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A growing body of literature has recognized the non-thermal effect of pulsed microwave radiation
(PMR) on bacterial systems. However, its mode of action in deactivating bacteria has not yet been
extensively investigated. Nevertheless, it is highly important to advance the applications of PMR
from simple to complex biological systems. In this study, we first optimized the conditions of the PMR
device and we assessed the results by simulations, using ANSYS HFSS (High Frequency Structure
Simulator) and a 3D particle-in-cell code for the electron behavior, to provide a better overview of
the bacterial cell exposure to microwave radiation. To determine the sensitivity of PMR, Escherichia
coli and Staphylococcus aureus cultures were exposed to PMR (pulse duration: 60 ns, peak frequency:
3.5 GHz) with power density of 17 kW/cm? at the free space of sample position, which would induce
electric field of 8.0 kV/cm inside the PBS solution of falcon tube in this experiment at 25 °C. At
various discharges (D) of microwaves, the colony forming unit curves were analyzed. The highest
ratios of viable count reductions were observed when the doses were increased from 20D to 80D,
which resulted in an approximate 6 log reduction in E. coli and 4 log reduction in S. aureus. Moreover,
scanning electron microscopy also revealed surface damage in both bacterial strains after PMR
exposure. The bacterial inactivation was attributed to the deactivation of oxidation-regulating genes
and DNA damage.

Microwave-based disinfection technologies are becoming increasingly popular because of advancements in
equipment consistency, reductions in unwanted disinfection byproducts, and household applications'. Micro-
waves are electromagnetic waves with frequency ranging from 0.3 to 300 GHz (i.e., wavelengths from 1 m to
1 mm)"2. Microwaves are ionizing radiation that occur next to the infrared component of the electromagnetic
spectrum?®. However, the electric field is mainly responsible for heating®. Indeed, the physical laws of dielectric
heating by microwaves and the effects of heat on biological systems are well known*. It is commonly thought that
the inactivation of microorganisms is mainly caused by a rise in temperature following microwave exposure™®,
but the thermal effect of microwaves differs from that of conventional heating. More specifically, microwaves can
also cause thermal effects, just like in conventional heating, but it occurs by another mechanism, i.e., by means
of the dielectric property of molecules, more specifically, for polar substances, with shorter reaction times than
for conventional heating. Conventional heating is slow and is introduced into the sample from the surface. It has
been observed that microwaves can destroy microorganisms at temperatures lower than the thermal destruction
point. In particular, cells of S. aureus irradiated by microwaves exhibited a greater metabolic imbalance than
conventionally heated cells’. During microwave propagation, both thermal and non-thermal effects can alter
the intracellular components of the microorganisms. However, several researchers have attempted to find out if
such radiation has a non-thermal effect on microorganisms7’8. Moreover, Rougier et al.’, showed that 2.45 GHz
microwave exposure at 37 °C induced Escherichia coli membrane modification. The authors observed the release
of intracellular proteins in bacterial suspensions and approximately 8% of permeabilized cells appeared after
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microwave exposure, while conventional heating at 37 °C did not induce any effect. Moreover, the results showed
that conventional heating at 47 °C for 10 min or at 48 °C for 5 min was necessary to induce the same effects. Woo
et al,, reported that non-thermal microwave radiation in Escherichia coli and Bacillus subtilis cell suspensions
resulted in a dramatic reduction of the viable counts, as well as an increase in the amounts of DNA and proteins
released from the cells’.

There exist also other sterilisation methods based on electromagnetic fields, such as gamma irradiation'.
However, gamma irradiation for sterilization is not always practical as it is very expensive, and actually it can
damage the material'! because it contains very high energy. Recently, non-thermal cold atmospheric plasma
(CAP) has shown good potential for sterilisation, e.g., in the context of food decontamination!?!3, but CAP
processing has been shown to affect the quality of the food products during treatment, as well as in storage'*'5,
so further studies are needed to improve the use of CAP in sterilization or food packaging. Moreover, the inac-
tivation of bacterial spores by heavy ions resulted in inactivation (determined from loss of colony formers),
mutagenesis (reversion to histidine prototrophy), and inhibition of DNA repair. It is still not clear however
whether the repair systems are inactivated, or merely that heavy-ion lesions are less repairable'***.

In addition to its use in domestic applications, microwaves have been applied in various other fields. Micro-
waves are applied primarily to achieve thermal effects for purposes such as food processing!’, waste treatment'?,
moisture removal”, disinfection, sterilization®® and the inactivation of several microorganisms, including
Clostridium perfringens, Bacillus subtilis Salmonella, Listeria spp., and mold spores. It has been reported that the
bacteriophage PL-1, which is specific to Lactobacillus casei, is also sensitive to microwave radiation*' -2,

Several studies have revealed that non-thermal pulsed microwave radiation (PMR) can influence the cel-
lular metabolism without raising the temperature of the system. Nevertheless, the same absorption resonance
and induced electromagnetic energy are used as when using microwave radiation for its thermal effects®*. In
recent years, non-thermal radiation has been also extensively used in our daily life and has become popular in
the development of military equipment, imaging, and sensing for early stage tumor detection, blood clot/stroke
detection®*~2, and bacterial inactivation®.

Despite the wide use of this technology, the impact of PMR on microbial inactivation is not so clear, and a
better understanding of the non-thermal effects (particularly biological effects) and the mode of action of PMR
is urgently needed. Therefore, this study aims to examine the bacterial inactivation by microwave radiation at
certain frequencies, at high energy and very short duration, and to elucidate the mechanism of microbial cell
inactivation. We used an PMR device at a dominant frequency of 3.5 GHz with 60 ns pulse duration and varying
numbers of electromagnetic discharges, to investigate their effects on two highly prevalent bacterial species, i.e.,
the gram-positive Staphylococcus aureus and gram-negative Escherichia coli, and we try to reveal the underly-
ing mode of action. It should be kept in mind, however, that the frequency range of 1-4 GHz can significantly
change the dielectric property of materials®**. A significant number of publications reported an increased level
of reactive oxygen species (ROS) after microwave exposure®—%. On the other hand, a few studies reported no
effect of MW exposure on the ROS levels®*. A few reviews revealed that 90% of all studies analyzing the ROS
levels after MW exposure have reported ROS induction in different cell types*"*? and these increased levels of
ROS are often associated with oxidative stress-induced cell death upon exposure to microwave radiation.

To understand the effect of PMR at various electromagnetic doses, we evaluated the output characteristics of
PMR and, after optimizing the PMR device, we studied its effect on the morphological changes in bacterial cells,
oxidative stress-mediated DNA damage, and antioxidant-related gene expression. Overall, this work is important
for possible future applications of PMR technology at the industrial level.

Experimental section

Pulsed microwave radiation (PMR) generator. A PMR generator with an axial voltage of 600 kV, cur-
rent of 88 kA, and 60 ns pulse duration was used. The vircator comprised three major components: a cathode,
meshed metallic anode, and a waveguide with an inner diameter of 20 cm and a length of 25 cm. A schematic of
the axial vircator is shown in Fig. 1. The vircator produces electrons from the cathode, composed of aluminum
(10 cm in diameter), which are accelerated towards the meshed anode. The anode is transparent to allow most
of the electron beam to pass through it. When the potential energy in the beam is higher than its kinetic energy,
an electron cloud, known as a virtual cathode (VC), is formed behind the anode. After electrons are reflected
between the cathode and the virtual cathode, an electromagnetic wave is generated*>**. The vacuum in the diode
was maintained at 107> Torr and was generated 1 h prior to the experiment. To maintain a high vacuum inside
the diode region, the end of the drift tube is bounded by a 1.5-cm-thick acryl window to allow the microwaves
to easily propagate through the acryl material.

Output characteristics of the PMR apparatus. The microwave signal was detected using a horn
antenna (WR-284) with a cutoff frequency of 2.14 GHz. All signals were recorded using a four-channel oscil-
loscope (Wave Master 8620A, LeCroy Corporation, Chestnut Ridge, NY, USA), as shown in Fig. 2, in an electro-
magnetically protected screen room. The microwave envelope signal was recorded by a crystal detector (Narda
4503A, Narda Miteq, Hauppauge, NY, USA). The magnitudes of the frequencies were calculated by fast Fourier
transformation. Two home-made probes, not shown in Fig. 1, which we call C-dot and B-dot probes, were used
to measure the diode voltage and the diode current, respectively**. The C-dot and B-dot probes are connected
from the microwave generator to the four-channel oscilloscope.

After different microwave exposure, i.e., 40, 60, and 80 discharges, the temperature of the saline was meas-
ured using an Infrared (IR) camera (Fluke Til00 Series Thermal Imaging Cameras, UK). The temperature was
measured by placing the saline in the treatment room of 25 °C.
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Figure 1. Schematic diagram of the non-thermal pulsed microwave radiation (PMR) device.
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Figure 2. Physical characteristics of the PMR apparatus. (a) Typical waveform of the diode voltage, diode
current, and microwave envelope signals, (b) microwave signal, (c) dominant frequency of the microwaves, and
(d) temperatures of the saline after the different PMW exposure (the room temperature was 25 °C).

In silico characterization of virtual cathode formation. The characteristics of virtual cathode for-
mation and its dynamics were computationally investigated using the three-dimensional particle-in-cell code,
called MAGIC*%, We used 300 kV voltage and 10 kA current, based on the experiments. Furthermore, elec-
trons were designed to be emitted from the cathode surface by using the MAGIC code command “EXPLOSIVE
EMISSION” (as shown in Fig. 3). Previously, we reported that the PMR generated from virtual cathode in this
experiment has coherent characteristics*>*’, which is verified by MAGIC simulation code and experiments for
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Figure 3. Results of the 3D-PIC simulations: Behavior of electrons inside the diode and formation of the virtual
cathode during the simulation time. (a) Diode design of the axial-type vircator used in silico (Radius versus
electron momentum). (b) Phase-space plot for the incremental behavior of electrons inside the diode region at
4, 6, and 20 ns.

the power intensity profile along the propagation direction. In addition, another study reported that this coher-
ent characteristics is caused from the electrons that are dynamics at the virtual cathode*®.

Furthermore, to optimize the position (i.e., where bacteria should be treated) to achieve the highest possible
electric field on the axis of the waveguide for a given input power, we performed a full wave electromagnetic
simulation outside the waveguide together with a vircator in the ANSYS HESS (high frequency structure simu-
lator) code (Fig. 4)**. In the HFSS electromagnetic simulation software, the parameters such as voltage, current
and pressure used were all taken from experiments, and the setup was kept at the design value of the device.

Chemicals. Luria Bertani agar, Luria Bertani broth, tryptic soy agar, and tryptic soy were purchased from
MB cells (Seoul, Korea). Strains of wild-type E. coli (11775) and wild-type S. aureus 1621 were procured from
the American Type Culture Collection (Manasses, VA, USA) and Korean Culture Center of Microorganisms
(Seoul, South Korea). Genomic DNA was extracted using a DNA extraction kit (GeneAll, Exgene Cell SV MAX]I,
Seoul, Korea).

Sample preparation. Wild-type E. coli and wild-type S. aureus were obtained from the stock culture in our
laboratory®®*'. E. coli was grown in Luria broth, and S. aureus was grown in nutrient medium. The bacteria were
cultured in 500 mL liquid medium at 37 °C for 15 h on a rotary shaker (150 rpm) until they reached logarithmic
growth. The cells were harvested by centrifugation and washed twice with a sterile 0.9% NaCl solution. The cell
pellets were resuspended in a 0.9% NaCl solution at a cell concentration of 108-10° cfu/mL, which was used for
pulsed microwave radiation.

Microwave treatment. The bacterial solution is placed outside of the waveguide in open atmosphere.
Microwave power has a 10% error range for every shot-to-shot at higher distance from the waveguide®. There-
fore, to optimize the electric field outside the waveguide, we used the HFSS simulation model (Fig. 4). From the
HESS plot, it is elucidated that the electric field strength is higher near the virtual cathode and up to 30 cm from
this PMR source. By taking 30 cm away (from the waveguide window) as a reference, the receiving antenna was
moved closer towards the device with a variation of 1 cm, in order to get a point where the microwave power
is the highest. The distance 25 cm away from the window of the waveguide is the point where the microwave
power is the highest (~ 33 kW) in this experiment. In addition, this peak power of ~ 33 kW is found to be almost
constant along the axial distance from the exit window to the position of the sample. The sample was positioned
25 cm away from the window, where it was exposed to different numbers of PMR discharges (20D, 40D, 60D,
and 80D) with interval of 1 min between each shot. The electromagnetic energy “E” for these shots is calculated
by:
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Figure 4. (a) Results of the HFSS simulations: electric field distributions in PMR from the virtual cathode to
the outside environment (up to 100 cm); (b) electric field distribution with 8 kV/cm inside the PBS solution in
falcon tube.

E = P x t/2 x number of PMR shots = (20 mJ, 40 mJ, 60 m]J, and 80 m]J), respectively,

where P ~ 33 kW is the microwave power that reaches the sample and t ~ 60 ns is the pulse duration. Therefore,
for the bacterial experiments, 20, 40, 60, and 80 shots are represented in terms of discharges; i.e., 20D, 40D, 60D,
and 80D. Further, to better absorb energy, we mounted the bacterial cell solution on an aluminum plate, which
was held by a plastic stand, as shown in Fig. 1.

Additionally, the ideal placement of a fixed sample (25 cm away from the waveguide) for microwave radiation
was determined with the HFSS code, by observing the highest microwave intensity, i.e., at the quarter-wavelength
(A\/4, where ) is the wavelength of the microwave) of the output microwave. The sample was exposed at the posi-
tive antinode of the microwave, which was determined by using the WR-284 antenna as the highest strength of
the electric field observed up to 30 cm from the waveguide by the HFSS code (Fig. 4).

Colony forming unit. The cell suspensions were divided into 50-mL sample containers (plastic beakers),
which were placed individually for the exposure (25 cm away from the waveguide mounted on the aluminum
plate) to pulsed microwave radiation. Following exposure, serial dilutions of 107, 10%, 10°, 10% and 10° cfu/mL
were prepared. The samples were mixed thoroughly, and 100 pL of each microwave-exposed solution was trans-
ferred and spread uniformly on Luria-Bertani agar (E. coli) or tryptic soy agar (S. aureus) culture medium in a
standard Petri dish (90 mm). These samples were then sealed and incubated at 37 °C for about 12 h to count the
cfu. We used the same method as in previous reports of our group®®*!. In this study, a relative reduction com-
pared to the control sample was used to represent the inactivation efficacy, where the control cfu was defined as
one (unit) for normalization.

Morphological analysis of bacterial cells. Morphological analyses were conducted using a scanning
electron microscope (SEM) (JSM 7001F, JEOL, Tokyo, Japan) to examine the morphology of E. coli and S. aureus
cells. Briefly, the bacterial samples exposed to 40, 60, and 80 PMR discharges were fixed in 1 mL of Karnovsky’s
fixative (2% paraformaldehyde and 2% glutaraldehyde) overnight, as described in previous reports®. SEM sam-
ples were prepared by dehydration in hexamethyldisilazane (HMDS), followed by mounting and coating on
glass with carbon tape and examination via SEM.

Intracellular reactive oxygen species (ROS) and glutathione (GSH) measurement. The total
ROS levels inside all bacterial strains were studied using H2DCFDA. After 20, 40 and 80 discharges of PMR, the
samples were transferred to a microcentrifuge tube. All exposed samples were washed with PBS, and 500 mL of
10 mM H2DCFDA were added. After incubation for 1 h at 30 °C, the cells were washed with PBS twice. Sub-
sequently, the cells were recovered with PBS at 30 °C for 30 min and analysed at 495/515 (ex./em.) nm using a
microplate reader. The mean fluorescence intensity was determined at the corresponding excitation and emis-
sion wavelengths.

Intracellular GSH levels were measured using the Glutathione Fluorometric Assay Kit from BioVision accord-
ing to the manufacturer’s protocol. After 20, 40 and 80 discharges of PMR, the samples were collected and cen-
trifuged at 14,000 rpm for 2 min at 4 °C in cell lysis buffer. The supernatant was used to analyze the GSH level by
following the kit protocol. The fluorescent reading was performed at 380/461 (ex/em) nm. GSH concentrations
in the samples were calculated by using the standard curve.
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RNA extraction for quantitative real-time PCR. To quantitatively evaluate oxidation-related gene
expression, after exposure to different doses of microwave radiation, the total RNA was extracted from treated
and untreated E. coli samples using an RNeasy Mini Kit and converted to cDNA using reverse transcriptase and
random primers (GoScript Reverse Transcription System, Promega, Madison, W1, USA). The same amount of
total RNA was used for cDNA synthesis (Take3, Biotek, Winooski, VT, USA) as described in a previous report>*.
The resulting cDNA was used for qPCR analysis (CFX96, Bio-Rad, Hercules, CA, USA) with primers (Macro-
gen, Seoul, South Korea) of 16 s rRNA (the RNA component of the small subunit, used as the house-keeping
gene), SoxS, OxyR, KatG, RpoE, GroES, and DnaK.
The primer sequences used for the oxidative-related mRNA expression in E. coli were:

Genes Forward primers [5'-3'] Reverse primers [5'-3']

Soxs ATCAGACGCTTGGCGATTAC ACATAACCCAGGTCCATTGC
OxyR GGGAAAACTGCTGATGCTG CGCGGAAGTGTGTATCTTCA
KatG CGGATCTGGTGTTTGGTTCT ACAAACTTCTCGTGGGCATC
RpoE AGTCCCTCCCGGAAGATTTA A TACCGGACAATCCATCCA
GroES TGGCCGTATCCTTGAAAATG CCGTAGCCATCGTTGAAAAT
DnakK GAAGAAGCAGGCGACAAACT TAGCGGCCTTTGTCTTCACCT
165 rRNA AGAGCAAGCGGACCTCATAA TTCATGGAGTCGAGTTGCAG

Detection of DNA damage in E. coli cells. The oxidative DNA damage ELISA kit (Cell Biolabs) is a
competitive enzyme immunoassay available for rapid detection and quantification of 8-hydroxydeoxyguanosine
(8-OHAG), a ubiquitous marker of oxidative stress and a by-product of oxidative DNA damage from cellular
DNA samples®. The quantity of 8-OHdG in an unknown sample is determined by comparing its absorption
with that of a known standard curve. DNA was isolated from the treated and untreated samples using a bacte-
rial DNA isolation kit (Promega) and equal amounts of DNA samples were analyzed for the detection of the
8-OHdG level using the oxidative DNA damage ELISA kit.

Statistical analysis. All values are represented as the mean+SD of the indicated number of replicates.
Statistical analysis of the data was performed using Student’s t-test to establish the significance between the data
points, and differences were considered significant at *P<0.05, **P<0.01, and **P<0.001. Prism (Graphpad
Software Inc., San Diego, CA, USA) and Excel Software (Microsoft Inc., Redmond, WA, USA) were used to
compare the groups.

Results and discussion
Physical characteristics of PMR. Microwave interactions with biological entities are influenced by mul-
tiple factors, such as microwave power and frequency, far-field versus near-field location, exposure duration,
polarization, as well as continuous vs pulsed radiation. Pulsed microwave exposure has been shown to have a
stronger effect on changes in cell structure and to further enhance cell transformation compared to continuous
wave exposure>>*>. Despite these studies, the effects of PMR on biological systems and the mechanism respon-
sible for the observed biological effects remain uncertain. Thus, in this work, a PMR device based on a pulsed
microwave generator was used to investigate its effects on bacterial cells. We first characterized the physical
properties, such as diode voltage, diode current, microwave envelope signal, microwave discharge signal, and
dominant frequency of the device, using a specially designed microwave receiving antenna, as shown in Fig. 1.
The diode voltage and diode current had peak values of 270 kV and 10 kA, as measured by C-dot and B-dot
probes, respectively, which resided in the drift tube (Fig. 2a). At each trigger shot, the microwave generated
from the virtual cathode propagated toward the antenna. The horn antenna measured the microwave signal,
which was positioned 25 cm away from the acryl window of the waveguide (Fig. 2b). The amplitude of different
oscillating frequencies from the virtual cathode was measured using the fast Fourier transform method shown
in Fig. 2¢. The virtual cathode oscillation and the electron reflection between the real and virtual cathodes have
different frequencies, but the major oscillating frequency was determined to be 3.5 GHz and the total micro-
wave power generated at the virtual cathode position was approximately 674 MW. Due to the power loss, the
microwave power approaching the horn antenna position was ~ 33 kW, in which biological samples were placed,
as shown in Fig. 2a. Here, the electric field strength, E,,,, could be estimated to be 12 kV/cm from Poynting
power density S, represented by S=E,,.%/2u,c, reached at the interaction area A=2.0 cm? at the sample in this
experiment. Based on this, the time-averaged microwave power, P,,, could be expressed by P,,,=SA, where
Py =33 kW, u,=4mx 107 T m/s is the magnetic permeability in vacuum, and c¢=3.0x 10° m/s is the speed of
light. The thickness of PBS in the beaker is 10 mm, in which the field intensity is resonated inside the PBS caused
by the side walls. As shown in the HFSS results, the electric field intensity has a peak distribution of 8 kV/cm at
the mid-position between the beaker side walls. Even though there is an absorption loss in power intensity in the
PBS solution, it would be passed about 37% through the walls. However, the reflected PMR would be resonated
inside the PBS solution, which results in high electric field intensity of 8 kV/cm at the mid-position of the inte-
rior beaker tube region. The power density is then estimated to be S=17 kW/cm? in this experiment.
Continuous microwave radiation causes an increase in temperature of the system and subsequent effects on
the bacterial cells. Therefore, in this study, we used pulsed power microwaves with very short pulse duration
(60 ns), with interval of three minutes relaxation time, to avoid as much as possible the thermal effect of the
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microwaves. The temperature of the sample is measured after different microwave exposure, i.e., after 40, 60, and
80 discharges. The temperature of the saline does not show any significant change after the exposure (Fig. 2d).
Similar results were obtained in previous studies®*-*.

In silico analysis of the electron beam dynamics for virtual cathode formation. To verify the
measured physical characteristics of PMR, we investigated the dynamics of the electron beam and the formation
of the virtual cathode. Figure 3a shows the diode design of the axial vircator used for the computer simulations.
We applied the three-dimensional particle-in-cell (3D PIC) MAGIC code, which simulates as closely as possible
the actual operation of the drift tube*>*¢. In the simulation settings, the cathode with diameter of 10 cm was
placed at z=210 mm, and the anode at z=220 mm, and thus the anode-cathode gap in the device was 10 mm.
The real-time incremental behavior of the electron beams, emitted from the cathode in the diode region between
the real and virtual cathode, was investigated through numerical simulation. Figure 3b shows the distributions
of the electrons in the diode region at 4, 6, and 20 ns after diode breakdown. After 4 ns of diode breakdown, the
electron beams began to propagate axially to the drift tube, and most electrons accumulated behind the meshed
anode to form the virtual cathode. Some electrons were also observed to be reflected back towards the real cath-
ode due to the virtual cathode formation over time. The electron behavior inside the diode region showed similar
characteristics to previous results using MAGIC*.

Additionally, to determine the magnitude of the electric field outside the waveguide, i.e., where the samples
were kept for microwave exposure, we applied HFSS software®. First, an air box with a length of 100 cm was
designed, starting from the virtual cathode with diameter of 10 cm. The magnitude of the electric field (Fig. 4a) is
found to be as high as ~ 70 kV/cm inside the waveguide and downstream at a distance of ~5 cm from the acrylic
window, and starts to decrease as it propagates farther downstream from the acrylic window. Furthermore, we
also investigated the distribution of the electric and magnetic field in transverse magnetic TM,; mode (subscript
0 denotes no radial node and 1 represents polar angle dependence of cos0) with the HESS code, where the electric
vector field diverges radially and the magnetic vector field has been found curled. In addition, the HFSS code
shows the electric field distribution in PBS solution filled in falcon tube (Fig. 4b). This results shows the reflection
of PMR by falcon tube surface, which eventually leads to a power loss and induced an electric field of 8 kV/cm.
Also, the electric field distribution inside the PBS solution has a resonant patterns along the vertical direction
of the test tube. Hence, it might be possible that the electric field of 8 kV/cm generated by PMR in PBS solution
induced oxidative stress and intracellular ROS in bacteria.

Inactivation of E. coli and S. aureus after pulsed microwave irradiation.  To determine the desired
location of sample fixation, we had to obtain the point where the intensity of the microwaves is the highest from
the HFSS code. From the HFSS results (Fig. 4), it is clear that the electric field increases near the PMR source. At
a distance up to 25 cm from the virtual cathode source region inside the waveguide, the electric field is simulated
to be almost equal to ~ 70 kV/cm, from both the HFSS and MAGIC codes. The measured electric field obtained
at the sample position has been found to be 12 kV/cm (Fig. 4a) from its power density ~17 kW/cm? in this
experiment. In addition, the electric field in the PBS solution at the sample position has been simulated to be
8 kV/cm (Fig. 4b). This electric field would be sufficient to observe the effect of microwaves on bacteria.

To evaluate the influence of microwave radiation on bacterial inactivation, we applied cell suspensions of 10
to 10° colony forming unit/mL (cfu/mL)) of S. aureus and E. coli bacterial strains (Fig. 5), which were exposed
to different numbers of microwave pulses with a power density of ~ 17 kW/cm?, i.e., 20, 40, 60, and 80 discharge,
represented as 20D, 40D, 60D, and 80D, respectively. The viable counts in both cell suspensions were found to
decrease dramatically upon increasing the discharges. 20D did not significantly reduce the viable count compared
to the control sample, but at 40D, the viable counts were reduced by about 2-log in E. coli and by 1-log in the S.
aureus cell suspensions. Furthermore, treatment at 60D resulted in an approximate 4-log and 2-log reduction in
the viable counts of E. coli and S. aureus, respectively, compared to the control sample, while 80D resulted in an
approximate 6-log reduction in E. coli and 4-log reduction in S. aureus. Thus, PMR of 40D or more was highly
efficient for microbial inactivation. Because the cell wall of gram-positive bacteria is generally much thicker and
stronger than that of gram-negative bacteria, S. aureus is more resistant to microwave radiation than E. coli*.

Effect of microwave radiation on the disruption of the surface structure of bacterial cells.  Dif-
ferent cells, organs, and tissues of biological entities have varying dielectric properties; thus, they are affected
differently by microwave radiation due to the presence of extra- and intracellular polar molecules, such as lipids,
proteins, carbohydrates, DNA, and water. When electromagnetic waves penetrate biological materials, linear
momentum (vibrational energy) is generated in the polar molecules, thereby heating up the intra- and extracel-
lular fluids through the transfer of vibrational energy. In this way, radiation energy is converted into thermal
energy. However, it remains unclear whether non-thermal effects of microwaves contribute to this. The thermal
effects generated by vibrational energy alone cannot explain the manner in which the microwaves affect biologi-
cal systems. Furthermore, PMR has been postulated to result from a direct stabilizing interaction of the electric
field with specific (polar) molecules in cells that are not related to a macroscopic temperature effect®. Chen et al.
observed the effect of PMR on the killing of microorganisms by altering the cell shape and causing leakage of
intracellular proteins or DNA®!. Nevertheless, it remains unresolved how these morphological changes influence
the intracellular cascade during bacterial cell death. Therefore, we examined the surface structure and the intra-
cellular molecules of microwave-irradiated cells.

For this purpose, untreated cells and cells exposed to 40D, 60D, and 80D were examined using a scanning
electron microscope (SEM), and the shapes of their surface structures were compared. We found that untreated
E. coli and S. aureus cells had a smooth surface, but when the number of discharges increased from 40D to 80D,
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Figure 5. Inactivation of (a) E. coli and (b) S. aureus bacterial strains after various doses of microwave
radiation. All values are expressed as mean + SD in triplicate. Student’s t-test was performed for the statistical
analysis (*P<0.05, **P<0.01, and ***P<0.001).

most of the microwave-irradiated cells exhibited severe destruction, as shown in Fig. 6a,b. At 80D (for which
the exposed energy is 80 mJ), both microwave-irradiated bacterial cell surfaces appear rough and shrunken.
However, with fewer discharges at 40D, both bacterial cells exhibited no severe damage to their surface structures.
This suggests that the microwave-irradiated cells remain unlysed at lower discharge numbers, up to 40D, but
they are inactivated by the radiation. Hence, radiation more than 40 mJ from the PMR would induce different
biological effects by differentially partitioning the ions and altering the proteins and lipids in the membrane
structure, caused by the strong electric field.

Assessment of intracellular reactive species (ROS) and glutathione (GSH) levels. Activation of
intracellular ROS plays a very important role in the bactericidal activity, which occurs through a drop in anti-
oxidant machinery, such as a drop in glutathione (GSH) levels and/or by inactivation of glutathione peroxidase
4 (GPX4). Accordingly, we also characterized the potential effect of ROS production upon PMR exposure on
the intracellular ROS levels, by measuring changes in the cellular fluorescence intensities of H2DCFDA reagent.
This cell-permeable compound dye binds to nuclear DNA and becomes strongly fluorescent upon oxidation.
The maximal intensity was significantly increased in both treated bacteria after 80 discharges of microwaves,
as compared to the untreated bacterial samples (Fig. 7a). The increasing intracellular ROS levels in response
to microwave exposure can further cause a drop in GSH levels, which eventually leads to lethal damage in the
bacteria. Interestingly, we also observed a significant decrease in GSH level in both E. coli and S. aureus after 80
discharges (Fig. 7b). These results suggest that the PMR exposure induces the generation of intracellular ROS
and decreases the GSH levels, which contributes to inactivation of both bacteria.

Analysis of DNA damage and related gene expression in E. coli. To date, no available research has
demonstrated a solid understanding of how alterations in cell surface cause certain effects in intracellular cell
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Figure 7. Analysis of (a) intracellular RONS levels, (b) intracellular glutathione (GSH) level, (c) oxidative-
related gene expressions, and (d) quantification of 8-hydroxy-2'-deoxyguanosine (8-OHdG), after various
discharges of microwave radiation. All values are expressed as mean + SD in triplicate. Student’s t-test was
performed for the statistical analysis (*P<0.05, **P<0.01, and ***P <0.001).
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signaling cascades, which lead to cell inactivation. Thus, we tried to elucidate the mechanism of action of PMR
on E. coli inactivation by analyzing the gene expression. For this purpose, we selected six oxidative stress genes:
SoxS (regulation of superoxide response regulon), OxyR (oxygen regulated gene), KatG (catalase), RpoE (DNA-
dependent RNA polymerase), GroES (heat-shock gene), and DnaK (chaperone protein DnaK). These proteins
perform regulatory functions under stress conditions and help to protect the DNA through antioxidant defense
mechanisms®>-%.

The redox-sensitive transcription factors of the -SoxS, OxyR, KatG, GroES and DnaK genes are related to
oxidative stress, while GroES and DnaK are involved in cellular homeostasis®®*’. Failure of the antioxidant
defense, such as the GSH machinery, under high oxidative stress may lead to inhibition of these these genes,
which eventually leads to DNA damage®.

Higher microwave discharge numbers (80D) led to greater inhibition of the gene expression in PMR-radiated
E. coli cells (Fig. 7¢c) compared with 40D and 60D exposure. Indeed, oxidative stress may pass beyond the toler-
ated threshold under this high exposure level, resulting in the collapse of the antioxidant defense machinery.
To understand the extent of DNA damage upon collapse of this machinery, we determined the effects of micro-
wave radiation on genomic DNA damage in E. coli through an enzyme-linked immunosorbent assay (ELISA)
technique, which was utilized to demonstrate oxidative DNA damage markers (Fig. 7d). We again found that
higher discharge numbers, such as 60D and 80D, amplify the level of 8-OHdG, which is the most representative
biomarker of oxidative damage to DNA®*, as shown in Fig. 7d.

In summary, this study elucidates the interaction of a broad range of PMR on two different bacterial strains,
E. coli and S. aureus, which cause various community- and hospital-acquired infections. We believe that bacte-
rial inactivation is caused by the chemical breakdown of biological molecules due to the ionization energy”®-"2.
Our results show that a certain dose of PMR with electric filed strength 8 kV/cm in this experiment induces
significant E. coli and S. aureus cell mortality and causes changes in cell morphology in both bacteria, cultured
in PBS solution. After exposure to microwave radiation, we observed that microwaves created oxidative stress-
mediated DNA damage, which might be responsible for bacterial inactivation. Additionally, we measured the
transcriptional levels of SoxS, OxyR, KatG, RpoE, GroES, and DnaK in microwave-irradiated E. coli. When E. coli
was exposed to PMR at different discharge numbers, the transcriptional gene expression levels of SoxS, OxyR,
KatG, RpoE, GroES, and DnaK were reduced. Higher numbers of discharges, such as 60D and 80D, showed
inhibitory effects on gene expression, compared with lower doses, such as 40D. This study clearly shows that a
higher discharge number results in greater stress on cells, leading to bacterial inactivation through inhibition
of the antioxidant machinery, which eventually damages the membrane protein repair chaperone as well as the
DNA repair cascade”’*. Furthermore, we analyzed the level of 8-OHdG by the ELISA technique after microwave
irradiation. Higher numbers of PMR discharges led to more DNA damage. Overall, this study reveals the action
of PMR electric field 8 kV/cm on bacterial systems. These findings may aid in implementing PMR in industrial
applications.

Conclusion

In this study, we experimentally evaluated the output characteristics of a non-thermal pulsed microwave radiation
(PMR) device and verified the experimental results in silico. In addition, we applied microwave radiation to two
different bacterial strains, the gram-negative Escherichia coli and gram-positive Staphylococcus aureus, using a
PMR device (600 kV, 88 kA, 60 ns) and we examined its mode of action. The electric field of 8 kV/cm generated
by PMR in PBS with power density of 17 kV/cm? at the sample position directly interacts with specific (polar)
molecules on the bacterial cell surface, causing changes in cell morphology, which further leads to failure of the
intracellular oxidative defense machinery and DNA damage-mediated inactivation of bacterial cells. Overall,
this study elucidates the mechanisms of PMR-specific effects on bacterial cells and their biomolecules, which can
help establish safety standards for PMR exposure without thermal effects on different organisms.
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