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Abstract
Meat is a nutritious food with a short shelf life, making it challenging to ensure
safety, quality, and nutritional value. Foodborne pathogens and oxidation are
the main concerns that lead to health risks and economic losses. Conven-
tional approaches like hot water, steam pasteurization, and chemical washes for
meat decontamination improve safety but cause nutritional and quality issues.
Plasma-activated water (PAW) is a potential alternative to thermal treatment
that can reduce oxidation and microbial growth, an essential factor in ensuring
safety, quality, and nutritional value. This review explores the different types of
PAW and their physiochemical properties. It also outlines the reaction pathways
involved in the generation of short-lived and long-lived reactive nitrogen andoxy-
gen species (RONS) in PAW, which contribute to its antimicrobial abilities. The
review also highlights current studies on PAW inactivation against various plank-
tonic bacteria, as well as critical processing parameters that can improve PAW
inactivation efficacy. Promising applications of PAW for meat curing, thawing,
and decontamination are discussed, with emphasis on the need to understand
how RONS in PAW affect meat quality. Recent reports on combining PAW with
ultrasound, mild heating, and non-thermal plasma to improve inactivation effi-
cacy are also presented. Finally, the need to develop energy-efficient systems for
the production and scalability of PAW is discussed for its use as a potential meat
disinfectant without compromising meat quality.

KEYWORDS
food safety, meat safety, non-thermal plasma, non-thermal processing, plasma-activated water

1 INTRODUCTION

Meat is highly regarded as a nutritious food due to its
abundance of essential nutrients such as protein, iron, vita-
min B12, other B complex vitamins, zinc, selenium, and
phosphorus (Pereira & Vicente, 2013). The global demand
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for meat continues to rise due to economic growth and
increasing populations (Giller et al., 2021). Despite the high
nutritional value of meat, it remains a delicate product
with a short shelf life. This presents a significant chal-
lenge in ensuring the safety, quality, and nutritional value
of meat products. Foodborne pathogens pose a significant
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2 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

risk to consumers, causing over five million cases of food-
borne illnesses in Australia annually (Kirk et al., 2014).
Controlling microbial growth and contamination in fresh
meat is challenging because of the complexity of the meat
matrix, making it an excellent substrate for the growth
of microorganisms. The growth of microorganisms such
as Campylobacter, Escherichia coli, Listeria, Salmonella,
and Staphylococcus aureus, can lead to food waste and
economic losses while posing health risks to consumers
(Kim et al., 2021; Nastasijević et al., 2017). Therefore, the
elimination of foodborne pathogens from farm to table is
crucial.
In addition to microbial growth, meat is susceptible

to oxidation, which is the main non-microbial source of
quality degradation in meat and meat products. Oxida-
tion leads to the loss of essential fatty acids and vitamins
and causes rancidity, and changes in meat odor, flavor,
and color (Dominguez et al., 2019). These undesirable
changes affect consumer acceptance, and lipid oxidation
decreases the shelf life ofmeat because of the production of
toxic substances such as aldehydes, ketones, and hexanes
(Kalogianni et al., 2020). As such, the meat industry is in
search of effective approaches to limit the extent of lipid
oxidation. Hence, addressing the challenges of microbial
growth and oxidation in meat products is vital to ensure
the safety, quality, and nutritional value of meat products
while meeting the increasing global demand.
For decades, hot water, steam pasteurization, and

chemical washes have been used to eliminate foodborne
pathogens, improving meat safety but causing nutritional
and quality problems of treated meat and meat prod-
ucts (Roobab et al., 2022; Rosario et al., 2021). Chemical
residues on the meat surfaces may result in health compli-
cations for consumers (Roobab et al., 2022). Chlorine, for
instance, may interact with organic compounds, creating
carcinogenic trihalomethanes (Han et al., 2021).
Beyond these methods, many researchers have studied

non-thermal plasma (NTP) as a potential solution to sub-
stitute thermal treatments in food decontamination and
to increase shelf life (Chiozzi et al., 2022; Degala et al.,
2018). Plasma is the fourth state of matter, besides solid,
liquid, and gas, owing to an increase in the energy of gases
that results in the ionization of some of the atoms and
molecules in gases (Bai et al., 2020; Rivero et al., 2022).
Plasma can be regarded as an ionized gas that is rich in
ions, electrons, free radical species, uncharged particles,
quanta of electromagnetic radiation, and strong electric
fields, making the plasma highly electrically conductive
(Bai et al., 2020). In general, there are two types of plasma,
thermal plasma, which is produced with temperatures
ranging from 6000 to 20000 K (Tabu e, 2022), and NTP.
NTP, also known as cold plasma, is a partially ion-

ized gas with a temperature close to room temperature

(25 to 100◦C) (Simoncicova et al., 2019; Tabares & Junkar,
2021). It can be generated under atmospheric conditions
with electromagnetic sources and configurations such as
pin-to-liquid discharge, glow discharge, dielectric barrier
discharge (DBD), and plasma jet (Ghimire et al., 2021;
Lu et al., 2017; Neretti et al., 2016; Yoon et al., 2018).
Recently, NTP has gained interest for bacteria inactivation,
fungal inactivation, food application, surface treatment,
water treatment, agriculture, and biomedical purposes
(Balan et al., 2018; Kaushik et al., 2018; Lin et al., 2023;
Simoncicova et al., 2019). Depending on the application of
NTP, its efficacy is affected by several parameters, such as
input power, voltage, frequency, treatment time, and gas
composition (Mir et al., 2020).
Although NTP possesses effective microbial decontam-

ination of food products, this chemical-free technology
still faces challenges, including developing adverse color
changes, reductions in the sensory and texture quality
of foods, and showing difficulties to treat large surface
areas and volumes of food products, especially for foods
with surface textures that are not uniform. The free rad-
ical species in NTP oxidize meat products that are high
in lipids, causing rancidity and contributing to spoilage
(Jadhav &Annapure, 2021). To overcome these challenges,
plasma-activated water (PAW) has been proposed as a
solution.
Evidence suggests that PAW has the potential to be an

environmental-friendly and cost-effective sanitizing pro-
cess, the central aspect of which is the interaction of NTP
with water to create a cocktail of highly reactive oxygen
and nitrogen species (RONS), such as nitric oxide, nitrite,
nitrate, and hydrogen peroxide (Liao et al., 2020; Qian
et al., 2021). These species are responsible for the antimi-
crobial activity of PAW, inducing high oxidative stresses on
bacteria and other pathogens (Liao et al., 2020).
This review describes the common generation methods

of PAW and its chemistry, which govern the composition
of RONS in PAW and the bactericidal efficacy of PAW
for meat decontamination and provides the inactivation
mechanism of PAW and processing factors influencing its
inactivation efficacy. The aim is to highlight the applica-
tion of PAW on meats, including fish, chicken, and beef,
and the subsequent effects on meat quality and point out
the gaps in PAW research related to meat.

2 GENERATION OF PAW

The generation of PAW is broadly categorized into three
modes based on the interactions between NTP and water,
including plasma discharge over the water surface, direct
plasma discharge in water (or underwater discharge), and
multiphase plasmadischarge,which have been extensively
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 3

F IGURE 1 (a) Schematic diagram of the plasma device to produce plasma-activated water via a pin-to-liquid discharge and (b) images of
pin-to-liquid discharge. Reproduced from Lim et al. (2022) with the permission of MDPI.

studied for applications such as antimicrobial properties,
cancer treatment, enhancement of seed germination, sur-
face treatment, andwater treatment (Akiyama&Akiyama,
2020; Mai-Prochnow et al., 2021). These discharge modes
along with plasma source, electron configuration, dis-
charge gap, discharge power, and activation time not
only influence the reactivity transfer from the plasma to
the liquid but also affect the final composition of PAW
(Subramanian et al., 2021).
Recently, multiphase plasma discharge via plasma bub-

bles has attracted many researchers because of its unique
advantages in improving the rates of chemical reactions
and the mass transfer of gaseous plasma-induced reactive
species entering into the water, facilitating large vol-
ume plasma in water, and its excellent energy efficiency.
Hence, this enhances the performance of plasma reactors
in bacterial inactivation, algae treatment, and pollutant
degradation (Hong et al., 2021; Mai-Prochnow et al., 2021;
Rao et al., 2023; Sommers & Foster, 2014; Zhou et al., 2021).
Another form of multiphase plasma discharge is the

discharge contacting liquid sprays or foams (Kovačević
et al., 2022). Other common devices utilized for PAW pro-
duction include pin-to-liquid discharge, DBD, gliding arc
discharge, andmicrowave-induced discharge, as explained
in Sections 2.1. to 2.5. These types of discharges produce
distinct breakdown strengths in the gas phase and liquid,
affecting the composition of RONS formed not only in
the gaseous plasma but also in the liquid (Tachibana &
Nakamura, 2019).

2.1 Pin-to-liquid discharge

Generating an air pin-to-liquid discharge requires a pin as
a high-voltage electrode positioned above the surface of the
water and a ground electrode submerged inwater as shown

in Figure 1. The pin electrode can be made of metals, such
as hafnium, copper, and stainless steel (Puertas et al., 2019).
Yoon et al. (2018) studied the correlation between NTP
and the gap distance during the generation of PAW via the
pin-to-liquid discharge. The authors revealed that the for-
mation of gaseous HNO3 from the pin-to-liquid discharge
caused a reduction in the surface tension of water. Increas-
ing the activation time of the plasma discharge increased
the conductivity of PAW and the discharge current, which
were attributed to the transition ofHNO3 intoH+ andNO−

3

in the liquid (Yoon et al., 2018).
Decreasing the gap distance in the plasma discharge

reduced the breakdown voltage and increased the dis-
charge current, promoting higher mutual interactions
between the plasma and the liquid and leading to higher
reactive ions dissolving into the liquid (Yoon et al., 2018).
Lim et al. (2022) found that the gap distance only influ-
ences the concentration of reactive oxygen species (ROS)
in PAW, but not the reactive nitrogen species (RNS). Ng
et al. (2021) indicated that the position of the ground
electrode altered the chemistry of PAW, proving that hav-
ing the ground electrode placed in the liquid produced
high concentrations of NO−

2 and NO
−
3 with undetected

H2O2 concentration while having the ground electrode
positioned beneath the liquid container generated high
concentrations of H2O2 and NO

−
3 with undetected NO−

2

concentration. It should be noted that the pin electrode
might undergo electrode erosion because of evaporation,
oxidation, melting, and sputtering (Puertas et al., 2019).
When the initial liquid electric conductivity for the pin-to-
liquid discharge increased, the concentrations ofNO−

2 and
NO

−
3 increased (Hadinoto et al., 2021). Moreover, Liang

et al. (2022) pointed out the importance of shielding the
gas and the quartz tube that encloses the active electrode
for improving the H2O2 and OH− productions in PAW
via the pin-to-liquid discharge. The authors found that
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4 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

F IGURE 2 Schematic diagram of the dielectric barrier discharge setup: Electrodes (1, 2), Plasma discharge (3), Petri dish with water (4),
Air pump (5), Power supply (6), Transparent cylinder (7), Ballast resistor (8), High-voltage supply (9), High-voltage probe (10), Shunt resistor
(11), Computer (12). Reproduced from Shrestha et al. (2020) with the permission of Scientific Research Publishing Inc.

irrespective of the discharge gap (dg), the discharge con-
figuration with the shielding gas had the highest concen-
trations of H2O2 and OH− in PAW in comparison with the
other configurations.

2.2 Dielectric barrier discharge

DBD typically involves a pair of electrodes with the pres-
ence of an insulatingmaterial or dielectric barrier, covering
one of the electrodes or both, to avoid the formation of
sparks in the discharge gap that can damage the electrodes
(Neretti et al., 2016). DBD plasma interacts with water
to produce PAW as shown in Figure 2. In addition, the
discharge gap is filled with working gas, such as argon,
helium, nitrogen, air, or their combinations (Anuntagool
et al., 2023). The electric field applied to the gas must
be sufficiently high to generate high-energy electrons that
inelastic collide with surrounding gas molecules to gener-
ate plasma. The material of dielectric barrier can be made
of ceramics, enamel, glass, plastics, quartz, silicon rub-
ber, and Teflon, which limits the discharge current and
minimizes energy consumption (Anuntagool et al., 2023;
Brandenburg, 2017).
Tachibana and Nakamura (2019) estimated the energy

yields of RONS production in PAW by using various DBD
schemes, such as typical DBD, coaxial-DBD, monolithic
mesh-type DBD, and water-sealed DBD. They found that
only DBD and water-sealed DBD achieved high RONS
energy yields, which were two to three times larger
than other discharge schemes. A plasma jet with the
discharge configuration of DBD favored high oxidizing
potential, resulting in the high concentration of NO−

3 in
PAW (Rathore & Nema, 2022). Moreover, Subramanian
et al. (2021) demonstrated that H+ and NO

−
3 , which are

the desired species in PAW generated by DBD, remained
unchanged for up to 4 weeks.

2.3 Gilding arc discharge

Generating a gliding arc discharge requires a high-velocity
gas flowing between two or more divergent electrodes that
are connected to a high-voltage power supply as shown
in Figure 3 (Pawłat et al., 2019). The gas, such as humid
air, pushes the formed arc plasma in the same direction
along the axis of the reactor resulting in a series of slid-
ing discharges that stretch across the inter-electrode region
(Du et al., 2012; Mogo et al., 2022). Gliding arc plasma was
reported to be rich in gaseous NO at up to 800 ppm and
gaseous NO2 at up to 200 ppm, which results in high pro-
ductions of NO−

2 and NO−
3 in PAW (Pawłat et al., 2019).

When the gas flowrate between the electrodes increases,
it extends the length of the arc along the electrodes and
requires a larger power to maintain the arc (Cho et al.,
2023). However, the increased flowrate has an adverse
impact on the NO𝑥 concentration. It was reported that the
lower the gas flowrate, the greater the NO2 concentration
produced in water (Cho et al., 2023). It was also found
that increasing the voltage from 8 to 10 kV increased the
NO

−
2 and NO

−
3 concentrations in PAW (Matra et al., 2022).

Moreover, Guragain et al. (2023) found that temperature of
distilled water did not change when the water was exposed
with the gliding arc discharge for 5, 10, 15, and 20 min.

2.4 Microwave-induced discharge

At the plasma–water interphase, surface-wavemicrowaves
generate plasma discharge. Kaushik et al. (2023) reported
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 5

F IGURE 3 Schematic diagram of the gliding arc discharge and a photo of the reactor. Numbers (1, 2, 3) indicate the positions of
measurement for emission spectra analysis. Reproduced from Pawlat et al. (2019) with the permission of Springer Nature.

the enrichment of NO during PAW production by using a
microwave plasma system. They also reported that vary-
ing the initial gas mixture composition (Ar, Ar/N2/O2

binary, and ternary mixture) and the distance between
the edge of the plasma-discharge tube and the water
surface altered the electron and species densities at the
interaction between the plasma and water. During the
ageing of PAW generated via surface-wave microwave dis-
charge, H2O2 was found to govern all the recombination
of NO−

2 (Kaushik et al., 2023). Additionally, Lee et al.
(2022) reported that H2O2 was undetected in PAW via the
microwave plasma system; however, ONOO− was gener-
ated as an isomer of NO−

3 . Moreover, Kutasi et al. (2022)
reported that adding metals, such as Mg or Zn, prior to
PAW generation via a surface-wave microwave discharge
can be beneficial, particularly in increasing the pH of PAW
and maintain the RONS concentrations during storage.

2.5 Multiphase discharge via bubbles

This is the discharge of plasma in gas bubbles that are
immersed in water. This is a promising plasma configura-
tion to minimize the loss of reactive species due to mass
transfer limitations at the gas–water interface (Man et al.,
2022;Ning et al., 2021). The gas composition, bubble forma-
tion, and bubble size influence the discharge pattern inside
the bubble (Meropoulis & Aggelopoulos, 2023; Ning et al.,
2021). Plasma bubbles promote the dissolution of reactive
species, such as ozone, into the liquid because of their large
interfacial areas, long residence time, and high internal
pressures (Han et al., 2023; Zhou et al., 2021).

Mai-Prochnow et al. (2020) found that increasing the
discharge frequency from 500 to 2000 Hz during the
PAW production via plasma bubbles (Figure 4) increased
the concentrations of OH−, O3, NO

−
2 , NO

−
3 , and H2O2.

Hadinoto et al. (2021) evaluated the effect of ground-
electrode position on the generated RONS for air plasma-
bubble discharge in water. The authors found that when
the initial conductivity was increased from 0 to 0.02 and
to 0.2 S.m−1 by adding NaCl prior to plasma discharge
and the ground electrode was positioned on the out-
side of the reactor, the NO

−
2 /NO

−
3 ratio shifted toward

NO
−
2 . This is because the gas flow controls the gas resi-

dence time in the reactor and influences the coexistence
of gaseous short-lived and long-lived species, resulting in
the increased NO

−
2 concentration and the reduced NO

−
3

and H2O2 concentrations (Hadinoto et al., 2021). Man
et al. (2022) developed an air microbubble plasma reac-
tor with excellent energy efficiency to produce RONS in
PAW at 10.4 g.kW−1.h−1 due to the enhanced electric field.
Moreover, Gao et al. (2022) reported that the inclusion of
microbubbles in plasma activation can result in over five
times higher efficiency for dye degradation, in contrast to
the setup without microbubbles.
Hadinoto, Rao, et al. (2023) assessed the effects of ori-

fice diameter and number of holes regulating the size and
number of bubbles injected into the liquid on the RONS
formation during PAW generation via a hybrid plasma
discharge as shown in Figure 5. This hybrid plasma dis-
charge reactor was energy efficient with the value of 1.81
× 10−1 mol.kW−1.h−1 and achieved a high inactivation
of 5.18 log10 reduction against planktonic bacteria within
30 s of contact time. This is because it induced high
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6 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

F IGURE 4 (a) Schematic diagram of the plasma-bubble generator. (b) Photograph of a discharge in a forming bubble. Reproduced from
Mai-Prochnow et al. (2020) with the permission of John Wiley and Sons.

F IGURE 5 (a) Schematic illustration of the experimental
setup of non-thermal plasma reactor for hybrid plasma discharge
(HPD); (b) Cross-sectional view of the plasma-bubble column for
the ground electrode of the HPD reactor; (c) images of the plasma
discharge from the ground electrode of the HPD reactors with a
single hole (M1, 2 mm); a single hole (M2, 400 μm), and eight holes
(M3, 400 μm). Ta represents gas out to the atmosphere; PD
represents plasma discharge. Reproduced from Hadinoto et al.
(2023) with the permission of Elsevier.

electric fields not only at the high-voltage electrode but
also at the ground, where plasma is discharged as plasma
bubbles into the reactor, within one power source. The
NO

−
2 concentration decreased when the orifice diameter

was changed from 2 mm to 400 μm because reducing
the orifice diameter increased the number of bubbles at
a constant air flowrate, which enhanced the mass trans-
fer rate and increased the NO−

3 concentration attributed
to the conversion of NO−

2 to NO
−
3 along with the enriched

gaseous O, O2
− , and O3 generation (Hadinoto, Rao, et al.,

2023). When the number of orifices increased from one
to eight holes, the NO−

2 concentration decreased and the
NO

−
3 concentration increased due to the increased gener-

ation of bubbles with a smaller diameter resulting in an
increased rate of mass transfer with an increase in the
dissolved O3 concentration (Hadinoto, Rao, et al., 2023).
Overall, integrating microbubbles with cold plasma can
greatly improve the impregnation of active species gen-
erated from the plasma into the water, leading to a more
efficient activation process.

3 CHEMICAL PROPERTIES OF PAW

Zhou et al. (2018) revealed that positive ions (O+,O2
+,N+,

NO+, NO2
+, H2O

+, H3O
+, N2

+
, N2H

+, N2O
+) and neg-

ative ions (O−, OH−, O2
−, O3

−, NO3
−, H3O

−, O−(H2O2),
CO3

−
, HCO3

−) were generated in air plasma via a plasma
jet. These positive and negative species can interact with
water molecules, involving penetration, diffusion, and
complex reactions that happen in the gas, in the liquid, and
at the interface between the gas and the liquid. Through
this process, ROS and RNS are formed in the liquid. This
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 7

topic has been briefly discussed by Zhou et al. (2020),
Machala et al. (2019), Zhou et al. (2018), andMohades et al.
(2020). It should be noted that gases such as argon, oxy-
gen, and nitrogen involve different reaction pathways to
produce the gaseous excited species in plasma than air.
The effect of gas type on the antimicrobial effect of PAW
is discussed in Section 4.1.
For argon plasma, reaction pathways (1)–(3) are involved

(Bolouki et al., 2021; Ghimire et al., 2021).

Ar + e → Ar+ + e + e (1)

Ar + e → Ar∗ + e (2)

Ar∗ + H2O → Ar + ⋅OH +H (3)

For oxygen plasma, reaction pathways (4)–(9) are
involved (Bolouki et al., 2021).

O2 + e → O+ + O + e (4)

O2 + e → O− + O (5)

O + O2 → O3 (6)

O +H2O → 2 ⋅ OH (7)

OH− + O3 → HO
−
2 + O2 (8)

HO
−
2 + O3 → ⋅OH + O−

2
+ O2 (9)

For nitrogen plasma, reaction pathways (10)–(12) are
involved (Bolouki et al., 2021).

N2 + e → N + N + e (10)

N2 + e → N2
∗
+ e (11)

N∗ + H2O → N+ ⋅OH +H (12)

When air molecules (N2 and O2) are present in the
feeding gas, chemical pathways (13)–(31) describe the pos-
sible chemical reactions on the formations of RONS in
PAW (Beckman et al., 1990; Kučerová et al., 2020; Miller &

Bowman, 1989; Pavlovich et al., 2014; Tachibana & Naka-
mura, 2019):

∗e + N2∕O2 → ⋅N + ⋅O + e (13)

⋅N + ⋅O → ⋅NO (14)

∗N2 + ⋅O → ⋅NO + ⋅N (15)

O2 + ⋅N → ⋅NO + ⋅O (16)

⋅NO + ⋅O → ⋅NO2 (17)

⋅NO + O2 → ⋅ONOO (18)

⋅NO + ⋅ONOO → ONOONO → 2 ⋅ NO2 (19)

⋅NO + O3 → ⋅NO2 + O2 (20)

⋅NO2 + ⋅O +M → ⋅NO3 +M(N2 orO2) (21)

⋅NO2 + O3 → ⋅NO3 + O2 (22)

2NO2aq + H2O → NO
−
2 + NO

−
3 + 2H+ (23)

4NO2aq + O2aq + 2H2O → 4NO
−
3 + 4H+ (24)

NO2aq + OHaq → NO
−
3 + H+ (25)

NO
−
2 + O3aq → NO

−
3 + O2aq (26)

NO
−
2 + H2O2 → NO

−
3 + H2O (27)

3NO
−
2 + 3H+ → 2NO2aq + NO

−
3 + H2O + H+ (28)

NO
−
2 + NO3aq → NO

−
3 + NO2aq (29)
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8 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

H2O + e− → H+ ⋅OH + e− (30)

⋅OH + ⋅OH → H2O2 (31)

NOaq + NO2aq + H2O → 2NO
−
2 + 2H+ (32)

NO
−
2 + H+ → HNO2 (33)

HNO2 + H+ → NO+ + H2O (34)

2HNO2 → ⋅NO + ⋅NO2 + H2O (35)

NO
−
2 + H2O2 + H+ → O = NOOH +H2O (36)

HNO2 + H2O2 → O = NOO− + H2O (37)

Pathways (13)–(16) show the formation of nitric oxide
with plasma excitation of atmospheric air, with the first
step as the formation of NO𝑥 (𝑥 = 2, 3) species in the gas
phase. ⋅NO and ⋅N species in the gaseous state are formed
via the rate-limiting reaction between N2 and ⋅O (Miller
& Bowman, 1989). ⋅NO species are also formed via the
reaction of O2 with ⋅N, and the reaction between N2 and
⋅OH via the electron-impact dissociation of water vapor in
atmospheric air (Miller & Bowman, 1989). The NO𝑥 for-
mations occur via the oxidation reactions of the primary
species ⋅NO as shown in pathways (17)–(22) (Pavlovich
et al., 2014). ⋅NO3 species can be formed via pathway (9),
which is a collision between ⋅NO2, ⋅O and a third bodyM
(N2 orO2). It is reported that gaseousNO𝑥 species undergo
pathways (23)–(25) and (32) when transferred into water
(Tachibana & Nakamura, 2019). Gaseous ⋅NO and ⋅NO2

species can dissolve in water to generate NO−
2 , NO

−
3 , and

H+ through the involvement of oxidizing species such as
⋅O, O2, O3, and ⋅OH (Xiang et al., 2018).
The ionic pathways (26)–(29) are also believed to occur

during the conversion ofNO−
2 toNO

−
3 (Tachibana &Naka-

mura, 2019). H2O2 can be formed via the electron–water
interactions at the gas–water interface, shown in reac-
tions (30) and (31). NO and NO+ species can be formed
through the decomposition of unstableHNO2 (Zhou et al.,
2018), in pathways (33)–(35). Under a pH of 3.3, NO−

2 and
H2O2 undergo pathway (36) to form O = NOOH, or at
higher pH, O = NOO− can be formed (Zhou et al., 2018).
From the chemical pathways above, nitrite (NO−

2 ), nitrate
(NO−

3 ), hydrogen peroxide (H2O2), and ozone (O3), have
been widely accepted as the long-lived RONS in PAW and

hydroxyl radical (∙OH), superoxide (∙O2
−), and peroxyni-

trite (O = NOO−) as the short-lived RONS, which also
have major impacts in the conductivity, pH, and redox
potential of PAW. Hence, quantifying these species and
comprehending their chemical pathways in solution is
important in expanding the application and commercial
potential of PAW.
It is known that PAW has a rich diversity of RONS

that increases the liquid conductivity, decreases the pH,
and impacts the oxidation–reduction potential (ORP) (Jin
et al., 2020). The conductivity of PAW reflects the ability
of the solution to conduct electric current (Subramanian
et al., 2021). The nitrous and nitric acids formed during the
interaction between plasma and water cause a decrease in
the pH of PAW (Rathore & Nema, 2022). Shen et al. (2016)
showed that PAW reduced the pH of water from 6.8 to 2.3,
indicating a higher amount of hydrogen cation (H+) in
the solution, attributed to reaction pathways (11)–(13). The
ORP values indicate the electron transfer ability through
chemical reactions in PAW (Bolouki et al., 2021).
When air humidity increases with an increase in the

activation time of PAW, ozonoid (O−
3
) can be produced

instead of O3, which subsequently is converted to ⋅OH

in the gas phase (Perinban et al., 2022). When the pH of
the liquid solution is below 6 during plasma discharge,
the degradations of H2O2 and O3 in the liquid phase are
favored to form hydroperoxide ion (HO−

2 ) via pathways
(40)–(46) (Perinban et al., 2022).

O3 + e− → O−
3

(38)

O−
3
+ H2O → ⋅OH + OH− + O2 (39)

H2O2 + O3 → 2 ⋅ OH + O−
3

(40)

H2O2 → ⋅HO
−
2 + H+ (41)

⋅HO
−
2 → H+ + O−

2
(42)

O−
2
+ O3 → O2 + O−

3
(43)

O−
3
+ H+ → HO3 (44)

HO3 → ⋅OH + O2 (45)

⋅OH + O3 → ⋅HO
−
2 + O2 (46)
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 9

4 MICROBIAL INACTIVATION BY
PAW

A variety of plasma sources to produce PAW have been
successfully proven to inactivate a variety of planktonic
bacteria, as summarized in Table 1. This poses PAW as an
attractive alternative to traditional techniques for bacte-
rial inactivation. It is commonly accepted that the RONS
in PAW attribute to the antimicrobial efficacy of PAW,
attacking unsaturated fatty acids in the cell membrane and
resulting on lipid oxidation (Man et al., 2022; Su et al.,
2018; Zhao et al. (2020a). Rivero et al. (2022) proposed that
the synergetic effect of NO−

2 , ONOO−, and low pH leads
the destruction of bacterial cells. However, few researchers
have proposed that the ROS in PAW are also responsible
for the microbial inactivation of PAW by initiating lipid
peroxidation in the cell membrane (Gan et al., 2022; Per-
inban et al., 2022). Han et al. (2022) reported that ∙O2

− has
a key role in the mechanism of antimicrobial inactivation
induced by PAW while NO−

2 and NO
−
3 with pH drop acted

as the supporting agents in the inactivation. ∙OHalso plays
a role in the bacterial inactivation by oxidizing unsaturated
fatty acids in the cell membrane, cleaving peptide bonds,
and oxidizing amino acid side chains (Guo et al., 2023).
It is accepted that the microbial inactivation of PAW is

due to a combination of its RONS and low pH. The ORP
of PAW could also be an important factor affecting PAW
inactivation (Kasih et al., 2022). Bai et al. (2020) noted that
the initial concentration of bacteria affects the bacterial
resistance to PAW treatment, revealing that the higher the
bacterial load, the lower the inactivation rate.
For in situ PAW treatment, Rothwell et al. (2022) investi-

gated the use of scavengers, such as mannitol (which scav-
enges ∙OH), hemoglobin (which scavenges NO), sodium
pyruvate (which scavenges H2O2), tiron (which scavenges
∙O2

−), and uric acid (which scavenges O3), to identify
which reactive species in PAW contributed to the antimi-
crobial activity of PAW against Listeria innocua and E. coli.
The authors revealed that ∙O2

− is the only species affect-
ing the inactivation. Similarly, Xia et al. (2023) reported
that the oxygen toxicity of ∙O2

− radicals in PAW gener-
ated using oxygen are responsible for the removal of E. coli
biofilms. Other authors reported that the ONOO− species
in PAW was the main factor inducing the antimicrobial
effect (Ikawa et al., 2016; Zhou et al., 2018). ONOO− can
directly react with protein molecules in bacteria through
hydrogen abstraction, coupling, oxygenation, and cleavage
(Guo et al., 2023).

4.1 Microbial inactivation mechanisms

In general, the mechanisms associated with PAW inacti-
vation against bacteria involves multiple phases as shown

in Figure 6. The bacterial cell envelope is the main target
when PAW interacts with bacteria. The RONS generated
in PAW (i) induces cell permeability and forms transient
pores due to electroporation, which promotes the RONS
entering the cells, (ii) initiates lipid peroxidation in the
cell membrane by disturbing the chemical bonds of the
cell membrane, which is mainly composed of lipids, phos-
pholipids, fatty acids, and proteins of the cell membrane
(Liu et al., 2021a; Zhang et al., 2016). Damaging the cell
membrane increases the difficulty of cellular homeostasis.
In addition, the extracellular RONS travelling across the
transient opening of pores in the cell membrane and the
oxidative stress in the bacterial cells induced by the exter-
nal oxidative stress create the enlargement of intracellular
RONS (Ma et al., 2013; Zhang et al., 2016). The increased
intracellular RONS leads to cell death by oxidizing DNA
in the nucleus as well as damaging intracellular organelles
and enzymes (Ma et al., 2013; Zhang et al., 2016). More-
over, the intracellular pH and intracellular RONS induce
the interference of intracellular pH homeostasis, which
leads to physiological dysfunctions of the bacterial cells
and irreversible cell damage (Guo et al., 2022; Zhang et al.,
2016).
The characteristic of bacteria, including their nature and

cellular structure, is a critical factor impacting the inac-
tivation mechanism of PAW. Zhao et al. (2020a) reported
that the PAW inactivation against L. innocua and S. aureus
as Gram-positive species were lower than those against
Gram-negative species (E. coli, Aeromonas hydrophila,
Pseudomonas fluorescens, and Shewanella putrefaciens),
attributed to higher protection with denser cell wall for
Gram-positive bacteria. Gram-positive bacteria have a cell
wall thickness of 20–80 nm, which is thicker than the cell
wall of Gram-negative bacteria at less than 10 nm (Wang
& Salvi, 2021). In addition, S. aureus cells were reported
to be less prone to irreparable oxidative damage by PAW
treatment in comparison with L. innocua, due to the resis-
tance mechanisms that they acquire (Zhao et al., 2020a).
Jyung et al. (2022) measured reactive species in PAW dif-
fused into Gram-positive bacteria, revealing that the thick
peptidoglycan layer of Gram-positive bacteria acted as a
physical shield and increased the bacterial resistance to
PAW compared to Gram-negative bacteria. Xiang et al.
(2018) also indicated that PAW damaged the cell wall and
membrane of Pseudomonas deceptionensis CM2 with up
to 155% and 161% of the extracellular nucleic acid and
proteins, respectively, in comparison with the untreated
bacterial samples.
Although the structure of the cell envelope is an impor-

tant factor in microbial defense in PAW treatment, the
shape of the bacterial cell is the other contributing aspect
that needs to be considered (Simoncicova et al., 2019). The
behavior of PAW inactivating bacterial cells is also influ-
enced by the treatment time of PAW. Based on the images
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 11

F IGURE 6 Schematic diagram of the microbial inactivation induced by plasma-activated water (PAW). The authors noted that the
addition of bovine serum albumin (BSA) during plasma discharge decreased the reactive nitrogen and oxygen species produced in PAW.
Reproduced from Zhang et al. (2016) with the permission of American Chemical Society.

of transmission electron microscopy (TEM) obtained by
Baek et al. (2020), PAW damaged the outer shell of Gram-
positive bacteria at the treatment time of 1 min and injured
the intracellular components of the cells, such as nucleic
acids and proteins, at 5minwhile the cell structure of PAW-
treated Gram-negative bacteria was dramatically changed.
Furthermore, the increased reactive species in PAW with
the increased discharge frequency or output voltage grad-
ually increased the permeability of the cell membrane
(Asimakopoulou et al., 2022; Zhao et al., 2020a).

4.2 Processing factors influencing
inactivation effectiveness

The antimicrobial activity of PAW depends on the mode of
plasma generation, activation time, dose of energy input,
treatment time and the characteristics of microorgan-
ism, which has been discussed in the published literature
(Herianto et al., 2021; Xiang et al., 2022; Zhao et al.,
2020a). There are many processing factors that influence
the antimicrobial effectiveness of PAW, including working
gas type, gas flowrate, storage time, storage temperature,
water type, water conductivity, and liquid temperature.
Understanding these factors are crucial for the technology
translation at the industrial scale.

4.2.1 Working gas type and its flowrate

Gas type plays a dominant role in the formation of reac-
tive species at the plasma–liquid interaction and bacterial

inactivation of PAW. Bolouki et al. (2021) investigated the
effects of various gases, such as air, nitrogen, oxygen, and
argon, on the physiochemical properties of PAW gener-
ated via DBD at the treatment times of 2, 4, 6, 8, 10, and
12 min; optical emission spectroscopy (OES) revealed that
different spectra patterns and relative intensities of the
gaseous reactive species were generated during the inter-
action between plasma and liquid when using different
types of working gases. For the plasma generated with air
and nitrogen, the pH of PAW decreased with the increased
treatment time; however, the pH was not significantly
changed for the plasma treatment with argon and oxygen
because of the absence of nitrogen species (Bolouki et al.,
2021).
Compared to other gases, air produced the highest con-

centrations of RNS, including nitrite and nitrate, in PAWat
activation times higher than 10minwhile oxygen exhibited
the highest concentration of hydrogen peroxide. Interest-
ingly, Mohades et al. (2020) reported, specifically for PAW
generated via DBD, that argon as the feeding gas produced
the highest H2O2 concentration in the solution whereas
air produced the highest aqueous ∙OH concentration and
oxygen produced the highest dissolved O3 concentration.
Moreover, changes in PAW chemistry contributed to the
overall antimicrobial effect of PAW with different chem-
ical reactions controlling the RONS production in the
liquid. Zhou et al. (2018) indicated that adopting air as the
working gas is more desirable for the implementation of
PAW in the food industry because it is abundant and low
cost.
Machala et al. (2019) pointed out the importance of

the air flow rate in the chemical composition of PAW,
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12 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

especially in the formation rates of gaseous RONS. It is
important to recognize that the flow rate of gas is not
always in a positive relationship to the inactivation of PAW.
The gas flow rate regulates the residence time of gas feed-
ing into the plasma system and the plasma intensity to
produce reactive species in the gas phase (Perinban et al.,
2022).Machala et al. (2019) showed that the concentrations
of nitric oxide and nitrite in the gas plasma increased at the
lowest air flow rate because of larger accumulated reactive
species in the closed reactor at the lowest flow rate.
Hadinoto et al. (2021) evaluated the impact of vary-

ing air flow rates on both the energy efficiency and the
bacterial inactivation of a plasma-bubble reactor. Their
findings indicated that increasing the airflow from 0.2 to
0.8 L.min−1 (whichwas the optimal flow rate at a discharge
frequency of 2000 Hz) resulted a rise of RONS energy
efficiencies from 4.25 to 8.60 g kW−1 h−1. This increase
can be attributed to the higher concentration of active
species introduced into the reactor at the optimal flow rate,
which in turn raised theNO−

3 concentration. However, the
survived populations of E. coli were decreased when the
airflow changed from 0.2 to 0.8 L.min−1.
Royintarat et al. (2019) varied the composition of a mix-

ture of argon (Ar) and oxygen (O2), at 98%, 99%, and 100%
Ar, with the gas flowrates of 2, 4 and 6 L min−1 for the
E. coli and S. aureus inactivation of PAW via a cylindrical
DBD plasma reactor. They found that the optimal inactiva-
tion, at 0.45 and 2.45 log10 reduction CFU.mL−1 against E.
coli and S. aureus, respectively, was achieved with 99% Ar
(and 1% O2) at 4 L.min−1 for 11.5 min of treatment. Shaw
et al. (2018) revealed that the gas mixture of nitrogen and
0.5 wt% of vapor nitric acid led to the highest antimicrobial
inactivation of PAW against E. coli compared to other gas
mixtures, such as nitrogen and nitrogen with water vapor.
In addition, Ali et al. (2021) showed that in comparison
with a gas mixture of argon and oxygen, higher reductions
of chlorothalonil and thiram pesticide residues on tomato
were achieved by PAWwhen the air was introduced during
plasma discharge, which is associated with the enhanced
RONS production in PAW when using air as the working
gas. Moreover, using air as the working gas during the dis-
charge achieves higher RONS energy efficiency, offering
significant economic viability over pure gases. For exam-
ple, the energy efficiency generated via air was 2.24 times
higher than those via argon (Cubas et al., 2021).

4.2.2 Storage time and temperature

Storage time and temperature are crucial factors to gov-
ern the storability of PAW and the post-discharge stability
of RONS in PAW, which consequently affect the micro-
bial inactivation efficiency of PAW. Tsoukou et al. (2020)

F IGURE 7 Plasma-activated water inactivation against
Escherichia coli and concentration of superoxide anion radical
(O⋅

2
−) at different storage times. Reproduced from Han et al. (2022)

with the permission of John Wiley and Sons.

investigated the effect of storage stability on the inactiva-
tion of PAWagainst planktonicE. coli and S. aureus cells by
storing PAWat 20 (room temperature, RT), 4,−16,−80, and
−150◦C for up to 18 months prior to treating bacterial cells.
The authors found that highest inactivation was achieved
at 6 log10 reduction CFU⋅mL−1 when PAW was stored at
−80 and −150◦C for 18 months. Storing PAW, for example
at −16◦C for a week, resulted in 3.00 to 4.00 log10 reduc-
tion CFU.mL−1 while increasing the PAW storage time for
anotherweek decreased the inactivation to about 2.00 log10
reduction CFU.mL−1. These findings were associated with
the stability of ROS and nitrate in PAW during storage
(Tsoukou et al., 2020).
Shen et al. (2016) demonstrated that storing PAW at

−80◦C for up to 30 days achieved higher inactivation
against S. aureus at 3 to 4 log10 reduction CFU mL−1 com-
pared to those at temperatures of 25, 4, and −20◦C, due
to its preserved concentrations of hydrogen peroxide and
nitrite. Wang and Salvi (2021) examined the storage stabil-
ity of PAW prepared using an air plasma jet. The authors
indicated that increasing the storage time decreased both
(i) the concentration of nitrate in PAW and (ii) the PAW
microbial reductions against E. coli and L. innocua, irre-
spective of the storage temperature. In addition, the storage
temperature of 4◦Cmaintained the inactivation efficacy of
PAW higher than at 22◦C (Wang & Salvi, 2021).
Han et al. (2022) evaluated the influence of storage times

at 7.5, 15, 30, and 60 min at room temperature during
the PAW inactivation efficacy against planktonic E. coli.
The authors reported that more than 6.18 log10 reduction
CFU.mL−1 of PAW was achieved with the storage time
of 7.5 min (Figure 7). However, when the storage time
reached 30 min, the inactivation decreased (Figure 7),
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 13

F IGURE 8 Evolution of the nitrate/nitrite (NO3/NO2) mole concentrations and pH as function of the time after activation of
plasma-activated water prepared with (a) distilled water and (b) tap water via a gliding arc discharge. The plotted data in red (full symbols)
concern the first test and the data in blue (empty symbols) for the second attempt. Reproduced fromWartel et al. (2021) with the permission of
AIP Publishing.

which was attributed to the decrease of superoxide anion
radicals as they are important inactivation agents in PAW
(Han et al., 2022).
Perinban et al. (2022) revealed that the concentrations of

hydrogen peroxide and ozone had an inverse proportional
correlation with the storage time of PAW. The authors
showed that the inactivation of planktonic bacterial cells
decreased by 30%–50% after storing for 2 days. For the scal-
ability of PAW in the food industry, Zhao et al. (2020a)
recommended that the antimicrobial activity of PAWcould
last up to 24 h after its generation.

4.2.3 Type of water and water conductivity

Many studies have reported that PAWproduction using dif-
ferent types of water, including deionized water, distilled
water, tapwater, and reverse osmosiswater affects the PAW
antimicrobial effectiveness. Wartel et al. (2021) noted that
the post-discharge reactions on the concentration profile
behavior of nitrite and nitrate during the PAW generation
via a gliding arc discharge with distilled water were differ-
ent to tapwater. Figure 8a showsdegradation of nitritewith
an increase in the mole concentration of nitrate during the
storage time. In contrast, the concentrations of nitrite and
nitrate in PAWprepared with tap water were unaffected by
the storage time (Figure 8b) because of the absence of acid-
ification and the buffer effect of carbonates in tap water
(Wartel et al., 2021). Moreover, it was reported that PAW
(pH = 3.5) prepared from tap water performed the best
inactivation efficacy against E. coli compared to distilled,
deionized, filtered, and saline water as shown in Figure 9
(Sampaio et al., 2022).

Schmidt et al. (2019) compared the productions of PAW
generated by a multi-pins-to-liquid discharge with differ-
ent properties of treating liquid, including distilled water,
tap water, and distilled water with 0.85% NaCl. They found
that PAW prepared with tap water performed the best in
terms of the inactivation efficacy of PAW against E. coli
and S. aureus. Interestingly, Simon et al. (2021) investi-
gated the effects of potable water collected from France,
Norway, Palestine, Slovenia, and the United Kingdom on
the generation of PAW. After plasma discharge, all water
samples collected from these five countries increased the
concentration of nitrate in PAW. Interestingly, only water
from France and Palestine retained the pH of PAW at 8.
The authors then evaluated the antimicrobial efficiency
of PAW prepared from the United Kingdom and Pales-
tine’s water samples against E. coli and S. aureus, which
revealed that PAW prepared with the UK’s water samples
achieved more than 6.00 log10 reduction CFU.mL−1 while
thosewith Palestine’s samples reached 0.40 log10 reduction
CFU.mL−1 (Simon et al., 2021). These findings highlighted
the importance of having appropriate water composition
for future PAW development, as it affects its efficacy and
repeatability.
Hadinoto et al. (2021) and Hadinoto et al. (2023) proved

the importance of adding NaCl prior to plasma discharge,
enhancing the bacterial inactivation. Increasing salinity
increased the electric field and the total concentration of
RONS in PAW (Hadinoto et al., 2023). Increasing the NaCl
concentrations to more than 4 mM during the generation
of PAW via a hybrid plasma discharge resulted >4 log10
reduction at a contact time of 30 s compared to the 3.19
log10 reduction achievedwith non-saline PAW for the same
contact time (Hadinoto et al., 2023).
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14 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

F IGURE 9 Overview of the antibacterial effects of Escherichia
coli exposure in contact with plasma-activated water prepared from
distilled, deionized, filtered, 0.9% saline and tap water over time at
pH = 3.5. Reproduced from Sampaio et al. (2022) with the
permission of MDPI.

4.2.4 Liquid temperature

The initial liquid temperature for PAW generation affects
the production of RONS and the antimicrobial effective-
ness of PAW. Pang et al. (2021) shows the effects of initial
liquid temperatures at 4, 25, 40, and 70◦C on the chem-
ical characteristics of PAW generated via an atmospheric
plasma jet with the activation time of 10min and amixture
of 99.5% helium and 0.5% nitrogen as the working gas. The
optimal liquid temperature was 25◦C because tempera-
tures above 25◦C decreased the amount of RONS produced
in PAW, which was associated with the water evaporation
at 40 and 70◦C impacting the intensity of plasma dis-
charge, the liquid density, surface tension, and the reaction
rates of RONS in PAW.
The solubility of oxygen and other gasses during

plasma generation also decreased as the liquid tempera-
ture increased; consequently, lower solubility of NOx was
induced (Pang et al., 2021). In addition, Pang et al. (2021)
revealed that the increased liquid temperature from 25 to
70◦C reduced the apoptosis rate of cancer cells by flow
cytometry from 27.1% to 12% due to a higher concentra-
tion of RONS in PAW at 25◦C. Moreover, Man et al. (2022)
assessed the effect of controlling the liquid temperature at
the values of 10, 20, and 37◦C during the direct PAW treat-
ment againstE. coli at the treatment times of 1, 3, and 5min,
concluding that PAW treatment at the liquid temperature
of 10◦C achieved the highest inactivation efficacy of 2.43
log10 reduction CFU.mL−1 because of its highest formation
of aqueous ozone.

5 APPLICATIONS OF PAW FORMEATS
ANDMEAT PRODUCTS

5.1 Curing of meat products using PAW

PAW provided a new avenue to produce an alternative
nitrite source for meat curing (Inguglia et al., 2020).
Inguglia et al. (2020) produced PAWby a plasma-beam sys-
tem at 20 kHz for 10 min using four solutions with sodium
nitrite concentrations at 0, 50, 100, and 150 ppm. PAWtreat-
ment resulted in 0.85 log10 reductionCFUg−1 in L. innocua
on beef jerky compared to conventional curing methods
at 50 and 150 ppm of sodium nitrite, with no significant
impact on the lipid oxidation and texture of the samples.
This was due to the presence of nitrite in the PAW solution,
increasing the antimicrobial effectiveness (Inguglia et al.,
2020).
Meanwhile, Kim et al. (2016) revealed that the emulsion-

type sausage cured with PAW did not cause mutagenicity
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A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY 15

and immune toxicity of meat products. Yong et al. (2018)
generated PAW via DBD with an activation time of 2 h for
the curing of lion ham, achieving<0.5 log10 reductionCFU
g−1 in E. coli on the samples compared to those prepared
with sodium nitrite. The Ames test confirmed that PAW
treatment did not exhibit genotoxicity on the ham (Yong
et al., 2018).

5.2 PAW as thawing medium for frozen
meats

The effect of PAW on chicken thawing for microbial inacti-
vation was observed by Qian et al. (2022), showing that the
presence of nitric oxide radicals in PAW reduced the bac-
terial population in the range of 0.62 to 1.17 log10 reduction
CFU.g−1 and slowed down the lipid oxidation of poultry
meats. Liao et al. (2020) revealed that PAW thawing for
frozen beef maintained the quality of the beef and posed
the highest antimicrobial inactivation, with a reduction in
total viable count (TVC) of 1.62 log10 CFU.g−1, compared to
microwave thawing (1.41 log10 CFU.g−1) and thawing with
slightly acidic electrolyzed water (0.83 log10 CFU.g−1).

5.3 PAW effects on safety and quality of
meats

Table 2 shows different applications of PAW, recently
reported in the scientific literature, for the disinfection
of fish, chicken, and beef. The extent of the antimicro-
bial effect of PAW not only relies on the bacterial species,
whether the bacteria are Gram-positive or Gram-negative,
as discussed in Section 4, but also on its mode of growth
and whether the bacterial cells are planktonic or adhered
to surfaces. It should be noted that the antimicrobial
inactivation of PAW against adhered bacterial cells are
typically less efficient than those against planktonic cells
(Kamgang-Youbi et al., 2009).
Liu et al. (2021b) compared the inactivation of PAW

against S. putrefaciens in yellow river carps with water
alone, achieving 1.03 log10 reduction CFU g−1 at the treat-
ment time of 6 min with no significant difference in the 𝐿∗
and 𝑏∗ value of the samples. PAW significantly reduced the
pH of yellow river carp from 7.31 to 5.46 due to the acidifi-
cation of water. The author concluded that the nitrite and
nitrate formed in PAW initiated the lipid oxidation of the
samples with an increased value in the thiobarbituric acid
reactive substances (TBARS) (Liu et al., 2021b).
PAW was also found to maintain the color and texture

properties of salmon filletswhile resulting 2.04 log10 reduc-
tion CFU.g−1 against S. putrefaciens (Zhu et al., 2023).
Chanioti et al. (2023) reported that PAW could extend the

shelf life of sea bream fillets by at least 60%. Zhao et al.
(2020b) obtained a complete reduction of PAW inactivation
(>7 log10 reduction CFU.mL−1) against P. fluorescens in
mackerel fillets after 24 h of storage time. PAW caused cell
shrinkage compared to untreated samples with an intact
bacterial surface, which was confirmed by the authors
using a scanning electron microscope (SEM).
Jyung et al. (2023) indicated that the combination of

PAW and 1% lactic acid can be efficiently applied to mack-
erel in ice form, which resulted in a 4.53 log10 reduction of
PAW-resistant Listeria monocytogenes while maintaining
the quality of the mackerel. Chaijan et al. (2022) inves-
tigated the influence of PAW and whey protein isolated-
crude ginger extract coating (WC) for the inhibition of
Pseudomonas spp. in sea bass steaks during the storage
time of up to 30 days at 4◦C. After a storage time of 20 days,
the TBARS values of PAW-treated samples were about the
threshold of TBARS rancidity at 2.00–2.50 mg MDA kg−1,
which were mitigated by coating the meat samples with
WC after PAW treatment. Compared to untreated samples,
PAW-treated samples with and without WC slowed down
discoloration (Chaijan et al., 2022).
Liao et al. (2018) investigated the effect of PAW in the

form of ice for the microbial safety of shrimps. PAW was
first prepared via a DBD and stored at −20◦C for 24 h,
forming PAW-ice. At the meat storage time of 6 days, the
TVC of PAW-treated shrimps reached the value of 4.40
log10 CFU.g−1, below the threshold of meat freshness for
shrimps (6.00 log10 CFU.g−1). PAW-ice had a lower TVC
at 6.50 log10 CFU.g−1 compared to water-ice (8.60 log10
CFU.g−1) at the meat storage time of 9 days, with the
ability to (i) retard the lipid oxidation and protein degrada-
tion of the meat samples and (ii) reduce the development
of melanosis in the shrimp samples. On the other hand,
Ke et al. (2023) reported that nitrite in PAW reduced the
content of malonaldehyde (MDA) in tuna muscle. Over-
all, PAW exhibits a remarkable ability to prolong the shelf
life of fish and shrimp. However, a more in-depth inves-
tigation is required to determine the exact inactivation
mechanisms of PAW.
Kang et al. (2019) proved that PAWwas effective to inac-

tivate P. deceptionensis CM2 adhered on chicken breasts
with 1.05 log10 reduction CFU.g−1 at the treatment time
of 12 min with no impacts on the texture, color, odor, and
acceptability of the samples. Mai-Prochnow et al. (2020)
investigated the effect of in situ PAW treatment using a
plasma-bubble reactor for the inactivation of P. fluorescens
adhered on chicken skins, achieving 1.40 log10 reduction
CFU.mL−1 at the treatment time of 15 min. The generated
nitrate, ozone, hydroxyl, and peroxide in the liquid were
reported to influence the antimicrobial inactivation with-
out visible changes in the chicken samples (Mai-Prochnow
et al., 2020). Grosse-Peclum et al. (2023) reported that PAW
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caused slight differences in pH, color, andmyoglobin redox
forms when it interacted with chicken carcass, but these
differenceswere not perceived during the sensory analysis.
Wang et al. (2021) evaluated that PAW produced by

DBD did not impact the surface color of the cooked chick-
ens. Rising the activation time of PAW from 5 to 20 min
increased the inactivation efficiency against S. aureus
adherent on the chicken samples due to the RONS in PAW
interacting with the bacterial cells. As a result, 2.09 to 2.29
log10 reduction CFU.g−1 was achieved with PAW prepared
at 20 min. Royintarat et al. (2020) showed that 0.46 and
0.33 log10 reduction CFU.mL−1 were achieved for the inac-
tivation of PAW against E. coli and S. aureus, respectively,
on the surfaces of chicken samples at a treatment time
of 60 min. These inactivation efficiencies were attributed
to the ROS, such as hydrogen peroxide and hydroxyl, in
PAW produced by a plasma jet with argon as the work-
ing gas (Royintarat et al., 2020). The authors also reported
that PAW-treated chicken samples were comparable to
untreated samples in terms of hardness, lipid, and protein.
Zhao et al. (2020c) demonstrated the use of PAW for the

preservation of fresh beef with 4.08 log10 CFU.g−1 com-
pared to the control samples (6.08 log10 CFU.g−1) after
storing the meat samples for 13 days. The preservation
effects were associated with the long-lived species in PAW
and its low pH. The authors revealed that increasing the
storage time at 4◦C could improve the antimicrobial inac-
tivation of PAWwithout causing any negative effects on the
pH, total volatile basic nitrogen (TVB-N), TBARS, texture,
and color of the beef samples.
Astorga et al. (2022) showed that adding NaCl to

the liquid prior to plasma discharge to produce PAW
resulted in 5.90 log10 reduction CFU.mL−1 in planktonic
S. Typhimurium (at 240 s of treatment time) and 4.00 log10
reduction CFU.mL−1 in planktonic E. coli (at 300 s of treat-
ment time). The generated PAW had insignificant changes
in the vitamin B6, minerals, protein, pH, 𝐿∗ values, and
𝑏∗ values of beef rumps but improved the water holding
capacity compared to the untreated samples (Astorga et al.,
2022). Interestingly, PAW reduced the 𝑎∗ values of beef
rumps compared to those treated with water and had no
significant difference with those treated with lactic acid.
Hadinoto et al. (2023) evaluated the effectiveness of

two beef washing methods, such as spraying and immer-
sion, using both PAW and water at contact times of 15,
30, and 60 s. The study found no significant difference
between the two methods. In addition, the authors discov-
ered that spraying PAW on beef samples maintained the
lightness and hue angle values, TBARS value, water hold-
ing capacity, and pH of the samples. However, PAW caused
a decrease in the redness, yellowness, and chroma values
with a 44.1% reduction in oxymyoglobin values, result-
ing in meat discoloration on the surface of PAW-treated

samples, as shown in Figure 10. The discoloration was
mitigated when additional water washing was introduced.
Moreover, PAW spraying with and without additional
water washing achieved 0.696 and 0.656 log10 reduction
CFU.mL−1 in S. Typhimurium at a 30 s contact time.
Lotfy and Khalil (2022) froze beef samples at −24◦C for

24 h, soaked the samples in PAW until the temperature of
the meat reached 0◦C, and stored them at 5◦C for 20 h.
The total aerobic bacteria count of beef decreased from
3.10 log10 CFU.g−1 (untreated beef) to 0.20 log10 CFU.g−1
with PAW generated at the activation time of 10 min, due
to the generated reactive species. PAW did not change the
TVB-N and 𝐿∗ value of beef in that study but the acti-
vation time of PAW significantly influenced the 𝑎∗ value
(Lotfy &Khalil, 2022). The authors also determined that all
the PAW-treated samples (0.28–0.72 mgMDA.kg−1) were
still within the acceptable range for consumers, below the
threshold rancidity of 1.00 mg MDA.kg−1. However, the
authors used pure gases, such as helium, to generate PAW.
Xiang et al. (2019) looked into the inactivation effi-

ciency of PAW against E. coli and S. aureus in the presence
of beef extract at concentrations of 0. 0.5, 1.0. 2.5, and
5.0 mg.L−1. It was discovered that the inactivation of PAW
with beef extract against E. coli (1.46 to 2.33 log10 reduc-
tion CFU.mL−1) and S. aureus (0.78 to 1.50 log10 reduction
CFU.mL−1) were lower than those without beef extract
(3.70 log10 reduction CFU.mL−1 for E. coli and 2.32 log10
reduction CFU.mL−1 for S. aureus).

6 COMBINATION OF PAWWITH
ULTRASOUND, MILD HEATING, AND
NON-THERMAL PLASMA
Some researchers have combined PAW with other food
processing technologies such as ultrasound, mild heat-
ing, and NTPs to enhance the antimicrobial activity of
PAW. Sysolyatina et al. (2020) produced PAWmist (PAWM)
using an ultrasound mist maker, achieving effective bac-
terial inactivation against planktonic S. Typhimurium
(decreased by a factor of 166), L. monocytogenes (decreased
by a factor of 35.5), and E. coli (decreased by a factor of 266)
in 15 s. Xiang et al. (2019) showed that mild heating during
a 4-min contact timewith PAWat 40, 50, and 60◦C resulted
in inactivation values of 0.08, 0.75, and 1.78 log10 reduction
CFU.mL−1 against E. coli, respectively, which were higher
than at 25◦C. Bai et al. (2020) stated that increasing the
temperature of PAW up to 55◦C intensified the leakage of
the intracellular elements of Bacillus cereus cells, reaching
a 2.96 log10 reduction CFU.mL−1 at the treatment time of
60 min.
Xu et al. (2023) combined NTP and PAW for the inacti-

vation of Saccharomyces cerevisiae and Aspergillus flavus
by soaking the bacterial cells in PAW after the NTP
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F IGURE 10 Photographs of untreated beef (T1, control) and beef surface samples treated with the water spraying method at 55◦C for 30
s (T2), the plasma-activated water (PAW) spraying method at 55◦C for 30 s (T3), and the PAW spraying method at 55◦C for 30 s followed by the
additional water spraying method at 25◦C for 60 s (T4) at the meat storage times of 1 day and 7 days at 4◦C. Reproduced from Hadinoto et al.
(2023) with the permission of Elsevier.

treatment. The SEM photographs revealed that the com-
bined treatment ofNTP andPAWchanged the surfacemor-
phology of the A. flavus cells while PAW alone did not (Xu
et al., 2023). This combined treatment was attributed to the
intracellular superoxide anion and peroxynitrite, induc-
ing oxidative damage to mitochondria, cellular proteins,
lipids, and nucleic acids (Xu et al., 2023).
For meats, Royintarat et al. (2020) studied the use of

ultrasound to improve the microbial inactivation of PAW
as shown in Figure 11. The authors indicated that the
ultrasound process increased the penetration rate of PAW
and the intracellular ROS while causing no impact on

the protein content, lipid content, hardness, and color
the chicken samples. Zhao et al. (2021) investigated the
combination effect of plasma-activated peracetic acid (PA-
PAA), shown in Figure 12, and ultrasound for themicrobial
safety of mackerels. PA-PAA was reported to increase the
reduction of E. coli by 0.53 log10 reduction CFU.g−1 at a
treatment time of 10min (Zhao et al., 2021). The addition of
ultrasound further increased the inactivation to 0.61 log10
reduction CFU.g−1. However, there was no significant dif-
ferences between PA-PAAwith andwithout ultrasound for
the inactivation of adhered L. innocua and P. fluorescens
cells.
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F IGURE 11 Schematic diagram of plasma-activated water (PAW) and PAW-ultrasound treated chicken sample. Reproduced from
Royintarat et al. (2020) with the permission of Springer Nature.

F IGURE 1 2 Schematic diagram of the plasma device and plasma treatment to peracetic acid. Reproduced from Zhao et al. (2021) with
the permission of Elsevier.

7 CURRENT LIMITATIONS AND
FUTURE OPPORTUNITIES

To validate the potential of PAW as an eco-friendly and
cost-effective sanitizing process, actual data for environ-
mental impact and cost efficacy is needed, which can
be approached with total cost accounting and real-world
economic modeling.
The complexity of PAW chemistry remains a challenge

to be addressed. The specific effects and mechanism of
the microbial inactivation process for the various RONS

formed in PAW have not been fully elucidated. The chem-
istry of PAW is affected by different factors such as the gas
composition and the plasma discharge configuration, as
explained in Section 2, consequently affecting the antimi-
crobial capacity of PAW. This is because different discharge
configurations alter the composition of RONS in the liquid,
and consequently, modulate the energy efficiency and the
inactivation activity of PAW.
Large-scale PAW application for meat safety has not

yet been implemented. Thus far, considerable efforts have
beenmade in recent years, summarized in Table 1, utilizing
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plasma jet, arc discharge, and DBD for PAW production at
a micro-scale and a laboratory scale, which demonstrated
(i) the potential of PAW as a greener alternative to tra-
ditional chemical disinfectants and (ii) the antimicrobial
capacity of PAW with bacterial inactivation ranging from
2.50 to more than 6 log10 reduction CFU.mL−1. However,
the reported studies still hinder the practical applications
of PAW in the food and agriculture industry, especially
the meat industry, due to (i) the production of PAW in
low liquid volumes of 5−2000 mL, (ii) the use of high
power of up to 750 W to initiate and sustain the discharge,
and (iii) the long PAW-food contact time to achieve inac-
tivation, from minutes to hours. As such, issues of cost,
efficiency, safety, and productivity must be considered for
the implementation of PAW for larger-scale operations.
Different modes of air plasma discharge and water com-

position have been evaluated to optimize the production of
RONS in the liquid, energy efficiency, and inactivation effi-
cacy for food safety (Hadinoto et al., 2021; Rothwell et al.,
2022). Efforts have been made to produce PAW in more
commercially relevant volumes, notably byHadinoto, Rao,
et al. (2023) and Hadinoto, Yang, et al. (2023) who have
achieved production volumes of a few liters. However, the
actual implementation of PAW in a scale required for the
meat industry has not yet been accomplished.
Another point that needs to be considered is the type of

water used during the generation of PAW for meat safety.
Several authors generated PAW with distilled or MilliQȦ

water. Increasing the initial conductivity of water prior
to plasma discharge also influences the composition of
RONS in the solution because of the increased plasma
density with the increased electric field at higher initial
conductivity (Lu et al., 2012).
Hadinoto et al. (2023) demonstrated the ability of PAW

spraying (with the additional of 8mMNaCl prior to plasma
discharge to inactivate S. Typhimurium on beef samples,
which was found to be higher than water spraying in the
contact time of 30 s. In terms of the meat quality, PAW
maintained the lightness and hue angle values, TBARS
value, water holding capacity, and pH of the beef sam-
ples, but decreased their redness, yellowness, chroma,
and oxymyoglobin values. These decreased values were
mitigated by introducing an additional water washing, dis-
playing no color differences (Δ𝐸), as detected by human
eyes, compared to water-treated samples. Further research
is required to develop strategies to maintain the redness of
red meat compared to washing with water only.
Studies on bacterial resistance are also required because

(i) bacteria become more tolerant to some stresses due
to a particular stress effect and (ii) different types of
stress reactions in bacteria affect the inactivation pro-
cess and complicate the PAW application. Moreover, the
inactivation effectiveness of PAW as a function of the

initial microbial population should be investigated. These
will complement the microbiological studies toward the
commercialization of PAW technology.
Toxicology research is essential to fulfilling regulatory

requirements. Considering different market policies and
food standard guidelines is important for the adoption
of this technology in the meat industry. Moreover, a key
factor for the industry adoption of PAW is consumer
buying interest. The acceptability of PAW-treated meat
by consumers is an important determinant for govern-
ment decision-making. Assessing the health, economic,
social, and environmental risks and benefits perceived by
consumers should be investigated. In the near future, regu-
latory agencies will need to establish regulations and con-
duct risk assessments to accommodate PAW’s increasing
industrial and commercial potential.

8 CONCLUSIONS

The disinfectant capacity of PAW against foodborne
microorganisms for the decontamination of meats and
meat products has been reported in the literature. In
this review, common generations of PAW and its physio-
chemical properties were discussed. Among several PAW
generation methods, the use of multiphase discharge via
plasma bubbles needs further study as it may increase the
energy efficiency during plasma discharge, enhancing the
PAW production efficiency, due to the larger liquid–gas
interfacial area around the bubbles that reduce the mass
transfer limitations on the gas–liquid interface increas-
ing the production and dissolution of NO−

3 and O3, as
explained in Section 2. The reaction pathways associated
with the generation of short-lived and long-lived RONS in
PAW were also outlined.
PAW possesses a remarkable ability for bacterial inacti-

vation under various feeding gases, such as argon, oxygen,
and nitrogen, that involves different reaction pathways
to produce the gaseous excited species during the dis-
charge. These gases can induce the formation of certain
RONS in PAW affecting its bacterial inactivation. This
review highlighted current studies on PAW inactivation
against various planktonic bacteria and the inactivation
mechanism of PAW. The optimization of critical process-
ing parameters to improve the PAW inactivation, such as
gas type, gas flow rate, storage time, storage temperature,
water type, and liquid temperature, were discussed. The
promising performance and applications of PAW for meat
curing, thawing frozen meats and meat decontamination
were reviewed. Recent reports on the ultrasound process,
mild heating, andNTP combinedwith PAW to improve the
inactivation efficacy of PAW were reviewed. This review
identified the need to develop energy-efficient systems for
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22 A REVIEW ON PLASMA-ACTIVATEDWATER AND ITS APPLICATION IN THE MEAT INDUSTRY

the commercial-scale production of PAW aiming for its
potential application as a meat disinfectant, especially for
beef, without affecting the meat quality.
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