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Abstract: The possibility to artificially adjust and fine-tune gene expression is one of the key mile-
stones in bioengineering, synthetic biology, and advanced medicine. Since the effects of proteins or
other transgene products depend on the dosage, controlled gene expression is required for any ap-
plications, where even slight fluctuations of the transgene product impact its function or other crit-
ical cell parameters. In this context, physical techniques demonstrate optimistic perspectives, and
pulsed electric field technology is a potential candidate for a noninvasive, biophysical gene regula-
tor, exploiting an easily adjustable pulse generating device. We exposed mammalian cells, trans-
fected with a NF-kB pathway-controlled transcription system, to a range of microsecond-duration
pulsed electric field parameters. To prevent toxicity, we used protocols that would generate rela-
tively mild physical stimulation. The present study, for the first time, proves the principle that mi-
crosecond-duration pulsed electric fields can alter single-gene expression in plasmid context in
mammalian cells without significant damage to cell integrity or viability. Gene expression might be
upregulated or downregulated depending on the cell line and parameters applied. This noninva-
sive, ligand-, cofactor-, nanoparticle-free approach enables easily controlled direct electrostimula-
tion of the construct carrying the gene of interest; the discovery may contribute towards the path of
simplification of the complexity of physical systems in gene regulation and create further synergies
between electronics, synthetic biology, and medicine.

Keywords: microsecond pulsed electric field; inducible gene transcription control; reporter assay;
secreted alkaline phosphatase; mammalian cells; cell line; NF-xB

1. Introduction

The possibility to artificially adjust and fine-tune gene expression is one of the key
milestones in contemporary bioengineering and synthetic biology [1,2]. In addition, gene
expression control has become highly relevant for clinical applications with the rise of
advanced targeted medicines such as cell-based therapies, protein drugs, or gene thera-
pies [3-5]. Techniques of targeted therapeutics may provide treatment options that are
beyond the reach of conventional small-molecule medicines [6-8]. However, as with any
other therapeutic molecule, effects of proteins or other therapeutic transgene products
highly depend on the dosage; therefore, both for bioengineering and for potential thera-
peutic applications, controlled and regulated gene expression is a requirement [2,9]. Un-
controlled and leaky expression of transfected genetic construct, in some cases, may result
in cellular toxicity or stochastic events; for example, therapeutic proteins usually display
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a narrow safety window, and even slight fluctuations in their amounts might significantly
impact function and, subsequently, cell growth or viability parameters [10]. Thus, control
over the level of gene expression in a time-dependent and, preferably, reversible manner
is an important output in biology as well as innovative medicine.

Early transcription-based inducible gene expression switches exploited endogenous
control mechanisms that respond to exogenous signals or stress, for example, cytokines,
hormones, heat, metal ions, and hypoxia, but limitations, such as pleiotropy, restrain these
strategies from therapeutic applications [11]. Synthetic gene expression switches with
electronics-inspired basic circuit elements of input, processing, and output ushered a new
era of cell engineering that started changing the scene of biomolecule production, cell re-
programing, and novel therapeutics [12]. Synthetic switch approaches operate via heter-
ologous chimeric systems and chemically inducible promoters [13], for example, dimer-
izer-regulated systems that employ non-immunosuppressive rapamycin analogs [14], the
tetracycline (TetR)-inducible systems [15-17], or progesterone receptor/mifepristone
(RU486)-inducible systems [18-20]. These systems are based on chimeric transcription fac-
tors and artificial promoters, and they respond to small molecular weight inducers. De-
spite the encouraging results, the specifics of small molecule activators —such as unfavor-
able pharmacokinetic properties, adverse effects, or system immunogenicity —hamper
chemically induced gene expression systems in therapy, and mentioned issues still need
to be addressed [21].

Since endogenous or chemical input might be limited, physical techniques, such as
optogenetics [22,23], heat stimulation [24,25], magnetic fields [26], or remote electrical
stimulation [27] stepped in and demonstrated optimistic perspectives for transgene ex-
pression control. Such approaches may overcome side effects of chemical agents; avoid
issues related to bioavailability or pharmacokinetics and pharmacodynamics [28]; and are
noninvasive or, in some cases, even traceless. Still, complex sophisticated devices, syn-
thetic biology-driven designer cell biocomputers, and further extensive studies are
needed before the physical technology-based gene regulation is widely adopted in a clin-
ical setting of advanced therapies. In this context, pulsed electric field technology could
be another candidate for a noninvasive, biophysical regulator of gene expression. Pulsed
electric field technology exploits a relatively simple and easily adjustable pulse generating
device for direct stimulation of cells, therefore avoiding exogenous small molecules and,
in some cases, heterologous genetic elements [29,30]. Successful implementation of pulsed
electric fields in gene switch techniques would create a pathway towards the simplifica-
tion of processes for biotechnological or therapeutic applications; create an additional
crosstalk; and interconnect biological circuits with physics, electronics, and synthetic bi-
ology.

Over the last few decades, pulsed electric field technology achieved a significant role
as both a stimulator and therapeutic modality in biology, biotechnology, and medicine
[31-35]. Life sciences predominantly recognize electric fields for the phenomenon termed
electroporation [36] and for their ability to aid and deliver nucleic acids, proteins, and
other membrane-impermeable molecules into the cell [37,38]. However, accumulated ev-
idence suggests that depending on applied parameters, such as pulse duration and electric
field strength, more diverse intracellular effects may occur [39,40]. Cell exposure to pulsed
electric fields of ultra-short duration (within the range of nanoseconds) and high voltage
(up to thousand V/cm) instigates caspase activation and programmed cell death (apopto-
sis) [41], activates signaling pathways [42,43], and generates reactive oxygen species and
oxidative stress [44]; whereas, several studies have demonstrated that exposure to longer
(millisecond scale) and lower voltage (up to 200 V/cm) electrical pulses alter gene expres-
sion in mammalian cells [27,29]. This means that pulsed electric fields might indeed be-
have as noninvasive, nonligand regulators of intracellular processes, including expression
of genes; nevertheless, with regards to various pulsed electric field parameters (for exam-
ple, nano- and microsecond-duration pulses), we still lack experimental data and substan-
tial knowledge to support this assumption.
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Such a background prompted us to investigate microsecond-duration pulsed electric
fields as potential nonligand physically triggered modulators of gene expression. To ad-
dress this possibility, we transfected five different mammalian cell lines with a nuclear
factor kB (NF-kB) pathway-controlled transcription system, coding a secreted embryonic
alkaline phosphatase (SEAP) protein under the control of inducible promoter carrying
NF-kB recognition sites. Upon induction of the NF-kB promoter, SEAP secretes into the
growth medium of cells, where its activity can be detected by conducting an enzymatic
reaction and a colorimetric analysis. We later exposed cells to a range of diverse microsec-
ond-duration pulsed electric field parameters. To prevent cell toxicity (such as irreversible
permeabilization and loss of viability), we only took into consideration protocols that
would allow the generation of relatively mild physical stimulation [45,46]. Here, we report
the response pattern of the NF-«B transcription system to microsecond-duration pulsed
electric fields stimulation in tumor (human cervix carcinoma (Hep-2c); human bone oste-
osarcoma (U-2 OS)), and nontumor (human embryonic kidney (HEK-293); Chinese ham-
ster ovary (CHO-K1); and mouse subcutaneous connective tissue (L-929)) cell lines. To
our knowledge, this is the first experimental study and the first proof of principle that
microsecond-duration pulsed electric fields can modulate gene expression from trans-
fected DNA constructs in a mammalian cell context.

2. Results
2.1. Validation of Experimental Setup

To evaluate if the activity of the response system can be changed by the application
of physical stimuli, we first tested the activity of the NF-kB/SEAP reporter system after
stimulation with a well-known physical agonist of the NF-kB pathway —UYV light (Figure
1). Obtained results indicate that UV light induced the NF-kB/SEAP reporter system in
Hep-2c and CHO-K1 cells. In the Hep-2c cell line, the reporter system activity was ap-
proximately 4 times (4.02 + 0.59, p <0.01) higher at 4.14 J/cm? UV dose and approximately
3.8-fold (3.76 + 0.38, p < 0.01) higher at 20.7 J/cm? compared with negative control. The
system expression was approximately 2.7-fold (2.70 + 0.38, p < 0.05) higher in CHO-K1 cell
line when 4.14 J/cm? UV dose was applied and approximately 2.5-fold (2.53 +0.29, p <0.05)
higher at the dose of 20.7 J/cm?. The higher UV dose had a negligible effect on the reporter
system expression in U-2 OS cell line; however, the lower dose caused approximately 1.3-
fold (1.28 + 0.06, p < 0.01) higher expression rate compared with the control. By contrast,
we observed no increase in the expression of the reporter system at the lower UV dose in
HEK-293 cell line, while the higher dose resulted in approximately 1.7-fold (1.70 + 0.23, p
<0.05) increase compared with the control. UV doses of 4.14 J/cm? and 20.7 J/cm? resulted
a slight decrease in reporter system activity (0.87 + 0.03 and 0.85 + 0.08, respectively, p >
0.05) in L-929 cell line. To evaluate if further changes in SEAP expression levels could be
observed at even higher UV irradiation doses, we exposed L-929 cells to UV of 41.7 J/cm?.
The results indicated further decrease of expression levels of the reporter system (0.58 +
0.06, p < 0.001, not shown). The data show different NF-xkB/SEAP expression dynamics
among cell lines, but overall, it passed the validation test for a physical stimulus response
model except for L-929 cells. Nonetheless, we decided to investigate if L-929 can yield
different result in response to microsecond-duration pulsed electric fields.
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Figure 1. NF-kB/SEAP response system performance in different mammalian cell lines after UV
irradiation. Indicated cell lines were transfected with a NF-kB-driven SEAP expression plasmid
(pNF-kB-SEAP) and exposed to low (4.14 J/cm?) or high (20.7 J/cm?) UV doses 24 h before SEAP
expression was quantified in the culture supernatant. Dashed line denotes baseline of negative con-
trol (cells cultivated under otherwise identical conditions, but in the absence of UV). Significances
compared with control were determined using student’s t-test: * p <0.05, ** p < 0.01.

2.2. Membrane Permeability after Microsecond-Duration Pulsed Electric Fields Treatment

Membrane permeability study results revealed a direct correlation between the
pulsed electric field strength and permeabilization rate in Hep-2¢, U-2 OS, HEK-293, and
L-929 cell lines. Differently, CHO-K1 cell membrane integrity remained intact or slightly
permeable up to 0.5 kV/cm and was significantly affected only at 0.6 kV/cm (Figure 2a).
In all cell lines, electric field strength of 0.165 kV/cm caused mild to no effect on membrane
integrity. In Hep-2c, U-2 OS, HEK-293, and L-929 cells, permeability gradually increased
starting from 0.25 kV/cm, and all cells, including CHO-K1, reached the highest membrane
permeability point at 0.6 kV/cm —this also correlates with the reduced viability readouts
that can be seen in Figure 3. Membrane reseal assay at 0.4 kV/cm (the point where most
cells are significantly permeable but retain high viability levels) shows that membrane
integrity loss is transient and returns to normal state after 300 s in nearly all cell lines
(Figure 2b).
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Figure 2. (a) Membrane permeabilization after microsecond-duration pulsed electric fields treat-
ment at the field strengths of 0.165, 0.25, 0.3, 0.4, 0.5, and 0.6 kV/cm. Eight square wave pulses of
100 ps-duration and 1 Hz-frequency were applied. SYTOX®-green stain uptake was measured one
hour after pulsed electric field treatment. The dashed line denotes baseline of negative control (cells
cultivated under otherwise identical conditions, but in the absence of pulsed electric fields). (b)
Membrane reseal assay at E = 0.4 kV/ecm. SYTOX®-green stain was added 0, 10, 30, 60, and 300 s after
pulsed electric field treatment; fluorescence was read one hour later. Result significances compared
with control were determined using student’s ¢-test: * p <0.05, ** p <0.01, ** p <0.001, *** p <0.0001.
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Figure 3. NF-xB/SEAP response system performance and viability readout in Hep-2c (a), CHO-K1
(b), U-2 OS (c), HEK-293 (d), and L-929 (e) cell lines after exposure to microsecond-duration pulsed
electric fields. Hep-2c and CHO-K1 cells were stimulated with the electric field amplitudes of 0.165,
0.25, 0.3, and 0.4 kV/cm, eight pulses of 100 ps, frequency —1 Hz. U-2 OS, HEK-293, and L-929 cells
were additionally simulated by applying the electric field amplitudes of 0.5 and 0.6 kV/cm. Results
were read 24- and 48-h postexposure. Dashed lines denote baselines of negative SEAP and viability
controls (cells cultivated under otherwise identical conditions, but in the absence of microsecond
pulsed electric fields). Significances compared with control were determined using Kruskal-Wallis
and Conover post hoc tests: * p <0.05, ** p <0.01, *** p <0.001, *** p <0.0001.

Relative SEAP (fold, control)
Viability, XTT (%, control)

@

2.3. Cell Viability and NF-kB Pathway-Controlled SEAP Reporter System Response to
Microsecond-Duration Pulsed Electric Fields Treatment

Pulsed electric field treatment was used to introduce changes in the expression levels
of the NF-xB/SEAP reporter system. The electric field affects cell viability and may lead to
lower cell survival rate. We examined the effects of different electric field strengths on cell
viability. Obtained results demonstrate that viability of both Hep-2c and CHO-K1 cell
lines decreased in a linear manner with increasing the electric field strength but remained
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high throughout 0.165-0.3 kV/cm 24- and 48-h postexposure (Figure 3a,b). However, in
comparison with the untreated control (100%), viability declined by approximately 30%
in Hep-2c (72.99% + 10.39, p > 0.05) and 40% (57.83% + 5.77, p < 0.01) in CHO-K1 24 h after
the exposure to electric field strength of 0.4 kV/cm and recovered by approximately 20%
48 h postpulsation. Yet, higher electric field strengths deteriorated viability sharply 24-
and 48-h postexposure (not shown); therefore, they were excluded from analysis in Hep-
2c and CHO-K1 cells.

All pulsed electric fields strengths maintained high viability levels in U-2 OS, HEK-
293 and L-929 cells at both time points (Figure 3c—e). However, 0.6 kV/cm reduced viabil-
ity by approximately 30% in HEK-293 cell line (70.46% * 4,17 p < 0.01) 24 h after applica-
tion, yet it improved 24 h later and alleviated to approximately 80% compared with un-
treated control.

We further assessed the impact of microsecond-duration pulsed electric fields on the
expression of the NF-kB pathway-controlled SEAP reporter system. After DNA transfec-
tion and delivery of electric pulses to Hep-2c cell line, we observed a significant stimula-
tory effect on the reporter system as SEAP levels boosted throughout 0.165-0.4 kV/cm 24
h postexposure (Figure 3a). The system attained highest activation at 0.165 kV/cm and its
expression was approximately 2-folds (1.95 + 0.29, p < 0.0001) higher compared with un-
treated control. SEAP levels, on average, were 1.6-fold higher at 0.25-0.4 kV/cm. The sys-
tem settled 48 h postexposure since SEAP expression levels did not differ from the un-
treated control. The basal activity of the SEAP reporter system was low (not shown). Con-
versely, the system activity declined in CHO-K1 cells 24 h postexposure in a linear fashion
while increasing electric fields strength (Figure 3b). SEAP levels were also similar 48 h
after exposure, with one interesting exception —we observed a steady 1.2-fold (1.22 +0.06,
p>0.05) increase at 0.3 kV/cm. These differences, however, did not reach statistical signif-
icance. The basal activity of SEAP reporter system was high in CHO-K1 cells (not shown).

We also observed a slight stimulatory effect on the reporter system in U-2 OS cells at
all electric fields strengths after both time points (Figure 3c) with several uncharacteristic
peaks at 0.165, 0.4, 0.5, and 0.6 kV/cm 48 h postexposure. The highest 1.2-fold (1.22 +0.14,
p > 0.05) system activity increase occurred at 0.5 kV/cm 48 h postexposure. Similarly, the
reported system activity augmented slightly throughout 0.25-0.6 kV/cm in L-929 cells at
both time points, with an exception at 0.6 kV/cm 48 h postexposure where the activity was
equal to the control (Figure 3e). The highest peak occurred at 0.4 kV/cm and the SEAP
levels mounted 1.4-fold (1.36 + 0.23, p > 0.05). HEK-293 cells responded differently and,
predominantly, remained unaffected by the treatment (Figure 3d). The SEAP activity
lightly peaked at 0.6 kV/cm 24 h postexposure and resulted in a 1.1-fold (1.11 + 0.06, p >
0.05) increase compared with the control. However, none of the differences observed in
U-2 OS, HEK-293, and L-929 cell lines reached statistical significance.

3. Discussion

In this work, we described the experimental design and evaluation of a single gene
response pattern to different parameters of microsecond-duration pulsed electric fields in
five mammalian cell lines. It was a critical component in the study design to sensitively
detect changes of the gene product; therefore, we used a nuclear factor kappa-B (NF-kB)
promoter-controlled secreted embryonic alkaline phosphatase (SEAP) gene expression
system for its physical stimulation responsive promoter. We also monitored viability and
cell permeabilization readouts throughout the experiments. This is the first study that re-
veals microsecond-duration pulsed electric fields can alter gene expression and reinforces
the concept that electronics can indeed manipulate genetics.

Previous observations that physical stimuli— UV light—can unleash NF-xB support
our decision to use UV as an aid for the validation of the reporter system’s experimental
setup [47-49]. We verified the setup by delivery of different irradiation doses to the cells.
We found that UV stimulated the response system in Hep-2c, CHO-K1, U-2 OS, and HEK-
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293 cells, as SEAP levels significantly spurred in all of them. Cells of the subcutaneous
connective tissue L-929, however, yielded different results—SEAP levels declined com-
pared with the control. This demonstrated that the gene response to physical stimulation
can be both positive and negative.

One of the most significant and exciting results was that the SEAP reporter gene ex-
pression significantly boosted in human cervix carcinoma Hep-2c cells in response to mi-
crosecond-duration pulsed electric fields. The effect was spotted 24 h postpulsation and
resumed completely to the level of negative control after additional 24 h. An electric field
amplitude of 0.165 kV/cm provoked the strongest 2-fold increase, but the effect persisted
at higher amplitudes too. Interestingly, we observed that cell membrane integrity and vi-
ability were completely intact at 0.165 kV/cm. We knew from previous reports that pulsed
electric fields of nanosecond-duration impact intracellular pathways, processes, and ex-
pression of different genes [39,43,50-56], but the fact that a similar effect can also be
achieved by microsecond-duration pulsed electric fields is a new discovery. Microsecond-
duration pulsed electric fields, meanwhile, were better known for their plasma membrane
pore opening effects [57-59]. Low basal activity of the NF-«B-controlled system observed
during our study in Hep-2c cells and its significant inducibility after pulsed electric fields
application would allow to further analyze its use in primary cervical cancer cell cultures
or even in an in situ setting. Similarly, reporter gene expression levels increased in other
cancerous U-2 OS cells, but to a lower extent. The boost timing was different too—we
could mainly detect stimulatory effects 48 h postexposure. As well as with Hep-2c, we
detected the increase at 0.165 kV/cm and observed that cell membrane integrity and via-
bility were altogether intact at this amplitude.

Previous attempts to regulate gene expression using long-millisecond-duration elec-
tric pulses achieved upregulation of the metallothionein I-controlled muSEAP reporter
gene in mice connective tissue in vivo [29]. We checked if NF-kB-controlled SEAP expres-
sion would alter in mice connective tissue L-929 cells in response to microsecond-duration
pulsed electric fields. Indeed, we observed a trivial trend towards upregulation of the re-
porter gene. The response intensity ascended and descended in a gradient manner: it
topped at 0.4 kV/cm and persisted congruent at 24- and 48-h postexposure. At this ampli-
tude, the viability remained high, yet permeability readings showed slight but significant
damage to the cell membrane.

Ovarian tissue CHO-K1 cells yielded another set of interesting results. We knew from
previous genomic studies that, in normal state, CHO-K1 upregulate nuclear factor kB and
downregulate its inhibitor IkB as well as p53 [60] — the latter mutually inhibits NF-xB [61].
Indeed, during our study, we observed strong basal activity of the reporter system, but
we also detected that its activity declined in response to microsecond-duration pulsed
electric fields treatment (SEAP levels decreased in linear manner throughout 0.25-0.4
kV/cm 24 h postexposure), albeit slightly. One result stood out though —amplitude of 0.3
kV/em caused upregulation of the NF-kB response system 48 h postexposure. Electric field
amplitudes used for the response system study had no effect on cell membrane integrity
whatsoever, but they caused cell toxicity as the viability deteriorated upon amplitude in-
crease. It could be that a strong normal-state activation of the NF-kB interfered with
pulsed electric fields and the effect failed to be clearly detected. Likewise, we observed a
trivial trend towards downregulation in human embryonic kidney HEK-293 cells up to
0.4 kV/cm at each of the time points postexposure. It only averted at the highest amplitude
0.6 kV/cm, where we detected a slight stimulatory effect; however, at this point, we also
observed cell toxicity as viability decreased significantly. Permeability readings showed
damage to the cell membrane, and this was the only cell line that failed to reseal the mem-
brane after 300 s. The slight stimulatory effect could have occurred due to increasing me-
chanical perturbations on the plasma membrane.

The main limitation of the study and reasons for triviality of our results on the levels
of gene response could lie within the design of the study as it was solely tailored for
screening of the effects of selected pulsed electric field parameters on different cell lines;
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therefore, the findings should be interpreted with caution. Nonetheless, our data allow us
to draw preliminary conclusions that the NF-kB-controlled pathway can be potentially
responsive to microsecond-duration pulsed electric fields, yet further studies specifically
adjusting the parameters for different cell lines are necessary. Further, because of the short
half-life of plasmids in the cell culture [62], we were unable to evaluate the behavior of the
system after longer periods of time as well as its response to repeated exposures of pulsed
electric fields. The present data from similar studies with millisecond-duration pulsed
electric fields show that the response tends to fade over time and over the application of
repeated impulses in vivo [29]; therefore, a stable cell line expressing NF-kB-controlled
reporter protein could provide even more valuable insights on system behavior in the
future studies. In addition, the studies of the low-frequency capacitively coupled electric
fields (CCEF), used for the regeneration of bone tissue, demonstrated the induction of the
chromosomal alkaline phosphatases (ALP) 4 h postpulsation in human bone SaOS-2 cell
line, where the effect resided fully 24 h postpulsation [63]. Differentially modulated
mRNAs were also detected 24 h after exposure to CCEF in SaOS-2 cells [64]. The stable
cell line expressing NF-«kB pathway-controlled reporter protein could be used in a similar
study for direct comparison of expression of native ALP versus modified SEAP after the
application of diverse nature physical stimuli in a time-dependent manner and confirm if
the system could be used as an artificial switch if different SEAP levels are demonstrated.

We hypothesize that reactive oxygen species (ROS) play a crucial role in either posi-
tive or negative regulation of the NF-«B signaling pathway after delivery of electric pulses
because ROS can lead to both inhibitory and stimulatory responses [65]. The delivery of
high-field electric pulses to mammalian cells can generate free radicals [66,67]. The quan-
tity of highly reactive oxygen species depends on the parameters of the electric pulses
applied to cells (field intensity, frequency, number and duration of the pulses, cell con-
centration). The generation of ROS after exposure to pulsed electric fields can be direct
when free radicals form at the surface of the electrodes and indirect when free radicals
form inside the cells in response to electrical stimulation [68]. We speculate that another
mechanism could involve regulation by calcium ions—a preceding research revealed that
microsecond-duration pulsed electric fields can permeabilize the endoplasmic reticulum
membrane of mammalian cells, causing the leak of Ca?* [69]. Fluctuation of intracellular
Ca? levels, in turn, might modulate NF-kB activity [70-72]. Similarly, millisecond-dura-
tion electric pulse application upregulated the NFAT-promoter-controlled SEAP gene ex-
pression system in HEK-293T cells; however, this required additional co-transfection with
plasmids encoding the L-type voltage-gated calcium channels [27]. Lastly, the research of
pulsed electric fields” impact on cell plasma membrane fluidity and state of cytoskeleton,
support the idea of microsecond-duration pulsed electric fields as an abiotic factor trig-
gering the NF-«xB pathway [73]. NF-kB acts as a sensor of actin reorganization due to me-
chanical affliction on the plasma membrane [74].

The possibility to control gene expression using mild biophysical stimulation, con-
comitantly with other physical techniques, would be a significant improvement over the
use of small molecules, such as steroids or antibiotics. The present study, for the first time,
proves the principle that microsecond-duration pulsed electric fields, under certain pa-
rameters, can alter single-gene expression in plasmid context in various cell lines without
causing significant damage to cell integrity or viability. The gene expression might either
be upregulated or downregulated depending on the cell line and parameters applied. This
noninvasive, ligand-, cofactor-, and nanoparticle-free approach enables easily controlled,
direct electrostimulation of the construct carrying the gene of interest; the discovery may
contribute towards the path of simplification of the complexity of physical systems used
for gene regulation and provide a solution to the downsides of exogenous small mole-
cules. Given the advantages of microsecond-duration pulsed electric fields technology
and our findings on modulation of the transcription-based gene control system, future
studies evaluating specific parameters on different cell lines, including primary cells as
well as different transcription systems—for example, stable transcription systems or
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systems, reduced to their minimal parts—would shed more light before the approach can
be endorsed for gene therapy purposes.

4. Materials and Methods
4.1. Experimental Setup

To monitor physical-stimuli-induced quantitative changes of secreted embryonic al-
kaline phosphatase (SEAP) expression, we developed a detection system consisting of
Hep-2¢, U-2 OS, HEK-293, CHO-K1, and L-929 cells transfected with the inducible expres-
sion vector pNF-kB-SEAP. The vector bears the Pnre promoter that drives transcription
of the SEAP reporter gene in response to the activation of the NF-kB pathway. SEAP pro-
tein secretes into the growth medium of cells, where it can be detected by conducting an
enzymatic reaction (using p-nitrophenyl phosphate (PNPP) substrate that develops a yel-
low hue upon reaction with the alkaline phosphatase) followed by a colorimetric analysis
(Figure 4). Growth medium from cells cultivated under otherwise identical conditions,
but in the absence of the physical stimulus, served as negative control. Cells transfected
with the pCMV-SEAP constitutive expression plasmid (that bears the Pcwv constitutive
promoter) indicated a successful transfection in every experiment (not shown).

usPEF stimulation
8 x 100 ps pulses, 1 Hz
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Figure 4. Hypothetical schematic representation of electrically modulated transcription of the SEAP
reporter gene. Pulsed electric fields activate the nuclear factor kB pathway, leading to its release
from the inhibitor and translocation to the nucleus. NF-kB binds to a synthetic promoter and acti-
vates the transcription of the SEAP reporter gene. The SEAP protein secretes to the cell growth me-
dium and converts the substrate (p-nitrophenyl phosphate, PNPP) into a yellow detectable product.

4.2. Cell Culture

Human cervix carcinoma Hep-2c cells (Merck, Darmstadt, Germany) were cultured
in the RPMI 1640 medium (Corning Inc, Corning, NY, USA). Chinese hamster ovary CHO-
K1 cells (ATCC® CCL-61™; American Type Culture Collection, Manassas, VA, USA) were
cultured in Ham's F-12K Nutrient Mixture (Corning Inc, Corning, NY, USA). Human bone
osteosarcoma U-2 OS cells (ATCC® HTB-96™; American Type Culture Collection, Manas-
sas, VA, USA), human embryonic kidney 293 [HEK-293] cells (ATCC® CRL1573™; Amer-
ican Type Culture Collection, Manassas, VA, USA; referred to as cell line HEK-293), and
mouse subcutaneous connective tissue NCTC clone 929 [L cell, 1.-929, derivative of Strain
L] cells (ATCC® CCL-1™; American Type Culture Collection, Manassas, VA, USA; re-
ferred to as cell line L-929) were cultured in the Dulbecco’s Modified Eagle Medium
(DMEM,; Corning Inc, Corning, NY, USA). The growth medium was supplemented with
a 10% fetal bovine serum (FBS; Fisher Scientific, Waltham, MA, USA) for all cell lines.



Int. ]. Mol. Sci. 2022, 23, 451

10 of 15

Cells were grown in T25 cell culture flasks (Fisher Scientific, Waltham, MA, USA) as a
monolayer culture and routinely passaged after 90-100% confluency was reached. Cell
cultures were maintained at 37 °C under a 5% CO2, 95% air atmosphere.

4.3. Plasmids

Two SV40-based plasmids were used in this study (Imgenex, San Diego, CA, USA).
The pNF-kB-SEAP plasmid carries the placental secreted alkaline phosphatase (SEAP) re-
porter gene under the control of inducible ELAM promoter containing nuclear factor kB
recognition sites (Pxews). The recombinant form of alkaline phosphatase, designed by in-
serting a translational terminator after the amino acid 489, functions as the reporter gene
[75]. This mutation converts native membrane-bound protein into a secreted form. The
pCMV-SEAP plasmid carries the SEAP reporter gene under the control of the constitutive
cytomegalovirus promoter (Pcwv), used as positive control for transfection efficiency, and
SEAP colorimetric reaction (not shown).

4.4. Plasmid DNA Transfection

For plasmid DNA transfection, the cell lines were propagated until 90% confluence
was reached and harvested using a 0.25% trypsin (Sigma-Aldrich, St. Louis, MO, USA),
0.53 mM EDTA (Carl-Roth, Karlsruhe, Germany) solution. Cells were counted using a
0.100 mm/ 0.0025 mm? Neubauer hemocytometer (Hecht Assistent, Sondheim vor der
Rhon, Germany) and transferred to 96-well cell culture plates (Corning Inc, Corning, NY,
USA) at a cell density of 1.5 x 10¢ cells per well. All cell lines were transfected with plasmid
DNA once 70% confluence was reached, using a Lipofectamine 3000™ Transfection Kit
(Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.

4.5. Cell Exposure to Ultraviolet Light

Ultraviolet (UV) light stimulation was applied to all cell lines 24 h posttransfection in
each respective growth medium. Cells were plated into 96-well culture plates and exposed
to UV light (365 nm, 60 W) in the UV-Exposure Box 2 (Proma Systro, Eiterfeld, Germany).
During experiments, the UV dosage was calculated according to Equation (1). Here, D
represents the applied UV dosage, I is irradiance, and t is time of exposure.

J

w

D
The samples were exposed to 4.14 J/cm? and 20.7 J/cm? irradiation doses at a path
length of 1 cm. For the L-929 cell line, an additional UV irradiation dose of 41.7 J/cm? was
applied. Cells without exposure to UV, harboring the pNF-kB-SEAP plasmid, were used
as negative control. Cells transfected with the pCMV-SEAP plasmid were used as positive
control for transfection efficiency and SEAP colorimetric reaction. Cell culture media sam-
ples were taken 24 h after exposure for reporter gene expression evaluation. Every exper-
iment was conducted in duplicate and repeated at least 3 times for each exposure setting.
Each independent experiment was conducted on different days with freshly prepared cell
cultures.

4.6. Cell Exposure to Microsecond-Duration Pulsed Electric Fields

Pulsed electric field stimulation was applied to all cell lines 24 h post plasmid trans-
fection. Cells were washed twice with phosphate buffered saline (PBS; Medicago, Berga,
Denmark), harvested with trypsin/EDTA solution, and centrifuged at 400x g for 5 min.
Further, the pellet was resuspended in 50 puL of Hank’s Balanced Salt solution (HBSS;
Fisher Scientific, Waltham, MA, USA) and transferred to an electroporation cuvette.
Pulsed electric field was applied using the high-power square wave pulse electroporator
Elpora (developed at the Centre for Physical Sciences and Technology, Vilnius, Lithuania
[30]). The spacing between the cuvette (Fisher Scientific, Waltham, MA, USA) electrodes
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was 2 mm. During experiments, the strength of the electric field was calculated according
to Equation (2).

kVy  Ucyy[V]

[c_m "~ d[mm] 100 @
Here, Uew is the voltage drop across the cuvette electrodes and d is the distance be-
tween electrodes. The voltage across electrodes and pulse shape were measured using an
oscilloscope embedded into the Elpora device. A train of eight pulses with duration of 100
us and repetition frequency of 1 Hz was applied. The applied voltages resulted in electric
field amplitudes of approximately 0.165 kV/cm, 0.25 kV/cm, 0.3 kV/cm, 0.4 kV/cm, 0.5
kV/em, and 0.6 kV/cm, respectively. Cells without exposure to microsecond-duration
pulsed electric fields, harboring the pNF kB SEAP plasmid, were used as negative control.
Cells transfected with the pPCMV-SEAP plasmid were used as positive control for trans-
fection efficiency and SEAP colorimetric reaction (not shown). Cell culture media samples
were taken 24- and 48-h after microsecond-duration pulsed electric fields” exposure for
the reporter gene expression evaluation. Every experiment was carried out in duplicate
and repeated not less than 5 times for each microsecond-duration pulsed electric fields
exposure setting. Each independent experiment was conducted on different days with

freshly prepared cell cultures.

4.7. SEAP Reporter Gene Expression Evaluation

The activity of the reporter gene was analyzed using SEAPorter™ Assay Kit
(Imgenex, San Diego, CA, USA) according to the manufacturer’s instructions using cell
growth medium samples, diluted at a ratio of 1:2. Background endogenous alkaline phos-
phatases were inactivated by preincubation at 65 °C for 30 min. Inactivated samples were
transferred into a 96-well plate, and levels of SEAP were determined by adding 50 pL of
2 mg/mL PNPP (Fisher Scientific, Waltham, MA, USA) substrate solution into each well.
Samples were incubated at room temperature for 60 min and SEAP levels were measured
using the Sunrise™ microplate absorbance reader (TECAN, Grodig, Austria) at a wave-
length of 405 nm. The absorbance of the blank control wells was subtracted from the test
samples. SEAP protein concentration (ng/mL) was calculated based on the SEAP standard
curves. Data are presented as fold comparisons of the concentrations of SEAP per activity
after microsecond-duration pulsed electric fields or UV exposure to negative control.

4.8. Metabolic Activity (Viability) Assay

Cellular metabolic activity was evaluated after microsecond-duration pulsed electric
fields treatment by the XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) assay, using the Cell Proliferation Kit (Biological industries, Beit-Haemek,
Israel) according to the manufacturer’s protocol. The cellular metabolic activity was as-
sessed 24- and 48-h postpulsation. The growth medium was removed and 100 uL of new
appropriate medium was added. Then, cells were incubated with 50 uL of XTT solution
in 96-well cell culture plates at 37 °C in a 5% CO:z chamber for 2 h. After incubation, the
formed formazan dye was quantitated at 450 nm using a multiwell plate reader, Sun-
rise™. Every experiment was conducted in duplicate. The absorbance of the blank control
wells was subtracted from the test samples. Cell count was calculated based on the XTT
absorption standard curves. Cellular metabolic activity (viability) is presented as a per-
centage comparison to the untreated negative control cells.

4.9. Membrane Permeabilization Assay

Membrane permeabilization was evaluated for all cell lines and all microsecond-du-
ration pulsed electric field parameters used in this study. A membrane impermeable nu-
cleic acid stain SYTOX®-green (Invitrogen, Carlsbad, CA, USA) was used for analysis. Cell
lines were propagated in cell culture flasks until 85-90% confluency, washed twice with
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PBS, detached with trypsin/EDTA, and harvested by centrifugation. The cells were
counted, resuspended in HBSS at cell density of 2 x 104, and transferred to cuvettes for
microsecond-duration pulsed electric fields treatment. Immediately after exposure to mi-
crosecond-duration pulsed electric fields, samples were moved to black fluorescence
measurement microplates (Fisher Scientific, Waltham, MA, USA) and 50 pL of 2-uM
SYTOX®-green solution was quickly added to each well. Fluorescence signals were meas-
ured one hour later with a Clariostar Plus fluorimeter (BMG Labtech, Ortenberg, Ger-
many), with excitation and emission at 485 nm and 523 nm, respectively. Every measure-
ment was conducted in duplicate and repeated at least two times. Readings of untreated
cells with and without added stain were regarded as negative control. Results are pre-
sented as fold comparisons of the fluorescence of SYTOX®-green after microsecond-dura-
tion pulsed electric fields to negative control.

4.10. Data Analysis

Data are reported as mean + standard error (SE) values. Kruskal-Wallis and Conover
post hoc tests were carried out to evaluate SEAP and viability after pulsed electric fields
exposure, whereas pairwise Student’s t-test was applied to evaluate SEAP after UV expo-
sure, cell permeability, and recovery assays. The nonparametric test (Kruskal-Wallis) was
chosen because, in our view, the data disobey the assumption for normal distribution.
Statistical analyses were conducted using R (R Core Team (2021)). p values less than 0.05
indicated statistical significance.

Author Contributions: Conceptualization, J.K., A.S., and J.R.L.; investigation, ] K. and A K,; data
analysis, ] K. and A.K,; writing—original draft preparation, ] K.; writing —review and editing, A.S.,
J.R.L.and A.K; supervision, A.S., ].R.L., and G.M. All authors have read and agreed to the published
version of the manuscript.

Funding: A.S. acknowledges to the ERDF PostDoc project No. 1.1.1.2/VIAA/4/20/739.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Stuible, M.; Burlacu, A.; Perret, S.; Brochu, D.; Paul-Roc, B.; Baardsnes, ].; Loignon, M.; Grazzini, E.; Durocher, Y. Optimization
of a high-cell-density polyethylenimine transfection method for rapid protein production in CHO-EBNAL1 cells. ]. Biotechnol.
2018, 281, 39-47, https://doi.org/10.1016/j.jbiotec.2018.06.307.

Lillacci, G.; Benenson, Y.; Khammash, M. Synthetic control systems for high performance gene expression in mammalian cells.
Nucleic Acids Res. 2018, 46, 9855-9863, https://doi.org/10.1093/nar/gky795.

Rao, R.C; Zacks, D.N. Cell and Gene Therapy. Cell-Based Ther. Retin. Degener. Dis. 2014, 53, 167-177,
https://doi.org/10.1159/000357376.

Lienert, F.; Lohmueller, J.; Garg, A.D.; Silver, P.A. Synthetic biology in mammalian cells: Next generation research tools and
therapeutics. Nat. Rev. Mol. Cell Biol. 2014, 15, 95-107, https://doi.org/10.1038/nrm3738.

Re, A. Synthetic Gene Expression Circuits for Designing Precision Tools in Oncology. Front. Cell Dev. Biol. 2017, 5, 77,
https://doi.org/10.3389/fcell.2017.00077.

Benjamin, R.; Berges, B.K,; Solis-Leal, A.; Igbinedion, O.; Strong, C.L.; Schiller, M.R. TALEN gene editing takes aim on HIV.
Qual. Life Res. 2016, 135, 1059-1070, https://doi.org/10.1007/s00439-016-1678-2.

Cooney, A.; Alaiwa, M.A; Shah, V.S.; Bouzek, D.C,; Stroik, M.R.; Powers, L.S.; Gansemer, N.D.; Meyerholz, D.; Welsh, M.].;
Stoltz, D.A.; et al. Lentiviral-mediated phenotypic correction of cystic fibrosis pigs. JCI Insight 2016, 1, e88730,
https://doi.org/10.1172/jci.insight.88730.

Samson, S.L.; Gonzalez, E.V.; Yechoor, V.; Bajaj, M.; Oka, K.; Chan, L. Gene Therapy for Diabetes: Metabolic Effects of Helper-
dependent Adenoviral Exendin 4 Expression in a Diet-induced Obesity Mouse Model. Mol. Ther. 2008, 16, 1805-1812,
https://doi.org/10.1038/mt.2008.198.



Int. ]. Mol. Sci. 2022, 23, 451 13 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pedone, E.; Postiglione, L.; Aulicino, F.; Rocca, D.L.; Montes-Olivas, S.; Khazim, M.; di Bernardo, D.; Cosma, M.P.; Marucci, L.
A tunable dual-input system for on-demand dynamic gene expression regulation. Nat. Commun. 2019, 10, 4481,
https://doi.org/10.1038/s41467-019-12329-9.

Clackson, T. Regulated gene expression systems. Gene Ther. 2000, 7, 120-125, https://doi.org/10.1038/sj.gt.3301120.
Fussenegger, M. The Impact of Mammalian Gene Regulation Concepts on Functional Genomic Research, Metabolic Engineering,
and Advanced Gene Therapies. Biotechnol. Prog. 2001, 17, 1-51, https://doi.org/10.1021/bp000129c.

Auslander, S.; Fussenegger, M. From gene switches to mammalian designer cells: Present and future prospects. Trends Biotechnol.
2013, 31, 155-168, https://doi.org/10.1016/j.tibtech.2012.11.006.

Weber, W.; Fussenegger, M. Artificial mammalian gene regulation networks—novel approaches for gene therapy and bioengi-
neering. J. Biotechnol. 2002, 98, 161-187, https://doi.org/10.1016/s0168-1656(02)00130-x.

Koh, J.-T.; Ge, C.; Zhao, M.; Wang, Z.; Krebsbach, P.H.; Zhao, Z.; Franceschi, R.T. Use of a Stringent Dimerizer-Regulated Gene
Expression System for Controlled BMP2 Delivery. Mol. Ther. 2006, 14, 684—691, https://doi.org/10.1016/j.ymthe.2006.05.021.
Stieger, K.; Belbellaa, B.; Le Guiner, C.; Moullier, P.; Rolling, F. In vivo gene regulation using tetracycline-regulatable systems.
Adv. Drug Deliv. Rev. 2009, 61, 527-541, https://doi.org/10.1016/j.addr.2008.12.016.

Berens, C.; Hillen, W. Gene regulation by tetracyclines. Constraints of resistance regulation in bacteria shape TetR for applica-
tion in eukaryotes. JBIC ]. Biol. Inorg. Chem. 2003, 270, 3109-3121, https://doi.org/10.1046/j.1432-1033.2003.03694.x.

Zhou, X.; Vink, M,; Klaver, B.; Berkhout, B.; Das, A.T. Optimization of the Tet-On system for regulated gene expression through
viral evolution. Gene Ther. 2006, 13, 1382-1390, https://doi.org/10.1038/sj.gt.3302780.

Chua, S.S.; Wang, Y.; DeMayo, F.J.; O'Malley, B.W.; Tsai, S.Y. A novel RU486 inducible system for the activation and repression
of genes. Adv. Drug Deliv. Rev. 1998, 30, 23-31, https://doi.org/10.1016/s0169-409x(97)00104-x.

Ngan, E.S,; Schillinger, K.; DeMayo, F.; Tsai, S.Y. The mifepristone-inducible gene regulatory system in mouse models of disease
and gene therapy. Semin. Cell Dev. Biol. 2002, 13, 143-149, https://doi.org/10.1016/s1084-9521(02)00020-4.

Emelyanov, A.; Parinov, S. Mifepristone-inducible LexPR system to drive and control gene expression in transgenic zebrafish.
Dev. Biol. 2008, 320, 113-121, https://doi.org/10.1016/j.ydbio.2008.04.042.

Toniatti, C.; Bujard, H.; Cortese, R.; Ciliberto, G. Gene therapy progress and prospects: Transcription regulatory systems. Gene
Ther. 2004, 11, 649-657, https://doi.org/10.1038/sj.gt.3302251.

Ye, H.; Daoud-El Baba, M.; Peng, R.-W.; Fussenegger, M. A Synthetic Optogenetic Transcription Device Enhances Blood-Glu-
cose Homeostasis in Mice. Science 2011, 332, 1565-1568, https://doi.org/10.1126/science.1203535.

Folcher, M.; Oesterle, S.; Zwicky, K.; Thekkottil, T.; Heymoz, J.; Hohmann, M.; Christen, M.; El-Baba, M.D.; Buchmann, P.;
Fussenegger, M. Mind-controlled transgene expression by a wireless-powered optogenetic designer cell implant. Nat. Commun.
2014, 5, 5392, https://doi.org/10.1038/ncomms6392.

Andersson, H.A,; Kim, Y.-S.; O'Neill, B.E.; Shi, Z.-Z.; Serda, R.E. HSP70 Promoter-Driven Activation of Gene Expression for
Immunotherapy Using Gold Nanorods and Near Infrared Light. Vaccines 2014, 2, 216-227, https://doi.org/10.3390/vac-
cines2020216.

Rome, C.; Couillaud, F.; Moonen, C.T. Spatial and temporal control of expression of therapeutic genes using heat shock protein
promoters. Methods 2005, 35, 188-198, https://doi.org/10.1016/j.ymeth.2004.08.011.

Ortner, V.; Kaspar, C.; Halter, C.; Tollner, L.; Mykhaylyk, O.; Walzer, ]J.; Giinzburg, W.H.; Dangerfield, J.A.; Hohenadl, C.;
Czerny, T. Magnetic field-controlled gene expression in encapsulated cells. ]. Control. Release 2012, 158, 424-432,
https://doi.org/10.1016/j.jconrel.2011.12.006.

Krawczyk, K.; Xue, S.; Buchmann, P.; Charpin-El-Hamri, G.; Saxena, P.; Hussherr, M.-D.; Shao, ].; Ye, H.; Xie, M.; Fussenegger,
M. Electrogenetic cellular insulin release for real-time glycemic control in type 1 diabetic mice. Science 2020, 368, 993-1001,
https://doi.org/10.1126/science.aau7187.

Bugaj, L.].; Schaffer, D.V. Bringing next-generation therapeutics to the clinic through synthetic biology. Curr. Opin. Chem. Biol.
2012, 16, 355-361, https://doi.org/10.1016/j.cbpa.2012.04.009.

Rubenstrunk, A.; Trollet, C.; Orsini, C.; Scherman, D. Positivein vivo heterologous gene regulation by electric pulses delivery
with metallothionein I gene promoter. . Gene Med. 2005, 7, 1565-1572, https://doi.org/10.1002/jgm.811.

Stankevic, V.; Simonis, P.; Zurauskiene, N.; Stirke, A.; Dervinis, A.; Bleizgys, V.; Kersulis, S.; Balevicius, S. Compact Square-
Wave Pulse Electroporator with Controlled Electroporation Efficiency and Cell Viability. Symmetry 2020, 12, 412,
https://doi.org/10.3390/sym12030412.

Rossi, A.; Pakhomova, O.N.; Mollica, P.A.; Casciola, M.; Mangalanathan, U.; Pakhomov, A.G.; Muratori, C. Nanosecond Pulsed
Electric Fields Induce Endoplasmic Reticulum Stress Accompanied by Immunogenic Cell Death in Murine Models of Lym-
phoma and Colorectal Cancer. Cancers 2019, 11, 2034, https://doi.org/10.3390/cancers11122034.

Kotnik, T.; Frey, W.; Sack, M.; Megli¢, S.H.; Peterka, M.; Miklav¢i¢, D. Electroporation-based applications in biotechnology.
Trends Biotechnol. 2015, 33, 480-488, https://doi.org/10.1016/j.tibtech.2015.06.002.

Yarmush, M.L.; 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-bioeng-071813-104622.
Murakami, T.; Sunada, Y. Plasmid DNA gene therapy by electroporation: Principles and recent advances. Curr. Gene Ther. 2011,
11, 447-456, https://doi.org/10.2174/156652311798192860.

Pichi, B.; Pellini, R.; DE Virgilio, A.; Spriano, G. Electrochemotherapy: A well-accepted palliative treatment by patients with
head and neck tumours. Acta Otorhinolaryngol. Ital. 2018, 38, 181-187, https://doi.org/10.14639/0392-100X-1262.



Int. ]. Mol. Sci. 2022, 23, 451 14 of 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kotnik, T.; Kramar, P.; Pucihar, G.; Miklav¢i¢, D.; Tarek, M. Cell membrane electroporation- Part 1: The phenomenon. IEEE
Electr. Insul. Mag. 2012, 28, 14-23, https://doi.org/10.1109/mei.2012.6268438.

Kaséta, V.; Kausylé, A.; Kavaliauskaité, J.; Petreikyté, M.; Stirké, A.; Biziuleviciené, G. Detection of intracellular biomarkers in
viable cells using millisecond pulsed electric fields. Exp. Cell Res. 2020, 389, 111877, https://doi.org/10.1016/j.yexcr.2020.111877.
Shi, J.; Ma, Y.; Zhu, J.; Chen, Y.; Sun, Y.; Yao, Y.; Yang, Z; Xie, ]. A Review on Electroporation-Based Intracellular Delivery.
Molecules 2018, 23, 3044, https://doi.org/10.3390/molecules23113044.

Beebe, S.J.; Schoenbach, K.H. Nanosecond Pulsed Electric Fields: A New Stimulus to Activate Intracellular Signaling. ]. Biomed.
Biotechnol. 2005, 2005, 301289, https://doi.org/10.1155/jbb.2005.297.

Roth, C.C,; Glickman, R.D.; Tolstykh, G.P.; Estlack, L.E.; Moen, E.K.; Echchgadda, I.; Beier, H.T.; Barnes, R.A.; Ibey, B.L. Evalu-
ation of the Genetic Response of U937 and Jurkat Cells to 10-Nanosecond Electrical Pulses (nsEP). PLoS ONE 2016, 11, 0154555,
https://doi.org/10.1371/journal.pone.0154555.

Beebe, S.J.; Sain, N.M.; Ren, W. Induction of Cell Death Mechanisms and Apoptosis by Nanosecond Pulsed Electric Fields
(nsPEFs). Cells 2013, 2, 136-162, https://doi.org/10.3390/cells2010136.

Zhang, K.; Guo, J.; Ge, Z.; Zhang, J. Nanosecond Pulsed Electric Fields (nsPEFs) Regulate Phenotypes of Chondrocytes through
Wnt/B-catenin Signaling Pathway. Sci. Rep. 2014, 4, 5836, https://doi.org/10.1038/srep05836.

Morotomi-Yano, K.; Akiyama, H.; Yano, K.-I. Nanosecond pulsed electric fields activate MAPK pathways in human cells. Arch.
Biochem. Biophys. 2011, 515, 99-106, https://doi.org/10.1016/j.abb.2011.09.002.

Nuccitelli, R.; Lui, K.; Kreis, M.; Athos, B.; Nuccitelli, P. Nanosecond pulsed electric field stimulation of reactive oxygen species
in human pancreatic cancer cells is Ca2+-dependent. Biochem. Biophys. Res. Commun. 2013, 435, 580-585,
https://doi.org/10.1016/.bbrc.2013.05.014.

Li, C; Yao, C.; Sun, C.; Guo, F.; Zhou, W; Xiong, Z. Dependence on electric field intensities of cell biological effects induced by
microsecond pulsed electric fields. IEEE Trans. Dielectr. Electr. Insul. 2011, 18, 2083-2088,
https://doi.org/10.1109/tdei.2011.6118647.

Kanduser, M; éentjurc, M.; Miklav¢i¢, D. Cell membrane fluidity related to electroporation and resealing. Eur. Biophys. ]. 2005,
35, 196-204, https://doi.org/10.1007/s00249-005-0021-y.

Waster, P.; Rosdahl, I; Ollinger, K. Cell fate regulated by nuclear factor-kB- and activator protein-1-dependent signalling in
human melanocytes exposed to ultraviolet A and ultraviolet B. Br. J. Dermatol. 2014, 171, 1336-1346,
https://doi.org/10.1111/bjd.13278.

Wu, S,; Tan, M,; Hu, Y.; Wang, J.-L.; Scheuner, D.; Kaufman, R.J. Ultraviolet Light Activates NFkB through Translational Inhi-
bition of IkBa Synthesis. J. Biol. Chem. 2004, 279, 34898-34902, https://doi.org/10.1074/jbc.m405616200.

Lopez-Camarillo, C.; Ocampo, E.A.; Casamichana, M.L.; Perez-Plasencia, C.; Alvarez-Sanchez, E.; Marchat, L.A. Protein Kinases
and Transcription Factors Activation in Response to UV-Radiation of Skin: Implications for Carcinogenesis. Int. |. Mol. Sci. 2012,
13, 142-172, doi:10.3390/ijms13010142.

Bai, F.; Gusbeth, C.; Frey, W.; Nick, P. Nanosecond pulsed electric fields modulate the expression of the astaxanthin biosynthesis
genes psy, crtR-b and bkt 1 in Haematococcus pluvialis. Sci. Rep. 2020, 10, 15508, https://doi.org/10.1038/s41598-020-72479-5.
Li, K;; Ning, T.; Wang, H.; Jiang, Y.; Zhang, ].; Ge, Z. Nanosecond pulsed electric fields enhance mesenchymal stem cells differ-
entiation via DNMTl-regulated OCT4/NANOG gene expression. Stem Cell Res. Ther. 2020, 11, 308,
https://doi.org/10.1186/s13287-020-01821-5.

Nesin, V.; Pakhomov, A.G. Inhibition of voltage-gated Na(+) current by nanosecond pulsed electric field (nsPEF) is not mediated
by Na(+) influx or Ca(2+) signaling. Bioelectromagnetics 2012, 33, 443-451, d0i:10.1002/bem.21703.

Roeder, R.G.; Rutter, W.J. Multiple Forms of DNA-dependent RNA Polymerase in Eukaryotic Organisms. Nature 1969, 224,
234-237, https://doi.org/10.1038/224234a0.

Nuccitelli, R. Application of Pulsed Electric Fields to Cancer Therapy. Bioelectricity 2019, 1, 30-34,
https://doi.org/10.1089/bioe.2018.0001.

Beebe, S. Cell responses without receptors and ligands, using nanosecond pulsed electric fields (nsPEFs). Int. |. Nanomed. 2013,
8, 3401-3404, https://doi.org/10.2147/I]JN.S51357.

Zhang, J.; Blackmore, P.F.; Hargrave, B.Y.; Xiao, S.; Beebe, S.J.; Schoenbach, K.H. Nanosecond pulse electric field (nanopulse):
A novel non-ligand agonist for platelet activation. Arch.  Biochem.  Biophys. 2008, 471, 240-248,
https://doi.org/10.1016/j.abb.2007.12.009.

Schoenbach, K.H.; Peterkin, F.E.; Alden, RW., IIL; Beebe, S.J. The effect of pulsed electric fields on biological cells: Experiments
and applications. IEEE Trans. Plasma Sci. 1997, 25, 284-292, https://doi.org/10.1109/27.602501.

Tanori, M.; Casciati, A.; Zambotti, A.; Pinto, R.; Gianlorenzi, I.; Pannicelli, A.; Giardullo, P.; Benassi, B.; Marino, C.; Mancuso,
M.; et al. Microsecond Pulsed Electric Fields: An Effective Way to Selectively Target and Radiosensitize Medulloblastoma Can-
cer Stem Cells. Int. ]. Radiat. Oncol. 2021, 109, 1495-1507, https://doi.org/10.1016/j.ijrobp.2020.11.047.

Dermol-Cerne, J.; Napotnik, T.B.; Rebersek, M.; Miklav¢ic, D. Short microsecond pulses achieve homogeneous electroporation
of elongated Dbiological cells irrespective of their orientation in electric field. Sci. Rep. 2020, 10, 9149,
https://doi.org/10.1038/s41598-020-65830-3.

Lewis, N; Liu, X,; Li, Y.; Nagarajan, H.; Yerganian, G.; O'Brien, E.; Bordbar, A.; Roth, A.M.; Rosenbloom, J.; Bian, C.; et al.
Genomic landscapes of Chinese hamster ovary cell lines as revealed by the Cricetulus griseus draft genome. Nat. Biotechnol.
2013, 31, 759-765, https://doi.org/10.1038/nbt.2624.



Int. ]. Mol. Sci. 2022, 23, 451 15 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Webster, G.A.; Perkins, N.D. Transcriptional Cross Talk between NF-«B and p53. Mol. Cell. Biol. 1999, 19, 3485-3495,
https://doi.org/10.1128/mcb.19.5.3485.

Lechardeur, D.; Sohn, K.-J.; Haardt, M.; Joshi, P.B.; Monck, M.; Graham, R.W.; Beatty, B.; Squire, J.; O'Brodovich, H.; Lukacs, G.
Metabolic instability of plasmid DNA in the cytosol: A potential barrier to gene transfer. Gene Ther. 1999, 6, 482-497,
https://doi.org/10.1038/sj.gt.3300867.

Bisceglia, B.; Zirpoli, H.; Caputo, M.; Chiadini, F.; Scaglione, A.; Tecce, M.F. Induction of alkaline phosphatase activity by expo-
sure of human cell lines to a low-frequency electric field from apparatuses used in clinical therapies. Bioelectromagnetics 2010,
32, 113-119, https://doi.org/10.1002/bem.20630.

Caputo, M.; Zirpoli, H.; De Rosa, M.C.; Rescigno, T.; Chiadini, F.; Scaglione, A.; Stellato, C.; Giurato, G.; Weisz, A.; Tecce, M.F.;
et al. Effect of low frequency (LF) electric fields on gene expression of a bone human cell line. Electromagn. Biol. Med. 2013, 33,
289-295, https://doi.org/10.3109/15368378.2013.822387.

Morgan, M.J,; Liu, Z.-G. Crosstalk of reactive oxygen species and NF-kB signaling. Cell Res. 2011, 21, 103-115,
d0i:10.1038/cr.2010.178.

Gabriel, B.; Teissie, J. Generation of reactive-oxygen species induced by electropermeabilization of Chinese hamster ovary cells
and their consequence on cell viability. JBIC ]. Biol. Inorg. Chem. 1994, 223, 25-33, https://doi.org/10.1111/j.1432-
1033.1994.tb18962.x.

Maccarrone, M.; Bladergroen, M.; Rosato, N.; Agro, A.F.F. Role of Lipid Peroxidation in Electroporation-Induced Cell Permea-
bility. Biochem. Biophys. Res. Commun. 1995, 209, 417-425, https://doi.org/10.1006/bbrc.1995.1519.

Martins Antunes de Melo, W.D.; Celie§iiité-Germaniené, R.; Simonis, P.; Stirké, A. Antimicrobial photodynamic therapy (aPDT)
for biofilm treatments. Possible synergy between aPDT and pulsed electric fields. Virulence 2021, 12, 2247-2272,
https://doi.org/10.1080/21505594.2021.1960105.

Hanna, H.; Denzi, A.; Liberti, M.; Andra©, F.M.; Mir, L.M. Electropermeabilization of Inner and Outer Cell Membranes with
Microsecond Pulsed Electric Fields: Quantitative Study with Calcium Ions. Sci. Rep. 2017, 7, 13079,
https://doi.org/10.1038/s41598-017-12960-w.

Altamirano, F.; Lopez, ].R.; Henriquez-Olguin, C.; Molinski, T.; Allen, P.D.; Jaimovich, E. Increased Resting Intracellular Cal-
cium Modulates NF-kB-dependent Inducible Nitric-oxide Synthase Gene Expression in Dystrophic mdx Skeletal Myotubes. ].
Biol. Chem. 2012, 287, 20876—20887, https://doi.org/10.1074/jbc.m112.344929.

Valdés, ].A.; Hidalgo, J.; Galaz, J.L.; Puentes, N.; Silva, M.; Jaimovich, E.; Carrasco, M.A. NF-«B activation by depolarization of
skeletal muscle cells depends on ryanodine and IP3 receptor-mediated calcium signals. Am. ]. Physiol. Physiol. 2007, 292, C1960—
C1970, https://doi.org/10.1152/ajpcell.00320.2006.

Sée, V.; Rajala, N.K.; Spiller, D.; White, M.R. Calcium-dependent regulation of the cell cycle via a novel MAPK-NF-kB pathway
in Swiss 3T3 cells. J. Cell Biol. 2004, 166, 661-672, https://doi.org/10.1083/jcb.200402136.

Graybill, P.M.; Davalos, R.V. Cytoskeletal Disruption after Electroporation and Its Significance to Pulsed Electric Field Thera-
pies. Cancers 2020, 12, 1132, https://doi.org/10.3390/cancers12051132.

Németh, Z.H.; Deitch, E.A.; Davidson, M.T.; Szab¢, C.; Vizi, E.S.; Haskd, G. Disruption of the actin cytoskeleton results in nu-
clear factor-xB activation and inflammatory mediator production in cultured human intestinal epithelial cells. J. Cell. Physiol.
2004, 200, 71-81, https://doi.org/10.1002/jcp.10477.

Berger, J.; Hauber, J.; Hauber, R.; Geiger, R.; Cullen, B.R. Secreted placental alkaline phosphatase: A powerful new quantitative
indicator of gene expression in eukaryotic cells. Gene 1988, 66, 1-10, https://doi.org/10.1016/0378-1119(88)90219-3.



