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A B S T R A C T

Electrodes dissolution during electroporation releases metal ions into the medium, altering the microenviron
ment of electroporated cells and allowing metal ions to penetrate cell membrane. During cell membrane repair, 
homeostasis restoration or activation of cell death pathways, cells eliminate excess metals from the cytoplasm 
and membrane. This study assessed the effects of post-electroporation metal byproducts on untreated (non- 
electroporated) cells in vitro.

CHO and HCT116 cells were electroporated with three pulse protocols (unipolar: 100 μs, 5 ms; bipolar: 2 μs) 
using either aluminum or stainless-steel electrodes. After electroporation, cells were transferred to fresh growth 
medium and incubated for 2 or 4 h. Incubation period allowed either cell recovery or the activation of cell death 
pathways, leading to the accumulation of metal byproducts in the incubation medium.

Stainless-steel electrodes with the 5 ms pulse protocol caused a considerable increase in iron, chromium and 
nickel ions in incubation medium compared to aluminum electrodes or other protocols. Metal ions in incubation 
medium caused toxicity in non-electroporated cells, disrupting cell cycle function or inducing cell death. The 
observed toxicity results from combined effects of metal ions on cellular functions and the mechanisms the cells 
use to protect themselves from metal overload.

1. Introduction

Exposure of biological cells to short electric pulses leads to structural 
and chemical changes in the plasma membrane [1]. These changes lead 
to a transient increase in membrane permeability. Based on the accepted 
theory that initially small aqueous pores form in the lipid bilayer of the 
cell membrane, the phenomenon was named electroporation [2]. Elec
troporation has a widespread use in many medical and biotechnological 
applications as well as in the food industry [3,4,5,6,7,8,9]. In order to 
introduce nucleic acids and chemotherapeutic drugs into cells, the cells 
have to remain viable after exposure to electric field, meaning that 
electroporation must be reversible. For ablation of tissue (tumors and 
heart muscle), an irreversible type of electroporation that leads to cell 
death is needed. The (i)reversibility of electroporation depends on the 
parameters of the electric pulse protocol (amplitude, duration, polarity, 
etc.) to which the cells are exposed, but also vary from cell to cell and 
depend on incubation/recovery medium and temperature when per
formed in vitro [1].

The cells are usually exposed to an electric field via metal electrodes 

through which high voltage electric pulses are delivered. Electro
chemical reactions take place at the interface between the electrode and 
electrolyte, causing electrolysis. Electrolysis leads to the release of metal 
ions from the electrodes, pH changes, dehydration due to electroosmotic 
pressure, secondary chemical reactions and the formation of new 
chemical species, the formation of radicals and gases such as oxygen, 
hydrogen and chlorine in form of bubbles [10,11,12]. The intensity of 
chemical reactions and the amount of electrolytic products depend on 
electric pulse parameters (duration, amplitude, polarity, etc.) 
[12,13,14]. Previous studies have shown that the products of electrol
ysis can contribute to cell death under in vitro and in vivo conditions 
[10,11,15,16,17,18,19], precipitate proteins and nucleic acids [20] and 
have an impact on treated food [21]. Particular attention was given to 
the potential beneficial effects of electrolytic products and pH changes 
contributing to tumor ablation [10] and the potential risk of bubble 
formation in intracardiac pulsed field ablation [22]. Over the past 
decade, the effectiveness of electrolytic ablation—an electrochemical 
treatment that uses low-voltage direct current to ablate tissue [23]—has 
been enhanced by combining it with high-voltage pulses. These pulses 
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cause electroporation, and the combined technique is known as elec
trolytic electroporation [24]. The use of exponentially decaying electric 
pulses [25] or a combination of a few short high-voltage pulses and 
larger number of longer low-voltage pulses [26] has been proposed to 
achieve large ablation volumes. The initial high-voltage spike(s) induces 
electroporation, and the subsequent low-voltage tail has an electrolytic 
and electrophoretic effect. This approach produces a synergistic effect 
that enhances the effect of electroporation and electrolytic ablation, 
thereby increasing the ablated area and shortening the treatment time 
[24,27,28]. The working hypothesis of the method is that reversible 
electroporation of the cell membranes enables the electrolysis products 
to enter the cells in high concentrations and induce cell death, similar to 
electrochemotherapy (ECT) [28].

Dissolution of the electrodes is one of the basic electrolytic reactions 
during electric pulses delivery. Metal ions released from electrodes can 
drastically change the microenvironment of the cells. Although several 
transition metals, such as zinc, iron (Fe), copper (Cu), cobalt and man
ganese participate in the control of cell metabolic and signaling path
ways, their redox properties give them ability to produce reactive 
radicals and generate reactive oxygen species (ROS) and reactive ni
trogen species (RNS). These free radicals cause modifications to DNA 
bases, enhance lipid peroxidation, and alter calcium and sulfhydryl 
homeostasis. Lipid peroxides, formed by the attack of radicals on poly
unsaturated fatty acid residues of phospholipids, can further react with 
redox metals finally producing mutagenic and carcinogenic products 
[29].

Stainless-steel (SS) electrodes and aluminum (Al) cuvettes are most 
often used for electroporation experiments in vitro. Aluminum cuvettes 
are widely utilized due to their availability and cost-effectiveness. While 
aluminum cuvettes are generally used only once, SS electrodes are 
intended for multiple uses. However, repeated use can alter the surface 
properties of the electrodes. Studies have shown that using an Al cath
ode results in a greater pH change of electroporation medium compared 
to platinum, copper, or SS cathodes, especially in high conductive media 
[30]. Metal ions released from electrodes interact with biological mac
romolecules, like DNA, RNA and proteins, and cause their precipitation. 
It has been reported that Al electrodes cause greater precipitation than 
SS electrodes [20]. Furthermore, during the application of electric pul
ses lasting several tens of milliseconds, large aggregates of Al hydroxide 
may form. These aggregates have been shown to interact with recom
binant adenovirus particles, forming virus-metallic aggregate complexes 
that can then efficiently enter cells through one or more endocytosis 
processes [31]. Furthermore, the Al ions released from Al electrodes 
were found to be less toxic than the Fe ions released from SS electrodes 
at the same pulse parameters. Fe ions, released from the electrodes, have 
been shown to significantly impair cell viability [13,19]. Fe, of course, is 
the main component of stainless steels, therefore the high amount of 
released Fe ions from SS electrodes has been identified as a key factor of 
cytotoxicity [15,19]. A comparison of metal ion release from platinum, 
Al, and SS electrodes revealed significantly higher concentrations of Al 
released from Al electrodes and Fe and nickel (Ni) from SS electrodes 
after treatment with 8 × 100 μs monophasic pulses delivered at fre
quency 1 Hz than with high-frequency bipolar pulses (HF-BP) or nano
second pulses. These studies also demonstrated that the duration of 
electroporation pulses greatly affects the amount of metal ions released 
during electroporation [14,32].

The electrolysis products near electroporated cells can easily attach 
to cell membrane or penetrate cell membrane, thus entering the cell. 
Even after membrane integrity is restored, the cell must actively remove 
undesirable components from both the cytoplasm and the membrane to 
reestablish homeostasis. These processes can continue for hours 
following electroporation. The accumulation of secreted byproducts in 
the surrounding environment may affect nearby untreated cells, leading 
to a phenomenon known as the bystander effect. Recent studies [33,34]
have shown that excess Fe can be secreted through extracellular vesicles 
(EVs), and the uptake of these EVs may induce oxidative damage in 

recipient cells. Moreover, Fe and lipid peroxidation are both required for 
ferroptosis, which in the case of cell lysis is spreading through cell 
populations in a lipid peroxide and Fe-dependent manner [35,36]. The 
potential for dying cells to release EVs capable of affecting target cells or 
tissues is also of significant interest [37,38].

Electrode dissolution during electroporation leads to the formation 
of metal ions, while post-electroporation metal byproducts are formed 
after electroporation, during the recovery of damaged cell membrane, 
restoration of homeostasis or initiation of cell death pathways. Post- 
electroporation metal byproducts are released into the cell surround
ings minutes to hours after electroporation. This study aimed to evaluate 
the effects of post-electroporation metal byproducts on untreated (i.e. 
non-electroporated) cells in vitro, using two cell lines, Al and SS elec
trodes and three distinct pulse protocols.

2. Materials and Methods

2.1. Cells

Chinese hamster ovary cell line (CHO-K1; European Collection of 
Cell Cultures, UK) and human colorectal carcinoma cell line (HCT116; 
ATCC, CCL-247) were used in experiments. Cells were grown in 150 
mm2 culture flasks (TPP, Switzerland) for 2–4 days in an incubator 
(Kambič, Slovenia) at 37◦ C, in a humid atmosphere of 5 % CO2 in air 
until 70–80 % confluency was reached. CHO cells were cultured in 
HAM-F12 growth medium (PAA, Austria) supplemented with 10 % fetal 
bovine serum (Sigma Aldrich, Germany), L-glutamine (StemCell, Can
ada) and antibiotics penicillin/streptomycin (PAA, Austria), and gen
tamycin (Sigma Aldrich, Germany). HCT116 cells were cultured in 
Dulbecco’s modified Eagle’s Medium (DMEM) growth medium (Sigma 
Aldrich, Germany) supplemented with 10 % fetal bovine serum (Sigma 
Aldrich, Germany), L-glutamine (StemCell, Canada) and antibiotics 
penicillin/streptomycin (PAA, Austria), and gentamycin (Sigma Aldrich, 
Germany).

For experiments, growth medium was removed and the trypsin- 
EDTA (5 g trypsin/2 g EDTA in 0.9 % NaCl; Sigma-Aldrich, Germany) 
10 × diluted in Hanks’ Balanced Salt solution (Sigma-Aldrich, Germany) 
was added to detach cells. From the obtained cell suspension, trypsin 
and growth medium were removed by centrifugation at 180 g for 5 min 
at room temperature (Sigma 3–15 K, UK). The cell pellet was then 
resuspended in HAM-F12 growth medium for CHO-K1 cell line or DMEM 
growth medium for HCT116 cell line to obtain a final cell density of 1 ×
107 cells/ml.

2.2. Electric pulses delivery

Cells were exposed to a train of eight monopolar rectangular pulses 
of 100 µs duration with a repetition frequency of 1 Hz (electric fields 
0–2 kV/cm), to a train of eight monopolar rectangular pulses of 5 ms 
duration with a repetition frequency of 1 Hz (electric fields 0–0.875 kV/ 
cm), or to a high frequency bipolar pulses (HF-BP) (electric fields 0–2 
kV/cm). In HF-BP protocol bipolar pulses of 2 µs duration of positive and 
negative phase were applied. The pause between positive and negative 
pulse phase and pause between bipolar pulses were 2 µs. 50 bursts were 
applied and in each burst 50 pulses were delivered. Burst repetition rate 
was 1 Hz. All pulses were delivered with a laboratory prototype pulse 
generator (University of Ljubljana), based on H-bridge digital amplifier 
with 1 kV MOSFETs (DE275-102N06A, IXYS, USA). Pulse delivery was 
monitored by the oscilloscope WaveSurfer 422, 200 MHz with high 
voltage differential voltage probe ADP305 and current probe CP030 
(Teledyne LeCroy, USA).

2.3. Electrodes

Two types of electrodes were used in this study: custom plate 
stainless 304 steel electrodes and commercially available aluminum 
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electroporation cuvettes (VWR International, USA). Both electrodes 
have the same geometry and distance between the electrodes (4 mm). 
During electric pulses delivery all the cells were exposed to approxi
mately the same electric field, which was estimated as voltage applied 
divided by the distance between the electrodes.

2.4. Permeabilization

Cell membrane permeabilization of CHO and HCT116 cells in sus
pension was determined as percentage of propidium iodide (PI) fluo
rescent cells. 5 μl of PI (100 µg/ml), (Life Technologies, USA), was added 
to 200 μl of cells in growth medium at concentration 1 × 107 cells/ml in 
electroporation cuvette with 4 mm gap (VWR International, USA) 
before pulse delivery. Emission of PI fluorescence was detected by flow 
cytometry (Attune NxT, USA) using a blue laser excitation at 488 nm and 
detecting the emitted fluorescence through a 574/26 nm band-pass fil
ter, 5 min after exposure of cells to electric pulses. At every measure
ment 10,000 events were recorded. Data obtained were analyzed with 
the Attune NxT software (version 3.1.2).

2.5. Cell survival after electroporation

For cell survival experiments, 200 μl of cells in suspension in growth 
medium at concentration 1 × 107 cells/ml was pipetted in a 4 mm gap 
electroporation cuvette (VWR International, USA). After pulse applica
tion cells were incubated for 5 min at room temperature, afterwards 2 ×
104 CHO or 5 × 104 HCT116 cells from cuvette were seeded in 100 μl of 
growth medium in 96 well plate (TPP, Switzerland). Cells were seeded in 
triplicates. The plate was then incubated 24 h (37 ◦C, 5 % CO2). Cell 
survival was determined with the MTS-based Cell Titer 96 AQueous One 
Solution Cell Proliferation Assay (Promega, USA). After incubation 20 µl 
of MTS reagent were added to each well and cells were incubated for 
additional 2 h in the incubator (37 ◦C, 5 % CO2). Absorption at 490 nm 
wavelength was measured with a Tecan Infinite M200 spectrophotom
eter (Tecan, Switzerland). To calculate the percentage of viable cells the 
absorption of each cell sample was divided by an average absorption of 
the control cell samples, in which cells were treated as described but not 
exposed to electric pulses.

2.6. Incubation medium preparation

When SS electrodes were used, a drop of prepared cell suspension 
(100 μl, 106 cells) was pipetted between the electrodes. For pulse de
livery the electrodes were positioned vertically on the bottom of the 
petri dish. Afterwards the electrodes were removed and a drop of elec
troporated cell suspension was incubated for 5 min at room temperature 
to allow cell recovery. The electrodes were cleaned with ethanol 
(Lekarna Ljubljana, Slovenia) and wiped with sterile cotton gauze after 
each exposure of the cells to electric pulses. When Al electrodes were 
used, 200 μl (2 × 106 cells) of prepared cell suspension was pipetted in 
new electroporation cuvette. After delivery of the pulses, the electro
porated cell suspension was left inside the electroporation cuvette for 5 
min at room temperature to allow cell recovery.

To obtain a sufficient volume of the sample needed for analysis four 
electroporated samples from SS electrodes, and two samples from Al 
cuvettes (both total 4 × 106 cells) were collected in a microcentrifuge 
tube. The electroporated medium was collected by centrifugation at 180 
g for 5 min at room temperature (Sigma 3–15 K, UK). It was filtered with 
a syringe filter with a pore size of 0.8 μm (Acrodisc™ syringe filter with 
Supor™ membrane, VWR International, USA) to remove larger parti
cles, cell debris and dead/floating cells, and subsequently used for 
further analysis of metal ion concentrations. The cell pellet was resus
pended in 1 ml of fresh growth medium and incubated in an incubator 
(37 ◦C, 5 % CO2) for 2 h or 4 h. After incubation, the incubation medium 
was separated from the cells by centrifugation at 180 g for 5 min at room 
temperature (Sigma 3–15 K, UK), carefully collected and filtered with a 

syringe filter with a pore size of 0.8 μm (Acrodisc™ syringe filter with 
Supor™ membrane, VWR International, USA) to exclude larger parti
cles, cell debris and dead/floating cells. In this way approximately 700 
μl of incubation medium was obtained from each sample (Scheme 1).

Short protocol descriptions for incubation medium preparation and 
short names of all incubation media used in the study are gathered in 
Table 1.

2.7. Cell survival in incubation medium

300 μl of incubation medium was transferred in each well of 96 well 
plate (TPP, Switzerland). Non-electroporated CHO cells (2 × 103) were 
seeded in incubation medium derived from electroporated CHO cells. 
Similarly, non-electroporated HCT116 cells (8 × 103) were seeded in 
incubation medium obtained from electroporated HCT116 cells. The 
amount of incubation medium was sufficient to seed two samples. The 
cells were grown in incubation medium (37 ◦C, 5 % CO2) for 72 h. Cell 
survival was determined with the MTS assay as described in 2.5 (Scheme 
2).

2.8. Exchange of incubation medium with growth medium

After non-electroporated CHO cells were grown in SS, 8 × 5 ms, 2 h 
incubation medium for 72 h, the incubation medium was removed from 
wells and replaced with 300 μl of fresh growth medium. The CHO cells 
were then left to grow for additional 72 h. Cell survival was determined 
with MTS as described in 2.5 (Scheme 2). For control, non- 
electroporated CHO cells were seeded in SS, 8 × 5 ms, 2 h incubation 
medium obtained at electric field of 0 kV/cm.

2.9. Mitochondrial membrane potential (MMP) assay

MMP was detected with the MitoProbe DiIC1(5) Assay Kit (M34151, 
Invitrogen, Thermo Fisher, USA).

DiIC1(5) penetrates the cytosol of eukaryotic cells and accumulates 
primarily in mitochondria with active MMP, producing bright, far-red 
fluorescence. Changes in MMP were detected with flow cytometer (At
tune NxT, USA) using 637 nm red laser and 670/14 nm band-pass filter. 
The number of events analyzed was set at 10,000, but in the samples 
with low cell viability a lower number of events was detected (the 
smallest: 1000). On the dot-plots of forward-scatter and side-scatter, the 
debris and clusters were excluded from the analysis. Fluorescence in
tensity histograms were used to determine the changes in MMP signal. 
Data on median fluorescence of MMP signal for each sample were 
collected. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was 
used as a positive control. CCCP is a MMP disrupter, resulting in 
decreased MMP and fluorescence.

CHO cells grown in SS, 8 × 5 ms, 2 h incubation medium for 72 h, 
were analyzed. The incubation medium was carefully removed from the 
wells of the 96-well plate. The cells in each well were trypsinized with 
40 μl of trypsin solution. When the cells detached, 50 μl growth medium 
was added. The cell suspension from 4 wells was collected to obtain as 
many cells as possible in a 1.5 ml microcentrifuge tube and centrifuged 
at 180 g for 5 min. Meanwhile, the dye was prepared. 2 μl DiIC1(5) was 
added to 1 ml of fresh growth medium. The cell pellet was resuspended 
in 150 μl of the dye suspension and incubated at 37 ◦C for 20 min. The 
samples were then analyzed on flow cytometer (Scheme 2). The median 
value of the MMP fluorescence intensity of the samples was normalized 
to the median value of the MMP fluorescence intensity of the control 
samples (cells, grown in incubation medium obtained at electric field of 
0 kV/cm). For the MMP-positive control, 150 μl of prepared CCCP so
lution (10 μl of the CCCP stock solution in 1 ml growth medium) was 
added to the cells stained with DiIC1(5), incubated for 5 min in the 
incubator, and analyzed on flow cytometer.
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2.10. Cell cycle analysis

Cell cycle analysis was done with Hoechst 33342 dye (Thermo 
Fisher, USA) using flow cytometer (Attune NxT) equipped with 355 nm 
laser and 450/50 nm band-pass filter (Scheme 2). The number of events 
analyzed was set at 10,000, but in the samples with low cell viability 
lower number of events was detected (the smallest: 3000). On the dot- 

plots of forward-scatter and side-scatter, the debris and clusters were 
excluded from the analysis. On the dot-plots of area and width param
eters for the DNA channel doublets were eliminated. Fluorescence in
tensity histograms were used to determine the number of events 
corresponding to cell cycle phases.

CHO cells grown in SS, 8 × 5 ms, 2 h incubation medium for 72 h, 
were analyzed. The incubation medium was carefully removed from the 
wells of the 96-well plate. The cells in each well were trypsinized with 
40 μl of trypsin solution. When the cells detached, 50 μl growth medium 
was added. The cell suspension from 4 wells was collected in a 1.5 ml 
microcentrifuge tube to obtain as many cells as possible and centrifuged 
at 180 g for 5 min. Meanwhile, the dye was prepared. 2.5 μl Hoechst 
33342 was added to 1 ml of fresh growth medium. The cell pellet was 
resuspended in 150 μl of the dye suspension and incubated at 37 ◦C for 1 
h. The samples were then analyzed on flow cytometer (Scheme 2).

2.11. Determination of metal ion concentrations

Total concentrations of Al, Fe, Ni, Cr and Cu in the growth medium 
HAM, electroporation and 2 h incubation media obtained after elec
troporation of CHO cells with all three pulse protocols were determined 
by inductively coupled plasma mass spectrometry (ICP-MS) against an 
external calibration curve as described previously [14] (Scheme 2). 
Samples were digested with 0.1 ml of 30 % H2O2 and 0.1 ml of 65 % 
HNO3 (both suprapur, obtained from Merck, Germany), which were 
added to preweighed plastic tubes containing 0.2 ml of sample. The 
tubes were then sealed with caps and left overnight at 80 ◦C. Following 
digestion, 1.8 ml of Milli-Q water (Direct-Q 5 Ultrapure water system; 
Merck Millipore, USA) was added, and the tubes were weighed again. 
Concentration of Al, Fe, Ni, Cr and Cu was determined on Agilent 7900 
ICP-MS instruments (Agilent Technologies, Japan). Calibration standard 
solutions of Al, Fe, Ni, Cr and Cu were prepared from multi-element 

Scheme 1. Schematic representation of incubation medium preparation. Created in https://BioRender.com.

Table 1 
Protocol descriptions for incubation medium preparation and their short names.

Protocol description for incubation medium preparation Short name

Cells electroporated using aluminum electrodes and 8 × 100 μs 
pulse protocol incubated in growth medium for 2 h

Al, 8 × 100 μs, 
2 h

Cells electroporated using aluminum electrodes and 8 × 100 μs 
pulse protocol incubated in growth medium for 4 h

Al, 8 × 100 μs, 
4 h

Cells electroporated using aluminum electrodes and 8 × 5 ms pulse 
protocol incubated in growth medium for 2 h

Al, 8 × 5 ms, 2 
h

Cells electroporated with aluminum electrodes and 8 × 5 ms pulse 
protocol incubated in growth medium for 4 h

Al, 8 × 5 ms, 4 
h

Cells electroporated using aluminum electrodes and HV-BP pulse 
protocol and incubated in growth medium for 2 h

Al, HV-BP, 2 h

Cells electroporated using aluminum electrodes and HV-BP pulse 
protocol incubated in growth medium for 4 h

Al, HV-BP, 4 h

Cells electroporated using stainless-steel electrodes and 8 × 100 μs 
pulse protocol incubated in growth medium for 2 h

SS, 8 × 100 μs, 
2 h

Cells electroporated using stainless-steel electrodes and 8 × 100 μs 
pulse protocol incubated in growth medium for 4 h

SS, 8 × 100 μs, 
4 h

Cells electroporated using stainless-steel electrodes and 8 × 5 ms 
pulse protocol incubated in growth medium for 2 h

SS, 8 × 5 ms, 2 
h

Cells electroporated using stainless-steel electrodes and 8 × 5 ms 
pulse protocol incubated in growth medium for 4 h

SS, 8 × 5 ms, 4 
h

Cells electroporated using stainless-steel electrodes and HV-BP 
pulse protocol incubated in growth medium for 2 h

SS, HV-BP, 2 h

Cells electroporated using stainless-steel electrodes and HV-BP 
pulse protocol incubated in growth medium for 4 h

SS, HV-BP, 4 h
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stock solution (containing 1000 μg/ml of each element in 6.5 % HNO3). 
Stock solution was obtained from Merck (Germany). Calibration stan
dards were prepared in 3.25 % HNO3 (same concentration as in 
samples).

2.12. Statistical analysis

All results are presented as the mean value from 3 to 5 independent 
experiments, with data variability expressed as the standard deviation. 
Statistical analysis was performed using SigmaPlot 11.0 (Systat Software 
Inc., Chicago, IL, USA). A two-way ANOVA test was employed to 
compare the experimental groups, with statistical significance set at p <
0.05.

3. Results

3.1. Membrane permeabilization and viability of the cells after 
electroporation

Electroporation with 8 × 5 ms pulse protocol resulted in cell mem
brane permeabilization and a decrease in viability of CHO cells (Fig. 1, 
upper) at the lowest electric field compared to other pulse protocols. The 
HV-BP and the 8 × 100 µs pulse protocol yielded similar per
meabilization results and cell viability.

For HCT116 cells (Fig. 1, lower), electroporation with 8 × 5 ms pulse 
protocol also resulted in cell membrane permeabilization and a decrease 
in cell viability at the lowest electric field compared to other pulse 
protocols.

3.2. The viability of non-electroporated cells in incubation medium

Incubation of electroporated cells (different combination of pulse 
parameters and electrodes) lasted either 2 or 4 h then non- 
electroporated cells were seeded in the incubation medium for 72 h. 
Cell viability in incubation medium was determined for both cell lines.

Overall, the viability of non-electroporated CHO cells seeded in the 
incubation medium obtained by incubating CHO cells electroporated 
with Al electrodes for 2 or 4 h was never below 70 % (Fig. 2).

Overall, the viability of non-electroporated CHO cells, seeded in the 
incubation medium obtained after 2 and 4 h of incubation of CHO cells 
electroporated with SS electrodes was lower than that of cells seeded in 
the incubation medium obtained with Al electrodes, and was as low as 0 
% (Fig. 2). The viability of non-electroporated CHO cells seeded in in
cubation medium SS, 8 × 100 μs, 2 h, dropped below 60 % at an electric 
field of 2 kV/cm, while it was above 95 % in incubation medium SS, 8 ×
100 μs, 4 h at all tested electric fields (Fig. 2). The viability of non- 
electroporated CHO cells seeded in incubation medium SS, HV-BP, 2 h 
and SS, HV-BP, 4 h did not drop below 80 %. However, the exception 
was viability of the cells at an electric field of 1.75 kV/cm, which 
dropped below 60 % for both incubation periods. The viability of non- 
electroporated CHO cells seeded in the incubation medium SS, 8 × 5 
ms, 2 h, dropped to 65 % already at an electric field of 0.25 kV/cm. At 
an electric field of 0.375 kV/cm, even lower cell viability (below 20 %) 
was measured. At higher electric fields (0.5, 0.625 and 0.75 kV/cm), cell 
viability was no longer detected. Same trend was detected for cell 
viability in incubation medium SS, 8 × 5 ms, 4 h.

Overall, the viability of non-electroporated HCT116 cells seeded in 

Scheme 2. Schematic overview of assays performed. The total concentrations of aluminum (Al), iron (Fe), nickel (Ni), chromium (Cr), and copper (Cu) in the 
electroporation and 2-hour incubation media collected after electroporation of CHO cells with each of the three pulse protocols were quantified using inductively 
coupled plasma mass spectrometry (ICP-MS). Cell cycle analysis and mitochondrial membrane potential (MMP) detection were performed on CHO cells grown in SS, 
8 × 5 ms, 2 h incubation medium for 72 h, using a flow cytometer. Survival of CHO and HCT116 cells grown in incubation media obtained after electroporation of 
CHO or HCT116 cells with all three pulse protocols and both type of electrodes was determined by MTS assay. Additionally, an MTS assay was used to evaluate the 
survival of CHO cells grown in SS, 8 × 5 ms, 2 h incubation medium for 72 h and then in growth medium for another 72 h. Created in https://BioRender.com.
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the incubation medium obtained by incubating HCT116 cells electro
porated with Al electrodes for 2 or 4 h was never less than 72 % (Fig. 3). 
The viability of non-electroporated HCT116 cells seeded in the incuba
tion medium Al, 8 × 100 μs, 2 h and Al, 8 × 100 μs, 4 h was mostly above 
90 %, with the only exception at an electric field of 1.75 kV/cm and 4 h 
incubation, where lower cell viability was measured. The viability of 
non-electroporated HCT116 cells seeded in the incubation media Al, 8 
× 5 ms, 2 h, Al, 8 × 5 ms, 4 h, Al, HV-BP, 2 h and Al, HV-BP, 4 h was 
above 85 % at all tested electric fields.

As in the case of CHO cells, overall, the viability of non- 
electroporated HCT116 cells seeded in the incubation medium ob
tained after 2 or 4 h of incubation of HCT116 cells electroporated with 
SS electrodes was lower compared to cells seeded in the incubation 
medium obtained with Al electrodes, and was as low as 0 % (Fig. 3). The 
viability of non-electroporated HCT116 cells seeded in the incubation 
medium SS, 8 × 100 μs, 2 h and SS, 8 × 100 μs, 4 h dropped below 85 % 
at electric fields above 1.25 kV/cm and 1.5 kV/cm, respectively. The 
viability of non-electroporated HCT116 cells seeded in the incubation 
medium SS, HV-BP, 2 h decreased uniformly with increase of electric 
field at electric fields above 1.25 kV/cm. The incubation medium SS, 
HV-BP, 4 h resulted in a similar trend in cell viability with increasing 
electric field, but the measured cell viability was a few percent higher at 
all electric field values. The viability of non-electroporated HCT116 cells 
seeded in incubation medium SS, 8 × 5 ms, 2 h dropped to 60 % at an 
electric field of 0.5 kV/cm. At an electric field of 0.625 kV/cm even 
lower cell viability was measured (below 25 %). At a higher electric field 
(0.75 kV/cm), no cell viability was detected. Same trend was observed 
for cell viability in incubation medium SS, 8 × 5 ms, 4 h.

Since the incubation medium had a greater effect on the viability of 
the CHO cell line compared to the HCT166 cell line, experiments in 
which the incubation medium was replaced with growth medium after 
72 h of growth, as well as observations of changes in mitochondrial 
membrane potential and cell cycle analysis, were performed only on the 
CHO cell line.

3.3. Replacement of incubation medium with growth medium, 
mitochondrial membrane potential and cell cycle

Replacing the incubation medium (SS, 8 × 5 ms, 2 h) with growth 
medium after 72 h led to the regrowth of a few cells in the culture (Fig. 4, 
left). After a further 72 h of growth, an increased cell viability was 
measured at the electric field of 0.375 kV/cm and 0.5 kV/cm. However, 
no cell viability was still observed at electric fields of 0.625 and 0.75 kV/ 
cm (using MTS assay and we also did not observe any colonies by visual 
inspection).

The changes in MMP were examined in CHO cells grown for 72 h in 
an incubation medium SS, 8 × 5 ms, 2 h obtained at different electric 
fields (Fig. 4, right). Compared to CHO cells grown in incubation me
dium obtained at electric field of 0 kV/cm for 72 h, statistically signif
icantly higher median value of the MMP fluorescence was observed in 
cells incubated in medium obtained at electric field of 0.375 and 0.5 kV/ 
cm. Median value of the MMP fluorescence in cells incubated in medium 
obtained at electric field of 0.625 and 0.75 kV/cm was lower than in 
control samples. The addition of CCCP to the experimental samples lead 
to statistically significantly lower MMP fluorescence. CCCP control 
resulted in values between 10 and 30 % of the median value of the MMP 

Fig. 1. Permeabilization (dashed lines) and survival curves (solid lines) for CHO (upper) and HCT116 cell line (lower) for all three pulse protocols; 8 × 5 ms (black), 
8 × 100 µs (grey) and HV-BP (red). Symbols represent mean and bars standard deviation.
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fluorescence of control samples, indicating that also samples at 0.625 
kV/cm and 0.75 kV/cm still had some viable cells present.

Cell cycle analysis (Fig. 5) was performed after 72 h of CHO cells 
growth in the incubation media SS, 8 × 5 ms, 2 h. In the incubation 
medium prepared at an electric field of 0.5 kV/cm, we observed a 
reduced proportion of cells in the G0/G1 phase and a higher number of 
events in the sub-G1 phase. For cells grown in incubation media ob
tained at electric fields of 0.625 kV/cm and higher, there was a 
noticeable decrease in the S and G2/M phases and a corresponding in
crease in sub-G1 events. The sub-G1 events represent cells undergoing 
internucleosomal DNA fragmentation, a hallmark of apoptosis [39]. 
These results suggest that at electric fields of 0.625 kV/cm and higher, 
cells are either arrested in the G0/G1 phase or initiated apoptotic 
pathways.

3.4. The concentrations of metal ions

The concentrations of Fe, Cr, Ni, Al and Cu ions were determined by 
ICP-MS in the electroporation medium and in the incubation medium (2 
h) obtained during/after electroporation of CHO cells with SS electrodes 
and all three pulse protocols at different electric fields (Scheme 2). The 
concentrations of Al ions in all analyzed media were below limit of 
quantification of the applied ICP-MS analytical method, so we do not 
report their values. The concentrations of Fe, Cr, Ni and Cu in the 
electroporation media were higher than in incubation media for all pulse 
protocols. The highest concentrations of all metal ions in both the 

electroporation and incubation media, were obtained with the 8 × 5 ms 
pulse protocol (Figs. 6 and 7).

The concentrations of Cr and Cu ions in the electroporation media 
(Fig. 6) did not significantly increase by the applied electric field in the 
8 × 100 μs and HV-BP pulse protocols (Fig. 8, left). Concentrations of 
approximately 330 ng/ml Cr ions and approximately 30 ng/ml Cu ions 
were measured at electric fields of 1.5, 1.75 and 2 kV/cm for 8 × 100 μs 
and HV-BP pulse protocols. For the 8 × 100 µs pulse protocol, Fe and Ni 
ion concentrations increased with the electric field, reaching up to 1159 
ng/ml for Fe and 404 ng/ml for Ni at an electric field of 2 kV/cm. The 
concentrations of Fe and Ni ions also increased slightly in the HV-BP 
pulse protocol; up to 528 ng/ml for Fe and 90 ng/ml for Ni at an elec
tric field of 2 kV/cm. The concentrations of all four ions increased with 
the electric field in the 8 × 5 ms pulse protocol (Fig. 8, right). The 
concentration of Cr ions increased up to 26.138 μg/ml at an electric field 
of 0.625 kV/cm. The concentrations were higher than the toxic con
centration of Cr(VI) and lower than the toxic concentration of Cr(III) 
ions, which were reported to be 150 ng/ml and 60 μg/ml, respectively 
[40]. The Fe ions concentration increased up to 72.637 μg/ml at an 
electric field of 0.625 kV/cm. The concentrations of Fe ions were still 
below the determined toxic value of 111.6 μg/ml [19]. The concentra
tion of Ni ions increased to 14.562 μg/ml. The concentrations of Ni ions 
were above the toxic concentration of 2 μg/ml reported from the sci
entific literature [41,42]. The concentration of Cu ions increased up to 
1.049 μg/ml, which is much lower than the reported toxic value of 
10.85 μg/ml [43].

Fig. 2. Percentage of viable non-electroporated cells after 72 h of growth in the incubation medium compared to the control. Non-electroporated CHO cells were 
seeded in incubation medium obtained by incubating electroporated CHO cells in growth medium for 2 (upper) or 4 h (lower). Three pulse protocols were used for 
electroporation, 8 × 5 ms (black), 8 × 100 µs (grey) and HV-BP (red), and two electrode materials, SS (dashed lines) and Al (solid lines). For control, non- 
electroporated CHO cells were seeded in incubation medium obtained by incubating non-electroporated CHO cells in growth medium for 2 or 4 h. The symbols 
represent the mean and the bars the standard deviation.
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The concentrations of metal ions in the incubation media (Fig. 7) did 
not significantly increase by the applied electric field in the 8 × 100 μs 
pulse protocols. Concentrations of about 5 ng/ml Cr ions, 246 ng/ml Fe 
ions, 5 ng/ml Ni ions (Fig. 9, left) and 12 ng/ml Cu ions were 

determined. In the HV-BP pulse protocol, the concentrations of Fe, Cu, 
Ni and Cr ions were about 190 ng/ml, 11 ng/ml, 2 ng/ml and 5 ng/ml 
respectively. Only at an electric field of 1.75 kV/cm slightly higher 
concentrations were determined. At 8 × 100 µs and HV-BP pulse 

Fig. 3. Percentage of viable non-electroporated cells after 72 h of growth in the incubation medium compared to the control. Non-electroporated HCT116 cells were 
seeded in incubation medium obtained by incubating electroporated HCT116 cells in growth medium for 2 (upper) or 4 h (lower). Three pulse protocols were used 
for electroporation, 8 × 5 ms (black), 8 × 100 µs (grey) and HV-BP (red), and two electrode materials, SS (dashed lines) and Al (solid lines). For control, non- 
electroporated HCT116 cells were seeded in incubation medium obtained by incubating non-electroporated HCT116 cells in growth medium for 2 or 4 h. The 
symbols represent the mean and the bars the standard deviation.

Fig. 4. Left: Proportion of viable cells compared to control. Non-electroporated CHO cells were seeded in SS, 8 × 5 ms, 2 h incubation medium. The cells were grown 
in the incubation medium for 72 h (red curve). After 72 h of growth, the incubation medium was replaced by growth medium. The viability of the cells was 
determined after further 72 h (black curve). Symbols represent the mean and bars the standard deviation. Right: Changes in MMP in CHO cells (black) grown for 72 h 
in SS, 8 × 5 ms, 2 h incubation medium obtained at different electric fields. The median value of the MMP fluorescence intensity of the samples is normalized to the 
median value of the MMP fluorescence intensity of the control samples (cells, grown in incubation medium obtained at electric field of 0 kV/cm). CCCP-positive 
controls are presented in red. The mean values of three experiments are shown with the corresponding standard deviations (bars).
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protocols, the concentrations of metal ions in the incubation media did 
not exceed toxic levels (Fig. 7). The concentrations of all four ions 
increased with the electric field in the 8 × 5 ms pulse protocol. The 
concentration of Cr ions increased up to 3031 ng/ml at an electric field 
of 0.75 kV/cm (Fig. 9, right). The concentrations were higher than the 
toxic concentration of Cr(VI) ions (150 ng/ml) at electric fields of 0.375 
kV/cm and above and lower than the toxic concentration of Cr(III) ions 
(60 μg/ml). The concentrations of Fe, Ni and Cu ions increased to 1.068 
μg/ml, 1.179 μg/ml and 102 ng/ml respectively (Fig. 9, right). At all 
electric fields the concentrations of Fe, Ni and Cu ions were lower than 
the toxic values specified for these ions (Fig. 7).

4. Discussion

In our study, we focused on the effects of post-electroporation metal 
(by)products that are formed during cell recovery or activation of cell 
death pathways within 2 to 4 h after electroporation and are subse
quently released into the surrounding (incubation) medium. These post- 
electroporation metal byproducts have the potential to affect otherwise 
non-electroporated nearby cells, thereby extending the impact of elec
troporation beyond the initially targeted cells.

We investigated the survival of non-electroporated cells seeded for 
72 h in incubation medium obtained from cells electroporated either 
with Al or with SS electrodes (Scheme 1). The incubation medium ob
tained from cells electroporated with Al electrodes, regardless of the 

Fig. 5. The proportion of CHO cells in different cell cycle phases. CHO cells were grown for 72 h in incubation medium SS, 8 × 5 ms, 2 h obtained at different 
electric fields.

Fig. 6. The concentrations of metal ions in the electroporation medium collected after electroporation of CHO cells suspension using SS electrodes and three pulse 
protocols: 8 × 5 ms, 8 × 100 µs and HV-BP. The dashed (and long dashed) line indicates the toxic concentration of the ion reported from the scientific literature 
[19,40,41,42,43]. The dash-dotted line indicates the ion concentration in the growth medium. The concentration of Cr ions and the concentration of Ni ions in the 
growth medium were below the limit of quantification of ICP-MS.
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electric pulse protocol, electric field strength, or cell line, showed min
imal to no effect on the cell growth. In contrast, the incubation medium 
collected from cells electroporated with SS electrodes influenced cell 
growth, with the extent of this effect depending on the specific electric 
pulse protocol, the electric field applied during electroporation, and the 

cell line used (Figs. 2 and 3). Since the influence of the incubation me
dium on cell growth depended on the electrodes used, we linked it to the 
metal ions released during electric pulse delivery and excreted out of 
and from electroporated cells during the incubation. We measured the 
amount of metal ions only in 2-hour incubation media, because they had 

Fig. 7. The concentration of metal ions in SS, 8 × 100 μs, 2 h, SS, 8 × 5 ms, 2 h and SS, HV-BP, 2 h incubation media. The dashed (and long dashed) line shows the 
toxic concentration of the ion reported from the scientific literature [19,40,41,42,43]. The dash-dotted line shows the ion concentration in the growth medium. The 
concentration of Cr ions and the concentration of Ni ions in the growth medium were below limit of quantification of ICP-MS.

Fig. 8. Left: The concentrations of metal ions (Cr, Fe and Ni) in the electroporation medium collected after electroporation of CHO cells suspension using SS 
electrodes and pulse protocols 8 × 100 µs and HV-BP. Right: The concentrations of metal ions (Cr, Fe and Ni) in the electroporation medium collected after elec
troporation of CHO cells suspension using SS electrodes and pulse protocols 8 × 5 ms.

Fig. 9. Left: The concentrations of metal ions (Cr, Fe and Ni) in SS, 8 × 100 μs, 2 h and SS, HV-BP, 2 h incubation media. Right: The concentration of metal ions (Cr, 
Fe and Ni) in SS, 8 × 5 ms, 2 h incubation medium.
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slightly larger effect on metabolic activity of the cells than 4-hour in
cubation media. Measurements of amount of metal ions (Fe, Cr, Ni, Al, 
Cu) in incubation media obtained after 2-hour incubation of CHO cells 
electroporated with SS electrodes confirmed, that amounts of all metal 
ions were considerably higher in incubation media in comparison to 
growth medium. The increase in metal ion concentration in incubation 
media depended on the electric pulse protocol and the electric field 
strength during cell exposure to electric pulses.

4.1. Metal ions in electroporation media

The extent of chemical changes in electroporation medium depends 
on the protocol of electric pulses, which has been focus of most of pre
vious studies [14,32,44]. The studies also addressed the consequences of 
lipid oxidation and production of ROS as well as the electrochemical 
reactions that take place on the electrodes during the application of 
electric pulses and the effects of the resulting products on the success of 
the desired electroporation application [15,21,24,28,44,45,46,47]. It 
has been shown previously that, with the same electroporation param
eters, the amount of Al ions released from Al electrodes during the de
livery of electric pulses is less toxic than the amount of Fe ions released 
from SS electrodes [13,19]. Moreover, Saulis et al [19] have shown that 
growth medium treated with electric pulses using Al electrodes is 
considerably less toxic than when treated with SS electrodes. Our results 
are in line with their observations.

Previous studies [14,15,19,32] have also shown a significant in
crease in the concentrations of metal ions in electroporation media when 
SS electrodes are used, whether in the presence of medium alone or with 
cells exposed to electric pulses. Cell viability in such electroporation 
media has been reported to decrease inversely with the amount of 
electric charge passing through the solution [19]. This decline in 
viability has been primarily attributed to the high concentrations of Fe 
ions released during pulse delivery [15,19]. However, cell viability re
mains significantly higher in media supplemented with the same con
centration of Fe(III) ions as those found in toxic levels after 
electroporation with SS electrodes. This suggested that other factors 
might also contribute to the cytotoxicity of the electroporation medium 
[19].

Our findings indicated that when SS electrodes were used, the con
centration of Fe ions in the electroporation medium did not exceed toxic 
level for any of the applied pulse protocols (Fig. 6). The amount of Fe 
ions released during the 8 × 5 ms pulse protocol approached toxic level. 
A pulse protocol with similar electroporation efficiency, consisting of 
the same number of pulses that are 50 times shorter (8 × 100 μs) and 
delivered at the same repetition rate, resulted in the release of 100 times 
fewer Fe ions. When using bipolar pulses (BP-HV), which offer compa
rable electroporation efficiency, the amount of released Fe ions was 
reduced even further to half the amount released by the 8 × 100 μs pulse 
protocol. These findings are consistent with earlier reports that the 
duration and polarity of electric pulses significantly influence the 
amount of metal ions released during electroporation [13,14,32].

Although the amount of Cr ions released into the electroporation 
media during the studied pulse protocols was smaller than the amount of 
Fe ions, the Cr ion concentrations exceeded the toxic threshold for Cr(VI) 
ions in all tested protocols but remained below the toxic threshold for Cr 
(III) ions (Fig. 6). In the case of 8 × 5 ms pulse protocol the ratio of 
released Fe to Cr ions decreased with increasing electric field strength 
indicating that Cr ions release is more intensified by the electric field 
compared to Fe ions (Fig. S1, left). The opposite trend was observed with 
the 8 × 100 μs and HF-BP pulse protocols, where the Fe/Cr ion ratio in 
the electroporation medium increased with the electric field but 
remained lower than the ratio in bulk SS alloy. Similar to Cr ions in 8 ×
5 ms pulse protocol the Fe/Ni ion ratio in the electroporation medium 
decreased with increasing electric field (Fig. S1, left).

4.2. Corrosion at different pulse parameters

The differences in the dynamics of metal ion release during electrode 
dissolution can be linked to various forms of corrosion that occur during 
the application of electric pulses of different durations. The corrosion 
resistance of SS is primarily attributed to the spontaneous formation of a 
passive film on its surface [48]. Under normal conditions, this passive 
film is approximately 2 nm thick and consists predominantly of hydrated 
Cr-rich oxide (Cr2O3) or oxyhydroxide (CrO(OH)) species, with smaller 
amounts of Fe oxides (Fe2O3, FeO) and oxyhydroxides (FeO(OH)). Ni 
oxide (NiO) may also be present, though it is less common than Cr or Fe 
oxides [49,50]. The formation energy of these metal oxides reflects the 
metals’ affinity for oxygen, providing a quantitative measure of the 
driving force behind oxidation. Due to Cr oxide’s lower formation en
ergy in SS alloys, it tends to dominate in Cr-containing steels [50]. The 
composition, structure, and thickness of the passive film are influenced 
not only by the alloy composition but also by environmental factors such 
as pH, the presence of various ions and proteins, temperature, surface 
roughness, aging, and repeated usage of the electrodes 
[51,52,53,54,55]. It is commonly reported that the surface oxide layer of 
SS exhibits a bilayer structure, with an inner layer rich in trivalent Cr 
and an outer layer rich in ferric compounds [50]. Beneath this passive 
film, the alloy surface layer becomes enriched also with Ni.

However, at higher potentials, such as those encountered during the 
delivery of electroporation pulses or in highly oxidizing environments 
with high-temperature electrolytes, the passive film can break down, 
leading to general corrosion due to transpassive dissolution [56]. The 
protective effect of the passive film is lost when Cr(III) is oxidized to Cr 
(VI), forming highly soluble CrO3. When CrO3 comes into contact with 
water at neutral to slightly alkaline conditions (pH 7.4), it reacts with 
water to form H2CrO4, which dissociates into CrO4

2− species. The SS 
surface then becomes covered by a mixed film of oxyanion CrO4

2− and Fe 
(III) oxide. The oxyanion CrO4

2− is stable and highly mobile in aquatic 
environments. However, in the presence of electron donors, such as Fe 
(II) ions, CrO4

2− can be readily reduced to Cr(III) [57], which, under 
neutral to alkaline pH conditions, forms the insoluble hydroxide Cr 
(OH)3. The extent of reduction depends on the concentration of Fe(II) 
ions in the solution, which also influences the equilibrium concentra
tions of Cr(VI) and Cr(III) species [57]. Similar to Cr(III) species, Fe(III) 
oxides are also largely insoluble in neutral to alkaline solutions and tend 
to precipitate as less mobile Fe(OH)3 or Fe oxides, which help maintain 
the concentration of Fe ions in equilibrium near the alloy surface. Cr(VI) 
compounds, due to their high solubility and mobility, diffuse away from 
the electrode surface more readily, increasing the rate of Cr release. The 
rate of Cr(VI) oxide dissolution exceeds the rate of its formation, causing 
a drastic increase in anodic current density. Without a stable protective 
oxide film, SS actively corrodes [50,58,59]. Environmental factors such 
as pH, temperature, and chloride concentration significantly influence 
this breakdown process [56]. Cr2O7

2− and CrO4
2− oxyanions are strong 

oxidants that are highly reactive with proteins in aqueous solutions. 
They can oxidize thiol groups, induce protein cross-linking, generate 
reactive oxygen species (ROS), and bind to various amino acid residues, 
resulting in protein damage. Additionally, they can oxidize unsaturated 
lipids. All these effects contribute to the toxic and carcinogenic effects of 
Cr(VI). Nickel, present in the original electrodes, tends to remain stable 
as Ni(OH)2 or NiOOH, leading to its retention in the initial electrode 
while forming surface (hydro)oxides.

Our results suggest that in the 8 × 100 µs and HV-BP pulse protocols, 
a transpassive film likely forms, as indicated by the lower Fe/Cr ion 
release ratio compared to bulk SS. This ratio increases with the electric 
field applied to the electrodes (Fig. 8, left), consistent with published 
model calculations and experimental data [60]. In contrast, with the 8 ×
5 ms pulse protocol, passivity breakdown and general corrosion occur at 
lower electric fields. At 0.375 kV/cm, the Fe/Cr ion release ratio 
matches that of the bulk alloy, indicating that toxic Cr(VI) species are 
already being formed at low electric fields. As the electric field increases, 
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the Fe/Cr ion release ratio in the electroporation medium decreases 
(Fig. S1, right), suggesting the formation of increasing amounts of Cr 
compounds.

4.3. Metal overload of electroporated cells

According to our experimental protocol, additional metal ions and 
their secondary reaction products, including precipitates rich in Fe, Cr, 
and Ni ions, were present in the surrounding medium of electroporated 
cells. During pulse delivery and the subsequent 5-minute recovery 
period, these ions can easily permeate the electroporated cells, leading 
to metal overload and disrupting cellular homeostasis. Furthermore, 
these ions can adsorb onto the cell membrane surface through electro
static interactions; positively charged ions interact with negatively 
charged phosphate groups in the lipid bilayer, and negatively charged 
ions (such as chromate and dichromate) interact with positively charged 
regions on membrane proteins. These interactions can further destabi
lize the lipid bilayer, inducing oxidative damage to lipids, interfere with 
membrane-bound enzymes or transport proteins and other membrane 
components, ultimately leading to lipid peroxidation. Additionally, Cr 
(VI) ions can enter cells via anion transporters that normally facilitate 
the exchange of sulfate (SO4

2− ) and phosphate (PO4
3− ) ions across the 

membrane. Due to their similar charge and size, chromate and dichro
mate ions can be mistakenly transported into the cell by these trans
porters [61]. Similarly, soluble Ni compounds (Ni(II)) can enter cells 
through calcium channels [29] while some forms of Ni are endocytised 
[62].

4.4. Fe, Cr and Ni compounds toxicity and cellular transport

A common factor in the toxicity and carcinogenicity of Fe, Cr, and Ni 
compounds is their ability to generate ROS and reactive nitrogen spe
cies. For Fe and Cr, toxicity is primarily driven by mechanisms such as 
the Fenton reaction and the production of superoxide and hydroxyl 
radicals, with significant effects occurring in mitochondria, microsomes, 
and peroxisomes. Hexavalent Cr (Cr(VI)) reacts with glutathione to form 
pentavalent (Cr(V)) and tetravalent (Cr(IV)) Cr species in plasma and 
organelle membranes [63]. Additionally, Cr(VI) reacts with NADH/ 
NADPH within mitochondria, further contributing to the formation of Cr 
(V). Cr(V) and Cr(IV) species (both directly and indirectly) induce DNA 
double-strand breaks, activating DNA damage signaling sensors, mito
chondrial apoptosis, and the ataxia-telangiectasia-mutated (ATM) and 
ataxia-telangiectasia-Rad3-related (ATR) pathways. These pathways 
result in cell cycle arrest primarily in the S-phase and G2/M phase to 
prevent the replication and segregation of damaged DNA. Cr(IV) may be 
particularly potent, as it causes DNA breaks and somatic recombination 
without necessarily inducing apoptosis. If apoptosis and DNA repair 
mechanisms fail, the damaged cells may become immortalized, leading 
to loss of heterozygosity and increased genetic plasticity. In contrast, Ni 
(Ni(II)) toxicity primarily results from glutathione depletion and the 
binding of Ni to sulfhydryl groups of proteins such as cysteine, which is 
also a target of Cr(III) [29,64].

Among the ions analyzed in this study (Fe, Cr, Ni, and Cu), Fe has 
been the most extensively studied regarding cellular transport. A key 
component of cellular Fe trafficking is the Fe-storage protein ferritin 
[65]. While specialized cells like hepatocytes or macrophages possess 
ferroportin, a transmembrane protein that exports Fe from the cell [66], 
CHO cells, being non-specialized in Fe metabolism, lack such mecha
nisms. Recent studies [33,34] have indicated that excess Fe can also be 
secreted via EVs, and the uptake of these EVs can induce oxidative 
damage in recipient cells. Mitochondria-derived vesicles (MDVs) are 
potential mediators for loading mitochondrial Fe into EVs, and Fe- 
loaded ferritin is secreted through both nonclassical secretory auto
phagy and multivesicular body–exosome pathways [67].

For Cr, previous studies have shown that Cr(VI) undergoes a series of 
reduction reactions within the cell, eventually being reduced to Cr(III), 

with Cr(V) and Cr(IV) as intermediates [68]. Cr(III) is bound by low- 
molecular-weight substances within the cell and is eventually trans
ported out, although the exact transporter is unknown [69,70]. So, it is 
likely that cells use a combination of sequestration, exocytosis, chela
tion, and autophagy to manage and remove excess Cr compounds 
(including CrPO4).

Ni ions (Ni(II)) can bind to the thiol (− SH) group of cysteine in 
glutathione, forming a stable complex that reduces the metal’s reactivity 
and potential toxicity. This complex can then be bound to specific 
transporters that use ATP to transport it across the cell membrane. The 
Ni(II)-cysteine complex is stable, and these complexes can aggregate and 
precipitate out of solution [71].

4.5. Metal ions in incubation media

Due to the significant metal overload in electroporated cells, an 
increased concentration of metal ions was also expected in the incuba
tion medium (Figs. 7 and 9). During the incubation period, the cells 
repaired their damaged membranes and re-established homeostasis, or 
cell death pathways were activated which included the elimination of 
metal ions overload. This process may involve shedding of metal ions 
during membrane repair and their inclusion in apoptotic bodies. In the 
case of SS, 8 × 5 ms, 2 h the concentration of Fe ions in the incubation 
medium increased linearly, whereas the concentrations of Cr and Ni ions 
increased even faster with their respective levels in the electroporation 
medium (Fig. S1, right). For example, at electric field strength of 0.75 
kV/cm, the Cr ion concentration in the incubation medium (3031 ng/ 
ml) was three times higher than that of Fe ions (1068 ng/ml). This 
suggests that the export of Cr and Ni compounds from the cells during 
the 2-hour post-electroporation recovery period was more intensive 
than the export of Fe compounds.

Our results indicated that the impact of the incubation medium, 
obtained from cells electroporated with SS electrodes, on cell growth 
varied depending on the electric pulse protocol, field strength used for 
electroporation, incubation time of the electroporated cells, and the cell 
line. Incubation media from cells electroporated with 8 × 100 μs pulse 
protocol generally showed no significant effect on cell growth, only a 
slight reduction in cell viability was observed at higher electric field 
strengths (Figs. 2 and 3). Interestingly, the incubation medium obtained 
after 4 h of incubation had a slightly smaller effect on cell growth 
compared to the 2 h of incubation. It seems that the incubation medium 
SS, 8 × 5 ms, 2 h and SS, 8 × 5 ms, 4 h impaired the growth of CHO cells 
to a greater extent compared to HCT116 cells.

4.6. SS, 8 × 5 ms, 2 h incubation medium affect cell viability, cell cycle 
and MMP

Since the experiments on the influence of the incubation medium on 
cell growth were assessed using the MTS assay which detects metabol
ically active cells, the low number of viable cells may be due to reduced 
cell division or cell cycle arrest that resulted in reduced metabolic ac
tivity of the overall sample. When the incubation medium where cells 
had grown for 72 h was replaced with fresh growth medium, and the 
cells were grown for an additional 72 h (Fig. 4, left), some cells (pre
viously exposed to incubation media prepared at electric fields of 0.375 
kV/cm and 0.5 kV/cm), divided again, as evidenced by the formation of 
small colonies. This regrowth of cells in their normal conditions 
confirmed that some cells induced cell cycle arrest in the incubation 
medium. However, cells that had been incubated in the incubation 
media prepared at electric fields of 0.625 kV/cm and 0.75 kV/cm did not 
resume cell division, even after the incubation medium was replaced 
with fresh growth medium. Cell cycle analysis (Fig. 5) revealed that cell 
populations exposed to incubation media prepared with electric fields of 
0.5 kV/cm and above showed an increasing number of events in the sub- 
G1 phase as the electric field strength increased. Sub-G1 events indicate 
internucleosomal DNA fragmentation, a key marker of apoptosis [39]. 
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Our findings suggested that at electric fields of 0.625 kV/cm and higher, 
cells either became arrested in the G0/G1 phase or initiated apoptotic 
pathways. Terpilowska and Siwicki [72] reported similar findings in cell 
cultures treated with 200 μM of chromium chloride and 1000 μM of iron 
chloride, where an increase in sub-G1 and G0/G1 phase was observed, 
along with a decrease of MMP. Both effects were attributed to ROS 
generation. Fe(III) induces the formation of lipid hydroxyl-peroxides 
and lipid peroxidative products, which generate long-lived lipid radi
cals that contribute to chronic cell toxicity by attacking biomolecules 
and organelles, including membrane phospholipids, DNA, and mito
chondria. While Fe(III) interacts with DNA bases, Cr(III) binds to both 
DNA bases and phosphate groups, leading to potentially synergistic 
damage. Despite the incubation media produced at 0.625 kV/cm and 
0.75 kV/cm having similar Cr ion concentrations and significantly lower 
Fe ion concentrations, our findings align with the reported effects. It’s 
also important to note that the incubation medium contained substantial 
amounts of Ni ions, which are known to cause G2/M cell cycle arrest and 
a dose-dependent reduction in MMP [73]. The presence of Ni com
pounds could contribute either synergistically or antagonistically to the 
overall cellular effects observed in our study.

G0/G1 − phase cell-cycle arrest results in a transient decrease of DNA 
synthesis [74] and can be a consequence of ATP production reduction. 
Namely, Marcussen and colleagues reported on ATP concentration 
oscillation along the progression of the cell cycle, reaching a peak at G2/ 
M- and minimum at late G1/early S-phase [75]. Late G1/early S-phase is 
also accompanied by elevated cytoplasmic pH (up to 7.4) [76].

In cells grown for 72 h in incubation media SS, 8 × 5 ms, 2 h (0.375 
kV/cm and 0.5 kV/cm) also statistically significant increase in the MMP 
was observed (Fig. 4, right). Mitochondrial hyperpolarization can occur 
for several reasons. Khaled et al. [77] reported that intracellular alka
linization induces hyperpolarization and total cellular ATP loss, as 
ATPase shifts to reverse proton pumping, using ATP hydrolysis to expel 
protons from the mitochondrial matrix. Depending on membrane po
larization and ADP/ATP levels, ATPase can either synthesize or consume 
ATP [78]. Phosphate starvation [79], cysteine deprivation leading to 
lipid peroxide accumulation and ferroptosis [71], and Fe overload- 
induced mitochondrial damage [80] are other triggers of hyperpolar
ization. Due to Ni(II) and Cr(III) binding to cysteine, and possibility for 
insoluble CrPO4 formation, cysteine or phosphate deprivation might be 
the reason(s) for increased MMP. Mitochondrial hyperpolarization 
represents significant metabolic stress and is often the earliest change 
associated with apoptosis pathways [77,81]. It also contributes to the 
generation of ROS, which can increase susceptibility to apoptosis 
[82,83]. The mechanisms causing the MMP change in cells exposed to 
the incubation medium are likely to be different from the mechanisms 
causing the MMP change in electroporated cells. Namely, we recently 
reported that MMP is decreased in reversibly and irreversibly electro
porated cells [84].

5. Conclusions

During electroporation with SS electrodes and milliseconds pulses 
high concentrations of Fe, Cr, and Ni ions are released from the elec
trodes. Consequently, electroporated cells experience metal overload. 
During the repair of cell membrane or initiation of cell death pathways, 
if recovery fails, these cells release metal byproducts into their sur
roundings. The released metal byproducts impact neighboring untreated 
cells (i.e. cells that were not electroporated), inducing cell death or cell 
cycle arrest. The toxicity arises from the combined effects of metal ions 
on cellular functions and the mechanisms that cells use to protect 
themselves against metal overload.

Although our study was conducted under in vitro conditions, it is 
important to note that metal byproducts can also form under in vivo 
conditions. In ablation procedures that utilize long millisecond electric 
pulses, such metal byproducts may contribute to cell death and the 
enlargement of the ablated area. However, special attention should be 

given to the potential undesired toxic effects of certain metal chemical 
compounds.
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[45] K. Balantič, V.U. Weiss, E. Pittenauer, et al., The role of lipid oxidation on electrical 
properties of planar lipid bilayers and its importance for understanding 
electroporation, Bioelectrochemistry 153 (2023) 108498, https://doi.org/ 
10.1016/j.bioelechem.2023.108498.

[46] Y. Lv, C. Yao, B. Rubinsky, A conceivable mechanism responsible for the synergy of 
high and low voltage irreversible electroporation pulses, Ann Biomed Eng. 47 (7) 
(2019) 1552–1563, https://doi.org/10.1007/s10439-019-02258-5.
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