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It was recently suggested that applying high-frequency short biphasic pulses (HF-IRE) reduces pain and
muscle contractions in electrochemotherapy and irreversible ablation treatments; however, higher
amplitudes with HF-IRE pulses are required to achieve a similar effect as with monophasic pulses. HF-
IRE pulses are in the range of a microseconds, thus, the so-called cancellation effect could be responsible
for the need to apply pulses of higher amplitudes. In cancellation effect, the effect of first pulse is reduced
by the second pulse of opposite polarity. We evaluated cancellation effect with high-frequency biphasic
pulses on CHO-K1 in different electroporation buffers. We applied eight bursts of 1–10 ms long pulses
with inter-phase delays of 0.5 ms – 10 ms and evaluated membrane permeability and cell survival. In per-
meability experiments, cancellation effect was not observed in low-conductivity buffer. Cancellation
effect was, however, observed in treatments with high-frequency biphasic pulses looking at survival in
all of the tested electroporation buffers. In general, cancellation effect depended on inter-phase delay
as well as on pulse duration, i.e. longer pulses and longer interphase delay cause less pronounced cancel-
lation effect. Cancellation effect could be partially explained by the assisted discharge and not by the
hyperpolarization by the chloride channels.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Electroporation is a phenomenon in which cells exposed to
pulsed electric fields of a sufficient intensity form nanoscale
defects referred to as pores in the cell membrane, where lipids
are chemically modified and the function of membrane proteins
is modulated [1]. Consequently, membrane permeability increases
and allows molecules for which the membrane is usually imper-
meable to cross the cell membrane. If cells recover after treatment
and survive, this is termed reversible electroporation. However,
when damage is more extensive, and cells die, this is termed irre-
versible electroporation (IRE). Electroporation is used in medicine,
i.e. electrochemotherapy (ECT) [2–5], gene therapy [6,7], DNA vac-
cination [8,9], and tumor [10,11] or cardiac ablation [12–15] by
irreversible electroporation, in biotechnology [16–18], and food
processing [16,19].

In ECT and IRE treatments, 50–100 ms long monophasic pulses
are traditionally applied at approximately 1 Hz repetition fre-
quency, synchronized with the heart rhythm [4,11,20]. Low repeti-
tion frequency results in separate muscle contractions, i.e.
individual multiple muscle twitches associated with every pulse
delivered [21]. Since pulses cause electrical stimulation of excita-
ble tissue, also sensory nerves are stimulated, therefore the proce-
dure is also painful for the patients [22,23]. Therefore, general
anesthesia [24], synchronization with electrocardiogram [25–27]
and administration of muscle relaxants are needed during the
treatment to prevent painful muscle contraction.

It was previously suggested that unpleasant sensations could be
reduced by increasing the pulse repetition frequency [23,28].
Although in vitro results were promising, as the obtained molecular
uptake remained similar up to 8.3 kHz repetition frequency, only
slightly higher voltages had to be applied with higher repetition
frequencies [29]. In vivo, at 1 Hz a higher percentage of complete
tumor regression was observed than at 5 kHz repetition frequency,
especially when using sub-optimal drug concentrations [28,30].
Another suggestion to reduce muscle and nerve excitation and ele-
vate pain was to use specially designed electrodes, i.e. insulated
needle electrodes [31] or ‘‘current cage” electrode placement
[32]. Another recent approach was to replace the standard 50–
100 ms monophasic pulses by bursts of short biphasic pulses, the
so-called high-frequency irreversible electroporation (HF-IRE).
When HF-IRE pulses were applied ex-vivo and in vivo to several
animal models [33–35] as well as to humans in the first human
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Table 1
Composition and electrical conductivity of three electroporation buffers, used in our
study.

Electroporation
buffer

Composition Electrical
conductivity
(mS/cm)

Low-conductivity
buffer

10 mM K2HPO4/KH2PO4 in ratio
40.5:9.5, 1 mM MgCl2, 250 mM
C12H22O11

1.76 [57]

High-conductivity
buffer

10 mM K2HPO4/KH2PO4 in ratio
40.5:9.5
1 mM MgCl2, 150 mM NaCl

19.12 [57]

Buffer without
chloride

10 mM K2HPO4/KH2PO4 in ratio
40.5:9.5, 1 mM C12H22MgO14�xH2O,
150 mM NaC6H11O7

9.57*

* Measured with the conductometer S230 SevenCompact (Mettler Toledo,
Switzerland) at room temperature (24 �C).

2 T. Polajžer et al. / Bioelectrochemistry 132 (2020) 107442
study on prostate cancer [36], there were fewer muscle contrac-
tions observed and less muscle relaxants needed than in standard
IRE treatments. The efficiency of the HF-IRE treatment was compa-
rable to the IRE treatment; however, higher amplitudes of electric
pulses had to be in the HF-IRE treatments than when using stan-
dard IRE pulses. Nevertheless HF-IRE pulse treatments could
potentially improve the procedural safety for patients by obviating
the need for neuromuscular blockage and general anesthesia.

In addition to IRE it was also demonstrated that high-frequency
electroporation, i.e. HF-EP with bursts of short biphasic pulses
could be used to increase membrane permeability to fluorescent
dyes [37] and recently, also to chemotherapeutic cisplatin in elec-
trochemotherapy in vitro [38]. However, in this case higher electric
pulses had to be delivered with HF-EP than with classical
8 � 100 ms ECT to achieve a comparable effect for equal pulse
duration.

It was previously reported that biphasic pulses were at least as
efficient as monophasic pulses. In vitro, higher DNA transfection
efficiency was obtained with biphasic pulses than with monopha-
sic pulses [39]. Presumably, biphasic pulses induced cell mem-
brane permeabilization on both sides of the membrane facing the
electrodes and not only on one side, as would be expected with
monophasic pulses. Improved efficiency of permeabilization with
biphasic pulses was later confirmed also by increased membrane
permeability [40], while the electrolytic contamination with
biphasic pulses was lower than with monophasic pulses [41]. In
vivo, monophasic (100 ms) and biphasic pulses (50 + 50 ms) were
reported to be of similar efficiency in electrochemotherapy [42],
whilst with 20 ms long biphasic pulses a higher transgene expres-
sion in liver tissue was obtained than with unipolar pulses
(monophasic) [43]. In another study, no difference was seen in
gene transfer of skin between applying monophasic and biphasic
pulses [44]. In all studies mentioned above, however, longer pulses
were applied than those used in HF-IRE (>10 ms).

Over time, the development of new pulse generators has made
it possible to deliver even shorter pulses in the nanosecond time
range [45]. Interesting new observations were made using biphasic
nanosecond pulses suggesting they were less efficient in permeabi-
lizing and killing cells than monophasic nanosecond pulses [46],
i.e. the so-called cancellation effect was observed which challenged
the existing knowledge. Briefly, a cancellation effect was reported
in which the effect of the first pulse was cancelled (or reduced)
by the effect of the second pulse of the opposite polarity, although
applying asymmetrical biphasic pulses (in voltage [47] and time
[48]) decreases the extent of the cancellation effect. This cancella-
tion effect was observed for one or more biphasic pulses with the
duration of the positive or the negative pulse between 60 and
900 ns and the delay between the positive and the negative pulse
up to 10 ms [46–51]. It was detected via calcium influx, the influx
of fluorescent dyes, phosphatidylserine externalization, metabolic
assays of survival, and membrane conductance measurements.
The reason(s) for this cancellation effect have not yet been identi-
fied; however, different theories and models were proposed
[52,53]. The mechanisms suggested are: assisted membrane dis-
charge; reversed electrophoretic ion transport; two-step oxidation
of membrane phospholipids [49]; localized charging and discharg-
ing events across the membrane [48]; and reversed elongation
forces due to electrodeformation [51,54]; but evidence supporting
each of these mechanisms are lacking. Here, we investigated a new
hypothesis - a hyperpolarization of chloride channels.

Chloride channels (CLC) are responsible for the movement of
Cl� ions necessary in neuronal, muscular, cardiovascular, and
epithelial function [55]. CLC channels are dimers with each of the
subunits forming ‘protopores’ that combined together leads to
two types of gating, slow and fast [56]. Unlike most other types
of voltage-gated ion channels, their structure does not include an
S1-S4 transmembrane voltage-sensing motif. Instead, their fast
gating voltage dependence arises from the movement of the per-
meant Cl� ion through the transmembrane electric field, which
interestingly can be activated by either hyperpolarization or depo-
larization. Consequently, CLC channels can exhibit bidirectional
ultrafast gating of Cl� in the ms range that is dependent on the con-
centration of extracellular Cl�. We hypothesized that the transit of
Cl� in the pores of CLC channels might therefore be sensitive to the
rapid reversal of electric field in biphasic pulses, leading to the can-
cellation effect.

Since pulses, usually applied in HF-IRE treatments are biphasic
and 1 ms long, they are already in the time range of the cancellation
effect. Thus, in our study, we aimed to determine if the cancellation
effect is also present in HF-IRE treatments in vitro. The cancellation
effect could partially explain why higher voltages must be applied
with HF-IRE pulses than with IRE pulses to achieve a comparable
effect. We evaluated irreversible as well as reversible electropora-
tion, and thus we call our protocol high-frequency electroporation
(HF-EP). We varied pulse duration between 1 and 10 ms, while the
inter-phase delay was varied between 0.5 ms – 10 ms. We com-
pared the effect of HF-EP pulses to standard IRE or ECT pulses
(i.e. 100 ms monophasic pulses) with the same total pulse duration.
Experiments were performed in three different electroporation
buffers, as it was already shown that electroporation buffers signif-
icantly influence electroporation experiments [57]. We also per-
formed calculations where we evaluated the effect of buffer
conductivity on membrane charging and discharging. Our results
show that the cancellation effect is present in HF-EP treatments
and shows its complex dependency on the electroporation buffer.
2. Materials and methods

2.1. Electroporation buffers

Three different electroporation buffers were used (Table 1). A
standard low-conductivity potassium-phosphate (KPB) buffer is
often used in in vitro experiments due to current limitations of
pulse generators. To obtain the high-conductivity buffer, we iso-
osmotically replaced the sucrose by NaCl as sucrose is physiologi-
cally not present at high concentrations. To obtain the buffer with-
out chloride, MgCl was replaced by magnesium D-gluconate
hydrate and NaCl by sodium gluconate. We eliminated all chloride
ions to test a hypothesis that the cancellation effect could be
explained by hyperpolarization of the cell membrane caused by
the activation of chloride channels. All buffers were iso-osmotic
(300 mOsm/kg), as determined by freezing point depression
method with Knauer cryoscopic unit (model 7312400000, Knauer,
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Germany). All chemicals were from Sigma Aldrich, Germany,
except for KH2PO4, which was from Merck, Germany.

2.2. Cell preparation

Chinese hamster ovary (CHO-K1) cells purchased from the
European Collection of Authenticated Cell Cultures were grown
in HAM F-12 growth medium (PAA, Austria) in culture flasks
(TPP, Switzerland) in an incubator (Kambič, Slovenia) at 37 �C with
a humidified 5% CO2. The growth medium was supplemented with
10% fetal bovine serum (Sigma-Aldrich, Germany), L-glutamine
(StemCell, Canada), antibiotics penicillin/streptomycin (PAA, Aus-
tria) and gentamycin (Sigma-Aldrich, Germany) (i.e., full HAM-
F12). After 2–3 days when 70% confluency was reached, cells were
detached by 10x trypsin-EDTA (PAA, Austria), diluted 1:9 in Hank’s
basal salt solution (StemCell, Canada), which was inactivated after
2 min by addition of fresh full HAM F-12. The cell suspension was
centrifuged at 180 g and 22 �C for 5 min. The supernatant was
removed, and the cell pellet was re-suspended in the chosen elec-
troporation buffer at the cell density 2 � 106 cells/ml.

2.3. Pulse generation

Pulses were applied by a laboratory prototype pulse generator
(University of Ljubljana), based on H-bridge digital amplifier with
1 kV MOSFETs (DE275-102N06A, IXYS, USA) [37]. Two types of
pulses were delivered –monophasic pulses and bursts of biphasic
pulses (HF-EP treatment). We adopted the nomenclature from
the field of cardiac ablation where bipolar pulses are called bipha-
sic pulses and the delay between the pulses is the inter-phase
delay. Pulses were delivered between stainless steel 304 plate elec-
trodes with 2 mm interelectrode distance. Between samples, elec-
trodes were cleaned in experimental electroporation buffer and
dried with sterile gauze. Control sample was subjected to the same
procedure of the exposed sample in absence of pulses, i.e. 0 V/cm
amplitude. Monophasic square pulse treatment consisted of eight
100 ms long pulses of 100–1000 V (resulting in voltage-to-
distance ratio: 0.5–5 kV/cm) delivered in a step of 100 V at 1 Hz
pulse repetition frequency and was used as a reference for stan-
dard electroporation protocols. In HF-EP treatment (Schematic 1,
Table 2), eight bursts were applied at 1 Hz repetition frequency.
Each burst consisted of several biphasic pulses. One biphasic pulse
consisted of a negative and a positive pulse, both of lengths 1, 5 or
Schematic 1. Scheme of the pulses applied in experiments. On the left is the pulse shape
right is the pulse shape of HF-EP pulse treatment. One burst consists of several biphasic pu
burst was fixed to 100 ms by number of pulses in one burst.
10 ms (T1) and voltage 100 – 1000 V, delivered in a step of 100 V.
The inter-phase delay and the delay between biphasic pulses was
0.5 ms – 10 ms (T2) (see Table 2), i.e. delay lengths already studied
in cancellation effect [49,50]. The number of biphasic pulses and
their duration in one burst was adapted to obtain a total on-time
in one burst (the time when the voltage was different from zero)
of 100 ms (see Table 2). The total on-time of HF-EP pulse treatment
was thus equivalent to the monophasic pulse treatment (Ʃ = 800
ms). The delivered voltage and current was measured with an oscil-
loscope, Wavesurfer 422, 200 MHz, using a differential probe
(ADP305) and current probe (CP030) (all from LeCroy, USA)
(see Fig. 1). The current in low-conductivity buffer was measured
up to 1000 V, however, in high-conductivity buffer and in buffer
without chloride the highest measured voltage was 700 V, as
higher voltages resulted in currents above 30 A which could dam-
age the current probe.

2.4. Permeabilization assay

Just before electric pulses were applied, 50 ml of cells suspension
was mixed with propidium iodide (PI, Life Technologies) to obtain
a final concentration of 100 mg/ml. The sample was transferred
between electrodes, and electric pulses were applied. The sample
was transferred to a 1.5 ml tube and incubated at room tempera-
ture for three minutes. Afterwards, 150 ml of electroporation buffer
was added to obtain a high-enough volume for measurement. The
uptake of PI was detected by flow cytometry (Attune NxT; Life
Technologies, Carlsbad, CA, USA). Samples were excited with a blue
laser at 488 nm and emitted fluorescence was detected through a
574/26 nm band-pass filter. 10,000 events were obtained, and data
were analyzed using the Attune Nxt software. On the dot-plots of
forward-scatter and side-scatter, single cells were separated from
debris and clusters. The percentage of PI permeabilized cells was
obtained from the PI fluorescence intensity histogram, by gating
permeabilized from non-permeabilized cells. Each data point was
repeated three times.

2.5. Viability assay

50 ml samples of cell suspension were transferred between the
electrodes, and electric pulses were applied. Afterwards, 40 ml of
the electroporated cell suspension was diluted in full HAM-F12
growth media to obtain cell density 2 � 104 cells/100 ml. 100 ml
of standard monophasic pulse treatment (8 monophasic pulses of 100 ms) and on the
lses. We varied pulse length (T1), inter-phase delays (T2), while the on-time of each



Table 2
Description of the HF-EP pulse parameters. Total on-time in one burst was the same as in one 100 ms monophasic pulse since pulse length � 2 (positive and negative part of a
biphasic pulse) � number of biphasic pulses = 100 ms.

Pulse length (ms) – T1 Inter-phase delay (ms) – T2 Number of biphasic pulses in one burst (–) Applied voltage (V) Total time (ms)

1 0.5, 1, 5, 10, 100, 1000, 10,000 50 100–1000 V in a step of 100 V 100
5 0.5, 1, 5, 10, 100, 1000, 10,000 10 100–1000 V in a step of 100 V 100
10 0.5, 1, 5, 10, 100, 1000, 10,000 5 100–1000 V in a step of 100 V 100

Fig. 1. Measured voltage and current of pulses in different buffers. The waveform of
one biphasic pulse with the duration T1 of 1 ms and inter-phase delay T2 of 1 ms
320 V (1.6 kV/cm) were applied. Waveforms in different buffers are shown in
correspondent colors (low-conductivity buffer in red, high-conductivity in blue and
buffer without chloride in black). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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of cell suspension was then transferred (in three technical repeti-
tions) to wells in the 96-well plate and incubated at 37 �C and
humidified 5% CO2 atmosphere. MTS assay (CellTiter 96� AQueous
One Solution Cell Proliferation Assay, Promega, USA) was used to
assess cell viability 24 h after electric pulses were applied. 20 ml
of MTS tetrazolium reagent was added to the samples, and the
96-well plate was returned to the incubator for 2.5 h. The absor-
bance of formazan (reduced MTS tetrazolium compound) was
measured with a spectrofluorometer (Tecan Infinite M200, Tecan,
Austria) at 490 nm. Each data point was repeated three times.
Background absorbance was subtracted for all the samples and
control and the percentage of viable cells was calculated by sub-
tracting the background and normalizing the absorbance of the
samples to the absorbance of the control (0 V/cm).
2.6. Temperature measurement

50 ml of all three electroporation buffers was transferred
between the stainless steel plate electrodes (d = 2 mm). Experi-
ments were performed at room temperature (24 �C). Temperature
changes were measured by the fiber optic sensor system (opSens,
Québec, Canada), with a temperature probe (ProSens, opSens),
which consisted of ProSens signal conditioner and a fiber optic
temperature sensor OTG-M170 with a diameter of 0.17 mm. The
sensor was placed in the drop between the electrodes. The temper-
ature was measured before, during and 10 s after electric pulse
delivery. With biphasic pulses, we tested bursts of 1, 5 and 10 ms
long pulses and applied 320 V (voltage in permeability experi-
ments), 600 V (voltage in survival experiments) and 1000 V (max-
imal applied voltage) with the same pulse and burst number as in
permeability and survival experiments. We chose 0.5 ms as the
inter-phase delay to have the smallest heat dissipation between
pulses, i.e. the worst-case scenario. We also applied eight 100 ms
long monophasic pulses at 320 V, 600 V and 1000 V.
2.7. Statistical analysis

Statistical analysis was performed using Graphpad Prism 7
(Graphpad software, San Diego, USA). The results are expressed
as mean ± SD, and statistically significant differences (*p < 0.05,
**p < 0.01,***p < 0.001) were determined by one-way ANOVA with
Tukey’s multiple comparisons test.
2.8. Calculation

We conducted a theoretical analysis of the time course of trans-
membrane voltage induced by square pulses, as described in [58].
For the induced transmembrane voltage (DUm) in response to a
step turn-on of the DC field, we presumed the exponential shape
of increase in the ITV on a single spherical cell:

DUmðtÞ ¼ fER cosh 1� exp � t
s

� �� �
ð1Þ

With the time constant s being defined as

s ¼ RCm
2k0k1
2k0þk1

þ R
d km

ð2Þ

where ko, ki, and km are extracellular, intracellular and membrane
conductivity, respectively, R cell radius (flow cytometry analysis
showed no difference in FSC scatter of cells in low-conductivity buf-
fer, high-conductivity buffer or buffer without chloride, i.e. buffers
did not cause cells to shrink or swell), d cell membrane thickness,
Cm membrane capacitance, E applied electric field, f the geometrical
factor (approx. 1.5), h the angle between the electric field from the
center of the sphare to a point on the cell membrane.

Square pulses consist of two steps (turn-on and turn-off), and
thus the response is a superposition of the two separate responses.
If several pulses are applied, the response is a superposition of
responses to each pulse separately (Fig. 7 in [58]). For the calcula-
tions, we used equations (9a-f), (A6d) and (A8) from [58], and the
reader is advised to search there for the details of our calculation.
Calculations were performed in Matlab R2017 (Mathworks, USA).

In our experiments, cells were electroporated in three different
buffers. From Eq. (2) we can see that the time constant also
depends on the electric conductivity of the extracellular liquid
(ko). The parameters used in our calculations and their values are
given in Table 3. The values (except for the extracellular conductiv-
ity, which was determined experimentally in the scope of our
study) were all taken from [58]. The results are reported as ITV
normalized to f ER.



Table 3
Parameters used in our calculations, their symbols and values.

Parameter Symbol Value

Cell radius R 10 mm
Membrane capacitance Cm em/d = 8.8 F/m2

Cytoplasmic conductivity Ki 0.3 S/m
Cytoplasmic permittivity ei 7.1 � 10�10 As/Vm
Membrane conductivity Km 3 � 10�7 S/m
Membrane permittivity em 4.4 � 10�11 As/Vm
Membrane thickness d 5 nm
Conductivity of the electroporation buffer ko k1 = 1.76 mS/cm

k2 = 19.12 mS/cm
k3 = 9.57 mS/cm
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3. Results

3.1. Cancellation effect as a function of the amplitude of the electric
field

First, we focused on cell survival (Fig. 2) as HF-IRE pulses are
predominantly used to achieve irreversible electroporation. Then,
we determined cell membrane permeability (Fig. 3), as we aim to
use HF-EP also to achieve reversible electroporation. Both cell sur-
vival and cell membrane permeabilization were evaluated as a
function of electric field amplitude for monophasic pulses and for
HF-EP pulses when pulse length (T1) was 1 ms, and the inter-
phase delay (T2) was 1 ms or 10 ms. Three different electroporation
buffers were used to observe buffer dependency.

Monophasic pulses were more efficient than biphasic pulses in
survival and permeability experiments, as they caused higher cell
membrane permeabilization and lower survival at the same elec-
tric fields (Figs. 2 and 3).

In Fig. 2 we can see that the cancellation effect was consistently
observed in all three buffers when cell survival was evaluated.
Namely, when the inter-phase delay was 10 ms (dashed lines),
Fig. 2. Cell survival as a function of the electric field in three different buffers. In HF-IR
10 ms. Monophasic pulses are shown in solid black, dark grey and light grey lines for low
pulses with T1 = 1 ms are shown in red, blue and green for low-conductivity buffer, high- c
used for pulses with 1 ms inter-phase delay and solid lines (––––) for 10 ms. 50% surviva
The asterisks (*) mark p < 0.05*, p < 0.01**, p < 0.001*** and show statistically significant d
pulses. (For interpretation of the references to color in this figure legend, the reader is r
pulses were more effective at decreasing cell survival, and lower
electric fields were needed to achieve the same cell death than
with 1 ms (solid lines) inter-phase delay.

On the contrary in permeability experiments, we observed
either a cancellation or a sensitization effect (Fig. 3). A cancellation
effect was present in the high-conductivity buffer and the buffer
without chloride, as HF-EP pulse treatment with a longer inter-
phase delay (10 ms) was more efficient than HF-EP pulse treatment
with a shorter inter-phase delay (1 ms) between pulses at the same
electric field. However, in the low-conductivity buffer, we observed
that HF-EP pulse treatment with a shorter inter-phase delay (1 ms)
between pulses was more efficient than HF-EP pulse treatment
with a longer inter-phase delay (10 ms) between pulses at the
same electric field, i.e.we observed the ‘sensitization’ effect, similar
as in [57].

3.2. Cancellation effect as a function of pulse duration and inter-phase
delay

The cancellation effect in HF-EP treatment was studied in detail
by applying 1, 5 and 10 ms long pulses (T1) with several different
inter-phase delays (0.5 ms – 10 ms) (T2) (Fig. 4), again by evaluating
cell survival and cell membrane permeabilization. We applied a
fixed voltage of 600 V, i.e. 3000 V/cm between the electrodes in
survival experiments and 320 V i.e. 1600 V/cm in permeability
experiments. As our hypothesis about the contribution of
voltage-gated chloride ions was disproved, these experiments
were performed only in the low- and high-conductivity buffer.

Longer pulses (10 ms) were more efficient than shorter pulses
(1 ms) in achieving cell membrane permeabilization and cell death,
irrespective of the inter-phase delay T2 and the buffer.

In the low-conductivity buffer, no cancellation effect was pre-
sent in permeabilization or survival. On the contrary, for pulse
duration T1 = 1 ms, cell permeabilization was less efficient when
the inter-phase delay was increased, i.e., we observed a sensitiza-
E treatment, pulse duration was 1 ms, and the inter-phase delay was either 1 ms or
-conductivity buffer, high- conductivity buffer and buffer without chloride. HF-IRE
onductivity buffer and buffer without chloride, respectively. Dashed lines (– – –) are
l is shown in a dotted line (. . .. . .). Results are shown as mean ± standard deviation.
ifferences between monophasic pulses and different T2 of the same buffer in HF-IRE
eferred to the web version of this article.)



Fig. 3. Cell membrane permeabilization as a function of the applied electric field in different buffers. In HF-EP treatment, pulse duration was 1 ms, and the inter-phase delay
was either 1 ms or 10 ms. Monophasic pulses are shown in solid black, dark grey and light grey lines for low-conductivity buffer, high- conductivity buffer and buffer without
chloride. HF-EP pulses with T1 = 1 ms are shown in red, blue and green, for low-conductivity buffer, high- conductivity buffer and buffer without chloride, respectively. Dashes
lines (– – –) are used for pulses with 1 ms inter-phase delay and solid lines (––––) for 10 ms. 50% permeabilization is shown in a dotted line (. . .. . .). Results are shown as
mean ± standard deviation. The asterisks (*) mark p < 0.05*, p < 0.01**, p < 0.001*** and show statistically significant differences between monophasic pulses and between
different T2 of the same buffer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tion effect (Fig. 4b). For cell membrane permeabilization with 5
and 10 ms long pulses, the sensitization effect was observed only
with longer inter-phase delays of 1 ms and 10 ms. In high-
conductivity buffer, however, longer inter-phase delays (T2) were
more efficient in permeabilizing and killing cells than shorter, i.e.
a cancellation effect was present and decreased with longer T2
(statistical difference between T2 = 0.5 ms and T2 = 1000 ms or more
is p < 0.001) (Fig. 4d). The extent of the cancellation was reduced
with an increase in pulse duration (T1). Interestingly, the cancella-
tion effect in survival assay was still observed at 10 ms, the longest
pulse length tested (Fig. 4c).
3.3. Temperature measurements

Fig. S1 shows the time dependency of temperature when HF-EP
or ECT pulses are applied. We can see that in high-conductivity
buffer and in buffer without chloride during each burst, the tem-
perature increases and during the delay between bursts, it
decreases.

In Table S1, the maximal temperature is shown for various com-
binations of pulse parameters and electroporation buffers. We can
see that the maximal increase was 23 �C when 1000 V was applied.
3.4. Calculation of the assisted discharge

Assisted discharge was suggested as one of the possible mech-
anisms responsible for the cancellation effect [49]. The time-
constant of the membrane depends, amongst other factors, on
the extracellular conductivity, which varied between our buffers
(Table 1). Fig. S2 shows the membrane time constant tau (calcu-
lated according to Eq. (1)) as a function of extracellular conductiv-
ity with marked time constants for the three buffers, used in our
study.
In Fig. 5, we can see that with longer inter-phase delays (5 ms or
more) the membrane discharges completely and there is no contri-
bution of the assisted discharge. In Fig. 6, we can see that with 5 ms
pulses, we reach stationary transmembrane voltage during the
pulse application, i.e. the membrane charges completely. Similarly
as in Fig. 5 with 1 ms pulses, we can see that with the inter-phase
delays of 0.5 and 1 ms the membrane does not discharge com-
pletely, but with inter-phase delays of 5 ms it does. From Figs. 5,
6 and Table 4 we can observe that cell membranes charge and dis-
charge slowest in the low-conductivity buffer and in all three buf-
fers, it takes maximally 5 ms to charge/discharge.
4. Discussion

In our study, we evaluated the cancellation effect in in vitro
experiments with high-frequency short biphasic pulses, i.e., high-
frequency electroporation (HF-EP), by determining cell survival
and cell membrane permeability in three different electroporation
buffers across a wide range of pulse parameters. In HF-EP, we
applied eight bursts of 1, 5 and 10 ms long pulses (T1) with inter-
phase delay of 0.5 ms to 10 ms (T2) and an on-time of 800 ms. We
compared the effect of HF-EP to the standard ECT pulses, i.e. eight
100 ms long pulses.
4.1. Monophasic vs HF-EP pulse treatment

We compared the efficiency of a monophasic and HF-EP pulse
treatment in three different buffers. We determined that short
biphasic pulses were less efficient in decreasing cell survival and
increasing cell membrane permeability than monophasic pulses
as es higher electric field had to be applied to achieve a similar
effect (Figs. 2 and 3), which is in agreement with the existing
HF-IRE and HF-EP studies [34,37,38,59].



Fig. 4. Cancellation effect in survival and permeabilization after HF-EP pulse treatment in two different electroporation buffers as a function of pulse duration. In survival
experiments, samples were exposed to 600 V (3000 V/cm) and in permeabilization experiments, to 320 V (1600 V/cm). Graphs A and B show results in low-conductivity
buffer and graphs C and D in buffer 2 high-conductivity buffer. The asterisks (*) mark p < 0.05*, p < 0.01**, p < 0.001*** and show statistically significant differences between
T2 = 0.5 ms (the shortest inter-phase delay) and D T2. Differences in each pulse length (T1) are shown in correspondent colors (blue 1 ms, orange 5 ms and gray 10 ms). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Time constant of membrane charging as a function of the electric conductivity of the extracellular medium as a response to a step. We can see that in our experiments,
time constant was in the range of 0.3 ms – 0.5 ms for all three buffers. (A) The inter-phase delay was 0.5 ms or (B) 1 ms. (C) The inter-phase delay of 5 ms was already enough for
membranes to completely discharge and for the negative pulse to be applied to a membrane at 0 V. Solid black line shows the shape of the applied biphasic pulse. The induced
transmembrane voltage was normalized to geometrical factor f, applied electric field E and cell radius R. Red, blue and green lines show the normalized calculated time
dependence of transmembrane voltage for low-conductivity, high-conductivity buffer and buffer without chloride, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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4.2. Survival in HF-IRE pulse treatments

First, we focused on cell survival, as HF-IRE pulses are predom-
inantly applied to obtain irreversible electroporation. We applied
1 ms long pulses with two different inter-phase delays (1 ms and
10 ms) in three electroporation buffers as a function of the electric
field. A cancellation effect was observed in all three buffers at a
high-enough electric field (from 3 kV/cm in the low-conductivity
buffer, from 1.5 kV/cm in the high-conductivity buffer and the buf-
fer without chloride) (Fig. 2) which is in agreement with already
published studies where the cancellation effect was observed in
assessing cell survival [46,49]. Interestingly, cells responded simi-
larly in the high-conductivity buffer and the buffer without chlo-
ride; there was no significant difference at any of the tested



Fig. 6. Charging and discharging of the cell membrane when there is 1 0.5–5 ms inter-phase delay between 5 ms long pulses in three different electroporation buffers. We can
see that the stationary value of induced transmembrane value was reached during the pulse. (A) The inter-phase delay was 0.5 ms or (B) 1 ms. (C) The inter-phase delay of 5 ms
was already enough for membranes to completely discharge and for the negative pulse to be applied to a membrane at 0 V. Solid black line shows the shape of the applied
biphasic pulse. The induced transmembrane voltage was normalized to geometrical factor f, applied electric field E and cell radius R. Red, blue and green lines show the
normalized calculated time dependence of transmembrane voltage for low-conductivity, high-conductivity buffer and buffer without chloride, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Fraction of Induced transmembrane voltage normalized to geometric factor f, applied electric filed E and cell radius R [ITV/f ER]. After the voltage is turned off, the transmembrane
voltage decreases exponentially and depends on the time constant of the membrane, except when assisted (T2 < 1 ms).

0.5 ms 1 ms 5 ms 10 ms 100 ms 1 ms 10 ms

Low-conductivity buffer 3.97 � 10�1 1.58 � 10�1 9.74 � 10�5 9.49 � 10�9 0 0 0
High-conductivity buffer 2.05 � 10�1 4.21 � 10�2 1.32 � 10�7 1.75 � 10�14 0 0 0
Buffer without chloride 2.28 � 10�1 5.21 � 10�2 3.85 � 10�7 1.48 � 10�13 0 0 0
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electric fields which indicates that extracellular chloride ions do
not play a major role in cell survival after electroporation.

In Fig. 4, a wider range of inter-phase delays was tested at a
fixed electric field (3 kV/cm). In the low-conductivity buffer, no
cancellation effect was observed when we compared different T2
to the shortest T2 = 0.5 ms used. A statistically significant difference
between T2 = 1 ms and T2 = 10 ms was observed, as seen in Fig. 2
and also in Fig. 4 (p < 0.05). In the high-conductivity buffer, cell
survival increased with decreasing inter-phase delay, i.e. the can-
cellation effect was observed. With longer pulses (10 ms), lower
electric fields were already sufficient to achieve a similar decrease
in cell survival than with shorter pulses (1 ms), regardless of the
chosen buffer and the inter-phase delay (Figs. 2 and 4), which is
in agreement with existing studies on the electroporation
strength-duration curve [60]. Thus, longer pulses than 1 ms could
be applied in HF-IRE treatments to increase efficiency; however,
the suggested benefit of reducing pain and muscle contractions
at longer pulses would need to be reevaluated.
4.3. Permeabilization in HF-EP pulse treatment

We expected the results in permeabilization experiments to be
similar to the ones in survival experiments, as survival and perme-
ability are believed to be correlated, and increased permeabiliza-
tion is a prerequisite for possible cell death [11]. First, we
focused on 1 ms long pulses with 1 ms and 10 ms inter-phase delay
as a function of the electric field in three electroporation buffers.
Unexpectedly, in the low-conductivity buffer, permeabilization
was more efficient with 1 ms than with 10 ms inter-phase delay,
i.e., we observed a reversed cancellation effect, opposite to our
expectations and the existing literature [49]. Although cells
responded very similarly in the low- and the high-conductivity
buffers with the 10 ms inter-phase delay, they responded oppo-
sitely with the 1 ms inter-phase delay, thus indicating that the phe-
nomenon causing cancellation effect happens in the time-range of
1 ms to 10 ms, as already reported for ns pulses [49,50].
Translation of results from in vitro to in vivo thus seems not to
be straightforward and/or is even questionable. When inferring
the in vivo response from the in vitro experiments, the importance
of electroporation buffer should be taken into account, and per-
haps, the buffer most similar to tissues should be used. In this
paper we consider this to be the high-conductivity buffer, due to
the presence of NaCl.

In Fig. 4, a wider range of inter-phase delays at 1600 V/cm was
tested. We wanted to determine if in the low-conductivity buffer,
the reversed cancellation effect was present also with other
inter-phase and pulse lengths. However, it was mostly observed
for the pulse length of 1 ms. Longer pulses mostly caused complete
cell membrane permeabilization, and we could not distinguish
between the effects of different inter-phase delays. The cancella-
tion effect was however observed in high-conductivity buffer and
it depends on pulse length.

Electroporation can be induced also by exposure of cells to
pulse modulated sine wave signals [61]. The efficiency of treat-
ment decreased when frequency of sinewaves was increased
[59]. This is comparable to the efficiency of HF-EP: biphasic pulses
with longer (10 ms) inter-phase delay are more effective in perme-
abilizing cells than biphasic pulses with short (1 ms) inter-phase
delay (Fig. 2). In HF-EP pulse treatment this happens due to cancel-
lation effect. This may be partly explained by the fact that at longer
interphase delays, relatively more power is delivered at the lower
frequency range of the signal.

4.4. Effect of electroporation buffers

It was already shown that electroporation buffer has a signifi-
cant effect on the cell membrane permeabilization in vitro [57].
Thus, we used three different electroporation buffers: the low-
conductivity potassium-phosphate buffer, usually used in many
laboratories, the high-conductivity buffer where sucrose was sub-
stituted with NaCl in an iso-osmolar manner and the buffer with-
out chloride. Interestingly, it was previously observed that in
in vitro permeability experiments, cells responded very differently
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when electroporated in the low- or high-conductivity buffers in the
time-range of minutes, in the experiments on the so-called ‘cell
sensitization’ [57]. Here, a parallel can be drawn as we also
observed very different responses in the same buffers (Fig. 4).

In permeability experiments, it was observed that the cancella-
tion effect was more pronounced in the low-conductivity buffers
than in the high-conductivity buffers with no or very short inter-
pulse intervals [51]. However, our results contradict these results,
as the cancellation effect was not observed in the low-conductivity
buffer; moreover, the ‘sensitization’ effect was observed. In our
experiments, the cancellation was observed in the high-
conductivity and medium-conductivity buffers (i.e. buffer without
chloride), but not in the low-conductivity buffer. It is possible that
low conductivity caused the lack of cancellation effect, although it
is more possible that the high sucrose concentration was responsi-
ble, similarly, as indicated in [57].
4.4.1. Contribution of chloride channels
Since the absence of muscle contraction using HF-IRE pulses

was also demonstrated [31,33,34,36,59,62–66], we assumed that
HF-EP pulse treatment inhibits the induction of action potentials.
Fast reversal of pulse polarities causes a reversal in depolarization
and hyperpolarization of the membrane. One of the
hyperpolarization-activated inward currents is produced by the
chloride ions [67,68]. Opening of the Cl� channels can be activated
in the presence of Cl� ions. The influx of Cl� ions after the first
pulse would decrease the resting potential, cause hyperpolariza-
tion and make it more difficult for excitable cells to reach mem-
brane potential required for activation of the action potential,
thus, abolishing the action potential. Similarly, due to the lower
resting membrane potential, a higher electric field would need to
be applied to reach the same transmembrane voltage as without
the influx of chloride ions, making cells less sensitive to the follow-
ing pulses, i.e. causing the cancellation effect. The activation time
constant of voltage-gated Cl� ion channels in skeletal muscle com-
prises two components, a fast gate (~16 ms) and a slow gate (~1 ms)
[56], which could explain the influence of the inter-phase delay T2
on the cell membrane permeabilization and cell death. Voltage-
gated chloride channels are known to be present in CHO cells
[69]. Thus, we tested this theory by preparing a buffer without
chloride ions. Elimination of the cancellation effect was expected,
yet the cancellation effect was present. Thus, our hypothesis on
the contribution of the chloride channels to the cancellation effect
was dismissed.
4.5. Temperature effect

Temperature has a significant effect on the efficiency of electro-
poration, e.g. it was shown that changes in temperature affect gene
electrotransfer [70,71], cell membrane permeabilization [72], skin
electroporation [73] and breakdown voltage of lipid bilayers [74].
Moreover, electric pulses cause Joule heating and consequently,
they can cause thermal damage [75,76]. The threshold for thermal
damage is 42 �C for prolonged exposure, while the temperature
should not exceed 50 �C at any time [77]. In our experiments, at
applications of 1000 V the temperature increased up to 45 �C from
the room temperature (24 �C), i.e. it increased for 22 �C and thermal
damage was obtained. Between different tissues, the electric con-
ductivity varies significantly and is generally in the range of 10�2

to 2 S/m [78,79] which is a similar range as the conductivities of
the buffers in our study (0.1–2 S/m). Considering that in tissues
the initial temperature is around 37 �C, we can expect thermal
damage predominantly around the electrodes due to high current
density and at very high electric fields, longer pulse lengths and
shorter inter-phase delays.
When 600 V was delivered to buffers, the temperature changed
for approx. 7 �C at all pulse lengths (T1 = 1, 5 and 10 ms) (Table S1).
Survival experiments performed at the same condition showed dif-
ferent cancellation effect (Fig. 4c), therefore we can assume cancel-
lation effect is not effected by the temperature but by the pulse
parameters.

4.6. Effect of the assisted discharge

Several hypotheses were put forth to explain the cancellation
effect, but so far none could completely explain the phenomenon.
We focused on the assisted discharge, as the three buffers we used
varied vastly in their electric conductivity. In survival assays, cells
electroporated in the high-conductivity buffer and buffer without
chloride were more sensitive than those in the low-conductivity
buffer when the inter-phase delay was 1 ms (Fig. 2). Incomplete
membrane charging and assisted membrane discharge [49] lend
themselves as a plausible explanation for such behavior. In perme-
abilization assays, cells were generally the most sensitive to elec-
troporation in the low-conductivity buffer (Fig. 3). As in the high-
conductivity buffer and the buffer without chloride the charging
was faster than in the low-conductivity buffer (Fig. 6), we cannot
explain less permeabilization in the high-conductivity buffer and
in the buffer without chloride than in low-conductivity buffer with
the difference in membrane charging. The assisted discharge influ-
ences results up to 1.5 ms for the high-conductivity buffer and the
buffer without calcium, and 2.5 ms in the low-conductivity buffer
after voltage is turned on (Fig. 6). This means that permeabilization
should be more efficient with the 10 ms inter-phase delay than
with the 1 ms in all buffers, which is true for cell survival but not
for cell membrane permeabilization. We can thus conclude that
the time constant of membrane charging, together with the
assisted discharge, could only partially explain the discrepancies
in the experimental data.

4.7. Drawbacks of our study

We applied bursts of biphasic pulses, while in studies on cancel-
lation effects single biphasic pulses or single trains were applied.
Thus, it is possible that because our pulse application lasted for
8 s, additional effects were present [80].

It is possible that by applying different voltages in Fig. 4, or even
adapting the voltages to separate electroporation buffers, the pres-
ence of a cancellation effect would be more clear. However, we
decided to fix the voltage to be able to compare the results at the
same electric field.

In the theoretical calculation of the assisted discharge as a func-
tion of extracellular conductivity, we assumed that all cells in the
suspension are of the same size, which is a simplification [81].
The size of the radii namely follows the Gaussian distribution
which means that also time constants of the membrane are statis-
tically distributed vary through the population.

In temperature measurements, we aimed to measure the tem-
perature always at the same spot in the cell suspension. However,
due to the limited precision of positioning the probe, its position
could slightly vary between the treatments. Also, we measured
the macroscopic increase in temperature. It was previously shown
that even when the macroscopic increase is negligible, at the cell
level, there could still be some thermal damage in intermediate
vicinity of the electrodes [82,83].
5. Conclusion

In our study, we focused on the previously reported cancella-
tion effects in in vitro electroporation with bursts of short biphasic
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pulses. The following main conclusions can be drawn from our
work. (1) Cancellation effect is present in HF-EP treatments looking
at survival and could be responsible for the need to apply higher
electric fields in HF-IRE treatments than in IRE treatments. (2) Can-
cellation effect is present in a wide range of pulse parameters and
depends on the inter-phase delay as well as on pulse duration, i.e.
cancellation is less pronounced with longer pulses and longer
interphase delays. (3) Cancellation effect is electroporation-buffer
dependent. (4) Cancellation effect in survival experiments can be
only partially explained by the assisted discharge. (5) Cancellation
effect is not caused by the hyperpolarization.
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