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ABSTRACT

Physical approaches based on irradiation provide advances for the prevention and treatment of viral infections, while recognizing that certain
chemical inactivation techniques demonstrate significant effectiveness alongside physical methods. By generating resonant vibrations of
complete virus particles, which are in the GHz range and quite high compared to that of human cells, viruses can be inactivated. Therefore,
exposure to ultrasound waves or non-thermal microwaves with a suitable resonant frequency oscillating electric field holds the potential to
neutralize the virus particle with no damage to human. The deactivation mechanism could be a result of the mechanical effect or oxidation
stress, and in this article, we discuss the elucidation of these effects on the virus’ structure. We also explore the current state and future pros-
pects of the anti-viral methods based on acoustic cavitation via ultrasound and non-thermal microwave, addressing critical needs in virology.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0183276
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I. INTRODUCTION

The recent outbreaks of respiratory viruses, such as various types
of influenza viruses1 and coronaviruses,2 have highlighted the difficul-
ties in controlling virus transmission and inactivation. Virus transmis-
sion in the environment depends on the ability of viral particles to
remain infectious. Viral morphology showcases a diverse array of
shapes, from filamentous and icosahedral structures to enveloped
forms with outer membranes and bacteriophages with distinctive head
and tail configurations. Beside the shape, human viruses exhibit varied
structures, with enveloped viruses like HIV and SARS-CoV-2 featuring
an outer lipid bilayer envelope containing glycoproteins that facilitate
binding to host cell receptors. In contrast, non-enveloped viruses, lack-
ing this lipid envelope, present a more resilient nucleocapsid struc-
ture.3 Enveloped viruses, such as HIV and SARS-CoV-2, can
specifically bind to the host cell receptors through Env glycoprotein4

and spike,5,6 respectively. Antiviral drugs and active molecules are
capable of inactivating virion to prevent the cell attachment,7,8 whereas
these chemical drugs have major limitations. Viruses can resist inacti-
vation by chemical drugs due to their small size, lack of cellular struc-
ture, rapid mutations, and explicit propagation.9,10 In order to prevent
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drug resistance and their side effects, scientists have introduced physi-
cal methods based on irradiation to disrupt viral functions.11

The viral inactivation through irradiation strategies are preferred
to have non-thermal effect and being non-destructive to our body. The
use of ionizing radiation, especially ultraviolet, x-ray, and gamma rays,
despite the high ability to inactivate viruses, can cause damage to
human cells, as discussed elsewhere.12 Combination of the irradiation-
dependent tools with sensitizers, which is called a photodynamic
therapy (PDT)—a technique that involves the use of light-activated
chemical sensitizers to inactivate viruses, is considered efficient in virus
inactivation. However, PDT remains subject to several limitations and
side effects, due to the presence of a chemical sensitizer and obstacles
in its activation in deep tissue by light, as discussed elsewhere.13 The
application of ultrasound (also known as acoustic cavitation) and non-
thermal microwave may overcome the limitations of irradiation-based
viral inactivation, provided that the mechanical resonance vibration of
the virus can be precisely targeted and harnessed for effective viral dis-
ruption [Fig. 1(a)].14,15

The use of ultrasound waves for virus inactivation involves two
main types of cavitation, transient (inertial) and stable (non-inertial),
schematically shown in Figs. 1(b) and 1(c), respectively. These two
types are distinguished by the size of a bubble and consequently the
level of pressure they generate. Formation of bubbles can be achieved
by using an ultrasound transducer, as depicted in Fig. 2(a). Both sta-
ble and inertial cavitation produce mechanical forces, with inertial
cavitation also leading to the formation of a hotspot with extreme
pressure and/or temperature where chemical effects are possible
[Fig. 2(b)]. These effects, whether sonomechanical [independent of
reactive oxygen species (ROS)] or sonochemical (sonoluminescence

and sonochemistry) [Figs. 2(c) and 2(d)], contribute to the inactiva-
tion of viruses.

Unlike ultrasound waves that are mechanical waves,16,17 the
microwaves are electromagnetic wave radiation.18 By using non-
ionizing microwaves within dosage safety standards19,20 that match the
vibrational resonance frequency of the virus, such as SARS-CoV-2, the
electromagnetic radiation can penetrate the human body without caus-
ing harm,21,22 leading to virus inactivation. This technique could be
applied using a waveguide [Fig. 2(e)] generating microwaves. This
inactivation can occur through two mechanisms: via resonant vibra-
tions of individual spikes and collapse of the entire shell. The spike
protein trimer, thermostable in its closed conformation,23 becomes
vulnerable under weak and moderate electric fields24,25 due to mechan-
ical changes, such as bowing toward the virion membrane and break-
ing25 [Fig. 2(f)]. Leveraging this effect, electromagnetic denaturation of
the spike has been demonstrated using temperature-controlled micro-
wave exposure.26 Further studies show targeted virus inactivation
through mechanically altering the spike proteins’ specific vibrational
signature inherent in the virus ensemble.27

Beside the spike, the core–shell of virion being a potential target
for this type of inactivation. Microwaves with the frequency matched
to the acoustic vibrations inside spherical virions and consequently res-
onate through a process called microwave resonant absorption
(MRA).28 The resonance is influenced by the virus’s intrinsic factors,
such as hydration level, surface charge, surrounding media, and size.
In this review, we will highlight the importance of further investigating
these factors to optimize viral inactivation [Fig. 2(g)].

Both of ultrasound and microwaves share similar characteristics,
which make them potential tools for virus inactivation, including

FIG. 1. (a) A frequency scale of mechanical vibrations with representative dimensions of viruses being in hundreds of nanometers and their frequencies of tens of GHz, which
is quite high compared to human cells with frequencies of tens of MHz. (b) Schematic explanation of cavitation mechanism: R and C are regions of rarefaction and compres-
sion. (c) In transient cavitation, bubbles grow until they become unstable and implode causing rapid quenching and killing of viruses within the bubble.
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FIG. 2. Effects of ultrasound (a)–(d) and microwaves (e)–(g) on virus: (a) Schematic picture of an experimental apparatus for ultrasonic vibration. Possible effects of acoustic
cavitation on virus include, sonomechanical (b) and sonochemical (sonoluminescence, sonochemistry) (c) and (d) effects.30 Created with BioRender.com. (e) Schematic picture
of a microwave waveguide and its connection to an efficient cooling system. Reproduced with permission from Afaghi et al. Sci. Rep. 11, 23373 (2021). Copyright 2021
Authors, licensed under a Creative Commons Attribution (CC BY) license.26 (f) In the upper panel, TEM images and scheme demonstrate spike tilt angles (14�, 45�, and 49�)
toward the membrane for the intact virion. Reproduced with permission from Ke et al., Nature 588, 498–502 (2020). Copyright 2020 Springer Nature.31 The lower panel demon-
strates the S1 and S2 subunits at 16 and 9 nm in length, respectively. Molecular dynamics simulations reveal that applying a 0.2 V/nm electric field (EF) perpendicular to the
spike leads to the denaturation of the S2 subunit,25 corroborating earlier simulation under weak EF24 and experimental findings on spike protein denaturation through
temperature-controlled microwave exposure.26 Reproduced with permission from Kuang et al. Sci. Rep. 12, 12986 (2022). Copyright 2022 Authors, licensed under a Creative
Commons Attribution (CC BY) license.25 (g) Schematic illustrating the displacement of two dipolar modes of the spherical (SPH) virion, with angular momentum l¼ 1 and with
quantum numbers n¼ 0 or 1, representing the peaks at 4 and 7.5 GHz of microwave, respectively. Reproduced with permission from Wang et al. Sci. Rep. 12, 12596 (2022).
Copyright 2022 Authors, licensed under a Creative Commons Attribution (CC BY) license.32
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acoustic vibration of molecules, resonance in virus structure, high pen-
etration ability, and plasma release.17,29 In this review, we summarize
the nonthermal effects of microwaves, radio-waves and ultrasound on
virus structure, and introduce the anti-viral application of these waves.
Moreover, we discuss the factors affecting the efficiency of inactivation,
such as the physical properties of both wave and targeted virus, as well
as its surrounding media, including water, air, and surfaces, to prevent
virus spread, while paving the way for future studies on virus–cell inter-
actions to potentially halt virus propagation in infected tissues (Table I).

II. ULTRASOUNDWAVES
A. Types of cavitation and their effects on virus

For decades, ultrasound has been used for disease diagnosis41 and
therapy.42,43 Due to the safety and relatively noninvasive nature of
ultrasound, it has been applied for cell membrane permeabilization

and sonoporation. According to multiple studies, the ultrasound can
be employed for microbial inactivation.44–46 As an instance, the use of
ultrasound instead of destructive irradiation methods may overcome
the limitations of antimicrobial photodynamic inactivation (aPDI) in
deep tissue.13 This combination is called sono-photodynamic therapy
(SPDT) with promising approaches toward viral disinfection, although
some challenge in selective harmless inactivation remain.15

Ultrasound is a general name of ultrasonic cavitation or Acoustic
cavitation (AC). Ultrasound-induced cavitation generates bubbles
whose collapse significantly increases temperature and pressure at their
center.47,48 Focused ultrasound delivered externally can mechanically
destroys tissue through acoustic cavitation.49,50 This ablation technique
is called boiling histotripsy,51 has demonstrated promising results in
preclinical and clinical studies,49,52 but concerns remain about tumor
metastasis, warranting further investigations. Ultrasound treatment

TABLE I. A list of virus inactivation studies using cavitation resonance techniques.

Techniques Radiation detail Virus species Media Inactivation rate detail Reference

Ultrasound
(acoustic cavitation)

Ultrasound, frequencies
(582, 862, and 1142 kHz),

120 min

Bacteriophages UX174
and MS2

Water Inactivation rate coefficient
(k): 0.193 min�1 at 582 kHz
(MS2) and 0.055 min�1 at

582 kHz (UX174)

33

Ultrasound, Frequencies
(28 kHz), 600W, 120 min

Phytoviruses ACLSV in
plum and apricot. TMV in

tomato

Fruits (plum
and apricot)

87.5% inactivation of ACLSV,
and 80.5% inactivation of

TMV

34

Solo ultrasound without
sonosensitizer, frequencies
(1.8 MHz), 2.16 W/cm2,

5 min

Enveloped virus (parain-
fluenza HPIV3) and non-
enveloped Enterovirus

D68 (EV-D68)

Water HPIV3 titer (Log10TCID50/
ml) reduced by about 104

times within 5 min, while
EV-D68 achieved a similar
reduction by 104 times after

10 min

35

Ultrasound, 27 and 42
kHz at a power density of
1.60 W/cm2 at 300 min
under CO2-shielding gas

Surrogate models of HCV,
Herpes virus and
Parvovirus B19

Blood plasma Virus titer in plasma
(Log10TCID50/ml): 2.5
(BVDV), 4.6(SFV), 3.4

(PRV), 0 (PPV)

36

Non-thermal
microwaves

Radiofrequency, super-
high frequency (SHF)

10–17 GHz

Clinical SARS-CoV-2,
COVID-19 patient-
specific exposure

Human body 100% inactivation using
14.56 1 W/m2 patient–

specific exposure duration of
15 min

22

Microwave, 8–8.4 GHz Influenza A virus (H3N2) Water 38% inactivation using
87 V/m (82 W/m2).

37

100% inactivation using
273 V/m (810 W/m2)

Microwave, 7 GHz Bovine coronavirus
(BCoV)

Water 880 W/m2, 53.9% inactivation
(<3 log)

27

Microwave, 15.0–19.5
GHz

Human coronavirus
(HCoV-229E)

Culture medium 2 Watts, Waveguide size WR-
62, 7.5 min, 3-log inactivation

38

Microwave, 700 W,
10 GHz

SARS-CoV-2 Aerosol 400 V/m, 65.9% inactivation 39

Microwave, 700 W,
2.45 GHz

SARS-CoV-2 Deionized water 2 min; spike denaturation
�95%

26

Microwave, 2.8 and
5.6 GHz

Bovine coronavirus
(BCoV)

Dry surface 6.1–6.5 W/m2, insignificant
inactivation less than 90%

40
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offers a promising method for virus inactivation in fluids like blood
plasma, demonstrating minimal impact on coagulation proteins and
no cytotoxic effects.36 The cavitation phenomenon, induced by low-
intensity ultrasound in aqueous environment, involves bubble oscilla-
tions without significant size change, driven by acoustic pressure.30,53

Based on the degree of extreme pressure or temperature, the
cavitation process is categorized into transient (inertial) or stable (non-
inertial), resulted from higher and lower acoustic pressures, respec-
tively [Fig. 2(a)]. Stable cavitation generates mechanical effects through
oscillatory bubble dynamics, affecting nearby entities like cells. In con-
trast, transient cavitation involves more vigorous bubble activity due to
surrounding liquid dynamics, potentially disrupting adjacent struc-
tures.30 Inertial cavitation involves bubbles undergoing rapid contrac-
tion and collapse, concentrating and then releasing substantial energy
into the focal area. The entire process of inertial cavitation occurs
within approximately 400 ls. This phenomenon generates energy lead-
ing to the formation of localized hot spots characterized by extremely
high temperatures (around 5000K) and pressures (about 250MPa), cre-
ating extreme conditions that induce mechanical, thermal, and chemical
effects.47 Both stable and inertial cavitation can exert mechanical forces,
along with chemical effects initiated by inertial cavitation. Regardless of
the type of cavitation, whether sonomechanical (ROS-independent) or
sonochemical (sonoluminescence, sonochemistry), it can contribute to
the inactivation of viruses [Figs. 2(b)–2(d)].54

The exact mechanism by which cavitation works on the vibration
and inactivation of viral particle has not yet been elucidated, and a clear
mechanism has not yet established such an effect.48,55,56 Herein, we dis-
cuss three potential mechanisms through which cavitation impacts
viruses, including chemical effects, thermal effects, andmechanical vibra-
tion. The formation and collapse of bubbles within the liquid medium
can generate pressure shocks reaching several 100MPa. Unsymmetrical
collapse of bubbles may form microjets with velocities exceeding 100
m/s. These theoretical aspects of acoustic cavitation are discussed by
Yusof et al.48,57 The subsequent mechanical effects, such as liquid micro-
jets, highly localized shear forces, and microstreams, can physically
destroy, weaken, or rupture the outer membrane of any type of micro-
organism.58 In addition, these mechanical effects accompanied by acous-
tic streaming effect generated by bubble collapses can enhance mass
transfer, thereby boosting the rate constants of chemical reactions.48,57

In addition, the intense temperatures, reaching several 1000K
estimated at the center of collapsing bubble (so-called hotspot), lead to
the formation of highly reactive redox radicals, which can initiate vari-
ous chemical reactions.48 In addition to the chemical effect, the
extreme temperatures can locally damage microorganisms or at least
compromise the integrity of their outer membrane and make them
more susceptible to further damage caused by reactive species.59

Acoustic cavitation emerges as a promising technique for the
inactivation of water-mediated viruses, targeting pathogens that
impact both human health, such as Enteroviruses including poliovirus,
and agriculture, like Potato virus Y (PVY). However, the application of
acoustic cavitation to waterborne viruses encounters significant limita-
tions: (1) larger volumes of water cannot be treated continuously;
batch operations are the only option, (2) operating piezo transducers
for a prolonged period of time consumes a tremendous amount of
energy, and (3) it is difficult reaching to an industrial scale.

Acoustic cavitation (AC), distinguished by its resonance-based
technique for virus inactivation through ultrasonic wave-induced bubble

generation, contrasts with hydrodynamic cavitation (HC) which relies
on fluid dynamics without resonance. HC occurs as liquid flows past an
obstruction or through a constricted path, decreasing pressure to below
the vaporization threshold and forming cavitation bubbles, useful for
antimicrobial applications, such as in irrigation water treatments.56

Similar to acoustic cavitation, HC induces physical and chemical
changes due to the mechanical effects and ROS generation, respectively.
Both chemical and mechanical effects can lead to changes in the struc-
ture of pathogens, such as virus, which makes the cavitation an applica-
ble tool for water disinfection.56 This anti-viral application is described
in the next sections (see Secs. II B–IID). There are limited reports on
the cavitation for anti-viral purposes33,36,60 using HC against MS2 bac-
teriophage,61 PVY plant virus,62 as non-enveloped viruses, and Phi6
enveloped virus,63 as a SARS-CoV-2 surrogate.

These studies delineate how HC disrupts the viral structure, set-
ting it apart from acoustic cavitation’s inactivation approach. Initial
studies, such as Kosel et al.’s demonstrated a 4-log reduction in MS2.61

Further investigation by Filipi�c et al.62 into HC’s ability to deactivate
the PVY virus underlines the potential of mechanical stress over chem-
ical effects in virus deactivation, emphasizing HC’s distinct mechanism
from AC in targeting waterborne viruses. The research by Zupanc
et al.63 on HC inactivating Phi6 further underscores this, demonstrat-
ing that mechanical effects are crucial for inactivation, particularly at
lower temperatures, with increased temperatures enhancing suscepti-
bility. The disruption of the lipid bilayer, rather than genome damage,
was pinpointed as the primary inactivation mechanism.

B. Chemical effects of cavitation on virus composition

Virus inactivation by ultrasound is contingent upon various fac-
tors, such as ultrasonic power, wave amplitude, sample volume, tem-
perature, composition, and the specific attributes of the virus,
including its shape, size, and composition.64 Viruses range in size from
20 to 300 nm, much smaller than prokaryotic cells. Viruses are broadly
categorized by their composition; non-enveloped viruses consist of
nucleic acid (either DNA or RNA) encased by a protein capsid, while
enveloped viruses also include an outer lipid bilayer that encloses the
capsid. The schematic structure of SARS-CoV-2, as an enveloped
RNA virus is depicted in Fig. 2(g). Viral envelopes can also contain
proteins and fatty acids. Most viruses are composed of a highly sym-
metric structure; icosahedral and helical symmetry are the two most
common.3 As a result of structural diversity, viruses have different lev-
els of resistance to physico-chemical treatments.

It is possible for viruses to resist the chemical effects of cavitation
at different pressure resistance levels.65 As discussed above, the ultra-
sonic irradiation is associated with chemical effects related to the gen-
eration of destructive oxidants (H� and OH�) through the implosion of
cavitation microbubbles.57 These reactive species can oxidize impor-
tant constituents of virus structure, protein capsid, lipoprotein enve-
lope, genome, and glycoproteins on the surface.66 The hydroxyl free
radical (OH�) are potent oxidants known for their reactivity, readily
oxidizing various species they come across or forming hydrogen per-
oxide (H2O2) as a result of self-reaction. Consequently, the free radicals
produced during cavitation, coupled with mechanical effects, may con-
tribute to virus inactivation by oxidizing the protein capsid and
genome,62 albeit to varying extents based on the structure of the virion.

The virus capsid composition might affect the time of inacti-
vation. Chrysikopoulos et al.33 showed the inactivation of UX174
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(with hydrophilic capsid) was relatively slower than MS2 (with hydro-
phobic capsid) under the same treatment conditions. This suggests
that ultrasound-induced cavitation, by generating reactive oxygen spe-
cies such as hydroxyl radicals, not only damages viral components but
also specifically targets the capsid’s integrity and its surface recognition
sites, thereby facilitating virus inactivation.

The virus envelopes are composed mainly of membrane proteins
(M), envelope proteins (E), and spike proteins (S).3 Lipids originate
entirely from the host cell and vary based on the site of virus budding
through the cellular membrane, whereas the envelope glycoproteins
are encoded by the virus itself. Lipid peroxidation occurs when OH�
attacks unsaturated fatty acids in lipids, resulting in chain reactions
that generate other ROS.67 There are several studies dealing with
effects of free radicals and H2O2 on the lipoprotein membrane of bac-
teria and yeast,67,68 not on viruses, although some studies compare lipi-
dated viruses to non-lipidated ones.36 By the breakage of the glycoside
backbone, the free radicals can fragment the bio-polymer, thus chang-
ing its functionality. Additionally, sulfated polysaccharides are more
susceptible to radical attack because of their composition.69

C. Mechanical effects of cavitation for virus
inactivation

Ultrasound, through mechanical effects of cavitation, can either
inactivate viruses by damaging their membranes33 with intense pressure
and heat or, conversely, facilitate virus entry into cells by mechanically
permeabilizing the cell membrane,70,71 especially when paired with
microbubbles. This dual application hinges on controlling ultrasound
parameters—like power intensity, frequency, and exposure time—to
either destroy viruses or aid in virus transduction, thereby leveraging
ultrasound potential by finely balancing its destructive and permeabiliz-
ing capabilities for targeted medical or industrial interventions.72

The effect of ultrasound on the permeabilization of the cell mem-
brane for oncolytic HSV-1 entry was evaluated.71 Vero monkey kidney
cells infected with HSV-1 were exposed to 1MHz ultrasound for a
specified duration. The number of viral plaques in the ultrasound-
treated cells was significantly higher than untreated control.73 Plaque
numbers were further increased by combining ultrasound with micro-
bubbles. Similar outcomes were observed with another type of HSV-1
and oral squamous cell carcinoma (SCC) cells. Optimal plaque
enhancement was achieved with ultrasound parameters of 0.5W/cm2

intensity, 20% duty cycle, and 10 s duration. However, cell viability
was reduced by micro-bubble ultrasound at an intensity of 2.0W/cm2,
at 50% duty cycle, or for 40 s. Using ultrasound promotes HSV-1 entry
into cells, which make the ultrasound an useful tool to enhance the
effectiveness of HSV-1 infection in oncolytic virotherapy.71

Through computer modellings, it was possible to model how the
virus responded to mechanical vibrations over a wide range of ultra-
sound frequencies. Results showed that vibration between 25 and
910MHz caused the virus shell to collapse and rupture within micro-
seconds (0.35ls at 110MHz, 0.13ls at 50MHz, and 0.1ls at
25MHz). Additionally, resonant vibration of spikes throughout the
shell occurred at 107MHz. Furthermore, the resonant frequencies of
the spike-free shell in the bouncing mode were 340MHz, but this
decreased to 312MHz in the presence of spikes. Figure 3(a) demon-
strates the effect of ultrasound vibration mode on the elastic properties
of spikes and shells.74 While discussing mechanical effects, it is perti-
nent to note that cavitation can indirectly lead to radical formation,

which may complement mechanical stresses in damaging viral
structures.72

Harmonic mechanical vibration from ultrasound waves, even
below the lowest resonant modes, could induce significant vibration
amplitudes in spikes. Within a fraction of a millisecond, spikes could
experience high maximum principal strain values.74 For enveloped
viruses, it is possible to inactivate viruses through two mechanisms:
transient vibrations of the lipid membrane alongside resonant vibra-
tions of individual spikes and the buckling or collapse of the entire
shell.75 In contrast, non-enveloped viruses, such as EV-D68, show
higher resistance to such treatment,35 indicating a variance in ultra-
sound’s effectiveness based on viral structure. This suggests that while
ultrasound can inactivate enveloped viruses by targeting their lipid
membranes and protein spikes, non-enveloped viruses may require
different strategies for inactivation due to their more resilient capsid
structures.35 Both mechanisms suggest ultrasound’s potential to
mechanically inactivate viruses through structural compromise, show-
casing its versatility in targeting different viral architectures.

The spike proteins of SARS-CoV-2 are usually geometrically dif-
ferent, and each spike protein has a different frequency with little dif-
ference. Yao and Wang designed an ultrasonic vibration exciter to
inactivate the virus from infected human cells.75 The frequency range
was set as the first-order bending vibration frequencies 1.9� 108–
2.0� 108Hz with 360� rotating sweep excitation to human body, and
the amplitude larger than 1.041� 10�5 to ensure resonance excitation
of every viral spike. Remarkably, this lumped parameter mechanical
model effectively and safely can inactivate the SARS-CoV-2 virus.

Computational studies on the variants of the SARS-CoV-2 have
revealed that the vibration modes of spike swing are constantly the
lowest order which occupy up to about 50 orders of the vibration
shapes of the virus with 25 spikes. The ultrasound wave of single fre-
quency xe results in vibration and swing on the root of spike with 45�

tilt angle.76 Previously, TEM microscopic measurements have revealed
that the spike tilt angles of 14�, 45�, and 49� toward the membrane for
the intact virion31,77 [Fig. 2(f)]. The ultrasound wave of single fre-
quencyxe results in vibration and swing on the root of spike.76 Hence,
acute spike swing could be resonantly stimulated by ultrasonic wave
with intensity lower than 15kPa to break the viral spike. The natural
frequencies associated with spike swing basically fall into the ranges of
(0.07GHz, 0.12GHz) or (0.26GHz, 0.44GHz) considering the poten-
tial increase in temperature [Fig. 3(b)].76 By covering these ranges of
natural frequencies of spike swing, the ultrasound wave can resonantly
break the viral spikes in less than 180 ns (t¼ 159ns). Therefore, this
simulation validates two frequency scanning strategies for SARS-CoV-
2 inactivation using ultrasonic waves, targeting the virion’s natural fre-
quencies. The first strategy involves continuously adjusting the fre-
quency ratio (xe/x0) from 0.5 to 2.0, enabling a dynamic match with
the virus’s resonance. The second employs a stepwise frequency
change across four intervals, allowing for precise targeting of the viral
spike’s natural frequencies. The variants of SARS-CoV-2 show similar
spike vibration shape, accompanied by which the corresponding natu-
ral frequency fall into some certain range.48,76 Thus, this strategy could
be utilized analogously to inactivate variants of coronavirus, extendable
to the other viruses.

Studying the mechanism of mechanical effects as a singular effec-
tor on virus inactivation presents challenges due to ultrasound’s simul-
taneous initiation of chemical (radical) and mechanical (vibrational)
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reactions, making it difficult to isolate the mechanical effects in the
absence of radicals. Cavitation effects have been observed to mechani-
cally fracture the cell membrane, as demonstrated through electron
microscopy,78 assumingly via protein or lipid damage of virus mem-
brane. In contrast, some studies propose that ultrasound can disrupt
the virus genome by mechanically fracturing sugar–phosphate bridges
within the DNA through cavitation, as well as disrupting hydrogen
bonds through radical reactions.61

In investigating the impact of mechanical cavitation on virus
inactivation, Pf€orringer et al.36 explored the use of CO2 shielding gas
to mitigate radical formation, focusing on the effects of frequency and
power density. The study utilized four model viruses: BVDV and SFV
(ssRNA enveloped, Hepatitis C models), PRV (herpes enveloped virus
model), and PPV (non-enveloped B19 virus model) [Fig. 4(a)]. Factor
VIII activity showed a 75% reduction after 300min at 250 kHz
highlighting the potential of vibrational anti-viral treatment for blood
products without affecting coagulation factors [Fig. 4(b)]. However,
adjusting power density to 1200W and frequency to 27 kHz optimized
virus inactivation with minimal blood factor effects [Fig. 4(c)], empha-
sizing the role of virus size and compactness in inactivation efficiency.
Future investigations in this field should prioritize optimizing

mechanical effects by identifying the precise natural frequency and
power density, ensuring minimal adverse effects on blood products.

D. Matching ultrasound frequencies with natural
resonance of virus structure

Viruses can be specifically inactivated by vibrating at GHz fre-
quencies, leveraging a mechanism similar to microwave ovens’ reso-
nant absorption. This “virus resonance” suggests that viruses might
absorb ultrasound energy at specific frequencies, leading to their deac-
tivation.28,79–82 Research into the vibrational modes of various viruses,
including enveloped ones like HIV83 and SARS-CoV-2,74 supports this
hypothesis, indicating a potential vulnerability to ultrasound
vibrations.

The physical structure of viruses, including their shape and size,
significantly influences their natural resonance frequency, crucial for
cavitation’s effectiveness. Viruses, with sizes ranging from 20 to
200 nm, are expected to have high resonant frequencies in the giga-
hertz range, differing notably from human cells due to their smaller
dimensions and unique mechanical properties. This difference suggests
that viruses can be inactivated at lower pressures compared to those

FIG. 3. The ultrasonic inactivation research highlights the method’s effectiveness in precisely matching virus natural frequencies to mechanically damage their structure. (a)
Sonomechanical effects and oscillating mode of low-frequency irradiations of ultrasound waves on the physical properties of SARS-CoV-2 spike and shell, as an airborne virus
model. Reproduced with permission from Wierzbicki et al. J. Mech. Phys. Solids. 150, 104369 (2021). Copyright 2021 Elsevier.74 (b) Stress amplification at the viral spike root
under ultrasound at single frequency xe relative to the virus’s initial natural frequency x0, with (a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0 multipliers. Showcases the acoustic pressure,
stress field, and ultrasonic wave profiles impacting the spike from 22 to 159 ns, highlighting the ultrasound’s capacity to disrupt the viral structure through resonant frequency
alignment. Reproduced with permission from Liu et al. Ultrasonics 124, 106749 (2022). Copyright 2022 Elsevier.76
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potentially harmful to cells. The efficiency of inactivating viruses like
bacteriophages MS2 and UX174 varies with ultrasonic frequencies,33

indicating structural variations affect inactivation mechanisms, possi-
bly through shockwaves.62

The diameter of the coronavirus family is �100 nm packing
�30-kb-long single-segmented RNA and with the spikes �20 nm in
length.77 These geometries are somewhat similar to other envelope
viruses, such as HIV and influenza A viruses. Following a mechano-
chemical process, the spike protein first binds to a cell receptor
through the RBD and then begins the fusion process.77 Buehler and
his team84,85 studied the nanomechanical features of the spikes of coro-
navirus family. Their work showed the overall flexibility and mobility
ratio of RBD have positive correlation with case fatality rate and
inverse relationship with the virus infectivity. The results imply that
the mechanical and structural properties of virus, specifically their
vibrational spectrum and quantitative measures of mobility, could be
linked directly to viral infectivity, offering potentially new strategies to
inactivate virus. To enhance nanostructure reliability, it is important to
have deeper mechanical analysis of virus envelope proteins84,85 and
ribonucleoproteins (RNPs), individually86 or in interaction with cell
receptor.87

Several theoretical models, such as Eringen’s nonlocal theory,88

and Buehler’s machine learning model,89,90 have been developed for
better understanding of how natural vibrational frequencies of virus
nanostructures relate to viral infectivity. Buehler and his team
employed a graph neural network trained with structural data and nor-
mal mode frequencies for rapid prediction of natural vibrational fre-
quencies of viral proteins based on their primary sequences.89

Using nonlinear continuous environment models, Eringen and
Wegner91 studied the vibrational behavior of nanosheets. By introduc-
ing a scale parameter, they also considered small-scale effects.
Dastjerdi et al.,92 employing Eringen’s nonlocal elasticity theory, exam-
ined the deformations and natural frequencies of SARS-CoV-2, reveal-
ing resonance within the ranges of 3GHz < f1< 4 and 7GHz
< f2< 25GHz for the first and second natural frequencies, respec-
tively. Given the virus’s approximate radius of 100 nm, the interval for
the first natural frequency (f1) could be smaller than a virus with
50nm radius. Therefore, for the viruses with about 100 nm radius77

(such as HIV, influenza, and SARS-CoV-2 virus), the distance between
classical and nonlocal results is insignificant.92 However, the average
size and notable deviation observed in viral structures across simula-
tion studies lead to uncertain natural frequency predictions, posing a

FIG. 4. Reduction of virus load in blood plasma due to mechanical cavitation. (a) The tables and schemes depict the sampling and methodology of CO2 fumigation, to avoid
radical reactions during sonication. (b) Extending the duration by 300min and increasing the frequency by 250 kHz has adverse effects on the activity of plasma coagulation
factors. (c) In the lowest frequency of 27 kHz, all virus models, except PPV, exhibit exposure time-dependent inactivation. Reproduced with permission from Pf€orringer et al.
Euro. J. Med. Res. 25, 12 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.36
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potential challenge for viral inactivation.75 Moreover, the effects of the
geometry deviation and environmental changes (such as temperature
changes) on the natural vibration modes of a virion should be included
in the investigation.

Resonance can occur when the irradiation frequency matches
one of the natural frequencies of the system and can lead to severe
mechanical damage. Hence, employing irradiation at the appropriate
frequency could offer a novel approach to controlling virus transmis-
sion. The natural frequency of viral oscillations, determined by the
chemical structure of each virus, is quite high compared to human
cells. For example, HIV, hepatitis, and Ebola have natural frequencies
of 18, 37, and 19GHz, respectively.93 A virus’s genetic material is
enclosed within the capsid. Two competing processes—transient vibra-
tion of the lipid membrane (coupled with resonant oscillations of indi-
vidual spikes) and buckling/collapse of the entire capsid—can occur.
Both processes generate significant tensile stresses, potentially leading
to degradation and ruptures, thereby releasing RNA from the virus
envelope. High frequencies (>30MHz) can be achieved by using ultra-
sonic transducers to destroy the virus structure.94 The frequency of
ultrasonic waves can be adjusted to match the natural frequency of the
virus so that capsid of a virus can be destroyed by mechanical irradia-
tion for virus inactivation.95 Ultrasonic waves directly stimulate the
mechanical resonance of the virion, causing extensive deformation and
rupture of its spikes or envelope, resulting in rapid virus deactivation.
This mechanical resonance depends on the condition that the ultra-
sound wave frequency closely aligns with one of the natural frequen-
cies of the viral spike or envelope.48

III. MICROWAVE AND RADIOWAVE
A. Non-thermal effects of microwave irradiation
on virion in different media

Radiofrequency (RF) waves [3 kilohertz (kHz) to 300 megahertz
(MHz)] and microwave (MW) [300MHz to 300 gigahertz (GHz)]
have been proven to inactivate microorganisms in solid, liquid, water
phases, and a few studies on airborne microbes.96 The question of
whether RF irradiation can affect biological systems by non-thermal
mechanisms has been an argumentative topic. Previous studies believe
that microwave (MW) irradiation primarily exerted its disinfection
effects through thermal mechanisms, causing denaturation and mem-
brane damage within pathogens, thereby compromising their viabil-
ity.97 Nonetheless, recent studies have emerged suggesting the
occurrence of non-thermal effects during MW-based disinfection of
microorganisms.98

The disparity in outcomes between thermal and non-thermal
microwave (MW) disinfection methods may stem from the differential
interactions of MW photons with the medium.98 As demonstrated by
Wang et al.,99 MW radiation exhibited a more pronounced inactiva-
tion effect on airborne bacteria compared to waterborne bacteria due
to significant microwave energy absorption by water. This differentia-
tion between thermal effects on waterborne bacteria and non-thermal
effects on airborne bacteria informs our understanding of how micro-
waves interact with pathogens,100 including viruses in different media.

In the last few decades, several researchers have outlined air or
water-mediated non-thermal effects of MWs on free ions, biomole-
cules, and biochemical reactions within biological systems.98,101–103 In
the context of non-thermal MW irradiation for virus inactivation, par-
ticularly within the coronavirus family, successful results have been

observed in aerosol39 and liquid media;38 however, the inactivation of
coronaviruses on dry surface may not be clinically significant,40 indi-
cating the importance of considering specific conditions and media for
effective virus inactivation.

Researchers at the United States Air Force Research Laboratory
developed an apparatus for controlled microwave exposure of aerosol-
ized virus and explored the role of air media in virus inactivation. They
developed experimental instruments to deliver electromagnetic waves
to an aerosol mixture of biological medium and aerosolized SARS-
CoV-2, adjusting the strength, energy, and frequency of irradia-
tion103,104 [Fig. 5(a)]. To simulate airborne pathogens, the researchers
exposed a harmless human coronavirus surrogate, bovine coronavirus,
to various microwave waveforms ranging from 2.8 to 7.5GHz. The
resulting system was designed to examine both resonant (frequency-
dependent) excitation of mechanical modes in the virus, leading to
fatigue failure, and thermal heating, which exhibits slight frequency
dependence but is distinct from resonance associated with mechanical
modes.103,104 At a core frequency of 4.2GHz, the system uses a gyro-
magnetic nonlinear C-band transmission line source with a peak
power of up to 80 kW, achieving RF electric field strengths of up to
280 kV/m (17%) within the aerosol flow zone of the RF exposure
device.104 Using this apparatus, the authors demonstrated that apply-
ing a 5.6GHz, 4.8 kHz repetition rate RF waveform to aerosolized
BCoV resulted in an inactivation rate of approximately 74% in aerosol
stream.105

As a model of water-mediated surrounding environment, Yang
et al.37 investigated the non-thermal effects of microwaves on H3N2
virus suspended in the culture media. The efficiency of such energy
transfer was explored through the virus inactivation ratio measure-
ments. At the resonant frequency, H3N2 virus inactivation was
observed by illuminating 8GHz microwaves at 82W/m2, generating
an average 86.9V/m electric field intensity inside the solution
[Fig. 5(b)]. However, to ensure controlled non-thermal conditions dur-
ing non-thermal MW irradiation, it is crucial to minimize local ther-
mal effects caused by liquid media. This helps establish that
inactivation primarily results from electromechanical forces disrupting
the viral membrane. For heat-controlled investigations, the virion can
be in aerosolized form with minimal liquid in the droplet, or the virus
suspension droplet can be dried on a surface, as demonstrated by
Cantu et al.27 and Echchgadda et al.40 using a plastic coverslip contain-
ing BCoV virus for surface drying [Fig. 5(c)].

Beside the media, the intensity and frequency of MW play the
key roles in non-thermal disinfection. Several studies have compared
the pathogen inactivation potency using different MW modulated
radiations high or low frequency or in continuous flux of waves
(CW).101,102 Typically, the studies on MW-based inactivation of
pathogens have been performed in the S-band at or around
2.45GHz using CW, however, theoretically the long-time exposure
(quasi-CW) might also lead to inactivation103 [Fig. 5(a)]. Betti
et al.101 studied the effects of non-thermal MW irradiation on
tobacco plants infected with tobacco mosaic virus (TMV). They used
a device producing weak intensity microwave beams (10�12 W
cm�2) in CW or modulated frequency (10, 100, and 1000Hz) cou-
pled with red/near-infrared radiation. Low-frequency modulation
showed higher bioactivity, especially in indirect water-mediated
treatments, but the study did not demonstrate the effect of MW irra-
diation on viral activity.102
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Thermal effects play a significant role in the inactivation of
viruses in air, water, and dry media when exposed to microwave irradi-
ation. Thermal mechanisms predominantly inactivate waterborne
pathogens, whereas non-thermal mechanisms are more crucial for air-
borne pathogen sterilization. Minimal temperature changes during
MW irradiation for airborne pathogens, such as bacteria,99 underscore

the importance of non-thermal processes. Similar to airborne bacteria,
the aerosolized viruses exposed to 5.6GHz experience substantial inac-
tivation, with non-thermal effects leading the process103,105 [see the
thermal effect in Fig. 5(a)]. In contrast, virus inactivation in a water-
based solution at 8GHz with high-power exposure (30W applied)
should be considered due to elevated local heat from surrounding

FIG. 5. The media surrounding virion, as well as the intensity and frequency of MW play the key roles in non-thermal MW disinfection. The instruments generating virion sur-
rounded by appropriate media are demonstrated here. In the lack of appropriate heat control, the thermal effect dominates inactivation in water/dry media, with negligible impact
on airborne viruses. (a) Conceptual schematic illustrating critical components of the viral aerosol microwave inactivation experiment. Reproduced with permission from Hoff
et al., Rev. Sci. Instrum. 92, 014707 (2021). Copyright 2021 AIP Publishing.104 Three distinct exposure regimes: long-time (quasi-CW) and high-peak power, short-pulse, were
explored at 5.6 GHz with pulse repetition rate at 4.8 kHz. Reproduced with permission from Enderich et al., Rev. Sci. Instrum. 92, 064712 (2021). Copyright 2021 AIP
Publishing.103 Thermal effects account for total inactivation of airborne pathogen under MW irradiation, solid line (MW þ thermal) vs dashed line (thermal only). Reproduced
with permission from Wang et al., J. Aerosol Sci. 137, 105437 (2019). Copyright 2019 Elsevier.99 (b) Effect of 8 GHz microwave resonance on H3N2 virus inactivation in a
water-based solution, demonstrating a robust resonance effect at 8.4 GHz with an average 86.9 V/m electric field that leads in 100% inactivation induced by structure-resonant
energy transfer (SRET). Reproduced with permission from Yang et al., Sci. Rep. 5, 18030 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution (CC
BY) license.37 However, the accuracy of inactivation measurement may be influenced by high-power (30W applied) exposure due to elevated local heat from surrounding
media.27 (c) Virus inactivation on the dry surface at 8.4 GHz exhibits the lowest power density of 0.6 MW/m2, compared to 6.1 MW/m2 at 5.6 GHz. Reproduced with permission
from Echchgadda et al., Bioelectromagnetics 44, 5–16 (2023). Copyright 2023 Wiley-VCH.40 Increasing pulse number beyond 10 000 pulses does not further enhance viral
inactivity at 5.6 GHz. Control tests at 33 �C for 15 min show negligible thermal-mediated inactivation. Reproduced with permission from Cantu et al., Sci. Rep. 13, 9800 (2023).
Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY) license.27
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media27 [Fig. 5(b)]. In the dry media, virus inactivation on a dry sur-
face at 8.4GHz exhibits a lower power density of 0.6MW/m2 com-
pared to 6.1MW/m2 at 5.6GHz.40 Heat control tests at 33 �C for
15min show negligible thermal-mediated inactivation27 [Fig. 5(c)].
Observations suggest possible thermal and spike protein orientation-
related mechanisms, and further tests should model the nanoscale
thermal environment during RF exposure and analyze spike protein
orientation within viral particles using FRET or Raman methods for
confirmation.

In the absence of heat regulation, microwave irradiation can
interact with protein charges, potentially breaking bonds and denatur-
ing the protein structure more effectively than heat alone. It can dis-
rupt the hydrogen bond network of water molecules,106 affecting
intermolecular modes and promoting protein-water H-bond break-
down and deformation.107 Studies on SARS-CoV-2 spike protein has
also been shown that microwave irradiation can cause considerable
denaturation from 2 to 10min at body temperature (37 �C). Exposing
spike protein to a 700W, 2.45GHz electromagnetic field for 2min
resulted in approximately 95% protein denaturation, a level compara-
ble to thermal denaturation at 75 �C for 40min.26

The uncontrolled heat due to the RF irradiation can not only
affect negatively on the viral protein, such as capsid, spike, or envelope
protein, but also the viral genome. The investigation of electromagnetic
fields (EMFs) on SARS-CoV-2 revealed that the viral genome, particu-
larly the RNA, exhibits a substantial dipole moment, making it highly
reactive to High Frequency EMFs.108 Unlike cells, the viral RNA is not
bound in histones, allowing it to move freely and be affected by EMFs
with resonant frequencies detectable by spectroscopic detection of
phosphate bands. Vibrational bands associated with the viral capsid
and phosphate oscillatory bands on the genome were studied using
infrared spectroscopy, highlighting their vulnerability to EMFs.109

Amplification at a resonant frequency could lead to detrimental effects
on each viral structure, ultimately leading to viral destruction. Proper
control of thermal effects during EMF irradiation is crucial to harness
this potential for therapeutic and sanitation applications in combating
viral infections. This highlights the importance of precise thermal
effect control in ensuring the effectiveness of non-thermal microwave
irradiation, as uncontrolled heat may lead to undesirable
consequences.

B. Identification of frequencies matching
with the dipolar confined-acoustic vibrations (CAVs)
mode of virus

As explained above, once a resonant frequency is determined for
one of the structures of a virus, the electromagnetic field (EMF) irradi-
ation at that frequency can be used to inactivate the virion. With an
observed inactivation threshold at a microwave power density that is
within the safety standard of IEEE, the uncovered structure resonance
energy transfer (SRET)37 mechanism can pave the way for the devel-
opment of a novel strategy to prevent airborne virus epidemics in the
public. According to the International Commission on Non-Ionizing
Radiation Protection (ICNIRP), the non-thermal public safety limit for
100kHz–300GHz is 200W/m2 absorbed power density. Cells can
withstand power densities of nonionizing radiation of 50–150W/m2

during therapeutic interventions without cellular stress or thermal
effects.20

By measuring the viral inactivation threshold, it was proposed to
investigate the efficiency of SRET from MWs on viruses. In a study
investigating the inactivation ratio of influenza A (H3N2) virus using
MWs, the model examined dipolar-mode resonance and off resonance
microwave frequencies across varying microwave powers.37 Results
revealed a robust resonance effect on virus inactivation ratio at the
dipolar oscillation frequency of 8.4GHz,37 suggesting the observed
virus inactivation post-microwave irradiation is attributed to the pro-
posed SRET effect [Fig. 5(b)]. Moreover, they detected inactivation of
the H3N2 virus at the resonant frequency by irradiating the viral solu-
tion with 82W/m2 (lower than the IEEE public space safety standard)
of 8GHz microwaves, which corresponds to an average electric field
strength of 87V/m within the solution. This validates the accuracy of
the proposed model in estimating the field threshold (86.9V/m) for
structural fracturing of the virus. Furthermore, investigation into virus
inactivation at non-resonant frequencies (6–12GHz) with a low reso-
nator quality factor (less than 2 for H3N2) was conducted, as predicted
by the model.

Similar to Influenza virus, the SARS-CoV-2 coronavirus can reso-
nate in the dipolar confined acoustic vibrations (CAVs) mode when
exposed to microwaves of the same frequency, resulting in inactivation
at a reasonable microwave power density deemed safe for public expo-
sure.22,32 Barbora and Minnes.22 proposed a technique to selectively
inactivate virus particles by inducing forced oscillations through SRET,
thereby diminishing infectivity and disease advancement. Their
research revealed that the optimal resonant frequencies for various
forms of SARS-CoV-2 ranged from 10 to 17GHz22 with simultaneous
irradiations at 14.56 1W/m2. This dose is below the 200W/m2 safety
standard defined by the ICNIRP, for 100% inactivation of SARS-CoV-
2 virus particles in the throat-lung lining.

C. Factors affecting microwave resonant absorption
(MRA) of virus

Microwaves of the same frequency through microwave resonant
absorption (MRA) effect can resonantly excite the dipolar mode of the
confined acoustic vibrations (CAVs) inside virions.28,37,110 MRA can
be affected by virus attributes including hydration level, surface charge,
and size. For example, the hydration levels on the virus capsid can
affect the bandwidth of CAV-induced MRA.110 Moreover, medium
surrounding the virion, such as water or air, may affect the MRA. By
increasing the absorbed charges on the surface of virions, the magni-
tude of MRA will be enhanced and then suppressed when virions
reach isoelectric points.28 Size of virus is another critical factor affect-
ing the MRA magnitude. Bigger virus has smaller MRA magnitude. In
one study, Liu et al.28 showed the spherical influenza A virions with
�11mV zeta potential and 93nm hydrodynamic diameter have a res-
onant absorption frequency peak around 12GHz. In contrast, the
spherical enterovirus-71 virions which have smaller size with more
charge surface (�25mV, and 40nm hydrodynamic diameter) diame-
ter have a resonant absorption frequency peak around 44GHz, which
reflecting the expected size and charge dependency.28 These observa-
tions also confirm the dipolar CAVs of virions can, indeed, cause
MRA.

Size distribution of virion and its surrounding medium are the
other two factors affecting the quality factor of the microwave resonant
absorption (QMRA).32,110,111 Wang et al.32 designed a sensing device
using coplanar waveguide (CPW) to study virions’ resonant
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frequencies. For SARS-CoV and SARS-CoV-2, they observed two sig-
nificant MRA peaks at 4 and 7.5GHz, respectively, with a relatively
large bandwidth. The resonant frequencies inversely correlate with
virion diameter, leading to a broader range of frequencies [Fig. 2(g)].

Another factor influencing QMRA is the surrounding medium.
Viscous water can dampen mechanical vibrations, decreasing the qual-
ity factor of the first dipole. Similar QMRA values in the same medium
were observed for HCoV-229E and SARS-CoV-2, structurally similar
viruses.32

However, changing the medium’s pH from neutral to acidic
reduced the absorption efficiency for both MRA peaks. The second
MRA peak showed a shift from 7.6 to 7.8GHz in acidic media, attrib-
uted to increased zeta potential from surface charges. This observation
is significant for virus sampling from saliva112 and respiratory
mucosa,113 which have an average pH value of 6.7, impacting the reso-
nant frequency of virions induced by SRET.

Contrasting observations on various viruses highlight complex
interactions with RF fields, suggesting a broad resonant frequency or
alternative inactivation mechanisms. Cantu et al.27 and Echchgadda
et al.40 noted that while they could not definitively prove the occur-
rence of SRET in BCoV upon exposure to RF fields, they did observe a
60%–70% inactivation of BCoV following a similar exposure para-
digm. They speculated that the differences observed between their
study and Wang et al.’s previous work32 might be attributed to varia-
tions in the virion species itself, such as the larger size and mass of their
virus, leading to a shift in resonant frequencies. In contrast, Wang
et al.32 reported noticeable microwave absorption and identified reso-
nant frequencies of the first and second dipolar modes of SARS-CoV-2
as 4 and 7.5GHz, respectively [Fig. 2(g)].

The SRET effect from microwaves to viral CAVs in a water-based
solution was studied, and its efficiency was measured by the viral inac-
tivation rate.19,32,37 The research proposed a damped mass-spring
model and experimentally determined the microwave absorption cross
section of a single virus to predict the required electric field magnitude
for virus destruction at different illumination frequencies.37 The inacti-
vation ratio peaked at the resonance frequency of dipolar resonance
after microwave irradiation, with physical destruction of viruses
observed without altering the viral RNA genome. This novel energy
transfer mechanism between RF waves and viruses demonstrates the
feasibility of the SRET effect in virus inactivation. Furthermore, reso-
nance effects elicited different biological responses in different samples
due to changes in biochemical composition and membrane-induced
charge separation.21,114 Microwave radiation at GHz frequencies can
disrupt the directional arrangement of water molecules and hydrogen
bonding networks around biomolecules, impacting their properties,
and consequent viral protein deformation.114 This effect is enhanced
by endoscopic medical instruments with high frequency (SHF)
(3–30GHz),22 enabling nonthermal SRET-mediated inactivation of
SARS-CoV-2 in deep tissues, offering a potential strategy for future
viral pandemics.

D. Deciphering the virus’s innate “musical signature”
throughmodeling and numerical experiments

Due to the differences between biological systems, such as cells
and viruses, the natural resonant frequencies of human cells are
expected to differ from those of viruses. Therefore, using a non-
ionizing wave that is specific to match the resonance frequency of

SARS-CoV-2 can protect humans from the harmful effects of electro-
magnetic waves. Based on such a hypothesis, the electromagnetic radi-
ation at a SARS-CoV-2 resonance frequency can penetrate deep into
the human body and alters virus.109 As discussed above, the SRET
effect from MWs to viral CAVs can be efficient enough to swing
mechanically the spike in a specific vibrational signature of virus
resulting in virus inactivation. This vibrational signature of virus inher-
ent in such an ensemble of spike proteins.115 The mechanical proper-
ties of spike, such as mode shapes and natural frequencies, have been
predicted using the molecular dynamic (MD) simulation. The frequen-
cies are shown to be within the safe range of 1–20MHz routinely used
for medical imaging and diagnosis by means of ultrasound.116 The fre-
quencies are in consistent with the previous report74,117 predicting the
existence of three distinct resonant frequencies of 111MHz for the
individual spike.

In parallel, numerical experiments have unveiled the natural fre-
quencies associated with the swinging motion of the SARS-CoV-2
spike, falling within the ranges of (0.07 and 0.12GHz) or (0.26 and
0.44GHz), accounting for potential temperature elevations.76 These
natural frequencies are virus’s innate “musical signature,” which par-
ticularly make the spike swings and physically fracturing the virus
structure. Remarkably, even with emerging mutants, the spike vibra-
tion pattern remains consistent, resulting in corresponding musical
signatures falling within specific ranges of spike oscillation.76

IV. CONCLUSION AND FUTURE PROSPECTIVE

Novel physical strategies like ultrasound and non-thermal micro-
waves hold promise for virus inactivation, targeting specific virion
structures’ resonant frequencies without harming human cells or the
environment, a feat unattainable with conventional methods.
Ultrasound-induced cavitation exploits mechanical and chemical reac-
tions, while microwave-assisted inactivation disrupts virion structures
through beneficial non-thermal effects and structural resonance energy
transfer (SRET) phenomena. Surrounding medium (air, liquid, or dry)
and structural features of irradiated virus, such as size, shape, and sur-
face adherence, can influence the efficiency of virus inactivation.
Leveraging vibrational resonance frequencies offers innovative path-
ways for virus control and public health.

In the future, advancements in technologies for viral inactivation
through matching vibrational resonance will require further investiga-
tion, particularly focusing on the precise identification of natural fre-
quencies for various viral strains and elucidating the underlying
mechanisms. Novel theoretical research like quantum tunneling,118

machine learning,89,90 and computational modelling92,116,119 might
shed light on the vibrational mode of virion and its structural–acoustic
interactions, aiding future experimental studies. This understanding
will enhance the development of targeted resonance-based therapies,
promising effective viral neutralization while minimizing harm to
human body. Emerging nanophotonics techniques, such as quantum
measurement120 and cavity-enhanced single-particle spectroscop-
ies,55,121 facilitate characterizing the resonant frequencies of different
types of viruses. In addition, compiling these data into a comprehen-
sive database122,123 of vibrational fingerprints can be a new direction of
research for applied physics community to contribute to modern
microbiology and virology.

Current research in this field primarily focuses on virions, the
cell-free form of viruses, due to their complex mechanisms. However,
the future studies should explore the complex interactions between
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viruses and cells, as well as the replication and transcription of patho-
genic viruses, during and after exposure to sound or electromagnetic
waves. This deeper knowledge is crucial for extending this technology
beyond virion inactivation to inhibiting virus propagation within
infected cells.

In the field of viral inactivation using ultrasound, current research
predominantly emphasizes acoustic cavitation, especially in liquid
media. A significant challenge remains in developing effective cavita-
tion generation methods adjusted with the media and deciphering cav-
itation’s possible effects, including mechanical, thermal, and chemical
effects, as this knowledge will help the targeted anti-viral therapy with-
out harming surrounding cells. Understanding how irradiation affects
viral structures in their surrounding environment and the potential for
viral recovery after non-thermal processes is crucial for assessing virus
inactivation efficacy and guiding future diagnostic and treatment
approaches.124 Whether for ultrasound or radio frequency radiation,
precisely tuning exposure settings, including power density and magni-
tude, as well as media conditions and local heat, become essential to
prevent adverse thermal effects and achieve optimal outcomes of con-
trolled inactivation.

In the context of radio frequency waves, future research should
focus on understanding mechanisms, like energy utilization, nonther-
mal effects, and SRET interactions between waves and viruses. To
reach this aim, experimental studies must explore strategies to reduce
excessive energy absorption by polar molecules and investigate the
effects of varying electromagnetic wave frequencies on different
viruses. Moreover, the future research should be directed toward accu-
rately characterizing the natural frequencies of viruses, enabling the
selection of the most effective destructive vibration mode. Identifying
the matched frequency between the microwave and the virus
confined-acoustic dipolar mode frequencies is vital for successful virus
inactivation.
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