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ABSTRACT

Background and Objectives: Non-thermal atmospheric-pressure plasma or cold plasma is defined as an ionized gas. This
study aimed to investigate the effect of cold plasma on Pseudomonas aeruginosa strains. Also, the expression level of the alp
virulence gene before and after treatment with cold plasma was compared with the Housekeeping gene gyrA.

Materials and Methods: P. aeruginosa isolates recovered from hospitalized burn patients at Shahid Motahari Burns Hos-
pital, Tehran, Iran. The Kirby Bauer disk diffusion method was used to determine the antimicrobial susceptibility test. Then,
the antibacterial effect of atmospheric non-thermal plasma was evaluated on P. aeruginosa in as in vitro and in vivo studies at
different times on Muller Hinton agar and in mouse model (treated by plasma every day/ 90 sec). The histopathological study
was evaluated by Hematoxylin-Eosin staining. Data were analyzed using SPSS software by the Chi-square test and Pvalues
less than 0.05 considered as statistically significant.

Results: Results indicated that non-thermal atmospheric plasma inhibited the growth of P. aeruginosa. The non-thermal
helium plasma accelerates wound healing for 6 days. Results showed that cold plasma decreased virulence gene expression
alp after treatment. Therefore, cold plasma can be suggested as a complementary therapeutic protocol to reduce bacterial
infection and accelerate wound healing and reduce the expression of virulence genes of pathogens.

Conclusion: Cold plasma showed pathogen inhibitory properties of P. aeruginosa and virulence alkaline protease and wound
healing properties in animal models, so this inexpensive and suitable method can be presented to the medical community to
disinfect burn wounds and improve wound healing.

Keywords: Cold plasma; Pseudomonas aeruginosa; Burn; Wound; Alp gene; Real-time reverse transcription polymerase
chain reaction
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INTRODUCTION

Skin is one of the most organs of the human body;,
and it includes 15% of adult body weight. It is the
most important defense barrier against physical,
chemical, and biological invasive (1).

Wounds are hurts with a specific span caused by
interior or exterior factors like disease, surgeries,
traumas, or accidents on a specific organ. Skin cells
can burn by direct contact with flame, hot surfaces,
hot liquids or steam, electricity current, or resource.
The damage intensity changes by the difference in
temperature and time of exposure (2). The burn is the
most prevalent and destructive kind of trauma and
patient with intense burn should be hospitalized to
decrease the mortality rate (3, 4).

There is a complex process to infect a wound,
however, a critical wound that has signs like redness,
inflation, fever, and pain are infected. Research-
ers believe that even if erythema, inflation or pain
doesn't appear again it is necessary to consider risk
of infection (5). Infection in burn wounds is the most
important problem to treat these kinds of trauma
because it causes a delay in recovery and healing in
wounds. Also, infection is a factor in creating skin
scars. Microorganisms' invasion into underneath lay-
ers can cause bacteremia, sepsis, or multiple organ
dysfunction syndromes (4).

Infection is common in burns because the injury
causes the skin to lose its natural barrier to microbes;
this allows pathogens to have a direct entry route to
the wound. Burn wounds usually produce high levels
of exudate, which creates a suitably moist, nutrient-
rich environment for bacterial growth (6).

Despite all made great progress in care and treat-
ment of burn wound infections and improving qual-
ity of therapeutic management, and even using an-
timicrobial drugs, wound dressings, and the other
ways of treatment, infection is one of the principal
agents of mortality, exacerbation of illness, and fi-
nancial difficulty in the world (3).

Many people hospitalized in the world due to burn
infections because burn wounds are susceptible to
infections (8). Skin burned to prepare a suitable en-
vironment for bacterial growth. Pseudomonas aeru-
ginosa and Staphylococcus aureus is very important
in terms of antibiotic resistance, so it is worthwhile
to find other treatments (7).

Cold plasma is defined as an ionized gas or the
fourth state of matter and researchers have been car-
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rying out a lot of study for centuries about it. Cold
atmospheric pressure plasma (CAPP), also known
as non-thermal plasma, in the last decades has been
attracting many people’s attention due to its special
advantages (9-12).

Many researchers around the world, have done
wide studies on cold atmospheric pressure plasma in
these years and have been published their findings.
These studies' subjects are related to decontami-
nation mechanism, plasma cell interaction, cancer
treatment, skin disinfection, blood coagulation,
chronic wound healing, and so on. Also, studies and
researches on CAPP device development have been
done to make its application easier and safer (9-16).

Plasma is containing electrons, ions, neutral parti-
cles, UV radiation (UVA, UVB, UVC), heat, reactive
oxygen, nitrogen species (RONS), and so on. The
type of components and their density depends on the
source of plasma, in other words, the type of gas and
power input (11, 12).

Plasma sterilization is the first research field of
plasma medicine. Despite a lot of researches carried
out on how plasma affects microorganisms but its
real mechanism still is vague. Researchers believe
three mechanisms are possible: electroporation- and
oxidation-induced cell wall/membrane dysfunction,
which leads to leakage of cellular components; in-
tracellular oxidation and nitrification causing protein
damage and gene expression disorder; and direct
DNA damage such as causing double-strand break-
ing (9-16).

The effect of cold plasma on bacterial killing has
been investigated for more than 20 years. It is found
that cold atmospheric pressure plasma could effec-
tively inactivate different types of bacteria, including
Gram-positive and Gram-negative, anaerobic, aero-
bic, or facultative anaerobic bacteria (8). According
to the species of bacteria, the response to CAPP is
different and actually, it's a species-dependent pro-
cess and the Gram-positive bacteria is usually more
susceptible to CAPs treatment because of the differ-
ence cell-wall components, which indicates that the
CAPP-induced damage to the cell membrane and cell
wall may be a key factor of antibacterial effect (9-
17). Bacteria cause more than 60% of infection while
they become more resistant to antimicrobial drugs
every day, and often develop into a chronic state (8,
18).

The interaction between plasma and human cells
largely depends on the plasma source, plasma doses
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as well as cell type. Cell induction, proliferation and
distribution, and angiogenesis are important factors
in wound healing and CAPP induces them. Cells in-
volved in wound healing are included fibroblasts and
keratinocytes. Researches show that CAPP can in-
crease their proliferation and distribution. And also,
cold atmospheric pressure plasma can induce angio-
genesis too (9-18).

Cold atmospheric pressure plasma could affect
different stages of wound healing by deactivating
and killing microorganisms in the first stage and
stimulate proliferation and migration of cells which
involve in wound healing in the following period.
CAPP has demonstrated high wound healing abili-
ties and it can become a promising therapy to replace
or assist traditional methods in clinics for the wound
healing process, especially in chronic wounds. With
the certification of several CAP products, more stan-
dards and procedures for clinical treatments should
be cleared in the future to guide the plasma treatment
effectively and safely. The Real-time-RT-PCR tech-
nique has been used extensively for gene expression
analysis (9-18).

In this study, the effect of cold atmospheric pres-
sure plasma with helium and argon sources on mi-
croorganisms in invitro and burn wound infection in
in vivo and virulence gene inhibition with Real-time
PCR was investigated.

MATERIALS AND METHODS

The power supply used for plasma jet produc-
tion. To generate jet plasma; the DC power device
was used. This designed device created a voltage
from 0 to 10 kV with a frequency of 20 kHz and its
pressure was from 6 to 8 N/m2.

Bacteria strains and culture condition. P. aeru-
ginosa was isolated from burn patients hospitalized
at Shahid Motahari burn hospital. Isolates of P. aeru-
ginosa cultured on the Muller Hinton Agar and in-
cubated for 24 hours at 37°C. The identification was
done by phenotypical tests (Gram staining, growth at
42°C, pigmentation, and biochemical tests including;
oxidase, catalase, oxidation/fermentation, arginine
dehydratase tests).

Antimicrobial susceptibility testing. The an-
tibiotic resistance pattern carried out according to
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CLSI2020 protocol. Antibiotics studied in this re-
search include polymyxin B, amikacin, gentamicin,
tobramycin, and ciprofloxacin (Merck KGaA, Darm-
stadt, Germany).

Antibacterial effect of atmospheric non-ther-
mal plasma on P. aeruginosa in vitro. CLSI pat-
tern was used to check the inhibitory effects of cold
plasma (10). To determine the antibacterial activity
of non-thermal atmospheric plasma, firstly, a 0.5 Mc-
Farland standard was prepared from selected strains
based on CLSI2020 standards and plated on the
Muller Hinton Agar medium. Then, Plates containing
cultured bacteria were exposed to non-thermal atmo-
spheric irradiation with gases (argon and helium) at
intervals 5, 15, 30, 60, 90, and 120 seconds. Irradia-
tions were placed at a distance of 2 cm from the plate,
then the plates were incubated at 37°C for 24 hours,
finally, the results were recorded and analyzed (8, 11).
The MIC of cold plasma against P. aeruginosa deter-
mined as treatment with argon gas in different times.

Antibacterial impact of atmospheric non-ther-
mal (Helium) plasma on P. aeruginosa. Ten female
rats with average weights 30 + 2 gm were categorized
into separate groups and the back of the mice was
shaved in a length of 3 cm then the rats were anesthe-
tized by injecting 10 ml of ketamine substance (19).

The ketamine was administered intramuscularly
(10-25 mg/kg IM). Then burn wound with a diameter
of 2 cm was created by the lan Holder method (19).
After that, from a 0.5 McFarland bacterial suspension
with an insulin syringe inoculated on the wound, this
procedure was repeated 3 days as the infection would
be visible on the skin. Then, 4 mice were used as a
negative control, and 6 mice were treated with iden-
tical values of Helium plasma. Argon plasma was ig-
nored due to the high breakdown voltage that caused
tissue necrosis. All 6 mice were encountered with he-
lium plasma for 90 secs for 5 consecutive days. Next,
the tissues were prepared from section exposed by
plasma gas at control non exposed with plasma, and
mice were treated by plasma with voltage from 0 to 10
kV with frequency 20 kHz and its pressure was from
6 to 8 N/m2 (Fig. 1).

Histopathology. To study the histological effect
of atmospheric non-thermal plasma, the pathology
sections were prepared and stained with Hematoxy-
lin-Eosin dyes, the histology samples were observed
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Fig. 1. The method of exposing BALB/c mice to non-thermal atmospheric helium plasma.

under a microscope with magnifying 1000x after
staining. Sydney protocol was applied for histology
classification and scales of 0 to 3 were used for the
activity of atrophy and inflammation (19).

Real-time PCR. The inhibitory effect of cold plas-
ma against the virulence alkaline protease (alp) gene
of P. aeruginosa was evaluated by the Real-time PCR
technique and compared with the housekeeping gene
gyrA. The primer sequences of alp and DNA gyrase
A are showed in the below table (Table 1) (9, 13).

RESULTS

The results of susceptibility testing reported that all
strains were resistant to selected antibiotics; ceftazi-
dime (30 pg), amikacin (30 pg), gentamicin (10 ug),
and piperacillin (100 pg) with growth inhibition zone
according to CLSI 2020.

Results of the effect of non-thermal atmospheric
pressure argon plasma jet on P. aeruginosa in vi-
tro. The confirmation of the antibacterial effects of

Table 1. Sequences of primers used for amplification alp
and gyrA

alp gene primer
R ATTACTGACGCTGATTGTGC
F CTGGAGAGACTAAGCCCTCC

gyrA gene primerAgene primer
F GGTCTGGGCATAGAGGTTGT
R GGTCTGGGCATAGAGGTTGT

http://ijm.tums.ac.ir

the non-thermal atmospheric argon plasma jet was ac-
complished by observing the diameter of the growth
inhibition zone P. aeruginosa in Muller Hinton agar
medium. The diameter of the inhibition zones are
demonstrated in Table 2 and Fig. 2.

Results of the impact of non-thermal atmospher-
ic helium on P. aeruginosa in vitro. The confirma-
tion of the antibacterial effects of the non-thermal
atmospheric helium plasma jet was accomplished by
observing the diameter of the inhibition zone on P.
aeruginosa and the diameter of the inhibition zone
was stated in Table 3 and Fig. 3. Results indicated
MIC with argon plasma against P. aeruginosa was
15 seconds.

Negative control samples of helium and argon gas
were non-plasma, which had no effect with a growth
inhibition zone of 0 mm.

Results of confirmation of the inhibition of P.
aeruginosa gorwth by non-thermal atmospheric
plasma. In the growth inhibition zone, to ensure the
absence of bacterium was prepared a culture and re-
sults showed no growth. This showed that the atmo-
spheric non-thermal plasma was fully appropriate for
the inhibition of P. aeruginosa.

Results of the impact of non-thermal atmospher-
ic Helium plasma in vivo. After 5 days of treatment
of mice with cold plasma, the results showed that the
burn wounds infection was completely treated (Fig.
4).

Histopathology. Results were interpreted based
on the Sydney protocol for classification inflamma-

IRAN. J. MICROBIOL. Volume 13 Number 4 (August 2021) 544-552 547


http://ijm.tums.ac.ir/

ENSIEH ABBASI ET AL.

Table 2. The diameter of the inhibition zone of a non-thermal atmospheric argon plasma jet on P. aeruginosa at different times
of plasma radiation on Muller Hinton agar.

Time strains 5 sec 15 sec 30 sec 60 sec 90 sec 120 sec Std. Deviation
No 1 9 mm 11 mm 18 mm 20 mm 22 mm 25 mm 77005.
No 2 9 mm 10 mm 17 mm 20 mm 21 mm 24 mm 54730.
No 3 10 mm 11 mm 18 mm 21 mm 22 mm 26 mm 39830.
No 4 9 mm 10 mm 18 mm 20 mm 22 mm 25 mm 46820.
No 5 9 mm 10 mm 18 mm 20 mm 22 mm 25 mm 62530.

No 1: strain number 1. No 2: strain number 2. No 3: strain number 3. No 4: strain number 4. No 5: strain number 5.

Fig. 2. The inhibition zone diameter of a non-thermal atmospheric argon plasma jet on P. aeruginosa at different times of
plasma radiation on MHA medium, A; after 5 seconds and B; after 60 seconds.

Table 3. The diameter of the inhibition zone of non-thermal atmospheric helium plasma on P. aeruginosa at different times
of plasma radiation

Time strains 5 sec 15 sec 30 sec 60 sec 90 sec 120 sec Std. Deviation
No 1 0 mm 4 mm 6 mm 8 mm 12 mm 15 mm 67005.
No 2 0 mm 3mm 6 mm 8 mm 12 mm 15 mm 44830.
No 3 0mm 3 mm 6 mm 8 mm 12 mm 15 mm 43830.
No 4 0 mm 3mm 6 mm 8 mm 11 mm 15 mm 45830.
No 5 0 mm 3mm 6 mm 8 mm 11 mm 15 mm 42830.

No 1: strain number 1. No 2: strain number 2. No 3: strain number 3. No 4: strain number 4. No 5: strain number 5.

tion degree. In control samples, chemotaxis, and the increasing the number of defensive cells and the
number of macrophages and neutrophils in the tissue inflammation rate, the number of bacteria was de-
were less than treated mice and the wound healing creased (Fig. 5).

was also slower and the number of bacteria reported

more. In the treated sample, chemotaxis and plenty Real-time RT-PCR. The concentrations of com-
of macrophages and neutrophils were observed. By pounds for Real-Time -PCR reactions and tempera-
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Fig. 3. The diameter of the inhibition zone of non-thermal atmospheric Helium plasma on P. aeruginosa at different times of

plasma radiation, A; after 5 seconds and B; after 1 minute.

Fig. 4. The images of Mice treated with non-thermal atmo-
spheric plasma, A to F, respectively, from the first day of
treatment until the 6™ day. A (First day), B (second day), C
(Third day), D (Fourth day), E (Fifth day) and (Six days),
and the image of the control group are from G to L respec-
tively, G (First day), H (second day), | (Third day), J (Fourth
day), K (Fifth day) and L (Sixth day).

http://ijm.tums.ac.ir

ture protocols are demonstrated in Tables 3 and 4.

After preparation of the reaction mixture, these
samples were placed in the Applied Biosystem (AB)
and the reactions were performed according to Ta-
bles 3 and 4. Reactions were repeated twice with
negative control (NTC) for further ensure and lasted
for 100 minutes.

The alp gene, which is one of the virulence factors
of P. aeruginosa, plays an important role in inhibit-
ing the immune system. The results showed that the
expression of the alp gene decreased to 1.33-fold af-
ter treatment with cold plasma (Fig. 6).

DISCUSSION

The burn is an acute medical situation that provides
a good condition for infections caused by opportu-
nistic pathogens. P. aeruginosais causes 10-20% of
hospital infections, mainly, in the form of septice-
mia, and burn wound infections (20). The burn ward
is known as an ideal harbor for Multi-Drug Resis-
tance (MDR) strains of P. aeruginosa, which can
colonize the wounds and cause infection (15, 16).
This pathogen is resistant to most commonly used
antibiotics (8, 21), therefore, monitoring and control
of the infection caused by this bacterium in the burn
ward are vital. For this reason, there are several strat-
egies for control of burn wound infections, such as
cold plasma (10, 11). In this study surveyed the im-
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Fig. 5. Impact of atmospheric non-thermal plasma after staining with Hematoxylin Eosin and observing by light microscopy.
(A) Pathology image of the control group and (B) Pathology image of the plasma-treated group.

Table 3. The concentrations of compounds for Real-Time
-PCR

Compound Concentration
gPCR SYBR Green Master Mix 12.5 pl (1 x)
Template 1l (1pg)
Primer Forward 1 pl (10 pm)
Primer Reverse 1 pl (10 pm)
D.D.W 9.5l
Total Volume 25 pl

Table 4. Temperature protocol required for Real-Time -PCR
reaction

Step Temp Time  Cycle
No.
Optional: UDG pre-treatment  50°C 2 min 1
Initial Denaturation 95°C 10 min 1
Denaturation 95°C  15Second 40
Annealing 60°C 60 Second 40
ALP
a5
-
3s
3
expression 2.5
2
1s
] -
o

|

Fig. 6. alp gene expression diagram before and after treat-
ment with cold plasma.

Column A, before treatment, column B after treatment, and
NTC no template sample.
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pact of non-thermal atmospheric-pressure plasma on
P. aeruginosa isolated from burn wound infections
in vitro and in vivo. Research findings of research
showed no bacterial growth, that indicating the at-
mospheric non-thermal plasma is completely effec-
tive in inhibition of P. aeruginosa isolates. Also,
histological analysis of the impact of non-thermal
atmospheric helium plasma in vivo and food showed
that the healing in the mice wound, the burn wound
infections were appropriatelytreated by the treatment
of by cold plasma (13, 17, 19).

In a study conducted by Pei et al. the effect of at-
mospheric plasma temperature treatment on the
biofilm of Enterococcus showed that the reactive
plasma species penetrate to the bottom thick layer
of E. faecalis biofilm and create a robust bactericid-
al effect. Some studies have believed that the use of
atmospheric cold plasma is safe because the antimi-
crobial resistance less occurs (22). Also, another re-
search evaluated the effect of cold plasma treatment
on pathogenic oral biofilms and in-vitro reconstitut-
ed oral epithelium, that showed no sign of significant
damage after the use of cold plasma, and another
advantage was its low cytotoxicity (19). Similar to
their results, as mentioned in our results, in the con-
trol sample, chemotaxis and number of macrophages
and neutrophils in the tissue were less and the wound
healing was also slower and the number of bacteria
was increased, but in the treated sample, chemotaxis
and increase of macrophages and neutrophils were
observed, indicating the recovery and healing the
wounds. By increasing the number of defensive cells
and the inflammation rate, the number of bacteria
was decreased. In the present study, all five strains
were resistant to all selected antibiotics (gentamicin,
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ceftazidime, amikacin, and piperacillin), but cold at-
mospheric plasma inhibited the growth of all bacte-
ria. In line with the present study, another literature
reported that in interval 2-5 minutes cold plasma
deactivated ocular pathogens without tissue damage
(19) as well as, presented that the treatment of hu-
man corneas ex vivo with cold plasma for 2 minutes
meaningfully reduced colony counts of bacteria.

Like our study, Ishary et al. showed the acceler-
ation in wound healing by plasma predominantly
for chronic venous ulcers (23). Study conducted by
Brehmer et al. showed the PlasmaDerm® VU-2010
device can reduce the bacterial load in patients with
chronic venous leg ulcers with reduction of more
than 50% in ulcer size (24).

Overall, our study together with other studies
showed that non-thermal atmospheric-pressure plas-
ma can cause wound healing by its antiseptic effects,
but with further studies, this scientific finding should
be investigated on the human skin cells (11). Atmo-
spheric cold plasma is a promising non-thermal tech-
nology and effective against pathogenic microorgan-
isms (25-29). Mechanism of Atmospheric-Pressure is
release of enzymes and destruction of the cell mem-
brane and cause pore in the cell wall (14, 15, 20).

Argon plasma is one of the most common types of
plasma gas used for wound cleaning because of its
low cost, ability to inhibition of oxidation, and wide
availability (19). Real-time -RT PCR technique so
far used to evaluate the gene expression inhibition.
In the present study, the expression levels of the alp
gene studied in this research was different before and
after treatment in Pseudomonas aeruginosa and de-
creased expression was observed (3). Alkaline prote-
ase is one of the virulence factors of P. aeruginosa in
inhibiting cytokines and immune cells. The results
showed that this system can reduce alp gene expres-
sion up to 1.5 folds, so in addition to inhibiting bac-
terial growth, this system can also reduce bacterial
pathogenicity.

CONCLUSION

The results of this study showed that cold atmo-
spheric-pressure plasma can be a promising tech-
nique in controlling the infections caused by P. aeru-
ginosa in various wounds by inhibiting the growth
and expression of P. aeruginosa virulence genes and
accelerating the healing of burn wounds. It is also an

http://ijm.tums.ac.ir

COLD PLASMAAGAINST WOUND INFECTIONS

inexpensive promising way to reduce antibiotic use
and prevent the development and distribution of an-
tibiotic resistance.
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