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This paper reports that an atmospheric pressure dielectric barrier discharge plasma jet, which uses argon or argon

+ hydrogen peroxide vapour as the working gas, is designed to sterilize the bacillus subtilis. Compared with the pure

argon plasma, the bacterial inactivation efficacy has a significant improvement when hydrogen peroxide vapour is added

into the plasma jet. In order to determine which factors play the main role in inactivation, several methods are used,

such as determination of optical emission spectra, high temperature dry air treatment, protein leakage quantification,

and scanning electron microscope. These results indicate that the possible inactivation mechanisms are the synergistic

actions of chemically active species and charged species.
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1. Introduction

Sterilization is a physical or chemical process to
eliminate microorganisms in the environment. Many
conventional techniques have been used until now for
sterilization involving exposure to toxic compounds
such as ethylene oxide, chlorine gas or exposing the
specimen to high temperatures and pressures in an
autoclave.lll Most of them are associated with some
level of damage to the material or medium support-
ing the microorganisms, especially, to some non-heat-

(2=4] In order to reduce the damage

resistant material.
on some non-heat-resistant medical devices, a plasma
sterilization device using hydrogen peroxide (HoO5) as
a sterilization agent has been put into practical use in
hospitals as an alternative to conventional equipments
such as autoclaves and ethylene oxide sterilizer.!”! Un-
like ethylene oxide steam sterilization, hydrogen per-
oxide is not toxic and does not leave residues on the
sterilized instruments. As such, operators can use the
instruments immediately after reprocessing. However,

most medical plasma sterilization devices using hy-

drogen peroxide, such as the STERRAD™ of John-
son & Johnson Medical Ltd, work at low or medium
pressure.l>~7]

As a novel sterilization technique, non-equi-
librium atmospheric pressure plasma has been paid
more attention in recent years due to their many ad-
vantages including operation at atmospheric pressure,
low-temperature, long operative duration, and eco-
nomical and simple systems.>*3=11 In this study,
a dielectric barrier discharge (DBD) plasma jet us-
ing different working gases (argon or argon + HyOs
vapour) were operated in the open air for inactivation.
In order to test the sterilizing effect of the plasma
jet, bacillus subtilis (B. subtilis) was selected. Fur-
thermore, to examine the possible inactivation mech-
anisms, a set of physical and chemical methods were
used. Firstly, the electronically excited species gen-
erated by the plasma jet were determined by optical
emission spectrometer, and then scanning electron mi-
croscope (SEM) images were obtained after plasma
treatment. Finally, the amounts of protein leakage
were measured.

*Project supported by the Science Foundation of Hefei Institutes of Physical Science, Chinese Academy of Sciences (Grant

No. 085FZ10134).
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2. Experimental setup

2.1. Generation of the atmospheric-
pressure plasma jet

Figure 1 shows the schematic diagram of self-
designed atmospheric pressure DBD plasma jet sys-
tem. It had a quartz condenser tube surrounded by
the sodium chloride (NaCl) solution as the ground
electrode. The powered electrode was a copper rod
and connected with an AC power supply which op-
erated between 10 and 40 kHz.
tails were given elsewhere.['?) In this study, the DBD

Its geometric de-

plasma jet employed either argon (Ar) or Ar + hy-
drogen peroxide vapour as the working gas. The Ar
flow rate was fixed at 21.51 slpm (standard liters per
minute), mixed either with or without hydrogen per-
oxide vapour. The length and gas temperature of
plasma jet were about 2-5 cm (changed with flow rate)
and 30-80 °C respectively. The distance between the
nozzle and the samples was 1 ¢cm, so the samples could
be fully covered by the plasma plume.
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filter
— outer
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Fig. 1. Schematic diagram of plasma jet discharge system.

2.2. Colony forming unit test

The samples for sterilization were made of
6 mmx6 mm sheets of polytetrafluoroethylene
(PTFE) contaminated 50-pl B. subtilis suspension,
and then the sheets were dried in a desiccator for 1 h.
After that, the samples were exposed to the atmo-
spheric DBD plasma jet with different time. And then,
the samples were put into test tubes containing 10-ml
germfree distilled water and mixed fully for 30 min
by a vortex mixer. The bacterial strains were serially
diluted and dispersed into the agar in Petri dishes,
and the number of the colony forming unit (cfu) was

counted after incubation at 30 °C for 24 h. In order to
reduce error, two independent experiments were com-
pleted at the same condition, and every colony count-
ing result was average of the two independent experi-
ments.

In order to study the effect of high temperature
produced by plasma jet on bacteria, the samples were
put into the desiccator which could maintain different
temperature (20-100 °C) for simulating the inactiva-
tion by high temperature. After 5-min treatment by
hot air, the follow-up method was the same as the
above cfu test.

2.3. Determination of optical emission
spectra

In order to examine the optical emission be-
haviour of plasma jet, an optical emission spectrom-
eter (avaspec-2048 optical fibre emission spectrome-
ter) with a charge-coupled device (CCD) detector was
used. The light was transferred through a fibre cable
to the spectrometer and the emission was recorded
between wavelengths of 197 nm and 720 nm.

2.4. Scanning electron microscope exam-
ination

The SEM (XL30 ESEM) was used to detect the
effects of plasma treatment on the morphology of the
bacteria. The controlled and the plasma treated sam-
ples were placed in the fixation and then coated with a
thin layer of plasma sputtered aurum. So the morphol-
ogy changes of controlled and treated samples could
be compared by the SEM images.

2.5. Determination of the amount of pro-
tein leakage

The B. subtilis absorbed on the PTFE sheets were
treated by argon (Ar) plasma, and then eluted in the
phosphate buffered saline (PBS) to form suspensions
of B. subtilis. These suspensions were centrifuged, and
then put the supernatant solution to mix with the
coomassie brilliant blue dye and placed for 3 min at
room temperature. Coomassie brilliant blue dye and
protein could form a complex which had an absorp-
tion peak at 595 nm by colorimetry. The amount of
protein leakage of cell after plasma treatment could
be determined by putting the determined absorbance
value in the regression equation of standard curve of

bovine serum albumin.

105203-2



Chin. Phys. B Vol. 19, No. 10 (2010) 105203

3. Results and discussion

3.1. Devitalization effect of plasma jet

The inactivation of B. subtilis by Ar plasma jet
was shown in Fig. 2. About two orders of magnitude
of B. subtilis cfu reduced after 60-s plasma treatment.
Even the B. subtilis were treated by plasma at 180 s,
less than three B. subtilis cfu logiy reduction were
achieved, whereas they were not totally inactivated.
Heise et al. named this phenomenon as “shadowing
effects”, and they mainly attributed this phenomenon
to the protection of the underlying layers.!'3] How-
ever, when hydrogen peroxide vapour was added into
the working gas, the bacterial inactivation efficacy was
significantly improved as shown also in Fig. 2. About
4 logio of B. subtilis cfu was reduced after 60-s plasma
treatment, which was two orders of magnitude larger
than Ar plasma. Finally, the B. subtilis were totally
inactivated after 120 s.
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Fig. 2. The survivor curve of B. subtilis after Ar and Ar +
H20O2 vapour plasma exposure (Ar flow rate 21.51 slpm).

In the devitalization experiment, decimal reduc-
tion time values (D-value) is a very important param-
eter. It can be expressed as follows:

D =t/(log Ny — log Ny), (1)

where Ny is the initial population, and Ng is the sur-
viving population. The acronym D1 indicates the D-
value when ¢ is the time to destroy 90% of the initial
population (or the time for a one logyy reduction). By
the same token, the acronym D2 indicates the D-value
when ¢ is the time to destroy 99% (or the time for two
log1o reduction).

The D-values of B. subtilis after Ar or Ar + HyO5
vapour plasma treatment were shown in Fig. 3. The
D1 and D2 of Ar plasma were 14 s and 50 s respec-
tively, but they decreased to 5 s and 17 s when HO5

vapour was added in. The significant decrease of D-
value suggests that the inactivation of Ar + HyOq
vapour plasma is more effective than pure Ar plasma
under the same condition.
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Fig. 3. The D-values of B. subtilis after Ar and Ar +
H5O2 vapour plasma exposure.

From the result of high temperature effect, the
number of the survivors decreased with the increase
of temperature (from 20 °C to 80 °C). Although the
sample was treated at 80 °C hot air for 5 min (much
longer than plasma treatment time, 1 min) in the des-
iccator and caused a decrease about 30% in the num-
ber of cfu, this decrease was much smaller than the
one in plasma jet. Therefore, this result clearly indi-
cates that the temperature is not responsible for B.
subtilis inactivation in our experiment.

In order to study what kind of role hydrogen per-
oxide vapour played in inactivation without plasma
participation, the B. subtilis (initial population of B.
subtilis cfu was 2.0x 10%) were exposed in HoO4 vapour
at Ar flow rate 21.51 slpm. The results of the bac-
teria treated by the plasma on and off were shown
in Table 1. Although the flow of hydrogen peroxide
vapour caused a decrease of 0.694 logg in the number
of cfu after 60-s treatment, this decrease was much
smaller than the one in Ar + H>O5 plasma condition
(reduced 3.82 orders of magnitude). Therefore, the
gas flow of HyO5 vapour does not play the main role
in cell inactivation but the plasma treatment. The
H505 is decomposed into hydroxyl-radical (- OH) in
plasma environment. The process of decomposition

can be expressed as follows:
H202 — 2HOO, (2)

where - OH is an effective inactivation factor and can
inactivate the bacteria by chemically attacking the
outer structures of bacterial cells which were men-

tioned by some researchers.[214-16]
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Table 1. The results of the bacteria treated by the plasma
on and off.

time plasma on plasma off
30s (1) 3790 598400
30s (2) 1420 453200
30 s (mean) 2605 525800
magnitude of cfu reduction
2.89 0.580
(30 s)
60 s (1) 360 463800
60 s (2) 240 345700
60 s (mean) 300 404750
magnitude of cfu reduction
3.82 0.694
(60 s)
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3.2. Optical emission spectra

There were emission spectra lines of excited - OH
(306-310 nm), Ny (336.8 nm), NJ (356.4 nm), and
Ar T (696.6, 706.5, and 714.6 nm) radicals'”! in Ar
plasma plume (Fig. 4(a)). The - OH (generated from
water molecules in open air) was considered as an im-
portant role in bacterial inactivation. The NJ (as re-
sult of the Penning ionization process of Ny molecules
with the electron in plasma plume) and Ar I (as a re-
sult of exciting Ar) also could bombard and react with

the bacteria.
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Fig. 4. Optical emission spectrum in the range from 197 nm to 720 nm: (a) Ar plasma; (b) Ar + H20O2 vapour plasma.

Besides the above radicals, NOvy (282.9 nm and
289.2 nm)['") presented in Ar + H,0, vapour plasma
plume was shown in Fig. 4(b). We deduce that NO~
radicals are produced because of a set of reactions as
Eq. (3) and the following

N2+2.OH_>NQO+H207
N,O + 2 ¢ OH — 2NO + H,0,

NO + 2 e OH — NO5 + H50. (5)

Moreover, compared with Figs. 4(a) and 4(b), the
intensity (a.u.) of the - OH significantly increased.
Obviously, from Eq. (3) the reason of intense increase
of the - OH can be understood easily. The measured
spectral intensity of the - OH line (309 nm) normal-
ized by the Ar I line (696.6 nm) in the two different
conditions (Ar and Ar + HyOs vapour plasma) was
shown in Fig. 5. The intensities of the -OH to Ar
I in Ar + H50O3 vapour plasma jet was nearly five
times as many as Ar plasma, which further illustrated

that the - OH increased after HoO5 vapour added in
plasma. The inactivation effect of Ar plasma jet or
H5O5 vapour was much less than Ar + HyO5 vapour
plasma jet (shown in Fig. 2 and Table 1). It indicates
that the - OH radicals have an important contribution
to inactivation and the deactivation strongly depends
on the chemical reactive species.
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OH/Ar I
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Ar  Ar + H30O2 vapour
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Fig. 5. The intensities of the -OH (309 nm) to Ar I
(696.5 nm).
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3.3. The SEM

Comparison of Figs. 6(a), 6(b) and 6(c) clearly shows that DBD plasma jet caused morphological changes

of B. subtilis. In Fig. 6(b), a small amount of filamentous substances appeared around the cells obviously, and

this phenomenon was even more evidently in Fig. 6(c). The plasma has a direct physical impact on the cells

and causes some small cracks on the surface of cell>*16:18] (the cracks are so small that they may be not seen

clearly in SEM images), and then the inner substances of cell such as protein leak out from the small cracks.

In addition, the chemical active species react with the cells and the leaking substances of cells at the same

time.[>141%) Finally, the leaking substances become filamentous due to the “erosion” of charged particles and

chemically active species.

AccV. Mﬁ{ Det —————1 2ffifin

16.0 kY. 10000x  SE
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N

Fig. 6. Scanning electron micrograph of (a) controlled, (b) B. subtilis exposed to Ar plasma for 60 s and (c¢) B. subtilis

exposed to Ar + H2O2 vapour plasma for 60 s.

3.4. Protein leakage

The charged particles in plasma can bombard the
bacteria and cause etching action on cell surface. This
etching action erode cell materials, as a result, cell
membrane rupture and the content such as protein ef-
fuse, and cause cell to die finally.['8] From the results
of SEM images, there were no obvious ruptures at
the surface of cell, but a small amount of filamentous
substances appeared around the cells obviously after
plasma treatment. The protein leakage was used to
prove that the overflow material contained protein and
determined the roles of charged particles and chemical
reactive species such as - OH.

The variational tendency of protein leakage after
plasma treatment was shown in Fig. 7. Though there
were a small amount of chemical reactive species in
pure Ar plasma (mentioned in Subsection 3.2), the
charged particles were the main component for cells
inactivation. The protein leakage increased with the
treatment time in pure Ar plasma (Fig. 7), which indi-
cated that the charged particles played the main role
in breaking the cell surface. When Ar + HyO4 vapour
was used as the working gas, although a large num-
ber of the - OH radicals was produced in plasma en-
vironment, the charged particles also bombarded and
etched the bacteria. From the results of SEM im-
ages, more filamentous substances appeared around

‘the cells than the one of Ar plasma due to the - OH

radicals’ participation. So it proves that the - OH rad-
icals inactivate the bacteria by chemically attacking
the outer structures of bacterial cells, but it can re-
act with leaking substances like protein synchronously.
Therefore, although the rate of the protein leaking had
a significant increase due to the roles of charged par-
ticles and the - OH radicals, the rate of protein con-
sumption also increased because of the - OH radicals’
participation. Therefore, when the rate of protein con-
sumption was larger than the one of protein leaking,
the measured protein leakage in Ar + HsO2 vapour
plasma jet was smaller than Ar plasma jet (Fig. 7).

©

—o— Ar
8t ¢ Ar + HoOg vapour

Protein leakage/ug - ml~—1
o

5r e e i ............................... I ................................ E
44 ]
gk L . . L . L . .

0 40 80 120 160

Time/s
Fig. 7. Amount of protein leakage after plasma treatment

at different times.

The test of protein leakage indicates that the cell
will be cracked by the synergistic actions of bombard-

105203-5



Chin. Phys. B Vol. 19, No. 10 (2010) 105203

ment induced by the charged particles and reaction
with the chemical reactive species (- OH radicals).

4. Conclusion

In this study, an atmospheric pressure DBD
plasma jet using argon (Ar) or argon + hydrogen per-
oxide vapour as the working gas was designed to ster-
ilize the bacillus subtilis. About four orders of magni-
tude of B. subtilis cfu reduced after 60 s Ar + HyO4
plasma treatment, which were two orders of magni-
tude larger than Ar plasma. Moreover, the B. subtilis
reduced six orders of magnitude cfu after 120 s Ar +
H505 plasma treatment, which were four orders re-
duction larger than Ar plasma. When plasma was off,
the reduction of magnitude was much smaller than

that when the plasma was on. It indicates that HyOo
can be decomposed into hydroxyl-radical (- OH) in a
plasma environment, and hydroxyl-radical plays a sig-
nificant role for inactivation of the bacteria. In the
emission spectra, the intensity (a.u.) of the - OH rad-
ical increased evidently in Ar + HyO5 plasma. From
the results of SEM images and protein leakage the pos-
sible inactivation mechanisms are the synergistic ac-
tions of chemically active species (- OH radicals) and
charged species.
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