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Abstract: Non-thermal plasma is one of the new techniques that is being focused on in the
medical world, one of which is used for sterilization because non-thermal plasma is known
to have a bactericidal effect. Reactive species produced by non-thermal plasma are
antimicrobial. One factor affecting plasma species' reactive composition is the gas source
used. Therefore, this study aimed to determine the effect of reactive species produced from
non-thermal plasma generation of SDBD using different gas sources, namely free air,
oxygen, and nitrogen, in treating Escherichia Coli bacteria. The gas flow used is 1
liter/minute. Reactive species produced by plasma were characterized using Optical
Emission Spectrometry (OES). SDBD Non-thermal plasma treatment for Escherichia Coli
bacteria samples was repeated three times for each treatment, and then the Anova test was
performed. The results of this study indicate that bacterial death at the decontamination
level depends on the composition of the gas used during treatment. Plasma using an O, gas
source has a more effective inactivation ability, namely 6 x 107 CFU/ml, compared to the
control, which is 409 x 107 CFU/ml. At the same time, the treatment results with free air and
nitrogen gas sources were 6.33 x 107 CFU/ml and 41.67 x 107 CFU/ml. These results indicate
that the composition of ROS and RNS influences bacterial inactivation, where ROS is more
effective in inactivating bacteria than RNS.
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Introduction

Plasma is the fourth ground state of matter, from
solids, liquids, and gases. Plasma is a partially ionized
gas produced at ambient temperature and pressure.
Depending on the experimental conditions, a non-
equilibrium state is achieved, which keeps the plasma
close to room temperature with the production of a
reactive mixture containing electrons, positive and
negative ions, groups of reactive species such as reactive
oxygen species (ROS), or reactive nitrogen species
(RNS), reactive species neutral in the ground state and
excited (metastable and radiation state) and highly
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energetic photons (Dezest et al.,, 2017; Xu et al., 2015;
Zhou et al., 2015).

Nonthermal plasma has the potential to kill
microorganisms (Hati et al., 2012; Patinglag et al., 2021).
Nonthermal plasma technology kills microorganisms by
utilizing ionized gas in an electric discharge between
two electrodes (Lopes et al., 2013). In recent decades, the
use of plasma technology has been widely used in
various medical fields such as cancer therapy (Ahn etal.,
2014), accelerating wound healing (Dubey et al., 2022),
and tissue sterilization (Amalda et al., 2020; Martines et
al., 2009). Dielectric barrier discharge (DBD) and plasma
jet are two methods that are often used to produce
nonthermal plasma. From the generated plasma, various
types of reactive oxygen species and nitrogen reactive
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species (ROS and RNS) are formed, including hydroxyl
radicals (OH), hydrogen peroxide (H202), ozone (Os),
atomic oxygen (O), superoxide anions (Oy), nitric oxide
(NO), and peroxynitrite anion (ONOO-), which are
considered plasma components that have a role in
inactivating microorganisms (Lotfy, 2020; Xu et al,
2015)(Nupangtha et al., 2021).

Reactive species produced by nonthermal plasma
are considered effective in killing many microorganisms
(Hati et al., 2012)(Lotfy et al., 2022). However, which
reactive species are the most effective or influential in
inactivating microorganisms is not known. For this
reason, it is necessary to identify the most effective
reactive species in inactivating microorganisms. One of
the reactive species compositions is influenced by the
gas source used (Zhou et al., 2015). Therefore, this study
aimed to identify the most effective reactive species
between ROS and RNS in inactivating bacteria using
three different gas sources, namely free air, oxygen, and
nitrogen by using surface dielectric barrier discharge
(SDBD) non-thermal plasma. SDBD is a new technique
for producing plasma (Nupangtha et al., 2021). Some of
the advantages of SDBD are that it uses small power,
reduces the burning of cells, and covers a wide
sterilization area. In this study, variations of gas sources
were used to determine the effect of the concentration of
the gas source on the reactive species produced in killing
bacteria. So that by doing this research, it is possible to
obtain a new sterilization method that is effective,
inexpensive, and efficient compared to conventional
methods in general, as well as several non-thermal
plasma sterilization techniques that have been carried
out. In this study, E. coli was used as a sample. The
inactivation of E. coli cells was evaluated by counting
colony forming units (CFU) in petri dishes.

Method

Working principle of nonthermal plasma surface dielectric
barrier discharge

Two copper electrodes are used, one as the HV
electrode and the other as the ground electrode,
separated by a dielectric layer. The voltage source is 20
Volts from the DC power supply, which is then
transformed into high voltage using a transformer. The
schematic diagram of the device can be found in Fig. 1.
In this study, different gas sources were used, namely
free air, oxygen, and nitrogen, which flowed at a flow
rate of 1 L/ min. The distance between the plasma source
and the sample is 3 mm. OES is used to observe the
reactive species produced by plasma, characterized by
the intensity's magnitude at specific wavelengths.
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Figure 1. Schematic of surface dielectric barrier discharge
nonthermal plasma

E. coli bacteria sample preparation

E. coli bacterial isolates aged for 24 hours were
diluted by serial dilution to 10-¢ dilutions by one ose of
bacterial isolates were homogenized with 9 mL of sterile
physiological NaCl (10! dilution). 1 mL of the 10-
dilution of bacterial suspension was homogenized with
9 mL of sterile physiological NaCl (10-2 dilution). And
so on until the 10-¢ dilution. The resulting dilution was
treated using a surface dielectric barrier non-thermal
discharge plasma.

Surface dielectric barrier discharges nonthermal plasma
treatment.

Nonthermal plasma treatment uses a surface
dielectric barrier discharge system with various gas
sources, namely free air, oxygen, and nitrogen. Oxygen
and nitrogen gas flowed at a rate of 1 L/min. After the
gas flowed for 1 minute, the plasma was turned on, and
the bacterial treatment was carried out for 120 seconds
with a treatment distance of 3 mm for each gas source.
After completion of the treatment, the bacterial samples
were incubated at 37 °C for 24 hours by placing the petri
dish in an inverted position. Counting the number of
colonies in each treatment. Each experiment was
repeated three times.

Optical emission spectroscopy

Optical emission spectroscopy (OES) was used to
characterize reactive plasma species and to analyze
plasma composition, which could explain the
relationship or mechanism between reactive spaces
formed in plasma and the ability to inactivate bacteria
(Wiegand et al., 2013). The optical emission spectra were
measured using Aurora 4000 at a wavelength of 200 to
1000 nm with an integration time of 5000 ms and three
repetitions of the spectrum capture and then averaged to
obtain the optical emission spectrum from the plasma.
The emission spectra were analyzed qualitatively to
determine the chemical species at each wavelength peak
and then analyzed using the National Institute of
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Standards and Technology's atomic spectrum database
and previous journal publications to identify chemically
active species (Sarangapani et al., 2016).

Data analysis

The data obtained based on variations in gas
sources, namely free air, oxygen, and nitrogen on the
number of bacterial colonies resulting from non-thermal
SDBD plasma treatment, were tabulated, and analyzed
using ANOVA using SPSS 26 software. If p-value <0.05
Ho was accepted, source variation The gas used in the
SDBD non-thermal plasma treatment affects the number
of bacterial colonies.

Result and Discussion

The nonthermal plasma spectrum of the surface dielectric

barrier discharge of the optical emission spectrometer (OES)
The results of the non-thermal SDBD plasma

spectrum obtained using OES can be seen in Figure 2.
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Figure 2. Combined spectrum of air, oxygen, and nitrogen
gas sources

Spectrum results obtained spectrum differences in each
use of gas sources. This difference in spectrumindicates
the concentration of the reactive species produced. The
results of the spectrum differences can be seen in Figure
3.
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Figure 3. SDBD nonthermal plasma spectrum of each gas
source

The spectrum results obtained using OES make it
possible to determine the reactive species generated
from SDBD nonthermal plasma by looking at the
intensity peaks at specific wavelengths. Optical emission
from the second positive system N, at a wavelength of
315 to 380 nm and the first negative system N»* at 390
nm to 435 nm, can be observed in nonthermal plasma
SDBD for all gas sources, namely air, oxygen, and
nitrogen (Zhou et al., 2015). The second positive system
of Nz and the first negative system of N,* are formed by
the collision of excitation electrons and the ionization of
the ground state of the N> molecule. Reactive emission
of OH radicals was also obtained at a wavelength of
296,1 nm and O at a wavelength of 777,5 nm
corresponding to the transition of oxygen atoms O
(3p°P-3s°S). O is a chemically reactive species that can
kill microorganisms and can be easily converted into
ROS, such as OH, 10,, superoxide anions (Oz), H20,,
and ozone (O3) (Zhang et al., 2013). The formation of this
species is caused by the energetic collision of electrons
with nitrogen and oxygen molecules present in the
surrounding air. The reactive species produced in the
gas phase plasma cannot react directly with the cells
because of the protection provided by the nutrient
solution. Reactive species can initiate various chemical
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reactions at the gas-liquid interface and form many
primary and secondary reactive species (Wang et al.,
2017). OH radicals can be formed by dissociating
electron collisions with molecules that diffuse into the
plasma. Meanwhile, the energetic collision of electrons
with O, molecules can lead to the formation of O
radicals. The recombination process of O and H radicals
can also contribute to the formation of OH radicals.
Similarly, the excited nitrogen species originate from
dissociating nitrogen molecules in the surrounding
environment or gas source. (Adhikari et al., 2021;
Hosseini et al., 2018; Kaushik et al., 2022; Misra et al.,
2015; Naz et al., 2021; Pourbagher et al., 2021; Rezaei et
al., 2014; Wang et al., 2017; Zhou et al., 2015).

Effectiveness of inactivation of E. coli bacteria as a result of
SDBD nonthermal plasma treatment using a variety of gas
sources.

Non-thermal plasma treatment with various gas
sources used three variations of gas sources, namely air,
oxygen, and nitrogen, with a fixed distance and time of
treatment, 3 mm and 120 seconds. The treatment results
obtained that the variation of the gas source used during
non-thermal plasma treatment affected the colony
growth. the results of colony growth can be seen in
figure 5. Air and oxygen gas sources can inactivate
bacteria, namely 6.33 x 107 CFU/ml and 6 x 107 CFU/ml.
The number of colonies resulting from treatment using
air and oxygen gas sources was much lower than the
number of colonies in control, which was 409 x 107
CFU/ml. At the same time, the treatment results used a
nitrogen gas source that is 41.67 x 107 CFU/ml. These
results indicate that the air and oxygen gas sources used
for SDBD non-thermal plasma treatment are more
effective than SDBD non-thermal plasma treatments
using nitrogen gas sources. The complete results of the
number of colonies in each treatment as well as the
graph of the effect of treatment with variations in gas
sources can be seen in table 1 and figure 4.

Table 1. Number of colonies resulting from SDBD non-
thermal plasma treatment

Gas Source Number of colonies

(x 107 CFU/ml)

I II II1

Control 410 418 399

Air 7 2 10

Nitrogen 11 6 1

Oxygen 23 52 50
Note; *p < 0,05

October 2022, Volume 8, Issue 4, 2077-2083

w (=)
o o
—
—

N
=}

Number of colonies
(x 1077 CFU/ml)
N w
o o

=
S)

3

o

1

-
2

Treatment

HAir EOxygen M Nitrogen

Figure 4. Graph of the number of colonies resulting from
SDBD nonthermal plasma treatment (p < 0.05)

The results of the non-thermal plasma treatment against
E. coli bacteria show that non-thermal plasma can
decontaminate bacteria, and the gas source used has an
essential role in decontaminating bacteria. According to
(Zhou et al., 2015), inactivation of bacteria compared to
Nz and He gas sources, plasma treatment using air and
oxygen gas sources can kill bacteria more efficiently. The
difference in results is due to the reactive species formed
from the source of the type of gas used. Using oxygen or
air as a carrier gas is more efficient at killing bacteria.
This is also supported by research from (Belgacem et al.
2017) (Belgacem et al., 2017) and (Carré et al.,, 2018),
which showed that the highest bacterial inactivation rate
was obtained using oxygen as a plasma reactor gas. So
oxygen becomes raw material in forming reactive
oxygen species (ROS), which are effective agents of
inactivating bacteria in non-thermal plasma (Amalda et
al., 2020).

Treatment IIT

Treatment IT

Gas Treatment I
source
Control

Oxygen

Nitrogen

Figure 5. Picture of the number of colonies resulting from
SDBD nonthermal plasma treatment with various gas
sources.
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When accumulated, ROS cause oxidative stress
resulting in protein, DNA, and lipid damage, and even
cell death (Akter et al., 2020; Feng & Wang, 2020). High
oxygen levels will lead to the formation of ROS,
including superoxide anion (Oz), hydrogen peroxide
(H20z), reactive hydroxyl radicals (OH), and high Ozone
(Os) (Feng & Wang, 2020). OH can cause protein
breakdown, reduce ATP, and lead to low energy levels
in bacterial cells. In addition, OH can break the
phosphodiester bond in the DNA molecule, which
causes DNA breakdown and destroys lipid moieties in
the plasma membrane (Amalda et al., 2020; Gaur et al.,
2021). The Oy radicals that are also formed directly or
indirectly damage proteins, DNA, and lipids, by helping
the formation of more reactive radical molecules that
ultimately lead to low cell viability and cell death
(Amalda et al., 2020; Feng & Wang, 2020). At the same
time, O3 can interfere with cellular respiration. Protein
molecules that make up bacterial cell membranes are
known to be susceptible to oxidation processes, so that
non-thermal plasma treatment on bacteria can cause
erosion that results in the rupture of bacterial cell walls
(Akter et al., 2020; Amalda et al., 2020; Fallon et al., 2020;
Feng & Wang, 2020; Gaur et al.,, 2021). These results
prove that ROS reduction while using a nitrogen gas
source causes no significant reduction in the number of
colonies. Furthermore, proves that N», which is the main
component of free air and the dominant peak in the
spectroscopic results, does not play an essential role in
the sterilization of SDBD nontermal plasma (Mastanaiah
et al., 2013).

Conclusion

The results of research that has been carried out
regarding the identification of the effect of reactive
oxygen species and reactive nitrogen species (RNS) on
bacterial inactivation using non-thermal plasma SDBD
with variations of gas sources, namely air, oxygen, and
nitrogen, show that the results of treatment using
oxygen and air gas sources are more effective in
inactivating bacteria E. coli which was marked by a
reduction in the number of colonies after treatment,
namely 6 x 107 CFU/ml and 6.33 x 107 CFU/ml
Compared to the control, which is 409 x 107 CFU/ml.
Meanwhile, the treatment results using a nitrogen gas
source are 41.67 x 107 CFU/ml. This shows that oxygen
is essential as a gas source for plasma formation. The
higher the concentration of oxygen used in plasma
formation, the more ROS formed, so the more influential
the inactivation of bacteria produced. The results of this
study indicate that ROS are reactive species that play an
essential role in the inactivation of bacteria resulting
from SDBD non-thermal plasma treatment.
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