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Low-temperature microwave microplasma

for bio-decontamination

Abstract. This paper presents results of the investigations of an atmospheric pressure Ar and Ar/O, microwave (2.45 GHz) microplasmas which can
be used in the biomedical applications. The microplasma in the form of a column was generated using a simple, coaxial microwave microplasma
source (MMS). The gas temperature at the microplasma tip was as low as about 300 K. This makes the microwave microplasma suitable for many
applications, including bio-medical. Preliminary test with Escherichia coli K-25 indicated antibacterial effect of Ar and Ar/O, microplasmas.

Streszczenie. Prezentowana mikrofalowa (2,45 GHz) mikroplazma Ar oraz Ar/O, moze znalez¢ zastosowanie w medycynie, np. przy dezynfekcji.
Mikroplazme w ksztafcie kolumny wytwarza prostej konstrukcji, wspoéfosiowy mikrofalowy generator mikroplazmy. Temperatura na szczycie kolumny
mikroplazmy jest niska, rzedu 300 K. To czyni mikroplazme uzyteczng do zastosowari w medycynie. Wstepne testy z uzyciem bakterii Escherichia
coli K-25 wskazujg na antybakteryjne dziatanie mikroplazmy Ar i Ar/O,. (Niskotemperaturowa mikrofalowa mikroplazma do biodekontaminaciji).

Keywords: plasma sources, microwave discharges, tuning characteristics, gas processing.
Stowa kluczowe: generatory plazmy, wytadowania mikrofalowe, charakterystyki strojenia, obrébka gazéw.

Introduction

The interest in the atmospheric  pressure
low-temperature microplasmas is growing because of many
merits of such a microplasma: small size (from pm to
several mm), portability of the source, easy to use, low
investment and operation costs. The microplasmas can be
used for microwelding and surface modification, as a light
sources, and in atomic spectroscopy systems. Also there is
interest in the microplasmas used in the biomedical
applications such as sterilization of medical instruments,
high-precision surgery, cells treatment and deactivation of
bacteria and viruses [1-7].

Sterilization is a physical or chemical process that
impairs or eliminates, especially microorganisms like
bacteria. Many sterilization methods such as autoclaving,
y—irradiation, ethylene oxide (EtO) and UV sterilization, as
well as plasma sterilization are currently being used.
However, most of methods for sterilization need lengthy
time and can be operated only in closed space while other
methods are toxic to the human body [8, 9]. A significant
advantage of plasma sterilization is the possibility to
achieve a high level of sterilization at low temperatures with
no residual toxicity. The sterilization is achieved due to the
reactive species in the plasma (electrons, ions, radicals,
reactive molecules, UV light, etc.) [10]. Many plasma
sterilization systems were developed: low [11] or
atmospheric pressure [12], DBD [13], RF [14]
or microwaves [15]. One of challenges is the application of
non-thermal plasmas directly on the surface of human body
or on internal organs [16]. Whereas for surface modification
and biological decontamination both low-pressure and
atmospheric pressure plasmas can be used. For direct
therapeutic applications only small size atmospheric
pressure microplasma sources are applicable.

In this paper we report results of the experimental
investigation of a simple coaxial microwave microplasma
source (MMS). The main advantages of the presented MMS
are simplicity and low cost. The paper is focused on
low-temperature Ar and Ar/O, microwave microplasma.

Microwave microplasma source MMS

The presented MMS (Fig. 1) is a more advanced version
of previous MMSs developed by us and described in
[17-20]. The structure of the MMS shown in Fig. 1 is based
on a coaxial line, formed by the inner (a brass rod ended
with athinner rod top) and outer (a brass cylinder)
conductors. The top of inner conductor was made of
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tungsten. The inner conductor is fixed inside the outer
conductor tightly with a PTFE centring disc. The operating
gas was supplied through a void duct between the inner
and outer conductors. The MMS was connected to the
coaxial cable using N-type connector. The microwave
power was supplied through a 50 Q coaxial cable from
a 2.45 GHz microwave magnetron generator.

Tip (optional)
PTFE or ceramic

Gas outlet

conductor top
Gas inlet
Inner conductor ——H

Tungsten inner ——| 1
Quter conductor ——|*

PTFE —

N-type connector —— |

Coaxial cable _'

e
Microwave

Fig.1. The sketch of coaxial microwave microplasma source

The MMS could work with various gases like Ar or Na.
Also working with their mixtures with O, (up to 5%) was
possible. The microplasma was generated by the MMS in
the form of a tiny candle-like flame (in Ar, Ar/O; at low
absorbed powers) or aplasma jet (in Ar/O, at high
absorbed powers, N2, N2/O>) above the inner conductor top
(see Fig. 2). Thelength and diameter ranged from
5-25mm and 0.5 - 2 mm, respectively for Ar microplasma
and from 2 - 30 mm and 2 - 16 mm, respectively for Ar/Oo,
N2, N2/O2 microplasma, depending on the operating
parameters. The N2 and No/O, microplasmas had high gas
temperatures, when Ar microplasma was relatively low-
temperature. Additive of O, to Ar microplasma caused mild
increase of temperature for comparable absorbed
microwave power levels.

Optionally, when worked with the Ar, the MMS could be
operated with a PTFE or MACOR® ceramic tip. This tip
played three functions: it formed a kind of nozzle that
increased the velocity of argon in plasma forming zone, it
prevented breakdowns between the inner and outer
conductors, specially in case operating in the Ar, and it
covered the hotter part of the microplasma column, thus
exposing only the lowest temperature microplasma (i.e. its
tip). The MACOR® ceramic tip allowed also for work in
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Ar/Oz mixture, although the tested tip was to high and
exposing only a little part of microplasma at high absorbed
power levels (see Fig. 2.). That was the reason that
operating in Ar/O, mixture was tested without a tip.

Ar Ar 10,(1%) Ar /O,(3%)
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-
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P.-10W P, -20W
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abs
Fig.2. The photos of the microwave microplasma for various
operating gases. MMS without a tip and with the MACOR® ceramic

tip.

Experiments

The main parts of the experimental setup (see Fig. 3)
used in these measurements were the magnetron
generator (2.45 GHz), microwave power measuring
system, the MMS, gas supplying and flow control system,
and spectrometer (CVI DK-480 with 1200 gr/mm and 3600
gr/mm grating), equipped with a CCD camera and a PC
computer, for emission spectra analysis. The microwave
power P, absorbed by the microplasma was determined
from the difference (P, - Pg), where P, and Py are the
incident and reflected microwave powers, respectively.
The incident P, and reflected Pz microwave powers were
directly measured using directional coupler and dual-
channel power meter.

Microwave power supplving

(0 .
Ar . and measuring svstem
l l Waveguide
= coaxial cable
']
Gas flow z T Waveguide
control = 2 &
= Rt AR Q&
3 Directional | é E‘
2 coupler *8
-
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Spectrometer|  NMS z
DE -480 Isolator
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Juart; T i
Chuartz ;ﬁ .
lens Microwave
gencrator
Treated
E. Coli peple Dilution / transplant on| __|Companison
it on Petri dish : APl — ;
K-25 \‘ /' agar | incubation 48 h results

-
Untreated control
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Fig.3. Diagram of the experimental setup for diagnostics of low-
temperature microplasma for bio-sterilization.

To assess the usefulness of the argon microwave
plasma for the biomedical applications, e.g. for
sterilization, first we performed spectroscopic
measurements (Optical Emission Spectroscopy) of the
electron density, microplasma temperatures and active
species identification.
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The electron density in the argon microplasma was
determined from the Stark broadening of Hg spectral line of
the hydrogen Balmer series [20] using either GKS theory of
Griem, Kolb and Shen [21] or Gig-Card theory of Gigosos
and Cardenoso [22]. The Hg[l spectral line was observed in
the emission spectrum due to the presence of water vapour
in the microplasma (from the ambient air). The rotational
spectra of OH radicals (A" — X?IT) and N, molecules
second positive system (C31‘I - le‘l) were employed for
the determination of rotational temperatures of OH and N;
species which were present in the microplasma due to the
absorption of gases, including water vapour, from the
ambient air. The measured spectra were compared with
those simulated in SPECAIR program [23] in order to
determine rotational temperatures of OH radicals and N
molecules.

Preliminary tests of biocidal effect with Escherichia coli
K-25 bacteria were performed. E. coli used as the
bio-indicator was obtained from Chemical Faculty, Gdansk
University of Technology. The 0.1 ml of 10° CFU/mlI (Colony
Forming Unit/ml) dilution were placed on four sterile Petri
dishes. One of them was treated with Ar, second with
Ar/O2(0.5%) and third with Ar/O2(1%) microplasma. After
treatment samples were transport to laboratory in Chemical
Faculty, Gdansk University of Technology. There, each
Petri dish was rinsed with 1 ml of physiological saline. The
saline obtained after rinsing was diluted with fresh saline of
dilution ratio 1:10. The 1 ml of this dilution were
transplanted to Tryptic Soy Agar and then incubated for
48 hours. The last sample was processed parallel the same
way, excluding microplasma treatment. At the end all
samples were compared. The test was simple and not
aimed to quantity results but only to indicate biocidal effect.

Results

The MMS was not equipped with any tuning element.
Nevertheless the device was sufficiently matched for
various gases in various configuration. As seen in Fig. 4,
the reflection coefficient P / P, (Pr - reflected microwave
power, P, — incident microwave power) for Ar and N, as
a working gas was less than 5 %.
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Fig.4. The reflection coefficient Pz / P, (Pr - reflected microwave
power) as a function of the incident microwave power P, for the
different argon (a) and nitrogen (b) flow rate.

The operating in Ar and Ar/O; (up to 5%) was tested
without MMS tip for flow rates from 1 I/min up to 10 I/min. In
Fig. 5 required absorbed powers for different O, additive are
presented. The required absorbed powers were defined by:
the minimum power necessary for stable discharge and
maximum power, when breakdowns between the inner and
outer conductors occurred. The MMS worked stable with Ar
and Ar/O, for gas flow higher than 2 I/min. Below this value
breakdowns between the inner and outer conductors
occurred for relatively low absorbed microwave powers in
pure Ar microplasma and Ar/O2 microplasma become very
hot due to the fact that the air surrounding it entered into it.
As seen in Fig. 5, increasing O additive caused increase of
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required minimal absorbed power. On the other hand
increasing O, prevented breakdowns between the inner and
outer conductors for higher absorbed powers. Figure 6
shows the reflection coefficient Pg/ P, for Ar/O; as a working
gas. This coefficient was higher than that in Fig. 4, but it
was still less than about 15%.
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Fig.5. Required absorbed microwave powers for stable micro-
plasma generation for different O, additive. MMS without tip. Ar,
Ar/O, flow rate from 2 I/min up to 10 I/min.
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Fig.6. The reflection coefficient Pz / P, (Pr - reflected microwave
power) as a function of the incident microwave power P, for the
different O, additive at Ar, Ar/O, flow rate of 4 I/min (a) and for
different flow rates of Ar, Ar/O, at 3% of O, additive (b).

The measured electron density for Ar microplasma
varied from 6*10™ to 1.4*10"° cm™®, depending on operating
parameters and location within the microplasma column.
Figure 7 shows the electron number density n. as a function
of distance above the inner conductor top (distance AICT)
in Ar microplasma column (Pgs — 10W, Ar flow rate —
2 I/min). Generally, the electron number density increased
with increasing absorbed power and no influence of Ar flow
rate for it was observed.
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Fig.7. Electron number density n. as a function of distance above
the inner conductor top (AICT) in Ar microplasma column.
Paps - 10 W, Ar flow rate - 2 I/min. MMS without tip.

Figure 8 presents the influence of O, additive on
emission spectra at 602 — 618 nm. The identification of lines
were performed with NIST database [24]. The presents of O
atoms (Ol lines at 615.7 nm) in microplasma was
observed. The lines at 615.59, 615.67 and 615.82 nm are
very close to each other and was observed as a one due to
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DK-480 spectrometer (1200 g/mm grating) spectral
resolution. This lines could be observed even without
additive of O, to working gas. The Oy in this case was
coming from air surrounding microplasma. As seen in figure
the intensity of this lines (proportional to the excited O |
atoms population in microplasma) increased with increasing
O, additive.
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Fig.8. Influence of O, additive on emission spectra at 602 nm —
618 nm. Pa,s — 20 W, Ar flow rate — 4 I/min. MMS without tip.

In Fig. 9. comparison of the measured and simulated
emission spectra of N2 second positive system (b) and OH
(A-X) band (c) are presented. The rotational temperatures
were determined to be about 500 K for OH radicals and 800
K for N2 molecules at the microplasma core of visible part of
column, when MMS was operated with MACOR® ceramic
tip. These values were measured at an absorbed
microwave power of 10 W and Ar flow rate of 10 I/min. The
obtained allows us to estimate the microplasma gas
temperature. In our previous works [17] using
a thermocouple we found that the microplasma gas
temperature at the microplasma tip could be as low as
303 K. Fig. 9a presents the possibility of skin treating using
Ar microplasma.
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Fig.9. Photo of Ar microplasma (a), comparison of the measured
and simulated emission spectra of OH (A-X) band (b) and N;
second positive system (c). Pas =10 W, Ar flow rate — 2 I/min. MMS
with PTFE tip.

The biocidal effect test was performed for Ar,
Ar/O2(0.5%) and Ar/O2(1%) microplasma. The sample
treatment time was 300 sec, the absorbed microwave
power was 10 W and the flow rate was 4 I/min. The result
indicated reduction of bacteria population for all treated
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samples. The reduction seemed to be grater for
Ar/02(0.5%) and Ar/O2(1%) than for pure Ar microplasma.
Fig. 10 presents comparison of samples after transplant to
agar and incubation. In Fig. 10a the untreated sample, in
Fig. 10b the sample treated with Ar microplasma and in Fig.
10c the sample treated with Ar/O2(0.5%) microplasma are
shown. Bacteria colony distribution in untreated sample
result was uniform, while in treated with microplasma
sample results distribution of bacteria colony became
spotted due to the lower number of CFU in treated samples.

uniform bacteria
colony distribution

spotted bacteria
colony distribution

Fig.10. Comparison of incubated samples (a) in the untreated
sample (a) and in Ar (b) and Ar/O,(0.5%) (c) microplasma treated
samples.

Conclusions

The high density Ar and Ar/O, microplasma generated
by coaxial microwave microplasma source is presented in
this paper. The simplicity of the source, stability of the
microplasma and wide range of its parameters allow the
conclusion that the MMS can find practical applications in
various fields. The relatively low gas temperature (from 303
K) in Ar microwave microplasma allows using it in medicine
for treatment of alive tissues without burning them. The
presents of active radicals like OH or O indicate that it could
be useful in sterilization. Preliminary test with Escherichia
coli K-25 indicated antibacterial effect of Ar and Ar/O;
microplasma. The sterilization quantity investigation are
under going.
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