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Abstract
Non-thermal atmospheric-pressure plasma jet represents an excellent approach for the decontamination of bacteria. In this

paper, we want to improve and characterize a non-thermal plasma jet to employ it in processes of sterilization. The

electrical characteristics was studied to describe the discharge of the plasma jet and the development of plasma plume has

been characterized as a function of helium flow rate. Optical emission spectroscopy was employed to detect the active

species inside the plasma plume. The inactivation efficiency of non-thermal plasma jet was evaluated against Staphylo-

coccus aureus bacteria by measuring the diameter of inhibition zone and the number of surviving cells. The results

presented that the plasma plume temperature was lower than 34 �C at a flow rate of 4 slm, which will not cause damage to

living tissues. The diameter of inhibition zone is directly extended with increased exposure time. We confirmed that the

inactivation mechanism was unaffected by UV irradiation. In addition, we concluded that the major reasons for the

inactivation process of bacteria is because of the action of the reactive oxygen and nitrogen species which formed from

ambient air, while the charged particles played a minor role in the inactivation process.
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Introduction

Recently, non-thermal atmospheric pressure plasma has

attracted considerable attention in biomedical applications

due to its simplicity and efficiency [1]. Conventionally, UV

emissions, heat (more than 120 �C), ethanol and strong

chemicals [2, 3] are effective sterilizing methods for

inactivation of microorganisms. These methods have

recently raised general disagreements about their environ-

mental effects. Therefore, new methods of sterilization

should be sought which have some advantages such as

safety, convenience and lack of residual toxicity [4]. Non-

thermal plasma is an alternative to conventional

sterilization methods [5] and is considered as a new ster-

ilization technique in the conservation of materials from

bacteria [4]. This method has several advantages such as

the possibility of inactivating the bacteria at low temper-

atures (near room temperature), being economical, absence

of residual toxicity, and appropriateness for applications

when product conservation is required [6, 7]. They have

become very attractive for biomedical applications such as

bacteria inactivation [8, 9], wound healing [10], decon-

tamination of medical equipment [11], and blood coagu-

lation [12]. The non-thermal plasma consists of neutral gas

atoms or molecules, ions, electrons and reactive species

[13]. It is reported that the reactive species and excited

neutrals in the non-thermal plasma are responsible for the

microorganism inactivation since they are able to modify

the DNAs, proteins, and cell membranes [14, 15].

Nishime et al. [16] evaluated the sterilizing efficacy of a

DBD non-thermal helium plasma jet toward Gram-positive

and Gram-negative bacteria, and demonstrated that the

sterilizing efficacy depends critically on the active species

such as ozone. Maisch et al. [17] evaluated the antimi-

crobial effects and the mechanism of cold atmospheric
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plasma treatment on MRSA, Staphylococcus aureus and

E. coli bacteria and showed that the bacteria inactivation

increased with longer treatment time.

The fundamental objective of this work is to develop an

understanding of the effects of non-thermal plasma jet on

bacterial decontamination. Although there have been

numerous studies that deal with decontamination of bac-

teria using atmospheric pressure plasma jet (APPJ), less

attention has been paid to using double-ring electrodes in

enhancing the performance of plasma jets system, which

can lead to more efficient sterilization of bacteria. In

addition, the efficiency of sterilization has been shown

clearly when treating with plasma jets in spite of the lower

applied voltage.

Experimental part

Experimental facility

The plasma jet used in this study is a dielectric barrier

discharge (DBD) type APPJ. The schematic diagram of the

DBD plasma jet is shown in Fig. 1. It consists of a Pyrex

tube representing a dielectric barrier discharge. The length

of the tube was 95 mm with wall thickness of 0.925 mm,

while the internal and external diameters of the tube were 2

mm and 3.85 mm, respectively. Helium gas with com-

mercial grade of 99.998% was fed at the upper part of the

Pyrex tube and the flow rate was controlled by flow meters

11420 (Mathesen, USA) and needle valve 288 01 B2

(Leybold, Germany). The DBD plasma jet device was

based on a double-ring structure with two aluminum ring

electrodes covering the external Pyrex tube. The thickness

and width of the aluminum ring were 0.1 and 12 mm,

respectively. The distance between two electrodes was 13

mm and the distance between the downstream electrode

and the nozzle of the Pyrex tube was 4 mm. The upstream

electrode was connected to a power supply and the

downstream electrode was grounded.

Instrumentation for plasma characterization

The BDB plasma jet was driven by a homemade high-

voltage AC power supply under fixed frequency of 12 kHz

with variable voltage from 0 to 7.5 kVp�p. The electrical

properties were measured by a high-voltage probe P6015A

(Tektronix, USA) and a current probe AT-C202 (Generic,

China). The waveforms of the applied voltage and dis-

charge current were recorded using PC USB oscilloscope

6022BE (Hantek, China) with a 20 MHz bandwidth and a

48 MS/s sampling rate. The plasma gas temperature was

measured by alcohol thermometer using different flow

rates at a distance of 15 mm from the nozzle of the Pyrex

tube. The emission spectra of the DBD plasma jet was

determined by ultraviolet visible (UV–Vis) spectrometer

device SV2100 (Kmac, Korea) with wavelength range

from 200 to 1100 nm. The spectrometer device was con-

nected with an optical fiber cable M92L01 (Thorlabs,

USA) to record the spectral emissions. To avoid the dis-

persion of plasma radiation, a collimator was used to

assemble the radiation emitted from the plasma. The col-

limator was located at 20 mm from the edge of the Pyrex

tube (axial direction) and 20 mm from the wall of the Pyrex

tube (radical direction).

Sample preparation

A bacterial suspension was prepared for S. aureus bacteria

with specific concentrations. This concentrations were

measured by UV–Vis spectrophotometer device SP-3000

Plus (Optima, Japan) at 625 nm and was 0.402, which is

equivalent to 6:5� 108 bacteria cell-forming units per ml

(CFU/ml). After the suspension was prepared, 0.1 ml of

this suspension, containing 6:5� 108 CFU/ml bacteria,

was spread on the nutrient agar via the spreading method

by a sterile swab in a standard Petri dish. The dishes were

stored in an aseptic location to dry for 10 min and then

exposed to the plasma jet; see Fig. 2.

Treatment conditions

For all treatments, the DBD plasma jet was operated under

a frequency of 12 kHz with 7.5 kVp�p of applied voltage

and 4 slm of helium flow rate. The distance between the

nozzle of the Pyrex tube and the sample was fixed at 15

mm. The bacteria were exposed to the DBD plasma jet for

different time intervals (1, 3, 5, 10 and 15 min). After

treatment, all samples were incubated for 24 h at 37 �C.Fig. 1 Schematic representation of the DBD plasma jet system
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Measuring the inhibition zones

To determine the effect of plasma treatment on bacterial

samples, the approximate diameter of inhibition zones

which formed on agar was measured using Vernier cali-

pers. To improve the measurements precision of irregular

zones, advanced image software was used to calculate the

diameter of the inhibition zones.

Measuring the Reynold number

The state of the helium flow is achieved by calculating the

Reynolds number (Rn), which describes the stability of

flow such as the stable laminar flow and the turbulent flow

[18]. The Reynolds number can be calculated by the fol-

lowing formula [19]:

Rn ¼ 2:12� 10�2 q
l

� �
� Q

rD

� �
; ð1Þ

where q is the fluid density, l is the viscosity, Q is the flow

rate and rD is the inner diameter of the tube.

Results and discussion

The typical waveforms of current discharge produced in

the DBD plasma jet is shown in Fig. 3. The current in the

first cycle increases rapidly with increased applied voltage,

but decreases dramatically before the applied voltage

reaches the peak value. This is attributed to the shielding

effect (memory effect), which is caused by the accumula-

tion of negative charge on the Pyrex tube [20]. This effect

is a well-known mechanism of the DBD plasma which

avoids arcing and makes the plasma plume harmless. Also,

at higher voltage the values of the current pulses increase

and their amplitude decreases. Further, the discharge cur-

rent has many pulses for each cycle of the applied voltage

which can be attributed to a glow-like discharge (multi

pulse glow discharge) [21]. Therefore, the discharge cur-

rent produced from the DBD plasma jet is considered a

uniform breakdown [22].

Figure 4 shows the effect of helium flow rate on the

length of the plasma plume with two values of applied

voltage. As can be seen in this figure, the length of the

plume rapidly increases with the gas flow rate from 1 to 4

slm. The plasma plume reached the maximum length of 44

mm when the applied voltage was 7.5 kVp�p and 41 mm

when the applied voltage was 4.7 kVp�p. This indicates that

the effect of increased applied voltage leads to a slight

increase in the length of the plasma plume because of the

increase of electron mobility and electric field intensity

[23].

If the gas flow rate increases over 4 slm, the length of

the plasma plume decreases dramatically at both values of

applied voltage. This is because of the effect of Reynolds

number. If the Rn is relatively small, such as Rn\2000, the

flow is laminar. If it is large, i.e., Rn [ 4000, the flow is

turbulent [24]. At 5 slm, the Rn is 4527, and this causes the

Fig. 2 Photograph of the DBD plasma jet interacting with Staphy-

lococcus aureus bacteria

Fig. 3 Waveform of the applied voltage and discharge current under a

helium flow rate of 4 slm
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flow rate to become turbulent and results in instabilities and

deformations of the gas flow rate [25].

Figure 5 shows the gas temperature as a function of the

irradiation time with various gas flow rates at the plasma

conditions of 12 kHz and 7.5 kVp�p. As observed in this

figure, the highest temperature reached 39 �C at 1.5 min

with a gas flow rate of 2 slm and the lowest temperature

reached 29 �C at 0.5 min with a flow rate of 5 slm. This

indicates that the gas temperature increased with irradiation

time and decreased with gas flow rate. Further, the gas

temperature at all flow rates reached thermal equilibrium

after 1.5 min of plasma exposure and remained the same up

to 15 min.

The effect of the distance from plasma jet exit on the gas

temperature is shown in Fig. 6. It is observed that the gas

temperature at 4 slm decreased from 38 to 34 �C and from

42 to 38.5 �C at 2 slm when the distance increased from 5

to 15 mm. It is worth mentioning that the effect of reducing

the distance between the plasma jet exit and the target has

an important role in the inactivation efficiency of bacteria.

This is because the decrease in the distance leads to the

generation of more active species, which play an important

role in the inactivation process of bacteria. On the other

hand, reducing the distance between the plasma jet exit and

the target increases the temperature. Therefore the distance

should be optimized so as not to exceed the plasma tem-

perature above 43 �C [26].

The DBD plasma jet propagation to the surrounding air

leads to interaction with air molecules, forming active

species such as reactive oxygen and nitrogen species [27].

Figure 7 shows the spectral lines of the DBD plasma jet

emitted in the UV–Vis regions. The band of excited

molecular nitrogen is detected in the UV region at 357 nm,

while the ionized nitrogen can be found in the Vis region at

427 nm. In addition, the spectral lines of ionic oxygen are

detected in the UV–Vis region between 337 and 469 nm.

The spectral lines of hydrogen and atomic oxygen can be

Fig. 4 Plasma plume length as a function of helium flow rate

Fig. 5 Gas temperature as a function of the time for various helium

flow rates

Fig. 6 Gas temperature as a function of the distance from the nozzle

of the Pyrex tube

Fig. 7 Typical spectral lines of the DBD plasma jet
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found in the Vis regions at 656 nm for hydrogen, with

645.3 and 777 nm for atomic oxygen. Several spectral lines

of atomic helium can be observed in UV–Vis regions

between 388 and 728 nm.

The spectral line intensities of the Nþ
2 , N2, H, O II and O

I as a function of helium flow rate are shown in Fig. 8. As

observed in this figure, increasing the helium flow rate

leads to higher intensities of spectral lines. This is because

the increase in gas flow rate results in a lower mole fraction

of air which surrounds the plasma plume. The lower mole

fraction of air can lead to higher local electron concen-

tration. This explains the higher emission intensity from

excited species [28, 29]. Some authors showed that the

increase of gas flow rate is very significant to increase the

amount of reactive oxygen and nitrogen species (RONS),

which in turn contribute to cell death by damage of the

DNA molecules [30].

Figure 9 shows the images of bacteria after treatment by

DBD plasma jet for 3, 5 and 15 min. It is observed that the

inhibition zone diameter extends with increased plasma

exposure time. Some authors have reported that the

increase of plasma treatment time leads to increasing

effectively the inactivation of microorganisms [31].

The diameter of the inhibition zones for S. aureus bac-

teria was determined and it is presented in Fig. 10 under

different times of treatment. It is observed that the inhibi-

tion zone diameter exhibits a linear increase with plasma

exposure time, and the inhibition zone diameter reached

the maximum value at 53.37 ± 0.8 mm under 15 min of

plasma exposure.

Figure 11 shows the relationship of the survival amounts

versus helium plasma jet treating times. The curve drops

sharply in about 1 min, which means the amounts of alive

(a) (b)

(c) (d)

Fig. 8 Emission intensities of a Nþ
2 and N2, b H, c O II and d O II as a

function of helium flow rate

Fig. 9 Photographs of S. aureus samples after treatment by DBD

plasma jet. a Sample not exposed to plasma. Sample exposed to b–
d plasma for 3, 5 and 15 min

Fig. 10 Inhibition zone diameter of the S. aureus bacteria as a

function of the plasma treatment time

Fig. 11 Live cell amounts as a function of helium plasma exposure

times
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cells decrease rapidly in the sample. After an extension of

the treating time from 3 to 15 min, the amounts of alive

cells decrease relatively slowly. Therefore, it may be

concluded that the killing rate is dependent on the treating

times.

The mechanism of bacteria inactivation in plasma jet

can occur by two known factors: physical and chemical

factors. The physical factors include the heat, UV irradia-

tion and charged particles, while the chemical factors

include the active species.

At the operating plasma conditions of 12 kHz, 7.5 kVp�p

and 4 slm used to treat the bacteria, the gas temperature

reached 34 �C. The effect of heat at this degree does not

contribute to the process of bacteria inactivation. The

charged particles produced from DBD plasma can be

accumulated on the external surface of the cell membrane.

These charges form an electrical force which can overcome

the tensile strength of the cell membrane and cause its

rupture. This process occurs if the plasma is directly

exposed to the bacteria [32]. The concentration of charged

particles decreases if the plasma indirectly exposes the

bacteria (plasma afterglow) and this is due the quick

recombination of the electrons and ions [33]. Therefore, it

can be concluded that the charged particles play a sec-

ondary role in the process of bacteria inactivation, because

all bacteria samples in this study were exposed to the

plasma plume indirectly. Furthermore, the UV-C radiation

intensity in the wavelength region of 180–280 nm may

cause lethal harm to cells. Thus, the inactivation effect on

microorganisms by ultraviolet irradiation in this range is

mostly associated with DNA damage [34]. The intensities

of the spectral lines in the range 180–280 nm were not

observed when the plasma spectrum was diagnosed

through optical emission spectroscopy (OES). Thus, it can

be concluded that the UV irradiations do not play a major

role in the process of bacteria inactivation.

As shown in Fig. 9, the number of colonies decreases

significantly with increase in irradiation time, as a large

number of colonies are killed even at the ends of the

inhibition zone diameter. On the other hand, it is worth

mentioning that the diameter of inhibition zone was always

larger than the plasma plume diameter (equal to 1.5 mm),

which can be attributed to the fact that the inactivation

occurred mostly due to the action of RONS. Studies have

reported that reactive species in DBD plasma jet can con-

tribute significantly to the inactivation process of bacteria

[35]. Reactive species such as ROS generated by DBD

plasma jet have damaging effects on cells, since they target

proteins, DNA, cell wall and membrane [36]. For example,

ROS, such as O and O3; can cause leakage of the cell

membrane and induce DNA deterioration, which in turn

causes the inactivation of bacteria [37].

Conclusion

In this study, the DBD non-thermal plasma jet was well

designed to be an effective bactericidal when tested against

S. aureus bacteria. With increased helium flow rate, the gas

temperature decreased, while plasma plume length

increased. According to OES, there are no peaks in the

range 180–280 nm. The absence of these peaks suggests

that the UV radiation did not contribute to the inactivation

process and therefore no lethal harm will be caused to the

cells. The bacteria exposed to plasma showed an increase

in the inhibition zone diameter with longer irradiation time.

In addition, the diameter of inhibition zone was always

larger than the plasma plume diameter, suggesting that the

RONS played a major role in the inactivation process.
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