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ABSTRACT

Non-thermal atmospheric plasma can be applied for sterilization of contaminated
surfaces. The purpose of the present work is to study the bactericidal effects of non-thermal
plasma on Escherichia coli and determine the level of malondialdehyde (MDA). In the present
study, a non-thermal argon/air plasma jet was used to stetilize the Escherichia coli on solid
surfaces and broth medium. The plasma jet was supplied by a sinusoidal high voltage at
18.56 kHz. Bacterial sterilization assayed by measurement of the growth inhibition zones
and turbidimetry analysis in solid and broth media, respectively. The levels of MDA were
measured at different time durations by thiobarbituric acid-reactive substance (TBARS)
method. The study showed that increasing the exposure time leads to the extension of
disinfection zone. Furthermore, MDA concentration was increased in more exposure times.
It was concluded that the plasma jet could completely reduce survival of E. coli with 2x10°
colony-forming units per ml after 10 minutes on broth medium. Such a plasma jet can be a
promising device for disinfection and sterilization of bacteria in hospitals and the food industry.
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1. INTRODUCTION

Sterilization is based on either a physical
or a chemical process by which, all active cells,
viable spores and viruses are destroyed [1,2].
Itis known as a key technology in the medical
industry, that is important in life quality
of human beings because contaminated
instruments may put the practice in jeopardy,
such as fatal infection humans cause, or

producing incorrect experimental results
[3,4]. Autoclaves, ovens, chemicals including
ethylene oxide (EtO), and radiation (gamma
rays) such as conventional sterilization
technologies are used in sterilization of
medical instruments and implants as well as
packaging materials in food industry [3,5].
These treatments are labor- and time-
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consuming. Also, because of their potential
damage, these aren’t ideal for objects that being
treated by (e.g., electronics, health-care
workers” hands). Moreover, the objects that
being decontaminated are exposed a severe
stress: the wear of surgical instruments is
signicant and implants made from
thermolabile polymers lose their mechanical
integrity [4,6,7]. Limitation of traditional
sterilization methods has motivated the search
for novel sterilization methods [8]. So we
urgently need new sterilization methods having
some advantages such as safety, convenience,
and lack of residual toxicity [9]. Plasma-based
sterilization techniques don’t suffer from the
traditional technique problems and they have
been shown to present a great promise [10,11].

Plasma refers to an ionized medium,
usually gas. The ionization degree can vary
from 100% to very low values. Electrons are
accelerated by electric field and ionize
molecules of the working gas that pass
through the discharge zone, thus this
procedure create a flow of partially ionized
gas or plasma. Plasma not only produces
electrons and various ions, but also neutral
atoms and molecules are created by it.
Such as free radicals and electronically excited
atoms that they have high chemical reactivity
and the capability to emit UV photons
[12-14]. Electrons and photons are usually
known as “light” species in contrast to the

,

other components dened as “heavy’

[15].

species

In man-made systems, plasma is usually
generated by electrical discharges and it has
classified according to its gas temperature:
thermal plasmas and non-thermal (or
cold) plasmas [13]. Thermal plasmas are
characterized by local thermodynamic
equilibrium between the electrons and the
heavy species. Non-thermal plasmas are
created at lower pressures and they
characterized by an electron temperature
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that is much higher than the gas temperature,
consequently they don’t present a local
thermodynamic equilibrium. Sterilization or
inactivation by using non-thermal plasmas
represents one of the promising technologies
and makes the decontamination process
practical, inexpensive and suitable for
applications when product preservation is
desired [3,15,16].

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 interacted with biological material or
tissues [16,17]. It is well documented that
ROS have profoundly damaging effects
on cells through reactions with various
biomacromolecules. The biological targets
of ROS include DNA, proteins and lipids.
Often the outer membrane is the rst and
essential target for most of the chemical
and/or physical decontamination techniques
[15, 16, 18].

The results of our previous investigations
showed that the afterglow of oxygen plasma
could be efcient in the disinfection of positive
and negative gram bacteria in broth and
surface culture media [19,20]. The purpose
of the present work, is study of the
bactericidal effects of non-thermal argon/air
plasma on Escherichia coli and determine the
level of malondialdehyde in different time
treatment durations, which is one of the several
end products of the lipid peroxidation.
Furthermore, the possible factors that may
affect peroxidation levels of membrane lipids
are discussed.

2. MATERIALS AND METHODS
2.1 Bacterial Strains, Media and Growth
Conditions

A standard strain of Escherichia coli ATCC
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35218 was used for this experiment. The strain
was maintained as a glycerol stock cultured
and stored at “70 °C until it was used. The
E. coli stock was inoculated onto sterilized
Luria-Bertani (LB) broth and grown at 37 °C
for an overnight while shaken at 180 rpm.
Cultured LB (0.5ml) was inoculated onto 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. The strains were maintained on
standard LB agar slants at 5 °C to 6 °C.
One loop from E.co/i inoculated to 15 ml LB
broth at 37 °C overnight with gentle shaking.
One milliliter of previously cultured LB broth
was transferred to 15 ml of fresh LB broth
and incubated at 37 °C until OD_  of
McFarland reached in 0.25; containing
2x10° colony-forming units (cfu) per ml.

2.2 Plasma Jet Source

The overall design of the experiment is
shown in (Figure 1). Argon/air plasma (with
99: 1 ratio, 6 kV maximum applied voltage,
1 1/min gas flow and 18.56 kHz frequency),
constituting a triple jet was used for exiting
and concentrating the plasma on samples.
The main structure of the plasma comprised
three cylindrical electrodes which were
connected to the AC source. Each of these
electrodes was placed inside a glass dielectric.
The working gases were employed as the
medium for plasma generation. The distance
between the nozzle and sample surface was
kept at 25.1 mm. Furthermore, the plasma
jet was 27 mm in length (Figure 1). The plasma
was generated due to the occurrence of electric
discharge between the two electrodes.
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Figure 1. Arrangement of the plasma jet for
bacteria sterilization: Schematic picture of
the apparatus for jet discharge generation (a);
A side view of the plasma jet (b); Petri-dish
under the plasma device (c).

2.3 Sterilization and Bacterial Survival
Assay

For surface sterilization, one milliliter of
broth media with OD_ =0.25 was added
to 9 ml of fresh LB broth. Afterward, 100 pl
of LB containing 2X10* cfu.ml' bacteria
spread on LB agar surface and left to dry for
20 min. Moreover, six treatments (5, 15, 30,
90, 150, 330 sec) and one control Petri
dish from solid LB were prepared for this
experiment. All of the samples except 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 for overnight. Following the 16 h
incubation period, the sterilization zone
was clearly obvious.

For broth sterilization, 1 ml of stock
= 0.25 was added

600nm
in glass Petri dishes (diameter, 70 mm)

suspension with OD

containing 5ml of fresh LB medium. Four
treatments (2.5, 5, 7.5 and 10 min) were
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prepared for exposing with the plasma also
a control Petri dish was used. The plasma
exposure efficiency on bacteria was evaluated
by turbidimetry analysis method.

For the turbidimetry analysis, after plasma
treatment on cultured media, 1 ml of treated
bacteria was added to 15ml of LB broth and
incubated at 37 °C for about 2 hours (with
shaking). In order to estimate the bactericidal
effects of the atmospheric plasma, optical
density of cultured media was measured by
UV /visible spectrophotometer (UV-1600) at
wavelengths ranging from 350 to 900 nm.

Also in this part is used gram staining
method to investigate changes in cell
Morphology after plasma exposure. The
sample smears were obtained by rolling a swab
into the each sample (2.5, 5, 7.5 and 10 min)
and then onto a glass slide. The smears were
heat fixed and Gram stained by using safranin
as the counterstain. Each Gram-stained
smear was evaluated for the following
morphotypes under oil immersion (X1000
magnification).

2.4 Measurement of Malondialdehyde
Production

Malondialdehyde (MDA) levels in liquid
samples were evaluated according to the
method described by Rao ef a/ 1989 and
modified by Hosseinzadeh Colagar ez al.
2009 [21,22]. MDA was assessed by using the
thiobarbituric acid-reactive substance (TBARS)
method. TBARS is a well-established assay for
monitoring and screening lipid peroxidation.
The under test sample is heated with TBA at
low pH, and a pink chromogen (allegedly
a [TBA],-malondialdehyde adduct) and
measured by its absorbance at or close to
532 nm, or by fluorescence at 553 nm [23,24].
To determine the levels of MDA after plasma
treatment on cultured media, 1 ml of the
suspension was added to fresh microtube and
centrifuged at 2000 g for 7 min. 100 pl of
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supernatant was added to 900 pl of distilled
water in a glass tube. 500 ul of thiobarbituric
acid reagent (0.67 g of 2-thiobarbituric acid
is dissolved in 100 ml of distilled water with
0.5 g NaOH and 100 ml glacial acetic acid
added) was added to the microtube and
then heated in boiling water about an hour.
This procedure was performed for all
samples. After cooling at room temperature,
microtubes were centrifuged at 4000 g for
10 min. Finally, the absorbance of the
supernatant read on a spectrophotometer at
534 nm.

3.RESULTS
3.1 Surface and Liquid Sterilization

The samples were incubated at 37 °C an
overnight after treatment by plasma jet to
verify the ability of the plasma to sterilize.
After incubating the samples, the extent of
the inhibition area was obvious. The inhibition
growth of bacteria, which was detected by
inhibition zones, enhanced by increasing the
time exposure, as can be seen in (Figure 2).

The area of the inactivated region
(inhibition zone) was measured to quantify
the sterilization ef ] ciency. The extracted data
of E. coli cultures are presented in (Table 1),
that are corresponding to the approximate
area of growth inhibition zones (mm?® on
agar.

Figure 2. Appearance of growth inhibition
zones on solid media in Petri dishes after
exposing of atmospheric plasma jet for
exposure times of: control (a); 5s (b); 15s (c);

30s (d); 90s (e); 150s (f); 330s (g).
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Table 1. Area of the inhibition zones and plasma exposure time in solid surface and broth

sterilization.

A) Solid surface sterilization

Plasma exposure time 0Osec. 5sec.  15sec. 30sec.  90sec. 150 sec. 330sec.
Inhibition zones (mm? 0 0 139 339 833 1568 2352
Solid inhibition zones%" 0 0 3.6 8.8 21.6 40.7 61.1
B) Broth sterilization

Plasma exposure time Osec. 150 sec. 3000 sec. 450 sec. 600 sec. - -
Area under of 1468 1239 1110 1056 1004 - -
turbidimetry curve™

Difference between 500 270 141 87 36 - -
turbidimetry curve

with LB™

Bacteria growth %™ 100 54.1 28.3 17.5 7.2 - -

“Inhibition zones%o; calculated by inhibition zones per total area of the Petri dish (3846.5 mm?)

ratio.

“Measured by the area under the curve from graph in Figure 3.

sofok

Difference between turbidimetry curve with LB; calculated by difference between areas

under of theturbidimetry curve with area under of the LB turbidimetry curve (968.430).

ook

total area of thecontrol sample (0 min) ratio.

The spectroscopic measurement curve
within 350-900 nm wavelength range (with
UV-1600 UV /visible spectrophotometer) is
shown in (Figure 3). On the sterilization in
LB broth, the curve of the control sample
(0 min) was higher than the others.
Furthermore, the LB curve located at the
bottom of the others. The curves related to
the exposure time of 2.5, 5, 7.5 and 10 min
are placed after the control (0 min) curve.
In (Table 1), area under the turbidimetry
curve and plasma exposure time was
presented. Area under the turbidimetry
curve represents the number of bacteria that
grown in the LB broth. Consequently further
growth increased Area under of the
turbidimetry curve. Microscopic picture from
gram staining of . co/i samples is shown in
(Figure 4). According to that, this is obvious
that, more change in the cell membrane of

Bacteria growth in liquid media%; calculated by area under of the turbidimetry curve per

E. coli is created by enhance in the exposure
time of plasma.
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Figure 3. Turbidimetry measurement curves
for reduction of survived bacteria in LB
broth: four treatments (2.5, 5, 7.5 and 10 min.)
compared by control sample (0 min.) from
liquid medium; LB is positive control and LB
curve indicated that culture media is without
other contaminates.
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Figure 4. Gram-stained gram negative E. co/i s

(a); 2.5 min. (b); 5 min (¢); 7.5 min. (d) 10 min.

(O) and the E. /i cells that have been change

3.2 The Changes of MDA
Concentration

The bombardments of E.co/i by the
non-thermal plasma can cause damaging
action on cell surface. This process can
cause lipid peroxidation of bacterial outer
membrane and leads to the formation of
MDA. After the plasma exposure, changes
in the malondialdehyde concentration can
reflect the interactions between oxygen
radicals produced by plasma and bacterial
cell. (Figure 5) represents the changes of
MDA concentration during different times
of exposure.

25

MDA concentration (nmol/ml)
- a N

=
n

25 5 15

Exposure Time (min)

10 125

Figure 5. Correlation of the MDA Levels
with exposure time bombardment.

mears from exposured plasma samples: control
(¢) ; Normal E. ¢o/i cells marked by the square
d by plasma effects marked by the circle (O).

4. DISCUSSION
4.1 Surface and Liquid Sterilization
The obtained results from the

bombardment of solid surfaces by argon/
air plasma clearly indicated that the
non-thermal plasma can effectively sterilize
the surfaces of materials. Two areas on the
surface of agar were obviously distinct from
each other on the treated Petri dishes after
incubation. Areas, where bacteria were
inactivated, looked like intact agar (round
transparent zones) and marked the growth
inhibition, whereas areas that were changed
in color and appearance showing the bacteria
grow zone. Furthermore, there was an area
with a lower bacterial density, between these
two regions. In fact, there were three areas
after treatment with plasma: complete
inhibition zone, partial inhibition zone and
non-affected zone. The growth inhibition
zone do not found for 5 s plasma exposure
in E. co/i. The area of inhibition zones for
15, 30, 90, 150 and 330 s plasma exposure
were 139, 339, 833, 1568 and 2352 mm?
respectively. It should be emphasized that the
inhibition zone is not confined to the diameter
of the plasma jet. It was seen that the area of
inhibition zone extends when the exposure
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time increases. Therefore, regarding to these
results, the lethal effects that revealed in the
E. coli cultures are due mainly to the molecular
damages caused by exiting components from
plasma jet, such as reactive species and
clectrons, whereas the UV-generated ozone
could also have some remarkable contribution
to the biomolecules oxidation [19,25].

According to (Figure 3), it is obvious that
the area under the curve is reduced when
the exposure time of plasma increased on LB
broth. A significant reduction in the amount
of bacteria was observed at 2.5 min exposure
time. After 5 min, more than 70 percent of
the bacteria were destroyed and there was a
significant decrease in the area under the
curve. It was seen that the plasma exposure
completely reduced survival of E. co/i after
10 min. A significant difference of survival
could be evaluated by comparing the control
and 10-min treated samples. We applied a fast
and dependable turbidimetric method to
detection of bacterial decontamination after
plasma exposure.

This study proposes that the plasma jet
is an effective method to disinfect
Escherichia coli from certain environments.
These environments could include hospitals;
operating rooms; food factories and so on.
For example, disinfection by non-thermal
plasma jets can be a promising method to
eliminate bacteria in the food industry.
Foodborne diseases are caused by
Campylobacter, Salmonella, Listeria monocytogenes,
and E. coli O157:H7 take a major crisis on
health. Note that conventional methods of
killing pathogens in foods have relied on
heating and it causes unwanted side-effects on
the sensory, nutritional, and functional
properties of food [26,27]. Therefore,
plasma-based sterilization techniques can
replace customary methods of killing
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pathogens in the food industry.

However, it should be noted that the
bacterial growth in the medium is very
different than that in the environment.
For example, adequate nutrients can be found
for bacteria in LB medium. These conditions
and the optimal temperature of 37 °C
lead to bacterial growth in logarithmic
phase. Furthermore, the damaged bacteria
can repair their failure and grow. It is obvious
that such a situation does not exist in the
environment. Therefore, we expect that
the number of surviving bacteria in the
environment may be less than that in the
medium and the non-thermal plasma could
be more effective in killing bacteria.

In fact, plasma inactivation may be
induced by reactive species, electrons,
positive and negative ions and ultraviolet
(UV) photons. All or most of these species
are capable of causing oxidative damage to
bacteria, and if the damage was extensive,
it will lead to cell death. In atmospheric
pressure plasma most of the UV radiation is
absorbed by air molecules and could not be
delivered to the treated surface. ROS such as
hydroxyl radical (OH), superoxide anion
radical (*O,) and singlet molecular oxygen
(O, (1Ag)) can cause a great amount of
damage to macromolecules. Ozone and
ROS lead to break induction in DNA strands
and specic formation of 8-oxoguanine or
increased activity of poly (ADP-ribose)
synthetase [19, 24]. Moreover, OH® can attack
proteins and lipids in cell membrane and
interfere with intracellular materials such as
DNA, and thus is bactericidal. It can oxidize
almost everything, especially reacts with
unsaturated fatty acid on the cell membrane,
causing membrane damage and cell rupture

[28,29].
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4.2 The Changes of MDA
Concentration

The results showed that, the MDA
concentration increased gradually by increasing
the exposure time. High concentrations of free
radicals can cause oxidation of unsaturated
fatty acids. The MDA is produced by the
plasma treatment, can be one of the leading
causes of death in bacteria. In principle,
consequently, the content of unsaturated fatty
acids in the bacterial outer membrane is
reduced by increasing MDA concentrations
[11].

Peroxidation of phospholipid bilayer
is known as a cause of cellular death, through
a chain process that leads to the formation
of DNA adducts. The result of lipid
peroxidation process is formation of MDA.
In Salmonella typhimurium, MDA induces
insertions and deletions as well as base
substitutions. Therefore, MDA is a potentially
important contributor to DNA damage and
mutation [30-32].

As mentioned earlier, non-thermal
plasma can generate a mixture of radicals and
reactive species. By radical attack to the
unsaturated fatty acids of cell membrane,
initiate lipid peroxidation (Figure 6). The lipid
peroxidation chain reaction is initiated by
ROS (or any reactive species) attack to the
unsaturated fatty acid and abstracted H atom
from a methylene group (-CH2). This reaction
leads to formation of a fatty-acid radical (L°).
It can readily react with an oxygen molecule
to give a lipid peroxyl radical (LOO?).
These radicals can abstract H atoms from
other lipid molecules (LH) to become
LOOH. LOO?® is unstable and breaks down
to form various products such as aldehydes
(malondialdehyde and 4-hydroxy-nonenal)
[16,19,33].

The results of this study indicated that
the non-thermal atmospheric pressure plasma
jet can effectively sterilize solid and liquid
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surfaces. Reactive species such as singlet
oxygen, ozone, and hydroxyl radicals could
be involved in this process. These species, along
with other radicals could participate in the
oxidation of unsaturated lipids in bacterial
membranes and the production of MDA.
Therefore, MDA production and membrane
damage can be an important factor in rapid
death of bacteria.

ILH+ X* — 1L+ XH

L+ 02 — LOO*

LOO®* + LH — L* + LOOH
LOO® — MDA and nonenal

Figure 6. Basic reaction sequence for the
process of lipid peroxidation by free radicals.
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