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Abstract:
Background: Dielectric barrier discharge (DBD), a source of non-thermal plasma, 
is used in surface decontamination.
Objective: To study the effect of DBD plasma treatment, we evaluated the effect 
of plasma exposure time on inactivation of Bacillus subtilis.
Results: Applying the DBD plasma to the culture of B. subtilis caused complete 
sterilization of the surface without any thermal effects. In addition, the inactivated 
colony-forming units increased as the exposure time rises.
Conclusion: Considering the low temperature and non-destructive features of 
this method, it seems that this method is applicable for fast sterilization of resistant 
bacteria and hospital sensitive instruments.
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Introduction

Plasma is the fourth state of matter and exists in thermal and non-
thermal forms. Dielectric barrier discharge (DBD) is a typical 
non-thermal and high-pressure ac gas discharge [1, 2]. For its 

properties, it is found suitable for many chemical and medical applica-
tions. Some of its applications are ozone production, surface treatment, 
high-power CO2 lasers, pollution control, etc [3]. Recently, DBD, due to 
its low temperature and atmospheric working pressure, draws attentions 
of many researches to use it for sterilization and surface decontamina-
tion.

All traditional methods, such as heat, radiation, and physical or chemi-
cal methods of sterilization, have many drawbacks that limit their use in 
treatment of heat sensitive and vulnerable objects such as organic mate-
rials, foams, liquids, and living biological tissues [4, 5].

Autoclaving, as a prevailing method, works at two situations: dry heat 
of 160 °C for two hours and steam heat of 121 °C with a pressure of 15 
PSI for 10 to 15 minutes. Obviously, autoclaving is destructive to heat 
sensitive materials and those that are vulnerable to high pressure; more-
over, it is a time consuming method [6].

Ultraviolet (UV) light in the wavelength range of 240 to 280 nm, is 
used for decontamination of laboratory instruments. However, its usage 
is limited by its penetration and for safety reasons; furthermore, this 
method needs long time of radiation [6, 7]. Other methods include use of 
chemical substances (e.g., H2O2 and ethylene oxide) that produce some 
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toxic gasses. Radiation (e.g., x-ray and γ-ray) 
has also some limitations mostly due to safety 
concerns [6]. It is shown that DBD plasma is 
effective in decontamination of microorgan-
ism in vitro and in vivo without any deleteri-
ous effects on living tissue [4].

Plasma, which is generated by breakdown in 
a working gas, contains electron, ions, reac-
tive molecules, free radicals, and radiations. 
When a sample comes to contact with plasma, 
all these factors interact with the surface of the 
sample. Different studies tried to describe the 
kinetic of bacterial inactivation by plasma and 
proposed several mechanisms [8, 9]. These in-
terpretations include:

1. Destruction of the genetic material of the 
microorganism by UV irradiation; UV radia-
tion is known to cause lethal damage to cells. 
It can affect the bacteria through destruction 
and the dimerization of thymine bases in the 
bacterial DNA. This inhibits the ability of the 
bacteria to replicate properly [8, 10].

2. Reactive species in the plasma can erode 
the microorganism, atom by atom, through 
etching. Etching stems from the adsorption of 
reactive species in the plasma by the micro-
organism. It subsequently undergoes chemi-
cal reactions which ultimately lead  to form 
volatile compounds. The reactive species at 
air plasma can be atomic and molecular radi-

cals such as O, O*2, O3, OH, NO, NO2, and 1O2 
singlet state [8, 11].

3. Charged particles can play an important 
role in the destruction of the outer membrane 
of the bacterial cells. Charged particles that are 
accumulated on the outer surface of the cell 
membrane produce an electrostatic force that 
causes rupture of the membrane. In addition, 
bombardment of microorganisms by energetic 
charged particles like ions and electrons can 
result in the destruction of and physical dam-
age to the bacterial cell wall [12, 13].

In this paper, we present an air DBD plasma 
generator working at atmospheric pressure 
and low temperature. The inactivation effect 
of this DBD plasma on Bacillus subtilis, a 
Gram-positive bacteria, at various exposure 
time and applied voltages is studied.

Materials and Methods

Sample preparation
B. subtilis samples were supplied by Depart-

ment of Biology, Shahid Beheshti University. 
Single colonies were used to inoculate 5 mL 
of Lysogeny broth (LB) to be grown at 37 °C 
overnight, shaking at 230 rpm. The cell sus-
pension was then centrifuged and the superna-
tant was removed. The pellet was resuspended 
in sterile phosphate-buffered saline (PBS) to 

Figure 1: Schematic diagram of experimental set up; 1) high voltage electrode, 2) bacteria sam-
ple, 3) copper electrode, 4) quartz dielectric, 5) teflon cover, 6) ground electrode, and 7) high 
voltage transformer
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obtain a bacterial concentration of approxi-
mately 108 colony-forming units (CFU) as 
determined by 0.5 McFarland standard and 
spectrometer assays. Suspension with concen-
tration of 107 CFU/mL was made; 200 μL ali-
quots of the resuspended bacteria were spread 
on a sterile agar plates uniformly and were 
left to air dried in a laminar-flow hood before 
plasma treatment.

Experimental system
The plasma generator consisted of a high 

voltage copper rod electrode with an area of 
high voltage electrode of 154 mm2 insulated 
by a Teflon cylinder, avoiding the electrical 
shock. A quartz plate with 1 mm thickness, 
as the dielectric barrier, was stuck to the high 
voltage electrode. The ground electrode was 
in front of the dielectric barrier where the bac-
teria plate was placed (Fig. 1).

DBD plasma was generated by applying 
high voltage sinusoidal wave to the upper 
electrode. The second electrode was grounded 
for the safety of the device. The applied volt-
age for this experiment was set to 10 kV. The 
frequency of the power supply was fixed at 10 
kHz. The bacterial sample plates were placed 
between the two electrodes; the DBD probe 
was placed at a distance of 1 mm above the 
bacterial sample surface. In this case, uniform 
non-thermal plasma was generated between 
the surface of the agar gel and the dielectric. 
Figure 2 shows a cross section area of the 
DBD plasma generated at 10 kV.

DBD plasma is a non-thermal source of 
plasma and is known as “cold plasma.” To 
evaluate the thermal effect of the plasma on 
B. subtilis inactivation, the temperature of 
the sample was measured immediately after 
the treatment. We used a non-contact infra-
red thermometer (model AR882, Starmeter 
Instruments Co.) to measure the temperature 
of the treated samples. To increase the accu-
racy of the measurement, the sample plates 
were exposed to DBD plasma for 60 second 
at a voltage of 10 kV. Then, the temperature of 
the sample was measured by the thermometer 

Figure 2: An image of the DBD plasma gener-
ated at 10 kV and 10 kHz

Figure 3: Two culture plates treated with DBD plasma at a voltage of 10 kV and frequency of 10 
kHz for a) 5 sec and b) 20 sec.
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The bacterial samples were exposed to plas-
ma for different exposure times. Then, the 
treated samples were incubated for 15 hours at 
37 °C. Finally, the treated area was calculated 
by MATLAB image processing program.

Results
Figure 3 shows two culture plates exposed 

for 5 and 20 sec to DBD plasma produced with 
a voltage of 10 kV. The central zone shows 
where the treatment ceased bacterial growth. 
The opaque surrounding region is where bac-
teria could grow. The longer the treatment 
time, the larger was the decontaminated area.

Figure 4 presents the inactivated CFUs of B. 
subtilis after the treatment times of 5, 7, and 
20 sec using an applied voltage of 10 kV. In all 
experiments, the frequency of the power sup-
ply was set at 10 kHz. With increasing the ex-
posure time, the number of inactivated CFUs 
were increased. Furthermore, fast inactivation 
of the DBD plasma is Obvious. For 5 sec of 
treatment the cleaned area was larger than the 
plasma-surface interaction of 154 mm2 (sur-
face area of the high voltage electrode). This 
method had no thermal effect as measured 
sample temperatures did not exceed 39 °C.

Discussions 
The plasma volume, which is generated be-

tween the dielectric, and the agar surface is 
confined to the area of the high voltage elec-
trode. The electric field is also limited to this 
region which results in the presence of charged 
particles in this area. This area is known as the 
“plasma-surface interactions” [15]. Nonethe-
less, the reactive agents of the plasma, because 
of collisions, can diffuse out of the confined 
electric field to the adjacent region where the 
electric field strength is moderate, and react 
with the bacteria.

According to the decontaminated area, DBD 
plasma inactivation has two phases. Dur-
ing the first phase, the decontaminated area 
of the sample is confined to the diameter of 

high voltage electrode—the surface-plasma 
interaction. This phase occurs quickly, and for 
a voltage of 10 kV, complete inactivation is 
achieved within 5 sec. The second phase at-
tributes to the diffusion of plasma particles; 
the inactivated area expands over the time up 
to a specific area which is determined by the 
plasma diffusion. While during the first phase 
the charged particles and reactive species are 
responsible for the decontamination, in the 
second phase, reactive species are mainly re-
sponsible for the surface inactivation.

Our results showed the high efficiency of 
DBD plasma generator for fast inactivation of 
Gram positive bacteria, B. subtilis. Consider-
ing the low temperature and non-destructive 
features of this method, it seems that this 
method is applicable for fast sterilization of 
resistant bacteria and hospital sensitive instru-
ments.
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