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Effects of Time Delay Between Unipolar Pulses
in High Frequency Nano-Electrochemotherapy
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Bor Kos , Auksė Zinkevičienė, Damijan Miklavčič , Jurij Novickij, and Irutė Girkontaitė

Abstract—Objective: this work focuses on bleomycin
electrochemotherapy using new modality of high repetition
frequency unipolar nanosecond pulses. Methods: As a tumor model, Lewis lung carcinoma (LLC1) cell line in C57BL
mice (n = 42) was used. Electrochemotherapy was performed with intertumoral injection of bleomycin (50 µL of
1500 IU solution) followed by nanosecond and microsecond
range electrical pulse delivery via parallel plate electrodes.
The 3.5 kV/cm pulses of 200 and 700 ns were delivered
in a burst of 200 at frequencies of 1 kHz and 1 MHz. For
comparison of treatment efficiency, a standard 1.3 kV/cm x
100 µs x 8 protocol was used. Results: It was shown that
it is possible to manipulate the efficacy of unipolar submicrosecond electrochemotherapy solely by the time delay
between the pulses. Significance: the results suggest that
the sub-microsecond range pulses can be as effective as
the protocols in European Standard Operating Procedures
on Electrochemotherapy (ESOPE) using 100 µs pulses.
Index Terms—Sub-microsecond electroporation, in vivo,
mice, LLC1, high frequency pulses.

I. INTRODUCTION
LECTROPORATION is a phenomenon of increased permeability of the cell membrane, which is triggered by
high intensity pulsed electric fields (PEF). Depending on the
parameters of PEF the cellular response, pore density/size and
electrotransfer efficiency can be manipulated [1], [2]. Therefore, the research of optimal pulse parameters and protocols
[3], [4], the susceptibility patterns of various cancers [5] and
the technological development of electroporation platforms [6],
[7] is constantly performed. In case of high intensity pulses,
electroporation can be used as a non-thermal tissue ablation
method, also known as irreversible electroporation (IRE) [8],
[9]. In such a case the amplitude of electric field is significantly
higher than the threshold for cell membrane permeabilization
and the number of pulses in a burst exceeds tens or even hundreds

E

Manuscript received May 11, 2021; revised September 24, 2021;
accepted November 16, 2021. Date of publication November 19, 2021;
date of current version April 21, 2022. This work was supported in part
by the Research Council of Lithuania, Grant S-MIP-19-22. (Corresponding author: Vitalij Novickij.)
Vitalij Novickij, Veronika Malyško, and Jurij Novickij are with the Vilnius
Gediminas Technical University, Lithuania.
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[10], [11]. Combination of electroporation with chemotherapy
(i.e., with bleomycin or cisplatin) resulted in a well-established
electrochemotherapy methodology [12]. The European Standard Operating Procedures on Electrochemotherapy (ESOPE)
involve application of 100 μs x 8 pulses delivered with predefined 1 Hz or a few kHz repetition frequency in combination with
cisplatin or bleomycin [13]. Nevertheless, the field is moving
towards shorter pulses due to better control of the energy of
the burst, which is due significantly higher number of pulses,
shorter rise and fall times and higher electric field amplitudes
used in nanosecond parametric protocols when compared to
ESOPE procedures. Potentially it offers a more uniform tumor
exposure, better control of thermal effects and the capabilities
to trigger additional cellular mechanisms in the nanosecond
pulse range [14]–[16]. However, the number of reports on
nanosecond range electrochemotherapy is limited. Typically, the
nanosecond methodology was applied in IRE context [17], while
nano-electrochemotherapy works started to appear only recently
[18]–[21].
Moreover, pulse duration and amplitude of PEF are not the
only parameters governing the treatment during nanosecond
electroporation. A few years ago, a new time delay-dependent
unipolar electroporation phenomenon was confirmed [22], [23]
and it was shown that high frequency (>100 kHz) pulse bursts
induce higher permeabilization compared to the PEF bursts of
the same energy but delivered at lower frequency. The phenomenon was verified both in vitro and in silico [24]. We
have shown that the number of permeabilized cells can be
doubled solely by decrease of the delay between the pulses
without any changes in the total energy of the burst [25]. By
means of generating high-frequency pulse sequences (MHz
range), it is possible to achieve a threshold repetition frequency
when the discharging (transmembrane potential (TMP) relaxation) time of the membrane is higher than the time delay
between the pulses, and thus the TMP starts to accumulate
throughout the burst [22], [25], [26]. The time delay-dependent
unipolar electroporation phenomenon was not yet confirmed
in vivo.
In this work we provide the first in vivo data on submicrosecond unipolar electrochemotherapy using MHz repetition pulse sequences to exploit the phenomenon of TMP
accumulation. The results are useful for development of new
treatment efficiency-wise ESOPE-equivalent, but nanosecond
protocols supporting the transaction of electrochemotherapy
towards shorter pulse range.
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TABLE I
TARGET ELECTROPORATION PROTOCOLS

∗

Transients are not considered.

Fig. 2. FEM model of the superficial tumor positioned between two
parallel plate electrodes.
TABLE II
MODEL PARAMETERS

Fig. 1. Voltage and current waveforms on a superficial LLC tumor.
Measured using DPO4034 oscilloscope (Tektronix, Beaverton, USA)
and P4250 probe (Cleqee, Shenzhen, China), post-processed using
OriginPro Software (OriginLab, Northampton, USA).

II. MATERIALS AND METHODS
A. Electroporation Setup
Up to 3 kV, 100 ns – 1 ms square wave high voltage and
high frequency pulse generator was used for electroporation
[27]. The generator is capable of generating bursts of pulses
with predefined pulse repetition rate in the 1 Hz – 1 MHz
range (software limited; hardware limited at 3+ MHz). For
in vitro experiments, commercially available electroporation
cuvette with 1 mm gap aluminum electrodes (Biorad, Hercules,
USA) was used as an exposure setup to generate up to 3.5 kV/cm
electric field. The duration of the pulses was 200, 700 ns and
100 μs. Sub-microsecond pulses were delivered in bursts of
200 with 1 kHz or 1 MHz repetition frequency. The 100 μs
pulses were delivered in a sequence of 8 with a 1 Hz repetition
frequency according to ESOPE protocol and were used as a
reference. For in vivo experiments, the same pulse protocols
were delivered using two parallel plates steel electrodes (gap
3.5–4 mm, depending on primary tumor size).
The summary of target pulsing protocols is shown in Table I.
The typical waveform (in vivo, nsPEF4) is shown in Fig. 1. It
can be seen that the peak voltage of the pulses was 1200 V
corresponding to 3.4 kV/cm electric field (estimated as V/d,
where V – measured voltage, d – gap between electrodes).
The difference in the resultant PEF amplitude is less than 5%
when compared to the target parameters (Table I). The protocols
were also compared energy-wise (estimated by multiplying of
the amplitudes of the current and voltage measurements, pulse

E1 is the threshold electric field at which the conductivity starts increasing and E2 is
the electric field amplitude at which the conductivity stops increasing.

duration and the number of pulses) for confirmation that the
thermal effects can be neglected [28].
B. Finite Element Method Analysis
The three-dimensional superficial mice tumor model with
non-invasive plate electrodes was introduced in this work
(Fig. 2). The model involves inhomogeneity of tissue structure
considering skin layers such as stratum corneum, epidermis,
dermis, fat, muscle and subcutaneous tumor. Due to complexity
of the skin structure and lack of availability of electrical parameters of the all the skin layers, some layers were combined and
approximated as one: i.e., stratum corneum was combined with
epidermis, dermis was combined with fat.
Tumor was located on mice back, therefore corresponding
tissue layer thicknesses [29], [30] were introduced and summarized in Table II. The initial parameters of the model have been
selected based on previous studies [31], [32] and adjusted to
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match the current and voltage measurements from in vivo data.
Conductive gel was also introduced for accurate approximation
of experimental conditions.
The boundary conditions were selected using Dirichlet‘s and
Neumann boundary conditions, where one of the electrodes
stands as ground with zero potential and the second electrode
transfers the applied voltage amplitude value, outer boundaries were electrically insulated. Stationary analysis has been
performed. The numerical calculations were performed using
COMSOL Multiphysics, version 5.5 (COMSOL, Los Angeles,
CA, USA), based on finite element method.
Tissue conductivity σ cannot be treated as a constant value
with one exception, when the applied voltage is sufficiently
low and does not exceeds the threshold of electroporation
[31]. In this experiment we apply high voltage that requires
the dynamics of tissue conductivity to be considered. Therefore, for more precise calculation we include conductivity
step function (smoothed Heaviside function) from initial up
to the threshold value for separate multilayers i.e., stratum
corneum and epidermis, dermis and fat, tumor layer and the
muscle [31].
C. Luciferase Expressing LLC Carcinoma Cells
LLC1 carcinoma cells were maintained in RPMI 1640
supplemented with 2 mM glutamine, 100 U/mL penicillin,
100 mg/mL streptomycin and 10% of fetal calf serum (FCS). All
cell culture reagents were obtained from Gibco (Thermo Fisher
Scientific, Grand Island, NY, USA). The cells were cultured at
37 °C, 5% CO2 . LLC1 cells were electro-transfected (1.2 kV/cm
× 100 μs × 4 in RMPMI medium without serum) with 0.2 μg/μl
Luciferase-pcDNA3 plasmid (Adgene plasmid #18964, a kind
gift from William Kaelin, Harvard Medical School, Boston, MA,
USA)) [43] linearized with Bgl II. The transfected cells were
selected with 200 μg/mL of G418 Sulphate (Carl Roth GmbH,
Karlsruhe, Germany) and the surviving cells were cloned in 96well plates by limiting dilution. Cells from the wells with single
growing clones were tested for expression of luciferase using an
in vitro bioluminescent assay. Half of the cells were transferred
to white plates with 96 wells. D-Luciferin (Promega, Madison,
WI, USA) was added to the cells to a final concentration of
150 μg/mL. The luminescence of LLC1 cells was evaluated
using a Synergy 2 microplate reader and Gen5 software (BioTek,
Winooski, VT, USA). The total luminescence was measured
every 10 min for 6 h, at 37 °C. The cell clones were compared and
selected according to the maximal luminescence (in relative light
units (RLU)) over all kinetic read. Luciferase-expressing cells
were grown up, frozen in medium containing 90% of fetal calf
serum (FCS) and 10% of DMSO and stored in liquid nitrogen
until used. The established luciferase- expressing cell lines were
named LLC1-Luc.
D. Cell Permeabilization Detection Assay
Cell permeabilization was detected by flow cytometry using
YO-PRO-1 (YP, Sigma-Aldrich). The 45 μl of cells in electroporation buffer (2 x 106 cells/ml, 242 mM saccharose, 5.5 mM
Na2HPO4, 3 mM NaHPO4, 1.7 mM MgCl2 , pH 7.1) were mixed

Fig. 3. Gate definition based on fluorescence spectra of treated and
untreated cells, where Ch01 – brightfield images of cells; Ch02 – fluorescence image of respective cells at wavelength of 488 nm.

with YP (5 μl) for the final YP concentration of 1 μM. Out of
the resulting volume the 45 μl samples were placed between the
electrodes and treated by PEF followed by 10 min incubation
at room temperature. Afterwards, the samples were analyzed by
flow cytometry (10000 cells) using Amnis FlowSight Imaging
Flow Cytometer (Luminex Corporation, Texas, USA).
A shift of fluorescence spectra and the cells in the defined
gate was interpreted as fluorescence positive (permeabilized),
while the cells outside the gate have been interpreted as nonfluorescent (non-permeabilized). The gate was defined as shown
in Fig. 3 (upper part).
The adequacy of gate definition was also confirmed by fluorescent images of cells (Fig. 3).
E. Tumor Induction and Mice Electrochemotherapy
C57BL/6 mice were bred and housed in the mouse facility of the State Research Institute Centre for Innovative
Medicine (Vilnius, Lithuania). 1 × 106 of LLC1-Luc carcinoma
cells in phosphate-buffered saline (PBS) were inoculated under
the skin on the back of about 8-week-old mice. The tumors
were allowed to establish and grown until they reached 5–8
mm in diameter and were then treated. Before electroporation 50 μL of bleomycin (Medac GmbH, Germany, Wedel)
was injected (1500 IU, 1 mg in 50 μL) into the tumor via a
single injection.
The efficiency of electroporation was evaluated by the
change in tumor volumes, measured by digital caliper every 2 days. Tumor volume (mm3 ) was calculated according
the formula: V = πlw2 /6, where l—length and w—width of
the tumor.
The mice with tumors were sacrificed when the primary tumor
volumes reached more than 2000 mm3 on the day of analysis. All
experimental protocols were approved by the Lithuanian State
Food and Veterinary Service (2020-04-14, No G2-145) and the
study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals.
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Fig. 4. Effects of pulsed electric field on membrane permeability to YP,
where CTRL – untreated control.
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As can be seen (Fig. 5), the mice in the untreated control group
had to be sacrificed already after only 2 weeks due to rapid tumor
growth. The weakest PEF protocol (nsPEF1) elicited a definitive
(P<0.05) reduction in tumor growth, but at best could only
delay tumor development for 2-3 days. Nonetheless, the effects
of the time delay between the pulses were of greatest interest,
as it was possible to alter treatment efficiency without altering
burst energy. As can be seen in Fig. 5, the phenomena present
in vitro also occur in vivo. Basically, the triggered antitumoral
response is comparable (P>0.05) with the ESOPE protocol. The
700 ns protocols were the most efficient since the average
of the tumor volume was the lowest, however, the difference was not statistically significant. The response rates in
vivo are in very good agreement with the results acquired in
vitro. Nevertheless, only 3 out of 16 mice from the nsPEF3
and nsPEF4 groups were tumor-free after 4 weeks. In all
the other groups the tumors started to regrow, including
ESOPE.
For better understanding the reason behind the result, FEM
simulation of the treatment was performed.

F. Statistical Analysis
Tumor volume analysis was performed using GraphPad Prism
6 software (GraphPad Software Inc., La Jolla, San Jose, CA,
USA). A nonparametric Mann-Whitney U test was used to
compare tumor volumes from two groups of mice. Differences
with a p-value <0.05 were regarded as significant.
III. RESULTS
A. Electroporation In Vitro
Considering various sensitivity of cancers to PEF, firstly, the
effects of PEF have been tested in vitro to ensure saturated
permeabilization of the LLC1 cell line (i.e., further increase of
treatment intensity does not result in increase of permeabilized
cells). The cells have been subjected to various PEF protocols
and the permeability of the cell membrane to YP has been evaluated and is shown in Fig. 4. It can be seen that 0.8 and 1 kV/cm
ESOPE protocols do not trigger saturated permeabilization, thus
the 1.3 kV/cm x 100 μs x 8 protocol was selected for in vivo. For
treatment efficacy comparison purposes, it is more appropriate
to use a protocol with saturated permeabilization to prevent
negative-bias. The nano-range protocols, as expected, depending on the time delay between the pulses (the pulse delivery
frequency was controlled) triggered different permeabilization
rates. Higher energy bursts (700 ns sequences) showed better
results of 60% and 100% permeabilization rate of the cells for
1 kHz and 1 MHz frequencies, respectively. The 200 ns bursts
were less effective barely exceeding 25% YP-permeable cells
after 1 MHz burst. The 1 kHz burst did not result in any statistically significant difference in signal versus untreated control.
B. Electrochemotherapy
All five protocols have been employed in vivo with bleomycin,
followed by volumetric measurement of tumors for several
weeks.

C. FEM Analysis
A multilayered structure of the skin, tumor and the electrodes
have been simulated in COMSOL Multiphysics (COMSOL,
Stockholm, Sweden) environment and the homogeneity of the
applied electric field was evaluated. The results are summarized
in Fig. 6.
It can be seen that the superficial tumor is squeezed up
to 3.5 – 4 mm to ensure high contact area and a good exposure of the tumor. However, due to shape of the formed
“lump”, it’s difficult to ensure contact at the top of the tumor. Similar situation is observed everywhere where the tumor
surface forms a curve in respect to the parallel plate electrodes and no longer a contact can be ensured. Also, since
non-invasive electrodes are employed, some inhomogeneity is
observed at the bottom of the tumor too. Both these factors
resulted in a treatment when the part of the tumor is affected by sub-threshold electric field. The quantitative evaluation
of the fraction of the tumor volume affected by the PEF is
presented in Fig. 7.
It can be seen that due to limited contact (“lump” is formed)
the amplitude of the PEF within the tumor may vary more
than 30%. One of the solutions is to further increase the PEF
amplitude and trigger partial direct ablation of tissue. As a
result, the inhomogeneity of PEF will be the same, but a higher
fraction of the tumor will be subjected to above-threshold PEF
required for successful electroporation. Another approach could
be application of larger amount of conductive gel in order to
fully sub-merge the tumor from all the sides with a significant
reserve. It can be seen from Fig. 6 that this approach is effective.
Nevertheless, in such a case if the gel conductivity is not selected
properly there is a possibility to shunt the tumor electrically, thus
negatively impacting the spatial electric field distribution inside
the tumor and cause overcurrent resulting in potential generator
damage.
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Fig. 5. Volumetric changes of the tumors after bleomycin electrochemotherapy, where nsPEF1 – 3.5 kV/cm x 200 ns x 200, 1 kHz protocol; nsPEF2
– 3.5 kV/cm x 200 ns x 200, 1 MHz protocol; nsPEF3 – 3.5 kV/cm x 700 ns x 200, 1 kHz protocol; nsPEF4 – 3.5 kV/cm x 700 ns x 200, 1 MHz;
μsPEF – 1.3 kV/cm x 100 μs x 8, 1 Hz protocol; CTRL – untreated control. Asterisk (∗) indicates statistically significant (P<0.05, Mann-Whitney U
test) difference versus CTRL; (X) - indicates statistically significant (P<0.05) difference versus nsPEF1. Whiskers extend to maximum or minimum
data values from the median of the dataset, while top of the boxes indicate the upper quartile, the bottom of the boxes indicate the lower quartile.

Fig. 6. The spatial distribution (x and y axis) of electric field during electrochemotherapy, where (A) 1.3 kV/cm 100 μs protocol l; (B) 3.5 kV/cm
nanosecond protocol.
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Fig. 7. Fraction of volume of tumor affected by pulsed electric field due
to field non-homogeneity.

IV. DISCUSSION
In this work we have compared the efficacy of conventional clinically used (ESOPE) protocol with a new modality
of nano-electrochemotherapy, which employs ns unipolar pulse
sequences for manipulation of the transmembrane voltage without alteration of the input energy (i.e., nsPEF1 versus nsPEF2).
Previously, the phenomenon of TMP accumulation during
high frequency unipolar bursts was confirmed in vitro [22],
[33] and in silico [34], [35]. However, in this work we have
successfully confirmed the phenomenon in vivo. The results
are in excellent agreement with in vitro data indicating higher
permeabilization during high frequency bursts. In some sources
the effect is called “MHz pulse compression” [33] and in our
work the effect was particularly obvious for the 200 ns pulses,
where the delivery frequency (1 MHz) dramatically potentiated
the efficacy of bleomycin electrochemotherapy. The result is
also in good agreement with our previous hypothesis that the
phenomenon of rapid membrane charge accumulation is nonpresent at low repetition frequency electroporation (1 kHz) due
to the delay between the pulses being longer than the relaxation
time.
In this study, the electrochemotherapy efficacy was comparable between nanosecond and ESOPE pulses even though the
protocols are dramatically different parameter-wise. The result
has confirmed the assumption that nano-electrochemotherapy
can be as effective as the ESOPE procedure, however, the nature
of the saturated efficacy was not well understood at first and
required FEM simulation. It was shown that the reason is the
electric field non-homogeneity inside the tumor, which is due
the form-factor of the tumor and limited contact area with the
parallel plate electrodes. Partly the problem can be minimized
by use of high amount of conductive gel and sub-merging the
whole tumor in a conductive medium, however, the solution
will inevitably influence the current drawn from the generator.
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High voltage pulses with currents exceeding 50 A and several
kV in voltage form a significant technological challenge to
generate when pulse repetition frequencies exceeding 1 MHz are
required. Nevertheless, high frequency pulse technologies are
still desirable since potentially allow to overcome the impedance
barriers due to low conductivity tissues and thus, ensure a
more uniform treatment. In this study, the frequency was still
too low to observe significant changes in tissue bioimpedance
– the current was scaling proportionally to the charged voltage in all the applied protocols. Zhao et al., have reported
different values for starting conductivity between 100 μs and
2 μs pulses. However, in their case, the shorter pulses were all
bipolar, which resulted in a higher frequency component. In
contrast, our nanosecond pulses were monopolar, which means,
that the low frequency component was not canceled out over
the entire pulse train duration [36]. Nevertheless, application
of high frequency bursts was beneficial in terms of muscle
contractions (i.e., muscle contractions induced by 200 ns were
significantly lower compared to 700 ns or 100 μs procedures).
ESOPE required 8 seconds for the treatment and thus induced
eight separate contractions. Also, due to the higher amplitudes
of PEF in nsPEF protocols, the whole treatment volume was
subjected to significantly higher electric field when compared
to ESOPE. It explains the reason behind the fully recovered
mice being present only in nsPEF groups.
V. CONCLUSION
To conclude, the delay between nanosecond pulses plays a
dramatic role on the outcome of electrochemotherapy. The efficacy of tumor inhibition can be effectively manipulated solely
by the pulse delivery frequency without changing of the input
energy.
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