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ABSTRACT: Using a multi-gas plasma jet, we generated plasmas of various gas species
such as argon, oxygen, nitrogen, carbon dioxide, and air. Photometric measurements of color-
forming reactions were used to identify singlet oxygen, OH radicals, hydrogen peroxide, NO
radicals, nitrite, and nitrate, which are important sterilization agents that are generated in the
liquid phase. Oxygen plasma generated the largest amount of singlet oxygen, OH radicals,
and hydrogen peroxide. Air plasma generated NO radicals, nitrite, and nitrate. The pH of air
plasma—treated water for 120 s dropped below 3.0. The air plasma sterilized Escherichia coli
in distilled water after 120 s of treatment. In addition, when the initial pH was fixed below 3.6,
E. coli was more effectively sterilized by oxygen plasma. Furthermore, dimethylsulfoxide,
which is an OH radical scavenger, suppressed the sterilization effect of oxygen plasma.
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I. INTRODUCTION

In recent years, atmospheric nonthermal plasma has attracted attention in the medi-
cal field because of its use in effective and fast sterilization,! blood coagulation,? and
wound treatment.® It is thought that the active species, which are generated by the
plasma,* significantly contribute to these end results.” However, the generated active
species depend on the plasma gas species, with conventional plasma sources placing
limits on the generation of active gas species. In addition, the effect of gas composi-
tion on the plasma is not well studied. Our group developed a multi-gas plasma jet
source in 2010. The developed plasma source can generate a stable atmospheric plas-
ma jet using different gases such as helium, argon, oxygen, nitrogen, carbon dioxide,
air, and their mixtures without damaging the target materials either thermally or by
electric discharge. In surface treatments using the plasma jet, we observed hydrophi-
lization due to the plasma gas species.® We anticipate that the sterilization effect will
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depend on the plasma gas species. Thus, in this study, we used the multi-gas plasma
jet to investigate generated active species such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS), the pH of plasma-treated liquids, and the inactivation
of bacteria.

Il. MATERIALS AND METHODS
A. Atmospheric Multi-Gas Plasma Jet

The experiments were conducted using the multi-gas plasma jet source.® The body of
the device (83 mm in length) is grounded and the interior high-voltage electrode is con-
nected to an AC power supply (Plasma Concept Tokyo Inc.) of 16 kHz and 9 kV. The
generated plasma flows through a 1-mm hole with a flow rate of 1 L/min. The plasma
jet source can generate stable atmospheric plasma of various gas species such as ar-
gon, oxygen, nitrogen, carbon dioxide, air, and their mixtures at low gas temperature
(<57 °C) and around 10 W.

B. Characterization of the Various Plasmas

The active species can be identified using photometric measurements of color-forming
reactions.” A fluorescence spectrophotometer (LS-55; Perkin Elmer) and an ultraviolet/
visible (UV-VIS) spectrometer (U-2910; Hitachi High-Technologies Co.) were used to
estimate the amount of the generated ROS (singlet oxygen, OH radicals, and H,0,) and
RNS (NO radicals, nitrite, and nitrate).

Solutions of Amplex UltraRed Reagent, fluorescent probe Singlet Oxygen Sensor
Green (Molecular Probes Inc.), and terephthalic acid (Sigma-Aldrich) were used to in-
vestigate the ROS. These solutions react with specific ROS and produce fluorescence
at a particular wavelength. The Amplex UltraRed Reagent can detect H,O, at excitation
and emission settings of 530 nm and 590 nm, respectively.® The reagent was adjusted
to 100 uM in phosphate-buffered saline (PBS) that contained 0.1 U/ml of horseradish
peroxidase, and the intensity of fluorescence was calibrated with 3% hydrogen peroxide
solution (Merck Millipore). Singlet Oxygen Sensor Green can detect singlet oxygen at
504 nm of fluorescence produced by 525 nm of excitation and it was adjusted to 10 uM
in PBS.? Terephthalic acid converts to 2-hydroxyterephthalic acid by reacting with OH
radicals'®!! at emission and excitation settings of 425 nm and 310 nm, respectively. Tere-
phthalic acid was prepared by dissolving the acid in distilled water containing NaOH
(Sigma-Aldrich). The concentrations of terephthalic acid and NaOH were 0.2 mM and
1.4 mM, respectively.

A solution of DAF-2 (Cayman Chemical), which was adjusted to 1 uM in PBS, was
used to identify the RNS. The reagent can detect nitric oxide (NO) radicals at emission
and excitation settings of 538 nm and 485 nm, respectively. The nitrite and nitrate con-
centrations in liquid were measured using nitrite and nitrate test kits (TNTplus 840 and
TNTplus 835; Hach Company). The nitrite and nitrate in the solution react with these
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reagents and the respective absorbances are 515 nm and 330 nm. For plasma treatment,
these reagents were treated with nitrogen, oxygen, carbon dioxide, argon, and 20%
oxygen in nitrogen (dry-air gas) plasmas. The solutions were added to 96-well culture
dishes diluted to 100 pl and directly treated as shown in Fig. 1. The multi-gas plasma jet
outlet was fixed at a distance of 9 mm from the liquid surface.

The pH is also an important factor in sterilization.'? Distilled water was treated from
0 to 120 s using the different gas plasmas, and the pH was measured using a pH meter
(Orion DUAL STAR meter; Thermo Scientific).

C. Inactivation of Bacterial Pathogens by the Various Plasmas

The inactivation of Escherichia coli (MG1655) was investigated using the multi-gas
plasma jet. Incubated E. coli cells in Luria-Bertani medium were added to the 96-well
culture dishes and diluted about 100 times with distilled water from the initial popula-
tion of 8 digits. The population was finally fixed at 3.0 x 10° in 100 ul. The bacteria in
the liquid were treated with argon, oxygen, nitrogen, carbon dioxide, and 20% oxygen
in nitrogen (dry-air conditions) plasma.

To investigate the dependency of bacterial inactivation on pH, £. coli in 100 pul of
citrate buffer fixed at various pH levels from 3.2 to 4.8 was irradiated with the different
gas plasmas for 60 s. In addition, to void the inactivation effect owing to ROS, 10 mM
of dimethylsulfoxide (DMSO), which is an OH radical scavenger, was added and ex-

Soiution: 160 i

FIG. 1: Plasma irradiation of liquid. The liquid volume is 100 ul and the distance from the
liquid surface is 9 mm.
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posed to oxygen plasma for 60 s at pH 3.2. Colony counting was performed to quantify
the bacterial inactivation. After the plasma treatment, E. coli in the culture dish were
distributed to agar medium and incubated for 18 h at 37°C.

lll. RESULTS AND DISCUSSION
A. Active Species Generation by Various Gas Plasmas

There are many active species in plasmas such as (1) to (4) in Table 1.* The ROS are
generated by plasmas such as (5) to (9) in Table 1. Figures 2—4 show the fluorescence in-
tensity of the reagent after reacting with singlet oxygen and OH radicals and the amount
of hydrogen peroxide after each gas plasma treatment. The production of active species
depends on the gas species. The oxygen plasma generated the largest amount of singlet
oxygen, OH radicals, and hydrogen peroxide. The amount of hydrogen peroxide after
60-s oxygen plasma treatment was 53 mg/L. The carbon dioxide, argon, and nitrogen
plasmas also generated reactive species. However, the generation of OH radicals and
hydrogen peroxide after the air plasma treatment were the lowest.

Figures 5-7 show the fluorescence intensity of the reagents after reacting with the
NO radical and the generated amounts of nitrate and nitrite for each gas plasma. Air
plasma generated NO radicals, nitrite, and nitrate. The amounts of nitrite and nitrate
after 60 s air plasma treatment were 82 mg/L and 160 mg/L, respectively. However,
the generated amounts by nitrogen gas plasma treatment were lower than the detection
limit, indicating that air plasma can generate RNS such as NO radicals and NO, in gas
phases such as (10) in Table 1. Moreover, the NO radical reacts with DAF-2 and the
RNS change to nitrite and nitrate by reacting with water as in (11) to (13) in Table 1.
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FIG. 2: Singlet oxygen generation per plasma (excitation/emission of 504/525 nm).
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FIG. 3: OH radical generation per plasma (excitation/emission of 310/425 nm).
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FIG. 4: Hydrogen peroxide generation per plasma treatment (excitation/emission of
530/590 nm).

B. pH Change by Irradiation with Different Plasmas

Figure 8 shows the pH change in distilled water after each gas plasma treatment. The
initial pH of the distilled water was approximately 5.3. In the case of argon and nitro-
gen plasma treatment, pH increased to around 7.0 and 6.0 after 120 s, respectively. It is
thought that dissolved hydrogen carbonate ions were removed by the flowing gas. By
contrast, oxygen, carbon dioxide, and air plasma decreased pH to approximately 4.7,
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FIG. 5: NO radical generation per plasma treatment (excitation/emission of 485/538 nm).

—A— A
100k+oz
S |-
g 80 v-co, +/
IEI —H—air ./
S 60f
©
2
9 40 |
[
8 20
£ |/
Z 0o # . ¢

0 10 20 30 40 50 60
Plasma irradiation time [s]

FIG. 6: Nitrite generation per plasma treatment (absorbance of 515 nm).

3.5, and 2.6 after 120 s, respectively. In the case of oxygen plasma treatment, the data
suggest that H,O changes to H;O" and the OH radical reacts with the oxygen plasma to
produce H,0, via two OH radicals reactions such as (9), (14), and (15) in Table 1. The
concentration of the hydrogen carbonate ion increased after the carbon dioxide plasma
treatment. Conversely, the generated nitrite and nitrate in water decreased the pH after
the air plasma treatment.
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FIG. 7: Nitrate generation per plasma treatment (absorbance of 330 nm).

TABLE 1. Key reactions leading to the formation and destruction of active species in
the plasma jet

Reaction Number

Electron impact reactions

Ar+e —>Arf+e (1)
O,+e—20+e (2)
N,+e—2N+e (3)
CO,+e—>CO+0+e (4)
Radical involved reactions
20 - "0, (5)
Ar* + H,O — Ar + HO* + He (6)
O + H,O — 2HO (7)
2N + 2H,0 — N, + 2HO- + 2H (8)
HO* + HO+ — H,0, ©)
O+N—NO (10)
lon reactions
4NO + O, + 2H,0 — 4H* + 4NO,~ (11)
2NO; + H,0 — 2H* + NO; + NOs (12)
NO; + HO* — H* + NO, (13)
0," + H,O0 — H,0* + O, (14)
H,O* + H,O — H;0* + HO- (15)
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FIG. 8: pH change per plasma treatment.

C. Inactivation of E. coli by Various Plasmas

The bacterial inactivation effect was investigated by plasma treatment of distilled water con-
taining 3 x 10° of E. coli. Figure 9 shows the inactivation effect of the various plasmas
on E. coli in distilled water. Air and carbon dioxide plasmas resulted in the inactivation of
E. coli. By contrast, gas species such as argon, oxygen, and nitrogen had a bacterial inactiva-
tion effect of less than an order of magnitude on E. coli. The generation of ROS such as OH
radicals and hydrogen peroxide by air plasma were low. On the other hand, the plasma can
generate RNS such as NO radicals, nitrite, and nitrate. Therefore, our results suggest that a
RNS such as ONOO™ was generated and has a bacterial inactivation effect’ under low pH.

To investigate the pH dependence of the bacteria inactivation, E. coli in 100 pul of
citrate buffer fixed at different pH levels was treated with various gas plasmas for 60 s.
The results are shown in Fig. 10. When the pH is 3.2, E. coli is inactivated by all gas
plasmas used. Specifically, oxygen plasma more effectively sterilizes E. coli when pH is
<3.6. For oxygen plasma, we investigated the bacterial inactivation effect of the ROS for
a bacterial suspension of 3.2 pH that contained 10 mM DMSO, which is an OH radical
scavenger. We found that the bacterial inactivation effect was suppressed by DMSO as
shown in Fig. 11. This suggests that low pH enhances the bacterial inactivation effect of
the ROS and that ROS are more effective than the RNS.

IV. CONCLUSION

We investigated the characteristics and bacterial inactivation capacity of multi-gas
plasma. We used a fluorescence spectrometer and UV-VIS spectrometer to identify the
reactive species and quantify the amounts of singlet oxygen, OH radicals, hydrogen
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FIG. 9: Sterilization effect on E. coli in distilled water per plasma treatment.
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FIG. 10: Dependence of the bacterial inactivation on the initial pH.

peroxide, NO radicals, nitrite, and nitrate. We found that the amount of reactive species
depended on the plasma gas species. The oxygen plasma generated the largest amount
of singlet oxygen, OH radicals, and hydrogen peroxide. However, RNS such as NO
radicals, nitrite, and nitrate, which are generated by the oxygen plasma, were below the
detection limit. The generated OH radicals and hydrogen peroxide by air plasma were
also below the detection limit; however, the NO radicals, nitrite, and nitrate were not
below the detection limit.
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FIG. 11: Dependence of bacteria inactivation on the OH radical scavenger. The oxygen
plasma exposure time is 60 s and the pH is 3.2.

The pH value of plasma-treated water also depended on the gas species. The pH of
air plasma-treated water decreased to 2.6 after 120 s. In addition, air plasma sterilized
E. coliin distilled water. When pH was 3.2, E. coli was inactivated by all of the gas plas-
mas after 60-s treatment. E. coli was especially more effectively sterilized by oxygen
plasma when pH was <3.6. In addition, the sterilization effect was suppressed by 10 mM
DMSO, which is an OH radical scavenger. Therefore, we suggest that low pH and ROS
is the effective combination for sterilization.
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