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Abstract

Atmospheric pressure (AP) plasmas can sterilize against almost all kinds of bacteria because many ions and reactive species, such
as oxygen atoms and ozone, etc., are generated during AP plasmas. So AP plasmas are proper processes for application to air
cleaners and sterilizers. The aim of this paper is to evaluate a germicidal effect caused by pulsed plasma system in air utilizing a
dielectric barrier discharge (DBD) type reactor incorporating alumina, glass, etc. Escherichia coli, Bacillus subtilis and Pseudomonas
aeruginosa bacteria were used for this sterilization experiment. For analysis of the relationship between sterilization results and
chemical species generated in the discharge, we used optical emission spectroscopy and we checked emission spectra by atomic
oxygen (394.2 and 436.8 nm) and second positive system of nitrogen (337.1 nm). Experimental results showed that DBD treatment
during 70 sterilized E. coli with 99.99% effectively and ozone molecules were the dominant germicidal species. From these results

we concluded that the pulsed DBD system is very effective for sterilization.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Atmospheric pressure (AP) plasmas have been devel-
oped for many applications such as printed circuit board
(PCB) hole etching [1,2], surface modification of
polymers [3—7], air purification [8—11] and sterilization
[12-23]. Nowadays, the research on plasma sterilization
is on the rise.

Sterilization is a physical or chemical process that
impairs or eliminates microorganisms, especially bacter-
ia. For a long time, researchers have reported that
plasma can kill or inhibit the growth of bacteria. Many
sterilization methods such as autoclaving, y-irradiation,
ethylene oxide (EtO) and UV sterilization, as well as
plasma sterilization are currently being used [13].
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However, most means for sterilization, except AP
plasma, need lengthy sterilization time (~30min) and
can be operated only in closed space while other
methods are toxic to the human body; these are not
easy to apply to air purifiers for germicidal effect. Thus,
AP plasmas that can be applied to open space, have very
short sterilization time (~1min), and generate many
reactive species (e.g., ozone, hydroxyl radical and
oxygen atom.), have huge merit for application to
sterilization systems.

Generally, microorganisms are sterilized by physical
or chemical processes in AP plasma. The physical
process proceeds by positive and negative ions in the
discharge’s streamer, and chemical process is done by
ozone, atomic oxygen, hydroxyl radical, etc.

Montie [21] reported that plasma sterilization could
be classified in three mechanisms; the hydroxyl radical
can attach to unsaturated fatty acids and induce lipid
peroxidation; oxygen radical can cause DNA oxidation;
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and oxidation of amino acids can occur followed by
protein oxidation. Laroussi [22] reported that fatty acid
peroxide was formed by plasma and it altered to the
membrane lipids. But sterilization did not proceed by
only chemical effect. Mendis [23] stated that charge
accumulation on the cell membrane induced electro-
static stress which ruptured cells. After all, the steriliza-
tion mechanism using plasma has been researched in
many prior papers but is still unclear. So we focused on
the exact sterilization mechanism in this paper.

Among the several plasma types, dielectric barrier
discharge (DBD) is most frequently used. DBD ar-
rangements are characterized by a dielectric layer
covering at least one of the electrodes. Our main
purpose is to report how we produce an efficient
sterilization system utilizing pulsed DBD and analyzed
its germicidal effect by optical emission spectroscopy
(OES).

2. Experiment

Fig. 1 shows the experimental apparatus schemati-
cally. As a negative DC pulse is applied, DBD is
generated in the zone between two planar electrodes,
each of which is covered with an alumina dielectric
layer. Fig. 2 shows the current 7 and voltage V' waveform
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Fig. 1. Schematic diagram of atmospheric pressure DBD reactor (edge
view of planar geometry).

A
5] 0
0- 2 1oo
2 b, L-01 _
> <
X 4 :&'/
S --02 ©
>
- -0.3
-8
-104 --0.4
121 T T T T T -0.5
0.00 0.01 0.02 0.03 0.04

Time (us)

Fig. 2. Current and voltage waveform of negative DC pulse discharge
across DBD reactor. (a) Current, (b) voltage.

of the negative DC pulse discharge. Generally DC pulse
is more efficient than AC power because DC pulse can
make higher reduced electric field E/N (where E is
electric field and N is the gas density) than AC.
Consequently, more energetic electrons can be generated
having a higher electron energy distribution function
(EEDF) [24]. The pulse was generated by thyratron
switching element and the pulse rise time is about 3 pus
and applied frequency is 1 kHz. Both electrodes had the
discharge area with 50mm x 20mm with 1mm gap
spacing and the dielectric material is alumina of 1 mm
thickness.

For the evaluation of germicidal effect by pulsed
DBD plasma treatment, we used the cell counting
method [13]. First Escherichia coli was suspended in
0.9% normal saline. Suspensions of the bacterial spores
were inoculated onto circular cover glasses having the
radius of 6 mm and the thickness of 0.13mm, from
Marienfeld Company. After drying at room temperature
for 2h, cover glasses were slid into the air gap of the
reactor and rested on the lower alumina plate for DBD
treatment. After plasma treatment, cover glasses were
put in the normal saline and stirred for 10min for
removal and dispersion of E. coli colonies. After 1/10
dilution, colonies in the saline were spread over a
standard agar plate. The number of bacteria colonies
(expressed as colony-forming units CFU) was counted
after 1 day of incubation at 37 °C for the bacteria.

For the observation using a scanning electron
microscope (SEM) of the morphologies of the E. coli
cell before and after plasma treatment, we coated poly
L-lysine on cover glasses to develop adhesion between
cells and glass. The E. coli samples were plasma-treated
for five different treatment time of 0, 10, 30, 50 and 70s
and the replication numbers at each condition are three.
The cover glasses, both treated and untreated controls,
were coated with an ultra-thin layer of gold by ion
sputter and the morphologies observed by SEM (s-800,
HITACHI, Tokyo, Japan).

3. Result and discussion

Fig. 3 shows variations of E. coli colony densities
versus the treatment time for 1kHz negative pulse
discharge of 11kV. As seen the number of CFU
decreased logarithmically, we concluded that plasma
can effectively sterilize the E. coli bacteria with adequate
discharge time. Generally, kinetics of sterilization
processes are described by the number of surviving
CFU vs. plasma treatment time and can be plotted by
three categories; single slope, double slope and multiple
slope by D-value [16-23]. D-value is defined as the time
required to reduce an original concentration of cells by
90% and therefore short D-value indicates good
sterilization efficiency.
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Among all these cases, sterilization results for single
slope were reported most frequently because the increase
of discharge time means increase of germicidal doses.
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Fig. 3. Linear-fitted surviving number of CFU of E. coli versus the
treatment time for negatively pulsed DBD of 11kV at 1kHz. The
replication numbers are three and the bars are ‘standard error bars’.

From Fig. 3, our sterilization results also showed the
single slope and the D-value in our experiment was
about 15.2s.

Figs. 4 and 5 show the SEM images of E. coli at
each experimental condition. The images in Fig. 4
were magnified 2000 times and images in Fig. 5 were
10,000 times. These images indicate that plasma
treatment breaks up E. coli colonies and erodes
the spore surface or splits into many pieces.
These experiments also showed the same results that
sterilization effect by plasma increases with treatment
time.

From these references we can conclude that the
sterilization effect increased with treatment time by
not only physical damage caused by streamer but also
by chemical damage by most reactive neutral species. In
order to determine whether the physical or the chemical
process affected microorganisms during AP plasma
treatment, the following sterilization tests and the
experimental procedure were conducted.

Fig. 4. SEM images of E. coli at each duration time for treatment in AP plasma (2000 x magnification). (a) Os (b) 10s (c) 30s (d) 50s and (e) 70s.
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Fig. 5. SEM images of E. coli at each duration time for treatment in AP plasma (10,000 x magnification). (a) 0s (b) 10s (c) 30s (d) 50s and (e) 70s.

Agar medium was plated in a Petri dish and then three
bacteria, E. coli, Bacillus subtilus and Pseudomonas
aeruginosa, were inoculated on the medium (Fig. 6).
Under the Petri dish a grounded copper electrode was
attached. In addition, an alumina plate with a powered
copper electrode was placed above the medium main-
taining the gap distance of 1mm, making this like
dielectric barrier discharge reactor. For this experiment,
applied voltage and pulse frequency were 18kV and
2kHz, respectively, and duration time of plasma
treatment was | min.

In order to confirm the chemical sterilization by
neutral species during AP plasma treatment, we
prepared two samples and each sample of bacteria was
covered with oilpaper except plasma region to exclude
neutral chemical species. Fig. 7 shows the results of these
experiments. From these images we could observe the
chemical effect between samples with or without
oilpaper. In case of samples without oilpaper, the
sterilized region was wider than the discharge region

caused by reactive neutral species. So we can conclude
that chemical damage by ozone, atomic oxygen, etc. is
also important for plasma sterilization.

In order to analyze the relationship between steriliza-
tion results and chemical species generated in the
discharge, we investigated their emission spectra
using OES. For the measurement of spectra, the DBD
reactor was directly mounted to the spectrophoto-
meter with CCD detector and spectrophoto-
meter (model ACTON research SpectroPro 300i) with
a grating of 1200 grooves/mm was used. The
entrance slit opening and the integration time of the
CCD detector were maintained at 500 um and 10s,
respectively.

Fig. 8 shows OES data for the pulsed DBD. The
emission intensity was plotted by arbitrary unit. In Fig.
8, we observed the emission spectra of some excited
atomic oxygen spectra (394.2 and 436.8 nm) and second
positive system (SPS) of nitrogen including O5 ionic
spectra and atomic nitrogen spectra, etc. [25,26].
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Fig. 6. Schematic diagram and image of sterilization apparatus for
distinguishing between physical or chemical damage to bacteria by the
plasma.

Fig. 7. Images of experimental sterilization results in case of samples
with or without oilpaper. (a), (c) and (e) samples are without oilpaper.
(b), (d) and (f) samples are with oilpaper. (a) and (b) for E. coli; (c) and
(d) for Bacillus; (e) and (f) for Pseudomonas.
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Fig. 8. OES data of pulsed DBD. Among these spectra data, the
spectra of oxygen atoms (394.2 and 436.8nm) and second positive
system of nitrogen (especially 337.1 nm) are effective for sterilization.

Generally atomic oxygen is generated by a collision
between an oxygen molecule and an electron [25] as

Oy+e* > 0+0+e (1)
and ozone is generated from a three body reaction as
0+0,+M— O3+ M, 2

where M=—=0, O,, or Oz is a third collision partner.
The SPS of nitrogen, N3, can also lead to the
formation of oxygen atoms by the following reactions

[9].

N> +e— Ni+e, (3)
N’zk—l-Oz — N, + 20, (4)
N5 + 0, — N,O + O, 5)
O0+0,+M — O3 +M. 6)

So we can conclude that existence of atomic oxygen
spectrum and SPS of nitrogen molecules means the
increase of sterilization efficiency and from these results,
we concluded that pulsed DBD system is very effective
for sterilization.

4. Conclusion

In conclusion, we have investigated sterilization
characteristics of AP plasma, especially pulsed DBD.
From the sterilization results and analyses of emission
spectra during AP plasma, we can conclude that both
chemical damage by ozone, atomic oxygen, etc. as well
as physical damage by ions in the streamer discharge are
important for plasma sterilization.
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