate within the microscope’s incubator. The incubator was either
kept at Toom temperature, or at controlled temperature of 37 °C using
the TempController 20002 (PeCon, Germany). The sample temperature
was measured using a fiber optic temperature sensor (MPK-5, OpSens
Solutions, Canada), see Suppl. Material 1, Fig. 1.3, At Toom tempera-
ture, the sample temperature was Troom = 25.3 £ 1.4 °C (mean £ 5.d.).
At controlled temperature, the sample temperature was lower than 37 °C
due to water evaporation from the open imaging chamber (the chamber
could not be closed due to the presence of the electrodes). However, the
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Fig. 1. Methodology. a) Experimental configuration — imaging chamber placed on the microscope stage (top) and side view of the position of electrodes within the
chamber (bottom). b) Scheme of the theoretical model used to support experimental data. ¢) Image processing approach for determining the fluorescence of cells
stained with FMP, Fluo4, and TMRE dye. An example is shown for U-87 MG cells stained with FMP dye. From left to right: brightfield image, baseline fluorescence,
mask to determine the ROI corresponding to cells, maximum fluorescence reached after pulse application. d) Image processing approach for determining the
fluorescence of cells stained with PI and Hoechst. Example is shown for CHO-K1 cells. From left to right: brightfield image, image of Hoechst-stained cell nuclei used
to determine the ROI (yellow), baseline PI fluorescence, and PI fluorescence after pulse application at the end of 30 min time-lapse recording. Further details on the
image analysis are given in Suppl. Material 2. Statistically significant differences (*: p < 0.05) were determined by t-test.

sample temperature was stable and repeatable and equal to Ter = 33.3 NaCl (Sigma-Aldrich, #58221) in sterile distilled water (B.Braun). After
+0.2°C. staining the cells with FMP dye, the staining solution was replaced by
125 pL of 140 mM NaCl. The imaging chamber was placed on the mi-

croscope stage and the cells were imaged at 1 frame per 5 s for 5 min. 30

2.5. Monitoring changes in transmembrane voltage (TMV) s after the beginning of the time-lapse imaging, 875 L of 160 mM KCl
was added to the imaging chamber to a final concentration of 140 mM

For monitoring changes in TMV we used the FMP dye. FMP dye stock KCL. The NaCl and KCl solutions also contained the FMP dye (0.5 pL/1

solution was prepared by dissolving the Component A of the FLIPR ml), which ensured a consistent dye coneentration, despite the change of
Membrane Potential Assay Red (Molecular Devices, #R7291) by adding solution.
1 ml sterile distilled water (B.Braun, Germany) to the vial. The stock In some experiments we also used ion channel inhibitors including,

solution was mixed, aliquoted, and stored at —20 °C. To prepare the  tetraethylammonium - TEA (Sigma #T2265) prepared in the sterile
staining solution, 0.5 L of the stock solution was dissolved in LGIS. Cells distilled water (B.Braun, Germany), Penitrem A (Sigma, # SI-P3053)
grown in the imaging chamber were stained for 30 min at 37 “Cand 5 % prepared in DMSO (Sigma, #D2650), and Verapamil (Sigma,

GOy #V4629), The final concenwmation of ion channel inhibitors (TEA — 50

Imaging was done on the Leica Thunder Imaging System with DMi8 mM, Penitrem A — 2.5 M, Verapamil — 2.2 |M) in the sample was
inverted epifluorescence microscope and LED8 illumination source selected following a previous study [23] and was added to the imaging
controlled by Las X software (all from Leica Microsystems, Germany) chamber 5 min before commencing time-lapse imaging. The final con-
under 40x objective magnification. Time-lapse recordings were 30 min centration of DMSO in the sample did not exceed 1 %.

long, with 1 frame captured each 30 s. When monitoring the response to

an electric pulse, this pulse was applied at time 1.5 min after the start of

time-lapse recording. Additional brightfield and fluorescence snapshots 2.6, Monitoring propidium uptake

of cells were taken before and after the time-lapse. The FMP dye was

excited with green LED (554/24 nm) and its fluorescence was passed To detect changes in membrane permeability due to electroporation

through the Leica multiband filter DFT51010 and an additional band- we used Propidium Iodide (PL; Molecular Probes, #P1304MP). To keep

pass filter at 590/50 nm and detected with the Leica DFCO000 Gt these experiments similar to those used for measuring the changes in

camera. TMV and intracellular caleium, which required > 30 min staining steps
The change in TMV was alse measured in response to chemical de- (Sections 2.5 and 2.7, respectively), the cells were first incubated in 1 ml

polarization by exposing cells to a mixture of 140 mM KCl and 2.5 mM LCIS for 30 min at 37 °C and 5 % CO». Thelast 5 min of this incubation,

NacCl, prepared by dissolving 1 M KCl (Sigma-Aldrich, #59222)and 5 M we stained the cells with Hoechst 33342 (Thermo Fisher, #62249) at a

20



Blazi¢ A. Changes in transmembrane voltage regulation due to cell electroporation.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025

A. Bla#i¢ et al.

final concentration of 4 uM. Cells were washed with 1 mL LCIS and PI
was added to the cells in LCIS at a final concentration of 30 pM. The cells
were then handled and imaged in the same way as used for measure-
ments with FMP dye (see Section 2.5), except for the following differ-
ences in the imaging settings: PI and Hoechst were respectively excited
with green LED (554/24 nm) and vielet LED (391/32 nm), and the
fluorescence was passed through the DFT51010 filter with additional
bandpass filter at 590,50 nm (for PI) and 460,/80 nm (for Hoechst).

2.7. Monitoring intracellular calcium transients

To detect changes in inwacellular calcium, cells were stained with 2
pM Fluo4-AM (Life Technologies, #F14217) in 1 ml LCIS at 37 °Cand 5
% GO, for 45 min. For GHO-K1 cells only, we also added 2 pM Pluronic
(Molecular Probes, #P3000MP) to facilitate staining. The cells were
then handled and imaged in the same way as for measurements with
FMP dye (see Section 2.5), except for the following differences in the
imaging settings: Fluo4 was excited with blue LED (479/33 nm) and its
fluorescence was passed through the DFT51010 filter with additional
bandpass filter at 535/70 nm. In addition to 30 min time-lapse imaging
at 1 frame per 30 s, we also captured shorter 5 min time-lapse images
with faster imaging rate of 1 frame per 3 s.

After the 30 min time-lapse recordings, short-term cell survival was
assessed by PI uptake, where Triton X-100 (Fluke, #93420) was used as
positive control (see Suppl. Material 1, Section 2 for further details).

2.8. Monitoring changes in mitochondrial transmembrane voltage

U-87 MG cells were stained with 50 nM TMRE (Molecular Probes,
#T669) in LCIS at 37 °Gand 5 % CO» for 20 min. After staining, the cells
were washed and imaged in LCIS with the same imaging settings as used
with the FMP dye (see Sec 255,

For a positive control, the proton ionophore uncoupler of oxidative
respiration carbonyl cyanide 3-chlorophenylhydrazone (CCCP; Sigma-
Aldrich, #C2759) was added to the TMRE-stained cells at 20 mM con-
centration for 5 min [41].

2.9, Image analysis

Fluorescence images were analyzed in ImageJ Fiji [42]. For FMP,
Fluo4 and TMRE, the region of interest (ROI) corresponding to cells was
determined based on automatic thresholding of the first image in the
time-lapse sequence (Fig. 1c). For PI, the ROI corresponding to the cell
nuclear area was determined based on Hoechst images captured before
and after PI time-lapse, since the cells exhibited practically no baseline
PI fluorescence (Fig. 1d). Further processing was the same for FMP,
Fluo4, TMRE and PI. The determined ROI was applied to all images in
the time-lapse to determine the mean flucrescence of the cells F(t).
Another ROI cutside the cell region was manually selected to determine
the background intensity Fz(f). The change in fluorescence with time
was determined as AF(8) = (F(t) — Fg(t)) - (F(t = 0) - Fg(t = 0)). Further
details on the image analysis with representative examples are provided
in the Suppl. Material 2.

2.10. Statistical analysis

All results presented in the paper are based on at least three inde-
pendent experimental repetitions, performed on different days. Statis-
tical analysis was performed using SigmaPlot 11.0 (Systat Software,
USA). Analysis was always carried out for each cell line separately.
Baseline FMP fluorescence was compared between different tempera-
tures (Troom and Teyi) using t-tests. Results of time-lapse recordings
captured at different temperatures were analyzed using Two-way
ANOVA (temperature and time as factors) with Holm-Sidak method
for pairwise multiple comparison. Three to four time points after the
start of the imaging were selected for comparison: for FMP signal at 1
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min (before pulse application), 7 min (peak value), 15 min (minimum
value) and 30 min (last value); for PI at 1 min and 30 min; and for Fluo4
at 1 min, 1.67 min (peak value), and 30 min (last value) for 30 min time-
lapses or at 1 min, 1.65 min (peak value), and 5 min (last value) for 5
min time-lapses. Results from monitoring TMV in response to pulses
with different amplitudes were analyzed with One-way ANOVA, Spe-
cifically, the minimum value of the FMP fluorescence obtained for each
pulse amplitude was compared to the control condition (0 V/cm).
Similarly, the maximum value of FMP fluorescence obtained for each
pulse amplitude was compared to that observed using chemical
depolarization.

A normality test using the Shapiro-Wilk method and equal variance
test were carried out prior to conducting any specific statistical analysis.
If normality and/or equal variance tests failed, nonparametric tests were
performed: Mann-Whitney Rank Sum test (instead of t-test) and ANOVA
on ranks (instead of One-way ANOVA and Two-way ANOVA). Statisti-
cally significant difference was considered for p < 0.05.

2.11. Theoretical modeling

For modeling the change in TMV due to electroporation, we built
upon the model of Catacuzzeno et al. [43], which was originally
developed to describe the role of calcium-activated potassium channels
in intracellular Ca®* oscillations in non-excitable cells in Tesponse to
hormone stimulation. Full details of the original model and our addi-
tions, together with all model equations and parameters, are given in the
Suppl. Material 3. Briefly, the model includes four relevant fluxes
contributing to the intacellular Ga?* dynamics (all in units of
molm 2s 1y Jin describes the Ca?t influx through ion channels in the
plasma membrane; Jg, describes the extrusion of Ca?" by plasma
membrane Ca®T-ATPases; J,4 describes the release of Ca®t from the
endoplasmic reticulum (ER); and Js., describes the reuptake of &
into ER by the Ca®T-ATPase SERCA. The model also includes Ca®*
binding to Ga®* buffers (B) present in the cytoplasm and ER (Fig. 1b),
We added another Ca?* flux across the plasma membrane through Npores
with radius r, (m) formed due to electroporation, derived based on
Nernst-Planck description of electro-diffusion [44,45]:

NooresTp* 1, U + Infy) y — 1 [Cal, — [Ca],exp(un)
A

Mg, W) (1 rexp) 5

Jap,ca L=

o
Parameters Ay, (m?) and d, (m) are the plasma membrane area and
membrane thickness, respectively; [Cal,, [Cal; (mol-m 3) are the
extracellular and intracellular Ca>* coneentrations, Dy, ca (m?%s 1) isthe
diffusion coefficient of Ga* inside a pore, y is the ratio between the
extracellular and intracellular conductivity, and w, is the non-
dimensionalized TMV. The dynamic changes in TMV, denoted by
Um (V), were described by [43]

du,
e

1

= (8cw (Un = Vo) + gcalUn = Ux) +&(Un = Us) + 8o U )

(2)

where Cp, (F) is the plasma membrane capacitance; g £k ca, and g2 (S)
are the maximum conductances of calcium channels, calcium-activated
potassium channels, and leak channels, respectively, whereas Ug,, Uy,
and U (V) are thereversal potentials for the corresponding ions. Thelast
term ggUs, describes the nonselective current due two elecoporation,
where g4, (8) is the conductance of Npores that reseal with the resealing
fUNEHON freseating(£):

2
20,71,

£ m:sal!}lg(t) (3

= Nporss————J
& Pty + 20
where s, (8/m) is the effective conductivity inside the pore [46]. The
resealing functions considered in the model are given later in Eqgs. (4)
and (5). The model was implemented and sclved in Matlab R2021b
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(MathWorks, USA).
3. Results and discussion

The aim of our study was to investigate the mechanisms of long-term
changes in TMV after exposing CHO-K1 and U-87 MG cells to a con-
ventional 100-ps-long electroporation pulse using the FMP dye. As we
discovered that temperature affected our measurements, we first
examined the influence of temperature on the baseline FMP flucrescence
(Section 3.1) and on the measured cell response to an electric pulse
(Section 3.2). While CHO-K1 cells responded to pulse exposure with an
increase in FMP fluorescence, indicating the expected prolonged depo-
larization [9], U-87 MG cells kept at 33 °C unexpectedly exhibited a
decrease in FMP fluorescence below baseline following the initial in-
crease. We hypothesized that this decrease could be an artifact of FMP
quencher uptake through the electroporated cell membranes. By con-
ducting additional experiments using pulses of increasing amplitudes
(Section 3.3) and employing theoretical modeling combined with ex-
periments using ion channel inhibitors (Section 3.4), we concluded that
the observed decrease in fluorescence signal is not an artifact but in-
dicates membrane hyperpolarization due to activation of calcium-
activated potassium channels. In Section 3.5, we discuss the chal-
lenges of monitoring electroporation-mediated long-term changes in
TMV using the FMP dye and other dyes tested in our experiments, and
propose further research directions.

3.1. FMP dye baseline fluorescence spontaneously increases at room
temperature

In our preliminary experiments at room temperature (Typom = 25.3
=+ 1.4 °C), we observed that cells stained with the FMP dye often exhibit
a spontaneous increase in fluorescence over time. We hypothesized that
this might be associated with non-physiological temperature, since the
activity of ion channels and pumps that control the TMV decrease their
activities at lower (Tyyom) temperatures [47-49], To test this hypothesis
more systematically, we controlled the temperature of the air in the
incubator that surrounds the microscope stage, which resulted in sample
temperature of Tep = 33.3 & 0.2 °C, At Tery, the FMP fluorescence signal
was stable for at least 30 min in both CHO-K1 and U-87 MG cells (Fig. 2a,
red lines). In contrast, when CHO-K1 cells were imaged at Tyoop,, their
fluorescence gradually increased over 30 min (Fig. 2a, gray lines).
Interestingly, U-87 MG cells not only exhibited a gradual increase in
fluorescence at Troom, but were also considerably brighter at the start of
the imaging. Note that we started the imaging 5 min after placing the
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1000
500 Pt

3

L ]
W
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sample on the microscope stage, to allow the temperature to equilibrate
within the microscope’s incubator; thus, the cells were already exposed
to Tyoom (OF Teprl) during this time.

To further confirm the observed increased baseline fluorescence in
U-87 MG cells at Tyoom, We analyzed a larger number of CHO-K1 and U-
87 MG samples. All samples were first stained at 37 °C, positioned on the
microscope stage and then imaged 5 min later on the microscope, at
either Typom O T The analysis demonstrated that the temperature
significantly affected the baseline fluorescence in both CHO-K1 (¢-test, p
< 0.001) and U-87 MG (¢-test, p < 0.001). In U-87 MG cells the baseline
fluorescence was also considerably more scattered at Troom (Fig. 2b),
reflecting greater deviations in Treom compared to Teqd.

3.2. The effects of temperature on the cell response to 100 us, 1.4 kV/cm
pulse: TMV, propidium uptake, and Ca®" transients

The spontaneous increase in FMP fluorescence, shown in Fig. 2a,
could be due to the spontaneous depolarization of cells at Typom O 0ther
effects of temperature on the permeation of the FMP voltage sensor
molecule across the cell membrane. We explored this further by studying
the effect of temperature on the response of cells to a single 100 ps, 1.4
kV/em pulse. The chosen pulse amplitude was high enough to result in
electroporation of ~40 % of both CHO-K1 and U-87 MG cells in sus-
pension, detected through PI uptake (see Suppl. Material 1, Fig. §1.1).
Note that cells attached to surfaces, as used in these experiments, elec-
woporate at even lower electric fields than cells in suspension due to
their elongated shape [50].

Changes in TMV were monitored for 30 min at Treom and Tew. For
both cell lines we observed that the pulse exposure triggered prolonged
membrane depolarization, lasting minutes after the pulse delivery, both
at Troom and Teyl. The maximum increase in FMP fluorescence was
observed within 10 min after pulse application and was higher in both
cell lines at Typom. The latter indicated that the FMP dye differentially
stains cells at different temperatures since subsequent experiments with
chemical depolarization demonstrated that both cell lines became fully
depolarized at Teq under these pulsing conditions (see Section 3.3).
Furthermore, the temperature greatly influenced the recovery of the
FMP signal. At Troom, the observed signal did not fully recover to the
baseline in either of the cell lines within 30 min. This can be largely
attributed to the gradual increase in the baseline FMP fluorescence
(Fig. 2a); however, it is also possible that the cells were not able to fully
restore their resting TMV at Tyyom. In contrast, at T, the signal in CHO-
K1 cells returned to its baseline ~20 min after the pulse. In U-87 MG
cells, the signal even decreased below the baseline, reaching the lowest
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Fig. 2. Temperature-dependent stability of the baseline FMP fluorescence signal. a) Signal in CHO-K1 and U-87 MG cells on a 30-minute time scale at Tyyop, (grey
lines) and Ty (red lines). b) Boxplots showing the fluorescence of CHO-K1 and U-87 MG cells, captured 5 min after placing a sample on the microscope stage at Ty,
of Tey (this time corresponds to 0 min in panel a). Note that some of the curves for CHO-K1 in panel a) have small peaks; this was due to small spontaneous activity
(small changes in TMV) of GHO-K1 cells that were not observed in U-87 MG (Suppl. Material 1, Section 4).
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value 15 min after the pulse, followed by a subsequent increase towards
baseline. Faster recovery of TMV at Ty compared with T, 4om Was ex-
pected due to a greater activity of ion channels and pumps that control
and restore the resting TMV [47]. Nevertheless, the decrease below
baseline in U-87 MG cells indicating transient membrane hyperpolar-
ization was not expected, since previous studies reported only mem-
brane depolarization following electroporation [9,10,10,11,23].
Statistical analysis confirmed significant differences between responses
at Troom and Tegyg at 1 min (p = 0.010), 15 min (p = 0.001) and 30 min (p
= 0.04) in U-87 MG cells. In contrast, in CHO cells we confirmed sta-
tistically significant differences only at 1 min (p = 0.007) and 30 min (p
= 0.002).

To shed more light on the difference in TMV responses between Troom
and Teql and between CHO-K1 and U-87 MG cells, we also monitored the
time-dependent increase in membrane permeability due to electropo-
ration using PI and keeping other conditions the same as when moni-
toring the changes in TMV. PIis a nucleic acid stain that can only enter
cells with permeabilized membranes. In both cell lines the Pl uptake was
somewhat higher at Tyoop than at Ty, but the difference was not sta-
tistically significant. U-87 MG became more brightly stained with PI
than CHO-K1 at both temperatures; however, they also exhibited
brighter fluorescence when permeabilized with the detergent Triton X-
100 (Suppl. Material 1, Fig. §1.2), indicating a greater number of
inacellular binding sites for PI (i.e. nucleic acids). To characterize the
characteristic time constant of the PI uptake, we fitted the averaged data
to an exponential curve, f = A(1 —exp( — t/7) +kt), using the function
nlinfit in Matlab. For both cell lines, ¢ was roughly 50 % longer at Troom
v8. Topn (CHO-K1: :=78.55vs. 53.05; U-87 MG: t=84.0s5vs. 54.15). In
both cell lines the PIcurves exhibited a small but persistent increase in PI
fluorescence that continued beyond the 30 min observation time., The
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slope k of this increase was also greater at Typom V5. Tey| (CHO-K1: k =
1.87:10 *s 1 vs. 05510 *s L U87 MG: k = 1.9410 s 1 vs,
1.64-10 *s 1. Both fitted parameters thus indicate slower membrane
resealing kinetics at lower temperature, consistent with previous find-
ings [51].

Since Ga?" plays a crucial role in many cellular processes, we addi-
tionally monitored the changes in intracellular Ca>* using the fluores-
cent indicator Fluo4 (Fig. 3¢). Following pulse exposure, CHO-K1 cells
exhibited a transient peak in intracellular Ca®*, followed by a return to
baseline. The peak appeared higher at Tyom in 30 min time-lapses
captured at 1 frame per 30 s. However, additional experiments using a
higher imaging frame rate (1 frame per 3 5) demonstated that the peaks
were not significantly different at both T, just that the Ca?* transients
were faster at Teyl (Fig. 3¢, inset). The full width at half maximum of the
Ca?t transient was ~53 sand ~34 s at Troom and Tern, Tespectively. At
Terl, U-87 MG cells also exhibited a transient peak with full width at half
maximum of ~20 s, after which the intracellular Ca®* did not fully re-
turn to baseline but remained elevated almost until the end of obser-
vation time. In contrast, at Tyyom, the peak change in intracellular ca®t
was much smaller. Additional experiments at higher imaging rate (1
frame per 3 s) confirmed that the Ca?' transients were significantly
different (1.65 min; p = 0.05) between Tyoom and Teyy in U-87 MG cells.

At the end of the Ca®" imaging, PI was added to assess the plasma
membrane integrity as an indicator of cell viability. There was no sig-
nificant difference in detected PI fluorescence between Trpom and Te
compared to the negative control (sham-exposed cells). Moreover, the
observed increase in PI fluorescence was much lower than the increase
obtained after permeabilizing the cells with Triton X-100 as a positive
control (Suppl. Material 1, Fig. $2.1). This confirms that most cells were
able to restore their membrane integrity 30 min after pulse application.
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Fig. 3. The impact of temperature on the cell response after electroporation. A single 100 ps, 1.4 kV /cm pulse was delivered at 1.5 min (indicated with arrow), either
at Tyoom (grey lines) or Ty (red lines). The presented curves show mean =+ s.d. from 3 to 5 experiments. Error bars are shown in one direction only for clarity. a)

Response in TMV determined with FMP dye. b) Kinetics of PI uptake. The dashed curves show best fit with the function f  A(1

exp( tft)+kt}). ) Galcium

transients determined with Fluo4 dye. Insets show data from images captured on 5 min time scale using a higher frame rate.
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However, we cannot exclude that the cells could have lost their viability fluorescence of the voltage sensor molecule and under physiological
later due to delayed cell death mechanisms [52,53]. conditions remains on the extracellular side. However, when cells

become electroporated, the quencher could potentially enter the cells.
The decrease in FMP flucrescence below baseline in U-87 MG cells could
thus be an artifact of quencher entry instead of membrane hyperpolar-
ization. Furthermore, previous studies have shown that the FMP is able
to indicate hyperpolarization [30] butnot in all experimental conditions

3.3. Hyperpolarization of U-87 cells is not an artifact of the FMP
quencher uptake

The FMP dye contains a quencher molecule that absorbs the
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Fig. 4. Response to 100 ps pulse of different amplitudes. a) Time course of the change in FMP fluorescence in GHO-K1 cells after exposure to a pulse of a given
amplitude (0 3.15 kV/cm). The time of pulse application is indicated with an arrow. Grey curves show responses from individual samples, obtained from at least
three independent experiments; thick red curve shows their mean response. b) Same results as in a) but for U-87 MG cells. ¢-d) The minimum (blue lines) and
maximum (green lines) values, extracted from each curve in panels a-b. Individual data points are presented together with their mean value + standard deviation.
Additionally, the bar presents the response to chemical depolarization (140 mM KCl). e) Relative change in mitochondrial TMV monitored with TMRE dye in U-87
MG cells. As a positive control for depolarization of mitochondria, the cells were exposed to CCCP for 5 min. Statistically significant differences (*: p < 0.05) were
determined by One-way ANOVA,
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[34]. To test this possibility, we exposed CHO-K1 and U-87 MG cells to a
single 100 ps pulse of different amplitudes (0-3.15 kV/cm) and moni-
tored the change in TMV over 30 min, similarly as in Fig. 3a. All ex-
periments were performed at T, since we observed a decrease in FMP
fluorescence below baseline in U-87 MG cells only at this temperature.

In CHO-K1 cells, a small increase in fluorescence was already
observed at 0.35 kV/cm. Pulses with amplitudes of > 0.70 kV/cm all
evoked similar averaged responses; the FMP signal first increased and
then returned to baseline, without decreasing below baseline. In U-87
cells a small increase in fluorescence could also be observed at 0.35 kV/
cm, in agreement with a previous study [9]. For amplitudes between
0.70 and 1.4 kV/em we consistently observed an increase in fluores-
cence followed by a decrease below the baseline. With a further increase
in pulse amplitude, this decrease below baseline became less and less
profound. This indicates that the decrease below baseline is not a
consequence of quencher entry since this entry should become greater
with higher pulse amplitude due to a greater increase in membrane
permeability.

We further extracted the minimum and maximum values from each
curve in Fig. 4a, b and plotted them in Fig. 4c, d. Statistical analysis
showed that the minimum values obtained after any of the pulse am-
plitudes applied to CHO-K1 cells were never significantly different from
control. However, for U-87 MG cells, a significant difference was found
at pulse amplitudes between 0.7 and 1.4 kV/cm and for 3.15 kV/cm (p
< 0.05, shown in Fig. 4d). Additionally, we compared the extracted
maximum values to chemical depolarization achieved by exposing the
cells to 140 mM KCl. In CHO-K1 cells and U-87 MG cells, respectively, a
significant difference (p < 0.05) was found compared to chemical de-
polarization for 0.35-1.05 kV/em and 0.35 kV/cm. This indicates that
1.4 kV/cm pulses used in experiments presented in Fig. 3 completely
depolarized the cells.

The FMP dye nonselectively stains both the plasma membrane and
the membranes of intracellular organelles. Thus we hypothesized that
the decrease in FMP signal below baseline in U-87 MG cells could also be
due to hyperpolarization of mitochondrial membranes [54]. To detect
changes in mitochondrial TMV, we used tetramethylrhodamine ethyl
ester (TMRE). TMRE is a cationic dye that accumulates in active mito-
chondria because of the large negative TMV that appears across normal
mitochondrial membranes. When the mitochondrial TMV becomes less
negative (depolarizes), the TMRE concentration in the mitochondria
decreases resulting in a decrease in TMRE fluorescence (the opposite of
the FMP dye behavior). However, additional experiments monitoring
mitochondrial TMV with TMRE dye demonstrated that mitochondria
somewhat depolarized during 30 min of imaging, with or without pulse
application, and were not responsible for the transient hyperpolar-
ization observed in U-87 MG cells (Fig. 4e). To induce a depolarization
of the mitochondrial TMV, CCCP was added to the cells stained with
TMRE. A statistically significant difference was detected compared to
the control (p = 0.01).

Overall, these results support the conclusion that after exposure to
100 ps pulse of intermediate amplitudes (0.7-1.4 kV/cm), the plasma
membrane of U-87 MG cells first depolarized and then hyperpolarized.

3.4. Transient hyperpolarization of U-87 cells is likely caused by
activation of calcium-activated potassium (Kc) channels

U-87 MG cells endogenously express calcium-activated potassium
(Kcy) channels [55]. These are ca®t and voltage-gated ion channels
whose activation tends to hyperpolarize the membrane through the
leak-out of Kt jons along their electrochemical gradient [43]. To test the
hypothesis that activation of K¢, chammels could be responsible for hy-
perpolarization, we first resorted to theoretical modeling. We used a
minimal model that was originally developed to describe Ca®* oscilla-
tions in hepatocytes [56] and later upgraded to include the contribution
of Kca channels to these oscillations [43]. A recent review paper pro-
posed that Kca channels play a similar role in modulating ca?t
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oscillations during glioblastoma cell migration and invasion [57]. We
further upgraded the model to include an increase in nonselective
transmembrane ionic current and Ca?* uptake due to electroporation,
We considered that at £45 = 1.5 min, when the pulse is applied, there is
a certain number of pores Npgrs created in the membrane due o elec-
moporation. We assumed that, after the pulse exposure, the membrane
reseals exponentially with a time constant ¢ = 54 s, as determined from
the fit to PI uptake kinetics in U-87 MG at Tey:
femtng = 5 (=22 £ > s )
The model was able to replicate the main experimental observations.
Fig. 5a shows the time course of TMV and intracellular Cca”t ([Ca2+] i
depending on the number of pores created in the plasma membrane due
to electroporation. If there are no pores created (Nypre = 0), the TMV
stays at its resting value. If enough pores are created, the plasma
membrane first depolarizes due to the nonselective leak cumrent, and
afterwards transiently hyperpolarizes. The simulated TMV and [Ca?*];
time courses resemble well our experiments with U-87 MG cells at Ty
(see Fig. 3a,¢). Note that the model shows an immediate depolarization
at the time of pulse application (fpuse = 1.5 min), whereas experimen-
tally we see amore gradual increase in FMP fluorescence. This is because
the FMP dye has a rather slow response time in seconds [20-31]. Studies
using potentiometric dyes with fast response indeed demonstrate an
immediate step-like depolarization following application of an electro-
porating pulse [21].

Membrane hyperpolarization in the model is due to activation of Kca
channels, as demonstrated in Fig. 5b, which shows the TMV and [Ca2+]i,
depending on the maximum conductance of Kca channels, when Npgre =
1000. Without K¢, channels (ggme = 0 nS), the plasma membrane
transiently depolarizes and returns to baseline without any hyperpo-
larization. This TMV time course resembles that of CHO-K1 cells that
express very low levels of endogenous ion channels [58,59] (see Fig. 3a).
With increasing levels of expressed K¢, channels, ransient hyperpolar-
ization becomes more profound. On the contrary, the time course of
[Ca?T]; is not affected much by Kca channels, consistent with qualita-
tively similar Ca®" wansients in GHO-K1 and U-87 MG cells observed
experimentally at Tey (see Fig. 3¢).

It is important to emphasize that while the plasma membrane is
highly permeable in the first few minutes after the pulse, the nonselec-
tive leak current is so high that activation of K¢, channels does not affect
the TMV very much. However, as the membrane mostly reseals and the
leak current becomes very small, ion channel activation can have a large
influence on the restoration of TMV. To illustate this point, we assumed
that a certain fraction § of pores or permeable defects can persist in the
membrane even after completion of the exponential resealing phase
characterized by time . The presence of such pores can explain the small
linear increase in the PI uptake that persisted until the end of observa-
tion time (Fig. 3b). The corresponding resealing function is:
Fratrg = (1= ) ——222) 45,1 > g (5)
The parameter ¢ is related to the slope k, exoacted from the fit to PI
uptake curves in Fig. 3b (see Suppl. Material 3 for derivation):

kt

8§ = ——
1+ ko

(6)
For easier comparison with experiments, we thus varied the value of the
slope k. The calculations are presented in Fig. 5e¢. If k is smaller than a
certain value, the TMV response shows both the initial depolarization
and the subsequent hyperpolarization. However, with increasing k, the
membrane only depolarizes after the pulse. To further explore the
conditions in which hyperpolarization can be observed, we made a
parametric analysis in which we varied Npy. and k, and for each
parameter combination we determined the minimum TMV that was



Blazi¢ A. Changes in transmembrane voltage regulation due to cell electroporation.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025

A. Blagit et al. Bioelectrochemistry 161 (2025) 108802
b) c)
O PR g =018 o 5 — .
i — 10! 105 &1
-20 == -20
ens N wor|
-40 1ons -40
3 3
2 2
1 L 1
Qo 0 =
[¢] 10 20 30 0 10 20 30 0 10 20 30
Time {min) Time (min) Time {min)
d) e)
° = mv
5 0
5
“a -
3 3
2 2 2 B
£ 4 -50 2l
Verapamil ‘ﬂj |
1 =
4
-100 =)
0
105 104 10-3 102 104 1072 102 0 10 20 30
k(s™) k(s Time (min)

Fig. 5. The influence of K, channels on TWMV after electroporation. a-c) Time course of TMV and [Ca®*]; predicted from the theoretical model for different values of
model parameters; a) Results for different number of pores Npor., when the maximum conductance of K¢, channels equals ggmax 5 nS and the parameter k= 0 sh
The pores are created when the pulse is applied at &y, 1.5 min. b) Similar results as in a), but for different values of ggmas When Ny, 1000 and k0 5L
Similar results as in a), but for different values of parameter k when ggxmae 5 nS and Npore 1000, d) Parametric analysis showing the minimum TMV value obtained
in the model within 30 min after the pulse, depending on parameters k and Ny Calculations were performed for ggma 5 nS (left) and 50 nS (right). e)
Experimental measurements of the change in TMV after exposure to 100 ms, 1.4 kV/cm at fy, 1.5 min in U-87 MG cells with the FMP dye in the presence of ion
channel inhibitors TEA, Penitrem A, and Verapamil. Mean + s.d. from 3 independent experiments. The thin black line shows the average response without ion
channel inhibitors, taken from Fig. 4b at 1.4 kv/cm.

achieved within 30 min after the pulse. We performed the parametric channels, abrogated hyperpolarization (Fig. 5e). Additional experiments
analysis for two values of the maximum conductance of K, channels with the BK inhibitor Penitrem A resulted in similar responses as with
(grmax= 5 nS and 15 nS), since we did not find an exact value of ggmax for TEA, suggesting that hyperpelarization is mainly governed by the acti-
U-87 MG cells in the literature. The results are presented in Fig. 5d. The vation of BK channels, The minimum FMP flucrescence values in the
white line separates the parameter space in which both depolarization presence of both TEA and Penirem A were significantly different from
and hyperpolarization can be observed, from the space where only de- control without ion channel inhibitors (Two-way ANOVA, p < 0.03). On
polarization can be observed after the pulse. The graphs clearly show the contrary, the inhibitor of voltage-gated calcium channels Verapamil
that hyperpolarization occurs only when k is sufficiently small to be on did not have a significant effect on hyperpolarization. This is to some
the left side of the white line. When there are more K¢, expressed in the extent consistent with our assumption in the model that the increase in
cells (ggmay is larger), the white line shifts to larger k. [Ca®*]; after the pulse is mainly due to influx of CaZ" through pores in

The parametric analysis additionally elucidates our experimental the membrane, rather than activation of Ca?* channels. Nevertheless,
results. Experimentally, hyperpolarization in U-87 MG cells became less while the maximum FMP fluorescence value with TEA and Peniwem A
profound with increasing pulse amplitude. The model suggests this isnot was not significantly different from control, it was significantly lower
due to more pores created by a pulse with higher amplitude but to with Verapamil (Two-way ANOVA, p = 0.016). This indicates that cal-
slower or incomplete membrane resealing. Furthermore, we found a cium channel activation can also contribute to the initial depolarization

greater slope k in PT uptake kinetics at Tyqop, compared to Tyyy. Thus, the phase. It should be noted that U-87 MG cells express many different
absence of hyperpolarization in U-87 MG cells at T, 4o could partially be types of ion channels; addition of these channels to the model would
due to a larger k. Even more importantly, at Tyoom, the increase in likely further improve the agreement with experiment.

[Ca?*]; in U-87 MG cells was significantly lower than at Ty . The in- Overall, our model and experiments demonstrate that the observed
crease in [Ca®*]; at Troom Was likely too low to activate K¢, channels (see long-term changes in TMV in U-87 MG cells can be explained by the

the influence of [Ca®*]; peak amplitude on the extent of hyperpolar- dynamic interplay between the nonselective leak current due to elec-
ization in Fig, 5a). However, the model in the current form was unable to moporation and ion chamnel activation. The nonselective leak current
represent the altered [Ca2+]i profile at Tyoom, thus further research is acts to depolarize the TMV towards 0 mV, whereas ion channel activa-
needed to fully understand the absence of hyperpolarization in U-87 MG tion influences the TMV when the nonselective leak current becomes
cells at Tyoop. Overall, our model confirms that the observed hyperpo- very small and comparable to the currents passing through ion channels.
larization in U-87 MG cells can be due to the activation of K¢, channels. The previous study by Burke et al. on U-87 MG cells exposed cells toa 10

The modeling predictions were supported by experiments using ion ns, 34 kV/cm pulse demonstrated that immediately after the pulse
channel inhibitors. A nonspecific inhibitor of potassium channels TEA, application, the activation of Ca?*, BK and TRPMS ion channels con-
in concenuations high enough to inhibit both large conductance (BK) wibutes to membrane depolarization [23]. The pulse amplitude used in
and intermediate conductance (IK) calcium-activated potassium this study was just above the threshold for inducing membrane
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depolarization and was thus probably associated with a very small in-
crease in membrane permeability and leak current — small enough to
enable the jon channel currents to influence the TMV. Our results
indicate that after exposing cells to 100 ps, 1.4 kV/cm pulse, membrane
depolarization is mainly associated with the nonselective leak current
due to increased membrane permeability. Nevertheless, the lower
amplitude of depolarization detected in the presence of Verapamil
suggests that activation of calcium channels can to some extent
contribute to the initial depolarization phase as well.

3.5, Challenges associated with monitoring long-term TMYV changes after
electroporation

Both our model and experiments with ion channel inhibitors confirm
that the decrease in FMP flucrescence below baseline, observed in U-87
MG cells following pulse exposure, can be attributed to plasma mem-
brane hyperpolarization. We nevertheless wanted to additionally
confirm this with two altemative voltage-sensitive dyes, Electo-
Fluor630 and FluoVolt. Both have already been used for monitoring
TMV changes in response to high-voltage electric pulses; however, they
were previously only used to detect short-term changes, i.e. in the range
of seconds [21,22].

Our results, presented in Suppl. Material 1 Section 5, together with a
detailed explanation of the dyes, reveal considerable limitations of both
dyes. With ElectroFluor630 we observed the well-known gradual
internalization of the dye. While this internalization is not necessarily
problematic for monitoring rapid TMV changes (such as action poten-
tials) [21,60], it makes it very challenging to monitor long-term and

small changes in TMV over a 30 min observation period, since the
fluorescence signal continuously drifts. Further limitations of the dyeare
photobleaching and a rather low sensitivity (~15 % / 100 mV) [61],
which for U-87 MG cells with a mean resting voltage of — 16 + 4 mV
[55] requires detection of fluorescence changes below 2.4 %. With
FluoVolt, we observed morphological changes and cell rounding over
the 30 min period, which we attributed to phototoxicity, as previously
reported [62]. Therefore, we found ElectroFluor630 and FluoVolt un-
suitable for monitoring long-term changes in TMV after electroporation
in our experimental setup. The FMP dye was considered superior for our
experimental study.

Nevertheless, FMP dye also has limitations. It was designed for
measurements of intact plasma membranes. During electroporation both
parts of the dye (the anionic voltage sensor molecule and the quencher
molecule) could potentially enter the cell due to increased membrane
permeability and influence the fluorescence signal. Our experiments
with pulses of different amplitudes (up to 3.15 kV/cm) showed that
quencher enay was not critical under our specifie pulsing conditions.
However, we cannot exclude that other pulse parameters, associated
with a greater increase in membrane permeability, would allow the
quencher to enter the cells. Another problem impeding the interpreta-
tion of results is the unknown chemical structure of both the voltage
sensor and quencher molecule, which is considered proprietary
information.

It is further interesting to note that our results with the FMP dye
became less reproducible for pulses with the highest tested amplitudes
(Fig. 4a-b). For pulse amplitudes higher than 1.4 kV/cm, both CHO-K1
and U87-MG cells started to fuse due to electroporation — a phenome-
non known as electrofusion [63] — which could be the one of the reasons
for lower reproducibility. Moreover, higher pulse amplitude is associ-
ated with stronger electroporation and thus greater structural changes of
the membrane, which could affect the translocation mechanism of the
FMP voltage sensor molecule.

Overall, we find that measuring long-term changes in TMV remains
challenging in electroporation research from the methodelogical point
of view and that all the tested dyes (FMP, ElectroFluor630 and FluoVolt)
have limitations. A promising alternative could be genetically encoded
voltage indicators (GEVIs), which have not yet been experimentally
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tested when used for observations of the TMV following delivery of high-
intensity elecwic pulses. Nevertheless, one of their limitations is a
possible perturbation of the protein voltage sensor domain by a strong
electric field, which was already shown in molecular dynamies simula-
tions of voltage-dependent calcium and sodjum channels [64,65].
Moreover, all GEVIs require cell wansfection, which can perturb the
wild-type cell physiology [66].

4, Conclusions and outlook

In our study we investigated the mechanisms of long-term changes in
TMV after exposing CHO-K1 and U-87 MG cells to a single 100 ps
electroporation pulse. By monitoring changes in TMV over a period of
30 min with the FMP dye, we observed that these changes are cell type
and temperature dependent. In CHO-K1 cells, which express low levels
of endogenous ion channels, membrane depolarization following pulse
exposure could mainly be explained by the nonselective leak current
through the permeabilized membrane, which persists until the mem-
branereseals, enabling the cells to recover their resting TMV. Membrane
resealing and TMV recovery was faster at higher (33 °C), more physio-
logical, temperature compared with experiments performed at room
temperature (25 °C). U-87 MG cells, which express many endogenous
ion channels, exhibited a different response in TMV than CHO-KL1.
Following the initial depolarization phase, the cells hyperpolarized,
but only at 33 °C. Using a theoretical model, supported by experiments
with jon channel inhibitors, we found that this hyperpolarization can
largely be attwibuted to the activation of calcium-activated potassium
(Kca) channels. However, since we were unable to completely abrogate
hyperpolarization with selected K¢, chamnel inhibitors, activation of
other channels, such as chloride channels could contribute as well [67].
Based on the obtained experimental and theoretical results, we conclude
that as long as the membrane is highly permeable, the nonselective leak
current is responsible for membrane depolarization. However, when the
leak current becomes comparable to the currents through ion channels
(towards the end of the membrane resealing phase or when the mem-
brane is only gently electroporated), ion channel activation can signif-
icantly contribute to the changes in TMV.

TMYV is known to change through the progression of the cell cycle
[1]. The TMV conuols the activation of voltage-gated ion channels and
modulates the function of other membrane proteins exhibiting voltage
sensitivity [68]. Since many of these channels conduct caleium ions,
changes in TMV affect the intracellular calcium levels and calcium
signaling. Ion channels are abundantly expressed in cancer cells
including glioblastoma, from which the U-87 MG cell line derives [55].
It was demonstrated that ion channels have an important role in cancer
cell proliferation, migration, invasion, and apoptosis, which led to
proposition of classifying cancer as one of channelopathies [69,70].
Therefore, ion channels are considered as therapeutic targets for cancer
reatment. A recent study in glioblastoma cell lines NG108-15 and U-87
MG confirmed that certain combinations of ion channel modulating
drugs significantly reduce proliferation, make the cells senescent, and
promote differentiation [71]. Our study demonstrated that electropo-
ration provokes a dynamic change in TMV in U-87 MG cells, which
modulates ion channel activation. It would therefore be interesting to
study the functional consequences of such changes in TMV and how they
affect cell behavior. Such studies would provide new insights into
electroporation-based treatments of glioblastoma and other cancers
[38,72,73]. Since we found that changes in TMV are temperature-
dependent, such studies should ensure controlled temperature condi-
tions, ideally physioclogical conditions at 37 °C.

To further study long-terms changes in TMV following electropora-
tion, one needs to establish a reliable methodology. While the fast-
response voltage-sensitive dyes FluoVelt and ElectroFluore30 were
previously used to monitor short-term changes in TMV (time scale of a
few seconds) following electroporation [21,22], we found them un-
suitable for monitoring long-term TMV changes. The slow-response FIMP
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dye was better suited for this purpose, although here we also identified
several limitations when using the dye in combination with electropo-
ration. Voltage-sensitive dyes are generally designed and calibrated
based on experiments made with intact membranes. However, when a
cell is electroporated, both the increase in membrane permeability and
the perturbations of the membrane structure could potentially interfere
with the function of the dye and alter the fluorescence signal. Moreover,
for electroporation research, it would be important to test voltage-
sensitive dyes in electroporated cells using classical electrophysiolog-
ical (patch clamp) measurements. Further research should also be
focused on developing better methods for monitoring long-term changes
in TMV following electroporation. Novel genetically encoded voltage
indicators (GEVIs) could present a promising tool [66], provided that
the electric field used for electroporation does not damage the GEVI’s
voltage-sensor domains [65].
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Supplementary material 1: Additional experimental results

1 Permeabilization and survival in LCIS vs growth medium

Cells in vitro are often electroporated m their growth medium [1-5]. However, in our prelimmary
experiments, we observed that U-87 MG cells showed morphological changes (cell rounding and
detachment) after several minutes of keeping them in their growth medium (EMEM) at ambient
conditions (Fig. S1.1a), likely due to poor pH buffering capacity of the bicarbonate buffer at ambient
CO:. Such changes were not observed in Live Cell Imaging Solution (LCIS). CHO-K1 were less
sensitive and appeared similar m their growth medium (Ham-F12) and LCIS.

We then determined the permeabilization and survival curves for CHO-K1 and U-87 MG cells after
exposure to a single 100 ps pulse in their growth medium or LCIS. The permeabilization curve
quantifies the cells that become permeabilized, depending on the amplitude of the applied electric pulse.
The survival curve quantifics the percentage of cells that are able to survive 24 h after pulse exposure.
These experiments were performed on cells in suspension, electroporated in cuvettes, whereby
permeabilization was determined by propidium iodide (PI) staining and survival by MTS assay,
followmg out routine protocols [ 1-6].

To determine cell permeabilization, 150 pl of the cell suspension (1x10° cells/ml) in selected medium
was transferred to an electroporation cuvette with 2 mm gap distance (VWR, #732-1136), and PL
(Molecular Probes, #P1304MP) was added in final concentration of 100 pg/ml. The uptake of PI was
detected with a flow cytometer (Attune NxT; Life Technologies, Carlsbad, CA, USA). Samples were
excited with a blue laser at 488 nm and emitted fluorescence was detected through a 574/26 nm band-
pass filter. 10,000 events were obtained, and data were analyzed using the Attune Nxt software.
Fluorescence intensity histograms were used to determine the percentage of cells stained with PL. Gating
was set according to sham control (0 V). Measurements for each data point were repeated three times
on three different days.

To determine cell survival, cells were electroporated in the same way as for permeabilization
experiments. After pulse application, 850 uL of growth medium was added in the ¢lectroporation
cuvette. 100 pl. of the cell suspension (in triplicates) was transferred in a 96-well plate (TPP,
Switzerland) and incubated at 37 °C and humidified 5% CO; atmosphere. MTS assay (CellTiter 96
AQueous One Solution Cell Proliferation Assay, Promega, USA) was used to assess cell viability 24
hours after electric pulse exposure. According to the manufacturer’s instructions, 20 ul of MTS
tetrazolium compound was added to the samples, and the 96-well plate was returned to the incubator
for 2 hours. The absorbance of formazan (reduced MTS tetrazolium compound) was measured with a
spectrofluorometer (Tecan Infinite M200, Tecan, Austria) at 490 nm. The percentage of viable cells
was calculated by subtracting the background (absorbance in wells with medium without cells) and
normalizing the absorbance of the sample to the absorbance of the sham control.

The results, presented in Fig. S1.1b-¢, demonstrate that the electroporation medium did not significantly
affect electroporation of CHO-K1 cells (One-way ANOVA). However, U-87 MG cells showed a
significant decrease (One-way ANOVA) in cell survival when electroporated in their growth medium
compared with LCIS (for 2.8 kV/em, p = 0.02, and for 3.15 kV/em, p = 0.008). In LCIS there was no
significant decrease in cell survival compared to control (One-way ANOVA).
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Fig. S1.1: a) The effect of the electroporation medium (growth medium or LCIS) on morphological changes.
Cells grown in Lab-Tek imaging chambers were imaged after 20 min in their growth medium or LCIS, both at
room temperature. The growth medium affected the morphology of U-87 MG cells, whereas LCIS did not. b-c)
The influence of the electroporation medium (growth medium or LCIS) on cell permeabilization and cell survival

after exposure to electric pulses of different amplitudes in b) CHO-K1 and ¢) U-87 MG cells. Statistically
significant differences (*: p<0.05) were determined by One-way ANOVA.

2 Short-term cell survival after 30 min of time-lapse imaging

Short-term cell survival was assessed after 30 min of Fluo4 time-lapse imaging. Hoechst and PI were
added directly to the cells on the microscope in final concentration of 4 pM and 30 pM, respectively.
5 min after addition, the dyes were excited and detected as described in Section 2.6 of the main
manuscript.

For positive control we also added 0.2% Triton X and imaged the cells as described in the previous
paragraph.

Fig. 81.2 shows no effect on cell survival in CHO-K1 and U-87 MG (Two-way ANOVA; factors:
temperature, pulse application) after monitoring calcium transients for 30 min, regardless of whether
the experiments were done at Troom o1 Te.
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Fig. S1.2: Cell survival in attached cells determined with P after 30 minutes of monitoring calcium transients
with Fluo4 dye for CHO-K1 and U-87 MG cells.
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3 Temperature measurements

Measurements of the sample temperature were performed with fiber optic sensor MPK-5 (OpSens
Solutions, Quebee, Canada). For measurements at controlled temperature (Te), the incubator
surrounding the microscope stage was prewarmed to 37 °C. The sensor was positioned at the bottom of
an imaging chamber filled with 1 ml LCIS (Fig. S1.2a), which was prewarmed for 30 min at 37 °C in
the same way as during sample staining. Since it took a few minutes to stably position the sensor within
the imaging chamber, while keeping the doors of the microscope’s incubator open, the sample
somewhat cooled down during this time. The microscope’s incubator was closed, and the measurements
began. Fig. S1.2b shows measurements repeated on three different days. In all repetitions, the sample
temperature increased and stabilized within 5 min. We averaged the data from each measurement within
the segment 9-10 min, yielding 33.05 °C, 33.26 °C and 33.53 °C for the three measurements. The mean
= standard deviation for these three values is 33.3 °C + 0.2 °C. Note that the sample temperature was
lower than the temperature of the air inside the incubator (~37.5 °C measured with the same sensor),
due to evaporation of the liquid from the open chamber.

For measurements at room temperature (Troom), We did not control the temperature inside the
microscope’s incubator, but we did prewarm the imaging chambers to 37 °C. In the first set of
measurements, we wanted to see how fast the sample cools down to Troom. Immediately after taking the
imaging chamber from 37 °C, the chamber was positioned on the microscope stage. The optic fiber was
manually held at the bottom of the chamber to avoid the time it took to stability position the sensor like
shown in Fig. S1.2a. Three measurements performed using three different imaging chambers on the
same day are shown in Fig. S1.2c. The noisiness at the beginning of all measurements is due to
movements of the hand that held the sensor. The samples cooled down to steady state temperature
within ~15 min. In subsequent measurements, we measured the sample temperature 7-10 min after
taking the chamber from 37 °C, which corresponded to the time at which we began imaging a sample
in electroporation experiments. The sample temperatures measured on 4 different days were 26.61 °C,
24.40 °C, 26.30 °C, 23.90 °C. The mean + standard deviation for these four values is 25.3°C+ 1.4°C.

C) Tr oom

Temperature (
Temperature (
]

Tirne {rmin; Tirne (rmin)
Fig. S1.3: Measurements of the sample temperature. a) Fiber optic sensor positioned within the imaging chamber

on the microscope stage. b) Measurements captured when controlling the temperature inside the microscope’s
incubator at 37 °C. ¢) Measurements captured at uncontrolled room temperature. See text for further details.
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4 Spontaneous changes in TMV in CHO cells

Fig. S1.4 shows spontancous changes in TMV in (non-excitable) CHO cells. Spontancous electrical
activity was already shown in several non-excitable cells lines [7].

Fig. S1.4: Spontaneous changes in TMV in CHO-K1 cells at different time points without pulse application. a)
0.5 min, b) 10.5 min, ¢) 15.5 min, d) 18 min.

5 Measuring long-term changes with ElectroFluor630 and FluoVolt

ElectroFluor630 (also known as Di-4-ANEQ(F)PTEA; Potentiometric Probes, USA; #33040) and
FluoVolt (Molecular Probes, #F10488) were tested as alternative fluorescent dyes for monitoring long-
term changes in TMV in U-87 MG cells. Before cell staining, the growth medium was removed, cells
were washed with LCIS, and staining solution was added to the cells grown in the imaging chamber.
Following [8], the cells were stained with 12 uM ElectroFluor630 dye in LCIS for 20 min at 4 °C. With
FluoVolt dye, the cells were stained following the manufacturer’s manual with 5 pl, of FluoVolt and
50 uL. PowerLoad in LCIS solution for 30 min at 37 °C. Imaging was done on Leica Thunder Imaging
System: ElectroFluor630 and Fluo Volt were excited with red LED (638/31 nm) and green LED (506/21
nm), and their fluorescence was passed through the DFT51010 filter and CYR71010 filter, respectively.

ElectroFluor630 is classified as a styryl dye, similar to the well-known dye di-4-ANNEPS. These types
of dyes spontaneously integrate into the cell membrane and change their fluorescence in response to
voltage changes by an electrochromic mechanism [9,10]. The dyes are known to gradually diffuse from
the plasma membrane into the cell interior. To inhibit dye internalization, the cells are typically stained
at low temperature and then imaged immediately after staining [8,11]. We followed an established
protocol for staining the cells at 4°C [8], after which we placed the cells on the microscope at Tew (since
we observed hyperpolarization only at Ten). Representative images in Fig. S1.5b,d demonstrate
pronounced internalization of the dye into the cells over time, although dye internalization was detected
already at the beginning of observation (0 min). Note, cells were already exposed to Ten on the
microscope stage during image acquisition. While this internalization is not necessarily problematic for
monitoring rapid TMV changes (such as action potentials), it makes it very challenging to monitor long-
term and small changes in TMV over 30 min period, since the fluorescence signal continuously drifts.
Further limitations of the dye are photobleaching and a rather low sensitivity (~15% / 100 mV) [9],
which for U-87 MG cells with a mean resting voltage of -16 + 4 mV [12] requires detection of
fluorescence changes below 2.4%. Due to these limitations, we were unable to perform useful
measurements with this dye.

FluoVolt is a photo-induced electron transfer dye comprised of an electron donor complex connected
to the fluorophore by a molecular wire. During membrane depolarization, electrons do not move to the
fluorophore and the quenching part of the dye is relaxed resulting in fluorescence increase [13].
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Similarly to ElectroFluor630, FluoVolt integrates into the plasma membrane and subsequently
internalizes into the cell. Compared with ElectroFluor630, FluoVolt has a somewhat higher sensitivity
(~25% /100 mV) but is also prone to photobleaching [ 14]. When staining U-87 MG cells with FluoVolt,
we observed that the cells had undergone some morphological changes even before we imaged them
under the microscope. After the time-lapse imaging with pulse delivery, these changes were even more
pronounced (Fig. S1.5¢-h), likely due to the phototoxic effect of the dye, despite using low illumination
intensity (5% LED power, 15 ms exposure time). FluoVolt phototoxicity has been reported previously
[15]. Due to observed morphological changes, we did not use the dye further.

ElectroFluor630

FluoVolt

Fig. S1.5: Testing ElectroFluor630 and FluoVolt dyes. a-d) Brightfield and fluorescence images of U-87 MG
cells stained with ElectroFluor630 dye were captured 5 min (a, b) and 20 min (c, d) after placing the cells on the
microscope stage. e-h) Fluorescence and brightfield images of cells stained with FluoVolt dye were captured 5
min (e, £), 10 min (g), and 35 min (h) after placing the cells on the microscope stage. A pulse (100 ps, 1.4 kV/em)
was delivered 5.5 min after placing the cells on the microscope, i.e., 1.5 min after beginning of 30 min time-lapse
Imaging.
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Supplementary material 2: Image processing
1 Images of the FMP fluorescence

b) o) ¢) f)

Fig. §2.1: a) Brightfield and b) FMP fluorescence of US7 cells at the beginning of the time-lapse imaging. The first fluorescence image was thresholded in Image] Fiji using
its embedded automatic thresholding method "Percentile”. The resulting mask is shown in ¢), where the red areas correspond to cell regions. To determine the ROL, the region
of the mask was further constrained to the inner ~77% dimensions of the field of view, since the thresholding algorithm did not always select well the cells around the edges
of the image (see Fig. S2.3). The final ROI is shown with yellow edges. Application of a pulse 100 ps, 1.4 kV/em resulted in an increase in fluorescence: shown are the frames
at d) maximum fluorescence increase, ¢) 20 min after the beginning of time-lapse imaging. and f) at the end of the 30 min time-lapse imaging. All flucrescence images were
processed with the ImageI's automatic “Enhance Contrast” function in the same way based on the first captured image. The side length of each image corresponds to 330.15
um. Images captured at room temperature.

b) 9] d) ¢ b
Fig. $2.2: Same representation as in Fig. $2.1, but for U-87 MG cells imaged at controlled temperature. Note the increase in fluorescence in d) followed by decrease in ¢) and
again increase in f).

d)

Fig. $2.3: Same representation as in Fig. 52.1, but for CHO-K1 cells imaged at controlled temperature. Images of CHO-K1 cells were processed in the same way as images

of U-87 MG cells. Note that the baseline fluorescence in CHO-K1 cells was lower than in U-87 MG cells despite the same illumination settings. For this reason, w reased

the illumination for CHO-K1 cells to obtain results in Fig. 5a. The increased illumination did not affect the response of the cells to an electric pulse (cf. Fig. 3a and Fig. 4a)
& Bl

c) o

Fig. S2.4: a) Brightfield. b) baseline TMRE flucrescence, and ¢) TMRE fluorescence at the end of 30 min time-lapse of U-87 MG cells that were exposed to 100 ps, 1.4 kViem
pulse at 1.5 min after the beginning of the time-lapse, at controlled temp ¢. d-f) Same as in a-c) but for control cells not exposed to electric pulse. The fluorescence
gradually decreased in both pulsed and non-pulsed samples. Images of TMRE were processed in the same way as images of FMP [Tuorescence: the first image was thresholded
in Image] Fiji using its embedded automatic thresholding method "Percentile”. Also, the imaging settings (% LED power, exposure time) were the same as for the FMP dye

2 Images of the TMRE fluorescence
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3 Images of the Fluo4 fluorescence

Fig. §2.5: a) Brightfield and b) Fluo4 flucrescence in U87 cells at the beginning of the time-lapse imaging. Images of Fluo4 were processed in the same way as images of FMP
fluorescence: the first image was thresholded in ImageJ Fiji using its embedded automatic thresholding method "Percentile”. The resulting mask is shown in ¢). Application of
a pulse 100 ps, 1.4 k'V/em resulted in a transient increase in fluorescence followed by decrease: the maximum fluorescence is shown in d) and the fluorescence at the end of the
30 min time-lapse imaging in shown in ¢). f) The brightfield image, taken after the time-lapse imaging, shows that the cells remained in focus during the entire imaging period
All fluorescence images were processed with the Imagel's automatic “Enhance Contrast” function in the same way based on the first captured image. The side length of each
image corresponds to 330.15 um. Images captured at room temperature.

2)

Fig. 82.6: Same representation as in Fig. 2.5, but for images taken at controlled temperature. At controlled temperature the background intensity was appm\lmately I:near]y
increasing with time - note the higher background fluorescence at the end of the time-lapse imaging in panel ¢) compared with Fig. 2. 5e. Similar increase was also ohserved in
control samples that were not exposed to electric pulse; thus, the increase cannot be associated with electroporation. It might be due to gradual leakout of the dye from
dead/Tloating cells in the imaging chamber. To correct for this increase, we determined the average background intensity from each image in the time-lapse and subtracted it
from the average intensity within the ROI representing the cells. For consistency, we used the same background subtraction approach also in images captured at room
lemperature.

4 Images of the Propidium (PI) fluorescence

Fig. $2.7: a) Brightfield, b) Hoechst fluorescence at the beginning and c) end of time-lapse imaging of U-87 MG cells. The two Hoechst images were thresholded in Imagel
Fiji using its embedded automatic thresholding method "Huang". The resulting two ROIs were superposed using operator AND to determine the final ROI. Superposition of
the two ROIs was used to compensate for small lateral movement of cells during the 30 min observation time. The superposed ROI was then applied to images of the Propidium
(PI) fluorescence. d) Defining ROT based on Hoechst images enabled us to locate the cells at the beginning of the time-lapse, when the cells exhibited practically no baseline
fluorescence. Application of a pulse 100 ps, 1.4 kV/em resulted in an increase in PI fluorescence. Panels e) and f) show the PI fluorescence and brightfield image at the end of
the 30 min time-lapse, respectively. Note that the background intensity in PI images was approximately linearly increasing with time. We corrected for this background increase
in the same way as in Fluo4 images, see the caption of Fig. S2.6. Since the background intensity was not completely homogenous, we manually selected 5 small rectangular
regions representing background at different locations in the image and determined the average background intensity from all 5 regions,

Fig. S2.8: Same representation as in Fig. 52.7, but for CHO-K1 cells.
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Supplementary material 3: Model description

1 The model of intracellular calcium dynamics

To describe the intracellular calcium dynamics and changes in transmembrane voltage, we build upon
the minimal model proposed by Catacuzzeno et al. [1]. The model includes four relevant fluxes
contributing to the intracellular Ca* dynamics: J,,, which describes the uptake of Ca* from the
extracellular medium through ion channels in the plasma membrane; J,.., which describes the export of
Ca™ to the extracellular medium by plasma membrane Ca®" pumps; J,., which describes the release of
Ca®™ from the endoplasmic reticulum (ER); and Jwre, which describes the uptake of Ca™" into ER by
the SERCA pump. The model also considers the presence of calcium buffers to which Ca®* binds,
thereby reducing the concentration of free Ca™ inside the cell. These buffers are found both in the
cytoplasm and in the ER. Ca®* binding follows the reaction schemes:

kcm,c

Ca’t + B. - CaB, SD
Koff.c
Eon.er

Ca’* +B CaB,, (52)

er ¢

koff,er
where B; and B., denote the binding sites in the cytoplasm and the ER, respectively, whereas kon, kop;
Koner and kop.r are the reaction rates.

Assuming that Ca*" and Ca’*-binding buffers are homogeneously distributed throughout the cytoplasm
and ER, and that the rate of Ca®" binding is much faster than the dynamic changes in intracellular Ca*,
then the changes in Ca®" concentration within the cytoplasm (variable x) and within the ER (variable )
can be described as:

dx  Apm Agr

d_Jt( = EC (]in _]out) + C_c U‘rel _]se‘rca) (53)
d Agr
d_); = _E (]‘rel _]serca) (54)

where A,,, in A., are, respectively, the surface area of the plasma membrane and the ER membrane. C;
and C., represent the effective volume of the cytoplasm and the ER, respectively:

C.=V (1 +&) (S5)
KD,C
BTe'r
Cor = T 1+ 3227 (S6)

where 7, and V., are the volume of the cell and the ER, respectively, Brc and Br., are the concentrations
of calcium buffers in the cytoplasm and ER, respectively, whereas Kp . = kogo/kone and Kp or = Kogorikon o
are the equilibrium constants for equations (S1) and (S2).

The molar flux density J,, is defined as:

Jin = =5 (gca0 + eac 525) W~ Vi) (87)
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where g0 is the conductivity due to leak inward Ca® current, geus is the maximum Ca** conductance
due to hormonal stimulation, p 1s the concentration of inositol triphosphate (IPs), which is released upon
hormonal stimulation, K is the reaction constant for the binding of the hormone to the calcium channels
in the plasma membrane, U, is the transmembrane voltage, Uc. is the reversal potential for Ca*" ions,
z¢, is the valence of Ca®* ions, I is the Faraday constant and 4., is the surface area of the plasma
membrane.

The molar flux density Jo.r is defined as:

XZ

4 x21K,2

Jour =0 (S8)

where Ky is and the binding constant of Ca®' to calcium pumps in the plasma membrane, whereas 1 is
a corresponding Ca** flux constant.
The molar flux density Jy, is defined as:

2

Jserca = USXZJ_E_IQZ (59)

where Kj is and the binding constant of Ca® to SERCA pump in the ER, whereas 14 is a corresponding
Ca™ flux constant.

The molar flux density J,; is defined as:
Jret = (M wes® + )y — x) (S10)

where m., describes the Ca®-mediated fast activation of IP; receptors (they release Ca* from the ER),
which is further sensitized by the IP; concentration p:

_p_x
M = dp+p do+x By

where d, and d, are model parameters. The variable w. describes the slow inactivation of IP; receptors:

__Qm
Weo = T (512)
_ p+dq
Q(p) =d, i

where d;, d> are ds are model parameters.

The dynamics of the transmembrane voltage U,, due to ionic currents across the plasma membrane are
described as:

AUm 1
o= _a((gcm) + Gea o) Un = Uca) + G W = U) + 91U = UL)) (S13)
where the terms on the right respectively describe the current through calcium channels, calcium-
activated potassium channels, and leak channels. U, Ug, and U; denote the reversal potentials for Ca**,
K* and leak ions. The conductance of calcium-activated potassium channels g» is described by:

X0

X" +K "

Ix = Yxmax (314)

where gx..x denotes the maximum calcium-activated potassium conductance, whereas K¢, and n are the
dissociation constant and Hill coefficient (Fig. S3.1).
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Fig. S3.1: Conductance of calcium-activated potassium channels versus intracellular Ca?* concentration.

We verified that the system of equations (S1)-(S14) correctly reproduces the oscillations of intracellular
Ca® at IPs concentration p = 2 uM, as presented in the original paper (Figs. $3.2 and $3.3). Note that
while Catacuzzeno et al. [1] also presented a version of the model that includes the current through gap
junctions, we neglected this current for simplicity.
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Fig. S3.2: Verification of our implementation of the model by replicating the results presented in Fig. 2 of the
original paper [1]. Calculations were performed for IP; concentration p = 2 uM and ggpe: = 0nS.
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Fig. S3.3: Same calculations as in Fig. S3.2, but for gz, = 5 nS.
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2 Addition of electroporation to the model

2.1 The nonselective current of Na”, K and Cl" ions through pores

Electroporation results in an increase in plasma membrane permeability and thus also an increase in
transmembrane ionic currents. Theoretical models were developed mostly under the assumption that
these ionic currents are due to the formation of hydrophilic pores, which are formed in the lipid bilayer
directly under the influence of an external electric field [2]. However, more recent results suggest that
such pores close very rapidly (on submicrosecond time scale) after exposure to electrical pulses [3].
The increase in ionic currents observed on the time scale of minutes after pulse exposure, which
contributes to long-lived changes in transmembrane voltage, are more likely related to pores or
conductive structures formed as a result of lipid oxidation due to electric field exposure [4] and to pores
formed as a result of electric field damage to certain membrane proteins [5]. The ionic current through
such pores has not yet been well characterized; therefore, we assume that we can describe the ionic
current through any of these types of pores in the same way.

2r,
-

Figure S3.4: Schematic representation of a cylindrical pore with radius 7, within the plasma membrane with
thickness .

Let us consider a simplified model of a eylindrical pore with radius r, within the plasma membrane with
thickness di., as shown schematically in Fig. S3.4. In electroporation models, it is usually considered
that the pore is not selective for any ion type. Rather, the flux of Na*, K™ and Cl” ions, which are most
abundant in the extracellular and intracellular media, is represented in terms of the electric conductivity
of the extracellular and intracellular aqueous solution [6,7]. The analytical solution for the conductance
(unit S) of a cylindrical pore is [7]:

20,m1,"

G, = (S15)

» iy +2dpy,

where o 1s the effective conductivity (unit S/m) inside the pore, which depends on the conductivities
of the extracellular medium & and the intracellular medium o

Tg—T;
% = Intog/an 6le)

The current of Na*, K* and CI” ions through a single pore at transmembrane voltage U,, is thus:
I, = G,Upy, (S17)

A large number of pores can form in the plasma membrane during the exposure of cells to an electric
pulse (some models estimate more than 100,000 pores [6]). However, after the pulse exposure, most
pores rapidly close and only a fraction of pores contributes to long-lived membrane permeability that
remains increased for minutes [8]. Thus, only these long-lived pores or membrane defects can be
responsible for the long-lived changes in the transmembrane voltage that we observed experimentally.
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If we assume that the pulse formed Nyorer long-lived pores, which resealed with function frewaing(?), then
we can describe the pore-mediated increase in membrane conductance as:

gep = Nporestﬁesealing (t) (S 1 8)

The resealing of these long-lived pores can be discerned from the kinetics of post-pulse transmembrane
molecular transport, ¢.g. propidium (PI) uptake [9]. We thus used our PI uptake measurements to
determine the resealing function freseaing(f), as explained later in Section S3.2.3.

In the final model we added the contribution of g, to eq. (S13):

AUy,

o=~ (gearUn — Uca) + grecalUm = Ui) + g1 = Up) + gepUn) ~ (S19)

where we assumed a reversal potential of 0 mV due to the nonselective conduction of ions through
pores [10]. Equation (519) is equal to equation (2) of the main manuscript.

2.2 The flux of Ca2+ ions through pores

Ca® ions are approximately 70x less abundant in the extracellular medium than Na* ions, and even
10,0005 less abundant in the intracellular medium [11]. Therefore, Ca>* ions do not contribute
significantly increase in membrane conductance due to electroporation. However, we need a description
of the transport of Ca™ ions through pores to describe the flux that contributes to the increase in
intracellular Ca*". For the molar flux density of a selected solute (in our case Ca*") through a cylindrical
pore, Li and Lin [12] derived the following equation based on the Nemnst-Planck description of electro-
diffusion:

= UmtIn(y) x-1 [Cale—[Cal;explin)
Jo = Dea =3 " G0 Gmxexptumy (520)
[Ca), and [Ca]. are the extracellular and intracellular Ca®* concentration, y = a;/ 0, is the ratio between
the extracellular and intracellular conductivity, and w is a nondimensionalized transmembrane voltage
(Péclet number):

Uy =222 0], (821

where zg, is the valence of Ca®" ions, F is the Faraday constant, R is the universal gas constant, and T
is the temperature.

Equation (S20) treats the Ca®" ion as a point charge and ignores the size of the ion. However, for small
pores, such as those expected in the plasma membrane after pulse exposure, the size of the ion should
be taken into account [13]. When an ion is placed in a pore of comparable size, the ion’s movement
becomes restricted due to the limited pore space. In addition, the ion needs to overcome an energy
barrier, since it is energetically unfavorable to bring a charged particle from an aqueous solution with
high diclectric permittivity to a membrane with low permittivity. In other words, the diffusion
coefficient of the ion in the pore is reduced by a factor H, which deseribes the hindered motion of the
ion through the pore due to the finite size of the pore, and a factor K, which describes the hindered
motion of the 1on due to its charge.

Factor /1 was derived by Bungay in Brenner [14] for a spherical particle with radius rx, moving through
a tube filled with fluid:

H= il (122 (522)
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A=

Ty
5
fi =222 - D721+ a (1= D)+ a,(1 - A) + a5 + a,d + aA2 + agh® +a, 2

The values of parameters ¢; are as follows: a, = -1.2167, az = 1.5336, a; = -22.5083, a; =-3.6117, a; =
-0.3363, as=-1.216, a7 = 1.647.

Factor K was derived for a particle with charge zr under the assumption that the energy barrier has a
trapezoidal shape along the central axis of the pore [13,15]:

-1
K = (exp(im) — 1) (w exp(im) — W) (S23)

Wy —Vily, Wo +Vil,
_ (zxqe)” —1.803
wo = 5.3643-20 1,

where v 1s the relative length of the pore entrance, and wo is the height of the energy barrier.

The molar flux density through the plasma membrane with area Ay, which containg Npores with radius
75, and considering the membrane resealing function frosaing, can then be written as:

NporesTTy 2
]ep = #HK]pfresealing(t) (S24)

where J, is determined by equation (S20), whereas [/ and K are determined by equations (S22) and
(523) using the radius and valence of Ca*" ions, rv = re, in 2y = ze.. Fig. $3.5 shows the dependence of
factors H and K on the pore radius.

In the final model, the flux J,, was added to equation (S3):

dx

Apm Agyr
=== (]in +]ep,Ca _jout) +— (]‘rel _]serca) (525)
dt G G

Hin K

Factors

Pore radius r o (nm)
Pl

Fig. 83.5: Factors H in X for a Ca’" ion with radius 0.2 nm and valence +2 versus the pore radius. The vertical
line marks the pore radius used in the model.

2.3 Derivation of the resealing function

We determined the rescaling function through our measurements of the PI uptake. The uptake of PI
molecules into a cell after the pulse exposure (when the external clectric field is 0 Viem) is
predominantly characterized by diffusion [9]. If we neglect the binding kineties of PI to nucleic acids
within the cell and assume homogenous distribution of PI within the cell, then the time-dependent
increase m intracellular PI molar concentration ¢(f) can be written as:
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de(t) v _ _ c(t)-ce
ar Ag(t) b= (526)
where Aq(1) 1s the total surface area of pores, Vis the cell volume, c. is the extracellular PI concentration,
D is the diffusion coefficient of PI within the pores, and d}, in the membrane thickness. If we further
assume that ¢(7) << c. (this is justified since PI rapidly binds to nucleic acids and there comparably
small amount of free PI within the cell), and we consider that 4.,(1) = Nnrp® freseaine(), then we can
rewrite:

de(t) D ¢
Zt =;;_mNﬂrp2fresealing(t) (827)

We fitted the increase in PI fluorescence to the function f = A(l —etT 4 kt). The increase in PI
fluorescence is roughly linearly proportional to PI concentration, thus:

c(t)=B(1—e " + kt) (S28)
where B is a proportionality constant. The derivative de()/dt is:

de(t) o - /
T_13(;e : f+k) (S29)

Equating (S25) and (S27) gives the resealing function:

freseating©) = = (377 + k) (S30)

1+

where we considered frsun(0) = 1, giving B = De Nnr,/(Vd,)(t/(1+)t)). Equation (S30) can be further
rewritten to:

f'resealing =(1- 5)3_E/T +4 (S31)
§=—= (532)

where & can be understood as the fraction of pores that do not close on 30 min time scale and is
responsible for the small persisted linear increase in PI uptake. If we further consider that the pulse is
applied at time ¢ = £y, then:

f‘resealing = (1 - 6)3_(t_tpulse)/r + 6, t= tpulse (833)

Equation (S33) is equal to equation (5) in the main manuscript.
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3 Values of the model parameters

The model of intracellular calcium dynamics was developed mainly based on data for rat hepatocytes
[1,16]. Since the radius of suspended U-87 MG cells (6.7 um [17]) as well as CHO-K1 cells (6.1 pm
[18]) is very close to the radius of rat hepatocytes (6 um [1,16]), we kept the values of all parameters
the same as in the original publications [1,16].

We assumed that electroporation does not promote formation of IP; and set its concentration to p =
0 pM.

For the maximum conductance of caleium-activated potassium channels we used the value of 5 nS from
the original publication [1]. In addition, we also performed calculations for a higher value of 15 nS.
This value was estimated from electrophysiological measurements of calcium-activated big potassium
(BK) channels in U-87 MG cells, where the BK current was 67 + 9 pA/pF at 140 mV [19]. Considering
that the capacitance of U-87 MG cells is ~30 pF [20], we get g = 67 pA/pF - 30 pF /0.14 V~ 15 nS.

For the diffusion coefficient of calcium ions, we took the value tabulated for 25°C and converted it to
33°C (measured sample temperature) taking into account a relative temperature coefficient of 2.1%/K
[21].

Extracellular conductivity and extracellular calcium ion concentration correspond to the propertics of
the Live Cell Imaging Solution (LCIS) [22].

Table 83.1: Values of the model parameters.

Parameter Symbol Value Reference
Cell radius Veall 6 um [16]
Cell volume Veelt dnr.aP/3 [16]
Volume of the cytoplasm Ve Vee/3 [16]
Volume of the ER I Ve 100 [16]
Effective volume of the cytoplasm C. 75V, [16]
Effective volume of the ER Cor 225-V,, [16]
PM area A 2104C, [16]
ER membrane area Ao 2:Apn [16]
Binding constant of the hormone to PM Ca?*' channels Ko 4.0 uM [1,16]
Rate constant for Ca** release through IP; receptors k 40 pum/s [1,16]
Rate constant for leak-mediated Ca' release from ER kb 0.02 um/s [1,16]
Binding constant of Ca’* to SERCA K 012 uM [1,16]
Binding constant of Ca?* to PM Ca**-ATPases Ky 0.12 uM [1,16]
Ca?* flux constant through SERCA Vs 9 uM-pm/s [1,16]
Ca?* flux constant through PM Ca?*- ATPases vy 3.6 pM-pm/s [1,16]
Equilibrium constants for IP; binding to IP; receptors dp 0.2 uM [1,16]

d, 0.4 uM
Equilibrium constants for IP; receptor inactivation d 0.3 uM [1,16]

d 0.4 pM

& 0.2 uM
Binding constant of Ca?* to Ca**-activated K+ channels Ko 0.2 uM [1]
Ca?" binding sites in Ca*'-activated K+ channels n 3 [1]
IP; concentration P 0 uM
Conductance of Ca*' leak current in PM geuo Lca/20 [1]
IP;-activated Ca® conductance in PM Zeue 2.5pS [1]
Maximum conductance of Ca?-activated K* channels Lrmar 5nS [1]

15 nS [19,20]

Conductance of the leak current in PM g 1nS [1]
Reversal potential for Ca?* ions Uc, 100 mV [1]
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Reversal potential for leak current Ur —20mV [1]
Reversal potential for K* ions Uy —80 mV [1]
Extracellular conductivity (LCIS) . 1.5 S/m [22]
Intracellular conductivity G 0.5 S/m [6]
Extracellular Ca® concentration (LCIS) [Cal. 1.8 mM [22]
Membrane capacitance Cn Apy0.01 F/m? [1,16]
Membrane thickness A 5 nm [6]
Pore radius B (.76 nm [6]
Number of pores N sres variable
Parameters of the fr.useng function T 545 fitto PI
k variable uptake
Ca?* radius ¥oa 0.2 nm [13]
Ca?" valence Zew +2 [1,16]
Ca?* diffusion coefficient Deg 9.3-10°1% m/¢? [21]
Temperature T 306K measured

PM = plasma membrane; ER = endoplasmic reticulum; IP; = inositol triphosphate
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2.2 INVASIVE PROPERTIES OF PATIENT-DERIVED GLIOBLASTOMA CELLS
AFTER REVERSIBLE ELECTROPORATION

Blazi¢ 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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Background. Electroporation-based therapies are being explored in glioblastoma (GB) treatment, as means of en-
hancing drug delivery or achieving nonthermal ablation. Yet, little is known about how sublethal exposure affects the

invasive behaviour of GB tumour cells.

Materials and methods. Five patient-derived GB cell ines were initially screened for intrinsic invasive potential, and
two most invasive (NIB140 CORE and NIB216& CORE) were selected for further experiments with eleciroporation freat-
ment. Cells in suspension were exposed to bursts of high-frequency biphasic electric pulses resulting in electric field
strength of 1 kVfcm, which coresponded to condifions of reversible electroporation. Changes in cell invasion and
gene regulation were assessed 24 hours after electroporation using transwell assay and RNA transcriptome analysis,

respectively.

Results. Reversible electroporation at 1.0 kV/cm enhanced invasion in a cell ine-dependent manner. NIB140 CORE
showed a consistent and pronounced increase, with a median of 3.74-fold (274%) higher number of invading cells
compared fo sham confrol. In confrast, NIB2146 CORE exhibited only ¢ modest increase in invasion (1.30-fold; 30%).
Transcriptomic profiing identified modulation of genes linked to exfracellular matiix organization and ion channel
activity in NIB140 CORE, and cytoskeletal remodeling in NIB216 CORE, indicating the activation of invasien-related

pathways.

Conclusions. These findings highlight a potentialrisk of pro-invasive responsesin GB cells. In tumour ablation with irre-
versible electroporation, this concem relates to cellsin the peripheral zone that may experience only sublethal electiic
fields, while in electrochemotherapy, a similar risk may arise if permeabilized cells are not effectively eliminated due
to insufficient local drug delivery. Nevertheless, the two tested cell ines responded differently, underscoring patient-
specific heterogeneity and the need for validation in more physiclogically relevant models.

Key words: electroporation; high-frequency electiic pulses; glioblastoma; patient-derived cells; invasion

Introduction
Electroporation is achieved by brief exposure of

cells to high-intensity pulsed electric fields, creat-
ing nanoscale defects (i.e, pores) in the cell mem-
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brane. Depending on the extent of membrane dis-
ruption, cells may either restore homeostasis and
survive (reversible electroporation) or fail to re-
cover, leading to cell death (irreversible electropo-
ration, IRE).! Clinically, electroporation has gained
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recognition as a versatile tool in encology. IRE can
be used as a stand-alone, minimally invasive, non-
thermal ablation technique??, whereas reversible
electroporation can be used to enhance the uptake
and cytotoxicity of chemotherapeutic drugs while
allowing for reduced drug dosages (electrochem-
otherapy; ECT).#® Unlike thermal ablation, elec-
troporation spares major blood vessels and the ex-
tracellular matrix, making it especially well-suited
for tumours situated near vital or functionally
critical structures.? Moreover, by enhancing drug
delivery and promoting anti-tumour immune acti-
vation, electroporation has become recognized as
akey component of multimodal cancer therapy.?

Glioblastoma (GB), a WHO grade IV astrocyto-
ma, is the most lethal and treatment-resistant pri-
mary brain tumour, with a median patient survival
of around 15 months and a five-year survival rate
below 10%.5% It is characterized by pronounced
cellular and molecular heterogeneity, aggressive
infiltration into surrounding brain tissue, and
the development of a highly immunosuppressive
microenvironment. Together, these biological fea-
tures present significant challenges to developing
effective treatments. The blood-brain barrier fur-
ther limits drug delivery, while therapy-resistant
GB stem cells and extensive genomic instability
drive inevitable recurrence? Despite the fact that
surgery, radiotherapy, and chemotherapy remain
the standard treatments for GB, emerging evi-
dence indicates that tumour cells surviving these
treatments may acquire an even more invasive
phenotype, further complicating disease manage-
ment.® This emphasizes the urgent need for novel,
multimodal strategies capable of addressing com-
plex tumour biology and preventing treatment-
induced adaptation.

Given these challenges, there is growing in-
terest in exploring alternative strategies for GB
treatment. Several animal studies have demon-
strated clinical potential of electroporation-based
treatments for brain tumours. In canine models,
research has primarily focused on IRE as a non-
thermal ablation method. First-generation IRE
protocols consisted of ninety 50-ps-long mono-
phasic pulses at 4 Hz, producing well-controlled
ablation volumes with sharp submillimeter transi-
tion zones between treated and healthy tissue!-
A notable prospective study using the NanoKnife
system in seven dogs with spontaneous glicmas
demonstrated safety and feasibility of IRE for
brain tumour treatment Individualized treat-
ment plans were developed based on magnetic
resonance image segmentation and computation-
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al optimization to ensure adequate electric field
coverage of tumour by a sufficiently high electric
field. Procedures involved craniotomy and stereo-
tactic pulse delivery under general anaesthesia.
Most adverse effects were mild to moderate and
resolved with minimal intervention; however, two
dogs experienced severe toxicity — one unrelated
to IRE, and the other linked to the highest energy
dose. Objective response was observed in four of
five dogs with measurable lesions, with one dog
remaining tumour-free for over five years.”® To ad-
dress limitations such as muscle contractions and
neuromuscular stimulation, second-generation
high-frequency IRE (H-FIRE) protocols have been
developed to minimize these undesired effects.® A
pilot study in three dogs with spontaneous menin-
giomas confirmed effective tumour ablation near
critical vasculature with no major IRE-related side
effects)” In addition, the potential of ECT for GB
treatment was demonstrated in rodent studies.
In rats with induced gliomas, ECT with intrave-
nous bleomycin improved their survivals, while
intratumoral bleomycin combined with a newly
designed electrode achieved complete tumour
elimination in 69% of treated animals.’® Another
study combining IRE and ECT with intravenous
cisplatin via monopolar electrode showed delayed
tumour growth and improved survival in glioma-
bearing rats.?” These results led to a phase I clini-
cal trial (NCT01322100) investigating ECT for brain
metastases, which was however discontinued due
to low patient enrolment.”

Despite these encouraging findings, electropo-
ration has not yet been clinically established for
brain tumours. Treatment responses in preclinical
studies were variable, and complete tumour con-
trol was not achieved in all animals. The under-
lying causes of this heterogeneity remain unclear.
One contributing factor may be the inhomogene-
ous electric field distribution during treatment,
which creates a central region of IRE surrounded
by a narrow peripheral zone of reversibly elec-
troporated cells.?*?* In highly infiltrative tumours
like GB, some tumour cells are likely to be exposed
only to sublethal electric field strengths, i.e. revers-
ible electroporation, and survive the treatment. If
electroporation alters the behaviour of surviving
tumour cells, making them more invasive or ag-
gressive, this might pose a potential risk for recur-
rence. A similar concern may arise in ECT, if in-
sufficient drug delivery allows electroporated cells
to survive the treatment. Thus, there is need for a
deeper understanding of how reversible electropo-
ration affects GB cells behaviour. Additionally,
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further preclinical studies are warranted, as even
the most relevant animal models, such as sponta-
neous canine gliomas, still show important dis-
crepancies compared to human GB. While animal
gliomas can mimic human GB tumour heterogene-
ity and histological features, they include a lower
number of mutated genes and a different immune
cell response.?5?” Moreover, investigating the inva-
sive behaviour of cells within sublethal regions is
ethically and experimentally challenging in vivo,
which further highlights the importance of clini-
cally relevant in vitro models before progressing
towards clinical application.

To investigate electroporation-induced chang-
es in GB cell behaviour under clinically relevant
conditions, we employed patient-derived primary
cultures that more accurately reflect the genetic
background, heterogeneity and invasive proper-
ties of human tumours compared to commercially
available cell lines.”® This study was motivated by
increasing evidence that sublethal therapies may
promote a more aggressive phenotype in surviv-
ing tumour cells.®® Furthermore, our previous
study® revealed that reversible electroporation
activates Ca*-activated potassium channels in
U-87 MG GB cell line, which are known to play a
key role in regulating GB invasion.®®? Therefore,
we focused specifically on evaluating how elec-
troporation affects the invasion of GB cells. We
began by characterizing the invasive potential of
five patient-derived GB cell lines and selected two
cultures with the highest invasive capacities for
further investigation. We then evaluated chang-
es in tumour cell invasion induced by reversible
electroporation. To ensure that we specifically
examined the response of reversibly electropo-
rated cells only, we employed a suspension-based
approach, which provides a controlled system
without the confounding effects of mixed revers-
ible and irreversible populations. To gain deeper
insight into how electroporation affects gene ex-
pression in surviving tumour cells, we addition-
ally performed RNA sequencing in treated and
non-treated samples. The findings presented here
provide important insights that may contribute to
the development of effective electroporation-based
strategies for GB therapy.

Materials and methods
Cells

Experiments were performed using five differ-
ent cell lines obtained from Slovenian GlioBank

managed by the National Institute of Biology
(NIB).#* Patients or their authorized representa-
tives signed an informed consent in accordance
with the Declaration of Helsinki. Collection and
processing of tumour tissue material was ap-
proved by the National Medical Ethics Committee
of the Republic of Slovenia (numbers 92/06/12,
0120-190/2018-4, 0120-190/2018-26, 0120-190/2018-
32, and 0120-190/2018-35). Cell lines established
from tumours were labelled with internal code
numbers: NIB140 CORE, NIB216 CORE, NIB220
RIM, NIB237 CORE and NIB261 REC. CORE and
RIM indicate the anatomical tumour regions from
which the tumour cells were derived (the tumour
core and infiltrative rim, respectively), while REC
refers to cells isolated from a recurrent GB lesion.
All cell lines were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, #41965039), sup-
plemented with 10% foetal bovine serum (Gibco,
#10500064) and antibiotics Penicillin-Streptomycin
(Sigma-Aldrich, Germany, #P0781), hereafter re-
ferred to as DMEMIO0.

Cells were routinely passaged every 3 to 4 days
and were maintained in a humidified environ-
ment at 37°C with 5% CO.. For determining the cell
doubling time, 2x10° cells were seeded per well of a
6-well plate (TPF, Switzerland), incubated at 37°C,
5% CQO,, and then trypsinized and counted at se-
lected times 20-100 hours after seeding. For elec-
troporation, cells were trypsinized, counted, and
centrifuged at 300 x g for 3 minutes. The resulting
pellet was resuspended in DMEMI0 with 10 mM
HEPES, Sigma-Aldrich, #H0887 (hereafter referred
to as DMEMI10+) to achieve a final cell density of 1
x 108 cells/ml

Electric pulse exposure

Cells were exposed to H-FIRE pulses, which were
previously used in GB investigations in vitro,* as
well as in vivo for the treatment of spontaneous
canine meningiomas?” and in a study examin-
ing blood-brain barrier disruption mechanisms.®
Specifically, we applied 100 bursts of bipha-
sic pulses, with 2 us negative and 2 us positive
phase, 5 us interphase and 5 ps interpulse delay,
25 pulses/burst, at 1 Hz burst repetition frequency
(Supplementary Figure S1). The pulse amplitude
was varied between 100400 V, corresponding to
0.5-2 kV/cm. Pulses were delivered by a high-fre-
quency pulse generator L-POR (mPOR, Slovenia),
through 2 mm electroporation cuvettes (VWR,
#732-1136). The current and voltage were rou-
tinely monitored on an oscilloscope Wavesurfer
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422, 200 MHz, using high-voltage differential
probe ADP305 and current probe CP030 (all from
Teledyne LeCroy, USA). The electric field to which
the cells were exposed was estimated as the ratio
between the applied voltage and the interelectrode
distance.

We aimed to perform experiments at close-to-
physiological temperature, which is relevant to
in vfoo tumour treatment. Thus, each cuvette was
first preheated in an incubator at 33°C for at least
15 minutes. Subsequently, the cell suspension was
added to the preheated cuvette, and placed back
into the incubator at 33°C. Following an additional
10-minute incubation period, electric pulses were
delivered to the cuvette inside the incubator. The
temperature of 33°C was chosen based on our pre-
vious findings in U-87 MG GB cells, where elec-
troporation at this temperature, but not at room
temperature (~25°C), triggered activation of Ca*-
activated potassium channels that are associated
with membrane hy perpolarization and increased
invasive potential.® In addition, responses at 33°C
are expected to more closely approximate those
at physiological temperature (37°C) than at room
temperature, while maintaining a margin of safety
against heating, as the sample temperature in-
creased by > 8°C when the strongest electric pulses
were delivered.

Joule heating of the sample due to pulse de-
livery was measured using a fibre optic sensor
MPK-5 (OpSens Solutions, Canada). The sample
temperature increased by 1.3°C + 0.3°C at 200 V (1
k¥/em) and 8.3°C £0.7°C at 400 V (2 kV/em), record-
ings shown in Supplementary Figure S2. This tem-
perature increase was measured at room tempera-
ture (24-26°C); the increase during pulse delivery
at 33°C is expected to be somewhat higher due to
lower heat dissipation in warmer atmosphere.

Permeabilization assay

Cell suspension (150 pl, 1 x 10°cells/ml) prepared
in DMEMI10+ was mixed with propidium iodide
(PI, Molecular probes, #P1304MP) in a final con-
centration of 100 pg/ml. PI is a nucleic acid stain
that selectively penetrates cells with compromised
membranes, where it binds to DNA and emits
fluorescence. When added to cell suspension be-
fore pulse delivery, it enables identification of elec-
troporated cells.** 3 minutes after pulse applica-
tion, 350 pl of electroporation solution was added
to the cell suspension and the sample was removed
from the electroporation cuvette. The percentage
of Pl-stained cells was quantified by flow cytom-
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eter (Attune NXT, Carlsbad, CA, USA) using blue
laser excitation at 488 nm and detecting the emit-
ted fluorescence through a 574/26 nm band-pass
filter. 10,000 events representing individual cells
were obtained, and data were analysed using the
Attune Nxt software. Cells with fluorescence in-
tensity above a certain gate value, defined based
on fluorescence intensity histogram, were consid-
ered electroporated. Gating was set according to
sham control (0 V). Measurements for each data
point were repeated at least three times on three

different days.

Pl-based viability assay

Cell suspension (150 pL, 1 x 106 cells/mL) was pre-
pared in DMEMI10+ and transferred to an elec-
troporation cuvette. After pulse application and
additional 10-minute incubation at 33 °C, 850 uL of
DMEMI0+ was added to the cuvette. Afterwards,
100 UL of the treated cell suspension was plated
into 24-well plate (TPP, Switzerland) containing
1mL of DMEMI0, and the plate was incubated
at 37°C in a humidified atmosphere with 5% CO,
for 24 hours. PI was used to assess cell viability 24
hours after the electric pulse exposure. First, cells
were harvested (attached and unattached) and
centrifuged at 300 x g for 3 minutes. The cell pellet
was then resuspended in 150 puL of growth medi-
um together with Plin a final concentration of 100
pg/ml, and cells were incubated at room tempera-
ture for 5 minutes. The number of all cells (N, )
and the number of Pl-stained cells (N,) in a fixed
sample volume was quantified by flow cytometer
(Attune NxT; Life Technologies, USA), using a 488
nm blue laser and 574/26 nm band-pass filter. The
percentage of viable cells was determined from
Nyt Nep )Ny oy @8 deseribed in our previously
published protocol®, where N, represents the
total number of cells in sham control.

total,etr]

MTS-based viability assay

Cells were prepared and exposed to electric pulses
in the same way as for the PI-based viability as-
say. 50 pL of the treated cell suspension was then
plated into 96-well plate (TPP) containing 50 pL
of DMEMI10 and the plate was incubated at 37°C
and 5% CO, MTS metabolic assay (CellTiter 96
AQueous One Solution Cell Proliferation Assay,
Promega, USA) was used to assess cell viability
24 hours after pulse exposure. Viable cells reduce
the MTS tetrazolium compound into a soluble
formazan product, the concentration of which cor-
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relates with the number of metabolically active
cells and is determined by absorbance measure-
ment. According to the manufacturer’s instruc-
tions, 20 pL of MTS tetrazolium compound was
added to the samples, and the 96-well plate was
returned to the incubator for 2 hours. The absorb-
ance of formazan was measured with a plate read-
er (Tecan Infinite M200, Tecan, Austria) at 490 nm.
The percentage of viable cells was calculated by
subtracting the background (absorbance in wells
with medium only) and normalizing the sample
absorbance to the absorbance of the sham control.

Transwell invasion assay

Transwell invasion assay was performed follow-
ing a previously published protocol®, as shown
in Figure 1. Transwell inserts containing mem-
branes with 8.0-um pores (Corning Life Sciences,
#353097), pre-coated with Matrigel (Corning,
#354234), were used to assess the invasive poten-
tial of the cell lines. A total of 25 pL. of Matrigel
solution, diluted 1:3 in DMEM supplemented with
2% FBS, was added to each insert and incubated
at 37°C for 30 minutes to allow gelling. The lower
chambers of 24-well plates were filled with 500 pL
of DMEMI10. To prevent premature polymeriza-
tion, Matrigel was handled on ice using pre-cooled
pipette tips throughout the procedure. For each in-
sert, 80 000 cells (pre-treated with pulse exposure
or not) were suspended in 100 puL of DMEM with
2% FBS and mixed with 50 pL of Matrigel diluted
in DMEM to achieve a final Matrigel concentration
of 0.5 mg/mL. After a 10-minute incubation at 37°C
in a humidified 5% CO, atmosphere, an additional
50 uL of DMEM with 2% FBS was added to each
insert, resulting in a final volume of 200 pL. The
inserts were then incubated for 24 hours.
Following incubation, non-invading cells and
remaining Matrigel were removed from the upper
surface of the membrane using a cotton swab. The
inserts were transferred to fresh wells containing
500 pL of DPBS (Gibco, #14190) and washed twice.
Cells on the underside of the membrane were
fixed with 4% paraformaldehyde (Sigma-Aldrich,
# 158127) for 15 minutes at room temperature, fol-
lowed by twe DPBS washes. Membranes were
then incubated in DPBS containing 1% bovine
serum albumin (BSA; Sigma-Aldrich, #A2153 or
Fisher BioReagents, #BP9702) and 0.1% Triten X-100
(Sigma-Aldrich, #T8787) for 30 minutes at room
temperature to block non-specific binding. For
proliferation assessment, Ki-67 FITC-conjugated
antibody (Miltenyi Biotec, #130-117-691) was added

at a 1:50 dilution in DPBS, and membranes were in-
cubated for 1 hour at room temperature. After one
PBS wash, cell nuclei were counterstained with
Hoechst 33342 (Thermo Fisher Scientific, #62249)
diluted 1:1000 in PBS and incubated for at least 5
minutes.

Transwell invasion and proliferation assays
were performed in five GB cell lines (NIB 140
CORE, NIB216 CORE, NIB220 RIM, NIB237 CORE
and NIB261 REC) and selected electroporated sam-
ples (NIB 140 CORE and NIB216 CORE) to evalu-
ate treatment-induced changes in GB cell behav-
iour. Tile-scan imaging of the entire membrane
undersurface with invading cells was carried out
using two fluorescence microscopy systems. For
characterizing baseline invasion in all five GB
cell lines, cells were imaged using the EVOS FL
Auto 7000 system (Thermo Fisher Scientific, USA),
which employed both brightfield and fluorescence
channels to visualize nuclei stained with Hoechst
and proliferating cells labelled with Ki-67 under
10x objective magnification. Imaging was per-
formed using excitation wavelengths of 395 nm for
Hoechst and 475 nm for Ki-67. For characterizing
invasion in electroporated cells and corresponding
sham control groups, the same fluorescence chan-
nels were used to image the samples on the Leica
Thunder Imaging System with DMi8 inverted epi-
fluorescence microscope and LEDS illumination
source controlled by Las X software (all from Leica
Microsystems, Germany) under 10x objective mag-
nification.

Image analysis was performed using Image]
Fiji.** Nuclei were firstsegmented based on Hoechst
staining (as presented in Figure 1), and the result-
ing regions of interest (ROIs) were applied to the
Ki-67 channel to extract signal intensity and deter-
mine proliferation status. Quantification of invad-
ing and proliferating cells was performed across at
least three independent experiments.

Statistical analysis

Allresults are presented as mean = standard devia-
tion (SD), based on a least of three independent ex-
periments performed on separate days. Statistical
analyses were conducted using SigmaPlot version
11.0 (Systat Software Inc,, San Jose, CA, USA), with
analyses performed separately for each cell line.
Normality was assessed using the Shapiro-Wilk
test, and homogeneity of variance was evaluated
using Levene's test. For datasets meeting assump-
tions of normality and equal variance, one-way
ANOVA was applied, followed by Holm-Sidak’s
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FIGURE 1. Ovenview of the experimental workflow for evaluating patient-derived glioblastoma (GB) cell behaviour before
and ofter electroporation. Created with BioRender.com. (&) Five patient-derived glioblastoma cell lines, including cells from
the tumour core (CORE), infiltrative rim (RIM), and a recurrent lesion (REC), were initiclly screened using a transwell invasion
assay. Cells were plated on Matrigel-coated inserts and incubated for 24 hours. Invading cells migrating to the lower surface
of the insert membrane were fixed, permeakilized, and stained with Hoechst (nuclei) and then immunostained for Ki-67 (a
proliferation marker). The cells were subsequently imaged to guantify the number of invading and proliferating cells. (B) NIB140
CORE and NIB216 CORE were selected for further experiments with electroporation based on their invasive behaviour. Electric
pulses of increasing slectric field strength were applied to cells in electroporation cuvettes and the resulting membrane
permedkilization and survival were quantified to generate characteristic response curves. Additionally, we assessed the
metaloolic activity of cells wsing MTS. Post-freatment invasion cssay and flucrescence imaging was used 1o assess changes
ininvasive potfential, with image analysis performed in Imagel Fiji fo quantify total and proliferating cell numbers based on
nuclear segmentation and Ki-67 expression.

post hoc test for multiple comparisons. When as-  a Student’s t-test was used when normality and
sumptions were not met, nonparametric ANOVA  variance assumptions were satisfied; otherwise,
on ranks was used, followed by Dunn’s post hoc  a Mann-Whitney U test was applied. A p-value <
test. For comparisons involving two groups only,  0.05 was considered statistically significant.
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RNA transcriptome analysis

Total RNA was extracted from GB cells (NIB140
CORE and NIB216 CORE) using the EZZN.A®
Total RNA Kit I (Omega Bio-Tek, Norcross, GA,
USA; Cat. No. R6834). To replicate the condi-
tions used in the Transwell invasion assay, cells
were first exposed to an external electric field as
described in the section above. Ten minutes fol-
lowing pulse exposure, 850 uL of DMEMI0+ was
added directly to the electroporation cuvette. The
full volume was then transferred to a single well
in 6-well plate, and an additional 2 mL of DMEM10
was added, bringing the total volume per well to 3
mL. Sham-treated control cells were handled iden-
tically but were not subjected to pulse exposure.
The total RNA was extracted 24 hours after the
pulse exposure.

Transcriptome analysis was petformed by
NovoGene (Munich, Germany). Total RNA was
extracted from electroporated and sham control
samples and subjected to quality control using the
RNA Nano 6000 Assay Kit of the Bicanalyzer 2100
system (Agilent Technologies, CA, USA). mRNA
was purified from total RNA using poly-T oligo-
attached magnetic beads, fragmented, and reverse
transcribed into cDNA. After second-strand syn-
thesis and adaptor ligation, libraries containing
370-420 bp fragments were purified using the
AMPure XP system and subsequently amplified
by PCR. Following amplification, PCR products
were purified again. Library quality was assessed
using the Agilent Bioanalyzer 2100, and cluster-
ing was performed on a cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-
HS (CA, USA). The libraries were then sequenced
on an [llumina NovaSeq platform, generating 150
bp paired-end reads. Raw reads were processed
using fastp for adapter trimming and quality fil-
tering. Clean reads were aligned to the reference
genome using HISAT2 (v2.0.5), and transcript as-
sembly was performed with StringTie (v1.3.3b).
Gene-level read counts were generated with fea-
tureCounts (v1.5.0-p3), and gene expression was
quantified as fragments per kilobase of transcript
per million mapped reads (FPKM), which accounts
for both transcript length and sequencing depth.

Differential gene expression analysis was per-
formed in NovoMagic (https://eu-magic.novogene.
com/) using DESeq2 (v1.20.0), based on a negative
binomial model. Gene ontology (GO) enrichment
analysis was conducted using the clusterProfiler
R package, correcting for gene length bias. GO
terms with adjusted p < 0.05 were considered sig-
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FIGURE 2. Patient-derived glioblastoma [GB) cell lines display variable intrinsic
invasive potential. (A) Transwell invasion assay was performed with non-treated
celllines to assess the infrinsic invasive potential of five GB cell lines derived from
different tumour regions. NIB140 CORE showed the highest number of invading
cells, followed by NIB216 CORE, whereas NIB220 RIM, NIB237 CORE, and NIBZ61
REC displayed significantly lower invasion. Statistical analysis was performed
using ANGWVA on ranks. Significant differences are indicated with asterisks (*):
p < 0.05. The number of Ki-&67 positive (proliferating) cells, shown in black at the
base of each bar, was low in all tested cell lines (< 10 %). Data are presented
as mean = SD from at least 4-5 indspendent experiments. (B) Doubling times
were determined based on cell growth curves plotted as 10g,(N/N,) versus fime,
where N is the number of seeded cells af time O h, and N is the number of cells
atselectedtime points (hours). Linearregression was applied to each cellline (R®*
values shown), and doubling fime was calculated from the slope of the fitfed line.
NIB140 CORE and NIB216 CORE showed similar doubling time (40-41 h).

nificantly enriched. For visualization, unadjusted
p-values (p £ 0.05) were used in volcano plots to
highlight global transcriptional changes, whereas
adjusted p-values (Benjamini-Hochberg correc-
tion) were used in GO enrichment plots to account
for multiple testing and reduce false discovery.

The raw RNA-seq data are publicly available in
the Gene Expression Omnibus (GEQO) repository
under accession number GSE305017.

Results

Selection of patient-derived GB cell lines
based on their invasive properties

To characterize heterogeneity in invasive behav-
iour among patient-derived GB cell lines, we per-
formed a standardized transwell invasion assay
(Figure 1) using five lines representing distinct
tumour regions. As shown in Figure 2, invasive
potential varied markedly across the cell lines.
NIB140 CORE and NIB216 CORE exhibited the
highest levels of invasion, while NIB220 RIM,
NIB237 CORE, and NIB261 REC displayed signifi-
cantly lower invasive activity compared to NIB140
CORE and NIB216 CORE (ANOVA on ranks, p <
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FIGURE 3. Permeabilization and survival of NIB140 CORE and NIB216 CORE
dlioblastoma (GB) cell lines in response to H-FIRE pulses resulting in different
electric field strengths. (A) The percentage of permeabilized cells was assessed
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Data for NIB140 CORE and NIB216 CORE are shown in blue and pink, respectively.

0.05). Based on their invasion profiles, NIB140
CORE and NIB216 CORE were selected for subse-
quent experiments to investigate electroporation
responses across the two GB subtypes represent-
ing the highest levels of invasion. After 24 hours,
the expression of the proliferation marker Ki-67
was low in all tested cell lines (< 10%), confirming
that the observed invasion was not driven by cell
proliferation, as shown in Figure 2A. The number
of proliferating cells is represented at the base of
each bar, illustrating that proliferation does not ac-
count for the observed invasive behaviour.

To further confirm that the observed invasion
was not driven by proliferation, we measured the
doubling time of each cell line. NIB140 CORE and
NIB216 CORE displayed doubling times of ~40 and
~41 hours, respectively. Representative growth
curves used for this estimation are shown in
Figure 2B, illustrating that the 24-hour post-treat-
ment time point falls well before either population
is expected to divide. This supports the interpre-
tation that the observed behaviour reflects actual
invasion properties rather than proliferative ex-
pansion.

Permeabilization and survival at

different electric field strengths

We next investigated how the selected NIB140
CORE and NIB216 CORE cell lines respond to
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pulses of increasing electric field intensities.
Membrane permeabilization was assessed 3 min-
utes after electroporation using propidium iodide
(PI) staining, while cell survival was evaluated 24
hours post-treatment using both PI staining and
the metabolic MTS assay. Both NIB140 CORE and
NIB216 CORE exhibited a characteristic sigmoidal
increase in the percentage of permeabilized cells
with increasing electric field strength, reaching
maximal values above 1.25kVim (Figure 3A).
Survival determined by PI assay declined above
1 kV/em (Figure 3A). These results align with pre-
vious H-FIRE studies demonstrating that glioma
cells can recover metabolic activity and prolifera-
tive capacity when exposed to sublethal electric
fields, whereas higher intensities induce irrevers-
ible membrane damage.*

NIB216 CORE displayed somewhat greater
permeabilization at intermediate electric field
strength and a more pronounced decrease in vi-
ability at higher field strengths compared to
NIB140 CORE, indicating greater sensitivity to
electroporation-induced stress. This was further
supported by MTS assay results (Figure 3B), which
showed a greater reduction in metabolic activity in
NIB216 CORE. Statistically significant differences
(Student’s t-test) between the two cell lines were
observed at 1kV/cm for membrane permeabiliza-
tion (p=0.037), 1.75 kV/cm for survival (p=0.001),
and 2 kV/cm for metabolic activity (p=0.024), with
significant differences indicated by asterisks
(Figure 3). Nevertheless, the differences between
the tested cell lines were relatively small, suggest-
ing that similar electric field strengths can be used
to treat different GB cell lines.

Reversible electroporation enhances
invasion of GB cells in a cell type-
dependent manner

Based on permeabilization and survival curves
(Figure 3), we chose an electric field strength of
1.0 kV/cm to further assess whether sublethal elec-
troporation alters GB cell invasion. At this electric
field strength, both NIB140 CORE and NIB216
CORE cell lines reached > 80% permeabilization
while maintaining viability above 80% relative to
sham-treated control (0 kV/em). The chosen electric
field strength mimics the conditions in reversibly
electroporated border zone surrounding the ab-
lated area, when using IRE for tumour treatment.
Also, these conditions of reversible electroporation
are in line with clinically relevant protocols used
for ECT.A®
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Electroporation enhanced the invasion po-
tential of GB cells in a cell type-dependent man-
net, as quantified 24 hours following exposure to
1.0 kV/cm. Since the number of invading cells var-
ied from day to day, already in control samples,
we present results for each of the three biological
replicates separately, with 2-3 technical replicates
(transwell inserts) per one biological replicate. In
NIB140 CORE, the number of invading cells was
consistently and significantly higher in electropo-
rated samples compared to sham-treated controls
across all three biological replicates (Figure 4A;
Student’s t-test, p < 0.05; 2-3 technical replicates
per one biological replicate). In contrast, NIB216
CORE showed a more variable response, with sig-
nificance reached in one biological replicate only
(Figure 4B), indicating a modest and less consist-
ent effect. We then averaged the technical repli-
cates and normalized this averaged number of
invading cells in electroporated samples to the
corresponding number in sham-treated controls
for each biological replicate. The obtained fold-
increase in invading cells across biological rep-
licates is presented in the box plot in Figure 4C.
This analysis confirmed a consistent increase in
invasion in NIB140 CORE and only modest trend
in NIB216 CORE. Notably, NIB140 CORE exhibited
a significantly greater 3.74-fold increase compared
to just 1.30-fold in NIB216 CORE (Student’s t-test, p
< 0.05), potentially reflecting intrinsic differences
in these cell lines.

Enhanced cell invasion following sublethal
electroporation was further supported by analysis
of the proliferation marker Ki-67. The proportion
of Ki-67-positive cells remained below 10% across
all conditions (Figure 4D), with no significant dif-
ferences between electroporated and sham-treated
controls (Student’s t-test). These findings reinforce
the conclusion that proliferation did not contribute
considerably to the increased number of invading
cells following electroporation. An example of this
electroporation-induced increase in invasion po-
tential in NIB140 CORE cell line is illustrated in
Figure 4E, where representative images demon-
strate a higher number of invading cells after elec-
troperation at 1 kV/em.

RNA transcriptome analysis corroborates
enhanced invasion of reversibly
electroporated GB cells

To gain insight into the molecular changes associ-
ated with electroporation, we performed RNA se-
quencing on NIB140 CORE and NIB216 CORE cells
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FIGURE 4. Electroporation enhances the invasion potential of patient-derived
glioblastoma (GB) cell lines in a cel type-dependent manner. Invasion was
assessed 24 hours after electroporation using H-FIRE pulses resulting in electric
field strength of 1 k\W/em. (A-B) Box-and-whisker plots showing the number of
invading cells in NIB140 CORE (A) and NIB216 CORE (B) in sham-treated (grey)
and electroporated samples (blue or pink). Each group represents a separate
biclogical replicate (REP1-REP3), with 2-3 fechnical replicates per biclogical
replicate. The horizontal lineg within each kbox represents the median, and
whiskers indicate the full range of values. (C) Relative increcse in the number of
invading cells in electroporated samples compared fo sham confrols. Dota are
presented asmean £ 3D from three biclogical replicates. (D) Percentage of Ki-67—
positive (proliferating) cells in sham-freated and electroporated samples. Values
remained below 10 % across all conditions, demonstrating that the observed
increcse in invasion was not due fo increcsed proliferation. (Ey Representative
masks obtained after thresholding images of Hoechst-stained NIB140 CORE
invading cells, showing increased invasion following electroporation.

harvested 24 hours after exposure to 1.0 kV/em.
Gene expression level analysis in electroporated
(EP) and sham-treated (CTRL) samples, presented
through co-expression Venn diagrams (Figure 5A),
revealed 222 and 239 genes that were uniquely ex-
pressed in the electroporated NIB140 CORE and
NIB216 CORE samples, respectively. Differential
gene expression analysis, presented through vol-
cano plots (Figure 5B) further confirmed elec-
troporation-induced transcriptomic changes in the
two cell lines, with both significantly downregu-
lated and upregulated genes.

Additionally, comparison between the sham-
treated NIB140 CORE and NIB216 CORE revealed
that these cell lines considerably differ in their
baseline transcriptomic profiles. Co-expression
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Venn diagram (Figure 5A) showed 10,915 genes co-
expressed in both cell lines, with 870 and 825 genes
uniquely expressed in NIB140 CORE and NIB216
CORE, respectively. Volcano plot (Figure 5B) fur-
ther confirmed the large transcriptomic diver-
gence between the two cell lines. This divergence
indicates that the intrinsic transcriptomic differ-
ences between NIB140 CORE and NIB216 CORE
exceed the shifts induced by electroporation,
which may explain the different extents to which
electroporation changed the invasion of these two
cells lines (Figure 4).

To better understand the biclogical relevance
of the observed transcriptomic changes, we per-
formed gene ontology (GO) enrichment analysis
on significantly upregulated and downregulated
genes in NIB140 CORE and NIB216 CORE cells
following electroporation (Figure 6). In NIB140
CORE, differentially expressed genes were en-
riched in invasion-associated pathways, including
channel activity and extracellular matrix organi-
zation (Figure 6A), which aligned with the ob-
served increase in invasion (Figures 4A, C). In con-
trast, the transcriptional response in NIB216 CORE
lacked strong enrichment of motility-related path-
ways, consistent with the modest increase in inva-
sion (Figures 4B, C). However, several downregu-
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lated categories in NIB216 CORE—including actin
filament binding, actin cytoskeleton, extracellular
matrix, and focal adhesion—suggest cytoskeletal
remodelling and/or disruption. In addition, genes
associated with leading-edge membrane, cell pro-
jection membrane, and synaptic membrane were
upregulated. These differences underscore the
intertumoral variability in molecular responses
to electroporation and support a potential mecha-
nistic link between transcriptomic changes and
the significantly enhanced invasion observed in
the NIB140 CORE cell line, which would, howev-
er, need to be further supported at the functional
level.

Discussion

Our study investigated how sublethal exposure to
electroporation pulses affects the invasion of GB
tumour cells. After initial screening of five patient-
derived GB cells lines for their intrinsic invasive
potential, we selected the two most invasive cell
lines (NIB140 CORE and NIB216 CORE) for further
electroporation experiments. We characterized cell
permeabilization and survival after exposure to
H-FIRE pulses resulting in different electric field
strengths and found that 1 kV/em corresponds to
conditions of reversible electroporation in both
cell lines. At 1 kV/cm, the majority of cells became
permeabilized due to electroporation while still
retaining their viability 24 hours later. We then
assessed changes in their invasion behaviour 24
hours after electroporation. Electroporation en-
hanced invasion in a cell line-dependent manner:
NIB140 CORE consistently showed a prenounced
response with a median 3.74-fold higher number
of invading cells compared to sham-treated con-
trols. While the number of invading cells was
consistently higher in electroporated samples, we
observed a rather high variability across biological
replicates. This variability can be explained by the
use of patient-derived cells, which are expected to
respond more heterogeneously than established
cell lines that often fail to replicate key tumour
characteristics.283341 Unlike in NIB140 CORE,
electroporation induced only a modest increase
in the number of invading cells in NIB216 CORE
(1.30-fold). Moreover, NGS-based profiling includ-
ed in the clinical pathology report identified the
EGERellI variant in NIB140 CORE cell line (but not
in NIB216 CORE), a mutation known to enhance
invasion and contribute to treatment resistance in
CBA2
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To better understand the molecular basis of in-
creased invasion after electroporation and the as-
sociated differences between the two tested cell
lines, we performed transcriptomic analysis. In
NIB140 CORE cells, we observed upregulation of
genes associated with the channel activity and pas-
sive transmembrane transport activity — CHRNE,
KCNMAI, KCNABI, TRPC4, GJC3, GPRSYA,
TTYH2, GRIN2A, RHCE, and GLRA3% Notably,
ion channel-related genes such as KCNMAI and
KCNABI, i.e. the alpha and beta subunits of the big
potassium K channel, were detected, supporting
their potential role in enhanced invasive behav-
iour in GB observed in previous studies.®* Genes
related to extracellular matrix (ECM) organiza-
tion (collagen containing ECM, ECM and exter-
nal encapsulating structure) were downregulated
(COL14A1, EFEMP1, ITGB4, COL8AT, P3H2, THBS2,
INHBE, MATN4, PTPRZ1, MMP9, ANGPTL5 and
COL5A2) indicating ECM remodelling#%# In this
context, it is notable that MMP9, a metallopro-
teinase classically associated with invasion, was
downregulated in NIB140 CORE. This may ap-
pear counterintuitive given the observed increase
in invasion, but it is consistent with reports that
GB cells can compensate protease activity by other
protease families or proteases of the same fam-
ily, adopt protease-independent, ion channel- and
adhesion-driven or even adhesion-independent
migration strategies.®® Thus, while MMP9 itself
was not upregulated, ECM- and ion channel-re-
lated pathways were altered, supporting the idea
that alternative mechanisms may drive invasion
in this context.# In contrast, NIB216 CORE showed
downregulation of genes involved in cytoskeleton
remodelling and focal adhesion (COL11AI, CNNI,
ALPL, HAPLN1, TGEB1I1, F3, IGFBP7, ADAMTS,
COL4AlL POSTN, LOX14, MXRA7, CCN2, LGALSI,
COL4A2, GPC4, TFPI2, CD248, VASP, TAGLN,
TPM2, PDLIM7, PPPIRI1S, ARPC4, COROI1A,
ACTNI1, FHDC1, PICK1, SPTBN2, ADSSI, MYOZI,
TMEM201, MARCKSLY and MYH9) suggesting
cytoskeletal disruption.*” Meanwhile, upregulated
response was linked to membrane dynamics —
leading edge membrane, cell projection membrane
and synaptic membrane (ANKI, DPP4, LAMPS,
EGFR, C2CD5 and PSD3) indicating changes in
membrane plasticity and intracellular commu-
nication.® It should be noted that, based on our
data, we cannot determine whether the observed
effects arise directly from pulse-induced biophysi-
cal changes or indirectly through stress-mediated
signalling. Furthermore, this data should be inter-
preted with caution, as validation at the protein
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level (e.g., Western blot or ELISA) will be required
to confirm whether the cbserved gene expression
changes translate into functional effects.

A recent study by Wang et al.¥ reported that
electroporation suppresses invasion of U-87 MG
GB cells. Similar to our study, cells in suspension
were electroporated and changes in invasion were
assessed 24 hours later using a transwell invasion
assay. The pulse parameters used for electropora-
tion was somewhat different from ours and con-
sisted of 4-8 bursts of 50 biphasic 2 ps pulses with
02 ps interphase and 100 ps interpulse delay, 15
Hz burst repetition frequency, and 4 kV/cm electric
field strength. With 6 and 8 bursts, cell survival
dropped to ~73% and 42%, respectively, and this
decrease in the number of viable cells was expect-
edly reflected in lower number of invading cells.
Nevertheless, the number of invading cells de-
creased to ~56% of control also with 4 bursts, where
~90% cells survived the treatment. Decreased in-
vasion was associated with downregulation of
SIRT1 gene and SIRT2 genes and impaired mito-
chondrial function. In contrast, we observed in-
creased invasion and no significant changes in any
of SIRT1-7 genes (p=0.1; Benjamini-Hochberg cor-
rection) in our study. Furthermore, we observed a
trend of increased invasion even at higher electric
field strength of 2 kV/cm, after compensating for
the reduced number of surviving cells, although
this increase in invasion was not statistically sig-
nificantly different from control, results presented
in Supplementary Figure 53. The different results
obtained by us compared to Wang et al.®® could
stem from multiple reasons. Aside from differ-
ences in pulse parameters and sample temperature
during electroporation, we used patient-derived
GB cells lines. As shown by our transcriptomic
analysis, different GB cells lines have considerably
different gene expression profiles, which affects
their response to electroporatien. This highlights
the value of patient-derived models in capturing
clinically relevant transcriptional responses and
treatment dynamics compared to immortalized
cell lines. The importance of using patient-derived
cells to better capture the biclogical complexity
and treatment responses of GB is further illus-
trated by comparing our results to the study by
Casciati et al.® In this study, adherent U-87 MG
cells were exposed to five electric pulses, each
lasting 40 ps at 1 Hz and 30 kV/em (0.3 MV/m).
While they also cultured neurospheres under
serum-free conditions to enrich for GB stem-like
cells, these were still derived from the U-87 MG
line, which lacks key features of primary tumours,
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including heterogeneity and true invasive behav-
iour.® Notably, Casciati et al. reported that pulse
exposure substantially influenced the fate of GB
neurospheres by differentially regulating genes
involved in hypoxia, inflammation, and p33/cell
cycle checkpeints, ultimately reducing their capac-
ity for neurosphere formation and transmigration
in vitro. Furthermore, pulse exposure also reduced
the ability to form new neurospheres and inhibit-
ed invasion. Importantly, exclusively in U-87 neu-
rospheres, pulse exposure altered the expression
of stemness- and differentiation-related genes.
While these findings are promising, the observed
inconsistency with our results—despite differenc-
es in pulse parameters—might reflect cell model-
specific differences in electroporation responses.
This highlights the need to validate such effects in
more physiologically relevant models. Given the
aggressive, therapy-resistant nature of GB stem-
like cells and their contribution to tumour pro-
gression and recurrence®®, future electroporation
studies should consider the use of patient-derived
stem-like populations to more accurately reflect
clinically relevant outcomes.

While most preclinical studies of electropora-
tion-based brain tumour therapy have focused on
IRE as a non-thermal ablation method, particu-
larly in canine glioma models!" 241754 our find-
ings highlight the less-explored effects on tumour
cells located in the periphery of IRE-treated zones.
This raises an important consideration regarding
unintended effects in fumour margins that remain
viable after treatment—regions likely exposed to
sublethal electric fields due to the highly infiltra-
tive nature of GB. Our results demonstrate that tu-
mour cells surviving electroporation may acquire
enhanced invasive potential, a concern that arises
specifically when no cytotoxic agents are present.
However, a similar concern applies to ECT if in-
sufficient local drug concentrations are achieved,
since permeabilized cells might survive the treat-
ment. When adequate concentrations are ensured,
ECT directly addresses this risk by eliminating
reversibly permeabilized cells through enhanced
intracellular accumulation of cytotoxic agents,
such as bleomycin and cisplatin.!®® Bleomycin in-
duces DNA strand breaks, while cisplatin causes
DNA crosslinking and apoptosis—mechanisms
that require cytosolic access and are otherwise
ineffective across intact membranes.*>-* Since the
primary effect of electroporation is to increase
membrane permeability, it provides a unique op-
portunity to deliver these otherwise impermeable
drugs efficiently. In addition, electroporation has

been shown in in vive models to transiently disrupt
the blood-brain barrier, further highlighting its
potential for enhancing drug delivery to tumour
tissue within the central nervous system 2555
Moreover, studies in melanoma cells showed that
ECT does not affect the cells" metastatic poten-
tial.>*% Taken together, our findings suggest that
ECT, by combining reversible electroporation with
sufficient concentrations of cytotoxic agents, may
offer a more effective and safer therapeutic strat-
egy for glioblastoma than IRE as a standalone
treatment. Furthermore, this approach may help
overcome some limitations of current chemother-
apy regimens, such as temozolomide, which has
been shown to expand the GB stem cell population
through conversion of differentiated tumour cells
both in vitro and in vivo®

While our results offer new insights into GB
cell responses to electroporation, this study has
several limitations. First, the use of suspension
cultures does not fully recapitulate the structural
complexity, cell-cell interactions, and diffusion
gradients present in wive. These factors may in-
fluence electroporation-induced processes such
as membrane repair, intracellular signalling, and
invasion. Although patient-derived GB cells were
used, future studies should also examine cells
from spatially distinct tumour regions (e.g., core
vs. rim), which may exhibit different responses
due to intratumoral heterogeneity. In addition,
GB stem-like cells, known for their high invasion
potential and therapy resistance®®, were not spe-
cifically addressed here and represent a critical
subpopulation for further investigation. To better
approximate the tumour microenvironment, fu-
ture experiments should employ advanced in vitro
models such as multicellular spheroids or orga-
noids, which incorporate three-dimensional archi-
tecture and preserve key features of GB biology,
including heterogeneity, invasion, and treatment
resistance. Arroyo et 415 have recently advanced
this field by developing a multicellular spheroid—
hydrogel platform, demonstrating that higher elec-
tric field strengths and longer pulse widths con-
strained migration and proliferation over several
days, underscoring the importance of 3D models
for validating electroporation responses. Finally,
this study focused on short-term transcriptional
and behavioural changes, with analysis limited to
the 24-hours timepoint following electroporation.
Long-term effects were not addressed here and
remain to be explored, particularly in the context
of combination therapies. Experiments were per-
formed at 33°C to build on prior findings of ion
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channel activation in GB cells?®, while also mini-
mizing the risk of thermal damage. Future studies
could further examine temperature dependence
alongside 3D models to better approximate physi-
ological conditions. Moreover, future work should
investigate how electroporation interacts with
established treatments, including radiation and
chemotherapeutic agents such as temozolomide,
cisplatin, or bleomycin, to better understand the
impact on cell viability and invasion.

Overall, our findings suggest that sublethal
electroporation can enhance GB cell invasion po-
tential in a cell line-dependent manner. A more
pronounced and consistent effect was observed
in NIB140 CORE cells (3.74-fold increase), while
NIB216 CORE showed only a modest increase
(1.30-fold) in the number of invading cells follow-
ing reversible electroporation. While our findings
suggest that combining reversible electroporation
with sufficient concentrations of cytotoxic agents
(ECT) may offer advantages over IRE alone, this re-
quires further validation in more physiologically
relevant models.
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SUPPLEMENTARY FIGURE $1. H-FIRE waveform used in experiments. Each sample was exposed to 100 bursts of biphasic pulses,
2 s negative and positive phase, with 5 s interphase and 5 s intepouse delay, with 25 pulses/burst, and 1 Hz burst repetition
frequency. The graphs show one burst of biphasic pulses (left) and one biphasic pulse within the burst {right]. The voltage set on

the pulse generator was 200 V.
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SUPPLEMENTARY FIGURE $2. Increcse insample temperature during delivery of the H-FIRE waveform. (A) Temperature measurements
were performed using filbre optic sensor MPK-5 (OpSers Solutions, Quelbec, Canada) during delivery of electric pulses at ambient
femperature. The sersor was inserted into electroporation medium between the electrodes irside the cuvetfe. A plastic Pasteur
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Temperature recordings from 3 samples exposed fo H-FIRE waveform with amplitude of 200 V (€) and 400 V. The AT shows the
difference in temperature at the end and the beginning of pulse delivery (mean + standard denviation of the three mecsurements).
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SUPPLEMENTARY FIGURE S3. Increcsed invasion of patient-derived GB cells following exposure fo H-FIRE waveform resulting
in electic field stremgth of 2 kv/cm. (A) Quantification of the number of invading cells in NIB140 and NIB216 CORE cell lines.
Electroperated (EP) samples showed a frend toward increcsed invasion compared fo unfreated controls (CTRL); however, the
differences were not statfistically significant for neither NIB140 CORE (Mank-Whitney Rank test, p =0.517) nor NIB216 CORE (Student’s
-test; p = 0.159). Data are presented as box plots showing median, interguartile range, and full data range from three biological
replicates (1-3 technical replicates per biclogical replicate]. (B) Representative image of franswell inserfs highlighting increcsed
invasion following electroporation for NIB140 cell line.
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2.3 REASSESSING LIDOCAINE AS AN ELECTROPORATION SENSITIZER IN
VITRO

Blazi¢ A., Smerc R., Polajzer T., Miklavéi¢ 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.,
20006). 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.

o

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

69


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

Blazi¢ A. Changes in transmembrane voltage regulation due to cell electroporation.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025

www.nature.com/scientificreports

scientific reports

OPEN

W) Checkfor updates

Reassessing lidocaine as an
electroporation sensitizer in vitro

Anja Blazi¢, Rok Smerc, Tamara Polajzer, Damijan Miklavéi & Lea Rems™

High-intensity pulsed electric fields induce transient increase in membrane permeability,

a phenomenon known as electroporation, with broad applications in medicine, including
electrochemotherapy (ECT), gene electrotransfer and tissue ablation. As electroporation

technologies become increasingly established in clinical practice, understanding how commonly used
pharmacological agents influence treatment outcomes is gaining importance. Lidocaine, a widely used
local anesthetic and ion channel modulator, has recently been investigated as a potential sensitizer

to enhance the efficacy of electroporation. Here, we examined the effects of lidocaine en membrane
permeabilization and cell viability using standard 8 x 100 ps ECT pulses across four cell lines: melanoma
B16-F1, myoblast C2C12, CHO-K1 cells with low ion channel expression, and NS-HEK cells with

stable Na 1.5 expression. We show that 10 mM lidocaine has only modest effects on electroporation
outcomes, while 35 mM considerably lowers the electric field threshold for irreversible electroporation
by 25-40% in melanoma cells. However, concentrations of even 10 mM exceed those reported in
tissues following local administration of lidocaine. This questions the clinical relevance of lidocaine’s
sensitization effect and warrants further investigation. Our study also highlights the importance of
evaluating drug-electroporation interactions under rigorously controlled experimental conditions to
ensure meaningful translation into clinical applicaticns.

Keywords Electroporation, Sensitization, Electropermeabilization, Cell survival, Lidocaine, Melanoma cells

High-intensity pulsed electric fields are widely used in medicine! as well as in biotechnology?and food technology®
to achieve a transient increase in cell membrane permeability, a phenomenon known as electroporation.
Among the most developed clinical applications are electrochemotherapy, irreversible electroporation for tissue
ablation (tumor, cardiac), and gene electrotransfer*-. The extent of electroporation depends primarily on the
pulse parameters—including duration, amplitude, and repetition rate—which determine whether the process
is reversible, allowing cell survival, or irreversible, leading to cell death’. Sensitization methods can be used to
increase the extent of membrane permeabilization or cell death under fixed pulse parameters. These methods
include the addition of surfactants and the application of hypotonic shock®?. Additionally, they can involve
modifications to pulse delivery, such as dividing a train of pulses into two shorter sequences administered
several minutes apart, although this approach is not applicable to all conditions™®!,

Pharmacological agents like lidocaine have also been explored as sensitizers’>-'4, Lidocaine is an ion channel
modulator that primarily inhibits voltage-gated sodium channels but also interacts with other membrane
proteins and influences the biophysical properties of the membrane!>!6. Tt is used as a local anesthetic and,
at lower concentrations, as class 1b antiarrhythmic drug'’. Recent studies have demonstrated that lidocaine
can considerably modulate electroporation outcomes. Specifically, Grys et al.'? showed that 10 mM lidocaine
reduced the electric field thresholds for reversible and irreversible electroporation in cancer cells and human
fibroblasts. Similarly, Sherba et al.'> observed that 10 mM lidocaine enhanced irreversible electroporation in
mouse fibroblasts. An in vivo study by Pan et al.!* further indicated that intra-arterial (directly into the hepatic
artery) administration of 5 mg/ml (18.5 mM, 0.5%) before and 5 mg/ml during pulse application could expand
irreversibly electroporated zones in porcine liver.

The intriguing effect of lidocaine in lowering electroporation thresholds (i.e., increasing the electroporation
zone) has potentially important implications for electrochemotherapy (ECT). According to standard operating
procedures for ECT, lidocaine is used as a local anesthetic to provide pain relief during the treatment of
cutaneous tumors and skin metastases’™'. Similarly, lidocaine is used as anesthetic before gene electrotransfer
(GET) for gene therapy applications®-. However, previous studies employed experimental conditions that were
not directly relevant to typical ECT and GET conditions. The in vitro experiments used a low conductivity
electroporation solution (<1 mS/cm); while such solution may approximate the conductivity of certain low-
conductive tissues (e.g. bone and fat), it does not represent the ionic environment relevant to tumor or muscle
tissues, which are typical targets of ECT and GET, respectively’?. The pulse parameters also differed from the
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clinical ECT protocol (83 100 ps pulses applied at a repetition rate of 1 Hz)®:¥%. In vitro studies by Grys et al.?
and Sherba et al.*® used single pulses with duration of 80-620 ms and 0.06-1.00 ms, respectively. The in vivo
study by Pan et al.** used conventional irreversible electroporation pulse protocol applying 90 pulses of 90 ps.
Additionally, as lidocaine is primarily metabolized in the liver®, this could potentially influence the in vivo
results.

Building on previous studies, we investigated how the presence of lidocaine affects membrane permeability
and cell survival when cells are exposed to conventional ECT pulses in vitro. We selected four different cell
lines: B16-F1 mouse melanoma cells to reflect the clinical application of ECT in cutaneous tumors and skin
metastases'®'; C2C12 mouse myoblasts as a model for GET?; CHO-K1 cells as a model of cells with low
endogenous ion channel expression®™; and NS-HEK cells with stable expression of Na,,1.5 channels®*’ to
explore the potential role of sodium channels in the observed outcomes. We performed experiments using both
alow conductivity solution and a Tyrode solution that mimics the typical conductivity and ionic composition of
extracellular fluids?®. Using a 10 min lidocaine incubation period!?, we tested two concentrations: 10 mM (0.3%),
aligned with previous in vitro research!'>?, and 35 mM (1%), corresponding to standard anesthetic injection
dosage. Overall, our findings indicate that lidocaine has modest effects on membrane permeabilization and cell
survival at 10 mM, while a pronounced reduction in survival was observed only at a higher concentration of 35
mM.

Results

Our experiments were designed to evaluate the effect of lidocaine (in hydrocholoride salt form) on membrane
permeabilization and cell survival following electroporation. The experimental protocol consisted of four
parts, as shown in Fig. 1: (1) B16-F1, C2C12, CHO-K1, or NS-HEK cells were first suspended in the chosen
electroporationsolution with orwithoutlidocaine and incubated for 10 min. (2) Cells were then exposed to 8 % 100
us pulses of chosen amplitude delivered at 1 Hz in standard electroporation cuvettes, either in the presence of
propidium iodide (PI; for permeabilization analysis) or its absence (for cell survival assessment); (3) Membrane
permeabilization was assessed based on PI uptake using flow cytometer, 3 min after electroporation. PI is a
nucleic acid stain that selectively enters cells with compromised membranes. It is typically used for assessing cell
survival but is commonly applied in electroporation experiments to evaluate membrane permeabilization®®%
(4) For cell survival assessmennt, cells were centrifuged following pulse delivery, resuspended in growth medium,
plated and incubated for 24 h. Afterwards, dead cells were stained with PI, and non-stained live cells were
counted using flow cytometry to determine cell survival. Note that permeabilization and survival were assessed
on separate samples.

Effect of 10 mM lidocaine on membrane permeabilization in low conductivity electroporation
solution

We first evaluated how 10 mM lidocaine (0.3%) affects membrane permeabilization in a low conductivity (LC)
solution, which was used in a previous in vitro study investigating the effect of lidocaine on the electroporation
outcome!?. We observed that adding 10 mM lidocaine to this LC solution caused two changes: a decrease in pH
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Fig. 1. Schematic representation of the experimental design. The workflow consisted of four parts: (1)
Incubation of cells (B16-F1, C2C12, CHO-K1, or NS-HEK) with or without lidocaine in the chosen
electroporation solution for 10 min; (2) Application of eight 100 us electric pulses at 1 Hz, in the presence of
propidium iodide (PI) for membrane permeabilization analysis or in its absence for cell survival analysis; (3)
Measurement of membrane permeabilization by PI uptake 3 min after electroporation using flow cytometry;
and (4) Assessment of cell survival 24 h after electroporation by staining with PI and counting unstained live
cells with flow cytometry. Permeabilization and survival were assessed on separate samples. Created with
BioRender.com.
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from 7.0 to 6.6 and an increase in conductivity from 0.87 mS/cm to 2.41 mS/cm, while the osmolality remained
practically unchanged. To better understand the impact of pH reduction and conductivity increase, we prepared
two additional LC solutions: one in which pH was decreased using 1 M HCI solution, and another in which
conductivity was increased with physiological saline (0.9% NaCl), hereafter referred to as saline. All media’s pH,
conductivity, and osmolality values are presented in Fig. 2a. For each of the four tested celllines (B16-F1, C2C12,
CHO-K1, and NS-HEK) we thus had three control and one experimental group based on the electroporation
solution: LC pH 7 (Control 1), LC pH 6.5 (Control 2), LC + saline (Control 3), and LC + 10 mM lidocaine.

Color legend and electroporation solution properties

Legend | Low conductivity solution (LC)| pH value Conductivity (mS/cm) | Osmolality (mOsm/kg)
LC pH 7 (Control 1) 7.0 0.87,22.0°C 308
LC pH 6.6 (Control 2) 6.6 0.87;,22.0°C 316
LC + saline (Control 3) 7.0 2.67,22.4°C 311
LC + 10 mM lidocaine (0.3%) 6.5 2.41,21.5°C 308
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Fig. 2. The effect of 10 mM lidocaine on membrane permeabilization in low conductivity (LC) electroporation
solution. (a) Table listing all tested electroporation solutions with their pH, conductivity and osmolality
values, and the corresponding color legend for panels b and ¢. (b) The percentage of permeabilized cells was
assessed using four different cell lines (B16-F1, C2C12, CHO-K1 and NS-HEK) after expostire to 8 x 100 us
pulses (1 Hz). Results are presented as mean + SD (N=3), with statistically significant differences indicated by
* (p <0.05, One-way ANOVA or ANOVA on ranks). Note that the electric field strength on the x-axis does not
scale linearly. (c) Sigmoidal curves, fitted to data for LC + saline (black line) and LC + 10 mM lidocaine (red
line) from panel b, showing the relationship between electric field strength and membrane permeabilization.
Dots indicate the mean values from panel b. Fits were obtained using the least-square method in Matlab
2021b (MathWorks, USA). E__, represents the electric field strength (in kV/cm) at the inflection point, where
approximately 50% of the cells became permeabilized.
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Results presented in Fig. 2b indicate that pH variations had no effect on membrane permeabilization, as no
significant differences were observed between LC pH 7 (Control 1) and LC pH 6.5 (Control 2) in none of the cell
lines. Similarly, no significant differences were found between LC pH 7 (Control 1) and LC +saline (Control 3),
though we observed somewhat reduced permeabilization in solution with higher conductivity (Control 3) under
some conditions (in CHO-K1 cellsat 0.75 kV/cm, and in N§-HEK cells at 0.50 and 0.63 kV/cm). This aligns with
previous studies showing that electroporation is enhanced in solutions with lower conductivity®»®%. Adding 10
mM lidocaine significantly increased membrane permeabilization compared to LC pH 7 (Control 1), but only in
B16-F1 cellsat 0.63 kV /cm. Nevertheless, lidocaine-mediated increase in permeabilization became more evident
when compared to the control with similar conductivity, i.e., LC + saline (Control 3). This increase was observed
across all cell lines and reached statistical significance in B16-F1 at 0.63 kV/cm, CHO-K1 at 0.75 kV/cm, and NS-
HEK at 0.50kV/cm and 0.63 kV/cm. At these specific electric field strengths, lidocaine increased the percentage
of permeabilized cells by up to ~40% compared to control.

The greatest differences in permeabilization between lidocaine-treated and control groups were observed at
intermediate electric fields, where the percentage of permeabilized cells was rapidly increasing with electric field
strength. To better illustrate how lidocaine affected the functional relationship between the electric field strength
and the percentage of permeabilized cells, we fitted data from LC + 10 mM lidocaine and LC + saline to sigmoidal
curves, presented in Fig. 2¢. Across all cell lines, lidocaine shifted the curves towards lower electric field strengths,
but only to a modest extent. The electric field strength at the inflection point (E, , , where approximately half of
the cells became permeabilized) decreased by 15%, 13%, 16%, and 16% in Bl6- "F1,C2C12, CHO-K1, and N§-
HEK, respectively.

These initial experiments demonstrated the importance of designing an appropriate control for assessing
drug-specific effects. Saline is commonly used as a placebo or solvent in clinical and in vivo studies!*. It has
similar conductivity as the stock lidocaine hydrochloride solution (69.3 mM, 2%) that was added to the samples
in our experiments and its main anion is chloride (same as in lidocaine hydrochloride solution). Furthermore,
addition of equal volume of saline or lidocaine solution dilutes the other components of the electroporation
solution in the same proportion. Thus, we performed all subsequent experiments using saline as “placebo” to
assess the effect of lidocaine on electroporation outcome.

Effect of 10 mM lidocaine on membrane permeabilization in Tyrode solution

Further experiments were conducted in a Tyrode solution that has approximately the same conductivity as
saline and is ~15x more conductive than the LC solution. We compared two groups: Tyrode solution with
saline and Tyrode solution with 10 mM lidocaine. In both groups the electroporation solution had very similar
pH. conductivity, and osmolality values (Fig. 3a). 10 mM lidocaine significantly increased cell membrane
permeabilization compared to control in B16-F1 at 0.63 kV/cm and 0.75 kV/cm, in C2C12 at 0.88kV/cm, and in
NS-HEK cells at 0.63 kV/cm, but not in CHO-K1 cells (Fig. 3b). Sigmoidal curves fitted to the data are presented
in Fig. 3c. The electric field strength at the inflection point (E, ) decreased in the presence of lidocaine by 15%,
9%, 8%, and 1% in B16-F1, C2C12, NS-HEK, and CHO-K1, respectively.

Effect of 10 mM lidocaine on cell survival in Tyrode solution

The effect of 10 mM lidocaine on cell survival was assessed using PI, as explained in Fig. 1. We used a wider
range of pulse amplitudes, compared to permeabilization experiments, to achieve cell survival close to 0%. Our
results (Fig. 4b) demonstrated that 10 mM lidocaine significantly reduced survival in B16-F1 cells at 1 kV/cm
and CHO-K1 cellsat 1.5 kV/cm, but not in C2C12 and NS-HEK cells. Fits to sigmoidal curves (Fig. 4c) showed
that lidocaine decreased the E_ , for survival by 18%, 11%, 6%, and 5% in B16-F1, C2C12, CHO-K1, and NS-
HEK, respectively.

mid

Effect of 35 mM lidocaine on permeabilization and survival in melanoma cells

B16-F1 cells were selected for further investigation because they showed the most pronounced sensitization
effect with 10 mM lidocaine. To assess whether this effect could be enhanced, we tested a higher lidocaine
concentration of 35 mM (1%). While the addition of 35 mM lidocaine did not affect the conductivity or
osmolality of the Tyrode solution, it lowered its pH to 6.9 (Fig. 5a). To account for this pH change, we added
another experimental group with 35 mM lidocaine, where the pH was adjusted to 7.3 using NaOH. As shown
in Fig. 5b, the presence of 35 mM lidocaine significantly increased membrane permeabilization in both 35
mM lidocaine groups, regardless of pH adjustment, at 0.5 kV/cm, 0.63 kV/cm, and 0.75 kV/cm. However, E__,
obtained by sigmoidal fitting (Fig. 5¢) decreased by only 8-9% compared to saline control. For cell survival
(Fig. 5b), 35 mM lidocaine had a much more pronounced effect, significantly reducing survival at 1 and 1.5 kV/
cm compared to control. Moreover, the effect was pH-dependent: the group with pH adjusted to 7.3 showed a
40% decrease in E, , for survival, while the group without pH adjustment (pH 6.9) showed a 25% decrease in
E ., compared to control.

Illustrating the impact of lidocaine on reversible and irreversible electroporation volumes
using a simplified numerical model
Our experimental results indicated that lidocaine decreased the E_ field strength for membrane permeabilization
to a modest extent (by 1-16% compared to control) at both tested concentrations. In contrast, lidocaine
decreased the E_ for cell survival in a markedly concentration-dependent manner: 10 mM lidocaine decreased
E, .. by 5-18%, wh]le 35 mM lidocaine decreased Em[ 2 Dy 25-40%. To gain a better understanding of how this
decrease in E_, would translate into an increase in volume corresponding to reversible (RE) and irreversible
(IRE) electroporatlon at a tissue level, we used a simplified numerical model (Fig. 6a). We calculated the electric
field distribution around two needle electrodes (Fig. 6b) and determined the volume, where electric field was
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a) Color legend and electroporation solution properties

Conductivity Osmolality
(mS/cm) (mOsm/kg)

Tyrode buffer + saline 7.3 13.11;21.5°C 283

Tyrode buffer + 10 mM lidocaine (0.3%) 7.2 12.76;21.5°C 282
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Fig. 3. The effect of 10 mM lidocaine on membrane permeabilization in Tyrode solution. (a) Table listing all
tested electroporation solutions with their pH, conductivity and osmolality values, and the corresponding
color legend for panels b and <. (b) The percentage of permeabilized cells was assessed using four different cell
lines (B16-F1, C2C12, CHO-K1 and N3-HEK) after exposure to 8 x 100 ps pulses (1 Hz). Results are presented
as mean +SD (N=3), with statistically significant differences indicated by * (p < 0.05, One-way ANOVA or
ANOVA on ranks). Note that the electric field strength on the x-axis does not scale linearly. (c¢) Sigmoidal
curves, fitted to the data in panel b, showing the relationship between electric field strength and membrane
permeabilization. Dots indicate the mean values from panel b. E_ , represents the electric field strength (in kV/

id
cm) at the inflection point.

higher than E, , for permeabilization (for RE) and E_, for survival (for IRE). We considered only E, , values
obtained in experiments with Tyrode buffer. The model was designed as a simplified representation of the tissue
and was not intended to capture the full complexity of the biological structure or conductivity changes due to
electroporation. As such, the calculated RE and IRE volumes should be interpreted as approximate estimates that
illustrate the expected trends, rather than as clinically predictive values.

The calculated values of the increase in RE and IRE tissue volumes due to lidocaine are listed in Fig. 6¢. At
10 mM lidocaine concentration, the largest increase in RE volume was observed with B16-F1 cells (22.2%),
followed by C2C12 cells (14.5%) and NS-HEK cells (11.3%), with CHO-K1 cells showing the smallest increase
(1.7%). For IRE volumes at the same lidocaine concentration, B16-F1 cells again showed the largest increase
(43.7%), while the effects were progressively smaller for C2C12 (28.8%), CHO-K1 (14.6%), and NS-HEK cells
(9.5%). In experiments with B16-Flcells, increasing the lidocaine concentration to 35 mM somewhat increased
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Fig. 4. The effect of 10 mM lidocaine on cell survival in Tyrode solution. (a) Table listing all tested
electroporation solutions with their pH, conductivity and osmolality values, and the corresponding color
legend for panels b and c. (b) The percentage of survived cells was assessed using four different cell lines
(Bl6-F1, C2C12, CHO-K1 and NS-HEK) after exposure to 8 100 ps pulses (1 Hz). Results are presented

as mean 1 SD (N=3), with statistically significant differences indicated by * (p < 0.05, One-way ANOVA or
ANOVA on ranks). (c) Sigmoidal curves, fitted to the data in panel b, showing the relationship between electric
field strength and cell survival. Dots indicate the mean values from panel b. E,,, represents the electric field
strength (inkV/cm) at the inflection point.

the RE volume (13.2%, and 11.1% for the groups without and with adjusted pH, respectively). In contrast, this
increased concentration profoundly increased the IRE volume by 99.4% and 184.9% compared to saline control,
for the groups without and with adjusted pH, respectively.

Discussion

Revisiting the effect of lidocaine on electroporation outcome: challenging previous in vitro
studies

Previous in vitro studies showed a profound effect of lidocaine on electroporation outcomes'**, Specifically,
Grys et al.'? demonstrated that 10 mM lidocaine reduced the electric field required to achieve 50% membrane
permeabilization (detected by calcein uptake) and 50% cell survival (detected by fluorescein diacetate and
ethidium bromide) in AT-2 rat prostate carcinoma cells by 62% and 39%, respectively. These findings indicated
that lidocaine facilitates electroporation by significantly lowering the required electric field, with a more
pronounced effect on membrane permeabilization than cell survival. The authors attributed this effect to the
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Color legend and electroporation solution properties

. pH | Conductivity | Osmolality
Legend | Tyrode solution value | (mstem) (mOsm/ka)
Tyrode buffer + saline 7.2 |13.0:21.6C 284
Tyrode buffer + 35 mM lidocaine (1%) pH 6.9 6.9 |12.8,22.0C 284
Tyrode buffer + 35 mM lidocaine (1%) adjusted pH7.3| 7.3 [12.9,22.0°C 284
L c)
= 100 —
B16-F1 * i . B16-F1| —
— 4o 80 e
g £
A 2 60 k3 &
x T £ [ |
™ >
— 2 a0} __100
z g w0
20 = 38
iI_]iI I € 20
L ! | o LEEE ] = Bks| 0 g LS
0 025 05 063075 1 125 0 05 1 15 2 0 05 1 15 2
Electric field (kV/cm) Electric field (kV/cm) Electric field (k\/em)

Fig. 5. The effect of 35 mM lidocaine on membrane permeabilization and cell survival in Tyrode solution.
(a) Table listing all tested electroporation solutions with their pH, conductivity and osmalality values, and the
corresponding color legend for panels b and c. (b) Percentage of permeabilized and percentage of live B16-F1
cells assessed after pulse exposure to 8x 100 us pulses in the presence of 35 mM (1%) lidocaine. Results are
presented as mean+ SD (N = 3), with statistically significant differences indicated by * (p <0.05, One-way
ANOVA). (c) Sigmoidal curves, fitted to data in panel b, showing the relationship between electric field
strength and membrane permeabilization or cell survival. Dots indicate the mean values from panel b. E, .,
represents the electric field strength (in kV/cm) at the inflection point.

ability of lidocaine to alter the surface charge of the cell membrane, as similar reductions in electroporation
thresholds were observed with cationic dyes, such as 9-aminoacridine (9-AAA) and toluidine blue. Note that
different effects were observed among various local anesthetics, with procaine exhibiting a more pronounced
effect than lidocaine. Similarly, Sherba et al.'® reported that 10 mM lidocaine significantly enhanced irreversible
electroporation in NIH-3T3 mouse fibroblasts (at a specific electric field strength the percentage of cells killed
increased by up to ~ 60% inlidocaine-treated group), as measured by counting the number of adherent cells. This
enhancement was attributed to the lidocaines inhibition of ion-transporting ATPases, impairing the recovery of
intracellular ionic homeostasis after electroporation. This interpretation was supported by the observation that
lidocaine eliminated the protective effect of Mg?" ions on cell survival, since these ions are required for Na*/K*
ATPase activation®.

In contrast, our findings suggest a less pronounced effect of 10 mM lidocaine on electroperation outcomes
compared to previous reports. This was consistently observed across all cell lines, both in terms of membrane
permeabilization (Figs. 2 and 3) and cell survival (Fig. 4), and regardless of whether cells were electroporated
in low conductivity or Tyrode solution. The decrease in electric field strength required for ~50% cell
permeabilizationand ~ 50% survival (represented by E_, values) did not exceed 16% and 18%, respectively, in our
study (Figs. 2-4). At specific electric field strengths, 10 mM lidocaine increased the percentage of permeabilized
cells and the percentage of cells killed, but merely up to ~40% and ~ 30%, respectively, compared to control.
Reduction in electric field threshold comparable to previous in vitro studies was observed only at the much
higher concentration of 35 mM lidocaine, which resulted in 25-40% lower E,, for survival in B16-F1 cells.
Notably, at this higher concentration, lidocaine affected cell survival to a much greater extent than membrane
permeabilization, indicating that lidocaine’s cytotoxic effect is not simply due to excessive membrane damage.

Revisiting the effect of lidocaine on electroporation outcome: the role of experimental
conditions

Our study showed a less pronounced effect of lidocaine on electroporation outcomes compared to previous in
vitro studies, possibly due to more rigorous controls. In previous studies, Grys et al.'? used a low conductivity
stcrose-based solution buffered with PBS (without reporting its pH, conductivity or osmolality). Similarly,
Sherba et al.*® used a low conductivity sucrose-based solution buffered with HEPES (0.5 mS/cm; pH 7.4; ~300
mOsm). We showed that the addition of lidocaine to such solution considerably increases its conductivity and
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Calculated contours f@ (66 O ¢

Fig. 6. Calculations of the increase in the reversible (RE) and irreversible (IRE) electroporation tissue volumes
due to lidocaine. (a) Geometry of the numerical model of tissue with two needle electrodes and indicated
dimensions (in mm). The electrodes are inserted 30 mm into the tissue. (b) Cross-sectional view of an example
calculation illustrating the electric field distribution and highlighting the regions of RE and IRE. (c) Calculated
values of the increase in RE and IRE tissue volumes due to lidocaine. Rows | and 2 show the absolute volumes
of RE and IRE without lidocaine (saline control). Rows 3 and 4 show the absolute volumes of RE and IRE with
added lidocaine. Rows 5 and 6 show the relative increase in RE and IRE volumes with the addition of lidocaine.
Row 7 shows representative cross-sections, with green indicating the calculated increase in RE volume and red
indicating the increase in IRE volume due to lidocaine.

B16-F1 c2C12 CHO-K1 NS-HEK B16-F1
Cell line 2 & + # +
10 mM lido. 10 mM lido. 10 mM lido. 10 mM lido. 35 mM lido.

lowers its pH value, despite buffer presence (Fig. 2a). Since lidocaine has a pKa value of 7.6-8%, small changes
in pH from physiological can have a considerable effect of the charge state of lidocaine® and consequently
its interactions with the cell membrane'®. Furthermore, if the lidocaine stock solution is prepared without
osmolality adjustments, it can result in hypotonic conditions. For these reasons, we used an isotonic lidocaine
hydrochloride injection solution, added the same volume of physiological saline (0.9% NaCl) to control samples,
and adjusted pH when necessary. This successfully maintained comparable pH, conductivity, and osmolality
across lidocaine-treated and control groups.

While our results showed that 10 mM lidocaine’s effect on membrane permeabilization is similar regardless
of the pH and conductivity variations in low conductivity solution (Fig. 2), the combined alterations in pH,
conductivity, and osmolality compared to controls could have amplified lidocaine’s apparent effects in previous
studies. Moreover, Grys et al.'? employed a microfluidic system with localized electric fields applied for 80
ms or 620 ms, significantly longer than the 100 ps pulses used in our study, resulting in greater membrane
destabilization and potential temperature increases and/or electrochemical reactions. These methodological
differences could explain the reduced effect of lidocaine observed in our study, highlighting the importance of
consistent experimental conditions when evaluating pharmacological agents in electroporation.

In contrast to low conductivity media, adding lidocaine to Tyrode solution did not appreciably alter pH
or conductivity because both the lidocaine stock and Tyrode solutions had similar conductivity, and Tyrode’s
high HEPES concentration (10 mM) effectively buffered the slightly acidic lidocaine solution. Nevertheless,
adding saline to control samples remained important to account for the dilution of other components within the
electroporation solution upon lidocaine addition. This ensured that observed effects were attributed to lidocaine
rather than changes in ionic composition. Specifically, Ca?* concentration has a known impact on survival of
electroporated cells®, with lower Ca** concentrations typically improving survival. Thus, maintaining equal
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dilution of Tyrode solution (containing 2 mM Ca?*) in both lidocaine-treated and control samples was important,
as reduced Ca** concentration in lidocaine-treated samples alone could mask lidocaine’s lethal effects.

Passible mechanisms of lidocaine’s effect on permeabilization and survival

Lidocaine may influence membrane permeabilization and cell survival following electroporation through
multiple mechanisms, although it remains uncertain which are predominantly responsible for the observed
effects. One proposed mechanism involves the modulation of membrane surface charge, as lidocaine is a cationic
molecule that can reduce the negative surface potential, thereby enhancing membrane permeabilization. Grys
et al.’? proposed this mechanism after observing similar effects with other cationic dyes. If surface charge was
the primary mechanism, lidocaine should be considerably more effective in low conductivity solution, where
fewer ions are available to screen membrane surface charge, compared to high-conductivity Tyrode solution
with abundant screening ions. Our results provide mixed support for this hypothesis: we observed somewhat
greater permeabilization enhancement (i.e., greater shifts in E,_ ) in low conductivity solution for CHO-K1 and
NS-HEK cells, but similar effects in both solutions for B16-F1 and C2C12 cells. This suggests that while surface
charge modulation may contribute to lidocaine’s effects, it is not the sole mechanism and additional cell-type-
specific factors must be involved.

Experimental studies in model lipid membranes and molecular dynamics simulations further demonstrated
that lidocaine interacts directly with phospholipids®, increasing membrane fluidity*”** and bending elasticity*
while reducing thelipid phase transition temperature®. Lidocaine canalso induce membrane protein clustering®”.
The nature of these interactions depends on lidocaines protonation state: the charged form preferentially
localizes to the lipid headgroup region, while the uncharged form can penetrate into the hydrophobic lipid
core and traverse the bilayer'>*%41. These lidocaine-membrane interactions likely make the cell membrane more
susceptible to electroporation and thus contribute to increased membrane permeabilization. Additionally, since
different cell types vary in their membrane lipid and protein compositions, these compositional differences could
influence how lidocaine alters membrane properties and may partially explain the cell-type-specific variations
inlidocaine’s effects.

Another possible mechanism involves lidocaine’s well-known interaction with voltage-gated sodium (Na,))
channels*. Our study included three cell lines that express Na,, channels; NS-HEK are genetically engmeered to
express Na, 1.5, while Na,, expression has also been documented in C2C12 cell line*” and in melanoma cells*’,
from which the B16-F1 cell line derives. Additionally, we used CHO-K1 cells, known for their low expression
of voltage-gated ion channels, although a subpopulation of these cells may express some Na,, channels*. In
Tyrode solution, lidocaine indeed had no effect on CHO-K1 permeabilization while significantly increasing
permeabilization in all three Na, -expressing cell lines at least at one electric field strength. However, we observed
asignificant increase in CHO-K1 membrane permeabilization in low conductivity solution (Fig. 2) and decreased
survival in Tyrode solution (Fig. 4). This suggests that lidocaine-Na,, interaction may contribute to the observed
effects of lidocaine, but cannot fully explain them.

Cell survival following electroporation depends on multiple biological processes, including membrane
repair mechanisms, intracellular signaling, and metabolic responses®. Lidocaine has been reported to inhibit
membrane-associated ATPases, impairing membrane recovery and restoration of intracellular ionic homeostasis
after electroporation'®. While this mechanism could contribute to the variability in lidocaine’s effects on cell
survival across different cell lines, it does not align fully with our cell-type-specific findings; B16-F1 cells showed
the most pronounced survival effects despite having downregulated ATPase activity*®. Moreover, in B16-F1
cells, we observed that increasing the pH from 6.9 to 7.3 led to a pronounced reduction in the lethal electric
field at 35 mM lidocaine, while membrane permeabilization was much less affected. This suggests that survival
mechanisms are more sensitive to pH alterations than membrane integrity, consistent with trends observed in
other cell lines*’. This effect might also reflect the enhanced survival and function of cancer cells in a more acidic
microenvironment commonly found in hypoxic tumors (pH: 6.2-6.9)%.

Finally, electroporation-enhanced cellular uptake of lidocaine likely potentiates its intrinsic cytotoxicity,
similarly as observed with chemotherapeutic drugs in electrochemotherapy. In our previous publication we
observed that lidocaine is more toxic to B16-F1 melanoma cells than to C2C12, CHO-K1 and NS-HEK*.
This aligns with existing literature that recognizes lidocaine as a potential anticancer agent. Lidocaine’s
anticancer properties have been documented across various cancer types, including lung, breast, liver, gastric,
colorectal, melanoma, glioma, and tongue cancer™. It can act as a chemosensitizer, enhancing the efficacy of
chemotherapeutic agents, including cisplatin that is commonly used in electrochemotherapy®!. The proposed
mechanisms underlying its anticancer activity are multifaceted, involving the suppression of cancer cell growth,
activation of pro-apoptotic pathways, regulation of epigenetic modifications, increased generation of reactive
oxygen species (ROS), modulation of key signaling pathways, inhibition of ABC transporters, and prevention of
metastasis and angiogenesis. Moreover, lidocaine has been shown to regulate heat shock proteins (HSPs), matrix
metalloproteinase-9 (MMP-9), GOLTI1A, p53, p38, TRPM7, and TRPV1/6, further contributing to apoptosis
induction, cell cyde arrest, and jon channel regulation®. Notably, according to https://clinicaltrials.gov/, the
anticancer potential oflidocaine is being investigated in clinical trials, including early-phase trials for pancreatic
cancer (NCT04048278, recruiting) and the efficacy and prognosis of colorectal cancer (NCT04162535, unknown
status)>’.

Clinical relevance

The practical implications of lidocaine-mediated changes in electroporation thresholds were evaluated by
computing the resulting reversible (RE) and irreversible (IRE) electroporation volumes. When taking results
from B16-F1 cells, 10 mM lidocaine expanded both RE and IRE volumes by 22.2% and 43.7%, respectively.
At 35 mM (1%) lidocaine, the effect on RE was comparable to 10 mM lidocaine, while the effect on IRE was

Scientific Reports |

(2025) 15:25593 | https://doi.org/10.1038/541598-025-11695-3 natureportfolio

78



Blazi¢ A. Changes in transmembrane voltage regulation due to cell electroporation.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025

www.nature.com/scientificreports/

much more pronounced: the IRE volume nearly doubled (99.4%) in the non-pH-adjusted condition, while pH
adjustment to 7.3 led to an even greater IRE expansion of 184.9% (Fig. 6c). Comparable IRE enhancement
was observed by Pan et al.™¥, who used intra-arterial administration of 0.5% lidocaine before and during pulse
delivery in a porcine liver model. Two protocols were tested, both applying 90 pulses of 90 us. In Protocol
1, which employed a 2.0 cm electrode spacing, the IRE lesion volume increased by approximately 59% (from
19.9+3.9 cm® to 31.6 +13.0 cm®). In Protocol 2, with a wider 2.5 cm spacing, the IRE volume more than doubled
(from 22.6+6.4 cm® to 46.0+5.4 cm®). Importantly, administration of lidocaine during the pulse delivery
ensured high local tissue concentrations during electroporation—a key difference from standard local anesthetic
use where lidocaine is only administered several minutes before electroporation.

When lidocaine is used as a local anesthetic, the clinical relevance of its effects on RE and IRE volumes
remains uncertain. Lidocaine tissue concentrations, several minutes after anesthetic injection, typically reach
only a few mM®25%, well below our tested concentrations. Yet, it is important to note that these studies report
total tissue concentrations of lidocaine, averaging both intracellular and extracellular compartments. Since the
extracellular volume fraction is smaller, actual extracellular concentration may be higher than reported whole-
tissue values, possibly approaching or even exceeding the concentrations tested in our experiments. Moreover,
in fibrotic or previously irradiated tissues, where drug diffusion is often impaired, higher doses of lidocaine are
injected and consequently higher local concentrations are expected??.

We further recognize that our experiments were conducted without chemotherapeutic agents like bleomycin
and cisplatin, which are co-administered in ECT treatments. In the dlinical context, even modest lidocaine-
mediated increases in membrane permeability could substantially enhance the uptake and cytotoxicity of these
agents, thereby improving therapeutic efficacy. Although our data showed that 10 mM lidocaine alone had
only modest effects on membrane permeabilization and survival, these effects might still be clinically relevant
when combined with chemotherapeutics. Furthermore, lidocaine’s anticancer and chemosensitizing properties,
discussed in the preceding subsection, could act synergistically with cytotoxic drugs. Overall, the potential
sensitizing effect of lidocaine in ECT warrants further investigation.

Beyond electrochemotherapy and irreversible electroporation for tumor treatment, lidocaine is clinically
relevant in cardiac therapy as a class 1b antiarrhythmic agent for treating ventricular arrhythmias”. The FDA
recently approved pulsed field ablation (PFA) for treating atrial fibrillation, and this electroporation-based
technology is now being extended to ventricular applications®. However, plasma lidocaine concentrations in
patients receiving antiarrhythmic therapy remain in the micromolar range'®, far below our tested concentrations,
making it unlikely that clinically relevant doses would significantly impact electroporation cutcomes. This
conclusions is supported by our findings in C2C12 cells, a model for both skeletal and cardiac muscle’®, where
10 mM lidocaine produced only minor effects on membrane permeabilization (Fig. 3) and no significant impact
on cell survival (Fig. 4).

Conclusions

Lidocaine is widely used as a local anesthetic in clinical setting in electroporation-based medical treatments,
such as electrochemotherapy and gene electrotransfer, and has been proposed as a potential electroporation
sensitizer. Our study demonstrated that 10 mM lidocaine has only modest effects on electroporation outcomes,
reducing electric field thresholds for reversible and irreversible electroporation by less than 16-18%, which is
considerably smaller than reported in previous in vitro studies. We attribute this discrepancy to more carefully
controlled experimental conditions in our study, which ensured that the pH, conductivity, osmolality, and
dilution of the electroporation solution were comparable in both lidocaine-treated and control groups.

We found that the effect of lidocaine is to some extent cell type-dependent, with the most pronounced impact
observed in B16-F1 melanoma cells. Variations in lidocaines effect on membrane permeabilization across
different cell types could be influenced by membrane-level properties such as lipid composition, fluidity, and
membrane protein expression profile. Further research is needed to elucidate the underlying mechanisms, for
instance through molecular dynamics simulations exploring direct interactions between lidocaine and the lipid
bilayer during electroporation.

Testing a higher concentration of 35 mM (1%) lidocaine in B16-F1 cells resulted in profound decrease in
cell survival, reducing the threshold for irreversible electroporation by 25-40%. Importantly, lidocaines impact
on cell survival was disproportionately greater than its effect on membrane permeabilization, suggesting that
enhanced cellular uptake across electroporated membranes potentiates lidocaine’s intrinsic cytotoxicity rather
than simply causing excessive membrane damage. This mechanism aligns with lidocaine’s recognized anticancer
properties in melanoma and other cancer types.

While lidocaine can considerably modulate electroporation outcomes at higher concentrations (e.g. 35
mM), the local concentration that establishes in the tissue after anesthetic injection is typically at least 10x
lower, questioning the clinical relevance of this effect. Nevertheless, this effect might be important when
considering combination with cytotoxic drugs, where even small enhancements in membrane permeability
could considerably potentiate drug cytotoxicity. It would thus be interesting to further study potential synergistic
effects between lidocaine and chemotherapeutic drugs, both in vitro and in vivo,

Materials and methods

Cell culture

Experiments were performed using four different celllines: Chinese hamster ovary cells (CHO-K1, #85051005),
mouse C3H muscle myoblast (C2C12, #91031101) and mouse melanoma cells (B16-F1, #92101203), all from
the European Collection of Authenticated Cell Cultures. Additionally, we performed experiments on genetically
engineered human embryonic kidney cells (tet-on spiking HEK, now available from ATCC, cat. no. ctl-3479),
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which we received from the group of Adam E. Cohen, Harvard University®>?”. Tet-on spiking HEK cells have
stable expression of Na, 1.5 channels and conditional (doxycycline-induced) expression of K, 2.1 channels.
When grown in the presence of doxycycline, cells are able to generate action potentials and thus become spiking
(8-HEK), otherwise they are nonspiking (NS-HEK).

All cell lines were grown in their corresponding growth medium with additional supplements. CHO-K1
cells were grown in Ham-F12 (#N6658). C2C12 and B16-F1 cells were grown in DMEM (#D6546 and #D5671,
respectively). The growth media for CHO-K1, C2C12 and B16-F1 were supplemented with 10% fetal bovine
serum (#F9665), L-glutamine (#G7513), and antibiotics Penicillin-Streptomycin (#P0781) and Gentamicin
(#G1397). NS-HEK cells were grown in DMEM (#D5671) supplemented with 10% fetal bovine serum (#F2442),
L-glutamine (#G7513) and antibiotics Penicillin-Streptomycin (#P0781), Puromycin Dihydrochloride
(#A1113803), Blasticidin (#A1113903) and Geneticin (#10131035). The last three antibiotics were from Thermo
Fischer Scientific, all other listed media were from Sigma- Aldrich.

Cells were routinely passaged every 3 to 4 days, and passages between 5 and 30 (and 3-15 for NS-HEK cells)
were used for experiments. Cells were grown in a humidified environment at 37 °C and 5% CO.,. For experiments,
cells were first trypsinized and counted. Afterwards, cells were centrifuged for 5 min/200 g and the pellet was
then resuspended in the chosen electroporation solution (compositions described in section “Electroporation
solutions™) to obtain a final cell density of 1 10° cells/ml.

Electroporation solutions

Tyrode solution was prepared in our laboratory in final composition of 125 mM NaCl (Sigma-Aldrich, #SI-
71382), 2 mM KCl (Merck, #1049360550), 2 mM CacCl, (Sigma-Aldrich, #5L-C4901), 1 mM MgCl, (Sigma-
Aldrich, #M8266), 10 mM HEPES (Merck, #1101100250), and 30 mM glucose (Merck, #MC-1083351000).
Tyrode solution pH was titrated using NaOH (Merck, #1.06498.1000) or 1 M HCI (Sigma-Aldrich, #30721-M) to
7.3, which reflects the typical pH of healthy blood and extracellular fluid (commonly referred as “physiological
pH")? used in in vitro experiments.

Low conductivity (LC) electroporation solution was prepared following the composition reported in a
previous in vitro study'. LC solution consisted of 9.5% sucrose, mixed in ratio 19:1 with PBS (Gibco, #14190-
094) that had been supplemented with 9 uM CaCl, and 1 mM MgCl,.

Lidocaine HCI stock solution (20 mg/ml; 2%; 69.3 mM) was prepared by the Pharmacy of the University
Medical Centre Ljubljana, Slovenia (Suppl. Fig. S1). This solution is isotonic, formulated with NaCl to adjust
osmolality, and NaOH to adjust pH, and is routinely used for injections in clinical practice. The pharmacy-
provided final particle concentrations are: lidocaine 0.074 mmol/ml (17.3 mg/ml), Na* 0.084 mmol/ml (1.93 mg/
ml), and CI" 0.156 mmol/ml (5.53 mg/ml). To achieve the desired final concentration of 10 mM (0.3%) or 35 mM
(19), 144.5-500 pl of lidocaine stock solution (or equal volume of physiological saline, 0.9% NaCl, B.Braun) was
added to 855.5 ul-500 pl of the chosen electroporation solution, respectively. The pharmacological activity and
stability of lidocaine in Tyrode solution was confirmed by monitoring inhibition of action potentials in S-HEK
cells (Suppl. Fig. 52).

All solutions’ pH, conductivity, and osmolality values were measured using a pH meter (Metler Toledo),
conductometer SevenCompact (Metler Toledo), and osmometer (Osmomat 3000, Gonotec), respectively.

Electric pulses

Cells were exposed to 8« 100 ys electric pulses of chosen amplitude (50-400 V), delivered by a high-frequency
pulse generator L-POR (mPOR, Slovenia), through 2 mm electroporation cuvettes (VWR, #732-1136). The
current and voltage were measured by the oscilloscope Wavesurfer 422, 200 MHz, the current probe CP030,
and the differential probe ADP305, all from Teledyne LeCroy, USA (recording shown in Suppl. Fig. §3). The
electric field to which the cells were exposed was estimated as the ratio between the applied voltage and the
interelectrode distance.

Permeabilization assay

The permeabilization assay followed our earlier work***=%, Cell suspension (150 ul, 1x 10° cells/ml) in the
chosen electroporation solution was mixed with propidium iodide (PI, Molecular probes, #P1304MP) in a final
concentration of 100 pg/ml. 3 min after pulse application, 350 ul of electroporation solution was added to the
cell suspension and the sample was transferred from the electroporation cuvette to a 1.5 ml tube. The sample
was analyzed within 4 min after pulse exposure by flow cytometer (Attune NxT, Carlsbad, CA, USA) using blue
laser excitation at 488 nm and detecting the emitted fluorescence through a 574/26 nm band-pass filter. 10,000
events were obtained, and data were analyzed using the Attune Nxt software. Fluorescence intensity histograms
were used to determine the percentage of PI-stained cells. Gating was set according to sham control (0 V; with
saline), presented in grey color in Fig. 7a-c. Measurements for each data point were repeated three times on
three different days.

Viability assay

Cell suspension (150 pl, 1% 10° cells/ml) in the chosen electroporation solution was pulsed in a cuvette. After a
10-minute waiting period, 850 uL of growth medium supplemented with 10 mM HEPES solution (Sigma- Aldrich,
#81-H0887) was added. For experiments with 10 mM lidocaine, 900 uL of suspension with 1.5 10° cells/mL was
transferred from the cuvette to a tube, and an additional centrifugation step was applied to avoid the inherent
cytotoxicity of lidocaine (for B16-F1 performed twice), observed in our previous publication®”. Both lidocaine-
treated and control samples underwent the same centrifugation procedure to ensure consistent handling across
all experimental conditions. Afterwards, cells were resuspended in 850 uL of growth medium supplemented with
10 mM HEPES, and 100 uL of cells was plated in a 24-well plate (TPP Techno Plastic Products AG, Switzerland)

Scientific Reports |

(2025) 15:25593 | https://doi.org/10.1038/541598-025-11695-3 natureportfolio

80



Blazi¢ A. Changes in transmembrane voltage regulation due to cell electroporation.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025

www.nature.com/scientificreports/

Cell membrane permeabilization

(x10% x10%) -
| shamicontrol@¥) @) b) i c)
Pulsé-treated sample (200.V) | 2%,
LI ; e | g- %
T Fod
<'5nn : % 5 = =0
@
8 [V (8]
W @
-3 25
K
[0}
14
0.001 0.001 - ol e %
0.001 500 1000 0.001 500 1000 10° 10 107 10" 10" 10° 107
(%109 X (x10%) . .
FSC-A FSC-A Fluorescence intensity (a.u.)
Cell survival
x 10" ®109)
1000- 0
Sham control (0 V): 32469 e) f)
Pulse-treated count (400 V): 1738 | R
2
— 75
S
I 3
1O o
1 D soo = ¢
@
K o
@
=
= 25
«
©
0.001 PR i
0.001 500 1000 0.001 500 1000 010“ 10" 10° 10° 10" 10° 10¢
FSC A (x10%) (107 . .
- FSC-A Fluorescence intensity (a.u.)

Fig.7. Assessment of membrane permeabilization and cell survival on a flow cytometer in the absence of
lidocaine. a, d) SSC/FSC plot of untreated (sham control, 0 V) and pulse-treated cells (200-400 V). b, )
FSC area vs. height plot of cell count of untreated (sham control, 0 V) and treated cells (200-400 V). ¢, f)
Fluorescence histogram of untreated (sham control, 0 V) and treated cells (200-400 V).

in | mL growth medium. Cells were incubated at 37 °C and humidified 5% CO, atmosphere. For experiments
with 35 mM lidocaine, the procedure was the same, except that cells were suspended in a higher volume (5 mL)
in the centrifugation step.

Propidium iodide (PI) was used to assess cell viability 24 h after pulse application. This approach was chosen
over the metabolic MTS assay, used in our previous publication®, due to two potential limitations: (i) lidocaine
may affect cellular metabolic activity and mitochondrial function, which could interfere with metabolic assay
results®, and (ii) melanin produced by B16-F1 melanoma cells has an absorbance spectrum overlapping with
MTS measurements at 490 nm, potentially overestimating cell survival®’. Therefore, PI provided a more accurate
assessment of cell survival. The protocol was similar to a previous study®. After 24 h, cells were harvested
(attached and unattached) and centrifuged at 500 g for 5 min. The cell pellet was then resuspended in 130 pL
of growth medium together with PI in a final concentration of 100 ug/ml, and cells were incubated at room
temperature for 5 min. Samples were then analyzed by flow cytometer similarly as in the permeabilization assay
(section “Permeabilization assay”), with one crucial difference. Instead of counting the percentage of PI-stained
cells in a fixed number of detected events, we counted the number of PI-stained cells as well as the number of all
cells in a fixed sample volume and determined the survival according to equation:

Niota: — Ne14

Cell survival =
Ntoml,ctrl

)

where N, ,, and N, represent, respectively, the number of all cells and the number of PI-stained cells in an
experimental group, whereas N, , , ., represents the total number of cells in sham control (¢ V; with saline). This
normalization was important because electroporation reduced the number of viable cells (as seen in Fig. 7d, e),
so measuring Pl-stained cells alone would be unreliable and would lead to considerably overestimated survival
rates.
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Statistical analysis

All results are presented as mean values +standard deviation (SD), based on at least three independent
experimental repetitions performed on different days. Statistical analyses were performed using SigmaPlot 11.0
(Systat Software Inc., San Jose, CA, USA). Analysis was always carried out for each cell line separately. Data was
first tested for normality using the Shapiro-Wilk test and for homogeneity of variance using Levenes test. For
datasets meeting these assumptions, One-way ANOVA was conducted, followed by Holm-Sidak’s post-hoc test
for multiple comparisons (in LC solution, Fig. 2, and in experiments with 35 mM lidocaine, Fig. 5), and Holm-
Sidak’s post-hoc test for comparison versus control (in Tyrode buffer, comparing 10 mM lidocaine vs. control
with physiological saline, Figs. 3 and 4). If normality and/or equal variance tests failled, nonparametric ANOVA
on ranks was performed, followed by Dunn’s post-hoc test. The p-value of <0.05 was considered statistically
significant.

Numerical calculations of reversible and irreversible electroporation volumes

The distribution of the electric field within the tissue was calculated with the COMSOL Multiphysics software
(version 6.3, COMSOL AB, Stockholm, Sweden) using the finite element method. A three-dimensional model
was built with the dimensions shown in Fig. 6a and b. The electrodes were inserted 30 mm into the tissue.
The Electric Currents physics interface was used with a Stationary study. A voltage of 2000 V was applied to
the electrodes. First, the reversible (RE) and irreversible (IRE) electroporation volumes for saline control were
determined. Experimentally determined electric field values corresponding to 50% permeabilization and 50%
survival were used as threshold values for RE and IRE, respectively. The tissue was modelled as an isotropic
and homogeneous domain, and we neglected any changes in tissue conductivity due to electroporation. Since
the distribution of the electric field under such conditions is determined by Laplace’s equation for the electric
potential, AV=0, the solution is independent of specific tissue electrical properties. Thus, we used arbitrary
values for tissue conductivity and permittivity, and the results can be considered representative of any isotropic
homogenous tissue. The electroporated volumes with the addition of lidocaine were then calculated and the
relative increase in RE and IRE volumes compared to saline control was determined.

Data availability
The data presented in this study is available on request from the corresponding author.
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Reassessing lidocaine as an electroporation sensitizer in vitro
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1. Pharmacological activity of lidocaine

In our experiments we used an isotonic lidocaine hydrochloride injection
formulation, which is routinely used in clinical practice (vial shown in Fig. S1).
To evaluate the pharmacological activity and stability of lidocaine in Tyrode
solution, we monitored its ability to mhibit action potentials in S-HEK cells
(spiking version of NS-HEK cells). We followed the experimental protocol from
Batista Napotnik et. al.* Briefly, S-HEK cells, grown in a monolayer within Lab-
Tek imaging chamber, were stained with ElectroFluor630 potentiometric dye
(Potentiometric Probes, Farmington, CT, USA). A pair of parallel PtIr wire
electrodes, with 5 mm inter-electrode distance, was positioned at the bottom of the
imaging chamber and the chamber was placed on a stage of an inverted
fluorescence microscope (Leica Thunder Imager Live Cell, Leica Microsystems,
Germany). Fluorescence images were captured under 635 nm LED excitation with
emission detected around 700 nm (DFT51010 filter set) in time-lapse mode using o
LAS X software (Leica Microsystems): one image every 36 ms, 80 images, 2.8 s ;iogc‘k ss/;{uﬁ];foéaénfnggncﬁ
total duration of image acquisition. When a pulse was delivered during the time- 2% 69.3 mM) prepared by
lapse, the pulse generator was triggered by a TTL signal from the microscope at the Pharmacy  of the
. . N University Medical Centre
the 10" image (around 324 ms after the start of the time-lapse). Example of bright- | ;ybiiana, slovenia.
field and fluorescence image of cells is shown in Fig. S2a.

The experiment proceeded as follows. First, we recorded a time-lapse without triggering the pulse, which
was later used in image analysis to correct the captured signals for the dye photobleaching. Second, we
recorded a time-lapse in which a single 100 us, 150 V/em pulse was delivered, which robustly triggered an
action potential. We then added lidocaine in the desired concentration and waited for 10 minutes. Finally,
we recorded the third time-lapse with pulse delivery (100 ps, 150 V/em). Control samples were subject to
the same experimental steps, just that no lidocaine was added. The captured fluorescence images were
processed using a custom Matlab code to extract the relative change in fluorescence from the membranes
of all cells in the field of view.!

Ouwr results confirmed that 30 pM lidocaine partially inhibited Nay1.5 ion channels and reduced action
potential amplitude, as expected based on results from a previous study.? In control samples, the peak
relative fluorescence change during an action potential was 0.067 + 0.004, and this decreased to 0.043 +
0.007 at 30 uM lidocaine (N = 3). At a higher concentration of 10 mM, lidocaine completely abolished
action potential generation (Fig. S2b).
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Fig. S2: Confirmation of lidocaine’s pharmacological activity in Tyrode solution. a) Brightfield (left) and fluorescence
image (right) of S-HEK cells stained with ElectroFluor630 potentiometric dye. b) Graph showing the time course of
the relative change in the dye fluorescence indicating generation of an action potential (or absence thereof) in response
to pulse application (indicated with arrow). Representative example shows how 30 uM decreased the action potential
amplitude, whereas 10 mM lidocaine completely inhibited action potential generation.
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Fig. S3: Measured voltage (blue) and current (red) waveforms for eight consecutive 100 ps pulses delivered at 1 Hz,

with the preset applied voltage of 200 V.
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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-Cerne 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 Tetracthylammonium (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 (Blazic¢ 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 (Ca*") ion influx triggered membrane hyperpolarization via activation of Kca channels
(Blazic 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; Sersa 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 Nay1.5 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 x 100 pus 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 (Blazi¢ 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 (Blazi¢ 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, (i1) interaction with lipid bilayer, (ii1) 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-Cerne 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
TMYV 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
(Blazic¢ 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 Cay-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 Cayv 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 Navl.5 sodium channels and
doxycycline-inducible K;;2.1 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 ps 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 23 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 K;;2.1 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 Ca*" 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 Ca** response that was absent in NS-HEK
cells. The initial peak likely reflects weak electroporation and/or activation of endogenous Cay
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 (Blazi¢ 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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33 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 SIRT! 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 SIRTI-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.
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Figure 5: Conceptual framework for studylng electroporation in GB treatment. Electroporatlon offers therapeutlc
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; Sersa
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.
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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; Miklavcic 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).

Electrical Field (v.cm")
04f |-,
= 500
%03
£
@
o2
©
>
0.1
0.0
0 50 100 150 200 250
Time (h)

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-y and TNF-a (Breznik et al., 2022). To assess this, we propose co-cultures with naive 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 ps 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. Ton 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 pus 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
TMYV recovery. However, the effect could not be fully abolished, suggesting additional
contributions from other channels, such as chloride channels (Blazi¢ 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 celi¢no elektrofiziologijo

6.2.1.1 Uvod v celi¢no elektrofiziologijo

Transmembranska napetost (TMN) se nanaSa na razliko elektricnega potenciala prek celicne
membrane in je temeljna biofizikalna lastnost vseh zivih celic. Z vidika fizike je izraz
"transmembranska napetost" natan¢nejsi od alternativnega izraza "membranski potencial”, saj
je razlika elektri¢nega potenciala po definiciji napetost. V besedilu bomo zato uporabljali izraz
TMN. Pri opisovanju kratkotrajne spremembe v TMN pri vzdraznih celicah, ki jo poznamo pod
izrazom "akcijski potencial", pa se bomo drzali le-tega izraza zaradi njegove ustaljene rabe v
znanstveni literaturi.

Nastanek TMN je posledica selektivne prepustnosti lipidnega dvosloja ter delovanja ionskih
kanalov, ¢rpalk in transporterjev, kar povzro¢i neenakomerno porazdelitev ionov prek
plazemske membrane (Alberts, 2015; Hille, 2001). Posledicno je notranjost vecine
evkariontskih celic v mirovanju elektri¢éno bolj negativna od zunanjosti. Ker se po dogovoru
TMN meri od notranjosti proti zunanjosti celice, je TMN negativna, njene vrednosti pa se glede
na celi¢ni tip gibljejo med -10 in -95 mV (Hille, 2001; Neuroscience, 2004; Wright, 2004).
Elektri¢no napetost v mirovanju imenujemo kar mirovna transmembranska napetost.

Za celovito razumevanje TMN ni dovolj zgolj osnovna opredelitev, temvec¢ tudi poznavanje
njene vloge, ki je razlicna v vzdraznih in nevzdraznih celicah. V nevzdraznih celicah TMN
sodeluje pri uravnavanju celi¢nega volumna, transporta veziklov in celi¢nega cikla, medtem ko
je v vzdraznih celicah, kot so nevroni, miSi¢ne in nevroendokrine celice, nepogresljiva tudi pri
nastanku akcijskega potenciala in prenosu elektri¢nih signalov (Alberts, 2015; Blackiston in
sod., 2009; Hille, 2001).

Medsebojno delovanje ionskih gradientov, prepustnosti membrane in signalnih poti omogoca,
da TMN deluje kot obcutljiv pokazatelj fizioloSkega stanja celice ter njenega odziva na
spremembe v znotrajcelicnem in zunajcelicnem okolju. Spremembe TMN, prehodne ali trajne,
imajo osrednjo vlogo pri uravnavanju celicne komunikacije in prilagoditvenih odzivov,
vkljucno s proliferacijo, z diferenciacijo in napredovanjem skozi celi¢ni cikel (Alberts, 2015;
Blackiston in sod., 2009; Hille, 2001).

6.2.1.2 Celi¢ni mehanizmi nastanka in vzdrzevanja TMN

Mirovna TMN se vzpostavi in ohranja s kombinacijo aktivnih in pasivnih mehanizmov. Pri tem
ima klju¢no vlogo natrij-kalijeva ¢rpalka, ki z aktivnim transportom ob uporabi adenozin
trifosfata (ATP) prenaSa tri natrijeve ione (Na") iz celice in dva kalijeva iona (K") v celico.
Tako nastaja neravnovesje, pri katerem se povecuje zunajceli¢na koncentracija natrijevih ionov
(Na") in znotrajceli¢na koncentracija kalijevih ionov (K"). Ker ¢rpalka iz celice odstrani ve¢
pozitivnih nabojev, kot jih vnese, postane notranjost elektricno negativno nabita. Ta aktivni
transport tako vzpostavlja elektrokemicni 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: Celi¢ni mehanizmi nastanka in vzdrzevanja TMN.

Pomemben prispevek k mirovni TMN imajo tudi kalijevi kanali, zlasti tisti, ki omogocajo
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 pribliza ravnotezni 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; Kj;). Njihovo napetostno odvisno delovanje omogoca
omejen iztok kalijevih (K") ionov v blizini mirovne TMN, medtem ko se pri bolj depolariziranih
napetostih postopoma zapirajo. Na ta nacin Ki: kanali preprecujejo izrazite depolarizacijske
premike in prispevajo k vzdrzevanju mirovne TMN (Alberts, 2015; Hille, 2001; Wright, 2004).

TMN je kvantitativno opisana z Goldman—Hodgkin—Katzovo ena¢bo, ki uposteva prepustnost
membrane za glavne ione, kalijeve (K'), natrijeve (Na") in kloridne (CI), ter njihove
znotrajcelicne in zunajcelicne koncentracije. Goldman—Hodgkin—Katzova enacba tako
predstavlja razSiritev Nernstove enacbe, ki opisuje ravnotezno TMN le za posamezni ion, in
omogoca celovitejSe razumevanje porazdelitve napetosti v celici (Hille, 2001). Ker je
membrana v mirovanju najbolj prepustna za kalijeve (K") ione, ima prav kalijev gradient
najvedji vpliv na vzdrzevanje TMN, medtem ko sta prispevka natrijevih (Na") in kloridnih
(CI') ionov manj izrazita. Prispevek kalcijevih ionov (Ca®") k mirovni TMN je obicajno
zanemarljiv, saj sta njegovi zunajceli¢ni in znotrajcelicni koncentraciji znatno niZji od
koncentracije kalijevih (K*), natrijevih (Na") in kloridnih (CI") ionov. Vseeno pa kalcij deluje
kot eden od klju¢nih sekundarnih prenasalcev (angl. secondary messenger) pri znotrajcelicni in
medceli¢ni komunikaciji.

Elektricne lastnosti plazemske membrane doloCata njena kapacitivnost in upornost.
Kapacitivnost izhaja iz dielektri¢nih lastnosti lipidnega dvosloja in dolo¢a, 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 elektricne lastnosti prispevajo k vzdrzevanju mirovne TMN in uravnavajo njeno
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dinamiko, ki je bistvena za odzivnost celice na zunanje drazljaje, ohranjanje notranje
homeostaze ter u¢inkovito prevajanje signalov in celi¢ni transport (Hille, 2001; Wright, 2004).

6.2.1.3 Celi¢ni odzivi na spremembe v TMN

TMN ni zgolj pasivna elektricna lastnost, temve¢ predstavlja klju¢ni regulator celi¢nih
aktivnosti. NajhitrejSe in najbolje pojasnjene spremembe TMN so akcijski potenciali, ki so
osnova elektri¢nega signaliziranja v vzdraznih 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 omogocajo hitro komunikacijo in tako zagotavljajo bistvene fizioloske funkcije, kot
so prevajanje zivénih impulzov, kréenje misic in uravnavanje srénega ritma. Casovni potek teh
dogodkov je tesno povezan z natan¢no regulacijo TMN, kar poudarja njen osrednji pomen pri
delovanju vzdraznih tkiv (Armstrong in Hille, 1998; Hille, 2001).

Poleg hitrih elektri¢nih signalov lahko tudi trajnejSe ali postopne spremembe TMN pomembno
vplivajo na celicno delovanje. V celicah v proliferacijski fazi je depolarizacija membrane
pogosto povezana z vstopom v celi¢ni cikel (Blackiston in sod., 2009; Sachs in sod., 1974;
Yang in Brackenbury, 2013), medtem ko je hiperpolarizacija navadno povezana z izstopom iz
celi¢nega cikla ali z diferenciacijo (Sachs in sod., 1974; Sundelacruz in sod., 2009). Spremembe
TMN so znadilne tudi za apoptozo, kjer iztok kalijevih (K") in vdor kalcijevih (Ca®") ionov
delujeta kot zgodnja signala, ki sprozita aktivacijo celicne smrti. Ti napetostno-odvisni
mehanizmi potrjujejo, da je pomen TMN vecplasten: sega od hitrega elektri¢nega signaliziranja
do dolgoro¢nega uravnavanja genskega izraZanja in presnovnih procesov (Blackiston in sod.,
2009; Bortner in Cidlowski, 2007; Franco in sod., 2006).

Sirse gledano ionski kanali usklajujejo znotrajceliéne in zunajceliéne signale ter povezujejo
nihanja TMN z razlicnimi celi€énimi odzivi. Uravnavajo ne le elektri¢no vzdraZznost, temvec
tudi procese, povezane s celicno smrtjo, medcelicno komunikacijo in prilagoditvijo na stres.
Zato motnje v izraZanju ali delovanju ionskih kanalov vse pogosteje povezujemo s patoloskimi
stanji, med drugim z rakom, nevrodegenerativnimi boleznimi, epilepsijo in s sréno-zilnimi
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 mo¢nemu zunanjemu elektriénemu polju povzroci zaCasno povecanje prepustnosti
plazemske membrane. Gre za vsestransko metodo, ki jo je mogoce uporabiti pri prakti¢no vseh
vrstah celic, vklju¢no z evkariontskimi celicami, bakterijami in arhejami. Plazemska membrana
se obnaSa kot tanek dielektri¢ni sloj, kar pomeni, da locuje naboj na zunanji in notranji strani
membrane, zato izpostavitev zunanjemu elektriénemu polju omogoca nastanek vsiljene TMN.
Ko ta doseze dovolj visoke vrednosti, pride do poskodb na ravni plazemske membrane oziroma
do nastanka por, ki omogocijo povecan prehod ionov in razli¢nih 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 mirovha TMN obic¢ajno med —10 in =95 mV, odvisno od celi¢nega
tipa, kar pomeni, da je notranjost celice elektri¢no bolj negativna nabita od njene zunanjosti
(Hille, 2001; Neuroscience, 2004; Wright, 2004). Med izpostavitvijo elektricnemu polju lahko
vsiljena TMN preseze ve¢ sto milivoltov, kar povzroc¢i strukturne spremembe v membrani
(Benz in Zimmermann, 1980). Ali bo elektroporacija reverzibilna ali ireverzibilna, je odvisno
od jakosti elektricnega polja, trajanja, Stevila in ponavljalne frekvence uporabljenih pulzov ter
drugih eksperimentalnih dejavnikov. Pri reverzibilni elektroporaciji se membrana po koncu
izpostavitve zaceli, homeostaza se ponovno vzpostavi in celice prezivijo, medtem ko pri
ireverzibilni elektroporaciji poskodba privede do izgube homeostaze, kar vodi v procese celicne
smrti, kot je prikazano na Sliki 10 (Kotnik in sod., 2019).
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Slika 10: Shematski prikaz uc¢inkov elektricnega polja na celico, ki lahko vodijo v reverzibilno oziroma
ireverzibilno elektroporacijo.

Elektroporacija se uporablja na Stevilnih podroc¢jih. V  biotehnologiji omogoca
elektrotransformacijo, inaktivacijo mikroorganizmov, ekstrakcijo biomolekul ter pospeseno
suSenje biomase (Kotnik in sod., 2015). Pomembno vlogo ima tudi v prehrambeni industriji,
kjer omogoca izboljsSano ekstrakcijo sokov, povecuje izkoristek dragocenih spojin ter
optimizira procese, kot so dehidracija, krioprezervacija, biorafinerijski postopki in predelava
mesa (Mahni¢-Kalamiza in sod., 2014).

Na podroc¢ju medicine odpira elektroporacija nove terapevtske moznosti, med katerimi so
genska elektrotransfekcija oziroma elektroprenos genov, elektrokemoterapija ter netermi¢na
ablacija tumorjev ali aritmogenega srénega 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). Natan¢nost in minimalna invazivnost teh
postopkov sta bistveno prispevali k vse Sir$i uporabi elektroporacije v klinicnem okolju.
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6.2.3 Raziskovalni cilji naloge

Ob izpostavitvi celice zunanjemu elektri¢cnemu polju se lipidni dvosloj obnasa kot kondenzator,
kar povzro¢i hitro kopicenje naboja na obeh straneh membrane in posledi¢no povecanje TMN.
Vsiljena TMN se vzpostavi s karakteristicnim ¢asom polnjena membrane (t,,), ki znaSa od
nekaj sto nanosekund do mikrosekund, in je prisotna le med izpostavitvijo zunanjemu
elektricnemu polju (Kotnik in sod., 2010; Pucihar in sod., 2009). Za okroglo celico v
homogenem elektricnem polju vsiljeno TMV (AV;, ) lahko ocenimo s Schwanovo enacbo:

3
AV = > ERcelice €05 6 (1 —exp(—t/tm)) E)
kjer je:

Vi inducirana transmembranska napetost (V),

E jakost elektricnega polja (V/m),

Reeiice  polmer celice (m),

0 kot med smerjo elektriénega polja in to¢ko na celi¢éni membrani,
t ¢as od zacetka izpostavitve celic elektri¢nemu polju (s),

Tm casovna konstanta polnjenja membrane (s).

Vsiljena TMN je sorazmerna z jakostjo elektricnega polja in polmerom celice, najvecje
absolutne vrednosti pa doseZe na mestih, kjer je elektri¢no polje pravokotno na membrano (6 =
0° in 6 = 180°), medtem ko se drugod spreminja sorazmerno s kosinusom kota 6. Ce vsiljena
TMN preseze kriticni prag — obi¢ajno med 0,2 in 1 V (Tsong, 1991) — pride v plazemski
membrani do nastanka por, ki omogocijo 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. Ceprav vsiljena TMN po koncu pulza hitro upade (s Gasom
praznjenja membrane), lahko povecana prepustnost membrane in njene fizioloSke posledice
trajajo precej dlje (Kotnik in sod., 2019). Te posledice vkljucujejo porusenje ionskih gradientov
in posledicno depolarizacijo membrane. TMN torej ostane spremenjena Se nekaj Casa po
1zpostavitvi elektricnim pulzom.

Dinamiko sprememb TMN po izpostavitvi elektriénim pulzom so preucevale Stevilne Studije.
Elektrofizioloske meritve so pokazale, da po izpostavitvi nanosekundnim pulzom nevzdrazne
celice potrebujejo vec kot 15 minut da povrnejo TMN na njeno mirovno vrednost (Pakhomov
in sod., 2007). Podobno je bil z uporabo potenciometri¢nih barvil pokazan pojav podaljSane
depolarizacije membrane po izpostavitvi pulzom dolzin 10 ns—10 ms pri razli¢nih tipih celic
(Dermol-Cerne in sod., 2018). Depolarizacija membrane in spremembe v proZanju akcijskih
potencialov so bile opazene tudi pri razli¢nih tipih vzdraznih celic, vklju¢no s kultiviranimi
nevroni (Pakhomov in sod., 2017), primarnimi kardiomiociti (Chaigne in sod., 2022; Neunlist
in Tung, 1997) in srénim tkivom (Nikolski in Efimov, 2005). Sprva so podaljSano
depolarizacijo pripisovali predvsem neselektivnemu toku, ki nastane zaradi povecane
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 TRPMS
kanalov so raziskovalci namre¢ uspeli zmanj$ati amplitudo depolarizacije po izpostavitvi celic
10 ns pulzu z jakostjo elektricnega polja 34 kV/cm pulzu (Burke in sod., 2017).

Ker TMN deluje kot kljucen regulator celicne 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 omogoca spremljanje
dinamike sprememb TMN v minutah po izpostavitvi celic elektricnemu polju. Metoda vpete
krpice membrane (angl. patch clamp) ostaja zlati standard za neposredno in zelo natan¢no
merjenje TMN (Liu in Miller, 2020). Vendar je ta metoda invazivna in casovno zahtevna. Njena
uporaba v raziskavah elektroporacije je dodatno omejena zaradi tveganja porusitve tesnega
stika (angl. gigaseal) ob izpostavitvi visokonapetostnim pulzom ter zaradi omejitev parametrov
pulzov, ki jih je mogoce dovesti brez poskodb ojacevalnikov (Pakhomov in sod., 2007; Wegner
in sod., 2015). Zaradi teh omejitev so se kot neinvazivna alternativa uveljavila fluorescencna
barvila, obcutljiva na napetost, ki omogocajo spremljanje TMN v realnem c¢asu. Njihova
uporaba sega v 70. leta prejSnjega stoletja (Cohen in sod., 1974; Ross in sod., 1977), danes pa
jih delimo v dve skupini: (i) po€asi odzivna barvila, ki se prenasajo prek membrane z
elektroforetskim mehanizmom, pri ¢emer se njihova fluorescenca spreminja sorazmerno z
napetostjo, ter (ii) hitro odzivna barvila, ki se vgradijo v membrano in kazejo 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 omogocajo visoko zmogljivo in prostorsko lo¢eno spremljanje
sprememb TMN v populacijah celic in ne le v posameznih celicah. Njihovo uporabo pa
omejujejo Stevilne pomanjkljivosti, kot so prerazporeditev barvila zaradi poskodbe membrane,
fototoksicnost in fotobledenje, ki jih je treba skrbno upoStevati pri nacrtovanju poskusov
(Jensen, 2012), Se posebej pri elektroporaciji celic.

Ce so ionski kanali res kljuéni pri regulaciji TMN po elektroporaciji, je smiselno preveriti, ali
izpostavitev elektricnemu polju vpliva tudi na spremembe v izrazanju genov. Pri komercialno
dostopni celi¢ni liniji podganjih sr¢nih mioblastov H9c¢2 so raziskovalci Ze pokazali, da
elektroporacija vpliva na izraZzanje podenot natrij-kalijeve c¢rpalke 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 celi¢ni odziv po elektroporaciji. To je klini¢no relevantno zlasti pri bolnikih,
ki prejemajo zdravila taréno 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 celicne odzive. Osredotocili smo se na tri
vidike: (i) identifikacijo primernega potenciometricnega barvila za spremljanje sprememb
TMN z uporabo fluorescencne mikroskopije in razjasnitev poteka napetostnih sprememb po
izpostavitvi celic elektricnemu polju, (ii) raziskovanje vpliva modulatorjev ionskih kanalov na
spremembe TMN ter njihovo vlogo pri celi¢nih odzivih, kot sta povecana prepustnost
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plazemske membrane in prezivetje celic, ter (iii) ugotavljanje, ali elektroporacija povzroca
spremembe v izrazanju ionskih kanalov in membranskih ¢rpalk, kar bi lahko prispevalo k
dolgoro¢nim spremembam v celi¢nem vedenju, vkljucno z invazivnostjo tumorskih celic.

6.2.4 Rezultati in diskusija

6.2.4.1 Aktivnost ionskih kanalov kot regulatorjev dolgoro¢nih sprememb v TMN po
elektroporaciji

V prvi §tudiji smo se osredotocili na celi¢ne mehanizme, ki so odgovorni za spremembe TMN
po izpostavitvi celic elektriénemu polju. Studijo so motivirali rezultati predhodnje raziskave
(Burke in sod., 2017), ki so na celicah U-87 MG pokazali, da podaljSana depolarizacija po
izpostavitvi nanosekundnemu pulzu ni le posledica neselektivnega prehajanja ionov skozi
membrano, temvec vkljucuje tudi prepleteno aktivacijo ionskih kanalov. Medtem ko so prej$nje
Studije dosledno porocale, da elektroporacija povzroc¢i depolarizacijo membrane, ki traja nekaj
sekund do minut (Burke in sod., 2017; Dermol-Cerne in sod., 2018; Pakhomov in sod., 2007a),
je nasa Studija prva pokazala, da lahko zacetni depolarizaciji sledi tudi faza hiperpolarizacije,
ki traja do 30 minut po izpostavitvi celic elektricnemu polju (Blazi¢ in sod., 2025a). V nasi
raziskavi smo pokazali, da lahko en sam 100 ps pulz pri kontrolirani temperaturi (33 °C) v
glioblastomskih celicah U-87 MG sproZi hiperpolarizacijo, medtem ko tega pojava nismo
zaznali v celi¢ni liniji pridobljeni iz ovarijev kitajskega hr¢ka (ang. Chinese hamster ovary;
CHO) ali pri sobni temperaturi (25 °C). To dodatno dokazuje, da so mehanizmi sprememb
TMN po elektroporaciji kompleksnejsi 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 ps, 1,4 kV/cm;
¢as 1,5 min, oznacen s pus€ico) je bil odziv celic spremljan pri sobni (25 °C, sivo) in kontrolirani temperaturi
(33 °C, rdece). Prikazane so povprecne vrednosti iz vsaj 3 poskusov. a) Spremembe v transmembranski napetosti
opazovane s fluorescenénim barvilom FMP (angl. FLIPR membrane potential; komercialno uporabljen izraz in
izraz uporabljen v ¢lanku). b) Povecanje prepustnosti celicne membrane opazovano prek vnosa propidijevega
jodida (PI) v celice. ¢) Povecanje znotrajceliéna koncentracije kalcija, ki je bilo izmerjeno s pomocjo
fluorescenénega barvila Fluo-4.

Za boljse razumevanje teh sprememb smo uporabili propidijev jodid (angl. propidium iodide;
PI) kot pokazatelj prepustnosti membrane in barvilo Fluo-4 za spremljanje koncentracije
znotrajcelicnega kalcija. Rezultati so pokazali hitro povecanje vnosa propidijevega jodida in
prehoden dvig koncentracije kalcija takoj po pulzu. Teoreticni model je razkril dvofazno
dinamiko sprememb v TMN: v zgodnji fazi prevladuje neselektivni tok skozi nastale pore, v
kasnejsi fazi po celjenju membrane pa postane odlocilna aktivacija ionskih kanalov. Prav tako
je model pokazal, da je za opaZeno 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
zmanjSali amplitudo hiperpolarizacije. Ker pa hiperpolarizacije ni bilo mogoce popolnoma
odpraviti, prispevka drugih kanalov, kot so kloridni ionski kanali, ni mogoce izkljuciti
(Catacuzzeno in sod., 2011).
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Slika 12: Vpliv od kalcija odvisnih kalijevih kanalov (Kc,) na spremembe TMN po elektroporaciji. a—c) Casovni
potek transmembranske napetosti in znotrajcelicne koncentracije kalcija, napovedan z modelom pri razli¢nih
vrednostih parametrov: a) razlicno $tevilo por, b) razlicne maksimalne prevodnosti K¢, kanalov, c) razli¢ne
vrednosti parametra k, ki opisuje hitrost celjenja membrane. d) Eksperimentalne meritve sprememb
transmembranske napetosti pri celicah U-87 MG po pulzu (100 ps, 1,4 kV/cm) z uporabo fluorescenénega barvila
FMP v prisotnosti zaviralcev ionskih kanalov (TEA, Penitrem A, Verapamil). Podatki so prikazani kot povprecje
+ standardni odklon iz treh neodvisnih poskusov.

Studija je hkrati opozorila na metodoloske 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 fluorescen¢nega signala
in nizke obcutljivosti, FluoVolt pa tudi zaradi fototoksi¢nosti. Omejitve FMP barvila ter izzivi
pri uporabi genetsko kodiranih napetostnih indikatorjev (angl. genetically-encoded voltage
indicators; GEVIs) poudarjajo potrebo po razvoju boljsih orodij za dolgoro¢no spremljanje
TMN v raziskavah elektroporacije.

Ugotovili smo, da imajo ionski kanali in kalcijeva signalizacija klju¢no 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 Studijah Zze 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 Studije smo v drugi raziskavi preucili, ali lahko 1zpostavitev celic
reverzibilni elektroporaciji vpliva na vedenje tumorskih celic, ki preZivijo zdravljenje. Prva
Studija je pokazala, da spremembe TMN v glioblastomskih celicah U-87 MG uravnava
aktivnost ionskih kanalov, zlasti Kca kanalov, katerih aktivnost so predhodne Studije ze
povezale s povecano invazijo glioblastomskih celic po obsevanju (Blazi¢ in sod., 2025a;
D’Alessandro in sod., 2019). Posledi¢no nas je zanimalo ali elektroporacija lahko vpliva na
invazijo tumorskih celic v klini¢no relevantnih modelih — primarnih humanih glioblastomskih
celicah.
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Primarne glioblastomske celicne linije
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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 celi¢nih linij brez
izpostavitve elektricnemu polju in na podlagi najvi§jega invazivnega potenciala izbrali NIB140 CORE in NIB216
CORE. b) V drugem sklopu poskusov smo celice izpostavili elektricnemu polju in ovrednotili prepustnost
membrane, prezivetje celic, presnovno aktivnost ter spremembe v invazivnosti. Invazijo smo dolocili s pomocjo z
migracijskega transwell testa (angl. transwell assay), proliferacijo pa z uporabo markerja Ki-67.

Med petimi testiranimi celicnimi linijami sta bili zaradi najvi§jega invazivnega potenciala
izbrani liniji NIB140 CORE in NIB216 CORE. Obe sta bili izpostavljeni vlakom
visokofrekvencnih bifaznih pulzov dolzine 2 ps pri 1,0 kV/cm. Analiza z propidijevim jodidom
in pretocno citometrijo je pokazala u€inkovito povecano prepustnost plazemske membrane ob
hkratnem ohranjanju prezivetja celic, kar potrjuje izpostavitev reverzibilni elektroporaciji.
Ocena invazije 24 ur po izpostavitvi celic elektricnemu polju je razkrila povecano invazivnost
v obeh linijah: pri NIB140 CORE je bilo to povecanje izrazito (v mediani 3,74-kratno), medtem
ko je NIB216 CORE pokazala skromnejsi, a Se 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 izrazanju genov; znizanje izrazanja genov povezanih z zunajcelicnim
matriksom in poviSano izrazanje genov povezanih z ionskimi kanali (npr. KCNMAI in
KCNABI). Ti izsledki se ujemajo s predhodnimi opazanji iz prve Studije, kjer je pri celicah U-
87 MG vdor kalcija sprozil hiperpolarizacijo membrane prek aktivacije Kca kanalov. Nasprotno
pa se je pri celi¢ni liniji NIB216 CORE izkazalo, da prihaja predvsem do sprememb v izrazanju
genov citoskeleta in signalizaciji povezani s stresnimi mehanizmi, kar kaze na drugacen
prilagoditveni odziv.
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Slika 14: Elektroporacija poveca invazivni potencial glioblastomskih celic, pridobljenih iz pacientov. Lastnost
invazije celic smo preverjali 24 ur po elektroporaciji z elektriénimi pulzi jakosti 1 kV/cm. a-b) Skatlasti diagrami
prikazujejo Stevilo invazivnih celic glede na posamezno celi¢no linijo: a) NIB140 CORE b) in NIB216 CORE.
Siva barva oznacuje vzorce kontrole, modra (NIB140 CORE) oziroma roza (NIB216 CORE) barva pa tretirane
vzorce. Vsaka skupina (REP1-REP3 predstavlja lo¢eno biolosko ponovitev z 2—3 tehnicnimi ponovitvami na
biolosko ponovitev. Vodoravna ¢rta v polju oznacuje mediano, brki pa prikazujejo celoten razpon vrednosti. c)
Relativno povecanje Stevila invazivnih celic po elektroporaciji v primerjavi s pripadajoc¢o kontrolo. Podatki so
prikazani kot povprecje + SD iz treh bioloskih ponovitev. d) Delez Ki-67—pozitivnih (proliferirajocih) celic v
kontrolnih in elektroporiranih vzorcih. Vrednosti so v vseh pogojih ostale pod 10 %, kar potrjuje, da opazeno
povecanje invazije ni posledica poviSane proliferacije. ¢) Reprezentativna slika maske, dobljene po obdelavi slik,
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na kateri so prikazana jedra pobarvana z barvilom Hoechst, ki prikazuje povecano invazijo pri celi¢ni liniji NIB140
CORE po elektroporaciji.

Studija opozarja na pomemben terapevtski izziv: celice na obrobju zdravljenega obmogja, kjer
je elektri¢no polje nizje, lahko prezivijo in se razvijejo v invazivnejsi fenotip. V takih primerih
reverzibilna elektroporacija namesto zaviranja napredovanja tumorja lahko prispeva k njegovi
pospesitvi. 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 mogoce zamejiti z elektrokemoterapijo, ki izkorisca
reverzibilno elektroporacijo za pove€anje vnosa in citotoksi¢nosti kemoterapevtikov, kot sta
bleomicin ali cisplatin (SerSa in sod., 2006). Pri tem pa moramo biti pozorni na uporabo
zadostne koncentracije kemoterapevtskih sredstev. Poleg tega je pomembno poudariti, da
elektroporacija povzroci za¢asno povecanje prepustnosti krvno-mozganske pregrade, kar lahko
izkoristimo za izboljSanje vnosa zdravil v centralni zivéni 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 Studijo smo zeleli preuciti, ali zaviralec natrijevih kanalov lidokain lahko vpliva na
permeabilizacijo in prezivetje 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 klju¢no razumeti, kako lahko vpliva na povecanje prepustnosti
membrane in odziv celic pri teh postopkih. Prej$nje raziskave so sicer nakazovale, da bi lidokain
lahko povecal uc¢inkovitost terapij, ki temeljijo na elektroporaciji, vendar so bili izsledki teh
raziskav omejeni zaradi metodoloSkih pomanjkljivosti (Grys in sod., 2014; Pan F. in sod., 2020;
Sherba in sod., 2020).

1) Priprava celic 2) Izpostavitev el. polju .
3) E 3 min
Tyrodejeva raztopina 8 10 min Permeabilizacije celine
10 mM lidokain (0.3%) 8x100 ps membrane s PI
35 mM lidokain (1%) (1 Hz) .
+ Pl Pretocni citometer
T L froemeaes L
+Pl i!
-------- ’ TohnEmmn -’ _

X 24h

PreZivetje celic s Pl

Slika 15: Shema eksperimentalnega nacrta. Potek dela je obsegal §tiri 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 elektricnim pulzom s trajanjem 100 ps pri frekvenci 1 Hz — v prisotnosti
propidijevega jodida (PI) za analizo prepustnosti membrane ali brez PI za analizo preZivetja celic.
c¢) Dolocanje prepustnosti membrane z merjenjem vnosa PI 3 minute po elektroporaciji s pretocno citometrijo.
d) Dolocanje prezivetja celic 24 ur po elektroporaciji z obarvanjem s PI in Stetjem neobarvanih zivih celic s
pretocno citometrijo. Prepustnost membrane in prezivetje celic sta bila ovrednotena na locenih vzorcih.
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V nasi raziskavi smo vpliv lidokaina na permeabilizacijo in prezivetje ovrednotili v Stirih
celi¢nih linijah: B16-F1 — celice melanoma (model za ECT), C2C12 — mioblastne celice (model
za GET), CHO-K1 —celice ovarija kitajskega hrcka, ki se odlikujejo po nizki izrazenosti ionskih
kanalov, in NS-HEK — z genskim inzenirstvom razvita celi¢na linija humanih embrionalnih
ledvi¢nih celic (angl. human embryonic kidney cells; HEK cells), ki stabilno izrazajo natrijeve
napetostno odvisne kanale Nay1.5. 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 x 100 pus pulzov pri 1 Hz.

Pri koncentraciji 10 mM so bili u¢inki skromni, saj se je prag elektri¢ne poljske jakosti potreben
za 50 % permeabilizacijo in 50 % prezivetje znizal zgolj za 16—18 %. Pri 35 mM pa je lidokain
znatno znizal prezivetje celic melanoma (B16-F1), kjer se je prag za ireverzibilno
elektroporacijo znizal za 25-40 %. Citotoksi¢nost ni bila neposredna posledica povecane
prepustnosti membrane, temve¢ znotrajcelicne akumulacije lidokaina, ki je okrepila njegove
toksi¢ne ucinke opisane v predhodnih raziskavah.

Obstaja ve¢ moznih mehanizmov, prek katerih lidokain lahko vpliva na permeabilizacijo
membrane pri elektroporaciji, med drugim zmanjSanje povrSinskega naboja membrane,
spremembe v fluidnosti in elasti¢nosti lipidnega dvosloja ter interakcije z napetostno odvisnimi
natrijevimi kanali in membranskimi ¢rpalkami (Grys in sod., 2014; Sherba in sod., 2020; Zhou
in sod., 2020). Kljub temu pa natan¢en mehanizem ostaja nepojasnjen, saj so rezultati pokazali,
da je bil odziv med posameznimi celi¢nimi linijami razli¢en. 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 pomocjo
simulacij molekularne dinamike, ki bi omogocile vpogled v njegove interakcije z lipidnim
dvoslojem na ravni atomov in molekul.

Da bi ocenili klini¢no relevantnost pridobljenih rezultatov, smo racunsko dolo¢ili obmocje
reverzibilne in ireverzibilne elektroporacije v poenostavljenem modelu tkiva na podlagi
eksperimentalno dolocenih pragov elektri¢ne poljske jakosti. Izrauni so pokazali, da lahko
35 mM lidokaina ve¢ kot podvoji obmocje ireverzibilne elektroporacije. Vendar pa ostaja
klini¢na relevantnost teh rezultatov vprasljiva, saj se lidokain po lokalnem injiciranju hitro
razredCi. Koncentracija lidokaina v tkivu nekaj minut po aplikaciji obi¢ajno dosega zgolj nekaj
mM. Kljub temu bi lahko Ze zmerno povecanje prepustnosti membrane zaradi lidokaina lahko
znatno izboljSalo privzem kemoterapevtikov v celice in s tem vplivalo na ucinkovitost
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 dopolnjujocih se Studijah smo elektroporacijo preucevali na
vec bioloskih ravneh — od biofizikalnih mehanizmov, ki dolo¢ajo dinamiko transmembranske
napetosti neposredno po izpostavitvi elektricnemu pulzu, do prilagoditvenih odzivov tumorskih
celic glioblastoma in vpliva lidokaina kot modulatorja ionskih kanalov na izid elektroporacije.

Aktivnost ionskih kanalov je pomemben regulator dolgoro¢nih sprememb v
transmembranski napetosti po elektroporaciji. V prvi Studiji smo pokazali, da v
glioblastomski celi¢ni liniji U-87 MG elektroporacija ne povzrofa samo depolarizacije
membrane, temve¢ lahko sprozi tudi trajnejSo hiperpolarizacijo, ki vztraja ve¢ minut po
izpostavitvi celic zunanjemu elektri¢cnemu 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 teoretiénim modeliranjem. Poleg
tega je Studija razkrila metodoloske omejitve pri spremljanju dolgorocnih sprememb
transmembranske napetosti, saj se obstojeCa potenciometri¢na barvila soocajo s Stevilnimi
pomanjkljivostmi.

Reverzibilna elektroporacija lahko poveca invazivne procese glioblastomskih celic.
V drugi Studiji smo preucevali, kako reverzibilna elektroporacija vpliva na vedenje
glioblastomskih celic, ki prezivijo izpostavljenost elektricnemu polju. Uporabljeni so bili
klini¢no relevantni modeli — humane primarne glioblastomske celice, pridobljene od pacientov.
Rezultati so pokazali, da lahko preZivele tumorske celice pridobijo bolj invaziven fenotip.
Spremembe v izrazanju genov so razkrile predvsem vpletenost ionskih kanalov in spremembe
v zunajceliénem matriksu. To delo je prvi¢ 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 klini¢no reprezentativnih 3D
modelov, kot so npr. vecceli¢ni sferoidi ali organoidi.

Farmakolo$ka modulacija z lidokainom lahko vpliva na ucinkovitost elektroporacije. V
tretji Studiji smo raziskali farmakolo$ko modulacijo odziva celic na elektroporacijo z
lidokainom, zaviralcem natrijevih kanalov, ki se uporablja kot lokalni anestetik. Rezultati so
pokazali, da lahko lidokain v manj$i meri povec¢a permeabilizacijo celic in v ve¢ji meri zmanjSa
prezivetje celic po elektroporaciji, vendar je ta vpliv odvisen od koncentracije lidokaina.
Koncentracija lidokaina, pri kateri je bil izmerjen mocan vpliv na preZivetje celic po
elektroporaciji (35 mM), za velikostni razred presega koncentracije, ki se obi¢ajno vzpostavijo
v tkivu v nekaj minutah po injiciranju. Zato je potrebno klini¢no relevantnost teh rezultatov
preveriti z nadaljnjimi predklini¢nimi oz. klini¢énimi Studijami.
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