#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Study and application status of the nonthermal
effects of microwaves in chemistry and materials
science — a brief review

{ ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 17158

Nannan Wang, {2 *@ Wenhui Zou,? Xinyue Li,? Yaqi Liang® and Peng Wang*®

Microwaves (MWs) are widely known and used in human life and production activities based on their
thermal effects. In contrast, their nonthermal effects are still under debate. Fortunately, the nonthermal
effects of MWs have been investigated by an increasing number of researchers and have shown great
potential in industrial production. In this review, typical studies that demonstrate the nonthermal effects
of MWs in chemistry and materials science are introduced and discussed, and the applications of and the
harms that are caused by these effects are summarized to facilitate the safe use of these MW effects.
The mechanisms of the nonthermal effects of MWs that have been proposed by researchers with various
backgrounds are presented. Because some researchers did not detect nonthermal effects of MWs, four
typical relevant studies are identified and introduced. Various types of MW reactors (single-mode and
multimode reactors and reactors without a MW cavity) are summarized and compared. Finally, possible
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Introduction

Microwaves (MWs) are a part of the electromagnetic spectrum,
and their frequency range is from 0.3 GHz to 300 GHz, which
corresponds to a wavelength range of 1 m-1 mm." In commer-
cial applications, the allowed MW frequencies are 2.45 and
0.915 GHz, which correspond to wavelengths of 122 and 328
mm, respectively. These frequencies must be used to avoid
interference with military applications.> MWs were used
initially in 1937, and a MW oven that operated at 2.45 GHz was
produced in 1947.° Due to their unique heating features
including fast heating speed, excellent heating uniformity, easy
control of heating and selective absorption, MWs are tradi-
tionally applied to heat substances, and the heating capacity of
MW heating has been proven to be much higher than that of
conventional heating (CH).

In the early study of MWs researchers focused on the thermal
effect of MWs. MWs heating belongs to internal heating, and its
thermal effect is reflected through the interaction mechanism
with polar molecules including dipole rotation and ion
conduction, resulting in a series of phenomena including
overheating effect, hot spot effect, selective heating and elimi-
nation effect.* With the increasing understanding of MWs,
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directions for future research on the nonthermal effects of MWs are proposed.

researchers with various professional backgrounds identified
phenomena that could not be explained by the thermal effects
of MW irradiation.” These phenomena were called nonthermal
effects by these researchers.® Specifically, MWs non-thermal
effect refers to other effects except thermal effect, such as
electric effect, magnetic effect and chemical effect. The
nonthermal effect is considered to be the direct coupling of
MWs to the internal energy of the molecules rather than
conversion to heat energy which can be interpreted as the
coupling of the electric field with specific (polar) molecules in
the reaction medium.* Since then, the possibility of nonthermal
effects has been tested in various chemical and materials
science, such as the Maillard reaction, mutagenesis of bacteria,
protein denaturation and polymer solubility.”

Researchers who identified nonthermal effects of MWs
always based their conclusions on experimental results that
were derived from experimental phenomena within their own
fields of study. According to previous studies,**® such effects
can change the physicochemical properties of systems while the
temperature and all other parameters are controlled precisely.

The studies were conducted by researchers from diverse
fields (such as activity studies of various enzymes and cells,***?
a solution polycondensation study,” a treatment study of
microbial agents,** a study of photoassisted reactions,' a phase
change study,'® and studies of the physicochemical properties
of media),"”* and these researchers may have lacked profes-
sional knowledge of other fields; consequently, they could not
effectively communicate regarding the nonthermal effects,
thereby hindering the discussion and identification of
a universal mechanism that can explain all or most of the
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experimental phenomena. Notably, not all researchers detected
nonthermal effects of MWs. Thus, the controversy regarding
whether MWs have nonthermal effects has continued until now.

Researchers believe that the existence of non-thermal effects
can be judged by whether MWs electromagnetic fields can
induce random collisions of reactant molecules and thus
induce self-organization. Opponents argue that MWs are often
associated with higher temperature and are too weak to cause
molecular self-organizing behaviour, while proponents argue
that open systems far from equilibrium can self-organize due to
the exchange of matter and energy. In order to solve the dispute,
two aspects must be improved: (1) standard experimental
conditions and equipment; (2) strict experimental means and
methods, especially fine measurement of temperature spatial
distribution under MW irradiation.*

In this review, we summarize the studies that detect
nonthermal effects of MWs, propose an operating mechanism
for these effects, and introduce the applications of and the
harms that are caused by these effects based on published
reports from various fields. After that, arguments against the
existence of nonthermal effects of MWs are reviewed. In addi-
tion, the types of MW reactors that are used in various fields are
summarized, classified and compared. Finally, directions for
future investigation of the nonthermal effects of MWs are
proposed.

Evidence of nonthermal effects of MWs

The researchers who advocate for the existence of nonthermal
effects of MWs always make their claims by comparing experi-
mental phenomena that are caused by MW heating and CH.
According to previous studies, the nonthermal effects of MW
can be reflected in various aspects, such as (1) variations in
solution conductivity, (2) variations in substance microstruc-
ture, (3) variations in the composition and nutritional quality of
food, and (4) the generation of H,0, in water and physiological
solutions. Typical studies are summarized in Table 1, and some
typical figures are given as well.

Changes in the resistance of electrolyte
solutions

According to the results in no. 1 and 2, the resistances of DMSO-
NaCl and NacCl solutions can increase with increasing temper-
ature during MW irradiation, but the opposite was observed
during CH (Fig. 1). The researchers in these two studies ob-
tained the same experimental result with different electrolyte
solutions. The researchers in no. 3 conducted a similar experi-
ment to those in no. 1, but they analysed the nonthermal effects
of MWs from different angles. According to a previous study,*
more significant variations in EC should be observed at higher
temperatures under MW irradiation. However, the experimental
results were the inverse of this, namely, the lower the temper-
ature was, the larger the EC changes were. This was obviously
caused not by the thermal effects of MWs but by the nonthermal
effects.
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Changes in the microstructures of
substances

Studies on the variation of substance microstructures focus on
various aspects. We retrieved the relevant work and examined
the nonthermal effects of MWs from three aspects.

Promoting the polycondensation of substances

As presented in no. 4 in Table 1, under multimode MW irradi-
ation, Yamada et al."* obtained poly(r-lactic acid) with a higher
molecular weight than that obtained under the CH mode in the
solution polycondensation of i-lactic acid (Fig. 2(a)). In addi-
tion, they found that under single-mode MW irradiation, an
electric field can accelerate the polycondensation reaction,
while a magnetic field can inhibit polycondensation or accel-
erate degradation, or both. As the two experiments were con-
ducted at the same temperature, the effect of temperature was
excluded. Thus, the different experimental results support the
existence of nonthermal effects of MWs.

Inducing the unfolding of proteins

As presented in no. 5 in Table 1, George et al.>® observed that CS
underwent a significantly higher degree of unfolding under MW
exposure than under CH when the experimental temperature
was maintained at the same maximum value (Fig. 2(b)). In
addition, the unfolding of CS occurred at significantly lower
temperatures when MW irradiation was used. As the thermal
effect was excluded, the study supported the hypothesis that
MWs have nonthermal effects on protein conformation.

The results of the above experiments were supported by
Ahirwar et al.** (no. 6). They claimed that biopolymers that have
many polar functional groups try to align themselves with the
orientation of the MW field that is used and that this behaviour
gives rise to the unfolding of the protein. In addition, they
found that MW can significantly shorten the enzyme-linked
immunosorbent assay duration from 18 h (CH) to 4 min 40 s
(MW heating). As MW thermal effects were excluded in this
experiment, the authors attributed this phenomenon to the
nonthermal effects of MWs. An interesting and reasonable
postulation of Ahirwar et al. is that MWs can be considered
a new type of catalyst, namely, the nonthermal effects of MWs
could be MW catalytic effects.*

Promoting the crystallization and decrystallization of
substances

As presented in no. 7 in Table 1, Li et al.*® proved the existence
of nonthermal effects of MW irradiation based on the advan-
tages of MW irradiation in comparison with CH in the pro-
cessing of ceramics. They applied gold and iron tailings to
produce glass-ceramics under MW irradiation. They found that
MW irradiation can substantially enhance the microstructural
uniformity and significantly reduce the crystallization activa-
tion energy compared to CH (Fig. 2(c) and d).

In addition, MW irradiation can affect the crystal orienta-
tion, induce changes in the Si-O bond lengths and Si-O-Si
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Fig.2 The comparison of solution polycondensation of L-LA between
catalyzed by different catalysts and heated at conventional tempera-
ture (a);** the difference in binding of CS toa-crystallin minus binding
to a control surface versus final temperature (b);?* the relation between
crystallization activation energy and temperature during CH (c) and
MW heating (d).?®

angles, and further enhance the formation of the diopside
crystal structure. The samples that were prepared using MW
irradiation exhibited superior physicochemical performance.

As presented in no. 8 in Table 1, Link et al.*® proved the
existence of nonthermal effects of MW irradiation from the
second angle, namely, the effects of MW irradiation on the pore
structure evolution of ceramics. They found that a linearly
polarized MW field can give rise to nonisotropic pore closure in
the MW sintering process of zirconia ceramics, namely, with
increasing sintering temperature, the mean aspect ratio of all
pores is greater than 1. This phenomenon agrees with ponder-
omotive driving force theory, which can be used to support the
nonthermal effects of MWs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MWs can also show nonthermal effects in the decrystalliza-
tion of substances. As presented in no. 9 in Table 1, Nozar-
iasbmarz et al.*” found that the part of a single crystal silicon
wafer that was exposed to MW irradiation showed strong
decrystallization while the part that was covered by a metal
coating remained in its original state. Additionally, the decrys-
tallization process occurred in the bulk of the single crystal
silicon wafer, not on the surface. As the two parts of the single
crystal silicon wafer were subjected to the same experimental
conditions, the above observations support the existence of
nonthermal effects of MWs.

Changes in the composition and
nutritional quality of food

As presented in no. 10, Calabro et al®® observed nonthermal
effects of MWs in the cooking of food by MW heating. They
found from spectral analyses that ground beef meat that was
heated by CH showed increases in the intensities of the
carbonyl band (1742 cm ') and the methylene group bands
(2921 and 2853 cm™ ). This was attributed to the Maillard
reaction. However, the increases in the intensities of these
bands by MW heating were smaller, thereby demonstrating that
the temperature in the ground beef meat samples that were
subjected to MW heating was less than that in those that were
subjected to CH (Fig. 3). In addition, MW heating can give rise
to significant increases in the intensities of the amide I, II, and
III regions from 1660 to 1675 cm ' and in the intensities at
approximately 1695, 1635, 1575, and 988 cm™'. This result
highlights the nonthermal effects of MWs on the secondary
structures of proteins.

Generation of H,O, in water and
a physiological solution

As presented in no. 11 in Table 1, Ayrapetyan et al.*® found that
low-intensity MW irradiation could increase the concentration
of H,0, in distilled water and a snail physiological solution by
promoting the vibration of dipoles of water molecules (Fig. 4).

Absorbance Units
0.

S

.1 t

2500 2000

Wavenumber cm?!

1500

Fig. 3 Representative FTIR spectra in the range 3000-970 cm™ of

ground beef meat. Blue, green, and red lines refer to raw ground beef,
ground beef cooked in a conventional oven, and ground beef cooked
in a MW oven, respectively.?®
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Fig. 4 The concentration of H,O, in distilled water (a) and physio-
logical solution (b) at different temperature.*®

Specifically, the concentrations of H,0, in distilled water and
the snail physiological solution were increased by 10 min MW
irradiation from 2.78 to 2.88 nmol L™ " (distilled water) and from
3.03 to 3.24 nmol L™ (the snail physiological solution). As the
intensity of MWs was very low (5.83 mW cm™?), the thermal
effects of MWs could be ignored, thereby supporting the exis-
tence of nonthermal effects of MWs.

Mechanisms of the nonthermal effects
of MWs

Researchers have proposed mechanisms for the nonthermal
effects of MWs. They can be roughly divided into six categories.

Theory of causing vibration of molecules and varying
dielectric constant of substance

The theory of causing vibration of molecules explains the
significant effect of MWs on the chemical reaction. The non-
thermal effects of MWs have a certain polarization effect on
molecules and atoms, resulting in the situation that the
molecular dipole moment is not equal to zero. The molecular
vibration may cause the resonance of the chemical bond, even
break it,** and subsequently the chemical properties of
substance could be changed. In the study of the non-thermal
effects of MWs on biological function of organism, Zuo et al.**
found that the energy provided by MWs can cause thermal
motion collision of water molecules, thus generating more
hydrogen bonds between water molecules. As a result, the
solubility, permeability, diffusion and emulsification of the
water were enhanced, which can “activating” the metabolism
and lipid metabolism immune function. Davey et al.** found
that protein and DNA can form hydrogen bridges through
hydrogen bonds to maintain the spatial configuration of protein
DNA.

The nonthermal effects of MWs can also vary dielectric
constant of substance. Zhou et al.** simulated the molecular
dynamics of DMSO-ethanol mixture under MW irradiation, and
found that MWs could affect the dielectric properties of the
solvent, enhance the intermolecular forces, change the
arrangement dynamics of hydrogen bonds, and prolong the life
of hydrogen bonds. In the phenomenon of MW resonance
dielectric effect associated with ferromagnetic resonance, Chen
et al* found that with the gradual increase of Yb®" doping
amount, the non-thermal effects of MWs can cause Yb-YIG
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lattice shrinkage, reduce the electric dipole of Fe*'~Fe**, and
eventually lead to the weakening of MWs magnetic dielectric
effect.

Theory of nonthermal phonon distributions of MWs

The MW field could excite nonthermal phonon distributions to
enhance ion mobility and diffusion rates, which appears to be
possible through the following mechanisms: (1) the production
of localized resonant coupling by weak bond surface modes or
point defect modes, (2) zero-frequency mode coupling that
requires localized concentrations of charge imbalance, and (3)
three-wave mixing that involves either two closely spaced MW
frequencies and one low-frequency elastic wave, or two high-
frequency elastic waves and one MW frequency electromag-
netic wave. John H. Booske et al.** used the highly simplified
linear oscillator lattice model to prove the theory of nonthermal
phonon distributions. Model simulation results suggested that
MW nonthermal effects occur mostly in polycrystalline forms
and at elevated bulk temperatures. Moreover, the mechanism of
nonthermal effects in polycrystalline forms is usually described
by mechanisms (2) and (3), which is consistent with reported
ceramic sintering experimental observations.*® The probabili-
ties for mechanisms (2) and (3) are enhanced at higher
temperatures. This theory is often used to explain various MW
accelerated solid sintering phenomena and other MW pro-
cessing phenomena.

Classical harmonic oscillator theory

Classical harmonic oscillator theory is reflected in the use of
coherent, polarized and resonant (CPR) MW irradiation. During
irradiation, the “resonance-enhanced” energy input to the
irradiated material may become enormous, thereby remarkably
increasing the free energy and, thus, promoting isothermal
reactivity. In the processing of various materials, CPR MW
irradiation produces nonthermal effects, such as reaction
feasibility promotion and process kinetics enhancement, which
is based on this theory. Various nonthermal effects have been
applied in the materials industry in developing innovative
processes and novel products.’”** B. Wong* described the
mechanism as a well-controlled, sequential, uniform energy
transfer between an MW-irradiated dielectric system and its
surroundings at a specified temperature in material processing.

Theory of averaged ponderomotive action of MWs

The theory of averaged ponderomotive action of MWs suggests
nonthermal effects of high-frequency electromagnetic fields
(including MW fields) on charge and mass transport in solids.
This theory is always used to explain the nonthermal effects of
MWs in material processing, such as high-temperature ceramic
processing, where MWs can enhance the process kinetics by
reducing either the temperature or the time that is necessary to
complete the process.***** Rybakov et al.** confirmed this theory
by investigating the dynamics of MW-induced quasistationary
ionic currents in AgCl and NaCl. Agreement between experi-
ment and theory provides strong evidence for the validity of the
averaged ponderomotive action of MWs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Theory of the interaction between electric fields and specific
(polar) molecules

The theory of the interaction between electric fields and specific
(polar) molecules was reflected in food processing. This result
suggested that MWs exert nonthermal effects through this
interaction that cause changes in the composition of
a substance for the effective treatment of food.***> M. Antonia
Herrero et al.*® proposed the theory to describe MW nonthermal
effects after reevaluating four synthetic transformations (Diels-
Alder cycloaddition, alkylation of triphenylphosphine and 1,2,4-
triazole, and direct amide bond formation) under both MW
dielectric heating and CH.

The application of MWs in cell inactivation also reflected the
theory of the interaction of electric fields with specific mole-
cules. Priyanka Shaw et al.*” found in a study of the inactivation
of bacterial cells by MW irradiation that MWs can interact with
molecules on the surfaces of bacterial cells, thereby causing
changes in cell morphology and further leading to failure of the
intracellular oxidative defence machinery and DNA damage-
mediated inactivation of bacterial cells.

Theory of decreasing activation energy

The activation energy is an important kinetic parameter for
evaluating a reaction process, and the nonthermal effects of
MWs usually reduce the activation energy and increase the
reaction rate. In an experiment on organic wastewater waste-
activated sludge (WAS) hydrolysis, I. G. Byun et al. proposed
that MW nonthermal effects caused a reduction in the activa-
tion energy of the reaction. Therefore, compared with the CH
effect of sludge hydrolysis, the MW treatment rate was higher
and the time that was needed was shorter.*® This mechanism is
also reflected in the degradation processes of other types of
organic matter.*»>

Applications of and harms that are
caused by the nonthermal effects of
MWs

The application of MWs has a long history.”® Due to its
nonthermal effects, MW irradiation has shown remarkable
advantages and extra functions compared with CH; hence, the
nonthermal effects of MWs have been applied in various special
scenarios. In addition, the harms that are caused by the
nonthermal effects of MWs have also attracted researchers’
attention, as the identification of these harms is beneficial for
reducing harm from MW irradiation.

Applications of the nonthermal effects of MWs

In this section, typical applications of the nonthermal effects of
MWs are presented in Table 2. The application fields of the
nonthermal effects of MWs include, according to our summary,
environmental governance, industrial production, and medical
treatment. In addition, the nonthermal effects of MWs can be
applied in the energy field.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Environmental governance. The first application scenario is
the degradation of organic pollutants in wastewater. The
degradation rate of organic pollutants can be greatly improved
by the nonthermal effects of MWs. According to published
papers, the nonthermal effects of MWs can generate hot spots
on the surfaces of solid materials that are used in the treatment
of organic wastewater (no. 1), promote the breakup of phenyl
rings and the generation of -OH (no. 2 and 3), and decrease the
degradation activation energies of organic pollutants (no. 4).
The promotion of the degradation rates of organic pollutants in
wastewater by the nonthermal effects of MWs can provide
a more effective path for organic wastewater treatment.

Industrial production. The yield and/or quality of products
can be promoted by the nonthermal effects of MWs. As pre-
sented in no. 5, the yield in the brewing industry can be
improved by ~30%, and as presented in no. 6-10, the quality of
industrial products can be improved as well. For example, the
nonthermal effects of MWs can promote (1) the degumming of
hemp; (2) the production of ceramics with high green densities
and homogeneous pore size distribution; (3) the production of
crosslinked gelatine with higher turbidity, crosslinking degree,
and viscosity; (4) the production of graphene oxide (GO) with
low wettability; and (5) the production of a-alumina with high
densification.

Medical treatment. As presented in no. 11 and 12, according
to the studies of Hinrikus et al®* and Pirogova et al.,'* the
nonthermal effects of MWs can be used to clarify the mecha-
nisms of adjuvant treatment for delayed and nonunion frac-
tures and promote the bioactivity of i-lactate dehydrogenase
(LDH).

Exploration of biomass energy. As presented in no. 13 and
14, the hydrolysis of cellulose to sugar can be promoted, and
10% of hemicelluloses in corn stalks can be dissolved with the
help of MW irradiation. This could be a promising application
for the nonthermal effects of MWs due to the various advan-
tages of biomass energy.

According to the above statement, MWs can also be used in
special but important scenarios in addition to CH. However,
their wide application in these scenarios requires additional
time. Thus, acceleration of the study of the nonthermal effects
of MWs is of urgent necessity because these effects may provide
substantial benefits to humans.

Harms that are caused by the nonthermal effects of MWs

With the wide use of MWs, living beings on the planet always
receive MW irradiation. Harms that are caused by the
nonthermal effects of MWs have been identified by
researchers.® Although relatively few studies have been con-
ducted on the harms that are caused by the nonthermal effects
of MWs, we can still obtain useful information that can provide
a reference and support in Table 3 for the exploration of
protection technology and relevant legislation.

Regarding harm to the human body, Yu et al.** reported that
exposure to low-power MWs (such as in the use of radio-
frequency devices) can affect lens transparency, alter cell
proliferation and apoptosis, inhibit gap junctional intercellular
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Table 3 Harm of MW non-thermal effects in animal and human body
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No. Study content

Specific harm caused by the
nonthermal effects of MWs

Data that can support the
reported harm

Ref.

1 Harm to animal cell

2 Harm to human health

Influence the process of cell
division and cell cycle.

(1) Increases the risk of brain
cancer;

(2) has adverse effects on
reproduction.

Influence heart muscle
function.

Induce the HeLa cell to
apoptosis.

Cause mood disorders and
increase anxiety.

Damage lens tissues and
lens epithelial cells.

communication, and induce genetic instability and stress

responses in lens epithelial cells. Belpomme et al.®* found that
diseases are induced when human beings are exposed to 3 Hz—
300 GHz (MWs are included because the MW frequency range is
300 MHz-300 GHz), such as various cancers, Alzheimer's
disease, and hypofertility.

17168 | RSC Adv, 2022, 12, 17158-17181

The mitotic index of V79
cells exposed to the power
density of 10 mW cm >
(29.20 + 6.02%,) differed
significantly from the
mitotic index of control cells
(44.38 + 8.69%,).

There is a significant
increased risk for glioma
and the meta-analysis
yielded an odds ratio (OR) =
1.90[95% confidence interval
(CI) = 1.31-2.76]. For
ipsilateral mobile phone use
the risk increased further to
OR = 2.54 (95% CI = 1.83-
3.52) in the meta-analysis
based on 247 exposed cases
and 202 controls.
Intraperitoneal injection of
nonthermal MW-treated
physiological solution (PS)
not only had elevation effect
on inracellular contents of
cAMP (38%) and depression
effect on cGMP contents in
heart muscle (12%), but also
had more pronounced effect
on heart muscle hydration
(4.7%) than the injection of
Sham-treated PS.

The apoptotic effect induced
by dielectric barrier
discharge is 7%, whereas by
7 umol L™ nitric oxide-
plasma activated water is
18% in 4 minutes.

The T3 went from 100.2 to
78.8, T4 went from 1.24 to
3.01 while TSH only had
slight change in modulated
MWs of 2450 MHz chronic
exposure.

Exposure in 2450 MHz MWs
for 8 h at a power density of 5
mW cm ™ resulted in
obvious opacity in the lens
cortex; exposure in 2.22 mW
em > MWs at 1.1 GHz
caused a reversible decrease
in lens optical quality and
irreversible morphological
and biochemical damage to
the LEC layer.

Ballardin et al.®®

Belpomme et al.®®

Narinyan et al.®®

L 69

Lieta

Sinha et al.’

Yu et al.®*

Regarding harm towards animals, Ballardin et al.*® evaluated
the influence of the nonthermal effects of MWs on spindle
assembly, mitotic cells and the viability of Chinese hamster V-
79 cells, and they found that MW irradiation at the water
resonance frequency can induce alterations of the mitotic

apparatus and even apoptosis on the premise of the exclusion of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thermal effects. This experimental result confirmed the strong
influence of the nonthermal effects of MWs on the activity of
animal cells. Sinha et al® studied the influence of the
nonthermal effects of MWs on electroencephalogram (EEG) of
rats that were chronically exposed to MW irradiation. Sleep-
EEG, open field behaviour, and thyroid hormones (T3, T4, and
Thyroid stimulating hormone (TSH)) were analysed, and the
authors observed significant changes in all examined patho-
physiological parameters except body temperature, grooming
behaviour, and TSH levels.

According to the above studies, it is indisputable that the
nonthermal effects of MWs can cause harm to animals,
including humans. Nonthermal MWs should only be applied
with adequate protective measures.

Typical cases that do not support the
existence of nonthermal effects

Various researchers did not observe nonthermal effects of MWs
in their experiments, and there is no convincing theory/
mechanism to support the existence of nonthermal effects of
MWs; hence, these researchers remain sceptical. They believe
that, according to their experimental results, the nonthermal
effects of MWs were caused by the difficulty of precisely
controlling the experimental conditions. Four typical cases are
examined in this review, and Table 4 presents necessary infor-
mation on these cases to help readers understand the corre-
sponding studies easily.

Case 1: production of maillard reaction products in the MW
sterilization of growth media

MW irradiation has an inactivation effect on microorganisms.
In a study of the MW sterilization of growth media (Fig. 5),
Bhattacharjee and Delsol” found that the production rate of the
Maillard reaction products in the MW-treated samples was 20
times faster than that in the water bath-treated samples (no. 1).
However, the analysis, which was based on the experimental
data, shows that this effect was caused by the rapid increases in
the concentrations of the reactants under MW irradiation
(water in aqueous solutions was lost at a high rate since MWs
can heat solutions extremely rapidly) compared with those in
the CH mode, namely, the thermal effects of MWs played
a critical role in the production of the Maillard reaction prod-
ucts, and no nonthermal effects of MWs were detected.

Case 2: proliferation and activity of human cells under low-
power MW irradiation

MW irradiation may affect the proliferation and activity of cells.
Yaekashiwa et al.'* investigated the nonthermal effects of long-
term MW irradiation (3, 70, or 94 h) on the proliferation and
activity of human cells (normal human skin fibroblasts and
human glioblastoma cells). They avoided the thermal effects of
MWs by using low-power MWs (10 pW) and positioning the MW
source underneath the cells. They found no nonthermal effects
of MWs after comparing the cellular proliferation, activity and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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toxicity of the exposed cells and the unexposed cells (no. 2 and
Fig. 6).

Case 3: inactivation of wheat germ lipase under MW
irradiation

Both MW irradiation and CH can inactivate enzymes. However,
whether the inactivation behaviours under MW irradiation are
caused by nonthermal effects has yet to be determined defini-
tively. Chen et al.** found no variation in the conformation or
activity of wheat germ lipase at 20 °C under MW irradiation in
comparison with CH. In addition, they observed a change in
structure and a decrease in activity at 45 and 60 °C, and the
efficiency of MW irradiation in the inactivation of wheat germ
lipase was approximately 10% greater than that of CH (Fig. 7).
However, this was caused by the thermal effects of MWs
according to the analysis results (no. 3).

Case 4: MW effects in multiple tested systems

The above three cases examined the nonthermal effects of MWs
from various aspects. In this case, the authors™ tested the
nonthermal effects of MWs simultaneously from six aspects,
namely, Maillard reaction (Fig. 8(a) and (b)), protein denatur-
ation (Fig. 8(c)), polymer solubility (Fig. 8(d)), mutagenesis of
bacteria (Fig. 8(e) and (f)), mutarotation equilibrium of a/b-o-
glucose (Fig. 8(g), (h) and (i)), and saturation solubility of NaCl
(Fig. 8(j)). However, they did not find any evidence of
nonthermal effects of MWs (no. 4).

In the experiments in the above cases, nonthermal effects of
MWs were not observed. Shazman et al” believed that the
differences in experimental conditions may have affected the
test results. We think that the test system and the precise
control of the experimental conditions may both play critical
roles in the testing of the nonthermal effects of MWs. Different
test systems and rough control would introduce large experi-
mental errors that may hide the nonthermal effects of MWs.

Typical MW reactors in the study of the
nonthermal effects of MWs

MW reactors can provide a space where the MW field and
material field can interact with each other. The MW reactor that
is used in the experiment may affect the experimental results
and even affect the detection of the nonthermal effects of MWs.
According to the characteristics of the MW waveform distribu-
tion, an MW reactor can be divided into two parts, namely,
a multimode MW reactor and a single-mode MW reactor, where
multimode means that there are many kinds of MW distribu-
tion forms in a resonant space, which results in defects in
heating uniformity and repeatability, while single-mode means
that there is only one MW distribution in the MW reactor, which
can easily achieve uniform heating and repeatability. In addi-
tion, a special MW reactor that does not need an MW cavity was
also used in the study of the nonthermal effects of MWs.
Importantly, each type of MW reactor has a different struc-
ture. The diversity of forms of MW reactors determines the
generalized influence of MW effects in many application and
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Fig. 6 Normal human skin fibroblast cell proliferation curve (a);
human glioblastoma cell proliferation curve (b); activity of normal
human skin fibroblast and human glioblastoma cells (c); and cyto-
toxicity assay results (d).1*
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Fig. 7 The relation of fluorescence intensity (Aex = 279 nm) and
temperature of the WGL treated by MW and CH.*?

research fields. Thus, understanding the typical types of MW
reactors is beneficial for further exploration of the MW
nonthermal effect mechanism.

Single-mode MW reactors

Single-mode MW reactors can be roughly divided into three
kinds according to the type of MW cavity, namely, reactors with
annular, corridor-like, and advanced corridor-like MW cavities.
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Fig. 8

(a and b) Development of Maillard reaction pigment products; (c) heating profile of egg white protein in a CaCl, solution [lines 1 and 4: MW

heating; lines 2 and 3: oil bath]; (d) turbidity development during heating of egg white solution in CaCl,; (e and f) the result of the effect of time—
temperature profile on protein denaturation; (g, h and i) mutarotation of a or b-p glucose solutions during MW or bath heating [g: 0.74 mol L™* a-
p-glucose, h: 0.139 mol L™t a-p-glucose, i: 0.125 mol L™t b-p-glucose]; (j) equilibrium refractive index of saturated NaCl water solution
maintained at different temperatures by either MW or bath heating [MW(@®, O), bath(Aa, A)l.*

(b)
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/" microwave cavity
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R
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microwave cavity Discover CoolMate

Fig. 9 Schematic diagram (a) and photograph (b) of the annular
single-mode MW reactor.*?

Annular MW cavity. A typical single-mode MW reactor with
an annular MW cavity is shown in Fig. 9, where the illustration
on the left is a working schematic diagram and the image on the

17172 | RSC Adv, 2022, 12, 17158-17181

right is a photograph of the reactor. Chen et al** used this
equipment to evaluate the possible nonthermal effects of MWs
on the inactivation of wheat germ lipase.

As shown in Fig. 9, the reaction solution was placed in
a sealed reaction vessel and stirred, and the reaction vessel was
clamped on top in the centre of the cavity, where MW irradia-
tion could be equally accepted. With the switching on of MW
irradiation, the single-mode MW reactor focused the MW beam
on the samples.

An infrared temperature probe and a pressure monitoring
sensor were equipped in the MW reactor to control the pro-
cessing temperature, while a cooling system that was MW
transparent had to be equipped simultaneously. To collect the
precise reaction temperature in the reaction vessel, a fibre

© 2022 The Author(s). Published by the Royal Society of Chemistry
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optical probe was also needed to detect the temperature of the
reaction system.

Corridor-like MW cavity. In this section, three similar cases
are presented to show the types of structure, appearances, and
application areas.

A typical single-mode MW reactor with a corridor-like MW
cavity is illustrated in Fig. 10. Yamada et al.*® used this equip-
ment to realize the solution polycondensation of r-lactic acid
under the nonthermal effects of MWs.

As illustrated in Fig. 10, the single-mode MW cavity has
critical structures, which include a plunger, cavity iris, tuner,
power monitor and semiconductor oscillator. In this MW cavity,
a standing wave that composed of MWs can be formed. As MWs
can be divided into an electric field and a magnetic field that are
shifted by 1/4 of a wavelength from each other, the electric field
and magnetic field can be distinguished by choosing the posi-
tion of the reaction vessel, thereby enabling the study of the
electric field and magnetic field, respectively. Importantly, the
MW power is the difference between the input power and the
reflex power.

Fig. 10 illustrates the internal structure of the single-mode
MW reactor, while Fig. 11 shows the typical external structure
and corresponding equipment. Kang et al.** applied this reactor
to study the thermal and nonthermal germicidal effects of MW

semiconductor
oscillator

power monitor

plunger cavity tuner

Fig. 10 Schematic diagram of the corridor-like single-mode MW
reactor.*®

Power monitor

Magnetron
oscillation unit

Optical fiber
thermometer sensor

> it y
i “ v Power monitor
" coupler
) Waveguide
applicator

Fig. 11 Photograph of the corridor-like single-mode MW reactor.**

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

irradiation on microbial agents. In this reactor, after the MW
beam reaches the waveguide applicator, it is reflected and
eliminated by the isolator. Incident waves and reflected waves
were used to monitor power. The temperature variation in the
reacting vessel was monitored with an optical fibre
thermometer.

A single-mode MW reactor can integrate with other physical
fields, such as the photofield. A typical single-mode corridor-
like MW reactor with the integration of a photoreactor is
shown in Fig. 12. Horikoshi et al.*® used this equipment to study
the influence of the MW nonthermal effects on titania photo-
assisted reactions. As shown in Fig. 12(b), UV light can be easily
introduced into the reacting vessel by a light guide.

Advanced corridor-like MW cavity. The corridor-like MW
cavity can be refitted for a special purpose. As illustrated in
Fig. 13(a), two symmetrical ridges were added inside of
a normal waveguide, and two opposite sidewalls were drilled in
two holes. A glass pipeline was inserted in the two holes, and
NacCl solution was pumped to flow through the ridge gap. A pair
of Pt electrodes were inserted in the glass pipeline to measure
the variation in EC. This kind of cavity can produce a uniform
distribution electric field in the NaCl solution. Huang et al."
used this equipment to test the nonthermal effects of MWs by
measuring the variation in EC of the NaCl solution on the
premise of excluding the thermal effects of MWs. The

i} Single mode
MW applicator

e
A e

(b) ¢
2 . "
3 Light guide ¥ 5. ical fiber
g thermometer
£
] 4
= " Pressure
(inset) release bulb
Pressure
2 ¢ 4 12 monitor
Irradiation time / min ﬂ
Microwave Aqueous solution/TiO, uv Short
generator plunger
_ Isolator _ s 2
—w— Tl /
2.45GHz Sl | 1
= i A\ )
Waveguide Power monitor

Fig. 12 Photograph (a) and schematic diagram (b) of an integrated
MW/photoreactor system with a corridor-like single-mode MW
reactor.*®
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Fig. 13 Internal construction of the ridged waveguide with a glass
pipeline (a) and the whole experimental system (b).*”

equipment that was used in this experiment is illustrated in
detail in Fig. 13(b). In addition, a modified but similar structure
was used in the study of Liu et al.*®

Single-mode MW cavity with CH. Fig. 14 illustrates a typical
single-mode MW cavity with a CH module. MWs were launched
into the cylindrical cavity where the specimen holder was fixed
at its axis. The electric field in the cavity could be adjusted to the
maximum value by the motorized chokes at the top and bottom
of the cavity. The reflected power was minimized by ancillary
tuning in the launch section. Through the above measurement,
the cavity could be operated in TE111 mode, which could focus
the maximum field intensity on the sample position. CH of the
sample was achieved by passing compressed air heated by a gas
heater around the specimen holder on the premise of enclosing
the MW irradiation. Binner et al.'® used this equipment to
measure the nonthermal effects of MWs during phase changes
in silver iodide, barium titanate and benzyl via examination of
the thermal properties, including the specific heat capacity.

Multi-mode MW reactors

A multimode MW cavity is a large and spacious cavity that
differs obviously from a single-mode cavity. Some reactors can
be designed in various versions according to the requirements
of the experiment and can realize various functions. In addi-
tion, reactors can be introduced into and controlled easily in
such a large cavity.

Hu et al.* used both an open vessel and a closed vessel with
MW irradiation to study the MW-induced degradation of NDMA
that is adsorbed in zeolites under the nonthermal effects of

17174 | RSC Adv, 2022, 12, 17158-17181

View Article Online

Review

Open vessel
(@) attenuator

[ T ]

& ~~v!4

AEEA s 5 =
HCl NaOH trap  vacuum
trap solution pump

solution

Microwave system Train of trap solutions

(b) Activent

/ pressure device

Snap-on
cap

/
i

Magnetron %

/

Infrared
sensor

Air cooling for simultaneous
heating and reaction quenching

Fig. 14 Schematic diagram of the single-mode test cavity with CH.*¢

MWs. As illustrated in Fig. 15(a), to avoid the leakage of MWs
from the open system, an open vessel MW attenuator must be
used to confine the MWs inside the cavity. In addition, the
steam that is formed by MW irradiation must be discharged by
a glass pipeline and collected by a solution; as illustrated in
Fig. 15(b), as the reaction vessel is closed by a snap-on cap with
a Teflon liner, the pressure and temperature must be controlled
by the corresponding technologies.

A multimode MW irradiation system can integrate easily
with other physical fields, such as photoirradiation. As shown in
Fig. 16, an open vessel with multimode MW irradiation was
applied by Horikoshi et al.*® This system differs from that in
Fig. 15 in its use of an extra photoirradiation system. A light
source was introduced into the reactor by a light guide from the
top of the reactor. Horikoshi et al.*® used this integrated reactor
to reassess the nonthermal effects of MWs by the degradation of
BPA under MW photoassistance in an aqueous TiO, dispersion.

In a multimode MW reactor, auxiliary equipment may be
required, such as temperature and pressure detection systems,
mixing systems, and cooling systems with refrigerants that are
transparent to MWs (such as silicone oil and air).**** These
systems should be designed to not interfere with MW
irradiation.

A single-mode MW reactor can be controlled precisely and
can be used in experiments and small-scale industrial produc-
tion, but its high manufacturing cost, high maintenance cost,
and high operation cost limit its wide application. The accuracy
of a multimode MW reactor can never compare with that of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MW irradiation inside the cavity) and (b) closed-vessel irradiation of the sample (the pressure and temperature in the reaction vessel were

controlled within a reasonable range).*®

a single-mode MW reactor, thereby resulting in poor repeat-
ability. However, a multimode MW reactor can be used when
accurate control is not needed, such as in wastewater treatment.
Its remarkable advantages are low manufacturing cost and
mature use experience.

Direct weak-intensity MW irradiation system without an MW
cavity

Special study systems that differ from normal single-mode and
multimode MW irradiation systems can be used as well. These
systems can make the MWs directly contact the tested medium
without the use of an MW cavity.

Ayrapetyan et al.'® studied the effects of the nonthermal
effects of weak-intensity MW irradiation on various physico-
chemical properties (specific EC, specific heat capacity, heat
fusion and melting kinetics after freezing in liquid N, and free

© 2022 The Author(s). Published by the Royal Society of Chemistry

radical formation) of water and water solutions. As illustrated in
Fig. 17, an MW generator (Artsakh-04 M, which was produced by
“Rikta-Center” limited liability company in Russia) that is
always applied in clinical treatments was used directly to irra-
diate a medium using the head of its dielectric antenna. The
distance between the head of the dielectric antenna of the MW
generator and the surface of the medium was only 1-2 mm. This
kind of irradiation avoids the spread of MWs in the cavity and
unnecessary power loss.

Yaekashiwa et al.'* studied the nonthermal effects of weak-
intensity MW irradiation by investigating the variations in the
proliferation, activity, and cytotoxicity of normal human skin
fibroblasts and human glioblastoma cells. As shown in
Fig. 18(a), the measurement of cell proliferation can be realized
by focusing MWs on one cell. To irradiate a single well, the light-
source head was placed inside an aluminium pipe of 100 mm
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Fig. 16 Schematic diagram (a) and photograph (b) of the multimode
MW -assisted photoreactor.

Fig. 17 Schematic diagram of weak-intensity MW irradiation without
an MW cavity. ((A), head of the dielectric antenna of the MW generator;
(B), exposed water sample).:®

length and set under the well; as shown in Fig. 18(b), the activity
and cytotoxicity of cell can be measured by irradiating the whole
96-well plate (Corning, 3596, USA) with the MW source 100 mm
under the plate's bottom surface.

Comparison of the types of MW reactors

According to the above discussion on the types of MW reactors,
we find that the MW cavity is not necessary for studying the
nonthermal effects of MW irradiation. However, we cannot
remove the MW cavity casually because MW irradiation is
harmful to human health; we can do this only if the MW
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Fig. 18 Photographs of weak-intensity exposure apparatuses that
were used to evaluate the MW nonthermal effect. (a) Was used for cell
proliferation measurement. (b) Was used for cell activity and cyto-
toxicity measurement.™*

intensity is controlled within an extremely low level and the
tested medium can accept MW energy directly. In addition,
accessories may be needed for various functions, such as
monitoring and controlling the temperature and pressure,
adjusting the MW cavity space, and adding an extra physical
field, such as a photo field. The applications of the MW reactors
that are discussed above are summarized in Table 5, which will
help readers choose a suitable type of MW reactor for realizing
their objectives.

Study directions for the near future

(1) The development of an effective and specific method/
equipment that can detect the nonthermal effects of MWs can
be repeated by anyone. The debate about the nonthermal effects
is due to the lack of an effective method/equipment that can
detect the nonthermal effects of MWs directly. Researchers have
always judged the existence of the nonthermal effects of MWs
based on experimental phenomena. However, experimental
processes may be affected by all kinds of experimental error.
The debate based on experimental phenomena may not be
resolved.

(2) Experiments should be repeated in different laboratories
with the same function. Repeating of the same experiment by
different researchers can decrease the probability that the
experimental result is severely affected by experimental error
(especially the temperature measurement) and can ensure the
acquisition of convincing experimental results. This kind of
academic activity can ensure the effectiveness of the discussion
of the existence of nonthermal effects based on experimental
phenomena.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Typical MW reactors that were used in various studies
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Equipment name

Advantages

Application field

Ref.

Monomode MW reactors

Polymode MW reactors

Other

(3) The nonthermal effects should be explained from the
microcosmic angle, namely, in terms of molecules, atoms, and

Annular MW cavity

Corridor-like MW cavity

Hybrid single-mode cavity

Setup of an integrated MW/
photoreactor system

Ridged waveguide with
a glass pipeline

Constant temperature

system

Full open system

Open system and safe
system

Exposure apparatuses

MW irradiation equipment

The sample can be irradiated
equably.

The electrical fields and
magnetic fields can be
divided by choosing the
position of the reactor.

It can realize the automatic
control of the sample
temperature via control of
the surrounding air
temperature.

The operating frequency is
not just a single frequency of
2.45 Hz.

It can avoid interference
with the uniform
distribution of the electric
field in the ridged gap area
and unnecessary MW energy
coupling.

The irradiation power of the
MW was set at 45 W and
ensured the temperature
constancy.

The light colour and
intensity are controllable.

Ensures that the pressure in
the reaction vessel stays in
the safe range. The reaction
vessel is cooled actively by
automatically turning on/off
a stream of compressed air
when the reaction vessel's
temperature exceeds the
present value.

The unexposed cells were
not affected by the MMWs.

Studying the thermal
properties that are
associated with phase
changes and sintering and
annealing characteristics of
ceramic materials.
Examination of phase
changes via examination of
the thermal properties.

On the influence of the MW
thermal and nonthermal
effects in titania
photoassisted reactions.
(Chemical)

Water structure stability and
structural properties of field-
dependence with variations
of MWs in NaCl aqueous
solution. (Chemical)

The MW-/photo-assisted
degradation of BPA in
aqueous TiO, dispersions.
(Environmental)

The nonthermal effects of
weak-intensity millimetre
waves on physicochemical
properties of water and
water solutions. (Chemical)
MW-induced degradation of
NDMA that is sorbed in
zeolites. (Environmental)

It is the exposure apparatus
for cell proliferation
measurements.

Germicidal effects of MW
irradiation on microbial
agents. (Microbial)

research backgrounds and knowledge
mechanisms cannot explain all

structures.

Chen et al.*?

Yamada et al.™

Binner et al.*®

Horikoshi et al.*®

Liu and Jia,"

Horikoshi et al.>?

Ayrapetyan et al.'®

Hu et al.*®

Yaekashiwa et al.™

Kang et al.**

These

or most experimental

electronics. Each researcher in a related study field should try to
explain the essence, not only report his or her experimental
findings, even if the statement about the essence differs from
the statements of other researchers. This kind of academic
activity may facilitate the establishment of a useful and
universal mechanism for the nonthermal effects.

(4) A universal mechanism should be extracted. The
proposed mechanisms of the nonthermal effects of MWs
differ from one another because researchers have different

© 2022 The Author(s). Published by the Royal Society of Chemistry

phenomena. Thus, it is necessary to establish a universal
mechanism.

(5) The popularization of MW production technology.
Although the mechanism of the nonthermal effects of MWs
remains unclear and some researchers still doubt the existence
of these effects, the application of MWs in industrial production
is encouraged because this can promote the application of MWs
in other areas and may provide further evidence of the
nonthermal effects of MWs.
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Conclusions

Useful information concerning the nonthermal effects of MWs
has been introduced in this paper, including typical studies that
show the existence of nonthermal effects of MWs; their appli-
cation, harms, and working mechanism; typical cases in which
such effects were not identified; and a typical MW reactor. The
following important conclusions were obtained from the
present work:

(1) The nonthermal effects of MWs can be proven by multiple
studies from various study directions, including changes in
resistance of electrolyte solutions, change in microstructure of
substances, changes in composition and nutritional quality of
food, and the accelerated generation of H,0O, in water and water
solutions. In the above study directions, MW shows different
but obvious nonthermal effects when the thermal effects of
MWs are excluded.

(2) The working mechanism of the nonthermal effects of
MWs has not been unified, and various working mechanisms
have been proposed by researchers with different study back-
grounds. To date, the proposed mechanisms include the theory
of causing vibration of molecules and varying dielectric
constant of substance, the theory of nonthermal phonon
distributions of MWs, classical harmonic oscillator theory, the
theory of averaged ponderomotive action of MWs, the theory of
the interaction between electric fields and specific (polar)
molecules, and the theory of decreasing activation energy.

(3) The nonthermal effects of MWs have been applied in
various aspects in society, such as environmental governance,
industrial production, medical treatment, and exploration of
biomass energy. However, their harm to the human body and
animals must be considered, as they can affect lens trans-
parency, alter cell proliferation and apoptosis, inhibit gap
junctional intercellular communication, induce genetic insta-
bility and stress responses in lens epithelial cells, and even
cause various cancers, Alzheimer's disease, and hypofertility.

(4) Some researchers did not detect nonthermal effects of
MWs in their experiments, such as production of Maillard
reaction products in MW sterilization of growth media, prolif-
eration and activity of human cells under low-power MW irra-
diation, inactivation of wheat germ lipase, protein
denaturation, polymer solubility, mutagenesis of bacteria,
mutation rotation equilibrium of a/b-p-glucose, and saturation
solubility of NaCl. This leads to continuous discussion on the
existence of nonthermal effects of MWs.

(5) MW reactors, which are the critical equipment for the
detection of nonthermal effects of MWs, can be divided into two
main types, namely, multimode MW reactors and single-mode
MW reactors. The two kinds of MW reactors can be applied in
different scenarios and can integrate easily with other physical
fields, such as photoirradiation. Single-mode MW reactors can
have various types of MW cavities, such as annular MW cavities,
corridor-like MW cavities, and ridged waveguides. In addition
to the above types of MW reactors, a special MW irradiation
system that has no MW cavity was also applied, and the MWs in
this system can directly contact the tested medium.
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