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Abstract In this work, we studied the manipulation of bac-
tericidal effects of non-thermal atmospheric pressure plasma
jet on a gram-positive (Streptococcus pyogenes) and a gram-
negative (Escherichia coli) bacteria. Decontamination of S.
pyogenes and E. coli was assayed by measurement of the
growth inhibition zones on solid surface. Singlet and triplet
argon jets were employed to manipulate the bactericidal
effect of the jet arrays. The distance effect of the contam-
inated plates to the plasma nozzle was analyzed, too. It was
concluded that the jet distance to the sample could alter the
state of downstreamplasma jet and in turn changes the growth
inhibition zone cross section, significantly.On the other hand,
by scaling the inhibition zones, we showed that each plasma
jet enabled to disinfect a surface with two orders of magni-
tude larger than that of the contact jet cross section in 150-s
treatment. The results of this work could be used in devel-
oping atmospheric pressure plasma jet arrays for extended
surface decontamination.
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1 Introduction

Recently, the atmospheric pressure plasma operating in open
air has attracted more attention in sterilization due to sim-
plicity and effectiveness. In this method, the plasma gas
temperature remains relatively low during the sterilization
processes. Traditional sterilization and disinfection methods
use heating in dry and humid environments, filtration, radi-
ation, and strong chemicals. These methods have recently
raised public controversies concerning their environmental
effects and other health issues. We thus urgently need new
sterilization methods having some advantages such as safety,
convenience, and lack of residual toxicity [1]. The new field
of the biomedical applications of plasmas was first intro-
duced in the 1990s. New sterilization technique, which has
recently been developed at the medical science, involves the
generation and use of glow discharge plasma at atmospheric
pressure [2–6]. Plasma-based sterilization techniques do not
suffer from the problems for the traditional techniques, and
they have been shown to present a great promise [7–9]. Steril-
ization or inactivation using non-thermal plasmas represents
one of the promising technologies and makes the decon-
tamination process practical, inexpensive, and suitable for
applications when product preservation is desired [10–12].
Non-thermal plasmas yield a cocktail of reactive molecules
that continually react with other molecules and particles.
Reactive oxygen species (ROS), reactive nitrogen species
(RNS), UV irradiation, ions, and electrons are emitted in
the plasma discharges, which interact with biological mate-
rial or tissues [11,13]. It is well documented that ROS have
profoundly damaging effects on cells through reactions with
various bio-macromolecules. The biological targets for ROS
include DNA, proteins, and lipids. The outer membrane is
essential target formost of the chemical and/or physical tech-
niques of decontamination [11,14–17].
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Nowadays, the processes inherent in plasma steriliza-
tion are realized, progressively. Oxidative processes in air
plasma containing active atomic oxygen, excited state oxy-
gen molecules, ozone, and NOx compounds can damage the
microorganismmembrane, destroying its DNA and proteins.
More generally, four mechanisms are responsible for killing
microorganisms by cold atmospheric plasma: (1) plasma-
chemical reactions, such as oxidation and etching; (2) ion and
electron bombardment, (3) UV irradiation, and (4) surface
ablation [2]. On the other hand, the geometrical characteris-
tics of the setup could alter the plasma dose for sterilization
processes.

The aim of the present work is to examine a single
and triplet argon non-thermal plasma jet for sterilization a
gram-positive (Streptococcus pyogenes) and a gram-negative
(Escherichia coli) bacteria. To explore the plasma capabili-
ties, and the effect of the sample distance to the nozzle of the
jet, corresponding inhibition zones for a single and triplet jets
were characterized, experimentally. By reducing the sample
distance to the nozzle orifice, different downstream appears
due to electric charge accumulation on the sample. It was
concluded that the state of downstream plasma jet has great
impact on sterilization efficiency. This result could be a key
parameter in developing such instruments for surface decon-
tamination by atmospheric pressure plasma jet.

2 Materials and Methods

2.1 Plasma Jet Source

In this study, cold atmospheric pressure plasma jet (CAPPJ)
system was used to produce weakly ionized plasma at room
temperature. The structure of the triplet plasma jet was

designed to increase effective disinfection area and reduce
required time. Triplet plasma jet contains three powered
cylindrical electrodes, which were connected to the AC
source at 18.56 KHz frequency. For preventing arcing, each
electrode was covered by a Pyrex dielectric glass. Grounded
electrode was a flat plate having three concentric holes.
Figure 1 shows the schematic picture of the plasma jet. A
home-built AC sinusoidal power supply at the frequency of
18.56 KHz was applied to ignite the plasma jet.

Applied voltage and currentmeasurementwere carried out
using a high voltage probe (Tektronix P6015A) and a current
probe (Tektronix TCPA-300). Optical emission spectroscopy
used to detect plasma effective species produced by argon/air
plasma jet responsible for plasma processing.We used ocean
optics HR 2000+ CG that covers 200–1100nm. The temper-
ature of the jets and petri dish plates was recorded during the
experiment. They were found that the temperature of the jets
and plates was 30 and 25 ◦C, respectively.

Voltage and current curves are shown in Fig. 2. Sev-
eral current spikes at every half cycle of the voltage
occur randomly, which represents filamentary plasma mode.
Argon/air (with 99:1 ratio) was employed as the medium for
plasma generation. 0.5–2 standard liter per minute (SLM) of
argon/air mixture gas was flourished inside the plasma tube.
The length of the plasma jet was 28mm. In order to exam-
ine the effect of the contaminated solid sample distance to
the nozzle orifice, we set two different distances, 21.5 and
16mm.

2.2 Bacterial Strains, Media and Growth Conditions

A standard strain ofEscherichia coliATCC 35218 and Strep-
tococcus pyogenes PTCC 1447 was used for this experiment.
The E. coli and S. pyogenes stock was inoculated into sterile

Fig. 1 Schematic experimental setup a: 1 gas divider, 2 cylindrical electrode, 3 teflon, 4 glasses dielectric, 5 grounded electrode, 6 plasma jet, 7
petri dish, d distance from nozzle to agar. Petri dish under the plasma device b triplet plasma jet; c singlet plasma jet
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Fig. 2 The temporal characters of applied voltage and total current: a single jet, b triplet jet

Fig. 3 Relationship of the Vrms and Irms: a single jet, b triplet jet

Luria–Bertani (LB) broth and grown at 37 ◦C for overnight
while shaken at 180 rpm. Cultured LB (0.5 ml) was inocu-
lated into LB agar containing the following components per
liter of distilled water: 10 g Bacto Tryptone; 5 g yeast extract;
10 g NaCl; and 15 g agar. One loop from E. coli ands. pyo-
genes inoculated to 15 ml LB broth at 37 ◦C overnight with
gentle shaking, separately. One milliliter of previously cul-
turedLBbrothwas transferred to 15ml of fresh liquidLBand
incubated at 37 ◦C until OD600nm reached to 0.25 containing
3 × 108 bacteria cell-forming units per ml.

2.3 Sterilization and Bacterial Survival Assay

For surface sterilization, one milliliter of liquid media (with
OD600nm = 0.25or 3×108 cfu ml−1 bacteria)was added to 9
ml of fresh LB broth. One hundredmicroliter of this solution,
containing 3 × 107 cfu ml−1 bacteria, was spread on agar
surface and left to dry for 20 min. Moreover, three 60-, 150-,
and 300-s treated petri dishes and one control petri dish from
solid LB were prepared for this experiment. The bacterial

samples on the agar plates are placed right under the plasma
plume at an adjustable distance d from the nozzle orifice and
contacted with the plasma jet directly. All of the samples
except one control were placed in front of the plasma jets.
After plasma treatment, treated petri dishes and the control
petri dish were incubated at 37 ◦C overnight. Following the
18-h incubation period, the sterilization zone was obvious.

3 Results and Discussion

3.1 Electrical Characteristic

In Fig. 2, the temporal variation of applied voltage and total
current of singlet and triplet jets are shown. Evolution of root
mean square voltage (Vrms) versus current (Irms) is shown in
Fig. 3. For single jet, it evolves linearly with current, while
there is a break in voltage slope for the triplet jet. This can be
attributed to non-simultaneous ignition of the jets. That is,
with increasing applied voltage, the current increases till one

123



2142 Arab J Sci Eng (2016) 41:2139–2145

of the jets starts and the gas breakdown takes place between
the electrodes of this jet. By further increasing the applied
voltage, remaining jets start at higher voltages. Therefore,
there is a transition region such that three jets work simulta-
neously. From this point, the voltage evolution takes linear
growth. Regarding the voltage and current evolutions versus
time, one can characterize the triplet jet as chaotic mode of
the atmospheric pressure plasma jet [18].

To identify averaged deposited electrical power to the
plasma jets, we calculated mean power, P, using the follow-
ing relation between instant voltage and current:

P =
∫ T

2
0 U (t) I (t) dt

∫ T
2

0 d (t)
(1)

For triplet jet, deposited power was evaluated to be about
3.3 w/cm3 at 4 kV applied voltage.

3.2 Optical Emission Spectroscopy

We used OES to analyze the plasma species at the effluent of
nozzle, qualitatively. As can be seen in Fig. 4, we placed two
slits in front of collection lens assembly to restrict the loca-
tion of emission along the jets. For several selected plasma
species, the results of the measurements are shown in Fig. 4
as a function of distance from the nozzle orifice.

Figure 4 represents detection of reactive hydroxyl OH,
metastable excited state argon Ar* and reactive atomic oxy-
gen OI (777 nm) that diminish their density along the plasma
jet. On the other hand, one of the most important products of
the plasma jet at ambient air is ozone. We measured ozone
concentration during the experiment using Eco Sensor (Az-
21×). It was revealed that the ozone concentration is less
than 0.15 ppm during the experiment after 8-min running the
triplet jet inside the chamber 60 cm × 60 cm × 60 cm.

Fig. 4 Arrangement of the plasma jet and that emission intensity: aA side view of the plasma jet and arrangement of the plasma jet for spectroscopy;
b–d emission intensity at different locations of the ar/air plasma jet. For example, 10 and 20mm correspond to positions 2 and 3, respectively
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The following reactions could be responsible for genera-
tion OH, Ar*, OI, O−

2 , O−, and O3 [19–21].

Ar + e → Ar∗ + e

Ar∗ + 2Ar → Ar∗2 + Ar

Ar∗2 → 2Ar + hγ (λ = 128 nm)

hγ (λ = 128 nm) + O2 → 2O (Atomic oxygen production)

O + O2 + N2 → O3 + N2 (Ozone production)

O + O2 + O2 → O3 + O2 (Ozone production)

e + O2 → 2e + O + O−

e + O2 → e + O + O
(
1D

)

O + O3 → O2

(
1�g

)
+ O2 (Singlet oxygen production)

2O2

(
1�g

)
→ O2

(
1
∑+

g

)
+ O2

e + O2 + N2 → O−
2 + N2

e + O2 + O2 → O−
2 + O2

e + O2 + O → O−
2 + O

O
(
1D

)
+ H2O → 2OH (Hydroxyl production)

O + H2O → OH + O2

3.3 Surface Sterilization

After treatment by plasma jet, the samples were incubated
at 37 ◦C for overnight to verify the ability of the plasma
to sterilize. The extent of growth inhibition area was obvi-
ous. The bacterial zone of inhibition is enhanced by the time
exposure as can be seen in Figs. 5 and 6 to quantify the
sterilization efficiency, and the area of the inactivated region
(inhibition zone) was measured. In this process, survival of
E. coli and S. pyogenes is completely reduced. To do that,
we represented the coefficient δ = Bacterial Inhibition zone

Contact jet crosssection as
an indicator for sterilization efficiency by each device in
two different states of the downstream plasma jet: glow and
streamer state. The streamer state carries more current due
to interaction between the jet and electric charge deposited
on the sample surface. In this case, several apparent cur-
rent filaments struck the agar plates during treatment. The
cross sections of contact jet surface for a single and triplet
jet are 0.03 and 0.09cm2, respectively, after incubation of
the treated petri dishes, and there were three areas related

Fig. 5 Photographs of E. coli samples on agar in petri dishes: a control sample, b 60-s, c 150-s, and d 300-s treated samples; first row single jet, d
= 21.5mm (glow state), flow = 0.5 l/min; second row single jet, d = 16 mm (steamer state); third row triplet jet, d = 21.5mm(glow state), flow = 2
l/min
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Fig. 6 Photographs of S. pyogenes samples on agar in petri dishes: a control sample, b 60-s, c 150-s, and d 300-s treated samples; first row single
jet, d = 21.5mm (glow state), flow=0.5 l/min; second row single jet, d = 16mm (steamer state); third row triplet jet, d = 21.5mm (glow state), flow
= 2 l/min

to treatment with plasma: complete inhibition zone, partial
inhibition zone, and non-affected zone.Areas,where bacteria
were inactivated, looked like intact agar (round transparent
zones) and marked the growth inhibition zone. For E. coli
sterilization in solid surface, the area of inhibition zones for
60-, 150-, and 300-s plasma exposure by triplet jet was 5.31,
17.74, and 34.95 cm2, respectively. For S. pyogenes steril-
ization, the area of inhibition zones for 60-, 150-, and 300-s
plasma exposure were 3.22, 12.17, and 28.82 cm2, respec-
tively, that are shown in Figs. 5 and 6. It was seen that the
area of growth inhibition zone extends when the exposure
time increases. Therefore, from these results, we believe that
the lethal effects are due mainly to the molecular damages
caused by reactive plasma species exiting from the plasma
jet nozzle [22].

In order to examine the effect of the nozzle orifice distance
to the solid samples, we reduced the distance from 21.5 to
16 mm. The results of sterilization showed that the growth
inhibition zones of bacteria were enhanced by decreasing the
distance as can be seen in Fig. 7. It is seen that the reduced
distance lead to higher efficiency inwhich streamer state took
place.

Fig. 7 Inhibition zone coefficient δ = Bacterial inhibition zone
Contact jet crosssection in glow and

streamer downstream state: The contact jet cross section of a single and
triplet jets is 0.03 and 0.09 cm2, respectively

4 Conclusions

In this work, we investigated the sterilization processes by
atmospheric pressure singlet and triplet plasma jets using
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argon and air mixture. The gram-negative and gram-positive
samples were treated at solid media. It was seen that the
device decontaminates E. coli better than S. pyogenes bacte-
ria. Increasing the number of simultaneous jets increases the
area under sterilization processes. As the sample approaches
the nozzle orifice, high current downstream with several
streamers involves. By comparing the sterilization coefficient
of glow and streamer modes of the downstream plasma jet, it
was revealed that the streamer mode leads to higher steriliza-
tion coefficient by a factor of 1.5 and about 3 for S. pyogenes
and E. coli, respectively, in 150-s treatment. We concluded
that the state of downstream plasma has great impact on ster-
ilization coefficient. This result could be a key parameter in
developing such instruments for surface decontamination by
CAPPJ. It was demonstrated that the growth inhibition zones
are larger than the contact jet cross section by two orders of
magnitudes in 150-s treatment. This clearly indicated that the
CAPPJ array is successful in bacteria disinfection in extended
agar plate surfaces. Reactive species such as singlet oxygen,
ozone, and hydroxyl radicals are responsible in this process.
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