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Lung cancer continues to be the second most common cancer diagnosed and the main cause of cancer-related
death globally, which requires novel and effective treatment strategies. When considering treatment options, non-
small cell lung cancer (NSCLC) remained a challenge, seeking new therapeutic strategies. High-power microwave
(HPM) progressions have facilitated the advancement of new technologies as well as improvements to those al-
ready in use. The impact of HPM on NSCLC has not been investigated before. In this work, we uncovered the
effect of pulsed HPM on NSCLC (H460 and A549) for the first time and the most likely underlying mechanisms.
Two NSCLC (H460 and A549) cells and lung normal MRC5 were exposed to HPM (15, 30, 45, and 60) pulses (2.1
mJ/pulse). After exposure, the effects were observed at 12, 24, 48, and 72 h. HPM primarily increases the level of
intracellular reactive species by a strong electric field of ~27 kV/cm, which altered NSCLC viability, mitochondrial
activity, and death rates. A model for the production of intracellular reactive species by HPM was also presented.
NSCLC is found to be affected by HPM through DNA damage (upregulation of ATR/ATM, Chk1/Chk2, and P53)
and increased expression of apoptotic markers. NAC scavenger and CPTIO-inhibitor confirm that the reactive
species are mainly accountable for cellular effects. In order to ensure suitability for real-world usage, the skin
depth was calculated as 30 mm. ROS played a main role in inducing cellular effects, with NO species possibly play-
ing a contributing role. These findings clarify the cellular mechanisms underlying HPM-induced cell death, poten-
tially advancing therapeutic approaches for treating NSCLC, and a useful first step for future investigations in this
area. Moreover, this technique has the potential to serve as an adjunct to non-surgical methods in cancer therapy.
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1. Introduction microwaves can also be employed to suppress cancers [10-12]. The

effects of thermal and non-thermal microwaves have been studied on

The widespread use of microwaves frequently encourages re-
searchers to look into both their positive and negative effects. These
are known as non-ionizing radiation and are placed next to infrared
in the electromagnetic (EM) spectrum. Besides its domestic use, many
other applications of microwaves in several fields have been identified
which strongly depend on the amount of EM energy and their specific
frequency [1]. Progress in high-power microwaves (HPM) introduces
innovative technologies and improvements in existing ones. The ability
of microwaves to detect tumors at an early stage, blood clot/stroke
detection, early-stage breast cancer, heart imaging, and bone imaging
gives it sustainable value in the medical field [2-9]. Chronic microwave
exposure is crucial for biological processes like detecting intracranial
hematomas and accelerating wound healing [2-9]. In most cases,
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cellular and protein activity levels [13,14].

Lung cancer is a significant health concern worldwide, as it is the sec-
ond most frequently diagnosed cancer and the leading cause of cancer-
related deaths. Therefore, there is a need for innovative and effective
therapeutic interventions to address this issue [15,16]. Although many
different methods have been used to treat lung cancer, the survival rate
is still below a year. Recently, microwave therapy has also been imple-
mented in clinics for the treatment of different cancers [10-12]. Accord-
ing to reports, microwave causes tumor cells to undergo apoptosis [17].
It is noted that patients who receive microwave therapy before surgery
exhibit a more favorable prognosis [18]. Recent research reported
examining the impact of W-band millimeter-wave radiation, operating
at a non-thermal power density of 0.2 mW/cm?2, on the morphological
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characteristics of human lung cancer cells (H1299) [19]. Specifically, an
increase in exposure dosage resulted in a greater alteration of cell mor-
phology [19]. The morphological alterations and cell shrinking in lung
cancer A549 cells are observed by microwave radiations which promote
cell apoptosis [20]. Among many applications, the microwave technique
is adaptable for detection, mapping, and treatment [21,22]. Interesting
findings from our most recent research demonstrate that specific doses
of HPM pulses induce apoptosis in brain cancer U87-MG cells [23].

Over the past two decades, outcomes for non-small-cell lung can-
cer (NSCLC) have significantly improved thanks to molecular targeted
therapies and immunotherapies. However, the majority of NSCLCs are
still difficult to treat because they develop resistance to available thera-
pies, necessitating novel strategies [24]. With our best literature review,
no research has been done to determine how pulse HPM (nanosecond
pulses) affects NSCLC. For the first time, we observed how HPM pulses
affected NSCLC and the most likely underlying mechanisms.

We aimed to investigate the impact of pulsed HPM on lung normal
fibroblast MRC5 cells and NSCLC (H460 and A549) in this study. The
HPM is generated from a virtual cathode oscillator (vircator) with a
frequency of 3.5 GHz. The cells are directly exposed to the HPM radi-
ation by 15, 30, 45, and 60 pulses (2.1 mJ/pulses), and effects were
analyzed at 12, 24, 48, and 72h after exposure. Cell death, ATP levels,
and metabolic viability were used to analyze the cellular effects. Addi-
tionally, a model was presented to elucidate the mechanisms underlying
the production of intracellular reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) in response to HPM irradiation. The molec-
ular and protein expression analysis was used to look into the potential
mechanism.

2. Materials and methods
2.1. Cell culture

The Korean Cell Line Bank (Seoul, Korea) was used to purchase two
human NSCLC cell lines (A549 and H460) as well as lung normal fi-
broblast MRC5 cell lines. 10% fetal bovine serum, 100 pg/mL of strep-
tomycin, and 100 U/mL of penicillin were contained in media DMEM
(Cat# LMO001-05; Welgene, Korea) and RPMI (Cat# LMO011-51; Wel-
gene, Korea) and cells were normally culture at 37 °C in a humidified
incubator with 5% CO,. These cell lines have been used to investigate
the biological effects of HPM on lung cells.

2.2. Metabolic viability/cell cytotoxicity assay

NSCLC (A549 and H460) and lung normal MRC5 cells were se-
lected to assess cell cytotoxicity assay by using reagent Alamar blue dye
(DAL1025; Thermo Fisher Scientific, Waltham, MA, USA). In 96-well
plates, 1 x 10* cells/ml usually set density for experiments. With con-
trol and treated groups, experiments were carried out in at least three
replicas. Using a BioTek plate reader and excitation and emission wave-
lengths of 540 nm and 600 nm, the fluorescence emission of the Alamar
blue dye was measured in order to assess conversion.

2.3. Intracellular ATP measurement

According to the manufacturer’s instructions, the Cell Titer-Glo As-
say (Promega; cat. no. G7572) was used to measure cellular ATP as a
sign of cellular health. 96-well plates with 1 x 10* cells per well were
used for this. Cells were supplemented with an equal volume of pre-
warmed reagent after 24 h of incubation, and they were then incubated
for 1 h at 37 °C. Luminescence measurements were performed using a
microplate reader after incubation.

2.4. Extracellular ATP measurement (DAMP)

Cell Titer-Glo (Promega (cat no. G7572)) kit was used to measure ex-
tracellular ATP levels known as damage-associated molecular patterns
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(DAMPs) inside media after HPM treatment. For this, by keeping the
density 1 x 10 cells/100 pl in a well, cells were seeded in a 96-well
plate. After 24 h of post-incubation with HPM treatment, the cells’ su-
pernatant was transferred to another 96-well plate, where they were
mixed with an equivalent volume of prewarmed reagent and incubated
at 37 °C for 1 h. Following the incubation period, luminescence was
evaluated using a microplate reader.

2.5. Flow cytometric analysis for cell death

Cells at a density of 2 x 10° cells/ml culture in a 6-well plate to
measure the cell death analysis after HPM treatment. HPM at various
pulses, such as 15, 30, 45, and 60 given to cells. After treatment for
24 h, the cells were incubated. The FITC Annexin V Apoptosis Detection
Kit: BD 556547 was used to resuspend the pellet in PI and Annexin V
staining solution, which was then incubated for 15 min on ice. flow
cytometer machine is used to analyze the cell death after irradiation to
different HPM.

2.6. Intracellular ROS/RNS detection

H460 and MRC5 cells were seeded in 12-well plates at a density of
5 x 10* cells/ml per round glass coverslip and incubated for 24 h at
37 °C with 5% CO,. Then, cells were treated with HPM using different
treatment pulses (15, 30, 45, and 60). 2/,7 Dichlorodihydrofluorescein
diacetate (H2DCFDA, Invitrogen, CA, USA) was acquired in accordance
with the manufacturer’s instructions in order to measure intracellular
ROS. To assess intracellular RNS level Diamino fluorescein-FM diacetate
(DAF-FMDA, Life Technologies D-23844) was applied on cells. Fluores-
cence images were captured using laser scanning confocal microscopy
(Zeiss, LSM 510, Little Rock, AR, USA) at a 40x magnification. The N-
acetyl cysteine (NAC) scavenger and CPTIO inhibitor were also used to
evaluate the levels of intracellular and extracellular ROS/RNS. NAC was
used at a dose of 5 mM to remove reactive species and confirm their role
in cellular effects. In addition, we eliminated NO species by using CPTIO
at a concentration of 0.1 mM.

2.7. Apoptosis detection in human lung cancer cells by DAPI and PI
staining as well as cell migration assay

At a density of 5 x 10* cells/ml seeded on a round glass coverslip,
lung cancer (H460) and normal (MRC5) cells were grown in their re-
spective media overnight in 12-well plates. Following that, the cells
were kept in an incubator for 24 h at 37 °C and 5% CO,. After that,
cells were treated with an HPM treatment. The cells were fixed with
4% paraformaldehyde following a 24-hour incubation period, and then
they were washed 1X with sterile PBS. Afterward, stained with propid-
ium iodide (50 pg/ml) and stained for 30 min at room temperature in
the dark. Washed 3 times with 1X PBS and then added DAPI (1 mg/ml)
for 20 min at room temperature. In order to prevent overstaining, the
cells were once more washed with PBS. Fluorescence images were then
taken using a laser scanning confocal microscope (Zeiss, LSM 510, Little
Rock, AR, USA) at a 20x magnification.

2.8. Migration assay

H460 cells were plated onto 6-well plates at a density of 2 x 10°
cells/ml, and they were incubated for 24 h to grow. To remove detached
cells from the plate, the wound space was scratched and cells were rinsed
with fresh medium. The NSCLC H460 cells were treated with HPM ra-
diations at indicated pulses (15, 30, 45, and 60: 2.1 mJ/pulse). In order
to evaluate cell migration, wound closure in response to HPM treatment
was observed and photographed under a microscope (Nikon Eclipse Ti,
Japan) at intervals of 0 and 24 h. The area of scratch was expressed as
100% at the O h time point.
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2.9. Quantitative real-time polymerase chain reaction (qQRT-PCR)

After HPM treatment cells are subjected to RNA extraction post
24 h incubation. Complementary deoxyribonucleic acid (cDNA) syn-
thesis steps were carried out after RNA extraction. Intrinsic pathway-
activated genes were quantified by quantitative real-time polymerase
chain reaction (QRT-PCR). The primers included Ataxia-telangiectasia
and Rad3-related (ATR), Ataxia-telangiectasia mutated (ATM), Check-
point kinase 1 (Chk1), Checkpoint kinase 2 (Chk2), BReast CAncer gene
1 (BRCA1), BReast CAncer gene 2 (BRCA2), P53, Cell division cycle 25
(CDC25¢), Bcl-2-associated X protein (Bax), Bcl-2 homologous antag-
onist/killer (Bak), cysteine-aspartic proteases (Caspase), Casapse 3/8,
B-cell lymphoma 2 (Bcl2), Fas, Epidermal growth factor (EGF), TNF-
related apoptosis-inducing ligand (TRAIL) and Poly (ADP-ribose) poly-
merase (PARP) (Bionix, Seoul, Korea). In Table S1, the primer sequences
were displayed. As a control gene, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was utilized. For three separate experiments, each
reaction was carried out in triplicate.

2.10. Western blotting analysis

For this experiment, cells were seeded in 6-well plates at a density
of 2 x 10°cells/ml per well after exposure to HPM treatment for selec-
tive periods. Following a 24-hour incubation period, the cells were har-
vested for protein sample collection. Protein extraction was performed,
and subsequent quantification was carried out. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) is frequently utilized to
achieve high-resolution separation of complex protein mixtures. To de-
termine the protein expression levels, Western blotting was employed
using specific antibodies deemed suitable for the experiment. Multiple
antibodies were utilized to confirm DNA damage via P53 and Bax, while
GAPDH was utilized as a control.

2.11. Pulsed high-power microwave system and exposure method

2.11.1. High-power microwave system “Chundoong”

For the purpose of producing pulsed HPM, a vircator-based HPM gen-
erator “Chundoong” was used in this work [25]. The device was schemat-
ically presented in Fig. 1A. The diode chamber was evacuated to a high
vacuum level of 1 x 107 Torr [25]. The vacuum diode region consists
of three main parts: a metal cathode covered with velvet and having a
radius of 4.5 cm, an anodic mesh foil, and a virtual cathode (VC) (Fig.
S1 (a—€)). The waveguide’s inner radius of 10 cm was the same as the
radius of the anodic mesh. The 25 cm long guiding tube had a 1.5 cm
thick acrylic seal at one end to keep the vacuum pressure in place. Our
previous work provided a comprehensive description of the mechanisms
involved in the generation of HPM by the Chundoong [25-28].

2.11.2. Experimental setup and exposure method

The cells are cultured in T75 flasks and seeded in 96 well plates at a
density of 1 x 10* cells/ml for HPM treatment. Each experiment used
two groups of cells: a control group and a treatment group. The control
group consisted of cells that were not given any treatment. The treated
groups were subjected to a range of HPM exposure, with 15, 30, 45,
and 60 pulses applied to samples placed 15 cm from the output window
of the HPM generator, as depicted in Fig. 1A. The HPM pulses were
delivered directly to the cells. Following the exposure, the control and
treated groups were incubated for 12, 24, 48, and 48 h, after which cell
viability, ATP levels, and other biological effects of HPM were evalu-
ated in lung normal (MRC5) and lung cancer A549 and H460 cell lines.
In order to assess the temperature changes in the cell media following
exposure to HPM, a thermometer was utilized. The temperature of the
experimental ambient environment was maintained at a constant 25 °C,
and the temperature of the media was recorded in the control group
as well as after exposure to 15, 30, 45, and 60 pulses of HPM. The pH
and EC of the RPMI were determined using a multifunction benchtop
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meter from Thermo Scientific Orion. Additionally, the ORP of the RPMI
was assessed post-HPM treatment using an ExStik meter (Extech, model:
RE300, China).

2.12. Statistical analysis

The data obtained from three independent experiments (n = 3) were
analyzed and represented as the mean standard error using Microsoft
Excel software (Microsoft Office 365) and Graph Pad Prism. To eval-
uate the statistical significance of the results, the student’s t-test was
employed. The observed differences were considered significant if the
p-value was less than 0.05. The statistical significance was denoted us-
ing asterisks as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results

3.1. HPM characteristics and their influence on inducing physiological
changes in RPMI after irradiation

The cells were directly irradiated to HPM using 15, 30, 45, and
60 pulses (Fig. 1A). Fig. 1B shows the HPM real signal to obtain the
frequency which is observed as 3.5 GHz (Fig. 1C). The EM energy
“E” of a single pulse that is delivered to the cells was estimated as
E=Pxt/2 2.1 mJ/pulse, where, P is the power of HPM (59 kW)
approaching the sample and ¢ 70 ns is the pulse duration (Fig. 1D).
Another simulation was run using the High-Frequency Structure Simu-
lator (HFSS) to observe the electric field at the sample position. With
the help of the HFSS, we were able to observe the electric field in both
the air and the vacuum (waveguide) regions, with the results displayed
in Fig. 1E. Further details on HPM characteristics were provided in Sup-
plementary material Figs. S1-S4. Consequently, each trigger pulse de-
livered 2.1 mJ of EM energy to the sample. The cells corresponding to
the chosen pulses of 15, 30, 45, and 60 received delivered EM energies
of 31.5, 63, 94.5, and 126 mJ (Fig. 1F). The pH (Fig. 1G) and tempera-
ture (Fig. 1H) remained unchanged post-exposure. It has been observed
that HPM exposure induced a certain amount of reactive oxygen species
and reactive nitrogen species (ROS/RNS) when a strong electric field of
27 kV/cm interacted with the cell media (Fig. 11, J). When cell culture
media were exposed to 15, 30, 45, and 60 pulses of HPM, the NO, con-
centration dramatically increased to 1.2, 12, 15.3, and 18 pM at 0 h, re-
spectively. Similar to this, after receiving the chosen doses of 15, 30, 45,
and 60 HPM pulses, the H,0, increased to 0.6, 0.92, 2.29, and 3.1 pM at
0 h, respectively. The amount of ROS and RNS remained relatively con-
stant for the first 24 h (0-24 h), then gradually decreased with longer
incubation times. The findings are consistent with our prior experiment
[23]. The ability of the cell culture media to act as a buffer may be the
cause of the ROS and RNS content decreasing with increased incubation
time. The physiological changes of the cell culture medium (RPMI) can
be explained by ORP and EC. The ORP and EC were observed to rise
in a dose-dependent manner following HPM irradiation (Fig. 1K, L). El-
evated EC values signify higher ion concentrations, which could cause
cellular stress and promote the production of ROS. Higher positive ORP
values, on the other hand, indicate an oxidizing environment that also
stimulates the production of reactive species in RPMI.

o~
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3.2. Potential effects of HPM on the cytotoxicity of human lung cancer and
normal cells

HPM radiations were employed on human lung normal (MRC5) and
lung cancer (H460 and A549) cells and the cytotoxicity of the radiations
was determined using the Alamar blue assay. Fig. S5 and S6 show the
acceptable treatment window for lung cancer and normal cells. At first,
we focused on the safe treatment range where we selected a range of
HPM pulses (15, 30, 45, 60, 75, 90, 105, and 120) on three normal cells
(MRC5, HGF, and HaCat) and two lung cancer H460 and A549 cells,
as illustrated in Supplementary Fig. S5 and S6. It is interesting to note
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Fig. 1. The experimental setup, properties of pulsed HPM, and physiological changes in the cell culture media after irradiation. (A) Experimental arrange-
ments. (B) HPM signal acquired during the experiment. This HPM real signal was used to analyze the frequency using FFT. (C) The main oscillating frequency was
determined to be 3.5 GHz. (D) The HPM envelope signal. The applied HPM had an average power of 59 kW, delivering 2.1 mJ of EM energy to the cells at each
pulse. (E) The electric field profile obtained from HFSS simulation, in both the air (sample position) and the vacuum (waveguide) regions. At a single HPM pulse, the
electric field is 27 kV/cm at the location of the sample. (F) The cells corresponding to the chosen pulses of 15, 30, 45, and 60 received EM energies of 31.5, 63, 94.5,
and 126 mJ. (G) The pH of the cell culture media (RPMI) after HPM irradiations. No change in the pH after HPM exposure at selected doses. (H) The temperature of
the media post-exposure. No noticeable changes were observed in the temperature post-exposure. (I) and (J) the concentration of NO, and H,O, inside the culture
media after HPM irradiation. HPM exposure induced a certain amount of NO, and H,0, when a strong electric field interacted with the cell media. When cell culture
media was exposed to 15, 30, 45, and 60 pulses of HPM, the NO, concentration dramatically increased to 1.2, 12, 15.3, and 18 uM at 0 h, respectively. Similarly, the
H,0, concentration increased to 0.6, 0.92, 2.29, and 3.1 pM at 0 h, respectively, post-exposure. The amount of ROS and RNS remained relatively constant for the
first 24 h (0-24 h), then gradually decreased with longer incubation times. (K) The ORP of the RPMI post-HPM exposure. Raising the HPM pulses led to a notable
rise in the ORP. (L) The EC of media post HPM exposure. Increasing the pulses caused a significant elevation in the EC of the RPMI. Microsoft Excel was used to
calculate the significance (MS Office 365). Differences between treatment groups are denoted by *P < 0.05, **P < 0.01, and ***P < 0.001.

that up to 75 HPM pulses MRC5 do not show a significant decrease
in viabilities where cancer cells decreased 20% to 25%. Exceeding 75
pulses also causes a decrease in the viability of lung normal MRC5 cells
(Fig. S5). The results of Fig. S5 indicate that there is an exposure range
for each cell at which HPM has no negative effects on healthy cells.

However, surpassing the safe dose level may pose a harmful effect on
healthy cells.

These findings warrant further investigation into the potential ther-
apeutic applications of HPM. Further study was carried out by using a
maximum of 60 pulses. Results were seen at the incubation periods 12,
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24, 48, and 72 h after exposure to selected dosages (15, 30, 45, and 60;
2.1 mJ/pulse). Fig. 2 displays the results of the cell viabilities, and in-
tracellular, and extracellular ATP levels after HPM exposure at chosen
pulses and incubation times. At all chosen doses and incubation times,
it was found that the viability of the normal MRC5 cells remained un-
affected. So, it is interesting to note that HPM had no negative effects
on MRCS5 (Fig. 2A). The viability of lung cancer H460 cells after HPM
irradiation was significantly impacted as shown in Fig. 2B. The viability
of lung cancer H460 cells was significantly reduced at 24 h after expo-
sure to 45 and 60 HPM pulses, and this effect persisted for 48 and 72 h
of incubation. Similarly, the viability of the lung cancer A549 cell line
was also evaluated following the HPM exposure and results were pro-
vided in Fig. 2C. Up to 45 pulses, HPM had no effect on the viability of
the A549 cells at 12 h incubation period, and 60 pulses caused a slight
decline. The viability of A549 cells reduced dramatically at 45 and 60
pulses, 24 h after exposure. This effect continued after 48 and 72 h of in-
cubation. H460 exhibits its greatest effect in 45 and 60 pulses after 24 h
post-irradiation, but 15 and 30 pulses are not as effective up to 72 h.
We noticed that the treatment effects in 45 and 60 pulses after 48 and
72 h incubation exhibit certain distinct phenomena. In contrast, A549
showed a significant decrease at 45 and 60 pulses after a 24 h incuba-
tion period. According to these findings, H460 exhibits a considerable
decline in viability after being exposed to HPM radiations.

Another crucial parameter to verify the viability of cells is intracellu-
lar ATP. After being exposed to HPM with the 15, 30, 45, and 60 pulses,
we measured the ATP levels of lung cancer cell lines H460 and A549
as well as lung normal MRCS5 cell lines. To support viability results,
the intracellular (Fig. 2D-F) and extracellular (Fig. 2G-I) ATP levels
were also measured which shows a similar trend to those observed in
the viability, and detailed results with explanations were provided in
supporting information Fig. S7 and Fig. S8. No signification alterations
in intracellular/extracellular ATP levels were evident in lung normal
MRCS5 cells, even following up to 60 pulses (Fig. 2D, G), when observed
24 h post-exposure. On the other hand, it was found that both lung
cancer cell lines (H460 and A549) showed a dose-dependent decrease
in intracellular ATP levels 24 h after exposure, as shown in Fig. 2E, F.
Damage-associated molecular patterns (DAMPs) are molecules that are
released, ejected, or surface-exposed by perishing, stressed, or damaged
cells. They are also known as damage cell signals. DAMPs are endoge-
nous signals that are released into the extracellular environment in re-
sponse to cellular damage brought by treatment. In this work, we have
estimated the extracellular ATP in the cell media, which acts as a DAMP
signal after HPM exposure. As shown in Fig. 2H, I, extracellular ATP lev-
els also showed dose-dependent increases, indicating cell damage and
the release of ATP molecules into the RPMI.

From viability, intracellular ATP, and extracellular ATP results, it
can be seen that the HPM pulses significantly change the viability and
ATP levels of both lung cancer (H460 and A549) cells, whereas lung
normal MRC5 cells were unaffected by the 15, 30, 45, and 60 pulses of
HPM radiation. At 24 h after exposure, both cancer cells, in particular
the H460 cell line, significantly responded. In this study, we have chosen
a 24 h incubation period with the lung-normal MRC5 and lung-cancer
H460 cell lines for further research.

3.3. Pulsed HPM irradiation induces cell death via elevated ROS/RNS
levels

The effects of pulsed HPM exposure on cell death were evaluated us-
ing PI uptake, which is indicative of a damaged plasma membrane. Ac-
cording to the findings (Fig. 3A), HPM pulses do not cause cell death in
lung normal MRC5 cells at all selected doses (15, 30, 45, and 60 pulses).
Comparing HPM-exposed groups to control groups, however, revealed
a number of important differences in the populations of H460 cells. A
dose-dependent pattern of cell death in H460 was seen. Maximum cell
death was noted following HPM at 60 pulses (Fig. 3A). Fig. 3B and C
illustrate the percentage of cell death in MRC5 and H460, including cell
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survival, early apoptosis, late apoptosis, and necrosis. It is interesting
to note that lung cancer H460 cells specifically experienced significant
cell death, whereas MRC5 was either unaffected or had negligible ef-
fects. Such effects exhibit a significant sign that offers the opportunity
to investigate the mechanism underlying dose-dependent cell death in
lung cancer H460 cells. Histogram analysis of PI staining in lung cancer
cells (H460) is displayed in Fig. 3D. In the lung cancer H460 cell line,
ROS levels were seen to rise in a dose-dependent manner. When cells
were exposed to HPM radiation pulses with 15, 30, 45, and 60 pulses, a
shift in the curve was observed. Our investigation into the intracellular
ROS/RNS levels following HPM exposure was aided by this indication.

ROS/RNS-induced oxidative stress can lead to mitochondrial depo-
larization, ultimately triggering apoptosis. In the case of pulsed HPM
exposure, RONS may potentially initiate apoptosis through this mech-
anism. It was observed that the ROS level in MRC5 only slightly in-
creased after 60 pulses of HPM radiation. After 15, 30, and 45 pulses
of HPM radiation in the MRCS5, the intracellular RNS/ROS levels re-
mained statistically insignificant and results were provided in supple-
mentary information in Fig. S9. On the other hand, Fig. 3E shows that
HA460 cells exposed to HPM irradiation had significantly higher levels
of ROS/RNS fluorescence levels than the untreated control group. It is
also observed that the ROS/RNS intensity in H460 increased in a dose-
dependent manner. The ROS/RNS intensity after HPM exposure to 15,
30, 45, and 60 pulses is depicted in Fig. 3F, G. In H460 cells, it was
discovered that the ROS/RNS intensity increased in all treated groups
when compared to the control (without HPM exposure). The enhance-
ment in intracellular ROS/RNS levels can be explained by HPM as shown
schematically in Fig. 3H. When the electric field E =27 kV/cm pro-
duced by HPM interacting with cell membrane components (chemical
composition), cytoplasm, and mitochondria, the intracellular ROS/RNS
can be formed. It is also conceivable that exposure to HPM may
have triggered cellular pathways leading to increased formation of
ROS/RNS.

3.4. Cell membrane and DNA damage following HPM exposure

The nucleus and membrane damage were evaluated using DAPI and
PI fluorescence staining. The cell nucleus is represented by the blue flu-
orescence of DAPI. Only necrotic and dead cells exhibit PI fluorescence
because PI is unable to enter live cells. The findings of DAPI and PI
are given in Fig. 4A , B. No obvious changes were observed in MRC5
cells post-exposure (Fig. 4A). On the other hand, the DAPI staining of
lung cancer H460 cells reveals nucleus damage following HPM expo-
sure, particularly at 60 pulses. By increasing the number of pulses (15,
30, 45, and 60 pulses: 2.1 mJ/pulse), the PI staining also demonstrates
that cell death increases, as indicated by the red color in Fig. 4B in-
creasing in a dose-dependent manner. Fig. 4C shows the PI intensity in
both lung normal MRC5 and lung cancer H460 cell lines. It is observed
that the PI intensity increased dramatically only in the H460 cell line
and increased in a dose-dependent manner, while the MRC5 remained
unaffected.

3.5. HPM exposure inhibits cell migration in lung cancer

It is well known if cellular stress causes apoptosis/damage, they are
able to migrate. We conducted a scratch assay to assess cell migration
and verify whether H460 cells undergo damage from HPM exposure.
Fig. 4D shows representative images taken at the indicated HPM pulse
rates (15, 30, 45, and 60 pulses: 2.1 mJ/pulse) at the scratch area at 0 h
and 24 h after exposure. Notably, the control group exhibited discernible
migration, effectively bridging the scratch gap, and signifying cellular
health. The HPM-treated group subjected to 30 or more pulses displayed
a lack or no cell migration within 24 h, indicative of potential cellular
damage by HPM (Fig. 4D). These results demonstrated that HPM expo-
sure is effective at inducing cell damage or death, which is supported
by the fact that lung cancer H460 cell migration was reduced.
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Fig. 2. The cell viability and ATP levels after exposure to HPM radiations. Pulsed HPM was applied to both healthy (MRC5) and cancerous (H460 and A549)
lung cells (15, 30, 45, and 60 pulses; 2.1 mJ/pulse) and cell viability was evaluated at incubation periods 12, 24, 48, and 72 h after exposure. (A) The viability of
lung normal MRCS5 cells after exposure. At all chosen doses and incubation times, no significant reduction in the viability of MRC5 up to 60 pulses. (B) The survival
of H460 lung cancer cells at 12, 24, 48, and 72 h following HPM exposure. The viability of lung cancer H460 cells was significantly reduced at 24 h after exposure
to 45 and 60 HPM pulses and this effect persisted for 48 and 72 h of incubation. (C) The viability of lung cancer A549 cells post-exposure. The viability of A549
cells reduced dramatically at 45 and 60 pulses, 24 h after exposure. This effect continued after 48 and 72 h of incubation. (D)—(F) The intracellular ATP levels
24 h post-exposure in lung normal MRC5, and lung cancer H460, and A549 cells, respectively. No significant change in the ATP levels of MRC5 cells after HPM
exposure while both cancers H460 and A549 showed a significant decrease. (G)-(I) Extracellular ATP levels in MRC5, H460, and A549 cells after HPM irradiation.
The extracellular ATP levels elevated in both cancer cells while MRC5 remained unchanged after subjecting to HPM irradiation at selected doses. Microsoft Excel
was used to calculate the significance (MS Office 365). Differences between treatment groups are denoted by *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. The cell death analysis and intracellular ROS/RNS levels in lung normal MRC5 and lung cancer H460 cells, 24 h after HPM exposure at 15, 30,
45, and 60 pulses (2.1 mJ/pulse). (A) FACS scatter plots of cell populations displaying propidium iodide fluorescence, suggesting uptake in MRC5 and H460 cells
(n = 3). The percentage of cell death in MRC5 and H460, including cell survival, early apoptosis, late apoptosis, and necrosis. (B) and (C) quantitative percentage of
cell death in MRC5 and H460 24 h after HPM exposure. According to the findings, HPM pulses do not cause cell death in lung normal MRC5 cells at all selected doses.
After being subjected to a maximum of 60 HPM pulses, over 99% of cells persisted within the cell survival quadrant. Comparing HPM-exposed groups to control
groups, however, revealed a number of important differences in the populations of H460 cells. A dose-dependent pattern of cell death in H460 was seen. Maximum
cell death was noted following HPM at 60 pulses. (D) Histogram analysis of PI staining in lung cancer cells (H460). When cells were exposed to HPM radiation
pulses with 15, 30, 45, and 60 pulses, a shift in the curve was observed. (E) Intracellular ROS/RNS levels in H460, 24 h after HPM treatment (scale bar 100 pm).
(F) and (G) relative intensity of RNS and ROS in the H460 cell line, respectively. HPM irradiation had significantly higher levels of RNS and ROS fluorescence levels
in dose-dependent manner in H460 cells than in the untreated control group. (H) Possibility of the formation of intracellular ROS/RNS by HPM irradiation. When
the electric field of E = 27 kV/cm produced by HPM interacted with cell membrane components (chemical composition), cytoplasm, and mitochondria, short and
long-lived reactive species formed by the HPM.

3.6. Pulsed HPM irradiation elicits upregulation of apoptotic markers in cer H460 and lung normal MRC5 cells. In order to determine whether
H460 cells 3.5 GHz HPM irradiation could cause the upregulation of expressions in
lung normal MRC5 and lung cancer H460 cells, we performed experi-

Using quantitative PCR (qPCR), we examined the effects of 3.5 GHz ments with various apoptosis-related molecular gene expressions. It is
pulsed HPM on the expression of genes related to apoptosis in lung can- interesting to observe in Fig. 5A for MRC5, that the apoptosis-related

1548



J.N. Rana, S. Mumtaz, I. Han et al.

Fundamental Research 4 (2024) 1542-1556

A MRC5 B H460
-a-
Control C MRC5
-~ H460
120 e
100 . X
15 pulses ;\? 80 b *
< 60— *
2 40+
N
30 pulses 9 10 x
£ 8
- 64
o
4-
45 pul &
pulses 0-
S DS
Number of pulses
60 pulses
D Control 15 pulses 30 pulses 45 pulses 60 pulses
Oh
o
©
<
T
24 h

Fig. 4. DAPI, PI staining, and cell migration analysis. The cell nucleus was visualized by DAPI. Cell membrane damage was stained by PI. (A) and (B) shows the
nucleus and membrane damage analysis by DAPI and PI staining in lung normal (MRC5) and cancer cells (H460) after HPM exposure, respectively. The nucleus of
MRCS is stained with DAPI, demonstrating that exposure to HPM does not harm the nuclei of healthy lung cells up to selected doses. Additionally, the PI staining
shows no change after HPM exposure to selected doses. On the other hand, lung cancer H460 cells revealed nucleus damage following HPM exposure, particularly
at 45 and 60 pulses. By increasing the number of pulses (15, 30, 45, and 60 pulses: 2.1 mJ/pulse), the PI staining also demonstrates that cell death increases, as
indicated by the red color increasing in a dose-dependent manner (scale bar: 100 um). (C) Quantitively percentage of PI fluorescent after selected HPM pulses. (D)
Lung cancer cells (H460) migration after HPM treatment at 15, 30, 45, and 60 pulses immediately after exposure (0 h) and after 24 h. When H460 cells were treated
with HPM pulses, there was a significant reduction in the migration of H460 cells which confirms the cell damage or death, as evidenced by the images of gap closure
in the control and HPM-treated cells. These results demonstrated that HPM exposure is effective at inducing cell damage or death, which is supported by the fact

that lung cancer H460 cell migration was reduced.

markers remained unchanged or unaffected after HPM exposure. The
lung cancer H460 cell, on the other hand, experienced a significant fold
increase in apoptotic genes following exposure to HPM, as demonstrated
in Fig. 5B. After HPM exposure to 30, 45, and 60 pulses, there was a sig-
nificant increase in the expression of ATR, ATM, Chkl, and Chk2 in
lung cancer H460 cells, and the increase was seen in a dose-dependent
manner only in H460 cells while they remained unchanged in MRC5
cells. This increase in markers shows that HPM radiation caused DNA
damage only in H460 lung cancer cells. By analyzing the expression of
BRCA1 and BRCA2, we have further looked into identifying DNA re-
pair. Up to the 30 HPM pulses, the expression of BRCA1 and BRCA2
was observed to be unchanged, and at 45 and 60 pulses, the expres-
sion was seen to decrease (Fig. 5B). The chosen HPM pulses did not
affect lung normal MRCS5 cells. The subsequent activation of ATM/ATR
led to the activation of p53 in H460 cells. At 30, 45, and 60 pulses of
HPM, the expression of P53 significantly increased in dose-dependent
manners.
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Additionally, after HPM in H460 cells, especially at 60 pulses, a cell
cycle arrest marker called CDC25c was observed to be elevated. The role
of P53 activation for apoptosis was confirmed by the upregulation of the
expressions of Bax and Bak. After being exposed to HPM radiation, the
levels of caspase-3 and caspase-8 also increased in H460 cells in a dose-
dependent manner, but they remained unchanged in MRC5 (Fig. 5A, B).
The levels of Bcl2 activity in lung normal MRCS5 cells did not change in
response to the HPM pulses (15, 30, 45, and 60), but the expression of
Bcl2 in lung cancer H460 cells was markedly downregulated after expo-
sure. Fas expression levels in normal lung MRC5 cells have not changed
noticeably, but it is upregulated in H460 cells, where it also increased
in a dose-dependent manner. The EGF, which is typically linked to cell
proliferation, was not significantly influenced after HPM exposure in ei-
ther MRC5 or H460 cells. Similar to this, the expression of TRAIL was
unaffected in normal and cancerous lung cells exposed to HPM. The fi-
nal indicator that the cell is about to undergo apoptosis is the PARP. It
has been noted that the expression levels of PARP have only increased
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Fig. 5. Molecular analysis in MRC5 and H460, 24 h after HPM exposure. (A) The molecular analysis of the MRC5 cells and (B) lung cancer H460 cells line after
irradiation at selected dosage. It is interesting to observe for MRC5, the apoptosis-related markers remained unchanged or unaffected after HPM exposure at 15, 30,
45, and 60 pulses (2.1 mJ/pulse). The lung cancer H460 cell, on the other hand, experienced a significant fold increase in apoptotic genes following exposure to
HPM. After HPM exposure to 30, 45, and 60 pulses, there was a significant increase in the expression of ATR, ATM, Chk1, and Chk2 in lung cancer H460 cells, and the
increase was seen in a dose-dependent manner only in H460 cells while they remained unchanged in MRCS5 cells. This increase in markers shows that HPM radiation
caused DNA damage only in H460 lung cancer cells. The expressions of BRCA1 and BRCA2 at 45 and 60 pulses were seen to decrease. The subsequent activation
of ATM/ATR led to the activation of p53 in H460 cells. At 30, 45, and 60 pulses of HPM, the expression of P53 significantly increased in dose-dependent manners.
Additionally, after HPM in H460 cells, especially at 60 pulses, a cell cycle arrest marker called CDC25c was observed to be elevated. The role of P53 activation for
apoptosis was confirmed by the upregulation of the expressions of Bax and Bak. After being exposed to HPM radiation, the levels of caspase-3 and caspase-8 also
increased in H460 cells in a dose-dependent manner. The levels of Bcl2 in lung cancer H460 cells were markedly downregulated after exposure. Fas expression levels
in normal lung MRCS5 cells have not changed noticeably, but it is upregulated in H460 cells, where it also increased in a dose-dependent manner. The EGF, which is
typically linked to cell proliferation, was not significantly influenced after HPM exposure in either MRC5 or H460 cells. Similar to this, the expression of TRAIL was
unaffected in both cells after treatment. The final indicator that the cell is about to undergo apoptosis is the PARP which is upregulated in H460 after exposure.

in lung cancer H460 cells, whereas they were maintained (no change) cell apoptosis. It is noticed that the protein expression level in P53 in-
in normal MRC5 cells (Fig. 5A, B). creased in H460 cells after exposure to HPM radiations at 60 pulses.
The activation of P53 confirms the DNA damage after HPM exposure

3.7. Protein analysis validates DNA damage and apoptosis triggered by [29]. The P53 protein analysis results are consistent with the findings
HPM exposure of the molecular analysis (Fig. 5B). Further, we looked into the protein
expression of Bax, which also increased after HPM treatment, to confirm

In addition, protein analysis was done by western blot to support that P53 activation resulted in cell apoptosis [30]. It is noticed that the
the results mentioned above. We have observed from a prior experi- band intensity of the P53, caspase-3, Bax, Apoptotic protease activat-

ment (Fig. 6A, B) that the lung normal MRGCS5 cells have no effect after ing factor (APAF), and Cleaved PARP was increased after HPM expo-
HPM exposure. Only the lung cancer H460 cells displayed considerable sure to 60 pulses in H460 NSCLC. Following HPM therapy, cancer cells
alteration, with the maximum effect being seen at 60 pulses. We have are depicted in Fig. 6A progressing through the P53-activated apoptotic
selected the lung cancer H460 cell and 60 pulses as HPM treatment for pathway. The band intensity is higher in the 60-pulses group compared
further analysis. Using 60 pulses (2.1 mJ/pulse) of radiation exposure to the control group (Fig. 6B). These results show that H460 cells pro-

on the lung cancer H460, the protein analysis was carried out. The re- duce specific ROS/RNS in response to HPM radiation, which results in
sults obtained from the protein analysis are shown in Fig. 6A, and the DNA damage. Additionally, we noticed that cells are more vulnerable
relative band intensity is in Fig. 6B. First, we noticed that exposure to to apoptosis brought on by various stimuli when the intrinsic pathway

3.5 GHz HPM caused DNA damage and P53 activation, which led to is overexpressed (Bax and cytochrome c). Notably, the activation of P53
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Fig. 6. Protein analysis of lung cancer H460 cells by using western blot. (A) Protein analysis of NSCLC H460 after HPM exposure of 60 pulses. The protein
expression and activation of p53 in H460 cells 24 h after HPM exposure at 60 pulses. It is noticed that the protein expression level in P53 increased in H460 cells
after irradiation. The increased protein expression of Caspase-3, Bax, Cytochrome ¢, APAF, and cleaved PARP after HPM irradiation confirms that P53 activation

resulted in cell apoptosis. (H) The relative band intensity.

after HPM exposure probably aids in the activation of an intrinsic path-
way to induce cell death.

3.8. ROS/RNS production triggered by pulsed HPM primarily responsible
for cellular effects

The NAC is a scavenger of the reactive species (both ROS/RNS,
mainly ROS) [31], which is used to determine whether the induced
reactive species by HPM irradiation are primarily accountable for the
various effects in NSCLC. First, different concentrations of NAC were
taken to observe the cell viability of MRC5 and H460 to observe its ac-
ceptable concentration, and results are displayed in Fig. 7A, B. NAC was
used at a concentration of 5 mM for the additional study because it has
no cytotoxic effects on cells. Additionally, it is verified that, following
HPM exposure, NAC (5 mM) notably managed to decrease ROS/RNS
levels, taking them to a non-significant level (Fig. 7C, D). Interestingly,
we observed a recovery in the viability of H460 cells (Fig. S10) after sub-
jecting the HPM exposure to NAC. Furthermore, a decrease in cell death
rate following the administration of NAC was also observed (Fig. 7E,
F). The percentage of H460 cell death (comprising early apoptosis, late
apoptosis, and necrosis) was originally 18.11% without NAC following
60 HPM pulses, which significantly reduced to a negligible 1.08% af-
ter NAC treatment (Fig. 7F). This substantial reduction underscores the
pivotal role of elevated ROS/RNS levels in H460 cell death triggered
by HPM exposure. Moreover, the markers associated with DNA damage
and apoptosis exhibited dramatic downregulation subsequent to the use
of NAC, providing a conclusive indication that ROS/RNS plays a pivotal
role in driving cellular effects (Fig. 7G).

We hypothesize that among the array of various RNS, nitric oxide
(NO) emerges as a highly reactive and pivotal contributor to cellular
effects. Notably, NO species can undergo subsequent conversion into
more stable and long-lived species collectively referred to as NO,. Our
objective is to hinder the formation of NO species, which predominantly
contributes to the inhibition or neutralization of RNS species, through

1551

the use of a CPTIO inhibitor. We are able to recognize the individual
roles of NO species in the induction of cellular effects owing to the
strategic utilization of a CPTIO inhibitor. Different concentrations of
CPTIO inhibitor were taken to observe the cell viability of MRC5 and
H460 to observe its acceptable concentration and results are displayed
in Fig. 7H and I. Both the direct formation of stable NO, species and
the initial generation of NO followed by further reactions to produce
NO, are plausible scenarios depending on the experimental conditions.
In this work, we have identified a noteworthy decrease in the concen-
tration of NO, in RPMI upon the application of the CPTIO inhibitor
with HPM irradiation (Fig. 7J). This outcome provides compelling ev-
idence that the primary sequence of reactions involves the generation
of NO species first, which subsequently leads to the formation of NO,.
The ROS (H,0,) levels appeared to be unchanged after subjecting the
CPTIO inhibitor (Fig. 7K). Interestingly, we observed a slight recovery
in the viability of H460 cells (Fig. S11) after subjecting the HPM expo-
sure to a CPTIO-inhibitor compared with the HPM-exposed group with-
out CPTIO. Furthermore, a small decrease in cell death rate following
the administration of CPTIO was also observed (Fig. 7L, M). The per-
centage of H460 cell death (comprising early apoptosis, late apoptosis,
and necrosis) was originally 18.11% without CPTIO following 60 HPM
pulses, which reduced to 14.11% after CPTIO treatment (Fig. 7M). These
findings highlight that the 4% cell death observed in H460 cells can be
attributed to the presence of NO species. Moreover, this suggests that
the primary driving species behind the cell death process is ROS, with
RNS also exerting a contributing influence. Despite the use of the CPTIO
inhibitor, markers associated with DNA damage and apoptosis displayed
reduced but still significant expression levels (Fig. 7M), supporting the
key role of ROS in cellular effects, with NO species as the contribut-
ing factor. Neutralizing reactive species with NAC scavenger and CPTIO
inhibitors led to a marked decrease in the expressions of markers associ-
ated with apoptosis and DNA damage. These findings strongly support
that the effects observed after HPM irradiation are primarily mediated
by ROS/RNS.
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Fig. 7. The role of reactive species in inducing cellular effects, 24 h after HPM irradiation. (A)-(G) The use of NAC (5 mM) scavenger to confirm the role of
ROS/RNS (mainly ROS) in cell death and its related effects. The cell viability of lung normal (A) MRC5 and NSCLC (B) H460 cells with the different concentrations of
NAC scavenger. The concentrations of (C) NO, and (D) H,0, in cell culture media without and with NAC (5 mM), were measured immediately after HPM exposure.
The amount of ROS/RNS in RPMI significantly reduced and became non-significant after using 5 mM NAC. (E) The analysis of cell death in H460 cells exposed to
60 HPM pulses, both with and without using NAC scavenger. A significant decrease in cell death rates upon the application of the NAC scavenger was observed. (F)
Without NAC scavenger cell death rate is 18.11% at 60 HPM pulses which is reduced to a negligible 1.08%. (G) The PCR analysis of DNA damage and cell death
markers (ATR, ATM, P53, Bax, Caspase-3, Caspase-8.) without and with using NAC scavenger. The expressions of the genes related to DNA damage and cell death
significantly decreased and became nonsignificant after using NAC which confirms that ROS/RNS are mainly responsible for cellular effects. (H)-(N) The use of
CPTIO (0.1 mM) inhibitor to confirm the role of NO species in cell death and its related effects. The cell viability of lung normal (H) MRC5 and (I) H460 cells with the
different concentrations of CPTIO inhibitor. The concentrations of (J) NO, and (K) H,O, in cell culture media without and with CPTIO, were measured immediately
after HPM exposure. The amount of NO, in cell culture media was significantly reduced by using CPTIO while H,0, remained unchanged. Notably, NO species can
undergo subsequent conversion into more stable and long-lived species collectively referred to as NO,. (L) The analysis of cell death in H460 cells exposed to 60
HPM pulses, both with and without using CPTIO. (M) A 4% decrease in cell death rates upon the application of the CPTIO was observed in H460 cells. (N) The PCR
analysis of DNA damage and cell death markers (ATR, ATM, P53, Bax, Caspase-3, Caspase-8.) without and with using CPTIO inhibitor. Cell death rates, expressions
of DNA damage markers, and apoptosis all slightly decreased but remained statistically significant even in the presence of the CPTIO inhibitor. This emphasizes that
ROS plays a major role in cellular effects, with NO species possibly playing a supporting role.
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4. Discussion

The biological effects of microwaves can be significantly influenced
by their physical properties, such as electric field intensity, oscillat-
ing frequency, and exposure time [32-35]. Here, we found that the
temperature and pH of the cell medium did not significantly change
after HPM irradiation (Fig. 1G, H), suggesting that the effect on the
cells is not thermal. Before diving into the biological effects of pulsed
HPM, it is essential to consider its physical characteristics, including
power, frequency, pulse duration, emission mode, especially the elec-
tric field strength at the sample position, and EM energy delivered to
cells. We have carefully examined the characteristics of HPM (Fig. 1B-
1D) and its impact on the media for cell culture (Fig. 2I-2L). Further
additional details of HPM were given in supporting information in Figs.
S1 to S4. It is interesting to note that the concentrations of NO, and
H,0, levels inside RPMI increase in a dose-dependent manner after be-
ing exposed to HPM (Fig. 21, J). These species known as extracellular
ROS/RNS later diffused inside the cells and caused potential biological
effects.

The possible mechanism of the formations of these extracellular
ROS/RNS (inside RPMI) is important to discuss. The interaction between
the ambient air gasses and the electric field produced by the pulsed
HPM can be used to explain how these reactive species are produced in-
side RPMI. The ambient media atmosphere contains water vapor (H,0),
molecular oxygen (O,), and molecular nitrogen (N,). At the air-liquid
interface, an electric field of about 27 kV/cm of HPM interacts with
the molecules of nitrogen and oxygen and transforms them into their
atomic species of oxygen and nitrogen. These could also mix to pro-
duce NO,, which would then be incorporated into the liquid. Both NOy
and H, 0, species were found to be increased inside media in which the
NO, concentration is dominant (Fig. 2I, J). HPM can also affect gene
expression and a number of biological processes, including apoptosis,
autophagy, and cell-cycle control [36]. The effect of pulsed HPM on
cancer cells was investigated in the previous reports [37-39]. The ef-
fect of HPM radiation on brain cancer cells was also investigated and it
is observed that RONS production in response to HPM pulses is mainly
responsible for cell apoptosis and associated effects on cells [23]. The
levels of intracellular ROS/RNS were also elevated in H460 cells as a
result of the strong electric field provided by pulsed HPM (Fig. 3E).
Studies have suggested that exposure to microwave radiation can in-
crease ROS production in cells [23,37,40]. However, the exact mecha-
nism by which microwave radiation induces ROS/RNS production in-
side cells is not fully understood. In this work, we have explained the
possible mechanism of the formation of intracellular ROS/RNS. The en-
hancement in intracellular ROS/RNS levels can be explained by the
microwave as shown schematically in Fig. 3H. When the electric field
E 27 kV/cm produced by HPM interact with cell membrane com-
ponents (chemical composition), cytoplasm, and mitochondria, short
lived ROS species such as H}, OH, H*, OH" and long-lived species,
H,O0, formed inside the cell by the HPM [41]. Similarly, the RNS
species NO, NO™, NOj, and NO; formed. The potential mechanism of
the formation of long and short lived ROS can be explained as follows
[41,42]:

E + H,0 - H,0* 1)

E + H,0* - OH" + H or O + 2H )
OH' + OH' - H,0, 0or H,0 + O ©)
H,0* - OH™ + H* 4)

OH™ + OH™ — H,0, + 2~ )
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Similarly, the short and long-lived RNS can be formed as [43]:

E + N+O - NO° 6)

NO" + NO° > N +NO, )

E + NO" + NO~ — NO; ®)

E + NO' + NO; — NO;~ ©)

These short-lived and long-lived intracellular ROS/RNS played im-
portant roles in the activation of pathways that led to physiological
changes and cell apoptosis. Interestingly, the intracellular ROS/RNS
content in MRC5 cells was non-significant compared to control up to
45 pulses, but there was a slight increase at 60 pulses only, suggesting
that this small amount of increase might not be harmful to normal cells
(Fig. S9). In NSCLC (H460), the intracellular ROS/RNS concentration
is noticeably higher, and these species are mainly responsible for the
process of cell apoptosis (Fig. 7).

In response to genotoxic stress, the P53 (tumor suppressor gene), a
sequence-specific transcription factor, activates the expression of genes
involved in promoting cell growth arrest or cell death [44]. In this work,
the ATR/ATM, Chk1/Chk2 pathway activated only in lung cancer H460
cells which confirms the DNA damage after HPM exposure. After HPM
irradiation, we hypothesize that the long-lived and short-lived intracel-
lular ROS/RNS caused DNA damage, P53 stimulation, and activation of
the intrinsic pathway to induce cell death in NSCLC (Figs. 5-7). We can
demonstrate that the HPM exposure does not have an immediate impact
because no noticeable effects were observed at 12 h after the exposure.
A significant decline in viabilities and ATP was noted at 24 h in both
NSCLC A549 and H460 (Fig. 2). According to the findings, both of the
NSCLCs (H460 and A549) that were being examined underwent apopto-
sis after being exposed to HPM radiation. It is widely acknowledged that
mitochondria play a significant part in the supervision of apoptosis. Af-
ter HPM treatment in H460 cells, the levels of Bax, Bak, and cytochrome
¢ significantly increased (Fig. 5). One such possibility is that the intrinsic
pathway is activated and apoptosis is started as a result of HPM-induced
ROS/RNS generation. Despite the fact that the mechanisms controlling
the permeabilization of the outer mitochondrial membrane and the re-
lease of intermembrane space proteins are still debatable, the release
of cytochrome ¢ from mitochondria is a crucial first step in the apop-
totic process [45]. Later, the expression of the ATR/ATM, Chk1/Chk2
pathway allowed us to further confirm the DNA damage following expo-
sure to the HPM (Fig. 5). The findings show that HPM exposure causes
DNA damage and activates the mitochondrial intrinsic pathway. Both
work synergistically to induce apoptosis in H460 cells. It is important
to notice that, when NAC was applied to scavenge the ROS/RNS, the
decrease in cell viability and cell death after HPM irradiation became
non-significant (Fig. 7A-7G). These results help to confirm that the ac-
tivation of marker related to DNA damage and cell apoptosis, only up-
regulated in the presence of the ROS/RNS as shown in Fig. 7G. We seek
to reduce the production of NO species, a key precursor of NO, species
(as shown in Egs. 6 to 9), by using the CPTIO inhibitor. This strategic
approach provides us a thorough understanding of the unique roles that
NO species play in cellular effects. Our results reveal a slight decrease
in cell death rates and expressions of genes related to DNA damage and
apoptosis but remained significant. The result after CPTIO treatment in-
dicates that NO species only account for 4% of cell death in H460 cells
while ROS are mainly responsible for inducing cell death (Fig. 7).

Following HPM irradiation of NSCLC, Fig. 8 depicts a potential mech-
anism for cell apoptosis (H460). HPM irradiation causes DNA damage
in NSCLC, as evidenced by the increased expression of the ATR/ATM
and Chk1/Chk2 markers. Further, it leads to the upregulation of P53,
Bax, and the downregulation of Bcl-2. The release of cytochrome ¢ and
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Fig. 8. The possible mechanism involved for cell apoptosis in NSCLC (H460) after HPM irradiation. Exposure to a specific amount of HPM radiation initiates
the generation of ROS/RNS, a process critical for potential cellular effects. ROS/RNS are initially induced within the cell culture medium (RPMI), referred to as
extracellular ROS/RNS. Subsequently, they diffuse into the cell due to membrane damage, membrane opening, or electroporation caused by a strong electric field
of HPM. Moreover, ROS/RNS can also form within the cell itself when HPM interacts with the chemical components of the cell membrane, mitochondria, and the
cytoplasmic region, or the activation of a pathway to induce more ROS/RNS. The diffusion of these extracellular ROS/RNS into the cell and the in-situ formation of
intracellular ROS/RNS both contribute significantly to an elevated level of these reactive species within the cell. These species are primarily known to induce DNA
damage, as they activate pathways involving ATR/ATM and Chk1/Chk2, ultimately leading to the activation of the p53 protein. Furthermore, p53 plays a role in
downregulating the expression of Bcl-2 while simultaneously upregulating the expression of Bax. Following HPM irradiation, there was an observed increase in the
release of cytochrome c, which triggered the activation of APAF, Caspase 3/8, and PARP to promote apoptosis in lung cancer H460 cells.

activation of the caspase cascade increased significantly only in NSCLC
(H460) after HPM treatment. Furthermore, the activation of APAF and
PARP shows that after being exposed to HPM radiation, the cell enters
an apoptotic state [46]. We discovered throughout the experiments that
the HPM radiation at particular doses (15, 30, 45, and 60 pulses: 2.1
mJ/pulse) had no effect on the lung normal MRC5 cells. Only NSCLC
(H460 and A549) exhibits appreciable changes after being exposed to
HPM. It is safe to say that, at specific doses, HPM irradiation may result

in DNA damage, mitochondrial ROS/RNS, the release of cytochrome c,
and activation of P53 and Bax, which in turn activates caspase-3 in both
NSCLC A549 and H460.

Skin depth is a term used to describe the depth at which EM waves
penetrate into a conducting body [47]. It is the distance from the surface
at which the amplitude of an EM wave is reduced to e~' = 0.37 of its
original value. For therapeutic applications of HPM, the skin depth was
also calculated by using the formula given as

2
o =

Vogu

(10)
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where w = 2z f, f is the frequency of HPM. The y indicates the magnetic
permeability and g 0.3 S/m is the conductivity. In this work, the
skin penetration depth was calculated as 6 = 30 mm. Since depending
on individuals, the average distance between the lungs and the outer
skin is between 10 and 20 mm, the skin depth (§ 30 mm) suggests
that the HPM technique is applicable for practical use. Furthermore, it
is also important to note that the skin depth depends on the frequency
of HPM which can be adjusted according to the requirements.

The differences in cytotoxicity between cancer and normal cells in
response to a particular dose or stimulus can be attributed to a range of
factors, including genetic mutations, metabolic distinctions, influences
from the microenvironment, and different ROS/RNS levels [48-50]. An
example was found in a study investigating the cytotoxicity of pacli-
taxel, revealing a more pronounced effect on neoplastic cells compared
to normal cells, indicating a cell type-dependent response. It is also re-
ported that the cancer cells might not have their normal capacity for
bioenergetic compensation, which makes them more vulnerable to cer-
tain stimuli [51]. A further layer of complexity results from the function

o
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of cancer-associated fibroblasts in regulating the survival and growth
of cancer cells, emphasizing the complex interactions between various
cell types in the tumor microenvironment. This specificity occurred due
to the inherent or naturally different properties of cancer and normal
cells. Cancer cells usually exhibit higher levels of ROS/RNS due to their
higher metabolic activity compared to normal cells [52,53]. Upon ex-
ternal stimuli (such as HPM exposure) the concentration of ROS/RNS in
cancer cells reaches to substantial level to cause cell damage/death in
lower HPM doses compared to normal cells. Hence, the killing effects
on normal and cancer cells manifest within different dose ranges.

HPM constitutes non-ionizing radiation, which implies that it does
not cause direct damage to cells. Instead, it operates through indirect
mechanisms such as the formation of ROS/RNS. In this work, the dif-
ferent impacts of HPM on normal and cancer cells can be attributed to
the ROS/RNS levels [54]. The heightened metabolic activity inherent in
cancer cells results in higher intracellular ROS/RNS levels compared to
normal cells [53,55]. Upon exposure to HPM irradiation, a significant
increase in ROS/RNS levels is observed in cancer cells (Fig. 3E-3G).
These ROS/RNS mainly contribute to the observed decrease in cell vi-
ability (Fig. 7). Conversely, when subjecting MRC5 lung normal cells
to HPM, a small increase in ROS levels is noted, with RNS levels show-
ing no significant change from the control group up to 60 pulses (Fig.
S9). We have confirmed that the ROS/RNS are predominantly account-
able for the outcomes observed in this study, as demonstrated by the
application of the NAC scavenger and CPTIO inhibitor (Fig. 7). This
study may serve as a valuable foundation for future research endeavors.
Given that the electric field of pulsed HPM is strong enough to induce
electroporation, this capability holds great promise for our forthcoming
investigations focused on drug delivery.

HPM exposure presents a distinctive approach to cancer treatment,
offering advantages that differentiate it from other techniques such as
photothermal [56], magnetothermal [57], and ultrasonic methods [58].
One notable advantage of HPM is its non-invasive nature, as it doesn’t
rely on physical contact with the tumor site. Unlike photothermal ther-
apy, which requires the precise targeting of light-absorbing agents, or
magnetothermal therapy, HPM delivers energy remotely, potentially
minimizing damage to surrounding healthy tissues. Additionally, the
high electric field (27 kV/cm) of nanosecond pulsed HPM possesses
the potential to induce electroporation, a phenomenon that could prove
beneficial for drug delivery purposes [59]. Each method comes with its
unique set of advantages and limitations. It is crucial to emphasize that
the exploration of HPM in cancer research is in its early stages and re-
quires thorough investigation in the future.

5. Conclusion

In this work, a strong electric field (27 kV/cm) by pulsed HPM pri-
marily generates ROS/RNS, which alters NSCLC cell viability, mitochon-
drial activity, and cell death rates. Interestingly, only NSCLC (H460 and
A549) were found to be impacted by HPM pulses, while lung normal
MRC5 cells remained unaffected up to 60 pulses. These changes may
have occurred as a result of DNA damage, as indicated by the upregula-
tion of ATR/ATM, Chk1/Chk2, and P53, as well as a rise in the expres-
sion of apoptotic markers (Bax, Bak, Caspase-8, Caspase-3, and PARP).
Additionally, it was found that HPM inhibited cell migration after ex-
posure. NAC scavenger and CPTIO confirm that the reactive species are
accountable for cellular effects. Interestingly, a recovery in the viability
of H460 cells and a decrease in cell death rate was observed follow-
ing the administration of NAC. Moreover, the markers associated with
DNA damage and apoptosis exhibited dramatic downregulation with the
use of NAC, providing conclusive evidence that reactive species play a
pivotal role in driving cellular effects. Despite the CPTIO-inhibitor (NO
inhibitor), cell death rates, markers related to DNA damage, and apop-
tosis showed lower but still significant expression levels. This reinforces
the main role of ROS in cellular effects, with NO species possibly playing
a contributing role. These findings support the cellular mechanisms un-

1555

Fundamental Research 4 (2024) 1542-1556

~

derlying NSCLC HPM-induced cell death. The skin depth (§ 30 mm)
suggests that the HPM technique is applicable for real use. This tech-
nique offers significant advantages over conventional methods by en-
abling non-surgical cancer treatment. Moreover, this technique has the
potential to serve as an adjunct to non-surgical methods in cancer ther-
apy. The findings of this study may be helpful for future research and
in advancing therapeutic approaches to treating NSCLC.
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