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with 50, 75 and 100 W power values. The ablation 
zone was evaluated 3-dimensionally with contrast-
enhanced CT. SI values were determined to be be-
tween 0.50-0.80 for the liver and 0.40-0.69 for the 
lung. Although sphericity was defined as equal to 
1, the long and short axes were squared in the SI 
calculation in this study, and the SI measurements 
differed from the other studies we mentioned. As a 
result of the study, it was determined that a shorter 
ablation time provided better energy efficiency [ab-
lation zone volume (cm3)/applied energy (W)], and 
the ablation zone was more predictable at a 10-min-
ute ablation time.

Our study has certain limitations. Firstly, it was 
retrospective in design. Secondly, the patient co-
hort was relatively small and heterogeneous. Due 
to this heterogeneity, OS data for the patients were 
not included in the study. Thirdly, there is a nota-
ble difference between the HCC group (n = 9) and 
the metastatic group (n = 83), which could impact 
statistical analyses when examining subgroups. 
Lastly, all patients were treated using the same 
anti-phase technology antenna. While the litera-
ture has discussed the potential advantages of 
this technology over conventional MWA systems, 
this study did not include any direct comparisons. 
Further large-scale, comparative, and prospective 
studies could address these limitations. 

The application of anti-phase technology in mi-
crowave ablation allows for the formation of more 
spherical and predictable ablation zones, poten-
tially improving local tumor control and proce-
dural safety in clinical practice.

In conclusion, MWA is a current treatment 
method for HCC and liver metastases, and tech-
nological advancements based on its physical 
principles are being explored to enhance ablation 
efficacy. Our study, including the longest follow-
up duration and the largest patient population ex-
amining the antenna technology for ultraspherical 
ablation with anti-phase technology, demonstrat-
ed that this treatment had a high technical success 
rate and acceptable local control and complication 
rates.
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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 lines were initially screened for intrinsic invasive potential, and 
two most invasive (NIB140 CORE and NIB216 CORE) were selected for further experiments with electroporation treat-
ment. Cells in suspension were exposed to bursts of high-frequency biphasic electric pulses resulting in electric field 
strength of 1 kV/cm, which corresponded to conditions 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 line-dependent manner. NIB140 CORE 
showed a consistent and pronounced increase, with a median of 3.74-fold (274%) higher number of invading cells 
compared to sham control. In contrast, NIB216 CORE exhibited only a modest increase in invasion (1.30-fold; 30%). 
Transcriptomic profiling identified modulation of genes linked to extracellular matrix organization and ion channel 
activity in NIB140 CORE, and cytoskeletal remodelling in NIB216 CORE, indicating the activation of invasion-related 
pathways.
Conclusions. These findings highlight a potential risk of pro-invasive responses in GB cells. In tumour ablation with irre-
versible electroporation, this concern relates to cells in the peripheral zone that may experience only sublethal electric 
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 lines responded differently, underscoring patient-
specific heterogeneity and the need for validation in more physiologically relevant models. 

Key words: electroporation; high-frequency electric 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-

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).1 Clinically, electroporation has gained 
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recognition as a versatile tool in oncology. IRE can 
be used as a stand-alone, minimally invasive, non-
thermal ablation technique2,3, whereas reversible 
electroporation can be used to enhance the uptake 
and cytotoxicity of chemotherapeutic drugs while 
allowing for reduced drug dosages (electrochem-
otherapy; ECT).4,5 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.2 Moreover, by enhancing drug 
delivery and promoting anti-tumour immune acti-
vation, electroporation has become recognized as 
a key component of multimodal cancer therapy.2

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%.6-8 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.9 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.10 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-µs-long mono-
phasic pulses at 4 Hz, producing well-controlled 
ablation volumes with sharp submillimeter transi-
tion zones between treated and healthy tissue.11-13 
A notable prospective study using the NanoKnife 
system in seven dogs with spontaneous gliomas 
demonstrated safety and feasibility of IRE for 
brain tumour treatment.14 Individualized treat-
ment plans were developed based on magnetic 
resonance image segmentation and computation-

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.15 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.16 A 
pilot study in three dogs with spontaneous menin-
giomas confirmed effective tumour ablation near 
critical vasculature with no major IRE-related side 
effects.17 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 survival18, while 
intratumoral bleomycin combined with a newly 
designed electrode achieved complete tumour 
elimination in 69% of treated animals.19 Another 
study combining IRE and ECT with intravenous 
cisplatin via monopolar electrode showed delayed 
tumour growth and improved survival in glioma-
bearing rats.20 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.21 

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.22-24 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.25-27 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.28 This study was motivated by 
increasing evidence that sublethal therapies may 
promote a more aggressive phenotype in surviv-
ing tumour cells.10,29 Furthermore, our previous 
study30 revealed that reversible electroporation 
activates Ca²⁺-activated potassium channels in 
U-87 MG GB cell line, which are known to play a 
key role in regulating GB invasion.31,32 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).33 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 DMEM10. 

Cells were routinely passaged every 3 to 4 days 
and were maintained in a humidified environ-
ment at 37°C with 5% CO₂. For determining the cell 
doubling time, 2x105 cells were seeded per well of a 
6-well plate (TPP, Switzerland), incubated at 37°C, 
5% CO₂, 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 × g for 3 minutes. The resulting 
pellet was resuspended in DMEM10 with 10 mM 
HEPES, Sigma-Aldrich, #H0887 (hereafter referred 
to as DMEM10+) to achieve a final cell density of 1 
× 10⁶ cells/ml.

Electric pulse exposure

Cells were exposed to H-FIRE pulses, which were 
previously used in GB investigations in vitro,34 as 
well as in vivo for the treatment of spontaneous 
canine meningiomas17 and in a study examin-
ing blood-brain barrier disruption mechanisms.35 
Specifically, we applied 100 bursts of bipha-
sic pulses, with 2 µs negative and 2 µs positive 
phase, 5 µs interphase and 5 µs interpulse delay, 
25 pulses/burst, at 1 Hz burst repetition frequency 
(Supplementary Figure S1). The pulse amplitude 
was varied between 100–400 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 vivo 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 Ca2+-
activated potassium channels that are associated 
with membrane hyperpolarization and increased 
invasive potential.30 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 
kV/cm) and 8.3°C ± 0.7°C at 400 V (2 kV/cm), 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 μl, 1 × 106 cells/ml) prepared 
in DMEM10+ was mixed with propidium iodide 
(PI, Molecular probes, #P1304MP) in a final con-
centration of 100 μg/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.36 3 minutes after pulse applica-
tion, 350 µl of electroporation solution was added 
to the cell suspension and the sample was removed 
from the electroporation cuvette. The percentage 
of PI-stained cells was quantified by flow cytom-

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.

PI-based viability assay

Cell suspension (150 μL, 1 × 10⁶ cells/mL) was pre-
pared in DMEM10+ and transferred to an elec-
troporation cuvette. After pulse application and 
additional 10-minute incubation at 33 °C, 850 μL of 
DMEM10+ was added to the cuvette. Afterwards, 
100 μL of the treated cell suspension was plated 
into 24-well plate (TPP, Switzerland) containing 
1 mL of DMEM10, and the plate was incubated 
at 37°C in a humidified atmosphere with 5% CO₂ 
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 × g for 3 minutes. The cell pellet 
was then resuspended in 150 µL of growth medi-
um together with PI in a final concentration of 100 
μg/ml, and cells were incubated at room tempera-
ture for 5 minutes. The number of all cells (Ntotal) 
and the number of PI-stained cells (NPI+) 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 
(Ntotal–NPI+)/Ntotal,ctrl, as described in our previously 
published protocol37, where Ntotal,ctrl represents the 
total number of cells in sham control.

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 μL of the treated cell suspension was then 
plated into 96-well plate (TPP) containing 50 μL 
of DMEM10 and the plate was incubated at 37°C 
and 5% CO₂. 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 μL 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 protocol38, as shown 
in Figure 1. Transwell inserts containing mem-
branes with 8.0-μm 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 μL 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 μL 
of DMEM10. 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 μL of DMEM with 
2% FBS and mixed with 50 μL 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% CO₂ atmosphere, an additional 
50 μL of DMEM with 2% FBS was added to each 
insert, resulting in a final volume of 200 μL. 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 μL 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 two DPBS washes. Membranes were 
then incubated in DPBS containing 1% bovine 
serum albumin (BSA; Sigma-Aldrich, #A2153 or 
Fisher BioReagents, #BP9702) and 0.1% Triton 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 
10× 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 LED8 illumination 
source controlled by Las X software (all from Leica 
Microsystems, Germany) under 10× objective mag-
nification.

Image analysis was performed using ImageJ 
Fiji.39 Nuclei were first segmented 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

All results 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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post hoc test for multiple comparisons. When as-
sumptions were not met, nonparametric ANOVA 
on ranks was used, followed by Dunn’s post hoc 
test. For comparisons involving two groups only, 

a Student’s t-test was used when normality and 
variance assumptions were satisfied; otherwise, 
a Mann–Whitney U test was applied. A p-value < 
0.05 was considered statistically significant.

FIGURE 1. Overview of the experimental workflow for evaluating patient-derived glioblastoma (GB) cell behaviour before 
and after electroporation. Created with BioRender.com. (A) Five patient-derived glioblastoma cell lines, including cells from 
the tumour core (CORE), infiltrative rim (RIM), and a recurrent lesion (REC), were initially 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, permeabilized, and stained with Hoechst (nuclei) and then immunostained for Ki-67 (a 
proliferation marker). The cells were subsequently imaged to quantify 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 electric field strength were applied to cells in electroporation cuvettes and the resulting membrane 
permeabilization and survival were quantified to generate characteristic response curves. Additionally, we assessed the 
metabolic activity of cells using MTS. Post-treatment invasion assay and fluorescence imaging was used to assess changes 
in invasive potential, with image analysis performed in ImageJ Fiji to quantify total and proliferating cell numbers based on 
nuclear segmentation and Ki-67 expression.
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RNA transcriptome analysis 

Total RNA was extracted from GB cells (NIB140 
CORE and NIB216 CORE) using the E.Z.N.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 µL of DMEM10+ 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 performed 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 Bioanalyzer 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 Illumina 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-

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 (GEO) 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 < 

FIGURE 2. Patient-derived glioblastoma (GB) cell lines display variable intrinsic 
invasive potential. (A) Transwell invasion assay was performed with non-treated 
cell lines to assess the intrinsic 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 NIB261 
REC displayed significantly lower invasion. Statistical analysis was performed 
using ANOVA 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 independent experiments. (B) Doubling times 
were determined based on cell growth curves plotted as log2(N/N0) versus time, 
where N0 is the number of seeded cells at time 0 h, and N is the number of cells 
at selected time points (hours). Linear regression was applied to each cell line (R² 
values shown), and doubling time was calculated from the slope of the fitted line. 
NIB140 CORE and NIB216 CORE showed similar doubling time (40–41 h).
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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 

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 1.25 kV/cm (Figure 3A). 
Survival determined by PI assay declined above 
1 kV/cm (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.34

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 1 kV/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/cm). 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.40 

FIGURE 3. Permeabilization and survival of NIB140 CORE and NIB216 CORE 
glioblastoma (GB) cell lines in response to H-FIRE pulses resulting in different 
electric field strengths. (A) The percentage of permeabilized cells was assessed 
by propidium iodide (PI) uptake 3 minutes after pulse delivery (presented as ●). 
The percentage of viable cells was assessed by PI assay 24 hours after pulse 
delivery (presented as ▲). (B) Cell survival was assessed by metabolic MTS assay 
24 hours after pulse delivery. Data are presented as mean ± SD from at least three 
independent experiments. Solid lines are least-square fits to sigmoid curves. 
Statistically significant differences (p < 0.05) between cell lines at specific electric 
field strengths were tested using Student’s t-test and are indicated by asterisks (*). 
Data for NIB140 CORE and NIB216 CORE are shown in blue and pink, respectively.
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Electroporation enhanced the invasion po-
tential of GB cells in a cell type-dependent man-
ner, 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-
troporation at 1 kV/cm.

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 

harvested 24 hours after exposure to 1.0 kV/cm. 
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 

FIGURE 4. Electroporation enhances the invasion potential of patient-derived 
glioblastoma (GB) cell lines in a cell type-dependent manner. Invasion was 
assessed 24 hours after electroporation using H-FIRE pulses resulting in electric 
field strength of 1 kV/cm. (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 
biological replicate (REP1–REP3), with 2–3 technical replicates per biological 
replicate. The horizontal line within each box represents the median, and 
whiskers indicate the full range of values. (C) Relative increase in the number of 
invading cells in electroporated samples compared to sham controls. Data are 
presented as mean ± SD from three biological replicates. (D) Percentage of Ki-67–
positive (proliferating) cells in sham-treated and electroporated samples. Values 
remained below 10 % across all conditions, demonstrating that the observed 
increase in invasion was not due to increased proliferation. (E) Representative 
masks obtained after thresholding images of Hoechst-stained NIB140 CORE 
invading cells, showing increased invasion following electroporation. 
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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 biological 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-

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/cm 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 pronounced 
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.28,33,41 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 
EGFRvIII variant in NIB140 CORE cell line (but not 
in NIB216 CORE), a mutation known to enhance 
invasion and contribute to treatment resistance in 
GB.42  

FIGURE 5. Transcriptomic differences between electroporated and sham-
treated NIB140 CORE and NIB216 CORE cell lines. RNA transcriptome analysis 
was performed in cells harvested 24 hours after electroporation. (A) The gene 
expression levels analysis is presented through co-expression Venn diagrams 
showing the overlap in expressed genes between sham-treated (CTRL, 0 V) and 
electroporated (EP, 1 kV/cm) samples of each cell line, and between sham-
treated NIB140 CORE and NIB216 CORE. (B) The differential gene expression 
analysis is presented through volcano plots. Red and green points represent 
significantly upregulated and downregulated genes, respectively (p < 0.05), 
while blue points indicate non-significant changes. Genes were classified as 
differentially expressed, if they met the threshold of |log2FoldChange| > 0.0.
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FIGURE 6. Functional enrichment analysis of differentially expressed genes following electroporation. (A) Gene ontology (GO) 
enrichment analysis of significantly upregulated (right) and downregulated (left) genes in NIB140 CORE cells 24 hours after 
electroporation. (B) GO enrichment analysis for NIB216 CORE. Dot size reflects the number of genes contributing to each GO 
term, while colour intensity indicates statistical significance (adjusted p-value, padj). The GeneRatio represents the proportion of 
differentially expressed genes associated with each GO term relative to the total number of input genes. Selected invasion-relevant 
categories are highlighted in bold. GO terms include biological processes, molecular functions, and cellular components.
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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, 
KCNMA1, KCNAB1, TRPC4, GJC3, GPR89A, 
TTYH2, GRIN2A, RHCE, and GLRA3.43 Notably, 
ion channel–related genes such as KCNMA1 and 
KCNAB1, i.e. the alpha and beta subunits of the big 
potassium KCa channel, were detected, supporting 
their potential role in enhanced invasive behav-
iour in GB observed in previous studies.29,32 Genes 
related to extracellular matrix (ECM) organiza-
tion (collagen containing ECM, ECM and exter-
nal encapsulating structure) were downregulated 
(COL14A1, EFEMP1, ITGB4, COL8A1, P3H2, THBS2, 
INHBE, MATN4, PTPRZ1, MMP9, ANGPTL5 and 
COL5A2) indicating ECM remodelling.44,45 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.46 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.46 In contrast, NIB216 CORE showed 
downregulation of genes involved in cytoskeleton 
remodelling and focal adhesion (COL11A1, CNN1, 
ALPL, HAPLN1, TGFB1I1, F3, IGFBP7, ADAM19, 
COL4A1, POSTN, LOXL4, MXRA7, CCN2, LGALS1, 
COL4A2, GPC4, TFPI2, CD248, VASP, TAGLN, 
TPM2, PDLIM7, PPP1R18, ARPC4, CORO1A, 
ACTN1, FHDC1, PICK1, SPTBN2, ADSS1, MYOZ1, 
TMEM201, MARCKSL1 and MYH9) suggesting 
cytoskeletal disruption.47 Meanwhile, upregulated 
response was linked to membrane dynamics – 
leading edge membrane, cell projection membrane 
and synaptic membrane (ANK1, DPP4, LAMP5, 
EGFR, C2CD5 and PSD3) indicating  changes in 
membrane plasticity and intracellular commu-
nication.48 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 

level (e.g., Western blot or ELISA) will be required 
to confirm whether the observed gene expression 
changes translate into functional effects.

A recent study by Wang et al.49 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 μs pulses with 
0.2 μs interphase and 100 μs 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 S3. The different results 
obtained by us compared to Wang et al.49 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 electroporation. 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 biological complexity 
and treatment responses of GB is further illus-
trated by comparing our results to the study by 
Casciati et al.50 In this study, adherent U-87 MG 
cells were exposed to five electric pulses, each 
lasting 40 μs at 1 Hz and 30 kV/cm (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.51 Notably, Casciati et al. reported that pulse 
exposure substantially influenced the fate of GB 
neurospheres by differentially regulating genes 
involved in hypoxia, inflammation, and p53/cell 
cycle checkpoints, 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 recurrence52,53, 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 models11,12,14,17,54, 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 tumour 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.18,19 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.55–56 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 vivo models to transiently disrupt 
the blood–brain barrier, further highlighting its 
potential for enhancing drug delivery to tumour 
tissue within the central nervous system.35,57,58 
Moreover, studies in melanoma cells showed that 
ECT does not affect the cells’ metastatic poten-
tial.59,60 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.61

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 vivo. 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 resistance52,63, 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 al.63 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 cells30, 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.

Acknowledgments 

This research was supported by Slovenian 
Research and Innovation Agency (ARIS) through 
research programmes P2-0249 and P1-0245, infra-
structure programme I0-0022, and funding for 
Young Researchers. This work was supported by 
the Slovenian Research and Innovation Agency 
through research projects J3-4504, N3-0394 and 
NC-25002 and NIB Development pillar funds RSF 
projects 842/2024 and 946/2025. The research was 
also supported by the European Union and ARIS 
through NextGenerationEU and NOO funding 
within project MN-0023 and European Union’s 
Horizon project Twinning for excellence to stra-
tegically advance research in carcinogenesis and 
cancer (CutCancer; 101079113).

Use of AI-assisted technologies 
in the writing process

During the preparation of this paper, the authors 
used Claude (Anthropic, CA, USA) and ChatGPT 
(OpenAI, CA, USA) to improve the style and read-
ability in some parts of the text. After using this 
tool/service, the authors have reviewed and edited 
the content as required and take full responsibility 
for the content of the publication.

References

1.	 Kotnik T, Rems L, Tarek M, Miklavčič D. Membrane electroporation and 
electropermeabilization: mechanisms and models. Annu Rev Biophys 2019; 
48: 63-91. doi: 10.1146/annurev-biophys-052118-115451

2.	 Aycock KN, Davalos RV. Irreversible electroporation: background, theory, 
and review of recent developments in clinical oncology. Bioelectr 2019; 1: 
214-234. doi: 10.1089/bioe.2019.0029

3.	 Jacobs EJ, Rubinsky B, Davalos RV. Pulsed field ablation in medicine: irrevers-
ible electroporation and electropermeabilization theory and applications. 
Radiol Oncol 2025; 59(4): 535-550.; 59: 1-22. doi: 10.2478/raon-2025-0011

4.	 Mir LM, Gehl J, Serša G, Collins CG, Garbay JR, Billard V, et al. Standard 
operating procedures of the electrochemotherapy: instructions for the 
use of bleomycin or cisplatin administered either systemically or locally 
and electric pulses delivered by the CliniporatorTM by means of invasive 
or non-invasive electrodes. EJC Suppl 2006; 4: 14-25. doi: 10.1016/j.ejc-
sup.2006.08.003

5.	 Miklavčič D, Mali B, Kos B, Heller R, Serša G. Electrochemotherapy: from the 
drawing board into medical practice. BioMed Eng Online 2014; 13: 29. doi: 
10.1186/1475-925X-13-29

6.	 Grochans S, Cybulska AM, Siminska D, Korbecki J, Kojder K, Chlubek D, et al. 
Epidemiology of glioblastoma multiforme-literature review. Cancers 2022; 
14: 2412. doi: 10.3390/cancers14102412

7.	 Ostrom QT, Price M, Neff C, Cioffi G, Waite KA, Kruchko C, et al. CBTRUS 
statistical report: primary brain and other central nervous system tumors 
diagnosed in the United States in 2015-2019. Neuro Oncol 2022; 24(Suppl 
5): v1-95. doi: 10.1093/neuonc/noac202

8.	 Obrador E, Moreno-Murciano P, Oriol-Caballo M, Lopez-Blanch R, Pineda B, 
Gutierrez-Arroyo JL, et al. Glioblastoma therapy: past, present and future. 
Int J Mol Sci 2024; 25: 2529. doi: 10.3390/ijms25052529

9.	 Liu Y, Zhou F, Ali H, Lathia JD, Chen P. Immunotherapy for glioblastoma: cur-
rent state, challenges, and future perspectives. Cell Mol Immunol 2024; 21: 
1354-75. doi: 10.1038/s41423-024-01226-x

10.	 Pichol-Thievend C, Anezo O, Pettiwala AM, Bourmeau G, Montagne R, Lyne 
AM, et al. VC-resist glioblastoma cell state: vessel co-option as a key driver 
of chemoradiation resistance. Nat Commun 2024; 15: 3602. doi: 10.1038/
s41467-024-47985-z

11.	 Garcia P, Rossmeisl JH, Neal R, Ellis TL, Olson JD, Henao-Guerrero N, et 
al. Intracranial nonthermal irreversible electroporation: in vivo analysis. J 
Membr Biol 2010; 236: 127-36. doi: 10.1007/s00232-010-9284-z

12.	 Ellis TL, Garcia PA, Rossmeisl JH, Henao-Guerrero N, Robertson J, Davalos 
RV. Nonthermal irreversible electroporation for intracranial surgical applica-
tions. J Neurosurg 2011; 114: 681-8. doi: 10.3171/2010.5.JNS091448

13.	 Rossmeisl JH, Garcia PA, Roberston JL, Ellis TL, Davalos RV. Pathology of non-
thermal irreversible electroporation (N-TIRE)-induced ablation of the canine 
brain. J Vet Sci 2013; 14: 433-40. doi: 10.4142/jvs.2013.14.4.433

14.	 Rossmeisl JH, Garcia PA, Pancotto TE, et al. Safety and feasibility of the 
NanoKnife system for irreversible electroporation ablative treatment of 
canine spontaneous intracranial gliomas. J Neurosurg 2015; 123: 1008-25. 
doi: 10.3171/2014.12.JNS141768

15.	 Garcia PA, Kos B, Rossmeisl JH, Pavliha D, Miklavčič D, Davalos RV. Predictive 
therapeutic planning for irreversible electroporation treatment of spon-
taneous malignant glioma. Med Phys 2017; 44: 4968-80. doi: 10.1002/
mp.12401

16.	 Arena CB, Sano MB, Rossmeisl JH, Caldwell JL, Garcia PA, Rylander MN, et 
al. High-frequency irreversible electroporation (H-FIRE) for non-thermal 
ablation without muscle contraction. Biomed Eng Online 2011; 10: 102. doi: 
10.1186/1475-925X-10-102

17.	 Latouche EL, Arena CB, Ivey JW, Garcia PA, Pancotto TE, Pavlisko N, et al. 
High-frequency irreversible electroporation for intracranial meningioma: a 
feasibility study in a spontaneous canine tumor model. Technol Cancer Res 
Treat 2018; 17: 1533033818785285. doi: 10.1177/1533033818785285

18.	 Salford LG, Persson BR, Brun A, Ceberg CP, Kongstad PC, Mir LM. A new 
brain tumour therapy combining bleomycin with in vivo electropermeabi-
lization. Biochem Biophys Res Commun 1993; 194: 938-43. doi: 10.1006/
bbrc.1993.1911



Radiol Oncol 2025; 59(4): 535-550.

Blazic A et al. / Invasive properties of glioblastoma cells after reversible electroporation 549

19.	 Agerholm-Larsen B, Iversen HK, Ibsen P, Moller JM, Mahmood F, Jensen KS, 
et al. Preclinical validation of electrochemotherapy as an effective treat-
ment for brain tumors. Cancer Res 2011; 71: 3753-62. doi: 10.1158/0008-
5472.CAN-11-0451

20.	 Sharabi S, Guez D, Daniels D, Cooper I, Atrakchi D, Liraz-Zaltsman S, et al. 
The application of point source electroporation and chemotherapy for the 
treatment of glioma: a randomized controlled rat study. Sci Rep 2020; 10: 
2178. doi: 10.1038/s41598-020-59152-7

21.	 Linnert M, Iversen HK, Gehl J. Multiple brain metastases – current manage-
ment and perspectives for treatment with electrochemotherapy. Radiol 
Oncol 2012; 46: 271-8. doi: 10.2478/v10019-012-0042-y

22.	 Jacobs Iv EJ, Campelo SN, Charlton A, Altreuter S, Davalos RV. Characterizing 
reversible, irreversible, and calcium electroporation to generate a burst-
dependent dynamic conductivity curve. Bioelectrochemistry 2024; 155: 
108580. doi: 10.1016/j.bioelechem.2023.108580

23.	 Nakagawa H, Farshchi-Heydari S, Maffre J, Sharma T, Govari A, Beeckler C, et 
al. Evaluation of ablation parameters to predict irreversible lesion size dur-
ing pulsed field ablation. Circ Arrhythm Electrophysiol 2024; 17: e012814. 
doi: 10.1161/CIRCEP.124.012814

24.	 Miklavčič D, Šemrov D, Mekid H, Mir LM. A validated model of in vivo 
electric field distribution in tissues for electrochemotherapy and for DNA 
electrotransfer for gene therapy. Biochim Biophys Acta Gen Subj 2000; 
1523: 73-83. doi: 10.1016/S0304-4165(00)00101-X

25.	 Amin SB, Anderson KJ, Boudreau CE, Martinez-Ledesma E, Kocakavuk E, 
Johnson KC, et al. Comparative molecular life history of spontaneous ca-
nine and human gliomas. Cancer Cell 2020; 37: 243-57.e7. doi: 10.1016/j.
ccell.2020.01.004

26.	 Sahu U, Barth RF, Otani Y, McCormack R, Kaur B. Rat and mouse brain tu-
mor models for experimental neuro-oncology research. J Neuropathol Exp 
Neurol 2022; 81: 312-29. doi: 10.1093/jnen/nlac021

27.	 Chow L, Wheat W, Ramirez D, Impastato R, Dow S. Direct comparison of 
canine and human immune responses using transcriptomic and functional 
analyses. Sci Rep 2024; 14: 2207. doi: 10.1038/s41598-023-50340-9

28.	 Xie Y, Bergström T, Jiang Y, Johnson P, Marinescu VD, Lindberg N, et al. The 
human glioblastoma cell culture resource: validated cell models represent-
ing all molecular subtypes. EBioMedicine 2015; 2: 1351-1363 doi: 10.1016/j.
ebiom.2015.08.026

29.	 Steinle M, Palme D, Misovic M, Rudner J, Dittmann K, Lukowski R, et al. 
Ionizing radiation induces migration of glioblastoma cells by activating 
BK K(+) channels. Radiother Oncol 2011; 101: 122-126. doi: 10.1016/j.
radonc.2011.05.069

30.	 Blažič A, Guinard M, Leskovar T, O’Connor RP, Rems L. Long-term changes 
in transmembrane voltage after electroporation are governed by the 
interplay between nonselective leak current and ion channel activa-
tion. Bioelectrochemistry 2025; 161: 108802. doi: 10.1016/j.bioelech-
em.2024.108802

31.	 Younes S, Mourad N, Salla M, Rahal M, Hammoudi Halat D. Potassium ion 
channels in glioma: from basic knowledge into therapeutic applications. 
Membranes 2023; 13: 434. doi: 10.3390/membranes13040434

32.	 D’Alessandro G, Monaco L, Catacuzzeno L, Antonangeli F, Santoro A, 
Esposito V, et al. Radiation increases functional KCa3.1 expression and 
invasiveness in glioblastoma. Cancers 2019; 11: 279. doi: 10.3390/can-
cers11030279

33.	 Novak M, Majc B, Malavolta M, Porčnik A, Mlakar J, Hren M, et al. The 
Slovenian translational platform GlioBank for brain tumor research: identifi-
cation of molecular signatures of glioblastoma progression. Neurooncol Adv 
2025; 7: vdaf015. doi: 10.1093/noajnl/vdaf015

34.	 Murphy KR, Aycock KN, Hay AN, Rossmeisl JH, Davalos RV, Dervisis NG. 
High-frequency irreversible electroporation brain tumor ablation: exploring 
the dynamics of cell death and recovery. Bioelectrochemistry 2022; 144: 
108001. doi: 10.1016/j.bioelechem.2021.108001

35.	 Partridge BR, Kani Y, Lorenzo MF, Campelo SN, Allen IC, Hinckley J, et al. 
High-frequency irreversible electroporation (H-FIRE) induced blood-brain 
barrier disruption is mediated by cytoskeletal remodeling and changes 
in tight junction protein regulation. Biomedicines 2022; 10: 1384. doi: 
10.3390/biomedicines10061384

36.	 Batista Napotnik T, Miklavčič D. In vitro electroporation detection methods 
– An overview. Bioelectrochemistry 2018; 120: 166-182. doi: 10.1016/j.
bioelechem.2017.12.005

37.	 Blažič A, Šmerc R, Polajžer T, Miklavčič D, Rems L. Reassessing lidocaine as 
an electroporation sensitizer in vitro. Sci Rep 2025; 15: 25593. doi: 10.1038/
s41598-025-11695-3

38.	 Hira VV, Breznik B, Van Noorden CJ, Lah T, Molenaar RJ. 2D and 3D in vitro 
assays to quantify the invasive behavior of glioblastoma stem cells in re-
sponse to SDF-1α. Biotechniques 2020; 69: 339-46. doi: 10.2144/btn-2020-
0046

39.	 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et 
al. Fiji: an open-source platform for biological-image analysis. Nat Methods 
2012; 9: 676-82. doi: 10.1038/nmeth.2019

40.	 Morozas A, Malyško-Ptašinskė V, Kulbacka J, Ivaška J, Ivaškienė T, Novickij 
V. Electrochemotherapy for head and neck cancers: possibilities and limita-
tions. Front Oncol 2024; 14: 1353800. doi: 10.3389/fonc.2024.1353800

41.	 Li A, Walling J, Kotliarov Y, Center A, Steed MA, Ahn SJ, et al. Genomic 
changes and gene expression profiles reveal that established glioma cell 
lines are poorly representative of primary human gliomas. Mol Cancer Res 
2008; 6: 21-30. doi: 10.1158/1541-7786.MCR-07-0280

42.	 Keller S, Schmidt MHH. EGFR and EGFRvIII promote angiogenesis and cell 
invasion in glioblastoma: combination therapies for an effective treatment. 
Int J Mol Sci 2017; 18: 1295. doi: 10.3390/ijms18061295

43.	 Abed T, Ganser K, Eckert F, Stransky N, Huber SM. Ion channels as mo-
lecular targets of glioblastoma electrotherapy. Front Cell Neurosci 2023; 17: 
1133984. doi: 10.3389/fncel.2023.1133984 

44.	 Wei R, Zhou J, Bui B, Liu X. Glioma actively orchestrate a self-advantageous 
extracellular matrix to promote recurrence and progression. BMC Cancer 
2024; 24: 974. doi: 10.1186/s12885-024-12751-3

45.	 Aitchison EE, Dimesa AM, Shoari A. Matrix metalloproteinases in glioma: 
drivers of invasion and therapeutic targets. BioTech 2025; 14: 28. doi: 
10.3390/biotech14020028

46.	 Lehmann S, Boekhorst VT, Odenthal J, Bianchi R, Helvert S, Ikenberg K, et al. 
Hypoxia induces a HIF-1-dependent transition from collective-to-amoeboid 
dissemination in epithelial cancer cells. Curr Biol 2017; 27: 392-400. doi: 
10.1016/j.cub.2016.11.057

47.	 Graybill PM, Davalos RV. Cytoskeletal disruption after electroporation and 
its significance to pulsed electric field therapies. Cancers 2020; 12: 1132. 
doi: 10.3390/cancers12051132

48.	 Azuaje F, Tiemann K, Niclou SP. Therapeutic control and resistance of the 
EGFR-driven signaling network in glioblastoma. Cell Commun Signal 2015; 
13: 23. doi: 10.1186/s12964-015-0098-6

49.	 Wang X, Hong T, Liu G, Rao J, Shi F, Wang H, et al. High-frequency irreversible 
electroporation suppresses invasion and metastasis by targeting SIRT1/2 in 
highly invasive tumor cells: an in vitro study. Bioelectrochemistry 2025; 166: 
109036. doi: 10.1016/j.bioelechem.2025.109036

50.	 Casciati A, Tanori M, Gianlorenzi I, Rampazzo E, Persano L, Viola G, et al. 
Effects of ultra-short pulsed electric field exposure on glioblastoma cells. Int 
J Mol Sci 2022; 23: 3001. doi: 10.3390/ijms23063001

51.	 Allen M, Bjerke M, Edlund H, Nelander S, Westermark B. Origin of the 
U87MG glioma cell line: good news and bad news. Sci Transl Med 2016; 8: 
354re3. doi: 10.1126/scitranslmed.aaf6853

52.	 Cheng L, Wu Q, Guryanova OA, Huang Q, Rich JN, Bao S, et al. Elevated 
invasive potential of glioblastoma stem cells. Biochem Biophys Res Commun 
2011; 406: 643-8. doi: 10.1016/j.bbrc.2011.02.123

53.	 Prager BC, Bhargava S, Mahadev V, Hubert CG, Rich JN. Glioblastoma stem 
cells: driving resilience through chaos. Trends Cancer 2020; 6: 223-235. doi: 
10.1016/j.trecan.2020.01.009

54.	 Garcia PA, Pancotto T, Rossmeisl JH, Henao-Guerrero N, Gustafson NR, 
Daniel GB, et al. Non-thermal irreversible electroporation (N-TIRE) and 
adjuvant fractionated radiotherapeutic multimodal therapy for intracranial 
malignant glioma in a canine patient. Technol Cancer Res Treat 2011; 10: 
73-83. doi: 10.7785/tcrt.2012.500181

55.	 Dasari S, Bernard Tchounwou P. Cisplatin in cancer therapy: molecular 
mechanisms of action. Eur J Pharmacol 2014; 740: 364-378. doi: 10.1016/j.
ejphar.2014.07.025

56.	 Serša G, Čemažar M, Miklavčič D, Rudolf Z. Electrochemotherapy of 
tumours. Radiol Oncol 2006; 40: 163-74. [internet]. [cited 2025 Jul 15]. 
Available at https://www.radioloncol.com/index.php/ro/article/view/1258



Radiol Oncol 2025; 59(4): 535-550.

Blazic A et al. / Invasive properties of glioblastoma cells after reversible electroporation550

57.	 Lorenzo MF, Thomas SC, Kani Y, Hinckley J, Lee M, Adler J, et al. Temporal 
characterization of blood–brain barrier disruption with high-frequency 
electroporation. Cancers 2019; 11: 1850. doi: 10.3390/cancers11121850

58.	 Sharabi S, Bresler Y, Ravid O, Shemesh C, Atrakchi D, Schnaider-Beeri M, et al. 
Transient blood-brain barrier disruption is induced by low pulsed electrical 
fields in vitro: an analysis of permeability and trans-endothelial electric resis-
tivity. Drug Deliv 2019; 26: 459-69. doi: 10.1080/10717544.2019.1571123

59.	 Todorovic V, Sersa G, Mlakar V, Glavac D, Flisar K, Cemazar M. Metastatic 
potential of melanoma cells is not affected by electrochemotherapy. 
Melanoma Res 2011; 21: 196-205. doi: 10.1097/CMR.0b013e328337abd7

60.	 Todorovic V, Sersa G, Mlakar V, Glavac D, Cemazar M. Assessment of the 
tumourigenic and metastatic properties of SK-MEL28 melanoma cells sur-
viving electrochemotherapy with bleomycin. Radiol Oncol 2012; 46: 32-45. 
doi: 10.2478/v10019-012-0010-6

61.	 Auffinger B, Tobias AL, Han Y, Lee G, Guo D, Dey M, et al. Conversion of dif-
ferentiated cancer cells into cancer stem-like cells in a glioblastoma model 
after primary chemotherapy. Cell Death Differ 2014; 21: 1119-1131. doi: 
10.1038/cdd.2014.31

62.	 Wang Z, Zhang H, Xu S, Liu Z, Cheng Q. The adaptive transition of glioblas-
toma stem cells and its implications on treatments. Sig Transduct Target 
Ther 2021; 6: 1-13. doi: 10.1038/s41392-021-00491-w

63.	 Arroyo JP, Jacobs EJ, Ahmad RN, Amin AJ, Verbridge SS, Davalos RV. 
Characterization of glioma spheroid viability and metastatic potential fol-
lowing monophasic and biphasic pulsed electric fields. Bioelectrochemistry 
2025; 165: 109005. doi: 10.1016/j.bioelechem.2025.109005


