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Introduction
Plasma is a partially or fully ionized gas consisting of 

molecules (can be metastables), and photons (UV, visible, 
and thermal radiation). Plasmas are generally divided into 
thermal and non-thermal in terms of comparing the tem-

-
er particles in plasma. While the temperatures (i.e. kinetic 

plasmas, the temperatures of the electrons in non-thermal 
plasmas are higher than the temperature of the other par-

-
perature (Raizer, 1991; Grill, 1994). Non-thermal plasmas 

-

non-thermal atmospheric pressure plasma sources, such as 
corona, streamer, dielectric barrier discharge (DBD), surface 
dielectric barrier discharge (SDBD), and plasma jet, have 

-

Non-thermal Atmospheric Pressure Plasma jets (NTAP-
-

spheric pressure plasmas; they are discharged plasma that 

electrodes into the surrounding ambient environments. 
-

ous plasma processing applications. This is because of their 
practical capability to provide plasmas that are not spatially 

Penkov et al., 2015). Moreover, they can be movable and 
-

-
bles, charged particles (ions and electrons), reactive oxygen 

UV, visible, infrared, and thermal radiation, and electromag-

properties (Khlyustova et al., 2019). 
Among other applications, the treatment of temperature-

sensitive surfaces such as biological material is of interest, in 

-
activation or sterilization of bacteria, fungi, and spores, can-

treatment (Wu et al., 2016; Lin et al. 2016; Mashayekh et 
-

roussi, 2015). The temperature-sensitive surface treatment of 

of food safety (Pankaj et al., 2018), agriculture (Velichko et 

-
ferent methods (Akan and Çabuk, 2014; Saadati et al., 2018 
; Malyavko et al., 2020; Dobrynin et al., 2009; Dobrynin et 

plasma. All plasma agents (plasma-generated species and 

most important distinguishing feature of the direct plasma 
-

trons) reaches the surface of the sample. The second method 

treatment, the charged particles do not play a role since they 
recombine before reaching the sample, and the active agents 

-
tive uncharged species are typically delivered to the surface 

2 3

the acting agents , many of the short-lived neutral reactive 
oxygen or nitrogen species also do not reach the sample. 
To date, direct and indirect treatment of bacteria using non-
thermal atmospheric pressure plasma in the air is compared 

bacteria directly , produces inactivation much faster than the 

-
ma region (Dobrynin et al., 2011; Morris et al., 2009). 

electrodes. The plasma is ignited inside the tube and trans-

the expanding plasma contains free and high energetic elec-
-

need to be directly connected to this sample electrode, but 

either a small conduction current, displacement current, or 

dielectric-free electrode (DFE) jets, dielectric barrier dis-
charge (DBD) jets, DBD-like jets, and single electrode (SE) 
jets (Lu et al., 2012). When the plasma jet is not in contact 
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P. aeruginosa planktonic 
-

direct plasma applications on a sample, DBD-like type jets 

the remote application method by transferring charged par-

-
posed to P. aeruginosa

Experimental

Non-thermal Atmospheric Pressure Plasma Jet 
(NTAPPJ) System

For the non-thermal plasma treatment of P. aerugi-
nosa planktonic bacteria, a homemade non-thermal atmo-

-

P. aeruginosa planktonic bacteria evenly spread over agar 

-

the Petri dishes containing P. aeruginosa planktonic bacteria 

be determined.
-

the inner electrode, the gas discharge is ignited. The ionized 

P. aerugi-
nosa

Akan 2016). The NTAPP jet assembly consisted of a 100 

0.5 mm and length of 150 mm is inserted into the center of 

-

-

High-purity He (99.999%) and Ar (99.999%) enter the 

Figure 1. Schematic of the NTAPP jet device used.
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plasma using a sinusoidal high voltage. For all the inacti-
vation experiments reported in this letter, the peak-to-peak 

species to the higher atomic or molecular levels decaying 

processes can be detected and analyzed by recording the 

has been applied to identify the chemical species present in 
-

ing gas (Fig. 1). The emission spectrum for the Ar and He 

element linear silicon charge-coupled device (CCD) array 

spectrometer 0.1 nm.

Bacterial Strain and Growth Condition

-
-

tic Soy Broth (TSB) and incubated aerobically at 37°C for 

Agar (TSA) under the same conditions. To determine the re-

-
tal camera. For control experiments, samples are treated by 

Results and Discussion

Non-thermal Atmospheric Pressure Plasma Jet 
(NTAPPJ) Generation

development of electron avalanches. The main ionization 
mechanism in most gases is direct electron impact ioniza-
tion by free electrons accelerated by the electric voltage 

ionization process drift to the cathode and lead to secondary 

-
-

charge. At higher pressure, the number of ionizing collisions 

applied, secondary electron avalanches are started in the gas 
phase. The ionized region and its perturbation of the electro-

streamer. A streamer propagates in the discharge region but 

Streamer discharges can undergo a transition to more intense 

intense spark channel can transit into an arc discharge if the 

et al., 2017). 

the plasma jet increases as seen in Fig. 2b, and the plasma 

-
sive plasmas, the activity of atmospheric pressure plasmas is 

-

to the agar in the petri dish containing P. aeruginosa plank-
tonic bacteria, the jet transits to the spark discharge mode as 
seen in Fig. 2c. For the direct-contact treatment, the bacterial 
samples on the agar plates are placed right under the plasma 
jet at an adjustable distance from the nozzle. The bacterial 

the plasma jet contacts the agar, and these streamers move 
-

type thermocouple connected to a digital multimeter (Fluke 

not change and remains around 25oC during the treatment 

agar, the jet is formed in the spark discharge mode as seen 

contacts a point on the agar producing a spot (like a small 
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point). This spot may create a physical or chemical erosion 
on the agar. After 5 minutes of treatment, the agar tempera-
ture increased up to 27oC. 

treated by both modes of the NTAPP jet in Argon, the tempera-
oC.

Antibacterial E cacy of Direct-Contact and Contact-
free Treatment of the NTAPPJ on P. aeruginosa

The P. aeruginosa bacterial samples are treated by the 
-

tact-free treatments. For the direct-contact treatment, the 

the plasma jet at an adjustable distance from the nozzle. The 

-

-

Control plates (no plasma and Ar gas exposure, and Ar gas 
-

P. aerug-
inosa

-
ter the plasma treatment. The bacteria-containing agar plates 

time intervals: 60, 120,180, and 300 seconds. After incuba-

-

the plasma jet against P. aeruginosa. Although the maximum 

-

they are present in a larger volume around it. The observable 

exposure time as can be seen in Fig. 3. The inhibition zone 

-

mode treatment (Fig. 3e). As mentioned earlier, the bacteria 
-

neously in direct-contact treatment.
When all the processes in obtaining the results in Fig. 3, 

As can be seen in Fig. 2e and Fig. 2f, the NTAPP jet in Ar 

min is exposed to the agar, the jet transits to the spark discharge 
mode as seen in Fig. 2g. When the NTAPP jet generated in the 

-
posed to the agar, the jet is formed in the spark discharge mode 

Figure 2.
and direct-contact treatment on the P. aeruginosa planktonic 
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-
rect-contact treatment of the Ar-NTAPP jet on the bacteria 

For the contact-free treatment, the P. aeruginosa bacte-

-

-

can be seen in Fig. 5.
When the P. aeruginosa are treated by the NTAPP jet in 

direct-contact using Ar and He, they are exposed simultane-

3), 

2 (
1

2
–), hydrogen peroxide (H2 2), hydroxyl radi-

–), reactive nitrogen species (RNS) 
such as atomic nitrogen (N), electronically excited nitrogen 
(N2

to its antibacterial properties (Nicol et al., 2020; Brun et al., 

in this case. As the plasma jet is launched in the surround-

Figure 3. Results of antibacterial direct-contact treatment of P. aeruginosa
a.) Control plate (no gas and plasma exposure), b.) Control plate (Argon 

c.) and d.)

Figure 4. Results of antibacterial direct-contact treatment of P. aeruginosa
a.) Control plate (no gas and plasma exposure), b.) Control plate 

c.) and d.)
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ing room air, oxygen and nitrogen-based reactive species are 
produced even if the plasma jet operating gas itself does not 

-
-

results of the contact-free NTAPP jet treatment in both Ar 
-

sence of charged species in the plasma jet. Bombardment on 
-

tive ions are generally N2
+

2
–) can 

break chemical bonds, cause erosion through etching, for-
mation of lesions and openings in the membranes, inducing 
further penetration of plasma toxic compounds inside a bac-
terial cell (Dobrynin et al., 2009; Bourke et al., 2017)

in Fig. 1.

-
trogen second positive band (N2

of nitrogen molecule ions (N2
+

He-NTAP plasma jet. This is due to the ionization poten-

levels of Ar are 11.5 and 11.7 eV; the energy provided from 

nitrogen molecules (Shao et al., 2012; Shao et al., 2015). 

He-NTAP plasma jet.  The ionization energy of He is 24.6 

in gas discharge are 19.82 eV and 20.06 eV. Besides, as can 

Figure 5. Results of antibacterial contact-free treatment of P. aeruginosa
a.) Control plates (no gas and plasma exposure), b.) Control plates (Argon and Helium gas 

c.) and d.)

Figure 6. Emission Spectrums of the NTAPP jet (plume) in a.) Argon, and b.) Helium.
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lines have enough energy, so any of the states related to the 
observed He lines could excite any of the ground states N2, 

2
+ to their upper states related to those observed 

Shao et al., 2015) The Ar-NTAP plasma jet contained a 

electrons and more suitable for inactivation. 

NTAP plasma jet is much better than that of the He-NTAP 

of Ar, there are more ions and electrons in the Ar-NTAP 
plasma jet than that in the He (ionization energy is 24.6 eV) 

-

plasma jet treatment on the P. aeruginosa
than the He direct-contact NTAP plasma jet treatment.  

the most important species for inactivation in treatment be-

-

3) can also be checked by the 

Because the lifetime of ozone is longer than other radicals 

the inactivation process in the Ar-NTAP plasma jet.

Conclusions
The DBD-like NTAP plasma jet system used in this pa-

plasma jets in Ar and He generated in both modes create 

containing the P. aeruginosa bacteria. While the spark dis-

a visible erosion on the agar, the spark discharges in contact 

investigated by treatment on the P. aeruginosa -

 
-

erated using the same discharge setup using He and Ar and 
demonstrate that the direct-contact treatment can achieve 

chemical erosion. The P. aeruginosa bacteria treatment by 
-
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