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Background. Nanosecond electric pulses showed promising results in electrochemotherapy, but the underlying
mechanisms of action are still unexplored. The aim of this work was to correlate cellular cisplatin amount with cell
survival of cells electroporated with nanosecond or standardly used 8 x 100 us pulses and fo investigate the effects
of electric pulses on cisplafin structure.

Materials and methods. Chinese hamster ovary CHO and mouse melanoma B16F1 cells were exposed to 1 x 200
ns pulse at 12.6 kV/cm or 25 x 400 ns pulses at 3.9 kV/cm, 10 Hz repetition rate or 8 x 100 ps pulses at 1.1 (CHO) or 0.9
(B16F1) kV/cm, 1 Hz repetition rate at three cisplatin concentrations. Cell survival was determined by the clonogenic
assay, cellular platinum was measured by inductively coupled plasma mass spectrometry. Effects on the structure of
cisplafin were investigated by nuclear magnetic resonance spectroscopy and high-resolution mass spectrometry.
Results. Nanosecond pulses equivalent to 8 x 100 us pulses were established in vitro based on membrane permea-
bilization and cell survival. Equivalent nanosecond pulses were equally efficient in decreasing the cell survival and ac-
cumulating cisplatin infracellularly as 8 x 100 ps pulses affer electrochemotherapy. The number of infracellular cisplafin
molecules strongly correlates with cell survival for B16F1 cells, but less for CHO cells, implying the possible involvement
of other mechanisms in electrochemotherapy. The high-voltage electric pulses did not alter the structure of cisplatin.
Conclusions. Equivalent nanosecond pulses are equally effective in electrochemotherapy as standardly used 8 x
100 ps pulses.
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Introduction

cells/tumors after exposure to short high-voltage
electric pulses.!

Electrochemotherapy (ECT) is a local cancer treat-
ment. The dominant mechanism of ECT is in-
creased cellular uptake of impermeant or low
permeant anticancer drugs with high intrinsic
cytotoxicity - most commonly bleomycin and cis-
diaminedichloroplatinum(II) (cisplatin) - due to
transiently increased membrane permeability of
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Over the past ten years, the number of ECT
treatments performed for superficial tumors has
increased dramatically and new indications have
been added, such as treatment of skin metastases
from visceral or hematological malignancies, vul-
var cancer, deep-seated malignancies, and some
noncancerous skin lesions.? ECT has become
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broadly accepted mainly because of its simplicity
(it is easy to master) and versatility (it allows treat-
ing a variety of cancers). Its efficacy, tolerability,
and high patient satisfaction have been demon-
strated in several studies, but also some side effects
have been reported. According to the reports, the
main side effects are unpleasant sensations, which
can be painful, and muscle contractions triggered
by applied high voltage electric pulses.>* Most
commonly, electric pulses are administrated as
trains of eight monophasic pulses with a duration
of 100 ps at 1 Hz or 5 kHz pulse repetition rate.

Nanosecond pulses have shown potential ad-
vantages over micro- and millisecond pulses in
electroporation-based applications. The use of
pulses with high electric field strength, but very
short duration (i.e., in the nanosecond range) re-
sults in low energy transfer by the pulses to the
treated volume, resulting in a low heating® and
thereby minimizing the possibility of thermal dam-
age to the tissue, which is very important for spar-
ing delicate structures in and around the treated
area.” In addition, nanosecond pulses limit elec-
trochemical reactions at the electrode-electrolyte
interface® which may affect the treated medium or
cells/tissues.*!! Although a much higher electric
field strength is required to achieve a comparable
biological effect, excitation thresholds appear to be
higher than the electroporation thresholds with na-
nosecond pulses!'?!®, implying that shortening the
pulse duration to nanosecond pulses could also
reduce neuromuscular stimulation in electropora-
tion-based applications.

Recently, nanosecond pulses have been ex-
plored in ECT and calcium electroporation and
have shown promising results — either tumor re-
gression in vivo or a decrease in cell survival in vit-
r0.81721 We have previously reported that nanosec-
ond pulses of an appropriately chosen amplitude
in combination with cisplatin decreased cell sur-
vival in in vitro assays to the same extent as stand-
ard 8 x 100 us pulses.® The aim of our present work
was to investigate the underlying mechanisms of
ECT with nanosecond pulses and cisplatin in vitro
on Chinese hamster ovary CHO and mouse skin
melanoma B16F1 cells. Two nanosecond pulse
protocols (1 x 200 ns pulse at 12.6 kV/cm and 25 x
400 ns pulses at 3.9 kV/cm, 10 Hz repetition rate)
were compared with 8 x 100 us pulses at 1.1 (CHO)
or 0.9 (B16F1) kV/cm, 1 Hz repetition rate stand-
ardly used in ECT. Accumulation of cisplatin and
cell survival after in vitro ECT were measured and
effects of high voltage electric pulses on the cispl-
atin molecular structure were investigated by nu-

clear magnetic resonance (NMR) spectroscopy and
high-resolution mass spectrometry (HRMS).

Materials and methods

Cell culture of Chinese hamster ovary (CHO) cells
and in vitro cell survival after ECT experiment
protocols were described previously.® Mouse skin
melanoma cell line B16F1 (European Collection
of Authenticated Cell Cultures, cat. no. 92101203,
Sigma Aldrich, Germany, mycoplasma free) was
cultured in the same way as CHO cells except that
Dulbecco’s Modified Eagle Medium (DMEM, cat.
no. D5671, Sigma-Aldrich, Missouri, United States)
supplemented with 10% FBS (cat. no. F9665, Sigma-
Aldrich), 2.0 mM L-glutamine, 1 U/ml penicillin/
streptomycin and 50 pg/ml gentamycin was used
instead of Nutrient Mixture F-12 Ham. Briefly, cis-
platin (Cisplatin Kabi, 1 mg/mL, Fresenius Kabi,
Germany or Cisplatin Accord, 1 mg/ml, Accord,
UK) diluted in saline was added to cells suspended
in complete growth medium DMEM just before
electroporation so that the final concentration was
4 x 10°cell/ml and 0, 10, 30 or 50 uM cisplatin. The
cell suspension was exposed to monophasic rectan-
gular pulses (1 x 200 ns pulse at 12.6 kV/cm or 25
x 400 ns at 3.9 kV/cm, 10 Hz repetition rate or 8
x 100 ps at 1.1 (CHO) or 0.9 (B16F1) kV/cm, 1 Hz
pulse repetition rate) or no pulses (non-electropo-
rated controls). Cell survival was determined by
the clonogenic assay.

For determination of cellular cisplatin, 125
pl of the treated cell suspension was diluted
40-100 times in complete growth medium Ham
F-12 (CHO) or complete growth medium DMEM
(B16F1) 25 min after electroporation (or addition
of cisplatin/saline for non-electroporated con-
trols) and centrifuged at 900 g for 5 min at 23°C
in 15 ml centrifuge tubes. The supernatant was
separated from the cell pellet and the pellet was
washed with 2 ml saline and centrifuged again.
After centrifugation, saline was discarded, and
the cell pellet was kept at —20°C until digestion.
For digestion, 0.1 ml H,0, and 0.1 ml HNO, (both
from Merck, Germany) were added to the cell pel-
lets, and the tubes were closed and sealed with
Teflon tape and left overnight at 80°C. After diges-
tion, 1.8 ml of Milli-Q water (18.2 MQ obtained
from a Direct-Q 5 Ultrapure water system, Merck
Millipore, Massachusetts, USA) was added and
samples were measured by inductively coupled
plasma mass spectrometry (7900 ICP-MS Agilent
Technologies, Japan) with °Ir used as an inter-
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nal standard during the measurement. The ex-
periments were repeated 4-7 times. The number
of cisplatin molecules per cell was calculated by
first dividing the measured total mass of Pt in the
cell pellet by the number of cells in the pellet, then
subtracting the average mass of Pt per cell of non-
electroporated cell pellets that were not incubated
with cisplatin, and finally calculating the number
of cisplatin molecules per cell from the difference
of the mass of Pt per cell in samples (assuming
1 mol of Pt is equivalent to 1 mol of cisplatin).

Cell survival and amount of Pt data (after outli-
ers, defined using the interquartile range method,
were removed) were analyzed using the Kruskal-
Wallis test and p-values were adjusted with the
post-hoc Holm method test (a = 0.05) because the
Shapiro-Wilk normality test failed (ot = 0.05). The
Spearman correlation coefficient was calculated to
test the correlation between the number of cisplatin
molecules per cell and cell survival. The data were
processed and visualized using Microsoft Excel
2016 and R 3.6.1.22

Potential structural changes of cisplatin in the so-
lution treated with high voltage electric pulses were
investigated by NMR spectroscopy and HRMS. For
practical reasons, both microsecond and nanosec-
ond pulses were delivered to electroporation cu-
vettes with 2 mm gap with the laboratory proto-
type pulse generator based on an H-bridge digital
amplifier for this set of experiments. For microsec-
ond pulses, 8 x 100 us at 1.1 kV/cm at 1 Hz pulse
repetition rate were delivered (same pulse protocol
as in cellular electrochemotherapy experiments).
For nanosecond pulses, 25 x 400 ns at 2.2 kV/cm
at 10 Hz repetition rate were delivered — the elec-
tric field strength for this pulse protocol was lower
than in cellular electrochemotherapy experiments
because of the technical limitations of the prototype
pulse generator. 1 x 200 ns pulse was not applied
because the pulse generator used is not capable
of generating such short pulses. 'H NMR spectra
were obtained on NMR Bruker Ascend™ 600 MHz
spectrometer at room temperature at 600 MHz.
Chemical shifts, reported in ppm, are referenced to
residual peaks of D,O at 4.79 ppm. Spectra were re-
corded in D,O (with and without NaCl) as well as
in 90% H,0/10% D,O (with or without NaCl) using
water suppression (WATERGATE) method. NMR
data were processed with MestReNova 11.0.4. To
approximately 1-2 mg of cisplatin (Sigma Aldrich)
1 mL of a) D,O, b) D,O containing 154 mM NaCl,
¢) 90% H,0/10% D,0O or d) 90% H,0/10% D,O con-
taining 154 mM NaCl was added. The obtained
suspension was filtered through Minisart NML
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Cellulose Acetate Syringe Filter (28 mm, 0.2 pL).
'H NMR spectra were recorded immediately after
the filtration when not treated with any pulse pro-
tocol or directly after microsecond or nanosecond
pulse application. HRMS spectra were recorded on
Agilent 6224 Accurate Mass Time of Flight (TOF)
Liquid Chromatography-Mass Spectrometry (LC-
MS) instrument using water-acetonitrile solution
(80:20, v/v) as the mobile phase. Fragmentor volt-
age was set to 150.0 V. To approximately 1-2 mg
of cisplatin (Sigma Aldrich) 1 mL of distilled water
or saline was added and obtained suspension was
filtered through Minisart NML Cellulose Acetate
Syringe Filter (28 mm, 0.2 pL). Filtered solutions
underwent a) no pulses, b) microsecond pulses,
or ¢) nanosecond pulses application as mentioned
above, followed by immediate injection of such so-
lutions into the LC-MS.

Results

CHO and B16F1 cells were electroporated in pres-
ence of 10, 30 and 50 uM cisplatin with: 1 x 200 ns
pulse at 12.6 kV/cm; 25 x 400 ns pulses at 3.9 kV/
cm, 10 Hz pulse repetition rate; or 8 x 100 ps pulses
at 1.1 (CHO) or 0.9 (B16F1) kV/cm, 1 Hz pulse rep-
etition rate. The electric field strengths for specific
pulse parameters were selected based on survival-
permeabilization curves (refer to Vizintin et al®
for graphs for CHO cells and to Figure S1 in the
Supplementary material for graphs for B16F1 cells).

Cell survival results after ECT determined by the
clonogenic assay are shown in Figure 1. Survival
data of CHO cells were combined from the previ-
ous® (for non-electroporated cells and cells elec-
troporated with 25 x 400 ns and 8 x 100 us pulses)
and the present study (additional non-electropo-
rated cells and cells electroporated with 1 x 200
ns pulse). As intended, electroporation alone (i.e.,
in the absence of cisplatin) did not decrease cell
survival in both cell lines compared with the non-
electroporated control for any of the pulse proto-
cols tested. For the non-electroporated cells treated
with cisplatin, a statistically significant decrease in
cell survival was observed only for CHO cells at
the highest (50 uM) cisplatin concentration tested.
On the other hand, electroporation in the presence
of cisplatin decreased cell survival except for B16F1
cells treated with 1 x 200 ns pulse. For CHO cells,
1 x 200 ns, 25 x 400 ns, and 8 x 100 us pulse pro-
tocols were all equally effective at decreasing cell
survival at all the three tested cisplatin concentra-
tions (Figure 1A). In B16F1 cells, 25 x 400 ns and 8
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FIGURE 1. Cell survival of (A) CHO and (B) B16F1 cells at different cisplatin concentrations determined by the clonogenic assay for
non-electroporated (non-EP) cells (black circles) and cells electroporated with 25 x 400 ns pulses at 3.9 kV/cm, 10 Hz repetition
rate (dark blue squares), 1 x 200 ns pulse at 12.6 kV/cm (light blue diamonds) or 8 x 100 ps pulses at 1.1 (CHO) or 0.9 (B16F1)
kV/cm, 1 Hz pulse repetition rate (orange triangles). Bars represent standard deviation, asterisks (*) show statistically significant
differences (p < 0.05) fo the survival of non-electroporated cells without cisplatin. Survival data were combined from the previous®
(for non-electroporated cells and cells electroporated with 25 x 400 ns and 8 x 100 us pulses) and the present study (for B16F1 cells,

additional non-electroporated CHO cells and CHO cells electroporated with 1 x 200 ns pulse).

x 100 us pulses were equally effective, whereas 1 x
200 ns pulse protocol was less effective (Figure 1B).

The amount of Pt in the cells was determined by
measuring the total mass of Pt in the cell pellets
by ICP-MS. Electroporation increased the cellular
Pt amount. For both cell lines, there were no sta-
tistically significant differences in the measured Pt
amount in cells electroporated with 25 x 400 ns or 8
x 100 ps pulses at the same cisplatin concentration.
For CHO cells, the amount of Pt in cells electropo-
rated with 1 x 200 ns pulse was statistically signifi-
cantly lower compared to the amount of Pt in cells
electroporated with 25 x 400 ns and 8 x 100 ps pulse
incubated only at 50 pM cisplatin (Figure 2A). For
B16F1 cells, lower cellular Pt was measured after
application of 1 x 200 ns pulse compared to 25 x
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400 ns and 8 x 100 us pulses at all tested cisplatin
concentrations (Figure 2B).

From the measured Pt content, the number of
cisplatin molecules per cell was calculated and
plotted against the cell survival data. The num-
ber of cisplatin molecules per cell and cell sur-
vival were more strongly correlated for B16F1 cells
(Spearman’s correlation coefficient: o = 0. 85, p <
0.001 for CHO and o = -0. 92, p < 0.01 for B16F1).
In the case of CHO cells, at the same number of
cisplatin molecules per cell, notably lower cell sur-
vival was measured for electroporated cells com-
pared to non-electroporated cells (Figure 3A). For
example, cell survival of 98% was achieved for
non-electroporated cells with 9.4 x 10° cisplatin
molecules per cell, whereas cell survival of 68.5%
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FIGURE 2. Pt amount in cell pellets of (A) CHO and (B) B16F1 cells after 25 min incubation at different extracellular cisplatin
concentrations in non-electroporated (non-EP) cells (black circles) and cells electroporated with 25 x 400 ns pulses at 3.9 kV/
cm, 10 Hz repetition rate (dark blue squares), 1 x 200 ns pulse at 12.6 kV/cm (light blue diamonds) or 8 x 100 ps pulses at 1.1
(CHO) or 0.9 (B16F1) kV/cm, 1 Hz pulse repetition rate (orange triangles). Bars represent standard deviation, asterisks (*) show
statistically significant differences (p < 0.05) to the measured number of cisplatin molecules in non-electroporated cells at the same
extracellular cisplatin concentration.
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FIGURE 3. Cell survival as a function of the number of cisplatin molecules per cell for (A) CHO cells and (B) B16F1 cells in non-
electroporated (non-EP) cells (black circles) and cells electroporated with 25 x 400 ns pulses at 3.9 kV/cm, 10 Hz repetition rate
(dark blue squares), 1 x 200 ns pulse at 12.6 kV/cm (light blue diamonds) or 8 x 100 ps pulses at 1.1 (CHO) or 0.9 (B16F1) kV/cm,
1 Hz pulse repetition rate (orange triangles). Bars represent standard deviation. Survival data were combined from the previous®
(for non-electroporated CHO cells and CHO cells electroporated with 25 x 400 ns and 8 x 100 us pulses) and the present study (for
B16F1 cells, additional non-electroporated CHO cells and CHO cells electroporated with 1 x 200 ns pulse).

was measured for cells electroporated with 1 x 200
ns pulse with 8.2 x 10° cisplatin molecules per cell,
cell survival of 54.8% was measured for cells elec-
troporated with 25 x 400 ns pulses with 9.5 x 10°
cisplatin molecules per cell, and cell survival of
33.7% was measured for cells electroporated with
8 x 100 us pulses with 9.2 x 10¢ cisplatin molecules
per cell. From the data acquired, it could not be
concluded if also in B16F1 cells a lower number of
cisplatin molecules per cell causes a larger decrease
in cell survival because the range of the number of
cisplatin molecules in electroporated and non-elec-
troporated cells did not overlap and thus survival
could not be compared at approximately the same
number of cisplatin molecules per cells (Figure 3B).

Cisplatin has been widely investigated for its
biospeciation in aqueous solutions due to its di-
verse stepwise ligand displacement reactions.?
Therefore, 'H NMR spectroscopy was applied
to investigate potential structural changes of cis-
platin due to high voltage electric pulses. First,
spectra of cisplatin in D,0 and D,0 with 154 mM
NaCl (corresponding to physiological saline 0.9%
NaCl) not exposed to electric pulses were recorded
(Figure 4A-B). Weak broadened peaks for hydro-
gen atoms of amino ligands (NH,) were found at
approximately 4.08 ppm. Similarly, also repre-
sentative peaks of cisplatin after treatment with 8 x
100 us pulses at 1.1 kV/em at 1 Hz pulse repetition
rate or 25 x 400 ns pulses at 2.2 kV/cm at 10 Hz
repetition rate remained at the same shift. The only
major difference was observed in the spectrum of
cisplatin recorded in D,0 with 154 mM NaCl af-
ter treatment with microsecond pulses (Figure 4B),
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where the broad peak for hydrogens of cisplatin
disappeared. This can be attributed to the fast hy-
drogen-deuterium (H/D) exchange of deuterium
from D,O with hydrogen atoms of NH, ligands.*
However, when spectra of cisplatin were recorded
in 90% H,0/10% D,O solution containing 154 mM
NaCl acquiring water suppression (to minimize
the intensity of water signal to obtain a stronger
signal of the NH, ligand) no such disappearance
of the peak was observed (Figure 4D). Comparable
spectra with peaks at 4.08 ppm were obtained al-
so when no electric pulses or nanosecond pulses
were applied. Similarly, the hydrogen peak of NH,
was observed in the samples recorded in a 90%
H,0/10% D,O solution without NaCl (Figure 4C).
It is also important to note that no new peaks ap-
peared in other regions of the NMR spectra.

High-resolution mass spectrometry (HRMS),
which can also provide abundant information on
molecular structure, was also performed to inves-
tigate possible newly formed cisplatin species. In
some reports, authors detected hydrolysis prod-
ucts corresponding to mono-, di- and trimeric spe-
cies, by mass spectrometry.??® Therefore, HRMS
was used in our structural investigation of cisplatin
in water and saline (0.9% NaCl) exposed to micro-
and nanosecond pulses.

First, cisplatin in H,0 was investigated
and on the full-scan positive-ion mass spec-
trum (mass range of m/z 100-1100) presented in
Figure S2 in Supplementary Material. It can be
observed that the most abundant peaks occur
in the mass range of m/z 280-330, where the fol-
lowing fragments were observed: [Pt(NH,),(N,)
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CIJ* (m/z 292.9909), [M+NH,]* (M — indicates mo-
lecular formula for cisplatin, i.e. [Pt((NH3)2CI2]) (m/z
317.9872) (both Figure S3), [M+H]* (m/z 300.9601)
(Figure S4), [Pt(NH,),(CH,CN)CI]* (m/z 306.0101)
(Figure S5) and [M+Na]* (m/z 322.9425) (Figure S6).
Additionally, three lower abundant clusters can
be found in the mass range of m/z 540-590. Two of
them were identified as [Pt(NH,),Cl,-Pt(NH,)Cl]*
(m/z 547.9121) and [Pt(NH,),CL-Pt(NH,),Cl]* (m/z
564.9378) (Figure S7). Additionally, one cluster
at m/z 610-630 with the main ion fragment at m/z
617.9408 belongs to [2M+NH,]* (Figure S8). Similar
fragments have been observed when the samples
were treated with micro- and nanosecond pulses
(Figure 59-10 and Figure S11-512). The species ob-
served are in agreement with those reported in the
literature.?® Figure S19 represents the spectrum of
water from the electroporation cuvette without the
application of electric pulses. No differences were
observed between the solutions treated with either
nanosecond or microsecond pulses or untreated
control.

HRMS experiments have been further per-
formed in saline, where more extensive fragmenta-
tion was observed throughout the mass range of
m/z 100-1100 (Figure S13). However, these peaks
are comparable to the ones in the spectrum of sa-
line from electroporation cuvette without the ap-
plication of electric pulses (Figure S20). Similarly
to spectra without NaCl, peaks of [Pt(NH,),(N,)Cl]*
fragment and sodium [M+Na]*adduct were identi-
fied on zoom-scan spectrum (Figure S14). Again,
spectra recorded in saline that was not treated
with electric pulses are comparable with the spec-
tra where cisplatin in saline solutions were treated
with micro- and nanosecond pulses (Figures S15-
16 and Figures S17-18, respectively).

Overall, NMR, as well as HRMS investigations,
point to cisplatin remaining structurally compara-
ble after the exposure to high voltage electric puls-
es similar to those used in in vitro ECT experiments
with respect to its aqueous solutions without elec-
tric pulses.

Discussion

ECT has been shown to be a safe and effective can-
cer treatment, requiring much lower doses of the
chemotherapeutic agent than conventional chemo-
therapy. However, pain and muscle contractions
were reported as a drawback. Nanosecond pulses
and high-frequency biphasic pulses of a few mi-
crosecond duration (H-FIRE)*3! were suggested
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FIGURE 4. 'H NMR spectra of cisplatin, showing the signals for hydrogens of
NH, ligands labeled with asterisks (*). Spectra were recorded in a) D,O, b) D,O
containing 154 mM NaCl, ¢) 90% H,0/10% D,O and d) 90% H,0/10% D,O containing
154 mM NaCl treated with 25 x 400 ns pulses (blue), 8 x 100 ps pulses (green) or no

pulses (red).

to limit neuromuscular stimulation and contrac-
tions.!>!* Additionally, with nanosecond pulses,
the possibility of thermal damage to the tissue is
minimized>® due to low energy being transferred
to the treated area and electrochemical reactions
are reduced.® ECT with nanosecond pulses has
shown promising results®!”!9, but the underlying
mechanisms of the observed decrease in cell sur-
vival and tumor regression remain to be explained.

In this study, we measured cell survival and
cisplatin accumulation after in vitro ECT with 8 x
100 ps pulses, which are standardly used in ECT
procedures, and equivalent nanosecond pulses, i.e.
pulse protocols that have an equivalent biological
effect on cell survival and cell membrane permea-
bilization. The electric field strength was chosen
for each pulse protocol at a value that resulted
in the highest permeabilization (determined as
the percentage YO-PROI1 fluorescing cells) of the
cell membrane without a decrease in cell survival
(measured by the metabolic MTS assay). In the case
of 8 x 100 ps pulses, 1.1 kV/cm was selected for CHO
cells, but the survival for B16F1 cells was around
55% at this electric field strength, thus a lower
(i.e. 0.9 kV/cm) electric field strength was used for
electroporating B16F1 cells with this pulse proto-
col. For 25 x 400 ns pulses, the same electric field
strength (3.9 kV/cm) was determined to be optimal
for both cell lines. For 1 x 200 ns pulse, we used
the highest experimentally achievable electric field

Radiol Oncol 2022; S6(3): 326-335.
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FIGURE 5. The mechanism of cisplatin uptake into cells is not completely elucidated.
In non-electroporated cells, cisplatin enters partially through passive diffusion and
facilitated diffusion through ion channels including LRRC8 volume-regulated anion
channels (VRAC) and membrane transporters like copper transporter 1 (CTR1) and
organic cation transporters (OCTs). In electroporated cells, more cisplatin can
enfer through the permeabilized cell membrane (pore is a symbolic presentation
of increased membrane permeability even though the mechanisms behind
electroporation are more complex - refer to%4).

strength (i.e. 12.6 kV/cm), which did not decrease
the cell survival in either cell line. Electroporating
both cell lines with 8 x 100 us or 25 x 400 ns pulses
at the selected electric field strengths resulted in >
95% permeabilization (optimal for ECT), while for
the 1 x 200 ns pulse at 12.6 kV/cm the permeabiliza-
tion was 85% for CHO and only 42% for B16F1 cells
(suboptimal for ECT). However, 1 x 200 ns pulse
protocol was also included in the study based on
results of cell survival of CHO cells after ECT de-
termined by the metabolic MTS assay that showed
that this pulse protocol was as effective in decreas-
ing cell survival in ECT with cisplatin as the 25 x
400 ns protocol at all cisplatin concentrations.?

The aim was to test whether the combination of
permeabilizing electric pulses (that alone do not
cause a decrease in cell survival) and cisplatin re-
sults in increased cellular cisplatin accumulation
(compared to non-electroporated cells) and wheth-
er the amount of cellular cisplatin is correlated to
cell survival due to the increase of intracellular
accumulation of the chemotherapeutic agent be-
ing one of the main mechanisms of action of ECT.
To exert its cytotoxic effect, cisplatin must enter
the cell. The exact mechanisms of cisplatin uptake
have not been fully elucidated. Cisplatin is only
slightly permeant; thus, it only partially enters the
cell through passive diffusion across the cell mem-
brane. Recent studies pointed out active transport
mechanisms such as facilitated diffusion involved
in cisplatin uptake - and LRRC8 volume-regulat-
ed anion channels (VRAC), copper transporter 1
(CTR1), and organic cation transporters (OCTs)
were shown to be involved in cisplatin uptake.’2%
Electroporation makes the cell membrane non-se-

Radiol Oncol 2022; S6(3): 326-335.

lectively permeable, allowing a larger quantity of
cisplatin to enter the cell (Figure 5).

As expected, the measured amount of Pt was
higher in electroporated cells when compared to
non-electroporated cells incubated at the same
cisplatin concentration, although the differences
were not always statistically significant (Figure 2).
These results indicate that the application of elec-
tric pulses indeed increases the intracellular accu-
mulation of cisplatin. Overall, the amount of Pt in
B16F1 was lower than in CHO cells exposed to the
same cisplatin concentration, with or without elec-
troporation, which also correlates with the higher
cell survival of B16F1 cells (Figure 1). A compari-
son of cell survival of CHO and B16F1 cells with
a similar number of cisplatin molecules per cell
(Figure 3) reveals that a higher number of cisplatin
molecules is needed to decrease the cell survival of
B16F1 cells compared to CHO.

There were no statistically significant differ-
ences in the cell survival and amount of cellular
Pt obtained in cells electroporated with 25 x 400 ns
and 8 x 100 us pulses at the same cisplatin concen-
tration when comparing within the same cell line.
Thus, it can be assumed that by using equivalent
nanosecond pulses, it is possible to achieve the
same decrease in cell survival and same cisplatin
accumulation in cells and the as with the standard
8 x 100 ps pulses; in other words, equivalent nano-
second pulses are equally effective in ECT as 8 x
100 s pulses.

The 1 x 200 ns pulse in combination with cispl-
atin did not decrease cell survival in B16F1 cells.
This could be explained by the fact that 1 x 200 ns
pulse permeabilizes less than half of the cell pop-
ulation of B16F1 and is also consistent with the
measured Pt amount which was not significantly
higher as in non-electroporated cells (Figure 2B).
Application of 1 x 200 ns pulse alone (i.e., in the
absence of cisplatin) seemed to even slightly pro-
mote cell growth (although the cell survival was
not statistically significantly higher compared to
the non-electroporated control). More interesting-
ly, however, is that application of 1 x 200 ns pulse
to CHO cells resulted in a lower amount of Pt in
cells electroporated with 1 x 200 ns pulse as with 25
x 400 ns or 8 x 100 ps pulses, but the same decrease
in cell survival was achieved with the 1 x 200 ns
pulse as with 25 x 400 ns or 8 x 100 us pulses. The
lower amount of cisplatin in CHO cells electropo-
rated with 1 x 200 ns could be explained per se by
the fact that this pulse protocol achieved subop-
timal cell membrane permeabilization compared
to the 25 x 400 ns and 8 x 100 s pulse protocols.
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Nevertheless, a comparable decrease in cell sur-
vival was achieved, suggesting that increased accu-
mulation of cisplatin into cells may not be the only
cause of cell death in ECT. Figure 2A indicates that
in electroporated CHO cells, a lower number of cis-
platin molecules per cell is required to decrease cell
survival to the same extent as in non-electroporated
cells. Similar results have been reported previously
in the literature®®*, but not discussed. There may
be a synergistic effect of cisplatin and electropora-
tion, i.e., the observed decrease in cell survival in
ECT is not the sum of the decrease in cell survival
caused by electric pulses and cisplatin alone, but
electroporation appears to make cells more suscep-
tible to cisplatin.

The results of survival and number of internal-
ized cisplatin molecules for B16F1 cells, however,
do not show a similar synergistic effect of cisplatin
and electroporation. Contrary to CHO cells, the
number of cisplatin molecules per cell seems to lin-
early correlate with the logarithm of cell survival
for B16F1 cells (Figure 3). Nonetheless, as men-
tioned above, lower cellular cisplatin was consist-
ently measured for the B16F1 cell line and there is
only one experimental point from the electroporat-
ed cells (cells electroporated with 1 x 200 ns pulse at
10 uM cisplatin) that falls in the range of the num-
ber of molecules of the non-electroporated cells. A
similar number of internalized cisplatin molecules
was measured for non-electroporated cells at 30
pUM cisplatin and for cells electroporated with 1 x
200 ns pulse at 10 pM cisplatin, but the cell survival
was even slightly higher for the latter. As discussed
above, however, the 1 x 200 ns pulse protocol did
not effectively permeabilize B16F1 cells. More data
(from non-electroporated cells incubated at higher
cisplatin concentrations) would thus be needed to
determine if also in the case of B16F1 cells a lower
number of internalized cisplatin molecules is need-
ed to decrease cell survival in electroporated cells.

To test whether electric pulses could affect cis-
platin by modifying the structure of the molecule
as proposed in theoretical studies””, we used NMR
spectroscopy and HRMS spectrometry and found
that the structure of cisplatin remains comparable
after the application of electric pulses to either its
saline or water solution (representing a simplified
extra- and intracellular environment, respectively).
Thus, high voltage electric pulses did not affect the
structure of the studied complex under the condi-
tions used in our experiments. Therefore, the rea-
son for the observed increased susceptibility of the
electroporated CHO cells to cisplatin is probably a
consequence of the effect of electroporation on the

cells. The cytotoxicity of cisplatin is thought to be
mediated primarily by the formation of DNA ad-
ducts and the resulting impairment of transcrip-
tional and/or DNA replication mechanisms. It was
shown that electroporation increases the amount of
cisplatin bound to the DNA, which could increase
cisplatin cytotoxicity in electroporated cells.?>%
However, additional mechanisms play an impor-
tant role in exerting the toxic effects of cisplatin,
including generation of ROS, mitochondrial dys-
function, increase in intracellular Ca%" concentra-
tion, and activation of signal transduction path-
ways.® Electric pulses can also lead to generation
of intracellular reactive oxygen species (ROS)%4,
damage mitochondria®>#*, and disrupt calcium ho-
meostasis through the entry of Ca? from the extra-
cellular space or intracellular stores.*4 It has been
shown that an increase in ROS enhances the effica-
cy of cisplatin and vice versa.**” Moreover, an in-
crease in intracellular Ca* concentration enhances
cisplatin-mediated ROS production and increases
cisplatin cytotoxicity.%0 This type of potentiation
of cisplatin cytotoxicity may be responsible for the
enhanced cisplatin cytotoxicity in electroporated
cells, but it yet needs to be elucidated. Michel et
al.5! observed an increased immunoreactivity with
SOD-2 (an enzyme that clears mitochondrial ROS)
in cells subjected to ECT with cisplatin. To the best
of our knowledge, this is the only report that meas-
ured ROS after ECT with cisplatin.

Our study also has limitations. Two different
pulse generators and electrode geometries (i.e.,
electroporation cuvettes with 2 or 4 mm gap) were
used in the cell experiments because of the techni-
cal limitations of the pulse generators used. Also
in cell experiments, we did not directly measure
the amount of cisplatin in cell pellets, but Pt was
measured instead and assumed that cisplatin most
likely accounts for the majority of the measured
amount of Pt in cells incubated with cisplatin.
This assumption is supported by the fact that the
amount of Pt in non-electroporated cells that were
not incubated with cisplatin was 2-3 orders of
magnitude lower than in samples incubated with
cisplatin or even below the detection limit. We
also do not know whether the measured Pt was
located inside the cells or was e.g. bound to the
surface of the cell membrane. However, the for-
mation of reactive hydrolyzed cisplatin products
that would bind immediately and irreversibly to
cell membrane phospholipids is not expected be-
cause the electroporation medium used has a high
concentration of chloride ions so cisplatin should
be stable in it and the measured Pt most probably
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comes from intracellular cisplatin.®> Additionally,
in experiments investigating the effects of electric
pulses on cisplatin structure, the conditions be-
fore the measurements by NMR spectroscopy and
HRMS spectrometry could not be fully matched
with the conditions in the cell experiments due to
several reasons. First, it was namely not possible to
record spectra of cisplatin in growth media due to
many species present in the growth medium which
interfere with cisplatin signals; thus, pulses were
delivered to cisplatin dissolved in water or saline
for NMR spectroscopy and HRMS spectrometry.
Second, because of the limitations of the pulse
generator used for NMR spectroscopy and HRMS
spectrometry experiments, 25 x 400 ns pulses were
delivered at lower amplitudes than in the cell ex-
periments. Third, because of the difference in con-
ductivity, electric pulses delivered to H,O and D,O
had a notably different shape than pulses delivered
to saline or cells in growth medium; due to the low
conductivity of the load, they resembled an expo-
nentially decaying rather than a rectangular pulse
shape.

In conclusion, we have shown that by using
equivalent nanosecond pulses in ECT, the same
decrease in cell survival is achieved and the same
amount of cisplatin accumulates in the cells as with
the standard 8 x 100 ps pulses, i.e., that in ECT,
equivalent nanosecond pulses are equally efficient
as 8 x 100 ps pulses. By investigating the under-
lying mechanisms in nanosecond pulse ECT, we
discovered that electroporated CHO cells are more
susceptible to cisplatin than non-electroporated
cells (regardless of the pulse protocol). The electric
pulses used for electroporation do not appear to
alter the structure of the cisplatin molecule, so the
observed increased susceptibility is likely a conse-
quence of the effect of electroporation on the cells.
The use of nanosecond pulses in ECT is promis-
ing as it was demonstrated to be effective with the
potential to mitigate muscle contractions. Because
extensive preclinical data and solid evidence of
mechanisms of action have been the basis for intro-
ducing ECT into clinical practice, further studies of
nanosecond pulse ECT in vivo are necessary to en-
able translation into clinical trials.
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