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A direct-current, cold-atmospheric-pressure air plasma microjet (PMJ) sustained in a quasi-
steady gas cavity in a liquid medium is used to inactivate Staphylococcus aureus (S. aureus)
suspended in the liquid. The temperature and the pH value of the 11qu1d change to steady -state
values of about 40°C and 3.0—4.5, respectively,
after 10 min of plasma treatment. The decrease in
the pH is attributed to the reaction of NO, pro-
duced in the air plasma with water at the gas—
liquid interface. The concentrations of NO; and
NO, are measured to be 37 mg-L ' and
21 mg-L %, respectively, after a 20 min of plasma
treatment. Effective inactivation of S. aureus is
found to start after the pH values decreases to
about 4.5. This is attributed to the high oxidizing
potential of the perhydroxyl radical (HOO®) on the
fatty acid in the cell membranes of the microor-
ganisms in the liquid.
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waves and reactive radicals (OH, atomic oxygen, hydrogen
peroxide, etc.), which are believed to be effective agents to
inactivate/convert many forms of biological and chemical
matter.”) Recently, Sakiyama and coworkers achieved a
99.5% inactivation rate of Escherichia coli (E. coli) in 180 s by
microplasma-initiated electrolysis in a normal saline
solution.!”) Woedtke and coworkers observed a 7-log
reduction of E. coli and Staphylococcus aureus (S. aureus)
in a physiological saline solution (0.85%) following treat-
ment of the solution by a surface dielectric barrier discharge
(DBD).l*!

Here wereport the results of studies of the inactivation of
bacteria (Staphylococcus aureus as a model) in an aqueous
environment by an atmospheric-pressure non-thermal air
plasma microjet (PMJ). We monitored the temperature
and pH change of the liquid as well as NO;, NO3, H,0,
concentration in the liquid as a result of the PMJ exposure.

Experimental Part

The device used in this study is comprised of two metal tubes as
electrodes separated by a ceramic tube. The two metal electrodes
are separated from each other by ~0.5 mm. The openings in the
two electrodes are ~0.8 mm in diameter and the depth of the exit
openingis approximately 1 mm. A more detailed description of the
device can be found in the literature ) The high-voltage electrode is
completely embedded in the device and powered by a DC negative-
polarity high-voltage power supply (Matsusada AU5R120). The
outer electrode is grounded for safety considerations. A ballast
resistor of 5 k() and a current monitoring resistor of 100 () are
connected in series in the circuit between the powered electrode
and the DC power supply. Compressed airis used as the working gas
at a flow rate of approximately 2—-3 slm. The discharge sustaining
voltage ranges from 400 to 600 V with an operating current of 20—
35mA.

When the exit nozzle of the plasma device was immersed in
water, a quasi-steady gas cavity inside the water sustained the PMJ.
Figure 1 shows a schematic diagram of the experiment as well as a
photo of the PMJ sustained in water. No gas cavity is clearly visible

Figure 1. Plasma treatment: (a) a schematic diagram and (b) a
picture of the PMJ sustained in a quasi-steady gas cavity in water.
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due tothe long exposure time of the picture. Three kinds of aqueous
media were used in this study: (1) 20 mL sterile water; (2) 19 mL
sterile water with 1 mL Luria—Bertani (LB) culture media; (3) 19 mL
sterile water with 1mL bacteria suspension (with LB culture
media). All solutions were contained in a 50 mL beaker.

S.aureus (gram positive) was used as a model in the inactivation
experiments. The bacteria, purchased from China General Micro-
biological Culture Collection Center (CGMCC number 1.2465), were
cultured in a LB liquid for 12-18h until they reached the
logarithmic growth phase. The suspension of bacteria in their
vegetative state was injected into the water and the solution was
subsequently treated with the PMJ for various periods of time. After
plasma treatment for a prescribed period of time, 150 pL of the
suspension was removed and spread more or less uniformly on an
LB agar culture medium in a standard Petri dish (90mm in
diameter), which was then sealed and incubated at 37 °C for about
21 h for colony forming unit (CFU) counts.

The concentrations of nitrate anions (NO3) and nitrite anions
(NO;) in sterile water were measured with a high-performance
liquid chromatography, HPLC (Dionex ICS-2500 equipped with an
ED50 electrochemical detector and a DIONEX ASRS 4-mm
suppressor module). Samples (25 pL) were injected into the system
foranalysis. The pHvalues of the three liquid media were evaluated
with a Microprocessor pH-meter (HANNA pH213 Instruments,
USA).

All experiments were repeated five times (unless stated
otherwise) to obtain a sense of the reproducibility of the results
and to assign error bars to reported data.

Results and Discussions

Inactivation of S. Aureus

The CFU count of S. aureus in the Petri dish following PMJ
treatment for various times ranging from 0 to 20 min were
evaluated. In the first 10 min of PMJ treatment, no obvious
decrease of the number of CFUs was observed. After 12 to
14 min treatment, a reduction on the bacterial colonies
became apparent. After a 16 min treatment, no CFUs were
observed in the Petri dish, which indicates a complete
inactivation of S. aureus in water.

Scanning electron microscope pictures of S. aureus were
taken before and after 20 min of PMJ treatment (Figure 2).

Figure 2. Scanning electron microscope pictures of S. aureus (a)
before PMJ treatment in water and (b) after 20 min of PMJ
treatment (the experiment was done with an initial pH value
of 7.5).
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As presented, the bacteria underwent a transition from
initially smooth surfaces to surfaces with a single-dip after
the PMJ treatment. This was not observed in the negative
control samples where only gas was introduced into the
liquid without a plasma. The change of the morphology of
the cell wall is considered detrimental for the survival of the
bacteria.

Liquid Property Evaluation

The plasma-liquid system presented in this paper repre-
sents a highly complex environment. The basic under-
standing of the system as well as the associated physical
and chemical processes is very limited. However, in an
effort to further investigate the mechanism of S. aureus
inactivation, experiments determining the average liquid
temperature and acidity were conducted to evaluate the
change of the properties of the liquid during the PMJ
treatment.

The temperature in the active plasma region of the PMJ
was evaluated via optical emission spectroscopy (by fitting
experimental data of the rotational (0, 0) band of the second
positive N, system to modeling data) and was found to
range from 400 to 2000 KI*71 The temperature at the nozzle
surface in the present case was measured to be around
350K in air at an operating current of 30 mA and an air flow
of 3 slm. The temperature depends strongly on the
operating current and the air flow as well as on the
operating gas (i.e, molecular gas vs. atomic rare gas).
However, when submersed in a liquid, the continuous flow
of room-temperature air, the mixing of the air above the
liquid surface, and theliquid itself serve as cooling agentsin
the system. The time evolution of the overall liquid
temperature is shown in Figure 3. The temperatures of
the three liquid media increased with the PMJ treatment

45

Temperature (°C)

~A—20mIH,0
—=—19ml H,0 + 1 ml Bacteria Sample
—o—19mI H,0 + 1 mi Culture Media

204

2 0 2 4 6 8 10 12 14 16 18 20 2
Time (min)

Figure 3. Temperature of thee liquid media (see insert in figure)

for different PMJ treatment times.
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Figure 4. pH values of three liquid media (see insert in figure) for
different PMJ treatment time.

time and reached equilibrium at approximately 313K (or
40 °C) after 10 min of plasma exposure. This temperature is
not sufficient for the inactivation of S. aureus in a liquid via
purely thermal effects.

The pH value of the liquids was monitored with a
microprocessor pH meter at different PMJ treatment time.
The results are shown in Figure 4. All three liquid media
became acidic after exposure to the PMJ. It is interesting to
note that the pH value for sterile water decreased to
approximately 3.2 in about 6 min, while it took longer for
the pH value to stabilize at 4.5 and 4.2 in sterile water with
LB culture and in sterile water with bacteria suspension,
respectively. Laroussi and coworkers,®] using a low-
frequency DBD in air, observed a similar immediate and
pronounced pH decrease in deionized water and a slightly
delayed and less pronounced pH decrease in an Alga-Gro
medium. The difference was attributed by these authors to
the buffering capacity of the culture media and the bacteria
sample in the liquid.

We always observed an increase in the acidity of the
liquid due to air plasma action.®! This is attributed to the
multistep reaction of plasma-generated reactive species,
including NOy, O, O3, with water at the gas—water interface
(the quasi-steady gas cavity surface as well as on the
surfaces of micro droplets of liquid inside the gas cavity).
The concentrations of NO, and NOj in sterile water were
monitored with HPLC and the result is shown in Figure 5
(experiments were repeated three times). The concentra-
tions of NO, and NOj increase steadily from 0 mg-L ™" and
0.7 mg-L ' to about 37 mg-L " and 21 mg-L %, respec-
tively, over 20 min of PMJ treatment. It is important to note
that these experiments were usually conducted after all
other experiments were completed (typically in the span of
2-3h). A potential source of systematic error might be due
to the fact that NO; tends to be oxidized to NO3 in a liquid
over time.
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Figure 5. The concentration of NO; and NOJ in sterile water after
PMJ treatment.

Optical emission spectroscopy was used to evaluate the
existence of nitric oxide in the system. The emission
spectrum is dominated by N, lines in the UV-A and UV-B
regions due to the high concentration of nitrogen in air.
Intense emissions from NO are also observed in the UV-C
region from 215 to 280 nm. However, we cannot exclude the
presence of some copper emissions in this region because of
the use of copper as electrode material. Near-infrared
emission specta show emissions from O (777.2 nm).

Inactivation of Bacteria with Preset pH Value and
Temperature of the Liquid

The inactivation rate of the bacteria is defined as 100%
minus the percent ratio of CFU counts of plasma treated
sample to that of the control one. Inactivation rates at
different PMJ treatment times are plotted together with
the pH change in sterile water with bacteria suspension in
Figure 6.1t is interesting to note that during the first 10 min,
the pHvalue decreased from 7.5 to approximately 4.5, while
theinactivationrate of S. aureus stayed below 10%. From 10
to 16 min of plasma exposure, the pH value was steady at
about 4.5 and a fast increase in the inactivation rate was
observed, reaching 100% after 16 min.

One important question remains: is a liquid with a
low pH value (and no plasma action) sufficient to inhibit the
growth of S. aureus or does the plasma play a critical role? To
address this concern, experiments were performed at a
preset pH value of 4.2 (HNO; was used to adjust the
initial pH of the liquid) and at room temperature for up to
20 min. The inactivation rates allremained below 10% after
20min. An experiment at a preset pH value of 4.2 and a
constant temperature of 40 °C (to simulate the heating of
the liquid by the PMJ) showed approximately the same
inactivation rates. Therefore, we conclude that simply
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plotted together with the change in the pH value of the liquid as a

I Figure 6. Inactivation rate of S. aureus treated with a PMJ in water
function of plasma exposure.

lowering the pH value does not inactivate or inhibit the
growth of S. aureus in water.

Further experimental results with a preset pHvalue of 4.5
in the presence of the PMJ are shown in Figure 7. It is not
surprising to see that the inactivation rate starts to increase
immediately when the PMJ treatment starts. In approxi-
mately 6 min, all S. aureus in the liquid are inactivated. A
slight change in the pH value from 4.5 to approximately 3.7
is observed.

Inactivation Mechanism

Due to the strong electric field between the closely spaced
electrodes, the electron energy distribution in the plasma is
highly non-Maxwellian with a relatively large concentra-
tion of high-energy electrons.***!! These high energy
electrons are required for the single- or multiple-step
ionization and excitation of species in the air in or around
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Figure 7. Inactivation rate of S. aureus in water with pH preset at
4.5 at room temperature with PMJ treatment.
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aqueous media. Of all the plasma-activated species that are
injected into the liquid, superoxide radical (O,~°) and its
direct conjugate, the perhydroxyl radical (HOO®) are
believed to play an important role in the initiation of the
oxidation of the fatty acid in the cell membrane, thus
leading to the inactivation of microorganism. Aikens and
Dix!*?l showed that it is HOO® rather than O, * that initiates
the fatty acid peroxidation. The acid dissociation constant
(pKa) of HOO® was found to be about 4.88 in aqueous
solutions!*>*! (Equation (1)).

Hoo* &2 Ht 1+ 0, (1)

HOO?® is in a pH-dependent equilibrium with O, * with the
ratio between [0, °] and [HOO®] calculated by

(027"
[HOO"]

— 1OpH—pKa (2)

When the pH value is lowered to a critical value (in our
case, ~4.5), the balance of Equation (1) starts to shift
towards the left. This result is consistent with the
observation by Hamaguchi and coworkers*® in the
treatment of E. coli in aqueous solution by a low-frequency
helium plasma jet, where a pH threshold of 4.7 was required
for effective inactivation. HOO® is a selective oxidizer
for organic molecules. The high oxidizing power of
the HOO®[*®! and the low oxidation potential of 0, **7!
rapidly reduce hydroperoxyl to hydrogen peroxide
(Equation (3)).

HOO® + 0, * + H' — 0, + H,0, (3)

H,0, in deionized water treated by a PMJ was evaluated
with a HACH hydrogen peroxide test kit (Model HYP-1;
HACH Company, Loveland, Colorado, USA) and showed a
concentration of about 80 mg-L™* after 15 min of plasma
treatment.[*®] To evaluate the germicidal effect of H,O,, we
added H,0, into aqueous medium (3). The H,0, concentra-
tions were 80 mg-L', 400 mg-L %, and 800 mg-L %,
respectively. Experiments were repeated three times and
the results are shown in Figure 8. Only when the H,0,
concentration in water reached 800 mg-L%, did we
observe an average inactivation rate of 80% for S. aureus.
Therefore, H,O, produced by the PMJ in water is not
believed todirectly participatein the inactivation process of
bacteria in the current system.

The hydroxyl radical (HO®) is a strong oxidizer with any
organic molecule. This may limit the diffusion of these
radicals from the site of generation and thus their direct role
in the complex environments of cells and tissue.[**) Other
factors to consider include ions and UV radiation. Although
a significant ion current from the PMJ operating in air
(~1mA) was detected at a distance of 1 mm from the exit
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Figure 8. Inactivation of S. aureus in water by H,0, at
different H,0, concentrations.

nozzle,'*”) the inactivation potential of charged particles is
probably negligible, because the ions tend to neutralize in
the liquid before reaching the cell surface. UV emissions
from the PMJ may stimulate the dissociation of water
locally and enhance the OH® production. However, we
estimatethat the UVintensity inthe current situationis not
high enough to kill bacteria directly by breaking the double-
helix of the DNA. Further spectroscopic studies of the UV
irradiation in the liquid are under way.

Conclusion

We demonstrated that a direct-current, atmospheric-
pressure cold air PMJ sustained in a quasi-steady gas cavity
in a liquid can effectively inactivate S. aureus in 20 min.
During the plasma exposure, the temperature of the liquid
increased to about 40 °C within 6—-8 min, while the pH value
decreased to about 4.5 in the liquid with the S. aureus
suspension. A rapid change in the inactivation rate from
10% to 100% was observed, when the pH value decreased to
~4.5. The inactivation is attributed to a change in the
acidity of the liquid in conjunction with the direct
interaction of plasma-activated species with the cells,
particularly the hydroperoxyl radical (HOO®), which
initiates the peroxidation of the fatty acid in the cell
membrane. This ultimately causes the inactivation of the
bacteria in an aqueous environment. Unlike other
approaches to inactivate bacteria in a liquid, the approach
described here employs a comparatively simple setup,
direct current and compressed air, and does not require the
presence of electrolysis for the ignition/sustainment of the
plasma, or the addition of chemicals to preset the pH value
of the liquid.

www.plasma-polymers.org

235



236

Plasma Processes
and Polymers

Acknowledgements: This research is sponsored by Bioelectrics Inc.
(US.A.), Peking University Biomed-X Foundation and China
International Science and Technology Cooperation (under Grant
# 2009DFB30370: “Cold Plasma induced biological effect and its
clinical application studies”). The authors like to thank XiaoDong
Zhang, Xiaocheng Yang, and Xin Li from the Laboratory of
Biomedical Signals and Image Studies at Peking University for
their help in the development of CFU counting technique, and Mrs.
Zhao from College of Environmental Sciences at Peking University
for her technical support in [NO;]/[NO; ] evaluation. One of the
authors (WZ) would like to acknowledge the Electro-Energetic
Physics Program of the U.S. Air Force Office of Scientific Research
(AFOSR) for their support for fundamental studies of the plasma jet
under grant number FA9550-08-1-0332.

Received: May 20, 2009; Revised: August 10, 2009; Accepted:
August 28, 2009; DOI: 10.1002/ppap.200900070

Keywords: bacteria; cell membranes; cold plasma; plasma
microjets

[1] P.Bruggeman, C. Leys, J. Phys. D: Appl. Phys. 2009, 42, 053001.

[2] Y. Sakiyama, T. Tomai, M. Miyano, D. B. Graves, Appl. Phys.
Lett. 2009, 94, 161501.

[3] T. Woedtke, K. Oehmigen, S. Foerster, M. Hahnel, C. Wilke, K.-
D. Weltmann, 2nd International Conference on Plasma Medi-
cine, San Antonio, TX, March 16-20, 2009.

Plasma Process. Polym. 2010, 7, 231-236
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

F. Liu et al.

[4] H.Feng, P. Sun, Y. Chai, G. Tong, J. Zhang, W. Zhu, J. Faug, IEEE
Trans. Plasma Sci. 2009, 37, 121.

[5] J. P. Boeuf, J. Phys. D: Appl. Phys. 2003, 36, R5.

[6] R.Block, O. Toedter, K. H. Schoenbach, Proceedings of the 30th
AIAA Plasma Dynamics and Lasers Conference, Norfolk, VA
(1999) (Paper No. ATAA-99-3434).

[7] P. Kurunczi, N. Abramzon, M. Figus, K. Becker, Acta Phys.
Slovaca 2004, 54, 115.

[8] Y. Z. Tang, X. P. Lu, M. Laroussi, F. C. Dobbs, Plasma Process.
Polym. 2008, 5, 552.

[9] P. Bruggeman, E. Ribezl, A. Maslani, J. Degroote, A. Malesevic,
R. Rego, J. Vierendeels, C. Leys, Plasma Sources Sci. Technol.
2008, 17, 025012.

[10] P. Gill, C. E. Webb, J. Phys. D: Appl. Phys. 1977, 10, 299.

[11] J. P. Boeuf, E. Marode, J. Phys. D: Appl. Phys. 1982, 15, 2169.

[12] J. Aikens, T. A. Dix, J. Biol. Chem. 1991, 266, 15091.

[13] D. Behar, G. Czapski, J. Rabani, L. M. Dorfman, H. A. Schwarz,
J. Phys. Chem. 1970, 74, 3209.

[14] B.H.]J. Bielski, D. E. Cabelli, R. L. Arudi, J. Phys. Chem. Ref. Data
1985, 14, 1041.

[15] S. Ikawa, A. Tani, K. Kitano, K. Mizotani, S. Hamaguchi, 2nd
International Conference on Plasma Medicine, San Antonio,
TX, March 16—20, 2009.

[16] G.Merenyi,J.Lind, L.J. Engman, Chem. Soc. Perkin Trans. 1994,
2, 2552.

[17] D. Vasudevan, H. J. Wendt, Electroanal. Chem. 1995, 192, 69.

[18] W. Zhu, J. Lopez, K. Becker, 61st Annual Gaseous Electronics
Conference, MWP1.00100, Dallas, Texas, Oct 13, 2008.

[19] W. A. Pryor, Annu. Reu. Physiol. 1986, 48, 657.

[20] W. Zhu, K. Becker, 1st International Conference on Plasma
Medicine, Corpus Christi, Texas, Oct. 15-18, 2007.

DOI: 10.1002/ppap.200900070



