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Abstract
Nonthermal plasma (NTP) is an advanced technology that has gained extensive
attention because of its capacity for decontaminating food from both biological
and chemical sources. Plasma-activatedwater (PAW), a product ofNTP’s reaction
with water containing a rich diversity of highly reactive oxygen species (ROS)
and reactive nitrogen species (RNS), is now being considered as the primary
reactive chemical component in food decontamination. Despite exciting devel-
opments in this field recently, at present there is no comprehensive review specif-
ically focusing on the comprehensive effects of PAW on food safety and quality.
Although PAWapplications in biological decontamination have been extensively
evaluated, a complete analysis of the most recent developments in PAW technol-
ogy (e.g., PAW combined with other treatments, and PAW applications in chem-
ical degradation and as curing agents) is nevertheless lacking. Therefore, this
review focuses on PAW applications for enhanced food safety (both biological
and chemical safeties) according to the latest studies. Further, the subsequent
effects on food quality (chemical, physical, and sensory properties) are discussed
in detail. In addition, several recent trends of PAW developments, such as cur-
ing agents, thawing media, preservation of aquatic products, and the synergistic
effects of PAW in combination with other traditional treatments, are also pre-
sented. Finally, this review outlines several limitations presented by PAW treat-
ment, suggesting several future research directions and challenges that may hin-
der the translation of these technologies into real-life applications.
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NOMENCLATURE: APPJ, atmospheric pressure plasma jet system;
ATP, adenosine triphosphate; AW, acidified water; BSA, bovine serum
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1 INTRODUCTION

Food contamination from both biological and chemical
sources is generally defined as the cause of foodborne
diseases (Cooper, McMahon, Fairweather, & Elliott, 2015;
Faille, Cunault, Dubois, & Bénézech, 2018). To date, food-
borne diseases are a growing public health concern world-
wide. In Taiwan, the Food and Drug Administration has
reported an increasing number of food-borne disease out-
breaks (FBDOs; Cheng et al., 2013). Among the 4,284
FBDOs reported, 285 of the outbreaks occurred between
2001 and 2010, a substantial increase from the 143 out-
breaks that occurred from 1991 to 2000 (Cheng et al.,
2013). In the United States, the Centers for Disease Con-
trol and Prevention estimated that 48 million people expe-
rienced a foodborne illness, resulting in 128,000 hospi-
talizations and about 3,000 deaths in the United States
annually (CDC, 2011). Globally, the World Health Orga-
nization (WHO) reported 600 million foodborne illnesses
and 420,000 deaths in 2010 (WHO, 2015). Due to increases
in various industries, a growing world population, and
the consequences of environmental pollution, food con-
tamination leading to foodborne illnesses is predicted to
increase in the future (Song, Zheng, Xue, Sheng, & Zhao,
2017).
Throughout the years, several relevant technologies,

both thermal and nonthermal, have been utilized to over-
come these problems. The traditional technologies used
for contamination control include additives, refrigeration,
and thermal control (steam sterilization). However, these
methodsmay negatively influence the sensory characteris-
tics or impact the intrinsic qualities of foods (e.g., antioxi-
dants and vitamins) as well as physical properties, such as
texture, freshness, and hardness (Knorr et al., 2011). In the
last two decades, nonthermal technologies have been tri-
aled as an alternative platform to control microbiological
hazards in foods, for example, ultra-high pressure (Marcos,
Aymerich, & Garriga, 2005); ionizing radiation, including
gamma rays (Fatemi, Asri, Rasooli, Alipoor, & Shaterloo,
2012; Salunkhe, 1961) and X-ray or electron beam (Boyn-
ton et al., 2006; Shin, Harte, Harte, & Dolan, 2011; Van
Calenberg et al., 1998); ultrasound (Ajlouni, Sibrani, Pre-
mier, & Tomkins, 2006); pulsed light and pulsed electric
fields (FDA, 2000a;Mañas, Barsotti, &Cheftel, 2001); high-
voltage arc discharge (FDA, 2000b); magnetic fields (Hof-
mann, 1985; Morris, Brody, & Wicker, 2007); and dense
phase carbon dioxide (Damar & Balaban, 2006). However,
these technologies have their limitations; for example, the
alteration of the physical and chemical qualities of treated
foods (Knorr et al., 2011).
An advanced technology termed nonthermal plasma

(NTP) has recently been the focus of many researchers
as it possesses the capacity for inactivating a wide range

of microorganisms, including bacteria, bacterial spores,
biofilms, viruses, and fungi (Liao, Muhammad, et al.,
2019; Xiang et al., 2018). NTP is an emerging nonther-
mal disinfection and surface-modification technology that
is chemical-free and eco-friendly (Zhou et al., 2018). This
nonthermal technology is generated by the ionization of
gas and composed of charged particles, neutral particles,
ultraviolet (UV) photons, and reactive species (Deng, Shi,
& Kong, 2006; Takai, Ikawa, Kitano, Kuwabara, & Shi-
raki, 2013), which play a key role in food decontamination.
In recent decades, NTP has exhibited enormous potential
for eliminating both biological and chemical contaminants
(Kilonzo-Nthenge, Liu, Yannam, & Patras, 2018; Mousavi,
Imani, Dorranian, Larijani, & Shojaee, 2016). Several stud-
ies of biological contaminants have successfully shown
that this new technology is effective in the microbial
decontamination of foods (Kilonzo-Nthenge et al., 2018;
Pankaj, Wan, & Keener, 2018). Moreover, this technol-
ogy has been shown to be effective in degrading a vari-
ety of pesticides, such as parathion paraoxon, omethoate,
dichlorvos, malathion, azoxystrobin, cyprodinil, fludiox-
onil, cypermethrin, and chlorpyrifos (Mousavi et al., 2016),
as well as food allergens (e.g., tropomyosin, β-conglycinin,
and glycinin) (Gavahian & Khaneghah, 2019). However,
NTP was also associated with several adverse effects to
foods, including color changes (Lacombe et al., 2015) and
reductions in the sensory and texture quality parameters
(Kim, Yong, Park, Choe, & Jo, 2013). Moreover, this tech-
nology involves the use of several devices, such as an
atmospheric pressure plasma jet (APPJ) system and dielec-
tric barrier discharge (DBD), which have limited large-
scale applications because of the inability to expose large
surface areas and volumes of foods. For instance, APPJ-
based plasma utilizes a jet nozzle with a smaller diam-
eter, and DBD-based plasma only has a few centimeters
of space between the two dielectric plates and, therefore,
cannot treat foods of a larger size (Zheng et al., 2019).
Increasing the nozzle diameter of APPJ certainly improves
its scanning ability and decreases the treatment time.
However, most surface textures of foods are not homo-
geneous or smooth, and there are many hard-to-reach
spots on foods with rough surfaces, which limit the effi-
cacy of wider plasma-jet systems to maximally inactivate
pathogenic microorganisms or chemical residue on the
entire surface of agricultural foods. In addition, it is dif-
ficult to maintain the same distance between the plasma
jet nozzle and food surface when the food surface is not
uniform. Moreover, although the DBD system can treat
the entire surface simultaneously, it is a batch-type oper-
ation, which would be an obstacle for the commercial
process.
Plasma-activated water (PAW) is liquid containing reac-

tive species that could be potentially used to overcome
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those issues, as it has the capability of treating the entire
surface of the foods on a larger scale. PAW is a product of
nonthermal atmospheric plasma reacting with water and
possesses a rich diversity of highly reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (Perez et al.,
2019; Zhou et al., 2018). Both ROS and RNS are key param-
eters in food decontamination. Initially, PAW was used
in agriculture to stimulate seed growth (Judée, Simon,
Bailly, & Dufour, 2018; Kučerová, Henselová, Slováková, &
Hensel, 2019; Perez et al., 2019; Sajib et al., 2020), disinfect
medical equipment (Bălan et al., 2018), and as a medicinal
component (Hongzhuan et al., 2020). Recent review arti-
cles have only focused on the plasma systems of PAW gen-
eration, the reactive chemistries, in vitro biological activ-
ity, and its applications in agriculture and medicine. Since
the first successful study conducted on the antibacterial
activity of PAW in fresh strawberries (Ma et al., 2015), PAW
applications in food safety have experienced rapid growth
in last decade (Supplementary Information S1). Thus, the
present review mainly attempts to bridge this gap and
present the advanced applications of PAW for enhanced
food safety and the subsequent effects on food quality, in
accordance with the latest studies. A short introduction
to PAW generation and its critical parameters as well as
its mechanism in microbial inactivation are also briefly
presented, followed by progressive suggestions concern-
ing further promotion of research of this technology in the
future.

2 GENERATION OF PAW

2.1 Plasma devices and systems

PAW is generated based on the interactions between the
active particles of NTP with water samples (Ma et al., 2015;
Shen et al., 2016). To facilitate these NTP–water interac-
tions, there are several NTP–water reaction systems report-
edly used to generate PAW, such as APPJ, DBD, gliding arc
discharge, pulsed corona discharge, and plasma steamer
discharge (Perinban, Orsat, & Raghavan, 2019). However,
APPJ andDBD are generally themost widely used because
of their simplicity of use and capability of producing richly
reactive species in PAW. APPJ, also referred to as plasma
plume, uses discharge plasma that extends beyond the
plasma generation area into the surrounding ambiance
and stimulates a strong direct interaction with the water
sample to produce PAW (Bourke, Ziuzina, Han, Cullen,
& Gilmore, 2017; Kong, Ganguly, & Hicks, 2012), whereas
DBD utilizes discharges generated between two electrodes
separated by a dielectric barrier material (glass or ceramic)
(Nascimento, Moshkalev, & Machida, 2015).

2.2 Chemical reactions

Electrical energy is used to bring ambient air into the
plasma phase, which generates a combination of reactive
physical and chemical species such as UV, electrons, free
radicals, ions, and excited molecules (Equations 1 to 6,
Table 1) (Richmonds et al., 2011; Xu, Tian, Ma, Liu, &
Zhang, 2016; Zhou et al., 2018). These plasma-generated
active particles react with water molecules to initiate a cas-
cade of chemical reactions and create a unique mixture
of highly biochemically reactive chemistries, referred to as
PAW (Equations 6 to 28, Table 1) (Ma et al., 2015; Shen et al.,
2016; Zhou et al., 2018). The predicted chemical reactions
of PAW generation are presented in Table 1.

2.3 Critical parameters

Several critical parameters are involved inPAWgeneration,
such as the water source, power, activation time, work-
ing gas, and position or distance of the plasma electrode
toward the water. A detailed description of these critical
parameters is presented in Supplementary Information S2.

2.3.1 Water source

Sterile distilled water (SDW), deionized water (DIW),
reverse osmosis water (ROW), and tap water (TW) were
used to produce PAW reported in several studies, particu-
larly in microbial inactivation (Lin et al., 2019; Royintarat,
Seesuriyachan, Boonyawan, Choi, & Wattanutchariya,
2019; ten Bosch, Köhler, Ortmann, Wieneke, & Viöl, 2017).
However, SDW and DIW are the most frequently used
and have shown optimal efficacy for microbial deactiva-
tion in several in vitro studies (Royintarat et al., 2019; Tian
et al., 2015; Traylor et al., 2011; Vlad, Martin, Toth, Papp,
& Anghel, 2019; Xiang et al., 2018; Q. Zhang et al., 2013)
as well as a study on food treatments (Choi et al., 2019;
Gavahian & Khaneghah, 2019; Kang et al., 2019; Ma et al.,
2016; Xiang, Wang, et al., 2019; Zhai, Liu, Xiang, Lyu, &
Shen, 2019). In addition, Traylor et al. (2011) have reported
that SDW is more powerful compared with phosphate
buffered-saline (PBS)-treated plasma; it might be because
of a lower pH of PAW and neutral pH of PBS follow-
ing plasma exposure. The authors also suggested that the
increase and abundance in nitrite (NO2‾) and hydrogen
peroxide (H2O2) account for the enhanced antimicrobial
properties of acidic PAW over neutral PBS-treated plasma.
The use of TW was initially observed by ten Bosch et al.

(2017) who demonstrated the efficacy of this treatment
on the deactivation of mealybugs (Planococcus citri) and
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found high mortality rates of approximately 90% after an
observation period of 24 hr. However, this was an in vitro
study requiring a further study using TW as a food treat-
ment. Thus, a comparison study between TW and ROW
was conducted and revealed that the higher hardness of
TW reduced the quality of PAW in terms of the physic-
ochemical properties (Lin et al., 2019). Lower hardness
of the water source was positively associated with higher
oxygen reduction potential (ORP) and lower pH values
of PAW, which increases antibacterial activity (Lin et al.,
2019). These researchers concluded that ROW-based PAW
was successfully applied to the deactivation of Salmonella
enterica serovar Enteritidis on shell eggs (Lin et al.,
2019).
PAW, when used as a curing agent, commonly uses DIW

with 1% sodium pyrophosphate (SPP) to prevent NO2
−

concentration (Jung et al., 2015b; Yong et al., 2017). NO2
−

can easily be transformed to nitrous acid (HNO2) at an
extremely low pH (Equation 16, Table 1). SPP has also been
used for inhibiting decreases in pH (Jung et al., 2015b;
Yong et al., 2017). Brining is the common treatment used
for increasing meat tenderness, and Inguglia, Oliveira,
Burgess, Kerry, and Tiwari (2020) reported the use of a
brine solution for generating brine-based PAW. The brine
solution is high salt concentration dissolved in water. Two
studies have successfully used these two water sources for
PAW generation and applied it for curing meat (Inguglia
et al., 2020; Jung et al., 2015b).

2.3.2 Power and activation time

Both power and activation time are associated with the
physicochemical properties of PAW, including pH, ORP,
electrical conductivity (EC), ROS, and RNS (Choi et al.,
2019; J. Guo et al., 2017; Kojtari et al., 2013; Laurita, Barbi-
eri, Gherardi, Colombo, & Lukes, 2015; Lin et al., 2019; Ma
et al., 2015; Royintarat et al., 2019; ten Bosch et al., 2017;
Tian et al., 2015; Vlad et al., 2019; Xiang et al., 2018; Zhai
et al., 2019; Zhou et al., 2018), which affect microorganism
inactivation in foods (Choi et al., 2019; J. Guo et al., 2017;
Lin et al., 2019; Ma et al., 2015; Zhai et al., 2019). In partic-
ular, higher power and longer activation generate a higher
ORP and cause lower pH values for PAW, which results
in significant and higher antibacterial activity (Lin et al.,
2019; Vaka et al., 2019).
Treatment optimization is required for both parameters

to maximize their impact on microbial inactivation. For
instance, 60 W of power and 20 min of activation using
APPJ was optimal for the inactivation of S. Enteritidis on
an egg’s surface (Lin et al., 2019), whereas 120 min of PAW
activation using DBD reportedly resulted in a maximal
reduction of mesophilic aerobic bacteria, lactic acid bacte-

ria, yeast andmolds, and coliforms in shredded salted Chi-
nese cabbage (Choi et al., 2019). A total of 6.5 min of PAW
activation time, using APPJ with an Ar gas flow rate of
3 L/min, could optimally reduce Escherichia coli and
Staphylococcus aureus by 7.14 and 3.10 log CFU/mL,
respectively (Royintarat et al., 2019). Overall, these treat-
ment conditions differed for each study, which indi-
cated that microbial inactivation depends on the meth-
ods, plasma devices, food characteristics, and nature of the
microorganism targets.

2.3.3 Working gas and flowrate

Types of working gases could influence the concentra-
tion of the reactive species produced in PAW (Lukes,
Dolezalova, Sisrova, & Clupek, 2014). Several working
gases, such as air, Ar, He, and Ar/O2, have been success-
fully reported to generate PAW (Lin et al., 2019; Royintarat,
Choi, Boonyawan, Seesuriyachan, & Wattanutchariya,
2020; Royintarat et al., 2019; Vlad et al., 2019). Vlad et al.
(2019) investigated the effects of different gas discharges
(such as Ar, He, and air) in PAW generation and the effi-
ciency of bacterial inhibition. This study revealed that
Ar discharge showed significantly higher bacterial inhi-
bition than He or air discharge. This is likely because
Ar discharge provided a higher level of H2O2 in PAW
(Vlad et al., 2019). Royintarat et al. (2019) utilized two
plasma devices (APPJ and DBD) and observed the opti-
mal conditions between working gas (Ar/O2 [98%/2%],
Ar/O2 [99%/1%], and Ar 100% per volume) and airflow
rates (2, 4, and 6 L/min). Using the response surface
method (RSM) and desirability function approach (DFA),
optimal conditions for APPJ and DBD were Ar 100% with
a flow rate of 3 L/min and Ar/O2 (99%/1%) with a flow
rate of 4 L/min, respectively. In addition, Q. Zhang et al.
(2013) and Tian et al. (2015) reported that PAW activated
using the plasma microjet with Ar/O2 (98%/2%) could
reduce S. aureus activity up to 6 and 5 log CFU/mL,
respectively. Similar studies using Ar/O2 conducted by Ma
et al. (2015) and Xu et al. (2016) also revealed successful
results.
In addition, studies using air discharge rather than Ar

or Ar/O2 have also shown good performance for deacti-
vating pathogenic microorganisms, in several in vitro stud-
ies (Kamgang-Youbi et al., 2009; Laurita et al., 2015; Shen
et al., 2016; Xiang et al., 2018; Zhou et al., 2018) and sev-
eral studies of food treatments (Gavahian & Khaneghah,
2019; J. Guo et al., 2017; I. Joshi, Salvi, Schaffner, & Karwe,
2018; Kang et al., 2019; Liao, Bai, et al., 2019; Lin et al.,
2019; Ma et al., 2016; Xiang, Liu, et al., 2019; Zhai et al.,
2019). Inguglia et al. (2020) showed that air-plasma treat-
ments could produce PAW with significantly higher NO2‾
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than the N2 gas. Thus, Ar and Ar/O2 have demonstrated
the best performance. Nevertheless, air-plasma is the most
widely chosen in PAW generation because of lower cost
and broader availability.

2.3.4 The position of the electrode over
the water sample

The position of the electrode in or above the water dur-
ing PAW generation has been shown to significantly affect
the characteristics of efficiency of PAW in microbial inac-
tivation (Royintarat et al., 2019; Tian et al., 2015). A recent
study compared the plasma microjet exposure above the
water and beneath the water (Royintarat et al., 2019; Tian
et al., 2015). Their study revealed that plasma exposure
underwater inactivated bacteria more efficiently because
it produces more ROS than plasma above the water, and
enhances the potential to disrupt the bacterial membrane
(Royintarat et al., 2019; Tian et al., 2015). Similarly, PAW
generated using a direct current atmospheric pressure cold
plasma microjet in two-generation modes above (PAW-A)
and beneath (PAW-B) was applied to inactivate S. aureus.
As a result, PAW-B revealed a 5 log CFU/ml reduction,
and significantly higher disinfection efficiency compared
to PAW-A (1.2 log CFU/mL reduction). It is worth not-
ing that plasma exposure underwater (beneath) tended to
result in better PAW physicochemical properties in terms
of ORP and EC, and demonstrated a stronger antimi-
crobial activity (Tian et al., 2015). From this perspective,
we can conclude that the higher antimicrobial efficiency
from the use of plasma exposure underwater (beneath)
might be due to the closed system contact of plasma
and water, further producing more reactive species in the
PAW.
Overall, the optimization of these critical parameters

during PAW generation could influence the physicochem-
ical characteristics and properties. However, those typi-
cal physicochemical properties are not discussed here as
they have been systematically reviewed in other studies
(Thirumdas et al., 2018; Zhou et al., 2020).

3 PAW STORAGE STABILITY

Most studies applied PAW immediately over food after gen-
eration to retain the physicochemical properties (Lin et al.,
2019; Zheng et al., 2019). However, observations regarding
stability during long-term storage were critical for evalu-
ation. The storage potential of PAW, such as room tem-
perature (RT), dark conditions, and closed plastic contain-
ers, were investigated by Vlad et al. (2019). These results
demonstrated that PAW stored for 7 days under these stor-

age conditions exhibited considerable inhibitory activity
against S. aureus (Vlad et al., 2019). These results high-
lighted that PAWwas very stable in all types of storage con-
ditions (Vlad et al., 2019). Meanwhile, Shen et al. (2016)
investigated the physicochemical characteristics (up to 30
days) and the effects of different PAW storage tempera-
tures (25, 4, −20, and −80 ◦C) on the inhibition of S.
aureus. The H2O2 and NO2

− levels significantly decreased
at higher storage temperatures (−20, 4, and 25 ◦C). Thus,
the lowest storage temperature (−80 ◦C) was proposed
since the least loss of active substances and the max-
imal antibacterial activity of PAW was revealed at this
temperature (Shen et al., 2016). These studies also sug-
gested that the reaction between acidified NO2

− and H2O2
(Equation 19, Table 1) was inhibited at lower tempera-
tures (−80 ◦C) and was catalyzed by higher tempera-
tures, such as RT (Shen et al., 2016). Both H2O2 and
NO2

− are thermodynamically unstable and can be fur-
ther decomposed into water and oxygen molecules at high
temperatures. In particular, the loss of NO2

− may also
result from its transformation to nitrate (NO3

−), which can
be accelerated in an acidic environment (Marouf-Khelifa
et al., 2006; Shen et al., 2016). These results agree exactly
with the findings of Xiang et al. (2020) and Y. M. Zhao,
Ojha, Burgess, Sun, and Tiwari (2020) who reported that
the levels of H2O2 and NO2

− gradually decreased in a
temperature- and time-dependent manner, while the lev-
els of NO3

− continued to increase. This highlights that
NO3

− might be more stable under a high-temperature
environment.
Meanwhile, Vaka et al. (2019) proposed that storage

at 4 ◦C could maintain PAW quality (including pH,
NO2

−, and NO3
−) for 2 weeks. Moreover, Liao, Su, et al.

(2018) revealed that PAW frozen and kept at −20 ◦C
for 24 hr still possessed significant inhibitory activity
against microbial growth. From these studies, it is clear
that PAW stability depended on the storage temperature,
and a good suggestion was provided for PAW users to
enhance its potential use for relevant applications in the
future.

4 APPLICATION OF PAW IN FOOD
SAFETY ENHANCEMENT

Because the safety of foods is an important issue glob-
ally, we summarized the possible roles of PAW in improv-
ing food safety (see Figure 1). Through a comprehen-
sive literature survey as of May 2020, approximately
70 and 16% of the papers reviewed in this study were
found to be mainly related to microbial decontamina-
tions and meat-cured agents, respectively (Supplementary
Information S1).
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F IGURE 1 Schematic diagram of PAW applied in food industries, including food safety and quality

4.1 Pathogen decontamination

4.1.1 In vitro study and mechanisms of
microbial inactivation

The pathogen decontamination on foods was initiated
by several in vitro studies as presented in Supplemen-
tary Information S3, which demonstrated the power
of PAW against the pathogen or microbial deactivation
at a certain level of reduction. The first in vitro study
regarding the antibacterial ability of PAW was reported
by Kolikov et al. (2007). This study showed that PAW
activated by pulsed electrical discharge plasma inactivated
E. coli and Ulocladium chartarum. Later, other studies
successfully demonstrated the use of PAW for the inacti-
vation of pathogenic microorganisms, including S. aureus

(Kamgang-Youbi et al., 2009; Royintarat et al., 2019; Shen
et al., 2016; Tian et al., 2015; Vlad et al., 2019; Xiang, Kang,
et al., 2019; Q. Zhang et al., 2013), E. coli (Kojtari et al.,
2013; Royintarat et al., 2019; Traylor et al., 2011; Xiang,
Kang, et al., 2019; Xiang, Wang, et al., 2019; Zhou et al.,
2018), Pseudomonas deceptionensis (Xiang et al., 2018),
Leuconostoc mesenteroides (Kamgang-Youbi et al., 2009),
Hafnia alvei (Kamgang-Youbi et al., 2009; Naïtali,
Kamgang-Youbi, Herry, Bellon-Fontaine, & Brisset, 2010),
Saccharomyces cerevisiae (Kamgang-Youbi et al., 2009),
and the mealybug (Planococcus citri; ten Bosch et al.,
2017). PAW efficiency in the inactivation of these microor-
ganisms depended on the following process parameters:
exposure time, reactive species composition, organic
matter, microbial strain, and target surface (Attri et al.,
2015; Perinban et al., 2019; Vlad et al., 2019; Xiang, Kang,
et al., 2019; Y. M. Zhao et al., 2020).
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There is considerable dispute regarding which reactive
species from the broad spectrum of PAW are most respon-
sible for microbial deactivation. For example, Q. Zhang
et al. (2013) reported that ROS, in terms of H2O2, hydroxyl
radical (•OH), and ozone (O3), played an important role
in the inactivation of S. aureus. Meanwhile, Thirumdas
et al. (2018) suggested that O3 and H2O2 generated in
PAW were the main causes of this antibacterial activity.
The solution containing NO2

−, NO3
−, and H2O2 demon-

strated equal antibacterial activity to that of PAW and bet-
ter than that of the solution with only one substance (Naï-
tali et al., 2010). This indicated that these substances could
be synergistically responsible for the antibacterial activity
of PAW (Naïtali et al., 2010). Similarly, Xiang et al. (2018)
also confirmed the synergistic effect of these three reac-
tive species in the inactivation of P. deceptionensis CM2. In
addition, along with NO3

− andH2O2, O3 significantly con-
tributed to the inhibition of themicrobial growth in shrimp
(Liao, Su, et al., 2018). Traylor et al. (2011) proposed that
H2O2 possesses dominant antimicrobial activity in PAW.
Several reports have emphasized the role of peroxynitrite
(OONO−), which was continuously produced from H2O2
and NO2

− (Lukes et al., 2014; Zhou et al., 2018).
Although the most responsible substances used for

microbial inactivation and their exact mechanism still
remain a subject of debate, many authors have suggested
that the antibacterial activity of PAW contributed to the
synergistic effects through the physicochemical proper-
ties, including ROS, RNS, pH, UV radiation, and ORP
(Kamgang-Youbi et al., 2009; Thirumdas et al., 2018). The
PAW pH has been reported to play a critical role in treat-
ment (Naïtali et al., 2010; Y. M. Zhao et al., 2020). Los,
Ziuzina, Boehm, Cullen, and Bourke (2020) recently con-
ducted a comparison between PAW and acidified water
(AW) at the same pH (∼2.4) and revealed that treatment
with PAW and AW could reduce cell viability by 40.0 and
21.4% at contact times of 2 hr, respectively. While PAWwas
more effective against Aspergillus flavus spores than AW, it
was not considered as the sole cause of these antibacterial
properties (Korachi & Aslan, 2011; Traylor et al., 2011). I.
Joshi et al. (2018) revealed an insignificant role of the pH
in the inactivation of Enterobacter aerogenes and suggested
that a higher ORP and reactive species concentration per-
formed better during microbial inactivation. Furthermore,
Naïtali et al. (2010) demonstrated that a 50% reduction in
themicrobial population was contributed by NO2

−, NO3
−,

and H2O2 (Naïtali et al., 2010). UV radiation formed by
direct plasma underwater was reported to reduce 40 to
50% of the total bacteria (Spetlikova, Janda, Lukes, & Clu-
pek, 2010) and 30% of E. coli (Lukes, Clupek, Babicky, &
Sunka, 2008). Overall, it can therefore be concluded that
PAW characteristics, including ROS, RNS, pH, ORP, and
UV radiation, all contributed toward bacterial inactivation.

The mechanism of PAW-based inactivation of microor-
ganisms is still under investigation. However, several rele-
vant studies have suggested that microbial inactivation of
PAW species was due to their interactions with the bio-
logical components of microorganisms, further inducing
the membrane disruption, lipid peroxidation, membrane
leakage, morphology change, DNA damage, and protein
modification (L. Guo et al., 2018; Lukes et al., 2014; Mai-
Prochnow, Clauson, Hong, & Murphy, 2016).

Membrane disruption and leakage
Membrane disruption and leakage can allow PAW reactive
species to enter and destroy the cells. They are associated
and attributed to electroporation and lipid peroxidation
(Perinban et al., 2019). Electroporation induces cell mem-
brane permeability and forms transient pores (Thirumdas
et al., 2018). In addition, PAWwas reported to possess high-
intensity electric fields that are highly attributed to micro-
bial inactivation (Lukes, Locke, & Brisset, 2012). The devel-
opment of this electric charge across the cell membrane
can also enhance the membrane permeability and create
transient pores that allow the reactive species (ROS and
RNS) to enter the cells (Thirumdas et al., 2018).
Furthermore, cell membrane disruption can also be

induced by lipid peroxidation involving several reactive
radicals (ROS and RNS) present in PAW (Dolezalova &
Lukes, 2015; Q. Zhang et al., 2013). The •OH radical
is highly reactive and exerts significant oxidative stress,
thereby oxidizing the lipid bilayers (especially those con-
taining polyunsaturated fatty acids [PUFAs]) of the cell
membranes and initiating lipid peroxidation (Q. Zhang
et al., 2013). OONO− is also considered as another initiator
of lipid peroxidation. Peroxidation of the lipid-containing
unsaturated fatty acids was reported by Rubbo, Trostchan-
sky, and O’Donnell (2009), and the CO3• radical generated
from OONO− was an important oxidizing agent (Lymar &
Hurst, 1998). Later, Zhou et al. (2018) demonstrated the cru-
cial role of OONO− in the inactivation of E. coli, which
was more efficient compared with the presence of other
reactive species in PAW. Together, the acidic environment
(lower pH) was reported to promote and initiate lipid per-
oxidation (Perinban et al., 2019). According to S. G. Joshi
et al. (2011), singlet oxygen (1O2) and H2O2 were respon-
sible for membrane lipid peroxidation, which led to cell
membrane damage and triggered intracellular component
leakage. This leakage simultaneously allows other reac-
tive species to penetrate the cells. For instance, noncharged
peroxynitrous acid (ONOOH) produced by PAW nitrogen
species penetrates inside the bacterial cell andmight break
down into the highly oxidative NO2• and other •OH radi-
cals (Equations 23 and 25, Table 1) and further destroy the
microbial cells from inside the intracellular area (Perinban
et al., 2019). It has also been suggested thatwatermolecules
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enter the cells after membrane leakage and cause cell
swelling (hydropic degeneration), which leads to cell death
(Zhou et al., 2020).
Furthermore, malondialdehyde (MDA) could be used as

a biomarker for lipid peroxidation because it is one of the
most common by-products of lipid peroxidation. Alkawa-
reek, Gorman, Graham, and Gilmore (2014) demonstrated
that the MDA level of the plasma-exposed E. coli cells
had increased linearly, indicating that the lipid bilayer was
oxidized, and subsequently inducing leakage of the inte-
rior of the microorganism cells. A significant increase in
the extracellular concentrations of adenosine triphosphate
(ATP) from E. coli cells following plasma exposure demon-
strated successful intracellular leakage (Alkawareek et al.,
2014). In addition to MDA, leakage of the microbial mem-
brane also could be assessed by measuring the membrane
potential (MP) of the microorganism target. MP was the
difference in electric potential between the intracellular
and the extracellular region of a biological cell. Liao, Li,
et al. (2018) observed the MP of E. coli cells via a potential-
sensitive probe–DiOC2(3) and reported a significant lower
MP following cold plasma treatment in apple juice. The
lower MP clearly referred to the disruption of the cell
membrane. Another study of the depolarization of the cell
MP was conducted by Tian et al. (2015). PAW-A (with
lower ORP and EC) and PAW-B (with higher ORP and
EC) were used to inactivate S. aureus. As a result, PAW-B
has lower MP compared to PAW-A; thus, PAWwith higher
ORP and EC could depolarize and damage the cell mem-
brane (Tian et al., 2015). Also, the 1-N-phenylnapthylamine
(NPN) and propidium iodide (PI) uptake assay, Xiang et al.
(2018) revealed the loss of cell and cytoplasmic membrane
integrity for Pseudomonas peceptionensis following PAW
treatment.
In addition, Q. Zhang et al. (2013) reported that mem-

brane damage caused by oxidative stress or lipid peroxida-
tion also impacted the microbial surface structure, chemi-
cal state, and cell membrane integrity. The results from the
X-ray photoelectron spectroscopy, atomic absorption spec-
trometry, and transmission electron microscopy demon-
strated the chemical state of the cell surface, the integrity of
the cell membrane, as well as the internal cell components
(Q. Zhang et al., 2013). Meanwhile, results from a scanning
electron microscope also suggested that alteration of the
treated food surface ruptured the surface following PAW
treatment due to the bacterial cell damage (Ma et al., 2016;
Royintarat et al., 2020). From these available studies, it was
important to highlight that PAW could trigger membrane
damage, leading to cell death.
Moreover, due to the rigidness and toughness of the bac-

terial cell wall, there was a question of how the reactive
species in PAW or plasma could penetrate it. Using a reac-
tive molecular dynamics simulation, Yusupov et al. (2013)

investigated the interactions between multiple plasma
reactive species including OH, H2O2, O, O3, as well as O2
and H2O, with bacterial peptidoglycan. Interestingly, the
results revealed that OH, O, O3, and H2O2 could damage
the structurally important bonds of peptidoglycan (C−O,
C−N, or C−Cbonds), whichwere predicted to lead to dam-
age of the bacterial cell wall (Yusupov et al., 2013). How-
ever, this topic requires more research via future in vitro
studies.

DNA, protein, and intracellular disruptions
When the reactive species enter intracellularly, they inter-
act and destroy the organelles from inside of the cells such
as DNA/RNA, proteins, mitochondrion, and ribosomes
(Perinban et al., 2019). DNA and protein degradation after
plasma exposure was reported by H. Chen, Bai, and Xiu
(2010). Of note, these researchers observed the effect of
plasma on the S. cerevisiae cell cycle. As a result, the treated
cells showed a significant increase in the number of G1
cells, which indicated that the cell cycles were arrested
at the G1 phase and might be associated with DNA and
protein damage. This was also the first study to demon-
strate the possible association between plasma induced-
DNAdisruption and cell cycle,mutation, and apoptosis (H.
Chen et al., 2010).
Later, Korachi and Aslan (2011) also reported DNA

damage occurring during E. coli and S. aureus inactiva-
tion using atmospheric pressure plasma corona discharge.
These researchers also suggested that plasma reactive
species directly or indirectly might target and cause DNA
degradation of the bacterial cells without cell membrane
disruption (Korachi & Aslan, 2011). Furthermore, the end
product of lipid peroxidation, MDA was also reported to
be able to destruct the DNA by forming the adducts to
deoxyguanosine and deoxyadenosine, subsequently lead-
ing to cell death (Marnett, 1999). Meanwhile, protein dis-
ruption may be attributed to the destruction of hydrogen,
sulfide, and peptide bonds by ROS present in PAW, which
modifies the primary, secondary, and tertiary protein struc-
ture, further leading to a decline in the enzymatic activity
of the cell (Mai-Prochnow et al., 2016).
Due to the complexity of the mechanism and the PAW

species, Perinban et al. (2019) also argued that PAW could
cause several other biological phenomena within cells,
including inhibition of mitochondrial respiration, gene
mutation ribosomal damage, necrosis, and cell apoptosis.

Release of intracellular components
Intracellular disruptions of the bacterial cells were fol-
lowed by intracellular or cytoplasm content discharge. The
intracellular proteins and nucleic acids were released fol-
lowing plasma treatment (H. Chen et al., 2010). Yeast S.
cerevisiae ATCC 4126 was treated with DBD air-plasma at
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atmospheric pressure. Following the extensive cell death
of yeast following plasma treatment, these authors also
found a significant increase in the level of extracellular
nucleic acids as well as a decrease in the level of the intra-
cellular proteins (H. Chen et al., 2010), which indicated
that disrupted nucleic acids and proteins were released
to the outside of the cell membranes. Meanwhile, Xiang
et al. (2018) found a drastic increase in the extracellular
nucleic acid and protein levels of P. deceptionensis of 155.4
and 161.4%, respectively, after being treated with PAW for
10 min. Similarly, Q. Zhang et al. (2013) reported an
increased level in the released K+, DNA/RNA, and pro-
tein from the cytoplasm following PAW treatment in the
inactivation of S. aureus. These authors also suggested
that smaller ions, such as potassium and phosphate, were
released first, followed by DNA/RNA, and then protein
(Q. Zhang et al., 2013). The release of intracellular pro-
teins and nucleic acids following PAW was later con-

firmed by Tian et al. (2015), positively revealing the dis-
charge of DNA/RNA and protein. Recently, Los et al.
(2020) also revealed the increase of extracellular MDA,
DNA/RNA, and proteins after PAW treatment in the inac-
tivation ofAspergillus flavus, indicating the release of intra-
cellular materials following cell membrane disruption.
The increase in extracellular nucleic acids and proteins
could also be attributed to cell wall and membrane dis-
ruption (Los et al., 2020; Xiang et al., 2018). A possible
mechanism showing how PAW inactivated the pathogenic
microorganisms is presented in Figure 2.

4.1.2 Microbial decontamination of
food products

Along with the success of in vitro studies, pathogen decon-
tamination using PAW on the surface has been applied to
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several foods, as can be seen in Table 2. PAW has been suc-
cessfully applied for treating vegetables (Choi et al., 2019;
Gavahian & Khaneghah, 2019), fruits (J. Guo et al., 2017;
Ma et al., 2016), meat (Y. Zhao et al., 2018), and related
foods, such as bean curd, chicken breast, eggs, shrimp, and
rice (Lin et al., 2019; Xiang et al., 2018). As reported, the
efficiency of the microbial inactivation on foods depended
on various critical parameters, such as treatment or expo-
sure time (Gavahian & Khaneghah, 2019; Xu et al., 2016),
food surface texture (J. Guo et al., 2017; S. G. Joshi et al.,
2011), and plasma power during PAW generation (C. Chen
et al., 2019; C. Liu et al., 2020). The optimization of these
parameters is necessary to simultaneously inactivate the
pathogenic microorganisms and maintain food quality.

Microbial decontamination of vegetables
Xiang, Liu, et al. (2019) observed the effects of PAW treat-
ment on microbial inactivation, such as total aerobic bac-
teria and total yeasts and molds growing on mung bean
sprouts at different treatment times (10, 20, and 30 min),
using PAW generated by the APPJ system based on a glid-
ing arc discharge at 700 W for 30 s. Treatment time for
30 min produced a significant effect on microbial growth,
even on the sixth day of storage. The researchers observed
amaximumdecrease of 2.32 and 2.84 log CFU/g in the total
aerobic bacteria and the total yeasts and molds, respec-
tively, on mung bean sprouts (Xiang, Liu, et al., 2019).
This finding is similar to that of Schnabel, Sydow, Schlüter,
Andrasch, and Ehlbeck (2015), who demonstrated that
using microwave plasma-processed water could effec-
tively decontaminate fresh mung bean sprouts contam-
inated with E. coli K12, Pseudomonas fluorescens, Pseu-
domonasmarginalis, Pectobacterium carotovorum, and Lis-
teria innocua. Meanwhile, approximately 1 log CFU/mL
reduction in total bacterial count was achieved through
PAW rinsing in baby spinach leaves (Vaka et al., 2019).

Microbial decontamination of fruits
The first study on fruit was reported by Ma et al. (2015).
These researchers generated PAW using a single electrode
nonthermal APPJ for 20 and 30 min. The generated PAW
was subsequently used to treat strawberries for 5, 10, and
15 min. The results showed that PAW activated for 20 min
achieved a higher bacterial reduction of S. aureus on straw-
berries (approximately 3.4 log CFU/g) during treatment
and storage (Ma et al., 2015). Later, PAW treatment was
also reported to be able to reduce the Chinese berry decay
by approximately 50% compared with the control at the
end of storage, revealing that there was no impact of PAW
treatment on the physical quality of the treated foods (Ma
et al., 2016). For bacteria and fungi, a maximum reduction
of 1.1 log CFU/g was achieved at the end of storage (Ma
et al., 2016). J. Guo et al. (2017) conducted a similar study to

understand the effects of PAW generated by different acti-
vation times (30 and 60min) for the microbial inactivation
on grapes. The results revealed that grapes treated with
PAW activated for 60 min were able to achieve a 0.53 log
CFU/mL reduction of S. cerevisiae, whichwas significantly
higher than those treated with PAW activated for 30 min.
In addition, J. Guo et al. (2017) also emphasized that the
rough skin surface, fruit surface, and texture components
might interfere with the efficacy of food microbial decon-
tamination. Subsequently, I. Joshi et al. (2018) used PAW
and plasma-activated acidified buffer (PAAB) to inactivate
E. aerogenes on grape tomatoes, limes, and spiny gourds (I.
Joshi et al., 2018). Their study found that the smoothest sur-
face (glass) exhibited themost significant higher reduction
(6.32 log CFU/surface) compared with the roughest sur-
face (spiny gourd), which exhibited a significantly smaller
reduction (2.52 log CFU/surface) when treated with PAAB
(I. Joshi et al., 2018). Besides surface roughness, other sur-
face characteristics, such as surface hydrophobicity and
the presence of cuticular waxes, could also be responsible
for inactivation efficiency (Wang, Feng, Liang, Luo, &Mal-
yarchuk, 2009).

Microbial decontamination of fresh-cut fruits and
vegetables
Fresh-cut fruits and vegetables have become increasingly
popular because they are convenient, fresh, and ready-
to-eat. However, the need for various treatments, includ-
ing washing, peeling, cutting, and slicing, can result in
physical or mechanical damage and highermicrobial load,
which increases the risk of contamination and degrada-
tion. PAW has been trialed as a potential substitute for
the chlorinated water wash. For instance, Schnabel et al.
(2015) demonstrated that microwave plasma-processed
water could efficiently decontaminate fresh-cut iceberg let-
tuce from E. coli K12, P. fluorescens DSMZ, P. fluorescens
RIPAC, P. marginalis, P. carotovorum, and L. innocua. The
authors subsequently reported similar results regarding
the inactivation of native bacteria on fresh-cut endive let-
tuce at industrial levels (Schnabel et al., 2017). Berardinelli
et al. (2016) found that treating fresh-cut celery and radic-
chio with PAW for 60 min can effectively reduce Listeria
monocytogenes and E. coli populations.
C. Chen et al. (2019) conducted a study on fresh-cut

fruits using PAW activated by microplasma jet at 6, 8, and
10 kV. They concluded that PAW activated at 8 kV suc-
cessfully reduced the microbial count of bacteria, molds,
and yeasts in fresh-cut pears. Y. Zhao et al. (2019) reported
that PAW treatment can reduce S. aureus population by
approximately 1.80 log CFU/g in fresh-cut kiwifruit. C. Liu
et al. (2020) recentlymade a similar observationwith fresh-
cut apple achieving a maximum reduction of 1.05, 0.64,
1.04, and 0.86 log CFU/g for aerobic bacteria (aerobic plate
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counts), molds, yeasts, and coliforms, respectively, on day
12 of PAW treatment. These studies highlight that PAWhas
potential applications in both reducingmicrobial loads and
inhibiting microbial growth in fresh-cut fruits and vegeta-
bles.

Microbial decontamination of meats and eggs
Kang et al. (2019) conducted an investigation on themicro-
bial inactivation of chicken breast using PAW. The authors
activated PAW by gliding arc discharge plasma at different
activation times (30, 60, and 90 s), followed by subsequent
PAW treatments on the chicken breast samples for 3, 6, 9,
and 12 min. PAW treatment for 12 min resulted in a 1.05
log CFU/g reduction in P. deceptionensis CM2 on chicken
breast, which was higher than in those treated by SDW
for the same time intervals (Kang et al., 2019). However,
their study also revealed a lower reduction than in a pre-
vious in vitro study, which produced an approximately 5
log CFU/mL reduction in P. deceptionensis CM2 for 10 min
of PAW treatment (Xiang et al., 2018). This result could
be due to the presence of organic matter in the chicken
breast, whichmight interferewith the antibacterial activity
of PAW (Xiang, Kang, et al., 2019). In another study, Qian
et al. (2019) showed that PAW treatment could result in an
∼1 log CFU/g reduction in S. Enteritidis. Meanwhile, Y.
Zhao et al. (2018) revealed that PAW treatment can effec-
tively achieve an approximately 3.1 log CFU/g reduction
in total bacteria on the surface of fresh beef at 24 days of
storage, thus extending the beef’s shelf life by 4 to 6 days.
Moreover, Lin et al. (2019) treated eggs with PAW acti-

vated for 30, 60, 90, and 120 s with a plasma on-site
treatment in water and found a >4 log CFU/egg reduc-
tion was obtained with 60- and 120-s treatments, which
indicated that longer PAW activation time produced more
antibacterial reactive species in PAW. Approximately 0.4
log CFU/mL reduction of P. fluorescens in fish cubes was
recently achieved following PAW treatment (Y. M. Zhao
et al., 2020).

Microbial decontamination of other foods
Several studies investigated the application of PAW on
mushrooms. A more recent study from Gavahian and
Khaneghah (2019) reported that using PAW generated
from arch plasma could reduce 0.4 and 0.89 log CFU/g
of TBC on the day of treatment and after 1-week storage,
respectively. Of note, those reductions were significantly
higher than those treated by the DBD plasma and drying
method, which indicated that PAW treatment was more
effective against aerobic bacteria compared with the tradi-
tional cleaning methods (Gavahian & Khaneghah, 2019).
These findings were broadly consistent with the results
reported earlier by Xu et al. (2016). Their study treated
mushrooms using PAW at different treatment times (5, 10,

and 15 min) and suggested the use of PAW for 15 min treat-
ments on mushrooms and could effectively reduce the 1.5
and 0.5 log CFU/g of bacteria and fungi during storage,
respectively. The authors also suggested that the inactiva-
tion efficiency of PAW appeared to be influenced by treat-
ment time (Xu et al., 2016).Moreover, the 15-min treatment
timesmight have led to the decay acceleration of themush-
rooms that had been induced by abundant concentrations
of ROS during PAW treatment (Xu et al., 2016).
With the APPJ system based on gliding arc discharge,

Zhai et al. (2019) used PAW activated for 15, 30, 60, and 90 s
and further treated bean curds for 10, 20, and 30 min. The
authors subsequently reported that treatment for 30 min
with PAW activation for 90 s reduced the microbial count
by 1.26 and 0.91 log CFU/g of the total aerobic bacteria and
total yeasts and molds on thin sheets of bean curd, respec-
tively (Zhai et al., 2019).
Han et al. (2020) utilized PAW to inactivate food-

borne and food-spoilage microorganisms (total aerobes, P.
chrysogenum, and Candida albicans) in Korean rice cake.
PAW treatment for 20min could effectively reduce the pop-
ulations of these microorganisms by approximately ~2.0
log CFU/g. The antimicrobial activity of PAWwas surpris-
ingly equal to 0.2 ppm of sodium hypochlorite solution,
which is commonly used in Korean rice cake production.
In summary, PAW treatment has been well established on
the biological safety of the treated foods.

4.1.3 Synergistic effects of PAW
combined with other treatments

Given that thermal and ultrasound treatments were com-
monly reported for use in food microbial decontamina-
tion, several authors have tried to combine PAWwith mild
heat (Choi et al., 2019), ultrasound (Royintarat et al., 2020),
and blanching treatment (Muhammad et al., 2019) to eval-
uate if a potential synergistic effect occurred during the
microbial inactivation of foods (Table 3), as illustrated in
Figure 3. For instance, Liao, Bai, et al. (2019) inactivated
Bacillus cereus on rice using a combination PAW treat-
ment (30 and 60 min) and mild heat (40 and 55 ◦C). The
results revealed that PAW followed by heat at 40 and 55
◦C was able to achieve 1.54 and 2.12 log CFU/g reductions
in rice following a 60-min exposure, which was signifi-
cantly higher than the inactivation level (0.72 log CFU/g)
induced by PAW treatment alone (Liao, Bai, et al., 2019).
Meanwhile, the sequential combination of PAW activated
for 30, 60, and 90 min and mild heat (60 ◦C) was studied
in shredded salted Chinese cabbages by Choi et al. (2019).
These authors demonstrated that treatmentwith PAWacti-
vated for 120 min and mild heat significantly reduced the
counts of lactic acid bacteria, yeast and molds, and col-
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F IGURE 3 Overall illustration of applications of PAW combined with mild heat, ultrasound, and blanching treatments

iforms to below the detection limits, whichwas statistically
lower than those treated by PAW alone (Choi et al., 2019).
This result clearly indicated that PAW treatment followed
by mild heat could be more effective than treatment with
PAWalonewithout significant quality changes inmoisture
content, reducing sugar content, instrumental hardness,
and color (Choi et al., 2019). As vitamin and antioxidant
are the most vulnerable substances with heat change dur-
ing food processing, Xiang et al. (2020) have recently tri-
aled that the combination between PAW and mild heat of
55 ◦C could reduce S. cerevisiae population in grapes until
5.85 log CFU/g without significant change in vitamin C
and antioxidant capacity. This reduction was significantly
higher than that treated by PAW alone.
The synergistic effects of PAW and ultrasound treat-

ment were studied by Royintarat et al. (2020) who reported
that PAW–ultrasound treatment at 40 ◦C for 60 min could
reduce E. coli and S. aureus in chicken meat and chicken
skin by 1.33 and 0.83 log CFU/mL, respectively, whereas
PAW alone only reduced E. coli and S. aureus by 0.46
and 0.33 log CFU/mL, respectively, under the same con-
ditions, without significant changes in chemical qual-

ity. The authors also suggested that ultrasound treatment
could increase the penetration rate of PAW into micro-
bial cells and lead to faster cell death; while the appli-
cation of PAW combined with blanching treatment could
lead to decreases of 3.70 and 4.36 log CFU/g in Klebsiella
pneumoniae and total background bacteria population,
respectively, in tiger nuts; values that are higher than the
decreases for PAW or blanching treatment only (Muham-
mad et al., 2019).

4.2 Application of PAW ice in the
preservation of aquatic foods

Numerous studies published previously have demon-
strated the antibactericidal effects of PAW against certain
microorganisms in various types of foods (Choi et al., 2019;
Lin et al., 2019; C. Liu et al., 2020). PAW recently has also
been trialed for microbial inactivation of meats, such as
chicken breast (Kang et al., 2019) via the use of PAW ice. In
addition, PAW has been implemented in the preservation
of aquatic foods, such as shrimp (Metapenaeus ensis). Fresh
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shrimp were placed and stored in PAW ice as a substitute
for the traditional TW ice (Liao, Su, et al., 2018). Finally,
using PAW ice generated fromDBD plasma showed signif-
icant advantages for the inhibition of microbial growth as
the shrimp exposed to PAW ice maintained a total viable
count (TVC) < 6 log CFU/g until the eighth day of stor-
age, extending the storage time by 4 to 8 days (Liao, Su,
et al., 2018) compared with TW ice (Table 2). The abun-
dant active species, such as ROS (H2O2 and O3) and RNS
(NO3

−) in PAW ice, might be the reason for this inhibition
ability (Liao, Su, et al., 2018). Although there are limited
studies on aquatic products, this study revealed a potential
alternative application using PAW ice for the preservation
of other fresh food products in the future.

4.3 Application of PAW as thawing
media in meat products

The thawing process is a common treatment for defrosting
frozen meat products and is primarily applied to imported
meats that rely on freezing for its preservation (Akhtar,
Khan, & Faiz, 2013). Air thawing, water thawing, and
microwave thawing were reported as the common meat
thawing process (Liao et al., 2020). However, these meth-
ods can result in chemical, physical, and microbiological
alterations of the treated meat. In addition, microbiolog-
ical contamination was reported to be possible during the
meat thawing process (Akhtar et al., 2013). Therefore, PAW
that possesses antimicrobial activity was hypothesized as a
novel meat thawing media and could assure the microbio-
logical safety of frozen meat. Liao et al. (2020) successfully
utilized PAW as beef thawing media for the first time. The
authors also highlighted the PAW efficiency to enhance
the microbiological safety, further revealing that 1.62 and
1.76 log CFU/g reduction of TVC and fungi and yeast,
respectively, were achieved on beef during thawing. How-
ever, this thawing method is a slow process and time con-
suming. It is suggested in the future that it should be
combined with other physical treatments, including ultra-
sound, to shorten its thawing time and enhance its micro-
bial efficiency.

4.4 Chemical decontamination of
agricultural products

Degrading pesticides and other chemical pollutants on
the surface of foods, especially agricultural commodities,
is a novel application for PAW (Gracy, Gupta, & Mahen-
dran, 2019; Zheng et al., 2019). The idea arose from pre-
vious studies that reported acidic solutions and oxidation
steps were essential for degrading organic chemicals and

pollutants (P. Li, Takahashi, & Chiba, 2009; Wei, Chen,
Tiemur, Wang, &Wu, 2018). PAW is also an acidic solution
(pH 2 to 4) with higher ORP and a strong oxidation abil-
ity (Kamgang-Youbi et al., 2009; Ma et al., 2015; Shen et al.,
2016). In addition, it was hypothesized that the desirable
fluidity of PAW allows these reactive species to fully come
in contact with pesticide residues on the surface of food
products (Zheng et al., 2019). Chemical degradation of phe-
nol by PAWwas successfully demonstrated by Laurita et al.
(2015) and suggested that •OH radical and O3 to primar-
ily caused degradation. Also, Graumans, Hoeben, Russel,
Leenders, and Scheepers (2018) revealed the ability of PAW
to degrade cyclophosphamide at a rate of 94.6%.
L. Guo et al. (2018) initiated the use of PAW for the chem-

ical degradation of agricultural products for the first time.
The authors demonstrated that PAW treatment effectively
degraded the deoxynivalenol (secondary metabolite pro-
duced by Fusarium fungi) level by 34.6% in barley in the
first 5 min of treatment and suggested that long-lived reac-
tive species, such as H2O2, O3, and NO3

−, probably domi-
nated in the degradation process of PAW treatment on bar-
ley samples.
Later on, Zheng et al. (2019) have reported that a

73.60% reduction of the phoxim pesticide residue on
grapes was successfully achieved following treatment for
10 min by PAW without significantly affecting quality.
These researchers also indicated that 2-hydroxyimino-2-
phenylacetonitrile and O-diethyl O-(alpha-cyano benzyli-
deneamino) phosphonatewere intermediates in the reduc-
tion process. Another study found a maximum of 51.97%
reduction in the chlorpyrifos pesticide concentration using
a 15min treatment by PAWon tomatoes (Gracy et al., 2019).
It was believed that chlorpyrifos was metabolized and
degraded into less toxic molecules of 3,5,6 trichloro pyridi-
nol (El Masri, Al Rashidi, Laversin, Chakir, & Roth, 2014).
Several critical parameters have reportedly influenced the
noticeable reductions in pesticides, such as power and air-
flow rate of the plasma during PAW generation (Gracy
et al., 2019), as well as the application time of PAW to food
products (Gracy et al., 2019; Zheng et al., 2019). Further-
more, these degradations are more likely induced by ROS
and RNS produced in PAW, such as O3, •OH radicals, and
other reactive species, that interact with pesticides on the
surface of these foods (Zheng et al., 2019). The acidic envi-
ronment (pH < 3) and high oxidation capacity (ORP >

500 mV) were suggested to be beneficial in the reduction
of phoxim (Zheng et al., 2019).
In summary, PAW prepared by NTP technology could

effectively reduce pesticide residues on barley, grapes, and
tomatoes (Table 4), contributing a novel PAW strategy
for the safe and efficient reduction of pesticide residues
in agricultural products, especially for fruits and vegeta-
bles with large size or surface, subsequently providing
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an option for large-scale industrial production. However,
this technology was not able to demonstrate the complete
degradation of pesticides to 100%, subsequently leaving
the remaining pesticides or other degraded pesticides on
the foods. These limited studies have provided very little
information regarding the final products of degradation;
thus, the degradationmechanism remains unknown.Also,
a future toxicological study of the intermediates or final
products of the degraded pesticides is necessary to con-
firm the health effects. Further research should also reveal
whether PAW is for the removal of other chemicals from
agricultural products.

4.5 Curing agents in meat products

NO2
− has been commonly used as a curing agent for

color enhancement of several meat products and simulta-
neously for the inhibition of the lipid oxidation process due
to the pathogenic microorganisms, such as Clostridium
botulinum (Pegg& Shahidi, 2008). Sodiumnitrite (NaNO2)
had been frequently used as a synthetic NO2

− source in
cured meat products, but it was later strictly legislated
to avoid its arbitrary use. Along with increasing concerns
about the potential carcinogenic risk of synthetic chemical
food additives, such as NaNO2 (Sebranek & Bacus, 2007),
consumers began searching for cured meats with alterna-
tive curingmethods and natural ingredients. Because PAW
contains an abundant NO2

−, Jung et al. (2015a) hypothe-
sized that PAW could be used as a potential NO2

− source
for cured meat products, such as batter meat. Later, using
sample sausage, Jung et al. (2015b) also reported that the
color of PAW-manufactured sausages was similar to those
of sausages cured with commercially synthetic NaNO2.
More recently, the same potential curing ability of PAW
was also successfully applied to loin ham (Yong et al.,
2017) and beef jerky (Inguglia et al., 2020). Considering the
growing concern regarding nitrite toxicity from curedmeat
products, both mutagenicity and immunotoxicity testing
in vitrowere conducted by Kim et al. (2016) and Yong et al.
(2017) and neither study found any toxicological effects
fromPAWas a novelNO2

− source in sausage and loin ham.
Interestingly, the presence of PAW as a curing agent in

the treated meat also demonstrated a potential synergis-
tic effect on microbial deactivation (Inguglia et al., 2020;
Jung et al., 2015b; Yong et al., 2017). Total aerobic bacte-
ria were found to be lower in the sausage and loin ham
with the PAW addition compared to those with commer-
cial NO2‾ (Jung et al., 2015b; Yong et al., 2017). Meanwhile,
Inguglia et al. (2020) revealed a 0.85 log CFU/g reduction
of L. innocua in the PAW-cured beef jerky, compared to
the 0.5 log CFU/g reduction in those with brine solution
(water with high salt concentration) treatment, strongly



PAW FOR FOOD SAFETY AND QUALITY. . . 605

highlighting the effectiveness of PAW on microbial deac-
tivation (Inguglia et al., 2020).
Overall, these available studies invariably suggested two

powerful advantages of PAW; namely, it is a safe, effective,
and innovative substitute for synthetic NO2‾ in curedmeat
manufacturing, and simultaneously demonstrated that it
functions in the microbial reduction of cured meat prod-
ucts. The application of PAW as a curing agent and the
subsequent effects on the quality and safety of cured meat
products are presented in Table 5.

5 THE IMPACTS OF PAW TREATMENT
ON FOOD QUALITY

5.1 Chemical properties of the treated
foods

During PAW exposure, many chemically reactive species
interacted with liquid foods, leading to changes in the
chemical properties of treated foods (Kang et al., 2019; Per-
inban et al., 2019). PAW reactive species (including ROS
and RNS) are considered to be the major factors for all
of the observed changes in the chemical attributes of the
treated products, such as nutrients and antioxidants (Garo-
fulić et al., 2015). Considering that these attributes impact
food quality, a discussion is presented in this section.
Detailed chemical properties of the PAW-treated foods are
summarized in Table 6 and illustrated in Figure 1.

5.1.1 pH

pH and acidity are critical factors for most processed foods
as they reflect metabolic changes (Erkmen & Bozoglu,
2016). Any drastic change in pH could impact the taste,
physical properties, and shelf life of the food (Muhammad
et al., 2019; Pankaj et al., 2018). PAWcharacteristics, such as
ORP, ROS, RNS, and food characteristics, including nutri-
tional components present in the treated food, contributed
to changes in pH (Perinban et al., 2019).
There are several previous studies where PAW treat-

ment has been shown to change the pH of food prod-
ucts, for instance, Kang et al. (2019) reported a significantly
decreased pH of chicken breasts subjected to PAW-60 treat-
ment for 12 min compared with untreated samples. A sim-
ilar result for the changes in the pH of the PAW-treated
shrimpwas achieved by Liao, Su, et al. (2018). Decreases in
the pH values of the PAW-treated foods were attributed to
the acidification of PAWduring plasma activation. There is
also potential for interaction between PAW reactive species
and themoisture present, leading to the formation of acidic
compounds in the treated foods (Shashi K Pankaj et al.,

2018). Increases in the pH of PAW-treated beef during stor-
age were reported by Y. Zhao et al. (2018), which might
be due to the breakdown of meat proteins (by microorgan-
isms or enzymes) into ammonia (Lund, Heinonen, Baron,
& Estévez, 2011). However, the pH of PAW-treated beef was
significantly lower than that of untreated beef, indicating
that PAW treatment performs better in maintaining the
beef’s pH (Qian et al., 2019).
However, many researchers have reported no significant

pH changes from PAW treatments in food products, such
as fresh-cut pears (C. Chen et al., 2019), Korean rice cake
(Han et al., 2020), tiger nuts (Muhammad et al., 2019), beef
(Qian et al., 2019), mushroom (Choi et al., 2019; Gavahian
&Khaneghah, 2019; Xu et al., 2016), and grape (Xiang et al.,
2020). Likewise, Choi et al. (2019) found no statistical dif-
ferences between the acidity of the untreated and PAW-
treated shredded salted Chinese cabbage. The use of PAW
as thawing media also results in an insignificant change in
the pH of beef (Liao et al., 2020). The insignificant differ-
ences in pH could be attributed to several factors, including
buffering capacity and the physiological activity of the liv-
ing tissues, causing slightmetabolic alterations to the com-
plex food matrices (Misra, 2016; Xu et al., 2016).

5.1.2 Antioxidant contents and
activities

Antioxidants are natural substances that have health-
promoting properties, such as reducing the incidence of
cardiovascular disease (Griffiths et al., 2016; Munir, Chan-
drasekaran, Gao, & Quon, 2013) and Alzheimer’s disease
(Hiremathad, 2017; Hiremathad & Piemontese, 2017) as
well as anticancer activities (Griffiths et al., 2016; T. T. Zhao
et al., 2019). It could be attributed to their redox properties,
which include potential mechanisms, such as free-radical
scavenging activity (Abu-Lafi, Rayan, Kadan, Abu-Lafi, &
Rayan, 2019; Morita, Naito, Niki, & Yoshikawa, 2017), tran-
sition metal-chelating activity (Lu et al., 2010), and 1O2
quenching capacity (Terao, Minami, & Bando, 2010). In
addition, antioxidants reportedly have a protective effect
against food deterioration by ROS and RNS during plasma
treatment (Garofulić et al., 2015). In foods, antioxidants
assist with the maintenance of nutrients and sensorial
properties, such as the texture, color, taste, freshness, and
aroma (Wilson et al., 2017). Therefore, the antioxidant con-
tent is considered to be an important factor in food quality.
Several relevant studies have together revealed no sig-

nificant changes in the antioxidant content, such as total
phenolic and flavonoid, isoflavone, and anthocyanin, fol-
lowing PAW treatment in mung bean sprouts (Xiang, Liu,
et al., 2019), bean curds (Zhai et al., 2019), and grapes (J.
Guo et al., 2017; Xiang et al., 2020), respectively. In a study
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by Muhammad et al. (2019), PAW combined with blanch-
ing to treat tiger nuts also resulted in insignificant changes
in phenolic and flavonoid concentrations. In addition, C.
Liu et al. (2020) reported no significant difference in phe-
nolic concentrations of fresh-cut apple after PAW treat-
ment compared with control groups. These studies clearly
indicate that neither PAW treatment by itself nor PAW
combinedwith blanching treatment affects the antioxidant
concentrations in treated foods.
The 2,2-diphenyl-1-picrylhydrazyl (DPPH•) and

ABTS•+ scavenging and ferric-reducing ability of plasma
(FRAP assay) can be used to quantify the scavenging
activity of food extracts. Upon examining DPPH• and
ABTS•+ scavenging and the FRAP assay, Xiang, Liu, et al.
(2019), Xiang et al. (2020), and C. Liu et al. (2020) found
no significant differences in the antioxidant activity of
mung bean sprouts, grape extracts, and fresh-cut apple,
respectively, after PAW treatment. A similar result was
reported by Muhammad et al. (2019) who showed that
both DPPH• and FRAP radical scavenging activity in tiger
nuts were stable during PAW treatment.
Meanwhile, the effects of cold plasma treatment directly

applied to the antioxidant content of food products
revealed awide degree of variation; for instance, a decrease
in the total phenols was reported in orange juice (Almeida
et al., 2015), white grape juice (Pankaj, Wan, Colonna, &
Keener, 2017), and lamb’s lettuce (Grzegorzewski, Ehlbeck,
Schlüter, Kroh, & Rohn, 2011). In contrast, no signifi-
cant effect was found in apples (Ramazzina et al., 2016).
Comparing PAW and cold plasma treatments, PAW poten-
tially performed better than cold plasma in preserving food
antioxidants.

5.1.3 Vitamin

Vitamins are an essential micronutrient in foods and per-
form critical functions in human health. Given that most
vitamins are relatively labile under different processing
conditions (Dionísio, Gomes, & Oetterer, 2009), it is nec-
essary to preserve their nutritional properties during PAW
treatment. However, few studies have evaluated vitamin
stability during PAW treatment. Xu et al. (2016) reported
that PAW has a preservative effect on vitamin C in but-
ton mushrooms during postharvest storage. This might
be because of the natural cell defense mechanism against
the oxidative stress due to PAW (Xu et al., 2016). Further-
more, according to Kumar, Rani, Dixit, Pratap, and Bhat-
nagar (2010), vitamin C is considered one of the smaller
molecules used by mushroom cells to defend against
ROS. Zheng et al. (2019) and Xiang et al. (2020) similarly
reported no statistically significant differences in the vita-
minC levels of PAW-treated grapes comparedwith the con-

trol groups, such as DIW and unprocessed grapes. Mean-
while, C. Chen et al. (2019) found no significant change
in vitamin C concentration between PAW-treated fresh-
cut pears and the control groups after 6 days of storage.
Recently, C. Liu et al. (2020) identified decreases in vita-
min C concentration of PAW-treated fresh-cut apple dur-
ing 12 days of storage. However, this continuously decreas-
ing trend was not significantly different compared with
untreated apples, which indicates that PAW treatment did
not negatively affect the vitamin levels in treated foods.
Overall, these studies suggest that nonthermal technology
might not significantly affect vitamin C stability following
PAW treatment. However, it is important to emphasize the
need for further studies to analyze the effects of PAW expo-
sure on other vitamins in various food products along with
the degradation mechanisms.

5.1.4 Proteins, enzymes, and free amino
acids

Proteins
Protein is the most important micronutrient to humans
because of its crucial functions in metabolism (Young,
Scrimshaw, & Bier, 1981). Thus, protein preservation is a
significant concern in food quality because it loses its activ-
ities and functions via denaturation under certain con-
ditions during food processing (Rehman & Shah, 2005).
The potential mechanisms of denaturation during PAW
treatment could be due to the interactions of ROS, such
as •OH with amino acids (Y. Li et al., 2014) and the
secondary structure (Segat, Misra, Cullen, & Innocente,
2016; Surowsky, Fischer, Schlueter, & Knorr, 2013), lead-
ing to loss of the alpha-helix and beta-sheet structures of
proteins.
The effects of PAW in the shrimp myosin protein were

studied by Liao, Su, et al. (2018). These researchers exam-
ined the Ca2+-ATPase activity and the total sulfhydryl (SH)
levels as indicators for the integrity of proteins in the
shrimp. They revealed no significant differences in the
activities between the PAW ice-treated shrimp and con-
trol, indicating that PAW did not have an adverse effect
on the shrimp proteins (Liao, Su, et al., 2018). Royintarat
et al. (2020) also found no significant changes in the pro-
tein concentration of chicken meat and chicken skin fol-
lowing PAW treatment and PAW–ultrasound at 40 ◦C.
Both studies indicated that the damage caused by ROS in
PAW and ultrasound treatment was due to the interactions
of ROS with the bacterial cell (including protein) rather
than nutrients in the treated foods. In another study, Qian
et al. (2019) reported that the application of both PAW and
plasma-activated lactic acid had inapparent effects on the
secondary structure of beef proteins. Likewise, examining
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SDS-PAGE, Liao et al. (2020) reported that PAW thawing
treatment had no impact on the alteration of the structure
of myofibrillar proteins in beef. In summary, PAW treat-
ment did not adversely impact the proteins of treated foods.
Q. Zhang et al. (2016) evaluated whether the presence of

protein affected the efficiency of PAW in microbial deac-
tivation. Bovine serum albumin (BSA) was chosen as the
protein source and reportedly reduced the inactivation effi-
ciency of PAW. This suggested that a single SH from the
amino acid residues of BSA reacts with •OH, •HO2, •O2

−,
and ONOOH (Q. Zhang et al., 2016). However, the protec-
tive effect of protein against microbial inactivation from
PAW is still unclear and many other studies have reported
no interference from proteins during the bacterial inacti-
vation of protein-containing liquid foods (Gurol, Ekinci,
Aslan, & Korachi, 2012; Jung et al., 2015b; Kim et al., 2015).

Enzyme
Apart from proteins, enzymes that were present in food
also imparted both desirable and undesirable impacts on
food products (Yada, 2017). Certain enzyme activities result
in a rapid deterioration of food quality and require con-
trol mechanisms. In contrast, enzyme activity with antiox-
idant effects needs to be prevented to maintain qual-
ity and extend the product shelf-life (Yada, 2017). Super-
oxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) are common antioxidant enzymes present in plants.
Plants usually enhance their resistance to oxidative dam-
age of ROS through an increase in their activity of antiox-
idant systems (Y. Zhao et al., 2019). In particular, SOD,
one of the good enzymes, imparts an antioxidant defense
against damage caused by superoxide radicals, especially
during the ripening process (Fukai & Ushio-Fukai, 2011;
Tang et al., 2019). It was demonstrated that PAW exposure
enhanced SOD activity in button mushrooms during stor-
age (Xu et al., 2016). Y. Zhao et al. (2019) also revealed an
increasing SOD activity in fresh-cut kiwifruits after PAW
treatment. These studies suggested that PAW can promote
SOD activity in treated foods (Xu et al., 2016; Zheng et al.,
2019), but the mechanism remains unclear. However, in
another study, Zheng et al. (2019) revealed that no signifi-
cant differenceswere observed in SODactivity between the
PAW-soaked grape and control groups, such as DIW and
unprocessed grapes. Overall, PAW could be considered a
potential technique for promoting the activity of antioxi-
dant enzymes in treated foods.
POD is an enzyme that could adversely impact the dete-

rioration reactions and cause undesirable changes in food
quality (Burnette, 1977). It has been revealed that there
was a statistically significant reduction in POD activity fol-
lowing PAW treatment on shredded salted Chinese cab-
bage (Choi et al., 2019). However, Y. Zhao et al. (2019)
also demonstrated an increasing POD and CAT activity in

fresh-cut kiwifruit after PAW treatment due to their roles
for oxidative stress defense. The authors also suggested
that H2O2 and lower pH are most responsible for enhanc-
ing these enzyme activities in treated foods.

Free amino acids
The presence of free amino acids (FAAs), such as alanine,
glutamic acid, proline, histidine, lysine, and glycine, can
be key determinants in food taste and precursors of flavor
compounds for dry-cured meat products (C. Hidalgo, 1987;
Jurado, García, Timón, & Carrapiso, 2007). For instance,
the presence of alanine, serine, proline, threonine, and
glycine can be attributed to sweet flavors; leucine, valine,
isoleucine, and methionine are helpful in forming bitter
flavors; phenylalanine, histidine, and glutamic and aspar-
tic acid are recognizable by acidic tastes; and lysine, tyro-
sine, and aspartic acid are synonymous with an aged flavor
(F. J. Hidalgo & Zamora, 2016). Moreover, changes in FAAs
commonly occurring during food processing can result in
changes in food flavor. Luo et al. (2019) observed the level
of FAAs in Chinese dried pork loin after curing with PAW
and showed that using PAW activated in 60 and 70 kV of
DBD plasma can increase the level of FAAs, whereas PAW
activated in 50 kV decreases FAAs in cured pork loins.
The authors also suggested that the use of high voltage
in PAW generation might accelerate protein degradation
into FAAs with no significant negative effect on flavor.
Although there are limited studies that have observed the
effects of FAAs on PAW-treated foods, this study already
revealed the potential application of PAW on retaining and
enhancing food flavor and taste.

5.1.5 Lipids

The presence of lipids contributes to the various desirable
quality of foods, such as texture, flavor, and color (German,
1999). Interactions between PAW containing ROS and food
cells could result in lipid peroxidation (Yong et al., 2017).
Lipid peroxidation is a reaction that leads to deterioration
and adversely affects the flavor in foods and food products
(St. Angelo, Vercellotti, Jacks, &Legendre, 1996). Lipid per-
oxidation could be induced and catalyzed by the presence
of several enzymes such as lipoxygenase and POD pro-
duced from microorganisms such as Pseudomonas species
in the foods (Decker &Hultin, 1990). Since PAW-generated
ROS triggers lipid peroxidation, it is necessary to control
the lipid peroxidation in PAW-treated foods.
Lipid peroxidation of food is primarily caused by

ROS (1O2 and O) and subsequently follows the Criegee
mechanism as it produces aldehydes (such as MDA),
hydroperoxides, and organic compounds (Sarangapani,
Keogh, Dunne, Bourke, &Cullen, 2017).MDA and thiobar-
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bituric acid reactive substances (TBARS) are by-products
that form in the cells, tissues, and body fluids of the food
(Dasgupta & Klein, 2014). Thus, the presence of MDA,
TBARS, and peroxide value (PV) could be used for assess-
ing lipid peroxidation (Dasgupta et al., 2014; Gray, 1978).
Several studies have clearly reported a gradual increase

in both the PV and MDA values of the PAW-cured meats.
For instance, Jung et al. (2015b) reported that PV of PAW-
cured sausages was gradually increased from 1.33, 1.57,
3.68, 4.20 meq/kg in 0, 7, 14, and 21 days of storage, respec-
tively. However, PV decreased to 3.67 meq/kg after storage
for 28 days. For PAW-cured loin ham, Yong et al. (2017) also
made a similar observation and revealed that PV gradually
increased during the first week of storage and started to
decrease in the second week. These results indicate that
PAW can induce lipid peroxidation in cured meats; how-
ever, meats are known to have a preventive effect on per-
oxidation. Nitric oxide (NO) that is derived from NO2

−

can bind with iron ions of myoglobin protein present in
meats to form nitrosyl myoglobin, resulting in the reduc-
tion of free iron (which is well-known as an accelerator
of lipid oxidation), thus preventing lipid oxidation from
occurring (Alahakoon, Jayasena, Ramachandra,& Jo, 2015;
Honikel, 2008). An increase in the PV value of beef after
thawing using PAWwas reported by Liao et al. (2020) who
compared the PAW-thawing process with air-, water-, and
microwave-thawing treatments.
Furthermore, Luo et al. (2019) reported a significantly

lower TBARS value of dried pork loins after curing with
PAW (0.22 to 0.33 mg/kg) compared with the control spec-
imen (0.41 mg/kg). The authors also revealed that the
TBARS value was below the control based on a study by
Greene and Cumuze (1982) who found that the oxidized
flavor of meat products would not change with TBARS val-
ues<1.0 mg/kg. No significant change in the TBARS value
of tiger nuts after exposure to either PAW-blanching treat-
ment or PAW only treatment was reported by Muhammad
et al. (2019). Likewise, an inapparent TBARS value of PAW-
treated beef was also reported by Qian et al. (2019). Mini-
mal impact of PAW treatment on lipid peroxidation of beef
was found by Y. Zhao et al. (2018).
In addition, Jung et al. (2015b) reported that PVs of PAW-

cured sausages (1.33–4.20 mg/kg) were significantly lower
than those of controls throughout the entire storage period.
No significant differences between PV in PAW-cured loin
ham and NaNO2-cured loin ham were observed by Yong
et al. (2017), which suggests the positive effects of PAW
treatment on treated foods.Meanwhile, theMDA level was
also found to be significantly lower following PAW treat-
ment of shrimp than that following water treatment (Liao,
Su, et al., 2018). These authors also showed that lower lipid
oxidation (MDA level) was associatedwith lowermicrobial
growth in PAW-treated shrimp (Liao, Su, et al., 2018). Alter-

natively, it couldmean that PAW could retard the lipid per-
oxidation through the inactivation of the lipid peroxidase
enzymes in themicroorganisms. Recently, Royintarat et al.
(2020) also revealed no significant differences in the lipid
concentration of chicken meat and skin after treatment
PAW and PAW combined with ultrasound treatment at
40 ◦C and revealed that the most damage caused by the
ROS in PAW and ultrasound treatments was due to the
interactions of the ROS with the bacterial cell wall rather
than the chicken meat and skin. Particularly, Xu et al.
(2016) proposed that PAW-10 was highly effective at pre-
venting lipid oxidation in mushrooms instead of PAW-5
and PAW-15. This indicated that the concentration of PAW-
generated ROS on microbial activation and lipid peroxida-
tion should be highly balanced, optimized, and evaluated
to prevent foods from lipid oxidation.

5.1.6 Carbohydrate

Carbohydrates play an essential role in defining andmain-
taining the quality of different food products (Kokkinidou,
Peterson, Bloch, & Bronston, 2018). Sugar is considered
the main carbohydrate in food (Clemens et al., 2016).
Choi et al. (2019) reported no significant differences in
the reducing sugar content of the control and the PAW-
treated shredded salted Chinese cabbage. A similar con-
clusion was reached by Zheng et al. (2019) and Xiang et al.
(2020) as no significant changes were found in the sugar
level observed in grapes following PAW treatment (com-
pared with the commercial fresh washing agent and DIW).
Available studies on the effects of PAW on carbohydrates
are limited and this could be an interesting topic for future
work.

5.1.7 Residual NO2
−

The use of PAW as a curing agent commonly leads to the
presence of the residual NO2‾ in the treated meats. High
residual NO2

− in cured meats has raised concern because
of the potential adverse health effects on humans (Pegg
& Shahidi, 2008). A carcinogenic compound, nitrosamine
can be formed by NO2‾ and secondary amines under spe-
cific conditions, such as high temperature (>130 ◦C) and
low pH (Mirvish, 1975; Pegg & Shahidi, 2008). Thus, the
International Agency for Research on Cancer (IARC) con-
cluded that NO2

− is probably carcinogenic to humans
(Group 2A) under conditions favoring endogenous nitro-
sation (IARC, 2010). The maximum allowable concentra-
tion of residualNO2

− inmeat productswas set by the EUat
100mg/kg (EU, 2014). Yong et al. (2017) reported that resid-
ual NO2‾ concentration in PAW-cured loin ham gradually
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declines to 14.96, 13.93, and 10.36 ppm during storage at 0,
7, and 14 days, respectively. These results are in line with
a study by Jung et al. (2015b), which highlighted that the
residual NO2

− concentration in PAW-cured sausage was
28.37, 24.25, 19.82, 16.97, and 15.39 ppm during storage at
0, 7, 14, and 28 days, respectively. There are several possi-
ble reasons of this gradual reduction: (1) NO2

− is easier to
convert into NO (Yong et al., 2017); (2) irradiation process
where NO2

− can react with •OH can reduce the residual
NO2

− content of meat products (Ahn et al., 2003; Simie,
1983). It also has been reported that ∼20% to 30% of NO2

−

is lost with proteins, 5 to 15% with myoglobin protein, 1
to 10% is converted to NO3

−, 5 to 20% as gas, and 1 to 5%
is lost with SH groups, indicating that the largest portion
of the bound NO2

− is related with the protein stability of
the meat (Alahakoon et al., 2015). Interestingly, both stud-
ies also demonstrated the significantly lower reduction of
residual NO2

− in PAW-cured meats than that of commer-
cial NaNO2-cured meats throughout the storage period,
indicating that PAW performs better in reducing the resid-
ual NO2

− (Jung et al., 2015b; Yong et al., 2017). Jung, et al.
(2015b) indicated that conversion of NO2

− to NO is possi-
bly faster when NO2

− is dissolved in water (PAW) rather
than in the solid-state of NaNO2.
Luo et al. (2019) revealed that residual NO2

− concentra-
tion also depends on the voltage used during the PAWbrine
activation. Their results showed that the NO2

− concentra-
tion of dried pork loins significantly increased during the
treatments to 8.12, 10.11, and 15.24 mg/kg in 50, 60, and
70 kV, respectively. Of note, the overall residual concen-
tration of NO2 significantly in all of the above studies is
known to be considerably lower than themaximum allow-
able content of 100mg/kg, indicating that the residual NO2
concentration in PAW-treated foods is still relatively safe.

5.2 Texture profile analysis and the
sensory properties of PAW-treated foods

5.2.1 Texture profile analysis

Textual profile analysis (TPA) is commonly used to test
the texture characteristics of food products, including
hardness, adhesiveness, springiness, cohesiveness, gum-
miness, chewiness, resilience, firmness, and freshness
(Trinh & Glasgow, 2012). These parameters are important
and related to consumer perception. Thus, TPA has been
conducted to determine the texture of food products fol-
lowing PAW treatment. Compared to the control, suffi-
cient evidence from the current literature has revealed
that there is no significant difference in the TPA parame-
ters for several PAW-treated food products including bean
curd (Zhai et al., 2019), fresh-cut apples (C. Liu et al.,

2020), fresh-cut kiwifruits (Y. Zhao et al., 2019), eggs (Lin
et al., 2019), mushrooms (Gavahian & Khaneghah, 2019;
Xu et al., 2016), chicken breast (Kang et al., 2019), chicken
meat and skin (Royintarat et al., 2020), beef (Qian et al.,
2019; Y. Zhao et al., 2018), rice (Liao, Bai, et al., 2019), shred-
ded salted kimchi cabbage (Choi et al., 2019), grapes (Xiang
et al., 2020; Zheng et al., 2019), tomatoes (Gracy et al., 2019),
shrimps (Liao, Su, et al., 2018), Chinese bayberry (Ma et al.,
2016), and strawberries (Ma et al., 2015). This indicated
a positive impact after PAW exposure on the TPA of the
treated foods. These studies highlighted the potential of
PAW technology to be used to maintain the textual charac-
teristics of foods in the future. Particularly, the reduction
in meat hardness has been reported as a good indicator of
processed meats. As reported by Liao et al. (2020), PAW-
thawed beef possesses a significantly lower hardness com-
pared with fresh beef. A detailed description of the TPA is
presented in Table 7.

5.2.2 Sensory properties

Sensory properties, primarily color, appearance, aroma,
and taste have been used to evaluate the performance of
PAW-treated foods (J. Guo et al., 2017; Inguglia et al., 2020;
Kang et al., 2019; Liao, Bai, et al., 2019; Zhai et al., 2019;
Zheng et al., 2019). These properties could be the major
factors affecting quality perception and consumer’s accep-
tance of these food products following PAW treatment. A
detailed description of the sensory properties for the PAW-
treated foods is presented in Table 7.

Color
Color is one of the main elements noticed via the appear-
ance of the food products and is a critical attribute used
for consumer perception (Spence, 2015). The color of food
products is mostly attributed to the presence of pigments
(natural or synthetic) and chemical reactions (enzymatic
or nonenzymatic; Rodriguez-Amaya, 2016). Any undesir-
able change in the color of food products due to the pro-
cessing techniques will be a significant obstacle for con-
sumer acceptability.
Varying effects of the PAW treatments on the color of

fresh fruits and vegetables have been reported depend-
ing on the severity of treatment conditions (Gavahian &
Khaneghah, 2019; Ma et al., 2015; Yong et al., 2017; Zhai
et al., 2019). Most researchers have reported no signifi-
cant losses in color following PAW treatments of mush-
room (Gavahian & Khaneghah, 2019; Xu et al., 2016),
chicken breast (Kang et al., 2019), beef (Qian et al., 2019;
Y. Zhao et al., 2018), Korean rice cake (Han et al., 2020),
fresh-cut apple (C. Liu et al., 2020), fresh-cut endive let-
tuce (Schnabel et al., 2017), fresh-cut kiwifruit (Y. Zhao
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et al., 2019), chickenmeat and skin (Royintarat et al., 2020),
rice (Liao, Bai, et al., 2019), mung bean sprouts (Xiang,
Liu, et al., 2019), shredded salted kimchi cabbage (Choi
et al., 2019), grapes (J. Guo et al., 2017; Xiang et al., 2020;
Zheng et al., 2019), shrimps (Liao, Su, et al., 2018), Chi-
nese berry (Ma et al., 2016), and strawberries (Ma et al.,
2015). Some researchers have reported changes after PAW
treatments in the bean curds (Zhai et al., 2019) and toma-
toes (Gracy et al., 2019). The changes in color following
food processing could be attributed to the partial degra-
dation of pigments such as chlorophyll and anthocyanin
(Ramazzina et al., 2015). J. Guo et al. (2017), reported no sig-
nificant differences in the color and anthocyanin pigment
levels of the PAW-treated grapes compared to the control,
which indicated that the stability of the grape color index
was attributed to the stability of the anthocyanin pigment.
Meanwhile, the application of PAWasmeat thawingmedia
also led to an insignificant change in beef color (Liao et al.,
2020).
Furthermore, PAW treatment reportedly led to a few

changes in the color of some food products, especiallymeat
(Inguglia et al., 2020; Jung et al., 2015a; Yong et al., 2017).
Here, they used PAW as a curing agent in the manufactur-
ing of interesting meat products without using any chemi-
cal NO2‾ additive. No significant changes in the lightness
(L*) and yellowness (b*) indexes of the meat batter (Jung
et al., 2015a), loin ham (Yong et al., 2017), and beef jerky
(Inguglia et al., 2020) were reported following PAW treat-
ment. However, the redness index (a*) was found to have a
statistically significant difference compared to the controls
(Table 5; Inguglia et al., 2020; Jung et al., 2015a; Yong et al.,
2017). In addition, Luo et al. (2019) reported no significant
change in L: of PAW-cured Chinese dried pork loin, but a*
and b* were found to significantly change. Meanwhile, a
significant change in the color of PAW-treated tiger nuts
was reported by Muhammad et al. (2019) and fresh-cut
radicchio was reported by Berardinelli et al. (2016).
Overall, these results demonstrated that PAWprocessing

had a minimal effect on the color of food products at lower
treatment times. The product type (whole or cut, solid or
liquid), PAW treatment parameters (treatment time, reac-
tive species), and storage conditions were some of the crit-
ical factors affecting color changes.

Appearance, aroma, and taste
Appearance, aroma, and taste are considered to be impor-
tant parameters, which are used to evaluate food prod-
ucts (Maina, 2018). No significant changes in the appear-
ance, aroma, and taste indexes were found in the tiger nuts
(Muhammad et al., 2019), Korean rice cake (Han et al.,
2020), bean curd (Zhai et al., 2019), fresh-cut endive lettuce
(Schnabel et al., 2017), chicken breast (Kang et al., 2019),
rice (Liao, Bai, et al., 2019), andmung bean sprouts (Xiang,

Liu, et al., 2019) following PAW treatment compared to the
controls, indicating that PAW exposure did not adversely
impact food quality. Meanwhile, the application of PAW
as thawing media also results in an insignificant score for
aroma and texture of PAW-treated beef compared with air
thawing even though it is still lower than fresh beef (Liao
et al., 2020).

6 CHALLENGES AND FUTURE
PROSPECTIVES

The review of the available literature on applications of
PAW on food safety and quality allowed us to identify gaps
in the research thatmay be addressed in future studies. The
presence of organic matter (such as beef extract and pep-
tone) in the treated foods, including meats, can adversely
affect or quench the deactivation efficacy of PAW against
pathogenic microorganisms (Xiang, Kang, et al., 2019; Y.
M. Zhao et al., 2020). Thus, more attention should be paid
to the effect of substances potentially interfering with the
disinfection efficacy of PAW prior to its practical applica-
tion. The chemistry of PAW is considered extraordinarily
complex, and controlling the reactions is one of the chal-
lenges of future research. In addition to the chemistry, the
food decontamination mechanisms are still in question as
to the precise control of reactive species in PAWand should
be considered for further evaluation in the future, partic-
ularly the mechanism involved in chemical decontamina-
tion. Moreover, the toxicity of the reactive species and the
end reaction products formed by chemical decontamina-
tion also will require additional research using PAW for
food applications.
Compared to the plasma treatment, PAW is consid-

ered less costly and more readily available, thus, its appli-
cation has the potential for use at a commercial scale.
Mass production of PAW by DBD plasma with a capac-
ity of 520 L/hr has been successfully demonstrated by Jin
et al. (2020). However, it is also evident from the review
of the literature that no continuous process systems are
currently being studied or developed (Figure 4). Thus, it
is important to understand whether PAW would impart
the necessary physicochemical properties required for
commercialization.

7 CONCLUSIONS

The optimization of critical parameters in PAW gener-
ation would influence its chemistries, further affecting
its efficiency on food safety and quality. The current
literature has revealed potential PAW roles in food safety
that could retain or promote food quality. In the case of
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2007 …. …. 2012 2013 2014 2015 2016 2017 2018 2019 2020

In vitro study of PAW on 

microbial inactivation

In vitro study in inactivation of 
Escherichia coli and Ulocladium chartarum
using PAW activated by pulsed electric 
discharge plasma (Kolikov et al., 2007)

Demonstration of PAW in inactivation of 
Staphylococcus aureus inoculated on 
strawberry without significant change in color, 
firmness, and pH of the PAW-treated 
strawberry (Ma et al., 2015)

Investigation and development possible use 
of PAW as a nitrite source in meat curing 
process (such as emulsion-type sausage and 
meat batter) (Jung et al., 2015a, 2015b)

PAW treatment effectively degraded the 
deoxynivalenol (secondary metabolite 
produced by Fusarium fungi) level by 34.6% 
in barley (Guo et al., 2018)

Application of PAW combined with mild 
heat (Liao, et al., 2019 and Choi et al., 
2019) and blanching (Muhammad et al., 
2019) inactivation of microorganisms in 
rice, tiger nuts, and kimchi cabbage. 

Mass production of PAW in the 
manufacturing-scale by DBD plasma with 
a capacity of 520 L/h (Jin et al., 2020).

PAW application on microbial 

inactivation of food

PAW application on chemical 

reduction of food

Manufacturing-scale 

production of PAW

PAW application as curing 

agent of processed meats

The combined treatments of 

PAW with other heat-based 

treatments

Development of PAW ice in the preservation 
of shrimp (Liao et al., 2018). 

PAW ice application in preservation 

of aquatic food product

Application of PAW as beef thawing media 
with higher microbiological safety (Liao et 
al., 2020).

PAW application as meat 

thawing media

F IGURE 4 Timeline of key events in PAW research on food safety and quality. The development of key methods and their application on
foods are listed here in chronological order

food safety, the current studies have demonstrated the
efficacy of PAW against various microorganisms and the
potential for chemical decontamination of treated foods
following treatment and storage. Furthermore, PAW has
been also trialed as a potential curing agent and thawing
media for meat products and preserving aquatic products.
Overall, PAW has a minimal adverse impact on the chem-
ical, nutritional, texture, and sensory attributes of vari-
ous food products, potentially leading to positive consumer
acceptance. However, further investigations are required
in order to elucidate the precise mechanism involved in
controlling color changes for some of the treated food prod-
ucts. Finally, future research using optimization studies is
required in order to gain a better understanding of the qual-
ity attributes required for PAW to be utilized on a larger
commercial scale in the future.
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