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Abstract

In this study, plasma activated water (PAW) has been prepared by using atmospheric
pressure air dielectric barrier discharge (DBD) at the PAW temperature of 3-90 °C. The
effects of PAW temperature, pH values and O; concentration on the E. coli inactivation
have been studied, and the chemical reactivity of PAW has been analyzed by using the
chemical probe. It is found that both the biological and chemical reactivities of PAW are
strongly dependent on the PAW temperature, however, their dependences on temperature
are not consistent. When the PAW temperature decreases from 90 to 3 °C, the chemical
reactivity of PAW is significantly increased due to an increase in the concentration of acti-
vated oxygen in PAW. Decreasing the temperature from 30 to 3 °C or increasing the tem-
perature from 45 to 90 °C leads to an obvious increase in the biological reactivity of PAW.
Our analysis shows that an obvious increase in the biological reactivity of low-temperature
(£15 °C) PAW is due to the synergistic effect of acidic solutions and a high concentra-
tion of activated oxygen in PAW. The high biological reactivity of PAW at the temperature
of >60 °C can be attributed to the synergistic effect of acidic solutions, heat and the acti-
vated oxygen, such as O; and HOONO.

Keywords Plasma activated water - Plasma inactivation - Atmospheric pressure air
plasma - Chemical reactivity - Biological reactivity - Temperature

Introduction

Plasma-activated water (PAW) is usually produced during the direct or indirect interactions
between the atmospheric pressure air plasmas and the water to be treated [1, 2], which
simulate the generation of reactive oxygen and nitrogen species (RONS) in the lighting and
their subsequent dissolution into rainwater, rivers, lakes or seas. During these interactions,
the discharge energy is stored into PAW, and the PAW containing various RONS is chemi-
cally unstable. Thus, PAW is a natural product reacting with the living things on the planet.
PAW has been used for decreasing the viability of cancer (NOS2) cells [3], inactivation of
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S. aureus on strawberry [4], promoting the seed germination and seeding growth [5], inhib-
iting SARS-CoV-2 infection [6], wound healing [7], and nitrogen fixation [8].

PAW contains short-lived (S-lived) and long-lived (L-lived) RONS. The main compo-
nents of S-lived RONS with their lifetimes of < 1-2 ms include hydroxyl radicals (OH),
singlet oxygen (O, (lAg)), superoxide anions (O) and water anions (H,07), nitric oxide
radicals (NO, NO,) while L-lived RONS include hydrogen peroxide (H,0,), peroxynitrite
(HOONO), ozone (0O3), nitrate (HNO;), and nitrite (HNO,). The HOONO lifetime is about
1 s at the room temperature, and they can convert into HNO; [9]. The S-lived RONS in
the aqueous solution are mainly produced during the interaction between air plasma and
water, resulting in their solution. The S-lived RONS in the aqueous solution tend to convert
into L-lived RONS, accompanied by the release of chemical energy. L-lived RONS can be
generated due to the dissolution of L-lived RONS in the gas phase or the chemical reac-
tions related to S-lived RONS in water. It has been widely accepted that the HOONO in the
aqueous solution can decompose into S-lived RONS, such as OH and NO,, which plays a
crucial role in controlling the chemical reactivity of PAW. HOONO can be generated via
the H,O, reaction with HNO, in the acidic PAW, as shown below.

H* + H,0, + HNO, - HOONO + H,0 + H* (1)

Both H,0, and HNO, are L-lived RONS, thus HOONO can be one of the most impor-
tant RONS in PAW.

Very complex chemical reactions occurred in PAW, which are thus affected by the PAW
temperature. The study by Tsoukou et al. [10] indicated that the concentrations of chemical
species in PAW were affected by the storage at different temperatures. The PAW became
very stable when stored at the temperature of <-80 °C, and it achieved 6 log reduction
of S. aureus and E. coli after 18 months. Arda et al. found that maintaining PAW at low
temperatures was not an adequate recourse to preserve the reactive species [11]. However,
the conservation of reactive species and restoration of bactericidal activity of PAW was
achieved via low-temperature storage and pH adjustment. To address the limitations of
the short lifetime of the RONS in PAW, plasma-activated hydrogels were developed by
Chen et al. to act as reactive species carriers that allow good storage and controlled slow-
release of RONS to preserve its antimicrobial reactivity for more than 14 days [12]. The
study by Shen J et al. [13] showed that PAW stored at -80 °C retained bactericidal activity,
and attributed to the fact that low temperatures contribute to the maintenance of H,O, and
NOj concentrations. Similarly, PAW prepared from the DBD source used in the study by
Subramanian G et al. [14] retained a large proportion of its potency against cancer cells
after 14 days of refrigerated storage at—20 °C. Rathore et al. [15] found that storing PAW
at 4 °C for two weeks resulted in small changes in physicochemical properties, NO3 and
H,0, concentrations, but significantly decreases in NO; and O;. And the study showed the
interaction of the stirrer speed and temperature had a significant effect on the ORP of PAW.
Pang B et al. [16] demonstrated that the chemical activity of activated water prepared using
the plasma jet was higher at 25 °C than at 40 °C, 70 °C and 4 °C, which was related to the
high surface tension at 25 °C.

This study by Choi et al. evaluated the effect of a sequential combination of washing
treatments using PAW and mild heating at 60 °C on the inactivation of background micro-
biota and inoculated foodborne pathogens of shredded salted Chinese cabbages [17]. The
treatment with PAW led to 2.0, 2.2, 1.8, and 0.9 log CFU/g reduction in mesophilic aero-
bic bacteria, lactic acid bacteria, yeast, moulds and coliforms, respectively. The subsequent
mild heating treatment decreased the counts of lactic acid bacteria, yeast and moulds below
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the detection limit. The synergistic effect of PAW and mild heat on the inactivation of S.
cerevisiae on grapes was evaluated by Xiang et al. [18]. The maximum inactivation effi-
ciency of S. cerevisiae cells was 5.85 Log CFU/g after the PAW treatment at 55 °C for
30 min, which was much higher than that of PAW treatment at 25 °C (2.39 Log CFU/g).
After the mild heat at 25-55 °C for 30 min, the concentrations of H,0, and NO; in PAW
significantly decreased, accompanied by an increase in NOJ content. It was suggested that
the synergistic effect of PAW and mild heat increased the membrane permeability, which
contributed to the leakage of intracellular components, such as nucleic acids and proteins
[19]. In the study by Tian Y et al. [20], temperatures of 31.5 °C and 38.1 °C were not
critical for S.aureus sterilization. Wang B et al. [21] found that PAW combined with mild
heating (40-60 °C for 4 min) exhibited enhanced antibacterial activity against L. monocy-
togenes and S. typhimurium. Okyere A et al. [22] found that increasing the temperature of
PAW improves the hydration properties of starch and gelatinization temperatures.

Clearly, the stability or reactivity of PAW is strongly dependent on the storage tempera-
ture and the temperature of pathogens to be treated by PAW. An increase in the tempera-
ture increases the reaction rate of RONS in PAW, thus affecting the inactivation process
of pathogens in PAW. The PAW reactivity can be also dependent on the PAW temperature
during the PAW production. The gas-phase RONS from the plasma will dissolve into water
or react with water to generate PAW. Both Henry’s law constant of the gas-phase RONS
and the rate constant of chemical reactions in PAW are significantly affected by PAW tem-
perature. The physical and chemical properties of PAW will be analyzed as a function of
PAW temperature. Due to the low cost of gaseous materials, the method of air PAW has
potential application prospects. Currently, complete inactivation E. coli of 10°*—10% CFU/
mL by air PAW usually takes minutes of time [23-25]. However, the effect of PAW tem-
perature during generation on their reactivity is not entirely understood. In this study, the
PAW was prepared by using atmospheric pressure air DBD, and the biological and chemi-
cal reactivities of PAW will be evaluated by varying the temperature of treated water from
3 to 90 °C. By controlling the PAW temperature during generation, complete inactivation
of E. coli (~10* CFU/mL) can be achieved in the order of seconds. The factors affecting
the biological and chemical reactivities of PAW will be clarified in this study.

Material and Methods
Experimental Setup for Generating PAW

The plasma treatment system for generating PAW is schematically illustrated in Fig. 1. The
system mainly consists of a dielectric barrier discharge reactor, a bubbling device, and an
A.C. power supply. The DBD reactor includes a copper rod with its diameter of 54 mm, a
quartz tube (inside diameter: 54 mm and outside diameter: 58 mm), and a stainless-steel
tube with its inside diameter of 60 mm. The water-cooled stainless-steel tube acts as the
ground electrode. The copper rad acts as the high-voltage electrode embedded in the quartz
tube with its length of 750 mm. The compressed air (H,O<3 ppm) or O, (purity: 99.99%,
H,0<3 ppm) flows through the plasma device at a flow rate of 10 standard liter per minute
(SLM). The DBD is driven by the sine-wave voltage at a frequency of 10 kHz. The peak-
to-peak voltage (Vpp) can be set within the range of 0 to 12 kV, leading to an increase in
the discharge power (P) from 0 to 350 W, as measured by Lissajous figure [26]. The Lis-
sajous figure is obtained by measuring the charges across the capacitor (2.2 pF) in series
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Fig. 1 The plasma treatment system for generating air or O, PAW

to ground electrode and the applied voltage across the plasma device. The air or O, DBD
is produced in the gas spacing of 1.0 mm, and the DBD plasma is 0.14 L in volume. The
exhaust gas containing O; or NOy flows into the bubbling device to generate the bubbles in
the sink. The bubbling device is made up of porous ceramics. The diameter of these bub-
bles in water is typically in the range of 1 to 3 mm, and their retention time is 0.2 s.

Before the discharge, the air or O, feeds through the DBD reactor for 45 min at a flow
rate of 10 SLM. The temperature of 600 mL deionized (DI) water in the sink is controlled
by the water bath outside the sink, which is typically 3 °C, 7.5 °C, 15 °C, 30 °C, 45 °C,
60 °C, 75 °C or 90 °C. The gas-phase RONS in the bubbles dissolve into DI water and
react with each other, leading to the formation of air PAW or O, PAW. The plasma treat-
ment time (t) varies from 0 to 320 s at a given P. To generate the consistent O; concentra-
tion of PAW, the air and O, plasma treatments were performed at P=300 W and 270 W,
respectively.

E. coli Sample Preparation and Treatment

The biological reactivity of PAW was evaluated by measuring the inactivation efficiency of
E. coli. The E. coli was cultured in a lysogeny broth (LB) growth medium, and the initial
bacterial concentration was ~ 10’ CFU/mL. Four experiments were designed to evaluate the
dependence of E. coli inactivation on the temperature (T) of DI water treated by the air or
O, plasma.
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2.2.1 E. coli inactivation by DI water at different temperature. The E. coli inactivation
was also performed by changing DI water temperature from 3 to 90 °C. 600 pL of DI
water with different temperatures was immediately added to the cuvette containing 20 pl
of bacterial suspension. Then, the cuvette was immersed in the constant temperature
(30 °C) bath for 5 min. After that, 300 pL of the mixed solutions was spread onto the
LB agar medium. After overnight culture at 37 °C, colony counting was performed to
determine the number of E. Coli survival in aqueous solution (CFU/mL). Data represent
the mean and standard deviation of three independent biological replicates.

2.2.2 E. coli inactivation by air and O, PAW at different temperatures. After the air or
O, plasma treatments at different temperatures, 600 pL of air or O, PAW was immedi-
ately added to the cuvette containing 20 pL of bacterial suspension. Then, the cuvette
was immersed in the constant temperature (30 °C) bath for 5 min. After that, 300 pL
of the mixed solution was spread onto the LB agar medium. After overnight culture at
37 °C, colony counting was performed to determine the number of E. Coli survival in
aqueous solution (CFU/mL). Data represent the mean and standard deviation of three
independent biological replicates.

2.2.3 E. coli inactivation by air and O, PAW at 30 °C. The air or O, PAW was first
prepared at different temperatures. Then, 50 mL of PAW was immediately added to the
cuvette containing the quartz beads with their diameter of 5 mm. The quartz beads were
used to rapidly decrease or increase the PAW temperature to 30 °C. The quartz beads
were previously heated or cooled, depending on PAW temperature. After that, 600 pL of
30 °C PAW was immediately added to the cuvette containing 20 pL of bacterial suspen-
sion, and the cuvette was immersed in the constant temperature (30 °C) bath for 5 min.
300 pL of the mixed solution was spread onto the LB agar medium. After overnight
culture at 37 °C, colony counting was performed to determine the number of E. Coli
survival in aqueous solution (CFU/mL). Data represent the mean and standard deviation
of three independent biological replicates.

2.2.4 E. coli inactivation by O, PAW at the pH value of 2.8. To analyze the synergistic
effect of aqueous O and pH value on the E. coli inactivation, the O, plasma treatments
of DI water were performed at the pH value of 2.8 to generate the acidic O, PAW. The
H,SO, solution was used to control the pH value of DI water. After the O, plasma treat-
ments at different temperatures, 600 pL. of PAW was immediately added to the cuvette
containing 20 pL of bacterial suspension. Subsequently, the cuvette was immersed in
the constant temperature (30 °C) bath for 5 min. Then, 300 pL of the mixed solution
was spread onto the LB agar medium. After overnight culture at 37 °C, colony counting
was performed to determine the number of E. Coli survival in aqueous solution (CFU/
mL). Data represent the mean and standard deviation of three independent biological
replicates.

NO,™ and NO;~ Concentrations of Air PAW

To measure the NOJ concentration, 1 mL of PAW was immediately added to 5 mL nickel
sulfamate solution (purity>98%, 50 g/L) after plasma treatment. Then, 3 mL of the
mixed solution was measured by using UV/VIS-spectrophotometer (UV-1900, Shimadzu,
Japan) at 219 nm. To measure the NO; concentration, 60 pL of sulphanilamide solution
(purity >98%, 10 g/L) as the diazotizing reagent was immediately added to 3 mL of air
PAW after the air plasma treatment. Then, the mixed solution was incubated at room tem-
perature for 2 min. Subsequently, 60 pL of N-(1-Naphthyl)-ethylenediamine hydrochloride
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(purity >98%, 1 g/L) as the coupling reagent was added into the mixed solution. After
reaction for 20 min at room temperature, the NO; concentration was measured by using the
UV-spectrophotometer at 540 nm [27].

0, Concentration of Air and O, PAWs

The concentration of Os in air and O, PAWs was determined by the iodometric titration
method [28]. 100 ml of PAW was immediately added to 20 mL KI solution (purity > 98%,
200 g/L). Then the mixed solution was acidified with 5 ml H,SO, solution (3 mol/L)
immediately. After 5 min, Na,S,O; solution (purity >98%, 0.05 mol/L) was used to titrate
the mixed solution until it was pale yellow. After that, 1 mL starch solution (5 g/L) was
added. The titrate was continued until it was colorless. The O; concentration was measured
by calculating the total amount of sodium thiosulfate titration solution used.

H,0, Concentration of Air PAW

For the H,0, concentration measurements, 2 mL TiSO, (purity >98%, 50 g/L) solution
was immediately transferred to 2 mL air PAW after the air plasma treatment. Then, 4 mL
H,SO, solution was added to the mixed solution. After that, 3 mL solution was measured
by using UV/VIS-spectrophotometer (UV-1900, Shimadzu, Japan) at 407 nm [29].

Conductivity and pH Value of Air and O, PAW

Both the pH value and conductivity of PAW were measured by a pH and conductivity ana-
lyzer (SI Analytics Co., model Lab-850, Germany).

Chemical Reactivity of Air and O, PAW

The chemical reactivity of air and O, PAWs is measured by using the chemical probe of
terephthalic acid (TA). Terephthalic acid (TA) can be oxidized into 2-hydroxyterephthalic
acid (HTA) by the activated oxygen in PAW, and HTA can be identified by fluorescence
measurement [30, 31]. When the HTA solution is irradiated by UV light (A=310 nm),
HTA molecules emit light at A=425 nm. The aqueous solution of TA (MACKLIN,
purity >98%) was prepared by dissolving TA in NaOH solution. The initial concentrations
of TA and NaOH were 2 and 5 mM, respectively. 2 mL of TA solution was immediately
added to 1 mL of PAW. The fluorescence measurements were performed by using a fluo-
rescence spectrometer (Cary Eclipse 2018 A43C). To quantify the concentration of HTA
generated in the mixed solution, a calibration curve was obtained by using the standard
HTA solution (MACKLIN, purity >99%).

Results
The Effect of DI Water Temperature on E. coli Inactivation

The E. coli inactivation has been performed by using the DI water at different tempera-
tures. The E. coli survival is almost independent on the DI water temperature varying from
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3 to 45 °C (Fig. 2). However, the number of E. coli survival greatly decreases when the DI
water temperature is higher than 45 °C. The survival rates of E. coli at 60 °C, 75 °C, and
90 °C are 37%, 13%, and 0.1%, respectively.

E. coli Inactivation by Air PAW

Figure 3 shows the E. coli inactivation by the air PAW prepared at different temperatures.
The number of E. coli survival is strongly dependent on the plasma treatment time (t) vary-
ing from O to 320 s. At the temperature (T) of 3 °C, the E. coli is completely inactivated at
t>20 s. The times required for the complete inactivation of E. coli are 40 s at T=7.5 °C,
80 s at T=15 °C, and 320 s at T=30 °C. At the T=45 °C, the number of E. coli sur-
vival slowly decreases from 3.8 Log CFU/mL to 3.1 Log CFU/mL when t varies from 0
to 320 s. The biological reactivity of air PAW is greatly decreased when T increases from
3 to 45 °C. Compared to the other remote plasma treatment methods [1, 32], our bubbling
device is effective for rapidly increasing the biological reactivity of PAW. Plenty of small
bubbles are formed in the water, which contributes to an increase in the gas-liquid inter-
face and the diffusion of gas-phase RONS into the water.

The times for the complete E. coli inactivation at T=60 °C, T=75 °C, and T=90 °C
are 80 s, 20 s, and 5 s, respectively (Fig. 3). Clearly, the biological reactivity of PAW is
significantly increased when the PAW temperature increases from 45 to 90 °C. An increase
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is the E. coli survival due to the inactivation by the PAW cooled to 30 °C. n(T) is the survival rate of E. coli
due to the DI water heated to T

in the biological reactivity can be closely related to an increase in the temperature of PAW.
The study by Zhang et al. [19] indicates that the synergistic effect of PAW and mild heat
can cause significant increases in membrane permeability, resulting in the leakage of intra-
cellular components, such as nucleic acids and proteins. This effect could also increase
the intracellular levels of reactive oxygen species. Decreasing PAW temperature from 45
to 3 °C is very helpful for increasing the biological reactivity of air PAW. After the low-
temperature (<15 °C) PAW is heated to 30 °C, the PAW reactivity is greatly decreased, as
shown in Fig. 4. This suggests that increasing the temperature leads to a decrease in the
stability of activated oxygen or their release from PAW.

The previous study has indicated that the sequential combination of washing with PAW
followed by mild heating at 60 °C greatly decreases the counts of Listeria monocytogenes
and Staphylococcus aureus [17]. Our study shows that the air PAW prepared at the tem-
perature of >60 °C is very effective for the E. coli inactivation. Figure 5 shows that the
biological reactivity of air PAW prepared at T=60 — 90 °C is greatly reduced after being
cooled to 30 °C. After being cooled to 30 °C, the biological reactivity of air PAW slightly
increases with an increase in t, which is almost independent on T varying from 60 to 90 °C.
This indicates that the concentration of RONS in PAW is greatly decreased at a relatively
high PAW temperature. Increasing T decreases both the solubility and stability of RONS in

PAW. The number of E. coli survival (N(T)) due to the combined effect of heat and RONS
can be estimated as
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N(T) = N(cooled) x n(T)

where N(cooled) is the number of E. coli survival due to the inactivation by the PAW
cooled to 30 °C. n(T) is the survival rate of E. coli due to the DI water heated to T. N(T) as
a function of t is plotted in Fig. 5. The number of E. coli survivals after 60 — 90 °C PAW
treatment is much lower than N(T), which confirms the synergistic effect of PAW and mild
heat on the E. coli inactivation.

Physicochemical Properties of Air PAW

Both the pH value and conductivity of air PAW are strongly dependent on the plasma treat-
ment time, t, as shown in Fig. 6. When t varies from O to 320 s, the pH value of PAW
significantly decreases, accompanied by an increase in its conductivity. The PAW pH val-
ues of 2.4 — 3.2 are consistent with the ones reported previously [10, 17]. To identify the
species in the plasma, Optical emission spectrum (OES) and Fourier-transform infrared
spectrometer (FTIR) measurements has been conducted. Consistent with previous research
[32-34], the emission data reveal that the species generated in the air discharge of the air
DBD primarily include excited nitrogen molecules, nitrogen ions, oxygen atoms, and nitro-
gen atoms (figure S1). Further, FTIR spectrum indicates that the gas-phase species are
mainly O; and N,O (figure S2). A decrease in the pH value is primarily due to the dissolu-
tion of gas-phase NO, NO,, N,03, and N,0O5 into DI water, and their subsequent reactions,
leading to the formation of HNO, and HNO; in PAW [1, 2]. At a given t, decreasing T
leads to a decrease in the pH value, accompanied by an increase in the conductivity (inserts
in Fig. 6), indicating that the temperature can affect the Henry’s law constants (H) of NO,
NO,, N,0;, and N,Os, which determines the highest achievable (saturated) concentration
of these RONS in PAW. Decreasing T leads to an increase in the constant, thus an increase
in the RONS concentration and a decrease in the pH value.

When t increases from 0 to 40 s, the NOJ concentration of air PAW slowly increases,
then turns to significantly increase with t (Fig. 7a). However, the NO; concentration rap-
idly increases when t varies from 0 to 40 s (Fig. 7b). The NO; concentration remains
almost unchanged when t is higher than 40 s. HNO, and HNO; can be generated due to the
reactions of NO, NO,, N,0;, and N,O5 with water, as shown below [1, 2, 35, 36].
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Fig.6 The pH value (a) and conductivity (b) of air PAW as a function of the plasma treatment time. The air
PAWs were prepared at different temperatures
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The air PAWs were prepared at different temperatures

NO + NO, + H,0 — 2NOj +2H" )
N,0; + H,O — HNO, + HNO, 3)

NO, + NO, + H,0 — NO; +NOj +2H* )
N,Os + H,0 — 2HOONO — 2NOj + 2H* (5)

In PAW, NO; is very stable, however, NOJ is very unstable. NO; can be oxidized to NO;,
as shown below.

3NOj +3H* - 2NO™ + NOj + 3H* 6)
NO; + O; - NOj + O, 7
NO;J + H,0, + H* - HOONO + H,0 — NOJ + H* + H,0 (8)

Thus, NO; concentration initially increases with t, then turns to remain unchanged due to
the chemical reactions (R(6), R(7), and R(8)), leading to the formation of NO7. This leads to
a significant increase in the NOJ concentration at an increasing t. At a given t, both the NO;
and N O; concentrations decrease with an increase in T, which shows that the solubility of gas-
phase RONS is affected by the temperature.

The H,0, concentration of PAW remains almost unchanged at~7 pmol/L. when t varies
from 5 to 320 s (Fig. 8a). H,O, can be generated by a combination of OH radicals from the
homolysis of aqueous HOONO, as shown below [9].

HOONO « OH + NO, )

OH + OH - H,0, (10
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Fig.8 The H,0, (a) and O; (b) concentrations of air PAW as a function of the plasma treatment time. The
air PAWs were prepared at different temperatures

The O; concentration of PAW initially increases with t, then remains almost unchanged
when t is higher than 40 s (Fig. 8b). At a given t, the saturated concentration of O; in
PAW decreases with an increase in T. This suggests that the solubility of O; in PAW is
determined by the Henry’s law constant, which greatly decreases with an increase in the
temperature.

TA can be oxidized by the peroxide (activated oxygen [O]) in PAW, such as HOONO,
H,0,, and O;, which is used to evaluate the chemical reactivity of PAW [30, 31, 37, 38].
One TA can be converted into one HTA when one oxygen atom from the activated oxy-
gen molecule is added to TA, as shown in Fig. 9. The oxidation rate is determined by the
chemical activity of the peroxide or activated oxygen. Note that one OH radical in PAW
will not lead to the complete oxidation of a TA molecule to a HTA molecule. However,
the sequential reactions of two OH radicals with a TA molecule could lead to the complete
oxidation of a TA molecule to a HTA molecule, accompanied by the formation of a H,O
molecule. The OH radicals will not play a crucial role in the oxidation process since their
concentration is very low. Figure 10 shows that the HTA molecules are generated due to

HO (0}

O OH

terephthalic acid

2-hydroxyterephthalic acid
Fig.9 The pathways for the oxidation of terephthalic acid (TA) into 2-hydroxyterephthalic acid (HTA) by

the activated oxygen [O] in PAW. To generate one HTA molecule, one oxygen atom will be released from
one activated oxygen [O] molecule during the oxidation process
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the oxidation of TA by the activated oxygen in air PAW. The HTA concentration initially
increases when t varies from O to 40 s. Then it remains unchanged when t is higher than
40 s. This indicates that the concentration of activated oxygen in air PAW remains constant
when t is higher than 40 s. At a given t, decreasing T leads to a significant increase in the
HTA concentration, indicating an increase in the chemical reactivity of PAW.

E. coli Inactivation by O, PAW

The O, PAW is prepared at different temperatures to evaluate the effect of O; on the E.
coli inactivation. The O, concentration of O, PAW initially increases with t, then turns to
remain unchanged with further increasing t (Fig. 11a), which is quite similar to the vari-
ation of O concentration of air PAW with t. The pH value of O, PAW remains almost
unchanged at 5.8. Decreasing T from 75 to 3 °C contributes to an obvious increase in the
O; solubility. The O, PAW at the pH value of 5.8 is not very effective in the E. coli inacti-
vation (Fig. 11b). Decreasing T from 30 to 3 °C or increasing T from 30 to 75 °C is helpful
for increasing the biological reactivity of O, PAW.
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Fig.11 a The O; concentration of O, PAW at the pH value of 5.8 as a function of plasma treatment time,
and b the E. coli inactivation by the O, PAW at the pH value of 5.8. The O, PAWs were prepared at differ-
ent temperatures
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However, the O, PAW at the pH value of 2.8 is very effective in the E. coli inactivation
(Fig. 12). Our study shows that the acidic solution at pH value of 2.8 has no obvious effect
on the E. coli inactivation. The synergistic effect of O; and acidic solutions on the E. coli
inactivation is still unclear. Decreasing T from 30 to 3 °C leads to an increase in the O,
concentration, thus an improvement in the chemical reactivity of O, PAW. Increasing T
from 30 to 75 °C leads to an increase in the biological reactivity of O, PAW, indicating the
synergistic effect of O, temperature and a reduction in the pH value on the E. coli inactiva-
tion. However, the synergistic effect is not so obvious as the one from the air PAW. This
indicates that other RONS, such as HOONO in the air PAW can also contribute to the syn-
ergistic effect on the E. coli inactivation.

Discussion

When the plasma-generated RONS flow through the bubbling system, some of them rap-
idly dissolve in water. The distribution equilibrium of a molecule in water and gas phases
can be described by the dimensionless Henry’s law constant H(T)=C; /C; ,,, where C;,
and C;, are the molar concentrations of molecules in the gas and water phases, respec-
tively [39]. The temperature dependence of H(T) can be expressed as InH=-A/RT+C,
where A is equal to AH®/R, AH® is the enthalpy change during the transfer of a mol-
ecule from the water phase to the gas phase, and C is temperature-independent constant.
If the temperature dependence of AH® is neglected, H(T) is significantly increased with
an increase in T, which has been confirmed by experimental measurements [40, 41]. This
indicates a decrease in the solubility of RONS in the water phase with an increase in the
water temperature. It is previously reported that the concentration of O5 in water decreases
by ~40% when the water temperature increases from 20 °C to 40 °C [42]. The higher pH
value at a relatively higher temperature can be attributed to a decrease in the solubility of
RONS in air PAW.

It appears that the chemical reactivity of PAW is controlled by the activated oxygen in
PAW. The RONS in PAW, including OH, HOONO, O; and H,0O, have a relatively high oxi-
dation reduction potential, and they react with various functional groups in biomolecules,
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Fig. 12 a The O; concentration of O, PAW at the pH value of 2.8 as a function of plasma treatment time,
and b the E. coli inactivation by the O, PAW at the pH value of 2.8. The O, PAWs were prepared at differ-
ent temperatures
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and damage the structures of DNA, proteins and lipids [31, 37, 43-46]. Increasing PAW
temperature results in a decrease in the RONS concentration, thus a decrease in the chemi-
cal reactivity of PAW. The study by Moldgy et al. indicates that HOONO can be formed
via the reaction of N,05 with water (R5) [2]. However, HOONO is unstable, and they can
decompose in acidic solutions via isomerization into HNO;. This reaction rate is tempera-
ture—dependent, and the stability of HOONO in PAW decreases at a relatively high temper-
ature. O; can be released from PAW due to an increase in the temperature, which decreases
the chemical reactivity of PAW.

Our study indicates that the biological reactivity of PAW can be controlled by the syn-
ergistic effect of RONS, mild heat, and acidic solutions. The thermal stress can bring about
many changes leading to the loss of viability, including enzyme inactivation, membrane
damage, and nucleic acid breakdown. Heat can induce a breakage of hydrogen bonds and
unfolding of the polypeptide chain, thus a collapse of the native protein structure [47].
Chick et al. [48] pointed to an analogy between disinfection by hot water and the coagula-
tion of proteins as early as 1910. It is considered that moist heat kills bacterial cells by
causing an intracellular coagulation of proteins. It has been proposed that an increase in
the thermal sensitivity of E. coli is due to the low-temperature inactivation of an enzyme
controlling an energy-yielding reaction [49]. The membrane damage has been caused by
exposure to the high temperature [50]. The optical analysis of heated suspensions of E. coli
indicates that the death of E. coli is due to the breakdown of intracellular RNA [51].

Reduction in the pH value of PAW results in a higher concentration of protonated acid,
thus decreasing the polarity of the molecule and increasing diffusion of protonated acid
across the membrane and into the cytoplasm. The reduction is proposed to affect the micro-
bial activity by cytoplasmic acidification with subsequent uncoupling of energy production
and regulation and by accumulation of the dissociated acid anion to toxic level [52]. The
organic acid treatments of E. coli increase SYTOX orange permeation to ~30% of the max-
imum level [53]. The reduction in the pH value has been proposed to cause damage to the
cellular membrane of E. coli, which contributes to an increase in permeabilization. When
the intracellular pH value is decreased, the biological stress response system is induced,
which can change the metabolic activity of cells. The leakage of intracellular constituents
is generated by the increase in membrane permeability [54].

The synergistic combination of organic acids and ultraviolet (UV) has been previously
reported to inactivate the bacteria cells [53, 55]. Analysis indicates that both damages to
the bacterial cell membrane and intracellular esterase are closely related to the synergistic
lethal effect. Higher water temperature (43 °C) is expected to increase the disinfection effi-
cacy of chlorine by affecting the stability of the chemical disinfectant [56]. The enhanced
efficacy of chlorine in the inactivation of bacterial cells could be a result of accelerated
binding of chlorine to the cell surface. The synergistic inactivation of S. cerevisiae has
been performed by the combined use of PAW and mild heat (40 — 50 °C) [18, 19]. The
combined treatment of PAW and mild heat causes significant increases both in membrane
permeability and the intracellular levels of reactive oxygen species, and the disruption of
mitochondrial membrane potential. These RONS in air PAW including O5;, HOONO, H,0,
can also induce peroxidation of membrane lipids. This process can increase its permeabil-
ity to RONS and protonated acids, thus cause the damage of RNA and proteins in cyto-
plasm. An obvious increase in the biological reactivity of low-temperature (<15 °C) air
PAW is due to the synergistic effect of acidic solutions and a high concentration of RONS.
The low biological reactivity of air PAW at 3045 °C is attributed to the weak thermal
stress and low RONS concentration of PAW. The biological reactivity of PAW at a higher
water temperature (>45 °C) can be controlled by the complex synergistic effects of RONS,
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higher water temperature, and a reduction in the pH value. It appears that the death of E.
coli induced by PAW is due, not only to the oxidation process by RONS, but also to the
subtle changes in organized systems, which the bacteria cells are difficult to overcome.

Conclusion

In summary, we have prepared the air PAW at the water temperature of 3 — 90 °C, and eval-
uated the effect of temperature on the biological and chemical reactivities of air PAW. We
have found that both biological and chemical reactivities of air PAW are strongly depend-
ent on the PAW temperature. The chemical reactivity of PAW is significantly increased
when the PAW temperature decreases from 90 to 3 °C. Decreasing the temperature from
30 to 3 °C or increasing the temperature from 45 to 90 °C significantly contributes to an
increase in the biological reactivity of air PAW. This is consistent with previous research
that sequential treatment of washing with PAW and mild heating at 60 °C can improve
the microbiological quality of salted Chinese cabbage. Our analysis shows that an obvious
increase in the biological reactivity of low-temperature (<15 °C) air PAW is due to the
synergistic effect of acidic solutions and a high concentration of RONS. The high biologi-
cal reactivity of air PAW at the temperature of > 60 °C can be attributed to the synergistic
effect of acidic solutions, heat and RONS, such as O; and HOONO.
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