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High-intensity pulsed electromagnetic fields (HI-PEMFs) can be used for contactless permeabilization of biological cells and, thus,
exploited for drug and gene delivery or other biomedical applications. Nevertheless, the availability of applicable technological setups
is almost non-existent. In this article, we present a new prototype of the HI-PEMF generator, which can be used for contactless
permeabilization of cells in vitro. The generator is based on high dI/dt silicon controlled rectifier (SCR) switches and is capable to
generate magnetic field pulses up to 7 T and electric fields >10 V/cm in a volume comparable to standard ir vitro procedures for
electroporation. Three different applicators (inductors) were studied, and the influence on the output pulse is presented, including
the thermal analysis. Based on the results, the optimal inductor was selected and experimentally tested on Chinese hamster
ovary (CHO) cells in basic permeabilization [propidium iodide (PI)] experiments. The generator circuit, parameters, characteristics,

and recommendations for future HI-PEMF systems are provided.

Index Terms— Biological interactions, biomembranes, cells, electromagnetic fields, pulsed power systems.

I. INTRODUCTION

HE capability to increase the permeability of the cell

membrane for initially impermeable molecules opens an
opportunity for numerous biomedical and biotechnological
applications. As a result, one of the most successful and widely
established permeabilization methods (including clinics) is
based on electroporation, which is a phenomenon of controlled
permeabilization of the cell membrane by pulsed electric fields
(PEFs) [1]-[3]. Electroporation has found high applicability in
the area of cancer treatment as a tissue ablation (irreversible
electroporation) [4], [S] or drug delivery (reversible electro-
poration) methodology [6]. Due to the physical nature of the
process and the variety of triggered effects, the area of its
application is constantly expanding [7]-[9].

Technology-wise PEF treatments employ pulsed power
setups to generate ns—ms range electrical pulses in the range
from several hundreds of volts to tens of kilovolts [10]-[12],
while a square wave waveform is the most common nowadays
(both unipolar [13] and bipolar pulses are used [14], [15]).
Sinusoidal pulses were also shown to achieve electropora-
tion [6]. Nevertheless, electroporation-based treatments have
some limitations. Taken that the effectiveness depends on the
pulse amplitude, duration, number of pulses, frequency, and
other factors [16]-[20], the experimental flexibility is already
quite high, and comparison of the procedures is not always
straightforward [21], [22]. On the other hand, the multifactorial
flexibility opens the capabilities for designing precise and
case-specific procedure. However, most of the struggle is in
the area of PEF applicators. As an applicator, various types of
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electrodes are used [23]-[26], while for deep-seated tumors
invasive electrodes are applied and, thus, increase treatment
planning time and risks [27], [28].

First, the distribution of the electric field is non-
homogeneous due to various conductivity gradients present in
tissues [29], [30]. As a result, complex and time-consuming
treatment planning is required for each individual case, but still
the outcome (i.e., pulse forming and resultant PEF distribution)
are predicted only with a certain degree of accuracy rather than
guaranteed [31]. Second, the high-voltage electrical pulses
trigger severe muscle contractions [32], which depending
on the tumor localization may require additional anesthetic
management [33] or synchronization with electrocardiography
signal in case of treatments close to the heart [34]. In addition,
electrochemical reactions [35], [36] in the vicinity of the
electrodes may involve deviation in the tumor response, alter
drug chemotherapeutic activity, or induce pH damage due to
the release of metal ions and altered pH [37]-[39]. Finally,
the requirement of good contact between the electrodes and tis-
sue must be highlighted [40] as one of the disadvantages, since
it affects both the distribution of PEEF, the current density [41],
and risks of voltage breakdown [42]. Therefore, contactless or
at least non-invasive approaches would be welcomed.

One of the promising concepts to address the problem is
the application of high-intensity pulsed electromagnetic field
(HI-PEMF) that can be delivered using contactless applicators.
Proof of concept was first introduced in 2012 [43], [44] and
is based on high dB/dt pulses, which induce PEMF sufficient
to trigger cell permeabilization. Surprisingly, the induced
electric field in HI-PEMF is by several orders of magni-
tude lower than the minimal threshold field in conventional
electroporation [45]. Currently, it is known that both the
electric and magnetic field (MF) components are playing a role
during HI-PEMF permeabilization [46]; however, the exact
mechanism of action is not yet established. Nevertheless, the
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in vivo effectiveness of contactless HI-PEMF is comparable
to conventional PEF procedure [43], [45], [47]. The in vitro
permeabilization is harder to achieve, but still the proof of
concept was presented [44], [48]-[50].

In order to continue the development of the methodology
further, a parametric study of the PEMF effects is required;
however, the availability of applicable pulsed power setups is
almost non-existent primarily due to the high demanding cur-
rent and voltage handling parameters. For example, a typical
in vitro system must support currents in kiloamphere range
and high dlI/dt [51], [52], which is already a challenge with
inductive load. The management of the Joule heating [50], [53]
and transients further introduce complexity in system design,
which is considerably higher compared to conventional elec-
troporation setups.

During the past 5 years, several in vitro HI-PEMF proto-
types were introduced [51], [54]-[57]. However, the tradeoff
between the effective treatment volume and the peak para-
meters had to be established. For example, the generator
presented in 2013 was operated with a volume of 3 uL [55],
and an improved 5.5 T version was capable of handling 20
uL [50]. Nevertheless, when the parameters are reviewed in
the context of Joule heating (more than 10 °C even with cool-
ing), the versatility of the setup is diminished. Several other
low volume setups based on MOSFETs [56] and IGBTs [51]
were also considered; however, in the end, the applicability
was limited to object-specific experiments due to Joule heating
and low volume of the sample. In the case of higher volume
systems, an ignitron-based prototype was proposed recently,
which is promising [58]. However, as a tradeoff, the pulse
shape is more an oscillation rather than a pulse, which also
can be regarded as a limitation.

Therefore, in this article, we present a tradeoff and, cur-
rently, an optimal system for HI-PEMF experiments in vitro,
which was developed based on past experience.

II. PULSE GENERATOR

A. Parameters of the Setup

In order to establish parameters for the new generator,
available knowledge on HI-PEMF methodology was analyzed.
It is known that the high dB/dt systems are preferable due
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to highly induced electric field, as apparently amplitudes in
the range of 2-3 T and 2-5 V/cm are already sufficient to
trigger cell membrane permeabilization [44], [45]. However,
when cuvette-like containers are used, in vitrro 3 T, 7.2 V/cm
treatment barely triggers any permeabilization in mammalian
cells [49]. Increasing the electric component to 100—175 V/cm
and application of bipolar pulses (without an increase of the
MF amplitude) improves the permeabilization rate, but not
radically [59]. Nevertheless, permeabilization without the PEF
component is not possible [46], which implies that at least
5 V/cm induced electric field should be ensured in the new
setup. The highest (currently reported) in vitro permeabiliza-
tion efficiency was achieved when unipolar microsecond range
of 5.5 T pulse was used (7-8 V/cm); however, the Joule
heating (>10 °C) and small sample volume (20 uL) were a
limitation [50]. Therefore, in this article, we have decided to
double the induced electric field to be >15 V/cm, increase the
effective volume to be at least 40 uL, and keep the MF in the
5-7 T range while minimizing the influence of Joule heating.

B. Development of the Pulse Generator

In order to ensure the parameters described above,
an improved topology of the generator reported in [50]
and [55] was developed. Previously, the generator supported
current up to 550 A, thus taken into account the require-
ment to double the volume, while maintaining a comparable
pulse amplitude, the current handling should be in the range
of 1.2-1.5 kA. For this purpose, two MCC255-16iol (IXYS,
Milpitas, CA, USA) silicon-controlled rectifier (SCR) modules
S1 and S2 were used in series (see Fig. 1). Such configuration
supports current handling up to 10 kA and voltage handling
up to 3.2 kV. Nevertheless, using currents higher than 1.5 kA
will be disadvantageous from the perspective of Joule heating.
Also, SCRs are limited by dI/dt (in this case 500 A/us);
therefore, taken that we were aiming for high dB/dt pulse,
the SCR will be performed on its limit already. The power
circuit included two capacitor batteries: 1) for filter-type
capacitor (KNG1914, ISKRA, Ljubljana, Slovenia) purposes
(3 uF x 200 uF in series = 66.67 uF) and 2) for high di/dt
pulse forming (940C20W1K-F, Cornell Dubilier, Calexico,
CA, USA; 6 uF x 1 uF in series and parallel = 1.5 uF).
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Fig. 2. Developed HI-PEMF generator, inside of the generator (left) and
housing of the generator (right).

The capacitors were charged (0-3 kV) using an UM4x4
(Spellman, Hauppauge, NY, USA) voltage converter. A series
resistance of 20 kQ was introduced between the capacitor
batteries to support repetitive pulsing (up to 5 Hz). Crowbar
circuit (D1-3, R¢) was used to form unipolar pulse without
the influence of reverse voltage and to minimize the reverse
charge of the capacitors. As a load, any type of inductor can
be used with a recommended value of 5 +xH, which will
ensure 1 + kA range current and rise/fall times within the
limits of selected SCRs. For safety reasons, an emergency
discharge circuit (S3—S7) was implemented. It is triggered by a
galvanically decoupled trigger (TRp), which is separated from
the main microcontroller (XMEGA128, Atmel, San Jose, CA,
USA). The developed HI-PEMF generator is shown in Fig. 2.

As shown in Fig. 2, the generator is compact and features
the size of 25 x 21 x 37.5 cm>. A user-friendly interface was
also introduced. Basically, the user selects pulse amplitude,
number of pulses, pulse frequency, and triggers the generation.
Two diodes serve as indicators for ongoing pulsing. All the
buttons (except emergency discharge) are blocked by software
to prevent any manipulation of the parameters during the burst.

C. HI-PEMF Applicator

As an applicator, solenoid coils are used. In this arti-
cle, we have tested three different coils of similar induc-
tance (11.8-14 xH) and varied the effective volume (inner
radius, r). Enamel-insulated copper wire was used for the
windings. The following designs were implemented: Coil 1:
(6L x 8W, wire: 0.5 mm, and r = 2 mm); Coil 2: (6L x 8W,
wire: 0.8 mm, and » = 2 mm); and Coil 3: (6L x 8W, wire:
0.8 mm, and r = 3 mm), where L and W stand for layers
and windings, respectively. The inner diameter of the coils
was adjusted to match the tip of the standard 0.2 mL sterile
PCR tube (ABgene, ThermoFisher Scientific, Portsmouth, NH,
USA), where the cells were placed for the treatment.

The photographs of the coils and the resultant pulse shapes
are shown in Fig. 3. The MF was measured by a calibrated
B-dot sensor (VGTU, Vilnius, Lithuania). The peak current
value was estimated on a series shunt resistance Rghunt (See
Fig. 1). Since the resultant inductances of the coils are
comparable, the currents are also similar (0.92-1 kA), but
the physical dimensions of the coils vary, therefore, the MF
pulse amplitudes differ significantly. As shown in Fig. 3(b),
the highest MF value (6.7 T, 3 kV charging voltage) is
achieved using the Coil 1, followed by Coils 2 and 3.

5000106

8 T [ Y T
7 P 965A | ——Coil 1 (1.8 uH) |
——Coil 2 (11.7 pH) |
——Coil 3 (14 uH)
E .
5 1000 A
2 -~ 1B
2
5 /\ ]
g 925 A
E -
—— . . ——
5 0 5 10 15 20 25 30
Time (us)
Fig. 3. Photograph of the (a) developed applicators and (b) resultant MF

pulses. Acquired using Tektronix DPO4034, post-processed in OriginLab 8.5.

D. Joule Heating

Taken that the current is considerably higher compared to
the previous implementations of generators (1 kA + versus
0.55 kA [50]), we have used ice cooling of the coils. The
temperature rise was measured by the fiber optic sensor
system (opSens, Québec, QC, Canada), which consisted of
ProSens signal conditioner and a fiber optic temperature
sensor OTG-M170. The sensor has been placed inside the
PCR tube filled with phosphate buffered saline (PBS), and
a burst of 100 pulses (1 Hz) of maximum amplitude has been
delivered.

As shown in Fig. 4(a), without cooling the temperature rise
is considerable and already after 60 pulses, the temperature
exceeds 40 °C for Coil 1. Ice cooling allowed to improve
the situation and stabilize the temperature. In the case of
Coil 3, due to the largest volume and thus heat dissipation,
the temperature of the sample was stabilized at 15 °C during
constant pulsing. Nevertheless, cooling with ice involves some
deviation in temperature between different sessions, which
is mainly due to the varied (random) area of contact of ice
cubes and the coil. Therefore, we have performed several
independent measurements of “hottest” Coil 1 to account
for the effect. The results are presented in Fig. 4(b). The
repositioning/steering of ice (due to melting) has an effect on
the cooling efficiency; however, the deviation is within £3 °C.

E. Distribution of Magnetic and Electric Fields

As mentioned above, the induced electric field >5 V/cm
seems to be crucial for the successful contactless per-
meabilization of mammalian cells. However, it is known
that in solenoid-type inductors the induced electric field is
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Fig. 4. (a) Temperature rise due to pulse delivery with (solid lines) and

without (dashed lines) ice cooling. (b) Deviation of temperature rise is
apparent between independent sessions, where the solid line represents average
temperature rise and the time of ice repositioning is marked.

non-homogeneous and is linearly decreasing to 0 (center of
the coil) [59]. The resultant MF distribution and electric field
distribution were estimated using COMSOL Multiphysics 5.4
(COMSOL, Stockholm, Sweden).

A 2-D axisymmetric model of the inductors has been
designed using the MFs physics module. As an input, the mea-
sured current pulse waveform was used and an automated
physics-controlled meshing was applied. The simulated MF
amplitude for Coil 1 is shown in Fig. 5(a). The peak value in
the center of the coil is in good agreement (+5%) with the
experimental pulse that is presented in Fig. 3. According to
the model, the homogeneity of the distribution is acceptable,
and the variance does not exceed +15% of the amplitude in
the center.

The spatial distribution of the electric field was then
estimated and presented in Fig. 5(b). The peak value of
15-17 V/cm was estimated near the coil windings. The wave-
form of the induced electric field for Coil 1 during the
highest dB/dt of the pulse in comparison to other coils is shown
in Fig. 6.

It can be seen that Coil 1 due to the highest dB/dt ratio
allows generating induced electric >15 V/cm, which is in
agreement with the target parameters. Taking into account
the PEF and pulsed magnetic field (PMF) amplitudes and the
well-controlled Joule heating, the study was further limited to
the superior Coil 1.
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Fig. 6. Induced electric field near coil windings during the highest dB/dt of
each inductor.

III. EXPERIMENTAL DATA
A. Cell Preparation

Chinese Hamster Ovary (CHO) cells (European Collec-
tion of Authenticated Cell Cultures ECACC, cells CHO-K1,
cat. no. 85051005, obtained directly from the repository)
were grown in 25 cm? culture flasks (TPP, Trasadingen,
Switzerland) in HAM F-12 growth medium (PAA Laboratories
GmbH, Pasching, Austria) for 2-3 days in an incubator
(Kambi¢, Semi¢, Slovenia) at 37 °C and humidified 5%
CO;. The growth medium (used in this composition through
all experiments) was supplemented with 10% fetal bovine
serum (Sigma-Aldrich, Schnelldorf, Germany), L-glutamine
(StemCell, Vancouver, BC, Canada), and antibiotics peni-
cillin/streptomycin (PAA, Austria), and gentamycin (Sigma-
Aldrich, Germany). The cell suspension was prepared on the
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day of carrying out the experiments. Cells were detached
by 10x trypsin-EDTA (PAA, Austria), diluted 1:9 in Hank’s
basal salt solution (StemCell, Canada), and the trypsin was
inactivated by the HAM F-12 growth medium. Cells were
transferred to a 50 mL centrifuge tube (TPP, Trasadingen,
Switzerland) and centrifuged 5 min at 180g and 22 °C. The
supernatant was removed, and cells were resuspended in the
growth medium HAM F-12 at cell density 107 cells/mL.

B. Permeabilization Assay

The cell suspension was mixed with propidium iodide (PI)
at its final concentration of 136 M. A 40 uL of the cells—dye
mixture was transferred into a 0.2 mL PCR tube, followed by
HI-PEMF treatment. Three minutes after the last pulse, the
cell suspension was mixed with phosphate—potassium buffer
(10 mM KH;PO4/K;HPO4, 1 mM MgCly, and 250 mM
sucrose) and transferred to a 5 mL tube (Sarsted, Germany)
for further analysis using flow cytometry (Life Technologies,
Attune NxT, Carlsbad, CA, USA). Cells were excited with
a blue laser at 488 nm, and the emitted fluorescence was
detected through a 574 nm/26 nm bandpass filter (PI). Fluores-
cence was determined as the mean value of the gated cells of
the measured signal [mean fluorescence intensity (MFI)]. The
gate was defined based on untreated control. The experiments
were performed in triplicates in random order.

The generator was tested at a maximum amplitude with
Coil 1 (6.7 T, 17 V/cm) and bursts of 100, 200, and 300 pulses
were delivered at a repetition frequency of 1 Hz. The results
are summarized in Fig. 7.

As can be seen, 6.7 T, 17 V/cm pulses trigger the uptake
of PI by the cells. A tendency of the efficiency to scale with
an increase in the number of pulses was observed.

IV. CONCLUSION

We developed a compact HI-PEMF generator, which is
capable of handling currents up to 1.5 kA and supporting
inductive loads >5 pH. It was successfully tested in basic
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cell membrane permeabilization experiments. We have shown
that 6.7 T, 17 V/cm microsecond range pulses are sufficient
to trigger contactless permeabilization in vitro. Taking into
account the non-homogeneity of the PEF during HI-PEME,
future setups should focus on the development of new appli-
cators, which would allow ensuring higher fields and uniform
exposure of the cells. One of the possible solutions is the
implementation of a physical barrier inside the cuvette, which
would keep the cells in the high electric field region. The
proposed power electronics circuit and robust implementation
is universal and does not depend on the geometry of the
exposure tube.
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