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Abstract: The low-temperature plasma process is an advanced technology that has recently enjoyed
great popularity due to its eco-friendly nature and antibacterial efficacy. Plasma-activated water
(PAW)—a product of non-thermal plasma reaction with water, containing a rich variety of highly
reactive oxygen and nitrogen species (RONS), is a green prospective solution for decontamination
of microorganisms in a wide range of biotechnology aspect. Here, we present a succinct review of
the formation of PAW and its properties in the context of inactivation of microorganisms. Among
the wide range of articles on plasma-activated water, there is no comprehensive overview of the
mechanism of microbial inactivation, the influence of reactive oxygen and nitrogen species on cell
components, or the role of growth phases in PAW effectiveness in inactivation. This review aims to
summarize the results of research in this area, taking into account the directions of potential
applications of PAW in the field of medical sciences and food technology, indicating the species or
strains of inactivated microorganisms.

Keywords: plasma; plasma-activated water; reactive species; microbial inactivation; decontamination

1. Introduction

Plasma is commonly known as the fourth state of matter. Its state of aggregation
resembles a gas with unique properties, in which a significant part of the particles is
ionized [1,2]. There are thermal (hot) and non-thermal (cold) plasma based on the
thermodynamic temperature equilibrium of the constituents [3]. In the case of cold
plasma, the temperature of heavy molecules (ions and neutral particles) ranges from 25—
100 °C, whereas the electron temperature is much higher and amounts to between 5000
°C and 10° °C. The degree of ionization in such plasma is below 0.1% and its gas
temperatures are relatively low, typically less than 100 °C. The pressure of non-thermal
plasma does not exceed 133 mbar [4]. Cold plasma consists of several excited atomic,
molecular, ionic and radical forms, coexisting with many reactive forms—free radicals,
reactive oxygen species (ROS) and reactive nitrogen species (RNS), and quanta of
electromagnetic radiation—UV photons and visible light (VIS) [5,6].

Cold plasma can be obtained through a variety of electrical discharges, including
micro-hollow cathode discharge, corona discharge, gliding arc discharge, dielectric
barrier discharge, plasma needle, and atmospheric pressure plasma jet. The method of
plasma generation influences its composition (type and number of chemical individuals),
and also, indirectly, its technological application [1,7]. In the field of biotechnology,
biology, medicine, pharmacy, and environmental sciences, the most commonly used are
cold plasma produced by dielectric barrier discharge (DBD) and atmospheric-pressure
plasma jet (APPJ) [1,8]. The unique properties of cold plasma make it widely used, among
others in surface modification of polymeric materials [9], production and treatment of
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nanoparticles [10,11], decontamination of surfaces in contact with food [12,13],
wastewater treatment [14], air purification [15], or the production of plasma-activated
water (PAW) [16,17].

2. Generation of Plasma-Activated Water and Its Properties

Plasma activated water is water treated with plasma, which is produced above the
water column, in water or gas bubbles present in water [18]. Reactive molecules formed
in the gas phase penetrate the plasma-liquid interface into water (Figure 1), inducing
secondary reactive species in solution. The transfer of reactive species from plasma to the
liquid consists of numerous physical and chemical processes, including mass transfer,
molecules collision, liquid evaporation, sputtering, and ultra-violet radiation [19].
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Figure 1. Scheme of migration of reactive oxygen and nitrogen species between phases during
plasma water treatment. Adapted from Bruggeman et al. [19].

Small volumes (from 1 mL to 1000 mL) of deionized water, distilled water, filtered
water, or drinking water from the tap are subjected to plasmas [19-22]. The type and
concentration of the reactive species that are present in PAW depend on the type of gas
used to generate the plasma as well as on the type of plasma liquid. The source of the
plasma, electrode configuration, applied voltage, treatment time or the distance between
the liquid, and the plasma trail are also very important [22]. According to Lamichhane et
al. [23], the formation of various reactive molecules as a result of collisions is also mostly
regulated by the temperature of the electrons. In order to observe the influence of the
abovementioned parameters on the PAW properties, Table 1 lists several examples of
different methods of generating plasma and various gases used in this process, with an
indication of differences in the physicochemical properties of water.

The high-energy electrons generated by a plasma discharge collide with water,
causing a series of complex processes such as excitation, dissociation and ionization. A
large amount of active particles is produced. Among the reactive species produced by the
commonly used plasma sources, the following are distinguished active forms of oxygen
molecules and atoms, that is, reactive oxygen species: atomic oxygen O, singlet oxygen
10z, superoxide anion Oz and ozone Os; reactive nitrogen species, such as atomic nitrogen
N, excited nitrogen N3, nitric oxide NOe; NOz (nitrites), NOs~ (nitrates), ONOO-
(peroxynitrites), HsO*, OH- anion, and OHe radical or H2O: are also generated [1,19,22].
Chemical reactions between the reactive molecules created by the action of the plasma
and those present in the water affect the properties of PAW. The pH, redox potential,
conductivity, and surface tension are modified.
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Table 1. Differences in physical properties of water, depending on plasma devices, working gas and
activation time.

Physical Properties of PAW

Plasma Generating

Time of Activation Conductivity Redox Potential

ki H Ref
Equipment Working Gas (min) P (uS/cm) (mV) eferences

Plasma microjet Alr 20 23 § >40 [24]

) Ar/O: 20 6.1 18.8 250 [25]

. 3.0 450 550 [26]

Plasma jet Ar/O2 15 37 218 1467 27]

Low frequ.ency He 5 42 ) ) [28]
plasma jet

Air 28 1100 - [29]

. Oz 32 300 - [29]

Gliding arc N 15 30 500 ) [29]

Ar 3.6-3.7 50-70 - [30]

DBD micro discharge Air 15 2.7 - - [31]

Air 2.1 - - [32]

DBD 02 20 22 - - [32]

DBD with hallow Air 10 19 2000 550 [33]
electrodes

2.1.pH

The pH value of plasma-activated water is usually lower than that of traditional
water, which is due to the production of nitric acid (derived from NO generated in PAW),
peroxynitrous acid, and hydrogen peroxides [22]. According to the patent description of
Pemen et al. [34] with the right combination of non-thermal and thermal plasmas in PAW
generation, the pH value can be controlled. The results of research on the treatment of
water with plasma showed that a significant decrease in pH takes place in the initial
period of plasma operation. According to Ma et al. [26], the first 10 min of plasma stream
operation was crucial when the pH dropped from 7 to 3.2, using Ar/O2 as the working
gas. A decrease in the pH value to 3.7 after 5 min of plasma treatment of the water was
observed in the studies by Xu et al. [27]. In addition, Abuzairi et al. [35] indicate a drop in
water pH from 7.03 to 3.52 within 3 min of treatment, which is explained by the presence
of nitrites (NO2") and nitrate (NOs") ions. Shen et al. [24] draw attention to the acidity
stability of plasma-activated water. The team studied the pH of the water during 30 days
of storage at various temperatures—positive (4 °C, 25 °C) and negative (-20 °C, -80 °C).
The pH was shown to drop from 6.8 to 2.3 after 20 min of plasma treatment, after which
it did not change over the controlled monthly period. Slightly different results were
obtained by Bialopiotrowicz et al. [36], treating distilled water with low-temperature low-
frequency glow plasma (LPGP) for 5 to 90 min. During the process, the pH of the water
changed slightly, in a non-linear manner, in relation to the extension of the plasma
exposure time. The initial pH at 5.56 increased to 6.41 after 1 h of plasma treatment, then
stabilized at 5.83 after 90 min.

According to Bruggeman and Leys [37] and Tian et al. [25], the level of change in the
pH value depends on the type of reactor and the feed gas used to generate the plasma.
This is confirmed by the data collected in Table 1.

2.2. Oxidation-Reduction Potential

Treatment of water with plasma significantly influences its oxidation-reduction
potential (ORP). Among the reactive oxygen species that are formed, the most important
factor for the redox potential is hydrogen peroxide, which can act as both an oxidant and
a reducing agent [22]. Zhang et al. [33] observed an approx. 63.3% increase in the redox
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potential of distilled water after 20 min of plasma treatment with the Ar/O: mixture. Xu
et al. [27], for the production of PAW, used a plasma stream at atmospheric pressure, and
also in the mixture environment (Ar 98% and O:2 2%), and observed an increase in the
redox potential from 146 mV to 314 mV within 5 min of treatment. When the activation
time was extended to 15 min, an oxidation-reduction potential of approx. 467 mV was
obtained. An increase in water ORP, from the level of 236 mV to 359 mV, was also noted
during the 3-min plasma treatment at atmospheric pressure [35]. Similar results were also
obtained in the latest studies [38,39]. According to the authors, longer duration of plasma
activation in the air atmosphere results in a greater amount of reactive oxygen species
generated in PAW and an increase of the ORP value. The oxidation-reduction potential of
PAW depends on the activation strength, which additionally depends on both the carrier
gas, the applied voltage, and other parameters leading to an increase in ORP to 63% [33].

2.3. Conductivity

Parameters that are modified during plasma treatment also include electrical
conductivity, which indicates the concentrations of free ions present in an electrolytic
solution and expresses the ability of water to pass a current through it. Distilled water has
a conductivity ranging from 0.5 to 3 uS/cm. The amount of additional ions in the water
has a significant influence on its conductivity. The reactive forms of RONS produced
during plasma processing dissolve easily in water, which contributes to an increase in
conductivity. Brisset et al. [40] described the higher PAW conductivity caused by the
generation of NOx species using gliding arc plasma. After 20 min of water activation with
Ar/Oz gas plasma, the conductivity value was 450 uS/cm [26]. In the case of using a plasma
microjet, the increase in conductivity reached the level of 18.8 uS/cm [25]. This significant
difference in the obtained increases in conductivity may result from the value of the
applied voltage. An increase in the conductivity of plasma-treated water is attributed to
the predominance of peroxynitrite over the oxonium ion chemistry [40]. Thirumdas et al.
[22] mentions different values of plasma-activated water conductivity resulting from the
use of different plasma devices (DBD, jets, etc.) and different gas carriers. Xu et al. [27]
emphasize that conductivity is also dependent on plasma systems that are used for
production of plasma-activated water. The conductivity of PAW obtained by generating
discharges directly in the water is greater compared to PAW, where the discharges are
generated above the water surface.

3. Influence of Plasma-Activated Water on Microorganisms

Plasma-activated water shows antimicrobial effectiveness, which is associated,
among others, with the presence of reactive oxygen species, reactive nitrogen species, and
hydrogen peroxide [41]. The formation of countless numbers of these active chemical
compounds, combined with physical factors (low pH, high redox potential), has an
antimicrobial effect. The destructive effect of PAW in relation to microorganisms is
explained by the mechanisms taking place in various areas of the cell —damage to the cell
wall, cytoplasmic membrane, DNA and enzyme apparatus (Figure 2). Observations in the
scanning electron microscope(SEM) indicate that the action of plasma-activated water on
cells damages their external structures. Changes in bacterial morphology after PAW
treatment have been observed in SEM images by many authors [42-44]. The smooth
surfaces of the cells distort, shrink, and rupture. The surface structures—the cell wall and
membrane—are disintegrated. Reactive forms present in the PAW collide with
microorganisms, causing serious and difficult to repair damage to the cell membrane. As
a consequence, they may lead to a break in its continuity. This effect may also result from
the accumulation of electric charge on the outer surface of the cell membrane. In this
process, according to the authors, atomic oxygen and hydroxyl radicals have the greatest
lethal effect [45]. A similar effect is obtained as a result of electroporation, otherwise
known as electropermeabilization. This process involves the electrically induced
formation of new microspores in the cell membrane and the growth of existing ones. The
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destructive action of this mechanism, described on the example of Salmonella enterica and
Listeria monocytogenes, consists in increasing the permeability of the cell’s cytoplasmic
membrane. This directly affects the transmembrane potential of cells and their ability to
regulate intracellular pH [46].
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Figure 2. Schematic diagram of the PAW induced inactivation of microbial cells. Adapted from
Mandal et al. [12].

3.1. Role of Reactive Oxygen Species

Among the reactive oxygen species produced in PAW, hydroxyl radical (OHe),
hydrogen peroxide (H:02), and ozone (Os) are compounds with the strongest
antimicrobial potential [22].

An important role in the inactivation of microorganisms is played by hydroxyl
radicals, which mainly affect the outer part of the cell membrane. They are responsible for
the peroxidation of fatty acids present in the cells of microorganisms [47]. Dolezalova and
Lukes [48] report that OHe radicals initiate the lipid oxidation reaction, cleaving
hydrogen from unsaturated bonds in fatty acids. Ultimately, they contribute to the
formation of malondialdehyde (MDA), which is a marker of lipid oxidation. MDA has
cytotoxic properties. It also inhibits enzymes related to the cell’s defense against oxidative
stress. Malondialdehyde in microbial cells causes DNA damage and, consequently, cell
death [49]. The negative effect of hydroxyl radicals penetrating from PAW into microbial
cells and causing internal damage through DNA breakdown, destruction of proteins and
internal cell components is described by Lukes et al. [18]. The same authors emphasize
that OHe radicals participate in breaking the intramolecular bonds of the peptidoglycan,
which may lead to the breakdown of the cell wall. The team of Tian et al. [25] studied the
release of components from inside the bacterial cells by the action of PAW. The level of
DNA/RNA leakage from cells was analyzed as a function of plasma operating time. It was
observed that after 20 min of plasma activation, the DNA/RNA leakage rate increased by
approx. 42% due to the destruction of the cell membrane integrity. Similar observations
are made for the plasma treatment of yeast cells with Saccharomyces cerevisiae ATCC 4126.
In case of these microorganisms, during multiplication, the cell cycle was arrested in the
GI1 phase, which was a consequence of DNA damage. Reactive oxygen species caused the
activation of superoxide dismutases and catalase [50]. The key role of the hydroxyl radical
in the elimination of microorganisms is also emphasized by Weiyuan et al. [51]. They
investigated the effect of atmospheric pressure plasma treatment on E. coli. The process
was effective in inactivating bacteria, and the cause of this effect was believed to be
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oxygen-containing reactive compounds that were able to destroy the C-C or C-H bonds
present in the cell, and thus contribute to the degradation of organic compounds.

Hydrogen peroxide is one of the longest-lived reactive compounds in PAW and
exhibits multifunctional activity in redox cell signaling pathways and oxidative stress [52].
The antimicrobial mechanism of H2O: results from the generation of the intracellular
hydroxyl radical OHe in the presence of transition metals. Furthermore, the interaction
between H2O:2 and the superoxide ion causes the formation of OHe radicals, which
through the Fenton or Haber—Weiss reactions contribute to oxidative damage, stimulating
the breakdown of the DNA double helix [53,54].

Additionally, singlet oxygen generated in PAW, due to its high activity, easily reacts
with various biological molecules, including DNA and proteins [55-57]. Singlet oxygen
can react with cysteine to contribute to the formation of R-cys-S-S-cys-R, which may result
in cell interaction and aggregation. Davies [55] emphasizes that singlet oxygen can also
selectively react with tyrosine, tryptophan, and histidine to form hydroperoxides that can
inhibit enzyme activity. In the case of DNA, singlet oxygen can also oxidize guanine and
induce cross-links between guanine and lysine, resulting in the formation of large
complexes formed by genomic DNA [58].

Ozone dissolved in aqueous solutions is considered a strong antimicrobial oxidizing
agent [18]. It has the highest oxidation-reduction potential, at the level of Eo = 2.07 V,
among other typical oxidants: hydrogen peroxide (Eo=1.77 V), chlorine (Eo=1.36 V), and
chlorine dioxide (Eo = 1.50 V) [59]. Reactions involving ozone are selective and proceed
with participation to unsaturated aromatic and aliphatic compounds [41,60]. Ozone
participates in the oxidation of sulfhydryl groups, which are quite abundant in enzymatic
proteins of microorganisms, which explains the rapid inactivation of microorganisms and
bacterial spores by ozone [61].

3.2. Role of Reactive Nitrogen Species

Among the reactive nitrogen species, formed in plasma activated water, an important
role in the inactivation of microorganisms is played by the nitric oxide radical (NOe®),
nitric oxide (NO), nitrite (NO2"), nitrate (NOs), and peroxynitrite (ONOO-). It is difficult
to ascribe specific antimicrobial activities to individual molecular species. Reactive
nitrogen species trigger a wide range of interacting mediator molecules in phagocytic
microbial cells, making it difficult to assign specific antimicrobial effects to individual
chemical molecules. The antimicrobial activity of RNS is presumed to be more complex
than that of reactive oxygen species and depends on the local redox environment [62].

RNS can interact with numerous targets in a microbial cell, including protein ty-
rosines, metal centers, thiols [62]. The presence of reactive forms of nitrogen can damage
almost all classes of biomolecules: lipids, proteins, and DNA [63]. Nitric oxide (NO) as a
signaling molecule can relatively easily penetrate into cells, causing the enhancement of
intracellular RONS, damage to organelles and, consequently, cell apoptosis [64]. In the
presence of oxidizing compounds in water, nitric oxide (NO) has a short lifetime, reacting
to the formation of other RNS. NO can inhibit cell respiration, contributing to put
microorganisms into a dormant state. It was observed, inter alia, in case of Mycobacterium
tuberculosis. Moreover, it is believed that in the presence in PAW the H20, the inhibition
of respiration by NO may exacerbate oxidative damage by promoting Fenton’s reactions
and reducing flavin [65,66].

In the case of NOe® radical, Schapiro et al. [67] indicate that this radical and S-
nitrosothiols, which contribute to nitrosative stress, may inhibit bacterial DNA
replication. According to Lepoivre [68], the NOe® radical can interact with tyrosyl radicals,
which results in the inhibition of ribonucleotide reductase and indirectly affects the
availability of precursors for the synthesis and repair of DNA.

Nitrite (NO2), nitrate (NOs3"), and peroxynitrite (ONOO-) are involved in the
formation of acids, which reduces the pH of the water. Moreover, it is commonly believed
that these acids have antimicrobial properties [69]. The antimicrobial activity of
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peroxynitrite (ONOO-) is due to its ability to diffuse through the cell wall and cause cell
damage, e.g., by initiating lipid peroxidation. The peroxynitrous acid, conjugated with it,
is also considered a strong oxidant, showing the ability to react with biological molecules
[70]. Peroxynitrile ions can also react with dissolved carbon dioxide to form ONO:CO2—
which is subsequently transformed into the ¢CQOs radical with oxidizing properties. It is
presumed to be able to oxidize several critical amino acids in proteins even in the presence
of antioxidants that are normally present in biological fluids [71].

Many publications emphasize that reactive nitrogen species damage numerous
components of the cell, including DNA, RNA, membrane components (lipids), and
proteins. Aerobic microorganisms (yeasts, bacteria) naturally encountering RNS under
aerobic conditions have developed a number of protective systems to help cells survive.
Bacteria synthesize enzymes, or small proteins such as thioredoxin and glutaredoxin and
other molecules, such as glutathione, neutralize RNS [31,72]. The production of enzymes,
including catalase, peroxidase, and superoxide dismutase, allows for transforming
harmful RNS in the cell, before they cause damage [73]. In Saccharomyces and Candida yeast
cells, the counteracting of nitrosative stresses is based on the active detoxification of NO
by flavohemoglobins, the antioxidant system for scavenging NO via GSH or trehalose and
the up-regulation of repair systems to counteract the caused damage [74-76].

It is worth emphasizing the role of the oxyR or soxS genes in the cell’s response to the
action of PAW. The SoxS protein is a regulator controlling genes mainly responsible for
the detoxification of peroxides and nitric oxides, while the oxyR gene is a regulator of
transcriptional processes occurring during gene activation in response to oxidative stress.
Therefore, mutants with the missing SoxS gene are sensitive to destruction by peroxides
and nitrogen oxides, while bacteria with the missing oxyR gene are sensitive to reactive
oxygen species [62,77].

In conclusion, it is worth paying attention to the fact that inhibition of microbial
growth by PAW is related not only to the action of the above-mentioned radicals; it also
occurs in the environment of ionized noble gases. It is a complex process, the effects of
which depend on many elements.

Despite the complexity of the process of microbial inactivation by PAW, the latest
research trends in this area indicate that it is possible to partially regulate the level of
impact on microbes. The concentration of reactive oxygen and nitrogen species in PAW
(including their ratio to one another) can be controlled by modifying the length of the
plasma stream. The level of microbial inhibition by PAW can also be influenced indirectly
by controlling and regulating the electrons temperature, which mainly determines the
formation of RNS. The level of PAW interactions on cells is also determined by the size of
the plasma-liquid interface [23,78].

4. The Role of Physiological Factors in the Inactivation of Microorganisms by PAW

When analyzing the effect of plasma-activated water on different species of
microorganisms, it was observed that Gram-positive bacteria are more resistant to plasma
than Gram-negative cells. This is probably partly due to the difference in the structure of
the peptidoglycan (its much thicker layer) and the degree of its acetylation. In the case of
direct treatment with cold plasma, this layer constitutes a kind of protective shield. In the
operation of PAW, the role of the peptidoglycan layer may be reduced because the
physical digestive effect is limited, and the antimicrobial effect is mainly based on the
interactions of reactive oxygen and nitrogen species [79]. Smet et al. [80], by conducting
research on the use of plasma-activated water on Listeria monocytogenes (Gram-positive)
and Salmonella typhimurium (Gram-negative) cells, achieved a much better inactivation
effect of the Gram-negative species. Inhibition was seen in both single colonies and
biofilm. Souskova et al. [81], conducting studies involving fungi and bacteria, showed that
the effectiveness of PAW inactivation of fungi is much lower than that of bacteria, mainly
due to the more complex cellular structure of eukaryotes (the cell wall structure and
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specialized cellular organelles, such as mitochondria and ribosomes). The cell wall of
fungi consists of chitin, which is more rigid than the peptidoglycan of bacterial cell walls.

Considering the influence of PAW on microbial cells from the point of view of their
growth phase, it is assumed that bacterial cells in a phase of exponential growth may be
more susceptible to inactivation compared to the stationary phase [41]. In Escherichia coli
culture, significantly higher logarithmic cell reductions by PAW occurred in the
exponential growth phase [82]. However, this was not confirmed by studies with
Salmonella enterica—in the case of these microorganisms, the growth phase had no effect
on the level of cell inactivation by PAW [83]. The authors suggest that the effects of PAW
at different stages of growth may be different, depending on the species and factors
important in the subsequent growth stages. This is especially true in case of bacterial
biofilms, the characteristic feature of which is cell heterogeneity (e.g., differences in
metabolic potential). This cellular heterogeneity significantly influences the differences in
susceptibility to the effects of PAW [84].

5. The Use of Plasma-Activated Water in Inhibiting the Growth of Microorganisms

The properties of plasma-activated water, especially those related to the inactivation
of microorganisms, make it more and more appreciated and used in medicine or food
processing. Numerous scientific studies conducted in the last decade have shown that
PAW inhibits the growth of bacteria, viruses and fungi, destroys cancer cells, allows for
maintaining the quality of fruit and vegetables after harvest, and inactivates foodborne
microbes on food [85-89].

In the field of medical science, plasma-activated water is tested for the effectiveness
of sterilization. Dental and medical tools are constantly exposed to the action of various
microorganisms during treatments, and they constitute a reservoir of pathogens, being a
source of potential infection of patients. The possibility of disinfecting the device by means
of simple washing seems to be much easier compared to the multiple exposures of the
surfaces to the direct action of the plasma stream [35]. Plasma-activated water was used,
among others, in the decontamination of dental unit waterline system tubes (DUWLs). Its
effectiveness in inactivating of Enterococcus faecalis biofilms created in DUWL was
analyzed [90]. For this purpose, the activation of the distilled water was carried out for 3
min using a continuous plasma jet of compressed air. Significant reduction in the number
of viable cells was observed already after 1-3 min of plasma treatment. The 5-min process
led to a complete reduction of microorganisms. Moreover, a 3-min contact of
microorganisms with PAW gave a comparable effect as the use of common disinfectants —
1% H20: solution or 10 mg/L NaOClI solution. Using plasma-activated water obtained by
gliding electric discharges, sterilization of medical instruments made of stainless steel,
and polyethylene was carried out [42]. After 30 min of exposure to PAW, a reduction in
both single yeast colonies (approx. 3 log) and bacterial biofilms (approx. 5 log) was
observed. An interesting path of PAW application is its use in the treatment of infectious
diseases of the oral cavity [91]. Plasma-activated water is a rich source of reactive oxygen
and nitrogen species (RONS), which play an important role in cancer therapies. Mahdikia
et al. [92] studied the induction of apoptosis in melanoma cancer cells in-vitro. The source
of the cold plasma was a helium (He) plasma stream, operating with a dissipation power
of 0.75 W and 20 kHz. Test results confirmed that the application of cold atmospheric
plasma (CAP) enables the achievement of a specific concentration of anti-cancer agents in
water and induces apoptosis in melanoma cancer cells due to RONS via activating the
caspase pathway. Plasma-activated water is also effective in inactivating viruses:
rotaviruses, noroviruses, adenoviruses, astroviruses, and hepatitis A and E viruses [88].
Guo et al. [93] reported that PAW efficiently inactivated bacteriophages T4, U174, and
MS2 in a time-dependent manner. DNA and protein analysis revealed that the reactive
species generated in water by plasma damaged both nucleic acids and proteins. PAW after
30 min of contact could completely inactivate Newcastle disease virus (NDV) [94].
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Many studies conducted in recent years show the effectiveness of PAW in the
decontamination of food—both products of plant and animal origin [88]. Plasma-
activated water was used, among others, in in the reduction of Staphylococcus aureus
bacteria on the surface of strawberries [26]. After 20 min of water activation with single
electrode nonthermal APPJ, it reduced the bacteria count by about 3.4 log CFU/g. The use
of PAW successfully reduced both bacteria and fungi from the surface of Chinese
bayberries [95]. Bayberries were treated by PAW at different times (0.5, 2 or 5 min) and
then stored for 8 days at 3 °C. The results of the experiment showed that all PAW variants
reduced fruit spoilage by approx. 50% compared to the control sample, and the maximum
reduction of microorganisms reached the level of approx. 1.1 log CFU/g.

PAW was applied on grapes, observing a reduction of yeast Saccharomyces cerevisiae
on the level 0.38-0.53 log CFU/mL, without any deterioration in the quality of the grapes
[96]. The water activated by two plasma jets was effective in reducing bacteria from the
surface of tomatoes. The study reported more than 5 log reductions of E. coli, L.
monocytogenes, and S. typhimurium [97]. PAW is also used for the preservation of fresh-cut
fruits, such as pears [98], kiwifruits [99], and apples [100]. Liu et al. [100] showed that
PAW is effective in inactivating microorganisms on the surface of fresh-cut apples,
immersed in PAW for 5 min. The reduction level was 0.86 log CFU/g, 1.04 log CFU/g, and
0.64 log CFU/g, for E. coli, molds and yeast, respectively.

In the case of vegetables, plasma-activated water was used, among others, to
minimize microorganisms on the surface of baby spinach leaves [101]. Washing in PAW
reduced the bacteria on the surface of the spinach by about 1 log CFU/g. Microwave
plasma-activated water is also effective for decontaminating fresh-cut lettuce from
Escherichia coli K12, Pseudomonas fluorescens DSMZ, Pseudomonas fluorescens RIPAC,
Pseudomonas marginalis, Pseudomonas carotovorum, and Listeria innocua [102]. Berardinelli et
al. [103] demonstrated that treating fresh-cut radicchio and celery with PAW can
effectively reduce Listeria monocytogenes and E. coli populations.

In the research, PAW was also tested on edible mushrooms, such as button
mushrooms and shiitake mushrooms. It was shown that after the process of immersion of
mushrooms in PAW and storage for one week at 20 °C, the number of fungi and bacteria
on the surface decreased by 0.5 log and 1.5 log CFU/g, respectively [27].

Apart from plant products and fungi, plasma-activated water is used in the
decontamination of animal products. Zhao et al. [104] used PAW in bacterial inactivation
of fresh beef. From the surface of beef, they managed to reduce approx. 3.1 log CFU in
conversion to gram of meet. The total number of aerobic bacteria in beef was reduced from
3.1 to 2.4 and 2.3 log CFU/g after water immersion using a non-thermal atmospheric
pressure plasma jet [105]. The use of plasma treated water was also tested in chickens. The
water treated by gliding arc plasma has been successful in a reduction of about 1.05 log
CFU/g P. deceptionensis CM2 on chicken breast [106]. Royintarat et al. [107] analyzed the
effectiveness of PAW in inactivating Escherichia coli and Staphylococcus aureus on chicken
surfaces. PAW treatment for 60 min reduced E. coli K12 and S. aureus by 0.46 log CFU/mL
and 0.33 log CFU/mL, respectively. PAW was also used to inactivate methicillin-resistant
S. aureus (MRSA) and methicillin-susceptible S. aureus (MSSA) on cooked chicken breast.
Chicken breasts soaked for 20 min in PAW showed a reduction of about 2.09 log CFU/g
for MSSA and 2.29 log CFU/g for MRSA [108].

Plasma-activated water also effectively inactivates microorganisms on egg shells. It
has been proven that the removal of bacteria by washing with PAW was three times
higher than washing with traditional water. The 2-min PAW effect on the egg shell
reduced Salmonella enteritidis by approx. 5.51 CFU/egg [109]. Using two plasma streams
and application of more water, a 60 s treatment reduced the S. enteritidis population from
7.92 log CFU/egg to 2.84 CFU/egg [110].

PAW is also used in the partial decontamination of seafood, i.e., oysters, salmon, or
shrimps. Solid state-activated plasma water was used in the preservation of fresh
Metapenaeus ensis. Compared to traditional ice, PAW-ice showed a significant advantage
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in inhibiting the growth of microorganisms [111]. PAW-ice was also used in the
preservation of fresh portions of salmon [112]. The level of L. monocytogenes on the surface
of the salmon patches after treatment with PAW-ice and stored at 4 °C for 5 days was
approximately 3.6 log CFU/mL compared to approximately 5.1 log CFU/mL for the
controls. PAW-ice also reduced the number of P. fluorescens colonies on fresh mackerel
fillets by about 0.4 log [113]. PAW application on grass carp was also effective. It was
possible to reduce S. typhimurium and L. monocytogenes up to 1.44 and 1.21 log [114].
Research on the Yellow River carp fillets also showed that PAW is effective in the
reduction of Shewanella putrefaciens bacteria—showing a decrease in the number of
bacteria by 1.03 log CFU/g [115].

6. Conclusions

In recent years, plasma-activated water has received a lot of attention as a
decontamination method. The unique physio-chemical properties of this water and its
excellent biochemical and biological activities have attracted growing attention in
academic and industrial communities. The article presents the fundamentals of PAW
properties in relation to microorganisms. An attempt was made to determine the role of
reactive oxygen and nitrogen species in the inactivation of microorganisms, also in the
context of different phases of their growth. However, research in this area is limited. The
review presents the latest application possibilities of PAW in reducing the amount of
microorganisms in the field of medical sciences and foods sciences. In the perspective of
further research involving PAW, the mechanisms of the antimicrobial action of water
should be further elucidated, using technologies of proteomics, metabolomics, or
transcriptomics. It seems interesting to analyze the positive aspects of increased oxygen
or nitrogen content in PAW (water treatment with plasma in an atmosphere of oxygen or
nitrogen) in the context of the growth and metabolic activity of beneficial microorganisms.

Author Contributions: Conceptualization, ].M.; software, ].M.; validation, ].M.; formal analysis,
JM., KK, and MK, investigation, ].M.; data curation, ].M.; writing—original draft preparation,
J.M.; writing—review and editing, ].M.; visualization, ].M.; supervision, K.K. and M.K.; project
administration, ].M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Bourke, P.; Ziuzina, D.; Han, L.; Cullen, P.J.; Gilmore, B.F. Microbiological interactions with cold plasma. J. Appl. Microbiol. 2017,
123, 308-324. https://doi.org/10.1111/jam.13429.

2. Pater, A.; Zdaniewicz, M.; Satora, P. Application of water treated with low-temperature low-pressure glow plasma (LPGP) in
various industries. Beverages 2022, 8, 8. https://doi.org/10.3390/beverages8010008.

3. Bogaerts, A.; Neyts, E.; Gijbels, R.; Mullen, J. Gas discharge plasmas and their applications. Spectrochim Acta Part B At. Spectrosc.
2002, 57, 609-658. https://doi.org/10.1016/50584-8547(01)00406-2.

4.  Tabares, F.L.; Junkar, I. Cold plasma systems and their application in surface treatments for medicine. Molecules 2021, 26, 1903.
https://doi.org/10.3390/molecules26071903.

5. Tanarro, I; Herrero, V.J.; Carrasco, E.; Jiménez-Redondo, M. Cold plasma chemistry and diagnostics. Vacuum 2011, 85, 1120-
1124. https://doi.org/10.1016/j.vacuum.2010.12.027.

6.  Meichsner, ].; Schmidt, M.; Wagner, H.E. Non-Thermal Plasma Chemistry and Physics, 1st ed.; Taylor & Francis: London, UK, 2011;
pp. 5-117. https://doi.org/10.1201/b12956.

7. Nehra, V.; Kumar, A.; Dwivedi, H.K. Atmospheric non-thermal plasma sources. Int. J. Eng. 2008, 2, 53-68.

8.  Gao, L.; Shi, X.; Wu, X. Applications and challenges of low temperature plasma in pharmaceutical field. |. Pharm. Anal. 2021, 11,
28-36. https://doi.org/10.1016/j.jpha.2020.05.001.



Beverages 2022, 8, 63 11 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kravets, L.I.; Gilman, A.B.; Dinescu, G. Modification of polymer membrane properties by low-temperature plasma. Russ. J. Gen.
Chem. 2015, 85, 1284-1301. https://10.1134/5107036321505045X. (accessed on 10 August 2022).

Kozakova, Z.; Kréma, F.; Cechova, L.; Simic, S.; Doskocil, L. Generation of silver nanoparticles by the pin-hole DC plasma source
with and without gas bubbling. Plasma Phys. Technol. 2019, 6, 180-183. https://doi.org/10.14311/ppt.2019.2.180.

Sharma, G.; Kumar, D.; Kumar, A.; Al-Muhtaseb, A.H.; Pathania, D.; Naushad, M.; Mola, G.T. Revolution from monometallic
to trimetallic nanoparticle composites, various synthesis methods and their applications: A review. Mater. Sci. Eng. C Mater.
2017, 71, 1216-1230. https://doi.org/10.1016/j.msec.2016.11.002.

Mandal, R;; Singh, A.; Singh, A.P. Recent developments in cold plasma decontamination technology in the food industry. Trends
Food Sci. Technol. 2018, 80, 93-103. https://doi.org/10.1016/j.tifs.2018.07.014.

Rathod, N.B.; Ranveer, R.C.; Bhagwat, P.K.; Ozogul, F.; Benjakul, S.; Pillai, S.; Annapure, U.S. Cold plasma for the preservation
of aquatic food products: An overview. Compr. Rev. Food Sci. Food Saf. 2021, 20, 4407-4425. https://doi.org/10.1111/1541-
4337.12815.

Kozakova, Z.; Klimova, E.J.; Obradovic, B.M.; Dojcinovic, B.P.; Krcma, F.; Kuraica, M.M.; Olejnickova, Z.; Sykora, R.; Vavrova,
M. Comparison of liquid and liquid-gas phase plasma reactors for discoloration of azodyes: Analysis of degradation products.
Plasma Process. Polym. 2018, 15, 1700178. https://doi.org/10.1002/ppap.201700178.

Giardina, A.; Schiorlin, M.; Marotta, E.; Paradisi, C. Atmospheric pressure non-thermal plasma for air purification: Ions and
ionic reactions induced by dc+ corona discharges in air contaminated with acetone and methanol. Plasma Chem. Plasma Process.
2020, 40, 1091-1107. https://doi.org/10.1007/s11090-020-10087-x.

Konchekov, E.M.; Glinushkin, A.P.; Kalinitchenko, V.P.; Artem’ev, K.V.; Burmistrov, D.E.; Kozlov, V.A.; Kolik, L.V. Properties
and use of water activated by plasma of piezoelectric direct discharge. Front. Phys. 2021, 8, 616385.
https://doi.org/10.3389/fphy.2020.616385.

Takeuchi, N.; Yasuoka, K. Review of plasma-based water treatment technologies for the decomposition of persistent organic
compounds. Jpn. J. Appl. Phys. 2020, 60, SA0801. https://doi.org/10.35848/1347-4065/abb75d.

Lukes, P.; Locke, B.R.; Brisset, ].L. Aqueous-Phase Chemistry of Electrical Discharge Plasma in Water and in Gas-Liquid
Environments. In Plasma Chemistry and Catalysis in Gases and Liquids, 1st ed.; Parvulescu, V.I., Magureanu, M., Lukes, P., Eds.;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2012; pp. 243-308.

Bruggeman, P.J.; Kushner, M.].; Locke, B.R.; Gardeniers, ].G.E.; Graham, W.G.; Graves, D.B.; Hofman-Caris, R.C.H.M.; Maric,
D.; Reid, J.P.; Ceriani, E.; et al. Plasma-liquid interactions: A review and roadmap. Plasma Sources Sci. Technol. 2016, 25, 053002.
https://doi.org/10.1088/0963-0252/25/5/053002.

Bradu, C.; Kutasi, K.; Magureanu, M.; Pua¢, N.; Zivkovic', S. Reactive nitrogen species in plasma-activated water: Generation,
chemistry and application in agriculture. J. Phys. D Appl. Phys. 2020, 53, 223001. https://doi.org/10.1088/1361-6463/ab795a.
Zhou, R.; Zhou, R.; Wang, P.; Xian, Y.; Mai-Prochnow, A.; Lu, X.; Cullen, P.J.; Ostrikov, K.; Bazaka, K. Plasma-activated water:
Generation, origin of reactive species and biological applications. ]. Phys. D Appl. Phys. 2020, 53, 303001.
https://doi.org/10.1088/1361-6463/ab81cf.

Thirumdas, R.; Kothakota, A.; Annapure, U,; Siliveru, K.; Blundell, R.; Gatt, R.; Valdramidis, V.P. Plasma activated water
(PAW): Chemistry, physico-chemical properties, applications in food and agriculture. Trends Food. Sci. Technol. 2018, 77, 21-31.
https://doi.org/10.1016/j.tifs.2018.05.007.

Lamichhane, P.; Acharya, T.R.; Kaushik, N.; Nguyen, L.N.; Lim, ].S.; Hessel, V.; Kaushik, N.K.; Choi, E.H. Non-thermal argon
plasma jets of various lengths for selective reactive oxygen and nitrogen species production. J. Environ. Chem. Eng. 2022, 10,
107782. https://doi.org/10.1016/j.jece.2022.107782.

Shen, J.; Tian, Y.; Li, Y.; Ma, R.; Zhang, Q.; Zhang, J.; Fang, ]. Bactericidal effects against S. aureus and physicochemical properties
of plasma activated water stored at different temperatures. Sci. Rep. 2016, 6, 28505. https://doi.org/10.1038/srep28505.

Tian, Y.; Ma, R.;; Zhang, Q.; Feng, H.; Liang, Y.; Zhang, J.; Fang, ]. Assessment of the physicochemical properties and biological
effects of water activated by non-thermal plasma above and beneath the water surface. Plasma Process. Polym. 2015, 5, 439-449.
https://doi.org/10.1002/ppap.201400082.

Ma, R; Wang, G; Tian, Y.; Wang, K.; Zhang, J.; Fang, J. Non-thermal plasma-activated water inactivation of food-borne
pathogen on fresh produce. J. Hazard. Mater. 2015, 300, 643-651. https://doi.org/10.1016/j.jhazmat.2015.07.061.

Xu, Y,; Tian, Y.; Ma, R; Liu, O.; Zhang, J. Effect of plasma activated water on the postharvest quality of button mushrooms,
Agaricus bisporus. Food Chem. 2016, 197, 436—444. https://doi.org/10.1016/j.foodchem.2015.10.144.

Ikawa, S.; Kitano, K.; Hamaguchi, S. Effects of pH on bacterial inactivation in aqueous solutions due to low-temperature
atmospheric pressure plasma application. Plasma Process. Polym. 2010, 7, 33—42. https://doi.org/10.1002/ppap.200900090.
Burlica, R.; Locke, B.R. Pulsed plasma gliding-arc discharges with water spray. IEEE Trans. Ind. Appl. 2008, 44, 482-489.
https://doi.org/10.1109/TIA.2008.916603.

Burlica, R.; Grim, R.G.; Shih, K.Y.; Balkwill, D.; Locke, B.R. Bacteria inactivation using low power pulsed gliding arc discharges
with water spray. Plasma Process. Polym. 2010, 7, 640-649. https://doi.org/10.1002/ppap.200900183.

Traylor, M.].; Pavlovich, M.; Karim, S.; Hait, P.; Sakiyama, Y.; Clark, D.; Graves, D. Long-term antibacterial efficacy of air
plasma-activated water. J. Phys. D Appl. Phys. 2011, 44, 472001. https://doi.org/10.1088/0022-3727/44/47/472001.

Shainsky, N.; Dobrynin, D.; Ercan, U.; Joshi, S.G.; Ji, H.; Brooks, A.; Fridman, G.; Cho, Y.; Fridman, A.; Friedman, G. Retraction:
Plasma acid: Water treated by dielectric barrier discharge. Plasma  Process. Polym. 2012, 9, 1-6.
https://doi.org/10.1002/ppap.201100084.



Beverages 2022, 8, 63 12 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zhang, Q.; Ma, R; Tian, Y.; Su, B.; Wang, K.; Yu, S.; Zhang, J.; Fang, ]. Sterilization efficiency of a novel electrochemical
disinfectant against Staphylococcus aureus. Environ. Sci. Technol. 2016, 50, 3184-3192. https://doi.org/10.1021/acs.est.5b05108.
Pemen, A.J.M.; Hoeben, W.F.L.M.; Ooij, P.; Leenders, P.H.M. Plasma Activated Water. WO Patent No. WO2016096751, 23 June
2016.

Abuzairi, T.; Ramadhanty, S.; Puspohadiningrum, D.F.; Ratnasari, A.; Poespawati, R.; Purnamaningsih, R.W. Investigation on
physicochemical properties of plasma activated water for the application of medical device sterilization. AIP Conf. Proc. 2018,
1933, 040017. https://doi.org/10.1063/1.5023987.

Bialopiotrowicz, T.; Ciesielski, W.; Domanski, J.; Doskocz, M.; Khachatryan, K.; Fiedorowicz, M.; Graz, K.; Koloczek, H.; Kozak,
A.; Oszczeda, Z.; et al. Structure and physicochemical properties of water treated with low-temperature low-frequency glow
plasma. Curr. Phys. Chem. 2016, 6, 312-320. https://doi.org/10.2174/1877946806666161118152613.

Bruggeman, P.; Leys, C. Non-thermal plasmas in and in contact with liquids. J. Phys. D Appl. Phys. 2009, 42, 053001.
https://doi.org/10.1088/0022-3727/42/5/053001.

Xu, H.; Ma, R.; Zhu, M,; Du, M.; Zhang, H.; Jiao, Z. A systematic study of the antimicrobial mechanisms of cold atmospheric-
pressure plasma for water disinfection. Sci. Total Environ. 2020, 703, 134965. https://doi.org/10.1016/j.scitotenv.2019.134965.
Guo, J.; Qin, D.; Li, W.; Wu, F; Li, L,; Liu, X. Inactivation of Penicillium italicum on kumquat via plasma-activated water and
its effects on quality attributes. Int. ]. Food Microbiol. 2021, 343, 109090. https://doi.org/10.1016/j.ijfoodmicro.2021.109090.
Brisset, J.L.; Benstaali, B.; Moussa, D.; Fanmoe, J.; Njoyim-Tamungang, E. Acidity control of plasma-chemical oxidation:
Applications to dye removal, urban waste abatement and microbial inactivation. Plasma Sources Sci. Technol. 2011, 20, 034021.
https://doi.org/10.1088/0963-0252/20/3/034021.

Mai-Prochnow, A.; Zhou, R.; Zhang, T.; Ostrikov, K.K.; Mugunthan, S.; Rice, S.A.; Cullen, P.J. Interactions of plasma-activated
water with biofilms: Inactivation, dispersal effects and mechanisms of action. Biofilms Microbiomes 2021, 7, 11
https://doi.org/10.1038/s41522-020-00180-6.

Kamgang-Youbi, G.; Herry, ].M.; Meylheuc, T.; Brisset, ].L.; Bellon-Fontaine, M.N.; Doubla, A.; Naitali, M. Microbial inactivation
using plasma-activated water obtained by gliding electric discharges. Lett. Appl. Microbiol. 2009, 48, 13-18.
https://doi.org/10.1111/j.1472-765X.2008.02476.x.

Guo, J.; Wang, J.; Xie, H.; Jiang, J.; Li, C.; Li, W.; Li, L.; Liu, X.; Lin, F. Inactivation effects of plasma-activated water on Fusarium
graminearum. Food Control 2022, 134, 108683. https://doi.org/10.1016/j.foodcont.2021.108683.

Zhao, Y.M.; Ojha, S.; Burgess, C.M.; Sun, D.W.; Tiwari, B.K. Inactivation efficacy and mechanisms of plasma activated water on
bacteria in planktonic state. J. Appl. Microbiol. 2020, 129, 1248-1260. https://doi.org/10.1111/jam.14677.

Moreau, M.; Orange, N.; Feuilloley, M.G. Non-thermal plasma technologies: New tools for bio-decontamination. Biotechnol.
Adv. 2008, 26, 610-617. https://doi.org/10.1016/j.biotechadv.2008.08.001.

Russel, N.J.; Colley, M.; Simpson, R.K.; Trivett, A.].; Evans, R.I. Mechanism of action of pulsed high electric field (PHEF) on the
membranes of food-poisoning bacteria is an “all-or-nothing” effect. Int. ]. Food Microbiol. 2000, 55, 133-136.

Liu, F.; Sun, P.; Bai, N.; Tian, Y.; Zhou, H.; Wei, S.; Zhou, Y.; Zhang, ].; Fang, ]. Inactivation of bacteria in an aqueous environment
by a direct-current, cold atmospheric-pressure air plasma microjet. Plasma Process. Polym. 2010, 7, 231-236.
https://doi.org/10.1002/ppap.200900070.

Dolezalova, E.; Lukes, P. Membrane damage and active but nonculturable state in liquid cultures of Escherichia coli treated with
an atmospheric pressure plasma jet. Bioelectrochem 2015, 103, 7-14. https://doi.org/10.1016/j.bioelechem.2014.08.018.

Marnett, LJ. Lipid peroxidation—DNA damage by malondialdehyde. Mutat. Res. 1999, 424, 83-95.
https://doi.org/10.1016/s0027-5107(99)00010-x.

Chen, H.; Baj, F.; Xiu, Z. Oxidative stress induced in Saccharomyces cerevisiae exposed to dielectric barrier discharge plasma in
air at atmospheric pressure. IEEE Trans. Plasma Sci. 2010, 38, 1885-1891. https://doi.org/10.1109/TPS.2010.2046755.

Weiyuan, N.; Longfei, J.; Jinhai, N.; Hongyu, F.; Ying, S.; Qi, Z.; Dongping, L. Plasma inactivation of Escherichia coli cells by
atmospheric pressure air brush-shape plasma. Sutf. Coat. Technol. 2013, 234, 120-125.
https://doi.org/10.1016/j.surfcoat.2013.06.071.

Liu, J.; He, B.; Chen, Q.; Lj, J.; Xiong, Q.; Yue, G.; Zhang, X.; Yang, S.; Liu, H.; Liu, Q.H. Direct synthesis of hydrogen peroxide
from plasma-water interactions. Sci. Rep. 2016, 6, 38454. https://doi.org/10.1038/srep38454.

Keyer, K.; Gort, A.S.; Imlay, J.A. Superoxide and the production of oxidative DNA damage. ]. Bacteriol. 1995, 177, 6782-6790.
https://doi.org/10.1128/jb.177.23.6782-6790.1995.

He, Y.Y.; Hader, D.P. Reactive oxygen species and UV-B: Effect on cyanobacteria. Photochem. Photobiol. Sci. 2002, 1, 729-736.
https://doi.org/10.1039/b110365m.

Davies, M.J. Singlet oxygen-mediated damage to proteins and its consequences. Biochem. Biophys. Res. Commun. 2003, 305, 761—
770. https://doi.org/10.1016/S0006-291X(03)00817-9.

Morgan, P.E.; Dean, R.T.; Davies, M.]. Protective mechanisms against peptide and protein peroxides generated by singlet
oxygen. Free Radic. Biol. Med. 2004, 36, 484—496. https://doi.org/10.1016/j.freeradbiomed.2003.11.021.

Cadet, J; Douki, T.; Ravanat, ]J.L. Oxidatively generated damage to the guanine moiety of DNA: Mechanistic aspects and
formation in cells. Acc. Chem. Res. 2008, 41, 1075-1083. https://doi.org/10.1021/ar700245e.

Xu, X.Y.; Muller, J.G.; Ye, Y.; Burrows, C.J. DNA-protein cross-links between guanine and lysine depend on the mechanism of
oxidation for formation of C5 vs C8 guanosine adducts. ]. Am. Chem. Soc. 2008, 130, 703-709. https://doi.org/10.1021/ja077102a.



Beverages 2022, 8, 63 13 of 15

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Park, J.Y.; Park, S.; Choe, W.; Yong, H.Y.; Jo, C,; Kim, K. Plasma-functionalized solution: A potent antimicrobial agent for
biomedical applications from antibacterial therapeutics to biomaterial surface engineering. ACS Appl. Mater. Inter. 2017, 9,
43470-43477. https://doi.org/10.1021/acsami.7b14276.

Staehelin, J.; Hoigné. J. Decomposition of ozone in water in the presence of organic solutes acting as promoters and inhibitors
of radical chain reactions. Environ. Sci. Technol. 1985, 19, 1206-1213. https://doi.org/10.1021/es00142a012.

Giuliani, G.; Ricevuti, G., Galoforo, A.; Franzini, M. Microbiological aspects of ozone: Bactericidal activity and
antibiotic/antimicrobial resistance in bacterial strains treated with ozone. Ozone 2018, 3. https://doi.org/10.4081/0zone.2018.7971.
Fang, F.C. Antimicrobial reactive oxygen and nitrogen species: Concepts and controversies. Nat. Rev. Microbiol. 2004, 2, 820—
832. https://doi.org/10.1038/nrmicro1004.

Schnabel, U.; Andrasch, M.; Weltmann, K.D.; Ehlbeck, J. Inactivation of vegetative microorganisms and Bacillus atrophaeus
endospores by reactive nitrogen species (RNS). Plasma Process. Polym. 2014, 11, 110-116. https://doi.org/10.1002/ppap.201300072.
Carpenter, A.W.; Schoenfisch, M.H. Nitric oxide release: Part II. Therapeutic applications. Chem. Soc. Rev. 2012, 41, 3742-3752.
https://doi.org/10.1039/c2cs15273h.

Voskuil, M.I. Inhibition of respiration by nitric oxide induces a Mycobacterium tuberculosis dormancy program. J. Exp. Med. 2003,
198, 705-713. https://doi.org/10.1084/jem.20030205.

Woodmansee, A.N.; Imlay, J.A. A mechanism by which nitric oxide accelerates the rate of oxidative DNA damage in Escherichia
coli. Mol. Microbiol. 2003, 49, 11-22. https://doi.org/10.1046/j.1365-2958.2003.03530.x.

Schapiro, ].M.; Libby, S.J.; Fang, F.C. Inhibition of bacterial DNA replication by zinc mobilization during nitrosative stress. Proc.
Natl. Acad. Sci. USA 2003, 100, 8496-8501. https://doi.org/10.1073/pnas.1033133100.

Lepoivre, M.; Fieschi, F.; Coves, ].; Thelander, L.; Fontecave, M. Inactivation of ribonucleotide reductase by nitric oxide. Biochem.
Biophys. Res. Commun. 1991, 179, 442-448. https://doi.org/10.1016/0006-291x(91)91390-x.

Oehmigen, K.; Hdhnel, M.; Brandenburg, R.; Wilke, C.; Weltmann, K.D.; Von Woedtke, T. The role of acidification for
antimicrobial activity of atmospheric pressure plasma in liquids. Plasma Process. Polym. 2010, 7, 250-257.
https://doi.org/10.1002/ppap.200900077.

Van Gils, C.A.J.; Hofmann, S.; Boekema, B.K.H.L.; Brandenburg, R.; Bruggeman, P.]. Mechanisms of bacterial inactivation in
the liquid phase induced by a remote RF cold atmospheric pressure plasma jet. J. Phys. D Appl. Phys. 2013, 46, 175203.
https://doi.org/10.1088/0022-3727/46/17/175203.

Sergei, V.; Lymar, I.; Hurst, ].K. COz-catalyzed one-electron oxidations by peroxynitrite: properties of the reactive intermediate.
Inorg. Chem. 1998, 37, 294-301. https://doi.org/10.1021/ic970946i.

Cabiscol, E.; Tamarit, J.; Ros, J. Oxidative stress in bacteria and protein damage by reactive oxygen species. Int. Microbiol. 2000,
3,3-8.

Imlay, J.A. The molecular mechanisms and physiological consequences of oxidative stress: Lessons from a model bacterium.
Nat. Rev. Microbiol. 2013, 11, 443-454. https://doi.org/10.1038/nrmicro3032.

Castello, P.R.; David, P.S.; McClure, T.; Crook, Z.; Poyton, R.O. Mitochondrial cytochrome oxidase produces nitric oxide under
hypoxic conditions: Implications for oxygen sensing and hypoxic signaling in eukaryotes. Cell Metab. 2006, 3, 277-287.
https://doi.org/10.1016/j.cmet.2006.02.011.

Missall, T.A.; Lodge, ].K.; McEwen, J.E. Mechanisms of resistance to oxidative and nitrosative stress: Implications for fungal
survival in mammalian hosts. Eukaryot. Cell 2004, 3, 835-846. https://doi.org/10.1128/EC.3.4.835-846.2004.

Tillmann, A.; Gow, N.A.R; Brown, A.].P. Nitric oxide and nitrosative stress tolerance in yeast. Biochem. Soc. Trans. 2011, 39, 219-
223. https://doi.org/10.1042/BST0390219.

Sharma, A.; Collins, G.; Pruden, A. Differential gene expression in Escherichia coli following exposure to nonthermal atmospheric
pressure plasma. . Appl. Microbiol. 2009, 107, 1440-1449. https://doi.org/10.1111/j.1365-2672.2009.04323.x.

Barjasteh, A.; Dehghani, Z.; Lamichhane, P.; Kaushik, N.; Choi, E.H.; Kaushik, N.K. Recent progress in applications of non-
thermal plasma for water purification, bio-sterilization, and decontamination. Appl. Sci. 2021, 11, 3372.
https://doi.org/10.3390/app11083372.

Mai-Prochnow, A.; Clauson, M.; Hong, J.; Murphy, A.B. Gram positive and Gram negative bacteria differ in their sensitivity to
cold plasma. Sci. Rep. 2016, 6, 38610. https://doi.org/10.1038/srep38610.

Smet, C.; Govaert, M.; Kyrylenko, A.; Easdani, M.; Walsh, M.L.; Van Impe, J.F. Inactivation of single strains of Listeria
monocytogenes and Salmonella Typhimurium planktonic cells biofilms with plasma activated liquids. Front. Microbiol. 2019, 10,
1539. https://. https://doi.org/10.3389/fmicb.2019.01539.

Souskova, H.; Scholtz, V.; Juldk, J.; Kommova, L.; Savickd, D.; Pazlarov4, J. The survival of micromycetes and yeasts under the
low-temperature plasma generated in electrical discharge. Folia Microbiol. 2011, 56, 77-79. https://doi.org/10.1007/s12223-011-
0005-5.

Deng, S.; Ruan, R.; Mok, C.K,; Huang, G.; Lin, X; Chen, P. Inactivation of Escherichia coli on almonds using nonthermal plasma.
J. Food Sci. 2007, 72, 62-66. https://doi.org/10.1111/j.1750-3841.2007.00275.x.

Fernandez, A.; Noriega, E.; Thompson, A. Inactivation of Salmonella enterica serovar Typhimurium on fresh produce by cold
atmospheric gas plasma technology. Food Microbiol. 2013, 33, 24-29. https://doi.org/10.1016/j.fm.2012.08.007.

Chen, T.P,; Su, T.L.; Liang, J. Plasma-activated solutions for bacteria and biofilm inactivation. Curr. Bioact. Compd. 2016, 13, 59—
65. https://doi.org/10.2174/1573407212666160609082945.



Beverages 2022, 8, 63 14 of 15

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Laurita, R.; Barbieri, D.; Gherardi, M.; Colombo, V.; Lukes, P. Chemical analysis of reactive species and antimicrobial activity
of water treated by nanosecond pulsed DBD air plasma. Clin. Plasma Med. 2015, 3, 53-61.
https://doi.org/10.1016/j.cpme.2015.10.001.

Harley, J.C.; Suchowerska, N.; McKenzie, D.R. Cancer treatment with gas plasma and with gas plasma-activated liquid:
Positives, potentials and problems of clinical translation. Biophys. Rev. 2020, 12, 989-1006. https://doi.org/10.1007/s12551-020-
00743-z.

Milhan, N.V.M.; Chiappim, W.; Sampaio, A.G.; Vegian, M.R.C.; Pessoa, R.S.; Koga-Ito, C.Y. Applications of plasma-activated
water in dentistry: A review. Int. ]. Mol. Sci. 2022, 23, 4131. https://doi.org/10.3390/ijms23084131.

Xiang, Q.; Fan, L.; Li, Y.; Dong, S.; Li, K.; Bai, Y. A review on recent advances in plasma-activated water for food safety: Current
applications and future trends. Crit. Rev. Food Sci. Nutr. 2020, 62, 2250-2268. https://doi.org/10.1080/10408398.2020.1852173.
Herianto, S.; Hou, C.Y.; Lin, C.M.; Chen, H.L. Nonthermal plasma-activated water: A comprehensive review of this new tool
for enhanced food safety and quality. Compr. Rev. Food Sci. Food Saf. 2021, 20, 583-626. https://doi.org/10.1111/1541-4337.12667.
Pan, J.; Li, Y.L,; Liu, CM,; Tian, Y.; Yu, S.; Wang, K.L.; Zhang, J.; Fang, J. Investigation of cold atmospheric plasma-activated
water for the dental unit waterline system contamination and safety evaluation in vitro. Plasma Chem. Plasma Process. 2017, 37,
1091-1103. https://doi.org/10.1007/s11090-017-9811-0.

Hong, Q.; Dong, X.; Yu, H.; Sun, H.; Chen, M.; Wang, Y.; Yu, Q. The antimicrobial property of plasma activated liquids (PALs)
against oral bacteria Streptococcus mutans. Dental 2021, 3, 7. https://doi.org/10.35702/dent.10007.

Mahdikia, H.; Shokri, B.; Majidzadeh, K. The feasibility study of plasma-activated water as a physical therapy to induce
apoptosis  in  Melanoma  Cancer  cells  in-vitro.  Iran. ].  Pharm.  Res. 2021, 20,  337-350.
https://doi.org/10.22037/ijpr.2021.114493.14882.

Guo, L.; Xu, R.B.; Gou, L; Liu, Z.C.; Zhao, Y.M,; Liu, D.X;; Zhang, L.; Chen, H.L.; Kong, M.G. Mechanism of virus inactivation
by cold atmospheric-pressure plasma and plasma-activated water. Appl. Environ. Microbiol. 2018, 84, e00726-18.
https://doi.org/10.1128/ AEM.00726-18.

Su, X,; Tian, Y.; Zhou, H.Z,; Li, Y.L.; Zhang, Z.H; Jiang, B.Y.; Yang, B.; Zhang, J.; Fang, J. Inactivation efficacy of non-thermal
plasma activated solutions against Newcastle disease virus. Appl. Environ. Microbiol. 2018, 84, e02836-17.
https://doi.org/10.1128/ AEM.02836-17.

Ma, R; Yu, S,; Tian, Y.; Wang, K.; Sun, C; Li, X.; Zhang, J.; Chen, K Fang, J. Effect of non-thermal plasma-activated water on
fruit decay and quality in postharvest Chinese bayberries. Food Sci. Technol. 2016, 9, 1825-1834. https://doi.org/10.1007/s11947-
016-1761-7.

Guo, J.; Huang, K.; Wang, X,; Lyu, C,; Yang, N.; Li, Y.; Wang, J. Inactivation of yeast on grapes by plasma-activated water and
its effects on quality attributes. Food Prot. 2017, 80, 225-230. https://doi.org/10.4315/0362-028X.JFP-16-116.

Hou, C.Y; Lai, Y.C,; Hsiao, C.P.; Chen, S.Y,; Liu, C.T.; Wu, ].S.; Lin, C.M. Antibacterial activity and the physicochemical
characteristics of plasma activated water on tomato surfaces. LWT 2021, 149, 111879. https://doi.org/10.1016/j.1wt.2021.111879.
Chen, C; Liu, C.H,; Jiang, A.L.; Guan, Q.X,; Sun, X.Y.; Liu, S.S.; Hao, K.X.; Hu, W.Z. The effects of cold plasma-activated water
treatment on the microbial growth and antioxidant properties of fresh-cut pears. Food Bioproc. Technol. 2019, 12, 1842-1851.
https://doi.org/10.1007/s11947-019-02331.

Zhao, Y.; Chen, R.C,; Liu, D.P.; Wang, W.C.; Niu, ].H.; Yang, X.; Qi, Z.H.; Zhao, Z.G.; Song, Y. Effect of nonthermal plasma-
activated water on quality and antioxidant activity of freshcut kiwifruit. IEEE Trans. Plasma Sci. 2019, 47, 4811-4817.
https://doi.org/10.1109/TPS.2019.2904298.

Liu, C.; Chen, C,; Jiang, A.; Sun, X,; Guan, Q.; Hu, W. Effects of plasma-activated water on microbial growth and storage quality
of fresh-cut apple. Innov. Food Sci. Emerg. Technol. 2020, 59, 102256. https://doi.org/10.1016/j.ifset.2019.102256.

Risa-Vaka, M.; Sone, I.; Garcia Alvarez, R.; Walsh, ].L.; Prabhu, L.; Sivertsvik, M.; Noriega Fernandez, E. Towards the next
generation disinfectant: Composition, storability and preservation potential of plasma activated water on baby spinach leaves.
Foods 2019, 8, 692. https://doi.org/10.3390/foods8120692.

Schnabel, U.; Sydow, D.; Schliiter, O.; Andrasch, M.; Ehlbeck, J. Decontamination of fresh-cut iceberg lettuce and fresh mung
bean sprouts by non-thermal atmospheric pressure plasma processed water (PPW). Mod. Agric. Sci. Technol. 2015, 1, 23-39.
https://doi.org/10.15341/mast(2375-9402)/01.01.2015/003.

Berardinelli, A.; Pasquali, F.; Cevoli, C.; Trevisani, M.; Ragni, L.; Mancusi, R.; Manfreda, G. Sanitisation of fresh-cut celery and
radicchio by gas plasma treatments in water medium. Postharvest Biol. Technol. 2016, 111, 297-304. https://doi.org/10.1016/;.
postharvbio.2015.09.026.

Zhao, Y.; Chen, R;; Tian, E.; Liu, D.; Niu, J.; Wang, W.; Qi, Z; Xia, Y.; Song, Y.; Zhao, Z. Plasma-activated water treatment of
fresh beef: Bacterial inactivation and effects on quality attributes. Trans. Plasma Sci. 2018, 4, 113-120.
https://doi.org/10.1109/TRPMS.2018.2883789.

Lotfy, K; Khalil, S. Effect of plasma-activated water on microbial quality and physicochemical properties of fresh beef. Open
Phys. 2022, 20, 573-586. https://doi.org/10.1515/phys-2022-0049.

Kang, C.; Xiang, Q.; Zhao, D.; Wang, W.; Niu, L.; Bai, Y. Inactivation of Pseudomonas deceptionensis CM2 on chicken breasts using
plasma-activated water. Food Sci. Technol. 2019, 56, 4938-4945. https://doi.org/10.1007/s13197-019-03964-7.

Royintarat, T.; Choi, E.H.; Boonyawan, D.; Seesuriyachan, P.; Wattanutchariya, W. Chemical-free and synergistic interaction of
ultrasound combined with plasma-activated water (PAW) to enhance microbial inactivation in chicken meat and skin. Sci. Rep.
2020, 10, 1559. https://doi.org/10.1038/541598-020-58199-w.



Beverages 2022, 8, 63 15 of 15

108.

109.

110.

111.

112.

113.

114.

115.

Wang, J.; Han, R; Liao, X,; Ding, T. Application of plasma-activated water (PAW) for mitigating methicillin-resistant
Staphylococcus aureus (MRSA) on cooked chicken surface. LWT 2021, 137, 110465. https://doi.org/10.1016/j.1wt.2020.110465.

Lin, CM.; Chu, Y.C; Hsiao, C.P.; Wu, ].S.; Hsieh, CW.; Hou, C.Y. The optimization of plasma-activated water treatments to
inactivate Salmonella enteritidis (ATCC 13076) on shell eggs. Foods 2019, 8, 520. https://doi.org/10.3390/foods8100520.

Lin, C.M.; Hsiao, C.P.; Lin, H.S.; Liou, J.S.; Hsieh, CW.; Wu, J.S.; Hou, C.Y. The Antibacterial Efficacy and Mechanism of Plasma-
Activated Water Against Salmonella  enteritidis (ATCC 13076) on Shell Eggs. Foods 2020, 9, 1491.
https://doi.org/10.3390/foods9101491.

Liao, X.Y.; Su, Y.; Liu, D.H.; Chen, S.G.; Hu, Y.Q.; Ye, X.Q.; Wang, ].; Ding, T. Application of atmospheric cold plasma-activated
water (PAW) ice for preservation of shrimps (Metapenaeus ensis). Food Control 2018, 94, 307-314.
https://doi.org/10.1016/j.foodcont.2018.07.026.

Jiao, Z.; Zhu, Y.P.; Xu, H.B.; Ma, R.N. Plasma-activated water ice inactivation of Listeria monocytogenes in pure culture and
salmon strips. J. Zhejiang Univ. 2019, 51, 97-103. https://doi.org/10.13705/j.issn.1671-6841.2019022.

Zhao, Y.M.; Ojha, S.; Burgess, C.M.; Sun, D.W.; Tiwari, B.K. Influence of various fish constituents on inactivation efficacy of
plasma-activated water. Int. J. Food Sci. 2020, 55, 2630-2641. https://doi.org/10.1111/ijfs.14516.

Zhao, Y.M.; Oliveira, M.; Burgess, C.M.; Cropotova, J.; Rustad, T.; Sun, D.W.; Tiwari, B.K. Combined effects of ultrasound,
plasma-activated water, and peracetic acid on decontamination of mackerel fillets. LWT 2021, 150, 111957.
https://doi.org/10.1016/j.1wt.2021.111957.

Liu, X.; Zhang, M.; Meng, X.; Bai, Y.; Dong, X. Effect of plasma-activated water on Shewanella putrefaciens populations growth
and quality of Yellow River carp (Cyprinus carpio) fillets application of PAW in the preservation of carp fillets. Food Prot. 2021,
84, 1722-1728. https://doi.org/10.4315/JFP-21-031.



