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Abstract: Cold atmospheric pressure sterilization is one of the nominated and efficient techniques
to prevent the spread of diseases. Reactive species such as O and OH and other radicals play a
major role in the mechanism of plasma sterilization. Therefore, in this work, oxygen was mixed with
different parentage from (0.2 to 1.2%) to argon to enhance the generation of the reactive species and
increase the argon atmospheric pressure plasma sterilization efficacy. The emission spectra from the
jet increase the radicle line intensities by increasing the percentage admixture of O, with the argon gas
to reach a maximum power at 0.8; then, it gradually decreases with a higher 0? percentage. The OH
band intensity decreases with increasing the admixture of O;. The jet with different O, percentages
was tested against Gram-positive S. epidermidis, which is the causal agent of nosocomial infections.
The maximum reduction in colony-forming units (CFU) was observed at 0.2% O,. No bacterial
growth was observed at the later concentration applied for 8 min and the same case was detected at
0.4% O, applied to 16 min.
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1. Introduction

S. epidermidis ranks first among the causative agents of nosocomial infections. Staphy-
lococci are common bacterial colonizers of the skin and mucous membranes of humans
and other mammals. S. epidermidis represents the most common source of infections on
medical devices [1]. Therefore, prevention and considering sterilization techniques become
urgent requirements to avoid the spread of the diseases. One of the efficient sterilization
techniques is cold atmospheric pressure plasma sterilization [2,3].

Several techniques have been used to overcome the restrictions to generate non-thermal
plasma at atmospheric pressure such as using Dielectric-barrier discharges (DBD) [4], pulsed
power source [5], segmented cathode [6], and the micro-hollow cathode system [7]. More-
over, some investigators used gliding arc discharge and some others use several types
of plasma jets [8]. The method by which the non-thermal atmospheric pressure plasma
(APP) is generated will depend on the plasma properties required such as volume of the
generated plasma, gas temperature, electron density and temperature, and homogeneity of
the plasma. It is believed that a combination of the different techniques can be used to fulfill
the requirement for generating non-thermal plasma with a high rate of reactive species
generation and large-scale plasma.

The generation of cold atmospheric pressure plasma opened many applications in
several fields including sterilization [9], medical treatment [10], and other biomedical
applications [11].
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Cold plasma is a new safe non-thermal sterilization technology that uses energetic,
reactive gases to inactivate microbes. Atmospheric pressure plasma jets (APPJs) have been
generated using low-frequency (LF) power sources in the range of kHz. Since it has a
long jet, the APPJs are employed for sterilization for asymmetrical surfaces. Helium (He)
plasma jet is the most stable and easiest APPJ to be generated due to its lowest breakdown
voltage and lower gas temperature [4]. From the economic point of view, the use of helium
is expensive; therefore, an intensive investigation has been done to find other cheaper gases
such as air, nitrogen, and argon. Since air and nitrogen have a higher breakdown voltage
compared to argon APPJ, argon was selected to be used instead of helium particularly
for many industrial and medical purposes. Remarkably, using argon increases generated
plasma gas temperature and the possibility for the glow to arc transition. Moreover, the rate
of power consumption is relatively low, with high disinfection efficiency and low-cost
efficacy [12].

APPJ is a kind of plasma generated at atmospheric pressure, and the plasma is formed
as a phenomenon going through a jet. This type of plasma can be generated by alternating
current (AC), pulsed, radio frequency (RF) as well as microwave power supplies. Currently,
the characteristic properties of APP] including its usage as a sterilization method have
attracted many investigators [13-15]. Firstly, APP]J is an accessible plasma that does not
need any vacuum equipment or any complex materials to be generated. Secondly, it is a
flexible system that comes in a shape similar to a pin connected to the power supply and
a gas cylinder. This shape gives users the possibility to bring the system into the target.
Thirdly, it can be used with heat-sensitive materials including biological samples as they
can not tolerate high temperature [16]. Fourthly, it is a low-cost system that just needs
a very simple means to operate [17]. Finally, different operating conditions are flexible
and can be changed, such as operating gases and their flow rate, the current, applied
voltage, and frequency that affect the plasma characteristics and give a wide range of
applications [18,19].

Non-thermal atmospheric pressure plasma jet (APP]) can be grouped depending on
the operating gas into three categories of APPJ: the noble gas plasma jet, the N; plasma jet,
and the air plasma jet. The noble gas plasma jet is relatively the easiest kind to generate, as
its breakdown voltage is less than the air and Ny, but they are not as reactive as air plasma
jets. Therefore, some researchers mix the noble gases with a small percentage of reactive
gases. In this case, the noble gas is used to serve as the carrier gas to generate the plasma.
O, or HyO; is often added for biomedical applications, while O, or CF, can be frequently
used for applications of etching. In addition, researchers, who work on N, plasma jets,
faced the constringent of reactive radicals too [20].

Since S. epidermidis infects the skin and soft tissue causing pain, swelling, warmth,
and redness in the infected area [21], therefore, this work aimed to study the effect of
O, admixture to argon non-thermal APPJ to obtain the desired reactive oxygen species
(ROS) inducing maximum antibacterial activity. This treatment will allow the possibility
of treatment of S. epidermidis infected skin. Several trials were established with different
settings for the argon non-thermal APPJ to study the optimum processing conditions that
accomplish the maximum bacterial inactivation.

2. Materials and Experimental Setup
2.1. Non-Thermal APPJ System

The non-thermal APPJ system consisted of an alumina ceramic (Al,O3) insulator tube
with 150 mm length and having a 3 and 4.8 mm inner and outer diameter, respectively
(Figure 1). The alumina tube has a purity of 99.7%. The tube was surrounded by two
identical copper rings with a 6 mm width and 0.48 mm thickness. The two rings were
separated by 10.2 mm. The lower ring was far from the tube nozzle by 5 mm and connected
to the ground. A sinusoidal AC high-voltage signal was applied to the upper cupper
ring, which was acting as the high-voltage electrode. Argon and oxygen gases with purity
99.999% were blown through the alumina tube to form a plasma jet when the AC high
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voltage was applied between its electrodes. The gas flow was controlled and measured
using mass flow meters (AlicatScientfic MC-5 SLPM (standard liter per minute)-D and
MC-20 SLPM-D).
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Figure 1. Experimental setup of the non-thermal APPJ with a demonstration picture to the jet at the left.

The emission spectra of non-thermal atmospheric pressure plasma jets (APPJ) in the air
were characterized by optical emission spectroscopy using an Acton SP-2356 imaging spec-
trograph with a single-leg-fiber optic bundle (LG-455-020-3). It is a triple grating 500 mm
focal length spectrograph. Two gratings were used throughout this work. The first grating
has 3600 gr/mm, which is blazed at 253.65 nm and sensitive in the range 200-450 nm,
the second grating has 1800 gr/mm, which is blazed at 500 nm, and its sensitivity range
is 450-850 nm. The third grating—which was not used—has 150 gr/mm and is blazed at
1000 nm with a sensitive range of 615-1800 nm. The spectrograph was equipped with a
built-in high sensitive photomultiplier detector with a sensitivity range from 190 to 900 nm
(model ARC-P2, Princeton instrument).

The gas temperature of the non-thermal APPJ was measured by evaluating the rota-
tional (0,0) band of the second positive N, system. The recorded spectrum was observed
side-on, from the nitrogen second positive system N, (C3I1,-B*I1,), and compared to a
simulated spectrum. Then, the temperature was attained by matching the two spectra.
Moreover, the vibrational temperature (T;,) was measured by comparing the experimental
emission spectra of the argon non-thermal APPJ with the simulated one.

2.2. Biological Measurements Set-Up
2.2.1. Test Organism

S. epidermidis was used as a test organism. The bacterium was kindly provided from
the reference laboratory in Almadinah Almunawwarah, Saudi Arabia. The bacterial species

were cultured on Petri dishes with basic medium (BM: 1% peptone, 0.5% yeast extract, 0.1%
glucose, 0.5% NaCl, 0.1% KyHPOy).

2.2.2. Treatments and Bacterial Count

The bacterial suspension was prepared from S. epidermidis culture previously grown
on the basic medium for 48 h. The concentration of bacteria was adjusted at 78 x 10° colony-
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forming units (CFU)/ml. Preliminary trials were made to adjust the concentration using
spectrophotometric and dilution plate methods. Then, the bacterial suspension was dis-
tributed into sterile Eppendorf tubes of 2 mL capacity. Then, the tubes were exposed to
pure argon plasma and argon plasma mixed with 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2% oxygen.
The plasma-emitting jet outlet was located 0.5 cm outside the tubes containing the bacterial
suspension in a sealed atmosphere. The exposure times for each concentration ranged
from 1 to 16 min. By the end of exposure time, 0.5 mL portions of the treated bacterial
suspension were transferred and spread onto Petri plates containing the basic agar medium.
Four replicates were used for each treatment. The plates were incubated at 25 °C for 48 h.
Then, the grown CFUs were counted using a bacterial colony counter with the help of a
transmission light array and magnifier hand counter.

3. Results and Discussion
3.1. The Effect of Oxygen Gas Mixing on ACPP]

The generated reactive species (OH, NO, O) from the non-thermal APPJ can be en-
hanced by mixing the input gas with other gases. Therefore, oxygen gas is added with
different ratios to reach optimum O-radical production [20]. The occurrence of oxygen
causes all plasma processes rather complex, even in a simple binary gas mixture [22].
The effect of adding oxygen gas electrically and optically is presented in this section.

Mixing oxygen gas with argon to generate non-thermal APP] may seem quite obvious,
as shown in Figure 2, which presents the current-voltage waveforms with pure argon in
(a) and 0.4 % oxygen (0.018/4.5 slpm) mixed in (b) at fixed ~14 kV and 29 kHz. Through
this work, argon gas was mixed with oxygen at 4.5 argon flow rate. The current values
presented in this work are the current peak values. Adding oxygen gas increases the total
current from ~11.3 to ~18 mA while the ground current increased from ~8.3 to ~22.9 mA,
which is slightly higher than the total current for the positive half cycle. For the negative
half cycle, the total current rises from ~11.6 to ~17.2 mA and from ~8.1 to ~16.6 mA
for the ground one. Moreover, the number of currents peaks for each half cycle normally
increases with applied voltage [23]. However, the current-voltage waveform in case of
mixing oxygen is presenting the same effect of increasing the current peaks per each half
cycle, and this effect could be due to the increase in the residual charge carriers from the
privies pulse owing to oxygen electron affinity [20].

The imaging of the non-thermal APPJ declared that adding oxygen to the plasma
accelerates the mode transition from filamentary to diffused mode at lower flow rate
values compared to the case of pure argon as illustrated in Figure 3. Normally, the fila-
ment is generated inside the diffused plasma at the operation condition 4.5 slpm, 14 kV,
and 29 kHz [24]. However, the filament is disappearing by adding oxygen gas. Moreover,
increasing the mixing of oxygen gas to the argon non-thermal APP]J causes the shrink of
the plasma plume length.

Figure 4 shows the generated non-thermal APPJ emission spectra in the ranges from
200 to 450 nm (Figure 4a) and from 450 to 850 nm (Figure 4b) at different O, mixture per-
centages from 0.2% to 1.2%. The emission spectra for pure argon flow show the domination
of the nitrogen second positive system in the range from 300 to 450 nm, while Ar lines
were the highest intensity in the range from 600 to 850 nm. As the oxygen percentage in-
creases, the plasma plume intensity decreases, and that takes place on the emission spectra.
The band and line intensities decrease by increasing the percentage of oxygen into the
argon gas, as shown in Figure 4. Moreover, adding oxygen gas lets the three lines of oxygen
spectrum be emitted clearly at 777.35, 777.6, and 777.7 nm as well as the fourth one at
844.80 nm, as shown in Figure 5. The measurements of the gas temperature and vibrational
temperature result in an estimated 320 K gas temperature (rotational temperature) and
1200 K vibrational temperature. The estimated temperature results from the comparison
between the measured and the simulated spectra for pure Ar and Ar + 0.2% O, at 14 kV
peak-to-peak voltage and 29 kHz. These measurements prove that the generated plasma is
non-thermal equilibrium plasma.



Appl. Sci. 2021, 11, 3455 50f 12

10 : T . . . . . : ‘ | ' 20
(a)
voltage total current
10
> ~
Z <
=<
& £
50 Ly S
= )
S -
> 5
@}
--10
-10 T . . : : 20
S 2 0 10 20 30
Time (us)
10 : : : . .
b
| (b) N
5
2 -10 2
: £
& N’
a0 0 =
g L 3
S =
g !
®)
N --10
-10 T r . : : 20
=30 =20 -10 0 10 20 30
Time (ps)

Figure 2. Current-voltage waveforms with (a) pure argon and (b) mixed with 0.018 slpm (0.4%)
oxygen to 4.5 slpm argon flow rate, ~14 kV and 29 kHz.
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Figure 3. Non-thermal APP] images show its development as a faction of increasing the oxygen
percentages, operating at fixed 14 kV and 29 kHz, and 4.5 slpm argon flow.
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Figure 4. Emission spectra of the argon non-thermal APPJ in the range 200-850 nm at 14 kV, 29 kHz, and 4.5 slpm with

different oxygen concentrations (a) and (b).
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Figure 5. The emission spectrum of the oxygen lines at 14 kV, 29 kHz, and 4.5 slpm argon mixed with
0.036 slpm (0.8%) oxygen (a) and (b).

The oxygen radical line intensities increase by increasing the addition of O, to reach
the maximum at 0.8%. Then, it decreases with increasing O, percentage. A similar trend
was reported for RF helium discharge with maximum consideration of radical at 0.5% of O,
admixture [25]. The OH-radical band intensity was measured by the summation of the in-
tensity of the OH band from 305 to 315 nm. The obtained OH intensity measurements show
an almost linear decrease with increasing the O, mixture, as shown in Figure 6. This de-
crease in OH intensity is due to the loss of electrons in the discharge zone, with higher
oxygen percentage due to the attachment of electrons with oxygen. Previous studies show
that OH was quenched by O through the reaction (OH + O—O; + H) [26].
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14 kV and 29 kHz.

Oxygen is electronegative gas, and its mixing with the operating argon gas increases
electron losses due to attachment. Oxygen mixture contributes to energy losses for electrons,
the number of excitations, ionization, and dissociation processes [20]. These all contribute
to lowering the electron temperature with just a little oxygen introduced [22]. Nevertheless,
electron collisions with oxygen efficiently promote a variety of positive and negative ions
(0%, Oy, 04", 037, 0,7, 07) [22]. These oxygen-related ions can all effectively contribute
to increasing the gas temperature. In particular, dissociative electron attachment leading to
O~ + Ois very effective and is activated at energy as low as 5 eV [23]. This dissociative
process can reduce electron energy, decrease electron density, and contribute to channel
energy into heating the gas at the same time [22]. The characteristic properties of oxygen
and its electronegativity seem to be responsible for transferring energy from electrons to an
overall increased gas temperature [22].

There is no significant change in the electron energy distribution function (EEDF) with
a small O, admixture. Therefore, with increasing the O,, the dissociation increases until
the rotational and vibrational molecular excitations and the electron attachment cause a
significant energy loss. This loss causes a change and decreases the dissociation rated,
leading to a decrease in the O concentration, which is started at 0.8% of O, admixture [26].

3.2. Anti-Bacterial Activity of Non-Thermal APP]

The application of a cold plasma device as an antibacterial and safety agent for the
stimulation of wound healing was recently tested by Boekema et al. [27] using human
dermal samples. Their study demonstrated the in vitro and in vivo safety and efficacy in
Staphylococcus aureus reduction by using a flexible dielectric barrier discharge plasma device.

The effect of non-thermal APPJ using pure argon and argon mixed with oxygen
molecules on the reduction of colony-forming units (CFUs) of S. epidermidis count is shown
in Figure 7. There is a steady decrease in the count of S. epidermidis under all treatments
with the maximum reduction achieved for the non-thermal APP] when argon is mixed with
0.2% oxygen. The reduction for later cases was dropped from 78 x 10® CFU/mL (initial
count) to 1.2 x 10° CFU/mL as compared to 2.9 x 10° for pure argon plasma delivered for
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one minute. Increasing the addition of oxygen to the argon lowered the toxicity of the pure
argon plasma where the CFUs of S. epidermidis recorded 3.3, 3.5, 3.9, and 4.3 x 10° CFU/mL
after one minute for the plasma-derived from argon mixed with 0.6%, 0.8%, 1.0%, and 1.2%
oxygen, respectively. Generally, the extension of exposure time, under different treatments,
from 1 up to 16 min leads to a gradual increase in the reduction of CFU of S. epidermidis
reaching 0.9 x 10° CFU/mL for pure argon plasma after 16 min. However, there is a steady
decrease in the count of S. epidermidis from 78 x 10° to 3.5 x 10° CFU/mL on exposure to
plasma for 1 min using pure argon as operating gas. The maximum reduction in CFU was
observed at 0.2% O,. No bacterial growth was observed at the later concentration applied
for 8 min and the same case was detected at 0.4% O, applied to 16 min.
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Figure 7. Effect of argon non-thermal APPJ generated at different oxygen admixtures (0.2 to 1.2%) on
the colony-forming unit (CFU) x 10°/mL of S. epidermidis at different exposure times.

Matthes et al. [28] tried cold atmospheric pressure argon plasma against 78 geneti-
cally different S. aureus strains for clinical and epidemiological implications. Their study
established the high complexity of microbial defense against antimicrobial treatment and
strain-dependent susceptibility of S. aureus to plasma treatment.

Several authors indicated that the degree of microbial inactivation probably depends
on the type of micro-organisms, the inactivation medium, number of cells, operating gas
mixture, gas flow, and physiological state of cells [29,30]. The difference in the effectiveness
of each treatment or operating gas mixture is probably related to the emitted reactive species
produced by the atmospheric plasma. The anti-bacterial activity of the cold plasma is proba-
bly due to the generation of oxygen and OH-radicals, which are almost produced in an equal
amount at argon mixed with 0.2% oxygen, as shown in the spectroscopic measurements.

The intense bombardment of the generated radicals with the bacterial cell walls
induces severe irreversible cell wall damage, leading to its destruction [31]. In previous
works [32-35], the antimicrobial effectiveness of charged particles, free radicals, and UV-
emitting species was described. Moreover, the cold atmospheric plasma may induce
destruction in cellular constructions and cell permeation [36] as well as destruction and
cracking of the cell walls or cell membrane of micro-organisms [37]. In addition, Takeda
et al. [38] showed that the energized electrons and ions could collide with organic molecules
on the cell and disrupt the chemical bonds and induce perforations to the cell membrane.
Moreover, the reactive oxidizing agents and reactive nitrogen species (e.g., ROS and RNS)
produced in APPJ could react with and damage the cell or the contents. In an in vitro
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test [39], the researchers showed that cold atmospheric argon plasma applied for 25 min at
the 40 W was lethal for the growth of Aspergillus flavus on the medium, while the application
of plasma for 20 min at the same voltage was important in the protection of brown rice
cereal bars from the contamination of A. flavus up to 20 days under storage conditions of
25 °C and 100% relative humidity. The longer treatment time, as compared with our data
(16 min), is probably due to the high voltage they employed.

Critzer et al. [40] have reported the ability of atmospheric plasma for the decrease of
microbial populations on surfaces of fresh produce. Fernandez et al. [41] stated that cold
atmospheric gas plasma applied for 15 min accomplished 2.72, 1.76, and 0.94 log-reductions
of Salmonella typhimurium on lettuce, strawberry, and potato, respectively. It is suggested
that the electrostatic force caused by charge accumulation on the outer surface of the cell
membrane weakens the tensile strength of the membrane, thus initiating its rupture [34,42].

In a related study, Nicol et al. [43] investigated the efficacy of low-temperature plasma
treatments against bacteria using an atmospheric-pressure plasma jet and show that plasma
treatments can inhibit both Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria
on solid and porous surfaces. Moreover, both direct plasma treatment and plasma-activated
media were effective against the bacteria suspended in liquid culture. They also indicated
that reactive oxygen species are the key mediators of the bactericidal effects of cold plasma,
and the presence of hydrogen peroxide is necessary but not sufficient for antibacterial
effects. In addition, they suggest that bacteria exposed to plasma do not develop resistance
to further treatment.

4. Summary

As a new tool of disinfection technology, a non-thermal APP system was investi-
gated as an effective technique by mixing O, to the operating argon gas. The effects of
O, admixture from 0.2% to 1.2% were investigated on the plasma formation, current—
voltage waveforms, and emission spectra. The ground and total current peaks for positive
and negative half cycle were increased considerably by increasing the addition of the O5.
The plasma plume intensity and emission spectra intensity decrease with increasing the
O, admixture. The emission spectra intensity of O-radicle increases with increasing O,
to reach a maximum of 0.8%; then, it decreases with a higher percentage of O,. How-
ever, the emission spectrum from the OH band decreases with increasing the addition of
O;. The non-thermal APPJ different O, admixture was used to successfully disinfect S.
epidermidis. There was a steady decrease CFU of S. epidermidis under all treatments with
maximum reduction at 0.2% oxygen. This reduction was from 78 x 10° CFU/mL (initial
count) to 1.2 x 10° CFU/mL, as compared to 2.9 x 10® CFU/mL for pure argon non-
thermal APPJ delivered for one-minute exposure. A multi-jet system was demonstrated as
an example for the lateral expansion of a single jet.
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