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ABSTRACT: Chronic wounds develop as a result of infection, commonly carried on by bac-
teria and form biofilms. MRSA is a kind of bacteria that can form biofilms. Recently, medical
plasma technology has been applied to accelerate wound healing. The objective of the research
was to investigate the response of cutaneous wounds in MRSA-infected animals to contact and
non-contact therapy using medical plasma argon jet-type with histopathological and molecular
approaches. Argon gas, with a purity of 99.995%, is utilized as a carrier gas for generating plasma
medical at a flow rate of 1 standard liter per minute (slm). This experiment was divided into 4
treatment groups, K (infected wound without plasma treatment), CP (5 mm plasma treatment),
NCP (20 mm plasma treatment), and CP-NCP (infected wound with 5 mm and 20 mm plasma
combination treatment). The result of the observation obtained that contact plasma from day 3 to
day 10 can remove bacterial biofilm and that non-contact plasma treatment from day 11 to day 16
is effective to accelerate wound healing. At day 17, the macroscopic biofilm area in the CP-NCP
group began to decrease with an increasing percentage of re-epithelialization, and no necrotic
cells were observed. TNF-a levels were observed significantly lower in the CP-NCP group at day
17 compared with other groups. In conclusion, contact-non-contact (CP-NCP) treatment is sug-
gested for the management of chronic infections since it is beneficial for removing the bacterial
biofilm layer and can promote wound healing.
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I. INTRODUCTION

The major cause of chronic wounds is bacterial infection, which results in the production
of biofilms.' Staphylococcus aureus (S. aureus) is the most common pathogen bacterial
detected in patients with wound infection. Methicillin-resistant Staphylococcus aureus
(MRSA) is one of the clinically identified strains of S. aureus that has been reported to
be resistant to methicillin. MRSA has been found in the skin tissue of individuals with
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chronic wounds. MRSA can form biofilms, which are colonies of adhered bacteria to a
surface and coated in a matrix of extracellular polymeric substances (EPS) produced by
bacteria.” A wound is considered to be healed if epithelial tissue has developed across a
whole wound surface. The formation of biofilm in the wound tissue inhibits the process
of skin tissue re-epithelialization.’> The delayed wound healing makes skin tissue dif-
ficult to repair.*

The fourth type of substance after solids, liquids, and gases is plasma. Instead of
blood plasma, the plasma being discussed here is the type of plasma known as an ion-
ized gas.” Conceptually, the function of plasma in medicine is related to its capability
to produce biological molecules including ROS and RNS (commonly abbreviated as
RONS).** RONS includes superoxide (O,), hydrogen peroxide (H,0,), hydroxyl radi-
cals (OH), singlet oxygen (O,), ozone (O,), organic radicals (RO, RO,), nitric oxide
(NO), nitrogen dioxide (NO,) dan peroxynitrite (ONOO"). If use correctly at the ap-
propriate dose, RONS can be beneficial for both physical and pathophysiological health
therapy.’

It was determined that medical plasma has a significant role in the inactivation of bac-
teria by breaking the cell membrane’s outer layer in the treatment of bacterial biofilms.
The cell membrane ruptures due to the electrostatic forces carried on by the accumulation
of charged particles on the membrane. Plasma exposure, whether direct (contact) or in-
direct (non-contact), results in varying RONS content. Direct exposure results in plasma
containing radicals with a short half-life and high reactivity, such as N.-, O,, OH dan
N,". In contrast, indirect exposure refers to sample exposure where sample placement is
outside the plasma release area, generating radicals with relatively long lifetimes, such as
OH, O, O,, NO, and some molecules that can disperse, including O,and N2.‘°

Darmawati et al.!" reported that medical plasma has the ability to eliminate wound
bacteria. The combination of contact and non-contact plasma treatments was effective
in removing Staphylococcus aureus bacterial biofilm and accelerating wound heal-
ing. The size of the wound can be used to evaluate wound healing. This parameter is
critical for monitoring chronic wound healing and determining therapy effectiveness.
However, in research, the efficiency of plasma therapy is evaluated using invasive his-
tological techniques, particularly skin biopsies around wounds as specimens to analyze
the physiology of wound healing, which is supported by routine staining techniques
(Hematoxylin-Eosin).

This study is a continuation of our previous research,!! and the objective is to de-
velop a diagnostic for medical plasma usage in the treatment of chronic wounds on a
wound model infected with MRSA bacteria.

Il. MATERIALS AND METHODS

A. Atmospheric Pressure Plasma Jet

The prototype of atmospheric pressurized jet-type medical plasma technology as cre-
ated by Teschke'? with a purity of 99.995% and a flow rate of 1 slm per minute flowing
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through the end of the quartz tube will be used as the input gas for the plasma generator.
This study refers to previous research conducted by Darmawati et al.!

B. MRSA Bacteria Preparation

The bacteria strains were obtained from the Laboratory of Microbiology Department
of Medical Laboratory Science, Universitas Muhammadiyah Semarang, Indonesia.
Inoculated colony of MRSA was used to prepare bacterial suspension in a test tube
containing liquid brain heart infusion (BHI) medium, incubated at 37°C for 24 hours.
The suspension was initially cultured on a blood agar plate (Oxoid, UK) for 24 hours at
37°C. Next, the suspension was cultured on mannitol salt agar (MSA) (Oxoid, UK) for
24 hours at 37°C. The collected colonies were homogenized after being suspended in a
test tube containing 3 ml of 0.85% NaCl. The turbidity of the suspension was compared
with that of McFarland 0.5 standard solution (1.5 x 108 CFU/mL).!"

C. Animals and Experimental Protocol

All research procedures followed animal welfare criteria and were approved by the ethi-
cal committee of the Health Research Ethics Commission (KEPK), Faculty of Public
Health, University of Muhammadiyah Semarang (certificate number: 633/KEPK-
FKM/UNIMUS/2022). 32 male BALB/c mice weighing 35.0—-40.0 g were acquired
from the Laboratory of the Faculty of Medicine, Sebelas Maret University, Surakarta,
Indonesia. Mice were individually placed in an air-conditioned room at a temperature of
28.0 + 2.0°C with a light-dark cycle, light from 08:00a.m. to 8:00p.m., and ad libitum
feeding circumstances. All experiments were conducted using ketamine-xylazine (K) 50
mg/kg + (X) 5 mg/kg anesthesia, and every effort was made to reduce pain.!!

D. Bacteria-Infected Wounds Model

Bacteria infected wounds were developed by infecting MRSA bacteria in acute wounds
of mice, as referred to in the study.'* Male Balb/c mice were acclimatized for one week,
then a full-thickness acute wound with a diameter of 4mm was made on the dorsal skin
of the mice using a 4mm punch biopsy (Kai Industries Co. Ltd., Gifu, Japan). 50 pL
bacterial suspension equivalent to McFarland 7 standard solution (21 x 10® CFU/mL)
was inoculated into acute wounds of mice by spreading the suspension for 10 seconds to
each wound using a sterile spatula. The wound was covered with a hydrocolloid dress-
ing, then covered with a bandage for three days. This method created an ideal environ-
ment for the production of biofilms."

E. Plasma Jet Treatment on Wound

Mice were anesthetized with a ketamine and xylazine anesthetic solution at a ratio of (2:1)
and 0.01 ml/ww mice before being wounded in the dorsal skin using a 4mm disposable
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punch biopsy (day 0)."" Plasma jet treatment began three days after the wounds were
infected with bacteria (day 3), followed by wound care consisting of changing hydrocol-
loid dressings (Tegaderm Hydrocolloid Dressing; 3M Health Care, St. Paul, MN) and
bandages daily (Leukoplast; BNH Medical, Germany) for 14 days.

Figure 1 shows the experimental procedure following day 3. For 14 days, plasma
jet treatment was performed once a day for 3 minutes. Mice were randomized into
four groups, with three mice or six wound samples in each group, as follows: (i) the
control group, with bacteria-infected wounds not treated with plasma (K), in which
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Tnitial condition Observing wound Covering dressing Bandaging

B. Contact Plasma (CP)
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FIG. 1: Experiment protocol during days 3—16
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bacteria-infected wounds were allowed to heal on a daily basis by using (Tegaderm
Hydrocolloid Dressing; 3M Health Care, St. Paul, MN); (ii) the contact plasma group,
with bacteria-infected wounds treated with plasma contact style (CP) in which bacteria-
infected wounds were treated for 3 minutes with plasma jet treatment in contact style (in
this setting, the distance between the nozzle of the plasma jet reactor tube and the wound
surface was 5 mm; in this position, the plasma jet made visual contact with the wound
surface; (iii) the non-contact plasma group, with bacteria-infected wounds treated with
plasma non-contact style (NCP), in which bacteria-infected wounds were treated for
3 minutes with plasma jet treatment in non-contact style. In this setting, the distance
between the nozzle of the plasma jet reactor tube and the wound surface was 20 mm (in
this position, the plasma jet not made visual contact with the wound surface); and (iv)
the contact and non-contact group, in which bacteria-infected wounds were treated with
plasma contact and non-contact style (CP-NCP) and bacteria-infected wounds were
treated for 3 minutes with plasma jet treatment in contact style from day 3 to day 10.
The following day, from day 11 to day 16, non-contact plasma jet treatment was used
for 3 minutes. In this setting, the distance between the nozzle of the plasma jet reactor
tube and the wound surface was 5 mm for contact style and 20 mm for non-contact style.

F. Macroscopic Evaluation of Wounds

First, the macroscopic evaluation was performed manually, followed by a computational
method based on the previously described procedure.!! This evaluation was carried out
every day for 14 days. day 3 is the day when plasma jet treatment is started. A digital
camera (Lumix FH6, Panasonic, Japan) was used to record the wound conditions that
were observed.

G. New Epithelial and Necrosis Cell Evaluation

The level of re-epithelialization and necrosis tissue of wounds was observed micro-
scopically in each group on day 6 (the third day after bacterial-infected wounding), day
10 (the seventh day after bacterial-infected wounding), day 14 (the eleventh day after
bacterial-infected wounding), and day 17 (the fourteenth day after bacterial-infected
wounding). The wound on skin mice tissue was collected for tissue processing to pro-
duce wound tissue sections, and each preparation was stained with hematoxylin and
eosin (HE). The percentage of re-epithelialization was calculated by the formula: 100%
x (new epithelial length/wound length between wound edges) and the necrosis percent-
age was obtained using the formula: 100% x (cell necrosis area/wound length between
wound edges).!

H. Tumor Necrosis Factor Alpha (TNF-a) Level

Mice were dissection at days 6, 10, 14, and 17. Blood was drawn from the cardiac
puncture for molecular evaluation using the TNF- ELISA Kit (TNF-a rat ELISA kit;
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Sigma-Aldrich, St. Louis, MO). Blood samples were collected and processed into se-
rum. Take 2 mL of blood, separate the supernatant, and place it in a new microtube.
Curva Expert software version 1.4 was used to process the absorbance standards and
samples.

I. Statistical Analysis

The results of macroscopic, microscopic (percentage of re-epithelialization), and TNF-a
level, were analyzed using the Statistical Package for the Social Sciences (SPSS) pro-
gram evaluated by ANOVA followed by the Tukey Kramer method; P < 0.05 was con-
sidered significant.

lll. RESULT

A. Macroscopic Evaluation of Wound

Bacterial-infected wounds on mice skin were observed daily and macroscopic images
of the wounds were documented using a digital camera from day 3 to day 17, the results
are shown in Fig. 2.

Group

CP

NCP

L.,.‘__..._...‘_.....L._n...‘-._..—_.-[.«_...._.ij—...;1i..».~

FIG. 2: Wound appearance on days 0, 3, 6, 10, 14, and 17. K: control group, CP: contact group,
NCP: non-contact group, CP-NCP: combination contact and non-contact group.
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In day 3, the wound usually passes through an inflammatory phase, which is char-
acterized by an expanded wound size and exudate fluid. The wound progressively en-
ters the proliferative phase, which is characterized by the wound shrinking until day 17.
The wound area ratio decreased rapidly in the plasma treatment group than the control
group.

The macroscopic area data analyzed by the SPSS program showed normal and ho-
mogeneous distribution data (P < 0.05), then the One way ANOVA test with Turkey-
Kramer continued to see significant differences between groups. Based on the ratio of
the wound area to the initial wound area, the results showed in Fig. 3, there was an in-
crease in the size of the wound area in the K, CP, NCP, and CP-NCP groups over the 14-
day treatment period. From day 6 to day 7, there was no significant difference between
the groups. From day 5 to day 12 the wound area in K was significantly larger than that
of CP, NCP, and CP-NCP (K vs. CP: P <0.01, K vs. NCP: P <0.01, C vs. CP-NCP: P
< 0.05). On day 8 to day 14 the wound area of group K was significantly larger than that
of the CP, NCP, and CP-NCP groups. (K vs. CP: P <0.01, K vs. NCP: P <0.01, K vs.
CP-NCP: P <0.05).

B. New Epithelial and Necrosis Cell Evaluation

The percentage of re-epithelialization of days 10, 14, and 17 CP-NCP was significantly
higher than the other groups. Meanwhile, necrosis cells were not observed in all groups
between day 14 and day 17, followed by an increase in re-epithelialization.
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FIG. 3: Ratio of wound area to initial wound area during the 14-day treatment period. From days
5-12, the wound area of group K was significantly larger than those of CP, NCP, and CP-NCP. At
day 17, there was no significant difference between groups.
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Figure 4 shows that the percentage of re-epithelialization of day 10, day 14, and
day 17 CP-NCP was significantly higher than the other groups. The NCP group at day
7 was significantly higher than CP and K groups (NCP vs. CP: P < 0.01, C vs. NCP:
P < 0.01) whereas the other groups showed no significant difference. Observations on
day 17 indicated that in the CP, NCP, and CP-NCP groups, the new epithelium had fully
covered the wound. Group K had the lowest percentage of re-epithelialization, while
the percentages of re-epithelialization in the CP, NCP, and CP-NCP groups were not
significantly different. The percentage rate of necrosis and re-epithelialization of the
wound was evaluated on days 6, 10, 14 and 17. Necrotic cells started to form at day 16
and increased at day 10 in all groups K, CP, NCP, and CP-NCP. However, necrosis cells
were not found in all groups from day 14 to day 17, at day 14 to day 17 necrosis cells
were not found in all groups.

C. Tumor Necrosis Factor Alpha (TNF-a) Level

Figure 5 illustrates the TNF-a levels for each group. TNF-a levels in the CP group were
significantly higher than the other groups on day 6, while the K group was higher than
the other groups on day 10 (K vs. NCP: P < 0.005, K vs. CPNCP: P < 0.005, CP vs.
NCP: P < 0.005). In day 17, group K was significantly higher than the CP and NCP
groups (K vs. NCP: P <0.005, K vs. CPNCP: P <0.005, K vs. CPNCP: P <0.005). On
day 17, K, CP, NCP, and CP-NCP TNF-a levels dropped dramatically.

From day 6 there was a significant difference in TNF-a levels between groups. On
day 10, CP group was significantly higher than the other groups, whereas K, CP, NCP,
and CP-NCP decreased significantly on day 17.
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FIG. 4: Percentage of re-epithelialization and cell necrosis of wound tissue
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FIG. 5: TNF-levels histogram on days 3, 7, 11, and 14

IV. DISCUSSION

The wound area ratio reduced more rapidly in the plasma-treated group than in the
control group. This finding indicates that the application of plasma can accelerate
wound healing. The study’s findings are in accordance with Darmawati et al. (2019),
which found that using medical plasma can assist in the healing process.!* The thermal
impact of plasma treatment on the skin with plasma jet treatment duration and maxi-
mum temperature (T-max) for plasma-affected skin with distances of 5, 10, 15, and
20 mm between the skin surface and the plasma jet reactor nozzle. This indicates that
a shorter distance leads to a higher T-max. Treatment of plasma jets distanced 5 mm
apart for 1 to 5 minutes produces T-max value between 56°C and 60°C. Treatment of
plasma jets distanced 20 mm apart for the same duration of time produced T-max of less
than 40°C."

The charged particles in plasma play a key role in the inactivation of bacteria in
medical plasma treatment for bacterial biofilms by breaking down the outer layer of
the cell membrane. The electrostatic forces induced by the accumulating of charged
particles on the cell membrane reduce stretching capability, resulting in cell membrane
rupture.’® RONS content varied depending on whether plasma was treated direct (CP)
or indirect (NCP). Invasive exposure resulted in plasma containing radicals with a short
half-life and high reactivity, such as N.-, O,, OH, and N,". Non-invasive exposure, on the
other hand, describes sample exposure where the sample is placed outside the plasma
release area, producing radicals with relatively long lives such as OH, O, O,, NO, and
some dispersible molecules such as O, and N,."” According to Nasruddin et al. (2014,
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2017), and Sibbald et al. (2011) re-epithelialization for controls was only supported by
moist conditions from dressings usage.'¢'®

Giving contact plasma to the wound area’s surface after the biofilm layer has been
removed severely impairs the wound healing process. The size of the wound area on day
14 and day 17 showed no significant decrease, and the re-epithelialization rate on day 3
was only 25%, whereas it was > 65% on day 14. According to Darmawati et al.,'* contact
plasma exposure has negative effects such as damage to normal skin tissue because an
elevation in local temperature slows or impairs new epithelial growth.'* Medical plasma
treatment caused a higher level of necrosis in the CP group (bacterial-infected wounds
with a plasma exposure distance of 5 mm). After the biofilm layer has been removed
(days 10-16), non-contact plasma treatment can accelerate wound re-epithelialization.
The re-epithelialization rate reached 98% on day 17. The remodeling phase is the final
stage of wound healing, also known as the maturation phase. During this phase, epi-
thelial cells cover the whole wound’s edges, and the collagen fibers’ structure changes
microscopically."

Non-contact plasma exposure leads to the generation of radicals with relatively
long lifetimes, and one of those is NO."> According to Thana et al.,*° plasma-produced
NO has a stimulatory affect on wound healing and tissue regeneration. In humans, NO
is a key biological signaling molecule that can drive cell proliferation, angiogenesis,
and collagen formation, leading in skin repair. TNF-a levels above normal indicate
local or systemic inflammation.?' TNF-a is a key cytokine involved in the acute inflam-
matory response to bacteria and other microorganisms. Severe infections can cause
high levels of TNF-a to be produced, resulting in a systemic response.?

The decrease in TNF-a levels in the CP-NCP group at day 17 indicated that
TNF-a levels decreased after exposure to contact and non-contact medical plasma.
A variety of components of the wound healing process, according to?*?* follow the
redox regulator. Active oxygen species [reactive oxygen species (ROS)] and ac-
tive nitrogen species [reactive nitrogen species (RNS)] such as O, H,O,, and NO
are involved in the redox process. These active molecules are known as oxidants,
and they serve as signaling messengers in biological processes. Several investiga-
tions have demonstrated that these active species play an important role in criti-
cal processes during wound healing, such as inflammation, re-epithelialization, and
vascularization.

Plasma treatment with a combination of contact and non-contact styles is sug-
gested for the management of chronic wounds. The basic principles of chronic wound
care are (a) eliminating the source of infection, which is a biofilm, and (b) prevent-
ing the formation of biofilm without causing tissue damage or the emergence of drug
resistance.'®* This study using plasma jets to remove biofilms, plasma creates ROS,
which in high doses can damage healthy tissue and cells (including bacteria). By cus-
tomizing the plasma exposure distance, the dose of ROS can be controlled. Contact
plasma treatment is first given to remove biofilm and kill bacteria, followed by non-
contact plasma treatment to avoid the negative effects of plasma and accelerate wound
healing.!!
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V. SUMMARY

Medical plasma treatment with contact and non-contact exposure is an effective treat-
ment for MRSA chronic wounds. Bacterial biofilms can be removed and wound healing
can be accelerated by contact and non-contact exposure.
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