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Background. In electrochemotherapy (ECT), chemotherapeutics are first administered, followed by short 100 ps mo-
nopolar pulses. However, these pulses cause pain and muscle contractions. It is thus necessary to administer muscle
relaxants, general anesthesia and synchronize pulses with the heart rhythm of the patient, which makes the treat-
ment more complex. It was suggested in ablation with irreversible electroporation, that bursts of short high-frequency
bipolar pulses could alleviate these problems. Therefore, we designed our study to verify if it is possible to use high-
frequency bipolar pulses (HF-EP pulses) in electrochemotherapy.

Materials and methods. We performed in vitro experiments on mouse skin melanoma (B16-F1) cells by adding
1-330 uM cisplatin and delivering either (a) eight 100 ps long monopolar pulses, 0.4-1.2 kV/cm, 1 Hz (ECT pulses) or (b)
eight bursts at 1 Hz, consisting of 50 bipolar pulses. One bipolar pulse consisted of a series of 1 us long positive and 1
ys long negative pulse (0.5-5 kV/cm) with a 1 ps delay in-between.

Results. With both types of pulses, the combination of electric pulses and cisplatin was more efficient in kiling cells
than cisplatin or electric pulses only. However, we needed to apply a higher electric field in HF-EP (3 kV/cm) than in
ECT (1.2 kV/cm) to obtain comparable cytotoxicity.

Conclusions. Itis possible to use HF-EP in electrochemotherapy; however, at the expense of applying higher electric
fields than in classical ECT. The results obtained, nevertheless, offer an evidence that HF-EP could be used in electro-
chemotherapy with potentially alleviated muscle confractions and pain.
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Introduction

When a cell is exposed to a sufficiently high electric
field, the permeability of the cell membrane rap-
idly increases due to membrane electroporation.
This transiently increased membrane permeabil-
ity allows for the exchange of ions and molecules
between inside and outside of the cells.'* If cells
recover and survive, electroporation is called re-
versible. If the damage is too extensive, resealing
too slow, cells cannot restore the homeostasis,
and they die, electroporation is called irrevers-
ible. Electroporation depends on the characteris-
tics of the cells (shape, size, cytoskeleton structure,
membrane composition) and the electrical param-
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eters (amplitude, duration, number of electrical
pulses and repetition frequency). Electroporation
is used in medicine>'? (electrochemotherapy, gene
therapy, irreversible electroporation as an abla-
tion technique and transdermal drug delivery), in
biotechnology!''?, (inactivation of microorganisms,
extraction of biomolecules from microorganisms
and plants, genetic transformation of microorgan-
isms) and food processing.!¥14
Electrochemotherapy (ECT) is used in clinics
to treat patients with various types of cancer (e.g.,
melanoma, head-neck tumors, breast, liver, intes-
tinal tract, brain cancer).’® The standard operating
procedures for electrochemotherapy include intra-
tumoral or intravenous delivery of the chemother-
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apeutic drug, followed by the application of high-
voltage 100 us long monopolar pulses to the tumor
area.'®” Two chemotherapeutics are currently
used in clinics - bleomycin®?! and cisplatin (cis-di-
aminodichloroplatin (II), CDDP).22% The cytotoxic-
ity of the chemotherapeutic drugs is increased as
the delivered pulses increase cell membrane per-
meability, and facilitate the influx of drugs into the
tumor cells.?»? Drawbacks of the application of 100
us long monopolar, high-voltage electric pulses at
repetition frequency 1 Hz are pain, muscle contrac-
tions?%, the need to use muscle relaxants and gen-
eral anesthesia® and to synchronize pulses with
the heart rhythm.%** These problems can be allevi-
ated for example by applying pulses at higher fre-
quency?, by using special designs of electrodes®>%,
or, as it was recently demonstrated, by delivering
bursts of short high-frequency bipolar pulses, i.e.,
the so-called high-frequency irreversible electropo-
ration (H-FIRE) pulses.®*% Treatment with H-FIRE
pulses, however, comes at the expense of deliver-
ing pulses of considerably higher amplitudes.®

Mostly, H-FIRE pulses have been used to
achieve irreversible electroporation. However,
they can also be used to increase the uptake of mol-
ecules into cells® which could be applied in achiev-
ing reversible electroporation to treat tumors with
electrochemotherapy. Thus, this study aimed to
determine whether H-FIRE pulses could also be
used in electrochemotherapy which we call high-
frequency electroporation (HF-EP).

We delivered 8 bursts of 50 bipolar pulses, each
consisting of 1 us long positive and negative pulse,
with a 1 ps delay between them with electric field
from 0.5-5 kV/cm. We compared HEF-EP to classic
eight monopolar 100 us long pulses, delivered at
frequency 1 Hz, with electric field from 0.4-1.2 kV/
cm. Cisplatin concentration was from 1 uM to 330
uM. We showed that HF-EP pulses indeed cause
higher cytotoxicity of cisplatin in vitro; however, in
comparison to the standard 100 us long monopolar
pulses, higher voltage pulses must be delivered to
obtain comparable effect.

Materials and methods
Cell preparation

Mouse skin melanoma cell line B16-F1, obtained
from the European Collection of Authenticated Cell
Cultures (ECACC, cat. no. 92101203, Sigma Aldrich,
Germany, mycoplasma free), was grown 2—4 days
in 75 cm? cell culture flasks (TPP, Austria) until 80%
confluency in Dulbecco’s Modified Eagle’s Medium

(DMEM, cat. no. D5671, Sigma Aldrich, Germany)
in an incubator (Kambi¢, Slovenia) at 37°C and hu-
midified 5% CO,. DMEM, used in this composi-
tion for all in vitro experiments, was supplemented
with 10% fetal bovine serum (cat. no. F7524, Sigma
Aldrich, Germany), 2 mM L-glutamine (cat. no.
G7513, Sigma Aldrich, Germany) and antibiotics, 50
pg/ml gentamyecin (cat. no. G1397, Sigma Aldrich,
Germany), 1 U/ml penicillin-streptomycin (cat. no.
P11-010, PAA, Austria).

Cell suspension was prepared by detaching
the cells in the exponential phase of growth with
10x trypsin-EDTA (cat. no T4174, Sigma Aldrich,
Germany), diluted 1:9 in Hank’s basal salt solution
(cat. no. H4641, Sigma Aldrich, Germany). After no
more than 3 minutes, trypsin was inactivated by
adding DMEM, and cells were transferred to a 50
ml centrifuge tube. Then, the cells were centrifuged
(5 min, 180 g, 21°C) and re-suspended in DMEM at
concentration 5x10° cells/ml (experiments to meas-
ure the optimal parameters of electroporation and
resealing rate of cells), 5x10* cells/ml (experiments
to measure the cytotoxicity of cisplatin without
electroporation) or 2.2x107cells/ml (experiments
to measure the cytotoxicity of cisplatin with elec-
troporation). We performed experiments with dif-
ferent cell densities due to different requirements
for cell number and sensitivities of the chosen as-
says. Even at the highest concentration (2.2x107
cells/ml) we were still well below the concentration
where shielding of the electric field and decreased
uptake were observed.®

Electroporation setup

Two types of pulses were applied — 100 ps long mo-
nopolar pulses (i.e. classical electrochemotherapy)
and bursts of short bipolar pulses (HF-EP pulses).
They were applied between plate stainless-steel
electrodes with 2 mm distance.*’ Between pulses,
electrodes were cleaned in potassium-phosphate
buffer (KPB, 10 mM KH,PO,/K,HPO, in ratio
40.5:9.5, 1 mM MgCl,, 250 mM sucrose) and dried
with sterile gauze. 100 ps long monopolar pulses
(8 pulses, delivered at repetition frequency 1 Hz,
Figure 1A) of different voltages (80, 120, 160, 200,
240 V) were delivered by the commercially avail-
able BetaTech pulse generator (Electro cell B10,
BetaTech, France) or BTX Gemini X2 pulse gen-
erator (Harvard Apparatus, USA). Short bipolar
pulses of different voltages (HF-EP protocol, 100 V
to 1000 V with a step of 100 V, Figure 1B) were de-
livered by a laboratory prototype pulse generator
(University of Ljubljana) based on H-bridge digital
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FIGURE 1. Scheme of the applied pulses. (A) 100 ps long monopolar pulses of
amplitude AU (80 V - 240 V in a step of 40 V) were applied with a repetition
frequency of 1 Hz. (B) Short bipolar pulses (HF-EP). Above: 8 bursts were applied with
a repetition frequency of 1 Hz. Down left: One burst was 200 ps long and consisted of
50 bipolar pulses. Below right: One bipolar pulse of amplitude AU (100 V - 1000 V in
a step of 100 V) consisted of 1 s long positive pulse, 1 us long negative pulse (both
of voltage AU) with a 1 us long delay between pulses.

amplifier with 1 kV MOSFETs (DE275-102N06A,
IXYS, USA).%41 Short bipolar pulses were delivered
in 8 bursts at repetition frequency 1 Hz, each con-
taining 50 short bipolar pulses of 1 s positive and
1 ps negative pulse. The delay between short bipo-
lar pulses and between positive and negative pulse
was 1 us. The on-time (the time when the voltage
was different from zero) of the HF-EP pulses was
800 us, equivalent to the duration of the eight 100
us long monopolar pulses. The duration of one
short bipolar pulse was chosen as it successfully
permeabilized cell membranes as previously dem-
onstrated by an increased uptake of a fluorescent
dye.® The voltage and the current were monitored
in all experiments with an oscilloscope Wavesurfer
422,200 MHz, a differential voltage probe ADP305
and a current probe CP030 or AP015, all from
LeCroy, USA to ensure that delivered voltage and
current were consistent at the same settings even if
delivered with different generators.

Determination of permeability and
resealing

In permeability experiments, just before pulse ap-
plication, 60 ul of cell suspension was mixed with
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6 pl of 1.5 mM propidium iodide (PI) (136 uM fi-
nal concentration). In resealing experiments, PI
was not added before pulse application but after
electroporation. 60 ul of the cell suspension was
electroporated, and 50 pl of the treated sample was
transferred to a 1.5 ml centrifuge tube. In resealing
experiments, 5 pl of PI (136 uM final concentration)
was added to 50 ul of the treated sample 2 min,
5 min, 10 min or 20 min after pulse delivery. Two
minutes after electroporation (permeability experi-
ments) or PI addition (resealing experiments), the
samples were diluted in 100 ul of KPB, and vor-
texed. The uptake of propidium was measured on
the flow cytometer (Attune NxT; Life Technologies,
Carlsbad, CA, USA). Cells were excited with a blue
laser at 488 nm, and the emitted fluorescence was
detected through a 574/26 nm band-pass filter. The
measurement was finished when 10,000 events
were acquired. Single cells were separated from
all events by gating. Obtained data were analyzed
using the Attune NxT software. The percentage of
permeabilized cells was determined from the his-
togram of PI fluorescence.

Cell survival following electroporation only

60 ul of the cell suspension was electroporated,
50 pl was transferred to a 15 ml centrifuge tube,
and two minutes after pulses delivery, the samples
were diluted in 450 pl of DMEM and mixed with a
pipette. When all the samples were finished, 5x10*
cells were transferred in each well on a 96-well plate
in three technical repetitions. After 24 h of incuba-
tion at 37°C and humidified 5% CO,, the survival
assay was performed. 20 ul of MTS (CellTiter 96®
AQueous One Solution Cell Proliferation Assay
(MTS), Promega, USA) was added per well accord-
ing to manufacturer’s instructions and left in an in-
cubator for 2h. MTS assay was used to quantify the
number of viable cells evaluating their metabolic
activity by measuring the formazan absorbance at
490 nm. After 2 h, the absorbance was measured
on a spectrofluorometer (Tecan Infinite 200; Tecan,
Grodig, Austria). Cell survival was calculated by
first subtracting the background (only DMEM and
MTS) from all measurements and then normaliz-
ing the absorbance of the treated samples to the
absorbance of the control samples.

Cytotoxicity of cisplatin without
electroporation

On the first day, 5x10° B16-F1 cells were seeded per
well on a 96-well plate and left for one day in an in-
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FIGURE 2. Cell membrane permeability and cell survival as a function of electric field for (A) 8 x 100 ps long monopolar pulses, delivered at repetition
frequency 1 Hz; (B) 8 bursts of short bipolar pulses (HF-EP) of 1-1-1-1 us, delivered at repetition frequency 1 Hz. Each data point was repeated 3-4 times
(mean * standard deviation). In the control sample, no pulses were applied. Note different scales on the x-axes. On (A), the threshold of electroporation
was at 0.8 kV/cm (P = 0.029, t-test) and survival did not decrease in comparison with control (one-sample t-test). On (B) the threshold of electroporation
was at 2kV/cm (P =0.022, t-test), while the survival decreased at 4.5 kV/cm (P = 0.004, one-sample t-test). In Figure 2B, blue asterisks refer to permeability

curve and red asterisks fo the survival curve.

cubator (Kambi¢, Slovenia) at 37°C and humidified
5% CO,. On the second day (24 h after cell seeding),
the 3.3 mM stock cisplatin (Accord HealthCare,
Poland) was diluted in 0.9% NaCl (physiological
solution) to obtain the 10x higher concentration
of cisplatin than desired with the cells (1, 10, 100,
330 uM). Diluted cisplatin was then mixed with
the DMEM in ratio 1:9 and cells were incubated in
DMEM with cisplatin for 10 min, 1 h, 24 h or 48
h. After the indicated time, DMEM with cisplatin
was substituted with DMEM only. On the fourth
day (72 h after cell seeding), the MTS survival as-
say was performed as described in the subsection
Cell survival following electroporation only.

Electroporation with cisplatin

We performed two types of experiments. We ap-
plied: 1) different electric fields at fixed cisplatin
concentration (100 uM) to evaluate the effect of
electric field on cell death; 2) fixed electric field
(optimal value — long monopolar pulses E=1.2 kV/
cm and short bipolar (HF-EP) pulses E = 3 kV/cm)
with different cisplatin concentrations to evaluate
the effect of cisplatin concentration on cell survival.
Optimal parameters of electroporation were deter-
mined with experiments described in the subsec-
tions Determination of permeability and resealing, and
Cell survival following electroporation only and were
chosen as those where the highest uptake of pro-
pidium iodide (i.e., highest cell membrane perme-
ability) and the highest cell survival were obtained.

The 3.3 mM stock cisplatin was diluted in 0.9%
NaCl to obtain the desired concentrations of cispl-
atin with the cells (1, 10, 100, 330 uM) in both ex-
periments. The drug was prepared fresh for each
experiment. Right before experiments, 120 pl of

cell suspension was mixed with 13.3 pl of cisplatin.
60 pl of the cell suspension with added cisplatin
was transferred between the electrodes, and long
monopolar or short bipolar (HF-EP) pulses were
delivered (electroporation+cisplatin). The remain-
ing 60 ul was used as a control and was trans-
ferred between the electrodes, but no pulses were
delivered (only cisplatin). 50 pl of the treated and
control sample were transferred in a 15 ml cen-
trifuge tube. 10 minutes after pulse delivery, the
samples were diluted 40x in full DMEM and vor-
texed. 5.5x10° cells were transferred in each well
on a 96-well plate in triplicates. The survival assay
was performed as described in the subsection Cell
Survival after 72 hours as previously suggested.*?

Statistical analysis

Statistical analysis was performed using the soft-
ware SigmaPlot v11 (Systat Software, San Jose,
CA). We performed the t-test or one sample t-test
when comparing two groups or one group towards
normalized control. We performed the 1-way or
2-way ANOVA if the normality test was passed or
the ANOVA on ranks if the normality test failed
with the post-hoc Tukey test. The details on the
performed test and the obtained P-value are writ-
ten in respective figure captions in the Results sec-
tion. On figures, one asterisk (*) signifies P < 0.05,
two (**) P <0.01 and three (***) P <0.001.

Results
Electroporation with propidium iodide

First, we performed experiments to determine the
optimal parameters of electroporation to be later
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FIGURE 3. Cell membrane permeability as a function of different time of propidium iodide administration after electroporation for (A) 8 x 100 ps long
monopolar pulses, delivered at a repetition frequency 1 Hz; (B) 8 bursts of short bipolar pulses (HF-EP) of 1-1-1-1 ps, delivered at repetition frequency
1 Hz. Each data point was repeated 4 times (mean * standard deviation). We performed a 1-way ANOVA on ranks. For both types of pulses, there was

a significant difference between 0 min vs 10 min and 20 min (P < 0.05), other pairwise comparisons were not significant.

used in the experiments with cisplatin. As optimal
parameters of electroporation were considered
those where the highest cell membrane permeabil-
ity and the highest cell survival were achieved. In
Figure 2 we can observe the permeability curves
(blue dashed line) and the survival curves (red sol-
id line) as a function of electric field amplitude for
(A) 100 ps long monopolar pulses and (B) bursts
of short bipolar (HF-EP) pulses. In Figure 2A we
can see that the threshold of electroporation was
at 0.8 kV/cm and highest uptake and survival were
achieved at 1.2 kV/cm which was considered as
the optimal point of electroporation. In Figure 2B
we can see that the threshold of electroporation
was at 2 kV/cm, the threshold for irreversible elec-
troporation at 4.5 kV/cm and the highest uptake
and survival for HF-EP pulses were obtained at 3
kV/em which was chosen as the optimal point of
electroporation with short bipolar pulses. Electric
pulses of 1.2 kV/ecm with 100 ps monopolar pulses
and 3 kV/cm in HE-EP protocol were thus consid-
ered to be equivalent and were used in further ex-
periments.

With the optimal parameters of electroporation,
we measured the resealing of cell membranes after
electroporation. Figure 3 shows the permeability
curves obtained as a function of different time of
exposure to propidium iodide after electroporation
delivering (A) long monopolar pulses at E=1.2 kV/
cm and (B) HF-EP pulses at E = 3 kV/cm. Figure 3A
and Figure 3B show a peak of permeability at 0
min, i.e., right after the pulses are applied. Then,
we can see a decrease in permeability that reaches
a plateau after 10 min. We chose 10 min as the time
after which cell membranes resealed. Accordingly,
in the subsequent experiments, electroporated
samples with cisplatin were diluted after 10 min-
utes.

Radiol Oncol 2019; 53(2): 194-205.

Cytotoxicity of cisplatin without
electroporation

We measured the cytotoxicity of cisplatin without
electroporation at different cisplatin concentrations
and incubation times on attached confluent cell
monolayers (Figure 4). Cells were more affected if
they were exposed to cisplatin for a longer time (24
h and 48 h incubation caused significantly higher
cell death than 10 min and 1 h incubation). There
was no difference if cells were incubated for 10 min
vs 1 h and 24 h vs 48 h. There was no difference
between 1 uM and 10 uM, but in general, cytotoxic-
ity increased with higher cisplatin concentrations.
After 10 min and 1 h of incubation (red solid and
green dashed curve, respectively) there was a de-
crease in cell survival with increasing cisplatin con-
centration and at the highest tested concentration

Survival (%)

100 100 m;i
Concentration[uM]
FIGURE 4. Cytotoxicity of cisplatin without electroporation at
different concentrations and time of incubation. Each data
point was repeated 4 times (mean * standard deviation) and
is normalized to the confrol sample in which cisplatin was
substituted by 0.9% NaCl. A 2-way ANOVA was performed.
10 min or 1 h of incubation was different from 24 h or 48 h
(P < 0.001) while there was no difference between 10 min vs
1 hand 24 hvs 48 h. 330 pM cisplatin was more cytotoxic
than other tested concentrations (P < 0.001). There was no
significant difference between 1 uM and 10 pM cisplatin; all
other comparisons were significantly different (P < 0.001).
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FIGURE 5. Cytotoxicity of cisplatin in combination with electroporation (EP) at fixed value of cisplatin (CDDP) 100 uM as a function of electric field: (A)
8 x 100 ps long monopolar pulses (ECT) were delivered at repetition frequency 1 Hz; (B) 8 bursts of short bipolar pulses (HF-EP) of 1-1-1-1 ps were delivered
at repetition frequency 1 Hz. Each data point was repeated 3-6 times (mean * standard deviation). Results are normalized to the control sample without
an electric field and with 100 uM cisplatin. We performed a (A) 2-way ANOVA or (B) 2-way ANOVA on ranks. (A) At 0.8 kV/cm (P =0.036) and 1 kV/cm and
1.2 kV/cm (P < 0.001) EP samples were significantly different from CDDP+EP samples. (B) Af electric fields equal to or higher than 2 kV/cm EP samples

were significantly different from CDDP+EP samples (P < 0.001).

(330 uM) we obtained 58.55% + 14.90% and 48.12%
+ 14.01% survival for 10 min and 1 h, respectively.
After 24 h and 48 h (blue dotted and black dash-dot
curve, respectively) of incubation, cell survival de-
creased rapidly to less than 10% already with 100
UM of cisplatin.

Cytotoxicity of cisplatin with
electroporation - electrochemotherapy

First, we measured the cytotoxicity of cisplatin
with electroporation at different electric fields and
selected cisplatin (CDDP) concentration of 100
uM. In Figure 5, we can observe cell survival as a
function of applied electric field, on Figure 5A for
long monopolar pulses and Figure 5B for HF-EP
pulses. The solid green line shows cell survival af-
ter electroporation with cisplatin and red dashed
line survival after only electroporation without
cisplatin. The red dashed curves of Figure 5A and
B are already shown in Figure 2A and B. We can
see in both Figure 5A and B that the combination
of electric pulses and cisplatin is more efficient in
achieving cell death than applying only electric
pulses or only cisplatin (100% survival at 100 uM
cisplatin and 10 min incubation time, Figure 4) and
that cytotoxicity of cisplatin increases with increas-
ing electric field, starting at 0.8 kV/cm for 100 us
long monopolar pulses and 2 kV/cm for short bipo-
lar pulses, which coincides with the thresholds for
reversible electroporation (Figure 2). In Figure 5A
we can see that at E = 1.2 kV/ecm with cisplatin
32.16% + 14.08% of cells survive while when we ap-
ply only electric pulses, all cell survive. Similarly,
in Figure 5B at E = 3 kV/cm 25.33% + 3.73% of cells
survive electroporation with cisplatin opposed to
100% when only electric pulses are applied.

Then, we measured cytotoxicity of cisplatin
with electroporation at a fixed electric field (opti-
mal point of electroporation with the highest cell
membrane permeability and lowest survival - long
monopolar pulses at E = 1.2 kV/ecm and HF-EP
pulses at E =3 kV/cm) and different cisplatin con-
centrations. In Figure 6 we can see two cell survival
curves obtained by applying 1) only cisplatin (red
dashed curve) and 2) cisplatin in combination with
electroporation (solid green curve). From the red
dashed curve in Figure 6A and B we can see that
cell survival does not decrease with increasing cis-
platin concentration due to short incubation time
(see also Figure 4). From the solid green curve in
Figure 6 A and B we can see that the cytotoxicity
of cisplatin increases when electric pulses are ap-
plied with increasing cisplatin concentration. A
similar trend in survival is observed for both types
of pulses.

Discussion

We aimed to determine whether it is possible to
use bursts of short bipolar pulses (HE-EP) in in
vitro electrochemotherapy (ECT) treatments in-
stead of standard long monopolar pulses (classical
ECT). We thus performed in vitro experiments on
mouse skin melanoma cells, as melanoma is one of
the cancers successfully treated with electrochemo-
therapy.®

Optimal treatment parameters

First, we determined the cytotoxic effects of cis-
platin on a confluent monolayer of cells, because
survival after longer exposure time was not possi-
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cm, 8x100 ps long monopolar pulses, delivered at repetition frequency 1 Hz; (B) 3 kV/cm, 8 bursts of short bipolar pulses (HF-EP) of 1-1-1-1 ps, delivered
at repetition frequency 1 Hz. Each data point was repeated 3-7 times (mean * standard deviation). Each data was normalized to the control sample
electroporated and with 0.9% NaCl instead of cisplatin. We performed a 2-way ANOVA. For both types of pulses, at 100 uM and 330 uM the CDDP
samples were significantly different from the CDDP+EP samples (P < 0.001).

ble to evaluate on cell suspension (Figure 4). At 100
1M, short exposure (1 hour or less) did not affect
survival. We decided to perform experiments with
electroporation at 100 uM cisplatin in order to see
possible potentiation of the cytotoxic effect of cis-
platin after electroporation. Namely, using higher
concentration could already decrease survival
without applying electric pulses and we could not
asses, if electroporation increases cytotoxicity. In
the experiments assessing survival after incubation
with cisplatin as determined by the MTS assay, 24
h and 48 h time points were not different one from
another and we assumed that also 72 h exposure
(which was used in the electroporation experi-
ments) would yield similar results. However, we
did not make experiments also at 72 h exposure
time.

We determined the optimal parameters for ex-
periments with cisplatin and electric pulses, i.e.,
the optimal voltage of electric pulses, incubation
time with cisplatin after pulse application and cis-
platin concentration with a) 100 ps long monopolar
pulses (ECT) and b) short bipolar pulses (HE-EP).
In experiments with 8x100 ps monopolar pulses,
the optimal electric field (highest uptake of pro-
pidium and the highest cell survival) was 1.2 kV/
cm (Figure 2A) which is in agreement with other
studies * and corroborates our existing data where
cell permeabilization was detected via intracellu-
lar platinum measurements.* Unfortunately, we
could not apply voltages higher than 240 V (1.2
kV/cm) due to the current limitations of the pulse
generator. We determined that the optimal electric
field with HF-EP pulses was 3 kV/cm (Figure 2B).
With bipolar pulses, we had to apply 2.5-times
higher electric field than with monopolar pulses
to obtain comparable effect, which is in agreement
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with the results reported by Sweeney et al. for pro-
pidium uptake® and with the in vitro data on ir-
reversible electroporation, where irreversible elec-
troporation threshold increased 2.1-times, when 1
us long pulses were applied in bursts instead as
100 ps long pulses.#

With the selected parameters of electroporation,
we measured the resealing rate of cells after elec-
troporation. We determined that after 10 min cell
membrane is mostly resealed (Figure 3) and did
all subsequent cisplatin experiments with 10 min
incubation. Dilution of cells with permeable mem-
branes would namely reduce or stop the influx
too early or even cause efflux of cisplatin due to
dilution and potential reversal of the direction of
the concentration gradient.* This time range is in
agreement with the existing in vitro studies, where
the incubation time ranges from 5 minutes® to 60
minutes* as well as with the in vivo standard oper-
ating procedures where the pulses are applied be-
tween 8 and 28 minutes after intravenous drug in-
jection.’” With propidium iodide (PI) we could use
shorter incubation times (2 minutes) as PI binds
soon after entering the cell®, but with cisplatin, we
do not know how fast it binds, and we have to wait
until cell membranes are completely resealed be-
fore the dilution is made. PI was used as a model
for cisplatin as its molecular weight is in the same
range as of cisplatin (668 g/mol and 300 g/mol for
PI and cisplatin, respectively). The similarity in the
shape of the permeabilization curve (Figure 2) and
cell death due to cisplatin uptake (Figure 5) is an-
other indicator that PI is an appropriate molecule
to assess the uptake of cisplatin. Also, experiments
with Pl and flow cytometry are fast and easy to per-
form, enable screening of a wide range of param-
eters quicker than assessing cell survival or plati-
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num uptake via mass spectrometry and are thus
usually used to determine optimal parameters of
electric pulses for electrochemotherapy in vitro.50->2

100 uM cisplatin concentration was chosen as
we could (1) test several pulse parameters without
reaching the limitations of the survival assay, (2) it
is in a similar range as used in other in vitro stud-
ies. 2345485354 Other tested concentrations (1, 10, 100,
330 uM) were chosen as they were already used
in previous in vitro experiments.?# (3) The 1C50
value of cisplatin pooled together from several
studies in*® was determined to be between 0.83 uM
and 1000 pM without electroporation and 0.083
uM and 106 uM with electroporation. As we de-
termined graphically from Figure 6, the IC50 value
was in our study 85 uM for monopolar, and 45 uM
for bipolar pulses, which is in agreement with the
literature and close to the 100 uM.

In our study, different cell densities were used
due to different requirements for cell number and
sensitivities of the chosen assays. However, even at
the highest concentration (2.2x107 cells/ml) we were
still well below the concentration where shielding
of the electric field and decreased uptake were
observed.® 72 h growth time after electrochemo-
therapy was chosen as it was shown that results of
metabolic assays are highly dependent on evalua-
tion time point and they correspond to the results
of clonogenic assay better at later time points.*

Cytotoxicity of cisplatin with
electroporation

We measured the cytotoxicity of cisplatin with
electroporation at fixed cisplatin concentration of
100 uM and different electric fields (Figure 5). We
were interested in the effect of electric field inten-
sity on cisplatin cytotoxicity, as usually when treat-
ing tumors in vivo, the electric field distribution is
inhomogeneous due to different dielectric proper-
ties of different tissues and various electrode con-
figurations.®>* A similar tendency of cell survival
as a function of the electric field was observed with
monopolar as well as HF-EP pulses - we achieved
greater cell death by applying cisplatin in combi-
nation with electric pulses than by only applying
electric pulses. Survival decreased with increas-
ing electric field. In Figure 5A, comparing the red
curve with the green one, we can see that at E=1.2
kV/cm cells die because of the cisplatin uptake and
not due to irreversible electroporation. The sur-
vival after applying 1.2 kV/cm was still 100%, the
survival with electric pulses and cisplatin dropped
to 32.16% + 14.08%. Similarly as with monopolar

pulses, when applying bipolar pulses of E = 3 kV/
cm, cells die due to the cisplatin uptake and not
due to irreversible electroporation (Figure 5B). At E
>3 kV/cm cell death is due to the cytotoxic effect of
cisplatin as well as irreversible electroporation. As
expected and in accordance with previously pub-
lished results for propidium iodide, we needed to
deliver 2.5-times higher electric field with the HF-
EP pulses to achieve a comparable effect.’®

Interestingly, the shape of the permeabilization
curve to propidium (Figure 2) corresponds perfect-
ly to the shape of the survival curve after electro-
chemotherapy (Figure 5). The onset of membrane
permeabilization is at 0.8 kV/cm for long monopo-
lar pulses (Figure 2A) and at 2 kV/cm for HE-EP
pulses (Figure 2B), which corresponds to the onset
of the decrease in survival after electrochemother-
apy (Figure 5). The plateau of membrane permea-
bilization for HF-EP pulses is reached at 3-3.5 kV/
cm (Figure 2B) which corresponds to the reached
plateau of survival (Figure 5B). Thus at our specific
conditions, membrane permeability to propidium
is a good indicator of cytotoxicity of cisplatin.

In Figure 6, we measured cytotoxicity of cispl-
atin with electroporation at a fixed electric field
(monopolar pulses E = 1.2 kV/cm and short bipolar
pulses E =3 kV/cm) and different cisplatin concen-
trations. Namely, in tissues, inhomogeneous cispl-
atin concentration is expected, also initial cisplatin
concentration is usually inhomogeneous after in-
tratumoral injection.* Both (A) monopolar pulses
at E =1.2 kV/cm and (B) HE-EP pulses at E =3 kV/
cm show a similar behavior. In both Figures 6 A
and B, the cytotoxicity of cisplatin increases more
with cisplatin in combination with electric pulses
than using only cisplatin.?** Indeed, without elec-
tric pulses application, a high dose of cisplatin
and/or longer incubation times need to be used
to achieve a decrease in cell survival (Figure 4).
However, applying 330 uM cisplatin with long mo-
nopolar pulses only 14.28% + 5.84% of cell survived
and with short bipolar pulses (HE-EP) only 8.45% =+
5.22% of cell survived. We must keep in mind, that
with short bipolar pulses, 2.5-times higher electric
field was applied to achieve a similar effect. From
the red dashed curve in Figure 6A and B we can
see that cell survival did not decrease with increas-
ing cisplatin concentration. This result should be
the same as in Figure 4 considering only the 10
min curve, but in Figure 4 cell survival slightly
decreases with increasing cisplatin concentration.
The reasons for this discrepancy could be the dif-
ferences in the protocols: attached cell monolayers
to measure the cytotoxicity of cisplatin without
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electroporation and cells in suspension to measure
the cytotoxicity of cisplatin in combination with
electroporation. Also, the attached cells were di-
luted much less with fresh DMEM after exposure
to cisplatin than cells in suspension. Besides, cell
survival was measured after 48h for the attached
cell and after 72 h for the cell in suspension.

Outlooks for using high-frequency
electroporation in the clinics

HF-IRE pulses were reported to reduce muscle
contractions in comparison with classic 100 us
pulses which was observed in several studies in vi-
vo. For example, muscle contractions with HF-IRE
pulses were much less noticeable than with 100 us
long monopolar pulses in experiments on rabbit
liver.3357°8 Even in the absence of cardiac synchro-
nization and paralytics, only minor muscle twitch
was recorded in one out of 24 cases®®*’ when treat-
ing porcine liver. Sano et al. observed that HF-IRE
waveforms reduced the intensity of muscle con-
tractions in comparison with traditional IRE pulses
on ex-vivo porcine model* and in in vivo murine
tumor.* Arena et al. observed that HF-IRE pulses
eliminated muscle contractions when electric puls-
es were applied to the brain of rats® and achieved
blood-brain-barrier disruption without inducing
local or distal muscle contractions.! Latouche et
al. observed no evidence of muscle or nerve exci-
tation or cardiac arrhythmia during any pulse de-
livery when treating intracranial meningioma in
dogs.® In a first human study on high-frequency
irreversible electroporation of prostate cancer, only
a small amount of muscle relaxant was needed,
and there were no visible muscle contractions dur-
ing the pulse delivery process.** Additionally, the
histological analysis in in vivo porcine experiments
indicates that with HF-IRE rapid and reproducible
ablation in the liver can be achieved, while preserv-
ing gross vascular/biliary architecture.®® The mech-
anism for decreased muscle contractions is still un-
known. However, different possible explanations
were offered. It was suggested that (1) stimulation
threshold raises faster than the threshold for ir-
reversible electroporation with decreasing pulse
length® which is a consequence of geometrical dif-
ferences between nerve fibers and tumor cells.®® (2)
At around 1 ps there is an overlap of the depolari-
zation threshold and electroporation threshold on
the strength-intensity curve.*! (3) The short nega-
tive pulse delivered after a positive pulse acceler-
ated the passive repolarization and swamped the
regenerative response, thus abolishing the action
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potential.** The pain was not yet evaluated, but
promising results regarding muscle contractions
indicate that we can expect less pain with HF-EP
than with classical 100 pis pulses.

Before transfer to the clinical setting, more ex-
periments in vitro as well in vivo need to be per-
formed. In the scope of the current study, experi-
ments with bleomycin are not feasible due to or-
ganizational reasons. However, we are planning to
perform, in the future, experiments using bleomy-
cin with HF-EP, as bleomycin is frequently used
for ECT in the clinics. So, cytotoxicity of bleomycin
and HF-EP needs to be assessed, and experiments
determining  intratumoral cisplatin/bleomycin
concentration should be performed. The electric
field needed to achieve cell death is with HF-EP
higher than in classical EP, and thus the effect of
high voltage on important structures in the vicin-
ity of the tumors should be investigated, similarly
as in® for hepatic veins. Also, temperature increase
due to Joule heating has to be minimized for ex-
ample by introducing a delay between bursts®®,
limiting electric current or number of bursts3466!
and avoiding increased temperature by optimizing
treatment parameters.3>¥8¢! The influence of HF-
EP on muscle contractions, pain and heart thythm
should also be studied, as is being done for high-
frequency irreversible electroporation. Currently,
pulses in the published studies are being applied
with laboratory prototypes - a clinical generator of
bipolar pulses needs to be designed and certified
before clinical use. However, electrode geometry
could be the same as those used with the longer
monopolar pulses, but electrical isolation of the
wiring and stray capacitance should be re-evalu-
ated.

Applying HE-EP pulses comes at the expense of
delivering considerably higher pulse amplitude.
However, we need to take into account that in our
study, we focused on eight bursts in total on-time of
800 us to enable comparison with the standard ECT
protocol and be consistent with previous studies.®
To obtain a good effect while keeping the applied
voltage low, we could apply more bursts, longer
pulses than 1 ps or asymmetrical bipolar pulses3#3,
although it was indicated that muscle contractions
are increased with the asymmetrical waveforms.
Also of importance is that with pulses in the range
of a few microseconds, we are already in the range
of the so-called cancellation effect which could be
partially responsible for decreased effect of shorter
pulses in comparison to longer pulses.?% We can
nevertheless conclude that HF-EP pulses can be
successfully used in electrochemotherapy treat-
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ments in vitro, however, at the expense of deliver-
ing electric pulses of higher amplitudes.®

Although still at the in vitro testing stage, we be-
lieve that the use of HF-EP pulses for electrochem-
otherapy in the clinics could potentially decrease
the discomfort connected with muscle contractions
and pain, simplifying the treatment procedure by
lowering dose of muscle relaxants and anesthesia,
and avoid synchronization with the electrocardio-
gram, while potentially achieving more homoge-
neous electric field distribution®” and reducing the
electrolytic contamination.®

Conclusions

In conclusion, with long monopolar and short bi-
polar pulses (HE-EP), we achieved similar efficien-
cy of electrochemotherapy with cisplatin in vitro,
however, with short bipolar pulses, we had to ap-
ply a much higher electric field for the same effect.
Nevertheless, we believe that HF-EP pulses could
eventually be translated into the clinical setting to
be used in electrochemotherapy treatments to al-
leviate pain, reduce muscle contractions, decrease
the needed dose of anesthetics and muscle relax-
ants while maintaining high treatment efficacy.
Further studies of the HF-EP pulses for electro-
chemotherapy with bleomycin in vitro and in vivo
are needed.

Acknowledgments

This work was supported by the Slovenian
Research Agency (ARRS) [research core fund-
ing No. P2-0249 and IP-0510]. The research was
conducted within the scope of the electropora-
tion in Biology and Medicine (EBAM) European
Associated Laboratory (LEA). Authors would like
to thank L. Vukanovi¢ and D. Hodzi¢ for their help
in the cell culture laboratory and dr. T. Jarm for his
help with the statistical analysis and M. Bernik for
the linguistic revision of Slovenian abstract. M.S.
would like to thank dr. E. Sieni for her help and
acknowledge the Erasmus+ grant.

References

1. Kotnik T, Kramar P, Pucihar G, Miklavcic D, Tarek M. Cell membrane elec-
troporation-part 1: the phenomenon. IEEE Electr Insul Mag 2012; 28: 14-23.
doi: 10.1109/MEI.2012.6268438

2. Weaver JC. Electroporation: a general phenomenon for manipulating cells
and tissues. J Cell Biochem 1993; 51: 426-35. doi: 10.1002/jcb.2400510407

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tsong TY. Electroporation of cell membranes. Biophys J 1991; 60: 297-306.
doi: 10.1016/S0006-3495(91)82054-9

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

Yarmush ML, Golberg A, Sersa G, Kotnik T, Miklav¢i¢ D. Electroporation-
based technologies for medicine: principles, applications, and challenges.
Annu Rev Biomed Eng 2014; 16: 295-320. doi: 10.1146/annurev-bio-
eng-071813-104622

Jiang C, Davalos RV, Bischof JC. A review of basic to clinical studies of irre-
versible electroporation therapy. IEEE Trans Biomed Eng 2015; 62: 4-20. doi:
10.1109/TBME.2014.2367543

Scheffer HJ, Nielsen K, de Jong MC, van Tilborg AA, Vieveen JM, Bouwman
AR, et al. Irreversible electroporation for nonthermal tumor Ablation in the
clinical setting: a systematic review of safety and efficacy. J Vasc Interv Radiol
2014; 25: 997-1011. doi: 10.1016/j.jvir.2014.01.028

Mali B, Jarm T, Snoj M, Sersa G, Miklav¢i¢ D. Antitumor effectiveness of
electrochemotherapy: a systematic review and meta-analysis. Eur J Surg
Oncol 2013; 39: 4-16. doi: 10.1016/j.ejs0.2012.08.016

Haberl S, Miklav¢ic D, Ser$a G, Frey W, Rubinsky B. Cell membrane elec-
troporation — part 2: the applications. Electr Insul Mag IEEE 2013; 29: 29-37.
doi: 10.1109/MEI.2013.6410537

Cadossi R, Ronchetti M, Cadossi M. Locally enhanced chemotherapy by
electroporation: clinical experiences and perspective of use of electro-
chemotherapy. Future Oncol 2014; 10: 877-90. doi: 10.2217/fon.13.235

Kotnik T, Frey W, Sack M, Megli¢ SH, Peterka M, Miklavcic D. Electroporation-
based applications in biotechnology. Trends Biotechnol 2015; 33: 480-8. doi:
10.1016/j.tibtech.2015.06.002

Golberg A, Sack M, Teissie J, Pataro G, Pliquett U, Saulis G, et al. Energy-
efficient biomass processing with pulsed electric fields for bioeconomy and
sustainable development. Biotechnol Biofuels 2016; 9: 94. doi: 10.1186/
513068-016-0508-2

Toepfl S, Siemer C, Saldafia-Navarro G, Heinz V. Overview of pulsed electric
fields processing for food. In: Sun DW, editor. Emerging technologies for
food processing. Second edition. Amsterdam: Academic press; Elsevier;
2014. p. 93-114. doi: 10.1016/B978-0-12-411479-1.00006-1

Mahnic¢-Kalamiza S, Vorobiev E, Miklav¢i¢ D. Electroporation in food pro-
cessing and biorefinery. J/ Membr Biol 2014; 247: 1279-304. doi: 10.1007/
s00232-014-9737-x

Campana LG, Edhemovic¢ |, Soden D, Perrone AM, Scarpa M, Campanacci L,
et al. Electrochemotherapy - emerging applications technical advances, new
indications, combined approaches, and multi-institutional collaboration. Eur
J Surg Oncol 2019; 45: 92-102. doi: 10.1016/j.ejs0.2018.11.023

Miklav¢ic D, Mali B, Kos B, Heller R, SerSa G. Electrochemotherapy: from the
drawing board into medical practice. Biomed Eng OnLine 2014; 13: 29. doi:
10.1186/1475-925%-13-29

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

Gehl J, Sersa G, Matthiessen LW, Muir T, Soden D, Occhini A, et al. Updated
standard operating procedures for electrochemotherapy of cutaneous tu-
mours and skin metastases. Acta Oncol Stockh Swed 2018; 57: 874-82. doi:
10.1080/0284186X.2018.1454602

Marty M, Sersa G, Garbay JR, Gehl J, Collins CG, Snoj M, et al.
Electrochemotherapy — An easy, highly effective and safe treatment of cuta-
neous and subcutaneous metastases: results of ESOPE (European Standard
Operating Procedures of Electrochemotherapy) study. Eur J Cancer Suppl
2006; 4: 3-13. doi: 10.1016/j.ejcsup.2006.08.002

Mir LM, Tounekti O, Orlowski S. Bleomycin: revival of an old drug. Gen
Pharmacol 1996; 27: 745-8. doi: 10.1016/0306-3623(95)02101-9

Tounekti O, Pron G, Belehradek J, Mir LM. Bleomycin, an apoptosis-mimetic
drug that induces two types of cell death depending on the number of
molecules internalized. Cancer Res 1993; 53: 5462-9. PMID: 7693342

BrouanhiQai] BLT087 &, Wkealsi™y BBy Llublana
Download Date | 6/14/19 10:28 AM

203



204

Scuderi M et al. / High-frequency short bipolar pulses in electrochemotherapy

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Spreckelmeyer S, Orvig C, Casini A. Cellular transport mechanisms of cy-
totoxic metallodrugs: an overview beyond cisplatin. Molecules 2014; 19:
15584-610. doi: 10.3390/molecules191015584

Sersa G, Cemazar M, Miklav¢i¢ D. Antitumor effectiveness of electrochemo-
therapy with cis-diamminedichloroplatinum(ll) in mice. Cancer Res 1995;
55: 3450-5. PMID: 7614485

Tozon N, Seréa G, Cemazar M. Electrochemotherapy: potentiation of local
antitumour effectiveness of cisplatin in dogs and cats. Anticancer Res 2001;
21:2483-8. PMID: 11724311

Jaroszeski MJ, Dang V, Pottinger C, Hickey J, Gilbert R, Heller R. Toxicity of
anticancer agents mediated by electroporation in vitro. Anticancer Drugs
2000; 11: 201-8. PMID: 10831279

Zupani¢ A, Ribari¢ S, Miklav¢i¢ D. Increasing the repetition frequency of
electric pulse delivery reduces unpleasant sensations that occur in electro-
chemotherapy. Neoplasma 2007; 54: 246-50. PMID: 17447858

Miklav¢i¢ D, Pucihar G, Pavlovec M, Ribari¢ S, Mali M, Macek-Lebar A, et
al. The effect of high frequency electric pulses on muscle contractions
and antitumor efficiency in vivo for a potential use in clinical electro-
chemotherapy. Bioelectrochemistry 2005; 65: 121-8. doi: 10.1016/j.bioel-
echem.2004.07.004

Arena CB, Davalos RV. Advances in therapeutic electroporation to mitigate
muscle contractions. J Membr Sci Technol 2012; 2: 1-3. doi: 10.4172/2155-
9589.1000e102

Ball C, Thomson KR, Kavnoudias H. Irreversible electroporation: a new chal-
lenge in “Out of Operating Theater” anesthesia. Anesth Analg 2010; 110:
1305-9. doi: 10.1213/ANE.Ob013e3181d27b30

Mali B, Jarm T, Corovi¢ S, Paulin-Kosir MS, Cemazar M, Ser$a G, et al. The
effect of electroporation pulses on functioning of the heart. Med Biol Eng
Comput 2008; 46: 745-57. doi: 10.1007/511517-008-0346-7

Deodhar A, Dickfeld T, Single GW, Hamilton WC, Thornton RH, Sofocleous
CT, et al. Irreversible electroporation near the heart: ventricular arrhythmias
can be prevented with ECG synchronization. AJR Am J Roentgenol 2011;
196: W330-5. doi: 10.2214/AJR.10.4490

Golberg A, Rubinsky B. Towards electroporation based treatment planning
considering electric field induced muscle contractions. Technol Cancer Res
Treat 2012; 11: 189-201. doi: 10.7785/tcrt.2012.500249

Yao C, Dong S, Zhao Y, Lv Y, Liu H, Gong L, et al. Bipolar microsecond pulses
and insulated needle electrodes for reducing muscle contractions during
irreversible electroporation. IEEE Trans Biomed Eng 2017; 64: 2924-37. doi:
10.1109/TBME.2017.2690624

Sano MB, Fan RE, Cheng K, Saenz Y, Sonn GA, Hwang GL, et al. Reduction of
muscle contractions during irreversible electroporation therapy using high-
frequency bursts of alternating polarity pulses: a laboratory investigation in
an ex vivo swine model. J Vasc Interv Radiol JVIR 2018; 29: 893-8.e4. doi:
10.1016/j.jvir.2017.12.019

Latouche EL, Arena CB, Ivey JW, Garcia PA, Pancotto TE, Pavlisko N, et al.
High-frequency irreversible electroporation for intracranial meningioma: A
feasibility study in a spontaneous canine tumor model. Technol Cancer Res
Treat 2018; 17: 1-10. doi: 10.1177/1533033818785285

Dong S, Wang H, Zhao Y, Sun Y, Yao C. First human trial of high-frequency
irreversible electroporation therapy for prostate cancer. Technol Cancer Res
Treat 2018; 17: 1-9. doi: 10.1177/1533033818789692

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

Sweeney DC, ReberSek M, Dermol J, Rems L, Miklav¢i¢ D, Davalos RV.
Quantification of cell membrane permeability induced by monopolar and
high-frequency bipolar bursts of electrical pulses. Biochim Biophys Acta
BBA - Biomembr 2016; 1858: 2689-98. doi: 10.1016/j.bbamem.2016.06.024

Pucihar G, Kotnik T, Teissié J, Miklav¢i¢ D. Electropermeabilization of dense
cell suspensions. Eur Biophys J 2007; 36: 173-85. doi: 10.1007/s00249-006-
0115-1

Dermol J, Miklav¢i¢ D. Mathematical models describing chinese hamster
ovary cell death due to electroporation in vitro. J Membr Biol 2015; 248:
865-81. doi: 10.1007/s00232-015-9825-6

Radiol Oncol 2019; 53(2): 194-205.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Dermol-Cerne J, Miklav¢i¢ D, Rebersek M, Meku¢ P, Bardet SM, Burke R,
et al. Plasma membrane depolarization and permeabilization due to elec-
tric pulses in cell lines of different excitability. Bioelectrochemistry 2018;
122:103-14. doi: 10.1016/j.bioelechem.2018.03.011

Jakétys B, Ruzgys P, Tamositinas M, Satkauskas S. Different cell viability as-
says reveal inconsistent results after bleomycin electrotransfer in vitro. J
Membr Biol 2015; 248: 857-63. doi: 10.1007/s00232-015-9813-x

Ser$a G, Stabuc B, Cemazar M, Miklav¢i¢ D, Rudolf Z. Electrochemotherapy
with cisplatin: clinical experience in malignant melanoma patients. Clin
Cancer Res 2000; 6: 863-7. PMID: 10741708

Cemazar M, Jarm T, Miklav¢i¢ D, Macek Lebar A, Ihan A, Kopitar NA, et al.
Effect of electric-field intensity on electropermeabilization and electrosensi-
tivity of various tumor-cell lines in vitro. Electro-Magnetobiology 1998; 17:
263-72. doi.org/10.3109/15368379809022571

Dermol-Cerne J, Vidmar J, S¢anéar J, Ursi¢ K, Ser§a G, Miklav¢i¢ D.
Connecting the in vitro and in vivo experiments in electrochemotherapy - a
feasibility study modeling cisplatin transport in mouse melanoma using the
dual-porosity model. J Control Release 2018; 286: 33-45. doi: 10.1016/j.
jconrel.2018.07.021

Sano MB, Arena CB, Bittleman KR, DeWitt MR, Cho HJ, Szot CS, et al. Bursts
of Bipolar Microsecond Pulses Inhibit Tumor Growth. Sci Rep 2015; 5:
14999. doi: 10.1038/srep14999

Puc M, Kotnik T, Mir LM, Miklavci¢ D. Quantitative model of small molecules
uptake after in vitro cell electropermeabilization. Bioelectrochemistry Amst
Neth 2003; 60: 1-10. doi: 10.1016/51567-5394(03)00021-5

Gehl J, Skovsgaard T, Mir LM. Enhancement of cytotoxicity by electroper-
meabilization: an improved method for screening drugs. Anticancer Drugs
1998; 9: 319-25. PMID: 9635922

Pucihar G, Kotnik T, Miklavcic D, Teissié J. Kinetics of transmembrane trans-
port of small molecules into electropermeabilized cells. Biophys J 2008; 95:
2837-48. doi: 10.1529/biophysj.108.135541

Cemazar M, Serda G, Miklavei¢ D. Electrochemotherapy with cisplatin in
the treatment of tumor cells resistant to cisplatin. Anticancer Res 1998; 18:
463-6. PMID: 9891510

Saczko J, Kaminska |, Kotulska M, Bar J, Choromanska A, Rembiatkowska
N, et al. Combination of therapy with 5-fluorouracil and cisplatin with
electroporation in human ovarian carcinoma model in vitro. Biomed
Pharmacother 2014; 68: 573-80. doi: 10.1016/j.biopha.2014.05.005

Zakelj M, Prevc A, Kranjc S, Cemazar M, Todorovi¢ V, Savarin M, et al.
Electrochemotherapy of radioresistant head and neck squamous cell
carcinoma cells and tumor xenografts. Oncol Rep 2019; 41: 1658-68. doi:
10.3892/0r.2019.6960

Todorovi¢ V, Sera G, Flisar K, Cemazar M. Enhanced cytotoxicity of bleomy-
cin and cisplatin after electroporation in murine colorectal carcinoma cells.
Radiol Oncol 2009; 43: 264-73. doi: 10.2478/v10019-009-0037-5

Vasquez JL, Ibsen P, Lindberg H, Gehl J. In vitro and in vivo experiments on
electrochemotherapy for bladder cancer. J Urol 2015; 193: 1009-15. doi:
10.1016/j.juro.2014.09.039

Kranjc M, Markelc B, Bajd F, Cemazar M, Sersa |, Blagus T, et al. In situ moni-
toring of electric field distribution in mouse tumor during electroporation.
Radiology 2015; 274: 115-23. doi: 10.1148/radiol. 14140311

Corovi¢ S, Pavlin M, Miklav¢ic D. Analytical and numerical quantification and
comparison of the local electric field in the tissue for different electrode
configurations. Biomed Eng OnLine 2007; 6: 37. doi: 10.1186/1475-925X-6-
37

Dong S, Yao C, Zhao Y, Lv Y, Liu H. Parameters optimization of bipolar high
frequency pulses on tissue ablation and inhibiting muscle contraction. IEEE
Trans Dielectr Electr Insul 2018; 25: 207-16. doi: 10.1109/TDEI.2018.006303

Zhao Y, Bhonsle S, Dong S, Lv Y, Liu H, Safaai-Jazi A, et al. Characterization of
conductivity changes during high-frequency irreversible electroporation for
treatment planning. IEEE Trans Biomed Eng 2018; 65: 1810-9. doi: 10.1109/
TBME.2017.2778101

Siddiqui 1A, Latouche EL, DeWitt MR, Swet JH, Kirks RC, Baker EH, et al.
Induction of rapid, reproducible hepatic ablations using next-generation,
high frequency irreversible electroporation (H-FIRE) in vivo. HPB 2016; 18:
726-34. doi: 10.1016/j.hpb.2016.06.015

Brought to you by | National & University Library Ljubljana

Authenticated
Download Date | 6/14/19 10:28 AM



60.

61.

62.

63.

64.

65.

66.

67.

68.

Scuderi M et al. / High-frequency short bipolar pulses in electrochemotherapy

Siddiqui IA, Kirks RC, Latouche EL, DeWitt MR, Swet JH, Baker EH, et al.
High-frequency irreversible electroporation: Safety and efficacy of next-gen-
eration irreversible electroporation adjacent to critical hepatic structures.
Surg Innov 2017; 24: 276-83. doi: 10.1177/1553350617692202

Arena CB, Garcia PA, Sano MB, Olson JD, Rogers-Cotrone T, Rossmeisl JH, et
al. Focal blood-brain-barrier disruption with high-frequency pulsed electric
fields. Technology 2014; 2: 206-13. doi: 10.1142/52339547814500186

Rogers WR, Merritt JH, Comeaux JA, Kuhnel CT, Moreland DF, Teltschik DG,
et al. Strength-duration curve for an electrically excitable tissue extended
down to near 1 nanosecond. /EEE Trans Plasma Sci 2004; 32: 1587-99. doi:
10.1109/TPS.2004.831758

Mercadal B, Arena CB, Davalos RV, Ivorra A. Avoiding nerve stimulation in ir-
reversible electroporation: a numerical modeling study. Phys Med Biol 2017;
62: 8060-79. doi: 10.1088/1361-6560/aa8c53

van den Honert C, Mortimer JT. The response of the myelinated nerve fiber
to short duration biphasic stimulating currents. Ann Biomed Eng 1979; 7:
117-25. doi: 10.1007/BF02363130.

Sano MB, Fan RE, Xing L. Asymmetric waveforms decrease lethal thresholds
in high frequency irreversible electroporation therapies. Sci Rep 2017; 7:
40747. doi: 10.1038/srepd0747

Valdez CM, Barnes R, Roth CC, Moen E, Ibey B. The interphase interval
within a bipolar nanosecond electric pulse modulates bipolar cancellation.
Bioelectromagnetics 2018; 39: 441-50. doi: 10.1002/bem.22134

Bhonsle SP, Arena CB, Sweeney DC, Davalos RV. Mitigation of imped-
ance changes due to electroporation therapy using bursts of high-fre-
quency bipolar pulses. Biomed Eng Online 2015; 14(Suppl 3): S3. doi:
10.1186/1475-925X%-14-S3-S3

Kotnik T, Miklav¢i¢ D, Mir LM. Cell membrane electropermeabilization
by symmetrical bipolar rectangular pulses. Part Il. Reduced electrolytic
contamination. Bioelectrochemistry 2001; 54: 91-5. doi: 10.1016/S1567-
5394(01)00115-3

BrouanhiQai] BLT087 &, Wkealsi™y BBy Llublana
Download Date | 6/14/19 10:28 AM

20S




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Smallest File Size]'] Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


