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Abstract—We report a combined method of using atmospheric
surface micro-discharge (SMD) with UVA exposure to provide a
fast and efficient method against eye infection pathogens. 4 kinds
of typical eye infection bacteria were chosen and treated under
SMD treatment only, UVA exposure only and S5min SMD
treatment followed by 1 or 2 min UVA exposure in buffered
solution. The combination of plasma treatment and UVA exposure
presented the best antibacterial effect, especially for the UV-
resistant bacteria strain, Serratia marcescens. This synergetic
method has been found to have no selectivity on bacterium type.
The possible mechanism of the synergetic effects was preliminarily
proved to be caused mainly by photodecomposition of nitrite. UVA
photolysis analysis of pure nitrite, H2O: solution and their mixture
indicated the formation of peroxynitrite in buffered solution partly
contributed to the anti-bacterial effect in this work.
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I. INTRODUCTION

In recent years, atmospheric pressure plasma for biomedical
application have attracted huge attention for its great potential
on cancer treatment, dental disinfections, wound healing, stem
cell differentiation, medical equipment sterilization, etc[1-7].
Both in vitro and in vivo tests have been conducted, even on
human trials. At the same time, various plasma devices have
been created for different uses according to the requirement of
clinic[8-9]. Treatment protocols are modified step by step to
reach the best results, from single plasma treatment to multiple
treatments, from direct plasma treatment to treat with clinic pre-
preparation, from sole plasma treatment to combine with other
effective drugs or treatment devices. Atmospheric pressure low
temperature plasma could rapidly inactivate bacteria, spores,
fungi, or virus, even in the form of biofilm both on surfaces and
aqueous solutions. Lots of researching groups are trying to find
out the mechanisms of plasma interacting with the
microorganism or living tissues, however, they are complicated
from case to case and have not been well understood yet.
Generally speaking, the anti-microbial effect of atmospheric
pressure low temperature plasma is mainly brought by the
charged particles, highly reactive species (O3, NOy, H,O,, OH",
0, Oy, etc), electrical field, or photons created by plasmas. In
the case of air plasmas acts at the gas-liquid interface, OH", NO-,
NO;" and peroxynitrite have been proved to be the strong anti-
microbial scavengers in plasma activated water (PAW) at low
pH[10-12]. However, for treatment of soft material or tissue
like contact lenses, direct plasma treatment may affect its
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function through etching or deposition. Besides, strong acidic/
alkaline environment is not suitable as well. It has been reported
that surface micro-discharge (SMD) working in NOx mode with
Ultraviolet (A) (UVA) treatment had strong anti-bacteria ability
in neutral solution (pH around 7)[13].

In this work, the synergetic antibacterial effects of 4 standard
ISO ATCC strains of eye infection were investigated by using
an atmospheric SMD and UVA-LED emitting. The mechanism
of the synergetic effect of SMD and UVA was analyzed by
measuring the kinetic dynamics of photolysis of both pure and
mixed solution (nitrite and H»0,) before and after UVA
radiation as a function of time.

II. MATERIALS AND METHODS

A. Experimental Setup

Fig.1 (a) shows the configuration of the experimental setup
for plasma treatment. A typical SMD device driven by a Neon
sign power supply (Vmax=2.5kV, Frequency=25kHZ) was
used to create atmospheric plasma in all the experiments. The
copper electrode was connected to the AC power, a glass plate
was used as the dielectric sheet, and the stainless steel mesh was
grounded. When proper voltage was applied, the plasma would
be generated in the space between the mesh and the glass plate.
This device was operated in ‘indirect mode’, in which the
plasma would not directly contact the sample during treatment.
A high voltage probe (P6015A, Tektronix,) was used to detect
the output voltage and the voltage waveform was monitored by
an oscilloscope (TDS 2024C, Tektronix,).

A glass vial with either phosphate-buffered saline (PBS; PH
7.4; Sigma) or 150 pL bacteria suspension in PBS was placed
at the bottom center of the discharging chamber. The height of
the glass vial was 4 cm. Distance between the top of the glass
vial and the mesh was fixed at 5 mm. After plasma treatment,
the solution was well mixed for 5 s with a cap and immediately
sent for Ultroviolet-A LED (Nichia, NC4U133A(T)) exposure,
seen in Fig.1 (b).

(a) AC Power

Glass plate  SS mesh electrode

\ Copper electrode

Plasma
Teflon ke
Glass vial chamber

Fig.1 Experimental setup.
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B. Gas-phase and aqueous-phase chemistry

Gas-phase products was measured by a Fourier-transform
infrared spectroscopy (FTIR) (FTS 3000, DIGILAB) to show
the active species generated by plasma in the discharging
chamber. IR-transparent (ZnSe polished disc, International
Crystal Laboratories) windows were situated 2 cm below the
powered electrode on the chamber wall (made of acrylic glass)
for FTIR measurements. Signals were averaged for 50 times
(takes about 30 s) for each point. The absorption FTIR spectra
at time point of 30 s, Imin, 2 min, 3 min, 4 min and S5min were
sampled. We defined the plasma ignited time as time O s.

Nitrite concentration in aqueous phase as a function of time
was measured by using Griess reagent (SIGMA-ALORICH). In
all cases, 100 uL solution of each sample or diluted sample was
transferred into a hole of 96 well plate and 100 puL Griess
reagent was immediately added into the hole for reaction. Blank
group was made by 100 pL PBS and 100 pL Griess reagent.
Samples were kept in dark for at least 30 min. Then, a UV-Vis
spectrometer (SPECTRA max M2, Molecular Devices) was
used to measure the absorption value at 548 nm.

Titanium sulfate colorimetric method was used to measure
H>O» concentration in aqueous solution. 100 pL sample and
50uL titanium sulfate reagent were added into a hole of 96 well
plate, pre-add 10 pL sodium azide solution into the sample if
nitrite is expected to exist. After that, immediately measure the
absorption at 407 nm using a UV-Vis spectrometer. For all the
test, at least 3 samples were repeated for each treatment point.

C. Antimicrobial Experiments

4 types of eye infection pathogenic bacteria were chosen for
test in the experiments: Pseudomonas putida (ATCC 12633),
Serratia marcescens (ATCC 13880), Staphylococcus
epidermidis (ATCC 35984), Staphylococcus warneri (ATCC
27836). Cells were grown in LB (lysogeny broth, Fisher
Scientific) medium to ODgo 1.0, and diluted with PBS to an
initial concentration around 10° ~107 cfu/mL before treatment.
The antimicrobial experiments were divided into 5 groups: 1)
The control group; 2) UVA exposure only; 3) 5 min plasma
treatment only; 4) and 5) 5 min plasma treatment followed by 1
or 2 min UV A exposure. As for group 4) and 5), firstly, add 150
pL bacteria suspension into the glass vial, and treated by plasma
for 5 min; then, cap the glass vial, mix the solution and the
active species in the air gap for 5 s. Next, remove the cap, and
put the glass vial above the UVA-LED lamp for exposure. After
these treatments, the bacteria suspension was diluted in PBS
and plated on LB agar. Colonies were counted after 72 h for
calculating the reduction log (No/N), where Ny is the original
number of viable cells in control group for each kind of bacteria,
and N is the viable number present in a treated sample.

III. RESULTS

A. Active species in gas phase and NOy concentration in PBS

Fig.2 shows the FTIR spectrum of the species created by the
SMD plasma device vs. time. The gas phase reactive species
under this condition consist of N»O, HNOs3, NO», no Os presents.
The absorbance of each species increases with the discharging
time. As reported by M. P, 3 kinds of modes could appear under
different applied power region, in low power density region, O3
is the dominate species, which is called O3 mode; in high power
density region, appears NOx mode (nitrogenous compounds);

and between these two, the transition mode[14][15]. Apparently,
in our discharging condition, the SMD device was operated in
NOx mode.
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Fig.2 Typical FTIR spectrum.

Fig.3 shows the NO, concentration vs. time in aqueous
phase. It can be seen that the NO" concentration in PBS after
plasma treatment continues to rise and exceeds ~1.25 mM at 5
min. The measured concentration of H,O, after 5 min SMD
treatment is around 80 uM.
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Fig.3 NO, concentration in PBS right after plasma treatment.

Fig.4 shows the aqueous concentration of NO,  and H,0»
after UVA exposure as a function of time. The concentrations
of both pure solvent (pure NO, or H>O, solution) and mixed
solvents (NO,” with H,O,) were measured after UVA exposure.
The prepared solvent concentrations were used other than
plasma treated solution for a constant initial concentration, and
H»0, concentration was increased to show a better visible
results. As can be seen from the plot, in the case of pure NOy
solution and NO; with H»O, solution, NOy  concentration
shows obviously decrease after UVA treatment. 1 min and 2
min UV A exposure only decomposes about 10%~20% of NO>".
12 min of UVA exposure decreases the NO, concentration
(initial concentration 1 mM) down to 60%~70% of the initial
concentration. In the mixed solution, the NO, decomposes
slower than that of in the pure NO;™ solution.

Pure H,O, solution shows much slower kinetic rate constant
k around -1.5%10"' according to the simple equation
In{[ H20.]t/[ H20,]0} = kt. When NO; exists, H,O, shows
great chemical reaction under the UVA exposure, almost half
of H»O, was decomposed after 12 min UVA exposure.
Although the concentration of H,O; used in this measurements
is much higher than that created by the SMD device after 5 min,
however, it could give us the expected results as a reference.
The possible mechanism will be discussed in the discussion
section.
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Fig.4 Chemical dynamics of UVA photolysis of nitrite and H,O, in pure/mixed
solution. Black triangle: H,O, concentration in mixture solution; Black square:
Nitrite concentration in mixture solution; Red rhombus: H,O, concentration in
pure H>O, solution; Red circle: Nitrite concentration in pure nitrite solution.

B. Anti-bacteria effect

The anti-bacteria effect of only UVA treatment, only plasma
treatment and synergistic anti-bacteria effect of plasma and
UVA exposure of all 4 kinds of eye infection pathogens was all
tested. Fig.5 and Fig.6 are the anti-bacteria results of 4 different
kinds of pathogens (Pseudomonas putida, Serratia marcescens,
Staphylococcus epidermidis, Staphylococcus warneri) involved
in eye infection under different treatment condition. Fig. 5
presents the log reduction results of the anti-bacterial effect by
UVA exposure only. Columns in Fig.6 show the anti-bacteria
effect of 5 min plasma treatment only, 1 min UVA exposure, 5
min plasma treatment plus 1 min UVA exposure, 2 min UVA
exposure and 5 min plasma treatment plus 2 min UV A exposure,
respectively. Each data represents the mean log reduction of at
least 3 trials, and error bars represent the standard deviation
about the mean value.
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Fig.4 The anti-bacteria effect of 4 different kinds of pathogens by UVA
exposure only vs. time.

Among these bacterium, Pseudomonas putida and Serratia
marcescens belong to the Gram-negative bacteria, the rest
Gram-positive. It is important to point out that Serratia
marcescens (S.mar) is a species of rod-shaped gram-negative
bacteria in the family Enterobacteriaceae, and also a kind of
UV-resistant bacteria[16]. For all other kinds of bacteria except
S. mar, 4.5~7 log reduction were observed after 6 min UVA
exposure. However, for Serratia marcescens, 5 min UVA
exposure only can achieve 1 log reduction, and less than 2 log
reduction with 6 min exposure.

Unlike UV A exposure, it seems that the anti-bacteria effect
of SMD in buffered solution has no significant relationship with
the bacteria types. When 5 min plasma treatment followed by
only 1 min to 2 min of UVA exposure, additional 2~4.5 log
reduction was obtained comparing to the UVA exposure only
condition in all the treated samples. Comparing 2 min UVA
exposure treatment to S. mar with the 5 min plasma treatment
plus 2 min UVA exposure, there is ~ 4.5 log difference between
these two treatment methods.
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Fig.5 The synergetic anti-bacteria effect of 4 different kinds of pathogens by
plasma and UVA.

IV. DISCUSSION

In this investigation, we used an atmospheric pressure low
temperature plasma device, surface micro-discharge device
(SMD), combined with UVA (365 nm) radiation to provide a
novel and promising method for eye infection pathogens
disinfection. SMD can create various kinds of anti-microbial
active species, such as RNS (NO, NO,, HNO,, N>O4, HNO3,
etc) and ROS (O3, O*, OH, H»0,, ect). These active species
have been proved to be strong scavenge against bacteria, fungus,
and virus in different existing forms[17].
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The four kinds of bacteria used in this experiments are all
involved with eye infection. The vast majority of bacteria
corneal infections are related to contact lens wear and sustained
by Pseudomonas aeruginosa, with potential for corneal
perforation and even blindness without treatment[18]. P. pu is
usually used as a nonpathogenic alternative bioremediation
agents for P. aeruginosa. In some case, it could be the main
sustain isolate for conjunctiva infection[19], and would present
drug resistance.

Staphylococcus is the most frequent isolates from bacteria
conjunctivitis[20]. S. epi and S. war are both belonged to the
Staphylococcus family. S. epi is the most common isolate for
ocular infection among other opportunistic pathogens[21], and
is known as resistant to methicillin[22]. It is also the most
common pathogen causing acute postoperative endophthalmitis
by forming biofilm on the intraocular lenses[23]. S. mar is a
rod-shaped gram-negative bacterium in the family of
Enterobacteriaceae, serves as a source of nosocomial infections,
which is relatively resistant to standard sterilization and
disinfection protocols[24]. It is also a common pathogen of eye
infection and a frequent cause of keratitis[25]. Resistance to -
lactams, cephalosporins, and aminoglycosides have been
reported by many researches[26], and it is recognized as a UV-
resistant bacteria by producing the red pigment called
prodigiosin which offers protection against excessive UV in
sunlight, serves as an antibiotic, and has cytotoxic qualities[27].

As can been seen from Fig. 5 and Fig. 6, for all kinds of
bacteria, 5 min plasma treatment only results 0.5~1 log
reduction against bacteria in buffered solution, which is similar
to the results in [13] and shows no bacteria selectivity. However,
for the results of only UVA treatment, S. mar presents strong
UV resistance comparing to other bacteria followed by S. epi,
which shows 0.2 log reduction after 2 min and 1.5 log reduction
after 5 min. And for all the 5 min plasma treatment with 2 min
UVA exposure group, additional 3~4.5 log reduction were
obtained. Unlike drugs and UV exposure, the synergetic effect
of plasma with UVA exposure shows no bacteria selectivity
against all the bacteria strains tested in our experiments, which
provides a more efficient and broader germicidal way against
microorganisms.

Gas phase and aqueous phase of air plasma chemistry have
been vastly studied in recent years[28-30]. The reactions
depends on different types of discharge, its energy, gas
components, and very importantly the pH value of contacting
liquids[21-23]. Different plasma devices have their own feature
and even for the same device when operated in different
conditions, the anti-microorganism mechanism would be
different[14]. PH environment is a key feature for anti-
microorganism effects[34]. Acidic pH value caused by air
plasma discharging in water contributes a lot of the antibacterial
properties of plasma-activated water[35]. However, when
plasma interacts with human body which needs to avoid strong
acidic/alkaline environment or for some pH-sensitive material,
using buffered solution for investigation is highly necessary. In
this study, we used SMD device operating in NOx mode
combining with UVA exposure to treat inactive different type
of eye infection pathogens in buffered solution (PBS, pH=7.4).

The complex mechanism of the synergetic effects hasn’t been
well understood yet. In [13], a hypothesis on the synergetic
effect by plasma and UV A radiation was proposed. The main
chemical reactions under this discharging conditions of active
species generating are listed as follows:

e+0,->0+0+e (1)
0+0,+M->0;+M 2)
N,+0 - NO+N 3)

0O; + NO - NO, + 0, @)
O+NO+M—->NO, +M (5)

NO, + NO, + H,0 - NO; + NO; + 2H* 6)

H>O, formation in gas phase through the recombination
reaction of OH radicals generated by the reactions between
electron (e) and water molecular in the air.

OH - +0H - H,0, (7)
The possible reaction of active species acting with UVA
(photons) in PBS (PH=7.4) are listed below:
When exposing to UV radiation, nitrite will react with the
photon through a well-known reaction:[36][37]
NO; + hv+ H,0 - NO+ OH™ + OH - ®)
While

H,0, it OH - +OH - Q)
Under neutral environment,
NO + H,0, + OH -—»0 = NOOH + H,0 (10)
O =NOOH < OH - +NO, - (11)
According to the reported literature, in plasma activated
buffered solution (PABS), the concentration of NO,, NO3™ and
H,O, will stay constant even after a week, while under acidic
environment, the reactive species will go through series
reactions[11][31]. It is obvious that the decomposition of NOy
and H»O, in Fig. 4 is due to the involvement of photon provided
by UVA (365 nm) exposure. The measured concentration of
HyO, after 5 min of SMD exposure is around 80 pM. As
mentioned in results section, the calculated reaction rate
constant of equation (9) is around -1.5%10* s”!, which is similar
to the reported values[38]. When NO, exists, the
decomposition rate of H,O, has been largely increased, which
shows a strong evidence to support the reaction of equation (10).
Moreover, when no H»O, exists in the solution, the
decomposition rate of NO,™ is faster compared to that with H,O».
This could be explained as follows: without H>O,, NOy is
decomposed into NO by photon radiation through reaction [8];
NO plays as strong anti-bacterial scavenger in this process
under neutral environment other than acidic nitrite. It is short
lived and hard to dissolve in water which might escape into air.
However, when H,O; exists, NO reacts with H,O, and form
peroxynitrite equation (10), which captures NO from escaping.
The forming peroxynitrite would decompose into NO»- through
reaction equation (11). And then reforms NO,™ in solution,
making the decomposing rate slower than that in pure NOy
solution. The peroxynitrite and OH- produced by UVA
photolysis in the bacterial suspension also partly contributed to
the bacterial inactivation process. All of these results would
support the hypothesis on the synergetic effect by plasma and
UVA radiation proposed in [13]. More work needs to be done
for this complex process in the future.
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V. CONCLUSION

The synergetic effects of atmospheric plasma and UVA
radiation for eye infection pathogens disinfection were
investigated in this study. The combination of SMD treatment
operating in NOx mode with UVA (365 nm) exposure shows
remarkable increased anti-bacteria effect (another 3~4.5 log
reduction comparing to UVA exposure) against 4 kinds of
testing bacteria involved in eye infection. Comparing to the log
reduction results of only plasma treatment or only UVA
exposure, this synergetic method shows no selectivity on
bacteria type, such as gram positive or negative, UVA resistant,
drug resistant, etc. The mechanism of the synergic effect of this
atmospheric pressure plasma and UVA radiation is proved to
be the photodecomposition of nitrite by UVA exposure, and
peroxynitrite formation through reaction between NO and H>O,
in solution.

REFERENCES

[1T M. G. Kong, G. Kroesen, G. Morfill, T. Nosenko, T. Shimizu, J. van Dijk,
and J. L. Zimmermann, “Plasma medicine: an introductory review,” New J.
Phys., vol. 11, no. 11, p. 115012, Nov. 2009.

[2] G. Fridman, G. Friedman, A. Gutsol, A. B. Shekhter, V. N. Vasilets, and
A. Fridman, “Applied Plasma Medicine,” Plasma Process. Polym., vol. 5, no.
6, pp. 503-533, Aug. 2008.

[3] J. Heinlin, G. Morfill, M. Landthaler, W. Stolz, G. Isbary, J. L.
Zimmermann, T. Shimizu, and S. Karrer, ‘“Plasma medicine: possible
applications in dermatology.,” J. Dtsch. Dermatol. Ges., vol. 8, no. 12, pp. 968—
76, Dec. 2010.

[4] B. Haertel, T. von Woedtke, K.-D. Weltmann, and U. Lindequist, “Non-
thermal atmospheric-pressure plasma possible application in wound healing.,”
Biomol. Ther. (Seoul)., vol. 22, no. 6, pp. 477-90, Nov. 2014.

[5] D.B. Graves, “The emerging role of reactive oxygen and nitrogen species
in redox biology and some implications for plasma applications to medicine and
biology,” J. Phys. D. Appl. Phys., vol. 45, no. 26, p. 263001, Jul. 2012.

[6] X. Yan, Z. Xiong, F. Zou, S. Zhao, X. Lu, G. Yang, G. He, and K.
Ostrikov, “Plasma-induced death of HepG2 cancer cells: Intracellular effects of
reactive species,” Plasma Process. Polym., vol. 9, no. 1, pp. 59-66, 2012.

[71 Z. Xiong, S. Zhao, X. Mao, X. Lu, G. He, G. Yang, M. Chen, M. Ishaq,
and K. Ostrikov, “Selective neuronal differentiation of neural stem cells
induced by nanosecond microplasma agitation.,” Stem Cell Res., vol. 12, no. 2,
pp- 387-99, Mar. 2014.

[8] T.von Woedtke, S. Reuter, K. Masur, and K.-D. Weltmann, “Plasmas for
medicine,” Phys. Rep., vol. 530, no. 4, pp. 291-320, Sep. 2013.

[91 K. D. Weltmann, E. Kindel, T. von Woedtke, M. Héhnel, M. Stieber, and
R. Brandenburg, “Atmospheric-pressure plasma sources: Prospective tools for
plasma medicine,” Pure Appl. Chem., vol. 82, no. 6, pp. 1223-1237, 2010.

[10] G.Kamgang-Youbi, J.-M. Herry, J.-L. Brisset, M.-N. Bellon-Fontaine, A.
Doubla, and M. Naitali, “Impact on disinfection efficiency of cell load and of
planktonic/adherent/detached state: case of Hafnia alvei inactivation by plasma
activated water.,” Appl. Microbiol. Biotechnol., vol. 81, no. 3, pp. 449-57, Dec.
2008.

[11] M. J. Traylor, M. J. Pavlovich, S. Karim, P. Hait, Y. Sakiyama, D. S.
Clark, and D. B. Graves, “Long-term antibacterial efficacy of air plasma-
activated water,” J. Phys. D. Appl. Phys., vol. 44, no. 47, p. 472001, Nov. 2011.

[12] Y. Kono, H. Shibata, K. Adachi, and K. Tanaka, “Lactate-dependent
killing of Escherichia coli by nitrite plus hydrogen peroxide: a possible role of
nitrogen dioxide.,” Arch. Biochem. Biophys., vol. 311, no. 1, pp. 153-9, May
1994.

[13] M. J. Pavlovich, Y. Sakiyama, D. S. Clark, and D. B. Graves,
“Antimicrobial Synergy Between Ambient-Gas Plasma and UVA Treatment of
Aqueous Solution,” Plasma Process. Polym., vol. 10, no. 12, pp. 1051-1060,
Dec. 2013.

[14] M. J. Pavlovich, D. S. Clark, and D. B. Graves, “Quantification of air
plasma chemistry for surface disinfection,” Plasma Sources Sci. Technol., vol.
23, no. 6, p. 065036, Dec. 2014.

[15] T. Shimizu, Y. Sakiyama, D. B. Graves, J. L. Zimmermann, and G. E.
Morfill, “The dynamics of ozone generation and mode transition in air surface
micro-discharge plasma at atmospheric pressure,” New J. Phys., vol. 14, no. 10,
p. 103028, Oct. 2012.

[16] “Ultraviolet Radiation Sensitivity of White Mutants and Red Wild-Type
Serratia marcescens on JSTOR.”.

[17] X. Lu, G. V. Naidis, M. Laroussi, S. Reuter, D. B. Graves, and K.
Ostrikov, “Reactive species in non-equilibrium atmospheric-pressure plasmas:
Generation, transport, and biological effects,” Phys. Rep., vol. 630, pp. 1-84,
Apr. 2016.

[18] M. J. Bharathi, R. Ramakrishnan, C. Shivakumar, R. Meenakshi, and D.
Lionalraj, “Etiology and antibacterial susceptibility pattern of community-
acquired bacterial ocular infections in a tertiary eye care hospital in south
India.,” Indian J. Ophthalmol., vol. 58, no. 6, pp. 497-507, Jan. .

[19] B. Zuberbuhler and G. Carifi, “Pseudomonas putida infection of the
conjunctiva,” Infection, vol. 40, no. 5, pp. 579-580, Feb. 2012.

[20] F. Montagnani, A. Malandrini, L. Stolzuoli, L. Lomurno, D. Buccoliero,
and A. Zanchi, “Microbiological features of acute bacterial conjunctivitis in a
central Italian area.,” New Microbiol., vol. 31, no. 2, pp. 291-4, Apr. 2008.

[21] “Epidemiology of Ocular Infection Due to Bacteria and Fungus — A
Prospective Study - Open Access Library.”

[22] C. Sotozono, M. Fukuda, M. Ohishi, K. Yano, H. Origasa, Y. Saiki, Y.
Shimomura, and S. Kinoshita, “Vancomycin Ophthalmic Ointment 1% for
methicillin-resistant ~ Staphylococcus  aureus or  methicillin-resistant
Staphylococcus epidermidis infections: a case series.,” BMJ Open, vol. 3, no.
1, Jan. 2013.

[23] Y. Okajima, S. Kobayakawa, A. Tsuji, and T. Tochikubo, “Biofilm
formation by Staphylococcus epidermidis on intraocular lens material.,” Invest.
Ophthalmol. Vis. Sci., vol. 47, no. 7, pp. 2971-5, Jul. 2006.

[24] C. Bosi, A. Davin-Regli, R. Charrel, B. Rocca, D. Monnet, and C. Bollet,
“Serratia marcescens nosocomial outbreak due to contamination of hexetidine
solution.,” J. Hosp. Infect., vol. 33, no. 3, pp. 217-24, Jul. 1996.

[25] E. B. Hume and M. D. Willcox, “Adhesion and growth of Serratia
marcescens on artificial closed eye tears soaked hydrogel contact lenses,” Aust.
N. Z. J. Ophthalmol., vol. 25 Suppl 1, pp. S39—41, May 1997.

[26] H. M. Aucken and T. L. Pitt, “Antibiotic resistance and putative virulence
factors of Serratia marcescens with respect to O and K serotypes.,” J. Med.
Microbiol., vol. 47, no. 12, pp. 1105-13, Dec. 1998.

[27] “Serratia marcescens: The Miracle Bacillus | Answers in Genesis.”.

[28] M. J. Pavlovich, H.-W. Chang, Y. Sakiyama, D. S. Clark, and D. B.
Graves, “Ozone correlates with antibacterial effects from indirect air dielectric
barrier discharge treatment of water,” J. Phys. D. Appl. Phys., vol. 46, no. 14,
p. 145202, Apr. 2013.

[29] J.-L. Brisset, B. Benstaali, D. Moussa, J. Fanmoe, and E. Njoyim-
Tamungang, “Acidity control of plasma-chemical oxidation: applications to
dye removal, urban waste abatement and microbial inactivation,” Plasma
Sources Sci. Technol., vol. 20, no. 3, p. 034021, Jun. 2011.

[30] R. Burlica, M. J. Kirkpatrick, and B. R. Locke, “Formation of reactive
species in gliding arc discharges with liquid water,” J. Electrostat., vol. 64, no.
1, pp. 35-43, Jan. 2006.

[31] P. Lukes, E. Dolezalova, 1. Sisrova, and M. Clupek, “Aqueous-phase
chemistry and bactericidal effects from an air discharge plasma in contact with
water: evidence for the formation of peroxynitrite through a pseudo-second-
order post-discharge reaction of H 2 O 2 and HNO 2,” Plasma Sources Sci.
Technol., vol. 23, no. 1, p. 015019, Feb. 2014.

[32] V. L Parvulescu, M. Magureanu, and P. Lukes, Eds., Plasma Chemistry
and Catalysis in Gases and Liquids. Weinheim, Germany: Wiley-VCH Verlag
GmbH & Co. KGaA, 2012.

[33] B. Eliasson and U. Kogelschatz, “Nonequilibrium volume plasma
chemical processing,” IEEE Trans. Plasma Sci., vol. 19, no. 6, pp. 10631077,
1991.

[34] K. Oehmigen, J. Winter, M. Héhnel, C. Wilke, R. Brandenburg, K.-D.
Weltmann, and T. von Woedtke, “Estimation of Possible Mechanisms of
Escherichia coli Inactivation by Plasma Treated Sodium Chloride Solution,”
Plasma Process. Polym., vol. 8, no. 10, pp. 904-913, Oct. 2011.

[35] M. Naitali, G. Kamgang-Youbi, J.-M. Herry, M.-N. Bellon-Fontaine, and
J.-L. Brisset, “Combined effects of long-living chemical species during

1670
Authorized licensed use limited to: Huazhong University of Science and Technology. Downloaded on November 11,2023 at 07:36:17 UTC from IEEE Xplore. Restrictions apply.



microbial inactivation using atmospheric plasma-treated water.,” Appl.
Environ. Microbiol., vol. 76, no. 22, pp. 7662—4, Nov. 2010.

[36] L. Chu and C. Anastasio, “Temperature and Wavelength Dependence of
Nitrite Photolysis in Frozen and Aqueous Solutions,” Environ. Sci. Technol.,
vol. 41, no. 10, pp. 3626-3632, May 2007.

[37] M. Fischer and P. Warneck, “Photodecomposition of Nitrite and
Undissociated Nitrous Acid in Aqueous Solution,” J. Phys. Chem., vol. 100, no.
48, pp. 1874918756, Jan. 1996.

[38] F. Cataldo, “HYDROGEN PEROXIDE PHOTOLYSIS WITH
DIFFERENT UV LIGHT SOURCES INCLUDING A NEW UV-LED LIGHT
SOURCE,” NEW FRONT. CHEM., 2014.

1671
Authorized licensed use limited to: Huazhong University of Science and Technology. Downloaded on November 11,2023 at 07:36:17 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


