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Impaired healing process of diabetic wounds is a common problem among diabetic
patients. These diabetic wounds are slow to heal and can lead to serious complications if left
untreated. One of the reasons diabetic wounds are slow to heal is that pathogenic bacteria often
colonize them. Cold atmospheric plasma (CAP) is a promising new technology that has been
shown to effectively kill and inhibit pathogenic bacteria in diabetic wounds. In the current
study, we examined by what means CAP works and its potential impact as a diabetic wound
treatment. Fifty diabetic patients aged from 20 to 60 years old with diabetic wounds were
included in our study using the swab method. We used general and specific culture media to
isolate the pathogenic bacteria from diabetic wounds and identified the bacteria via different
techniques using a light microscope (oil lens) and VITEK. Moreover, we confirmed the
identification of isolated bacteria by 16S rRNA. Our results demonstrated the direct anti-
bacterial effect of CAP against the isolated bacteria. The most prominent bacterial type in
diabetic wounds was Staphylococcus sp. CAP demonstrated the highest effect against Bacillus
sp. and Paenibacillus sp., which were responsible for relevant changes in the skin and were
associated with the skin immune response and microbiota. Our results revealed the therapeutic
use of CAP as a powerful strategy to overcome the invading pathogenic bacteria that colonize
diabetic wounds and hence improve the healing process of diabetic wounds.

Keywords: Bacterial colonization; cold atmospheric plasma; diabetic wounds; Paenibacillus
species, pathogenic bacteria

INTRODUCTION

Diabetic wounds are especially vulnerable
to pathogenic bacterial colonization due to high
glucose levels in the wound environment!.
Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli are among the
bacteria most commonly found in diabetic
wounds?. These bacteria can cause serious
complications such as cellulitis, osteomyelitis,
and sepsis®. They are also frequently resistant
to antibiotics, making them difficult to treat®.
Staphylococcus, Bacillus sp., Paenibacillus sp.,
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and Pseudomonas sp. are commonly isolated
bacteria from diabetic wounds®’. These
bacteria are known to cause infections that can
lead to severe complications if not treated
promptly®®, These bacteria's pathogenicity
originates from their ability to produce
virulence factors such as toxins, enzymes, and
adhesions, which allow them to colonize and
damage tissues'®!!. Toxins produced by
Staphylococcus sp., and Bacillus sp., can
destroy host cells and evade the immune
system?!?. Moreover, Paenibacillus sp., and
Pseudomonas sp. produce enzymes that
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degrade host tissues while promoting bacterial
growth'®, The combination of these virulence
factors makes these bacteria highly pathogenic
and difficult to treat!®. To avoid further
complications, it is critical to identify these
bacteria early and treat them with appropriate
remedies’®. These strains' ecological and
potential pathogenicity characteristics raise
intriguing questions that warrant further
investigation. This is where cold atmospheric
plasma (CAP), as a potential solution for
eradicating pathogenic bacteria, comes in.

CARP is a type of plasma that operates at or
near room temperature, making it ideal for a
variety of applications'®. CAP, unlike other
types of plasma, can be generated using simple
devices and operated in air or other gases at
atmospheric  pressure!’.  Unlike traditional
sterilization methods, CAP is effective at
killing microorganisms and can be used on
delicate surfaces and in a variety of settings®
2, In addition, CAP has shown promise as a
treatment for chronic wounds such as diabetic
ulcers and bedsores?. One of the most
significant benefits of CAP over antibiotics is
that it does not contribute to antibiotic
resistance??. CAP can also be used to treat
biofilms, which are communities of bacteria
that are particularly resistant to antibiotics®®.
Several clinical trials have been carried out to
assess the efficacy of CAP in the treatment of
diabetic wounds. According to one study, CAP
can reduce bacterial load in diabetic wounds by
up to 90% after just one treatment 2. CAP is a
promising new technology that has the
potential to revolutionize diabetic wound
treatment. It can kill and inhibit pathogenic
bacteria while not contributing to antibiotic
resistance, making it an appealing option for
healthcare professionals. More research is
needed to fully understand its potential.
Therefore, our current study aims to investigate
the use of CAP as a potential therapeutic agent
against pathogenic bacteria isolated from
diabetic wounds.

MATERIALS AND METHODS

DBD device and instrumentation

The Dielectric Barrier Discharge (DBD)
plasma device was constructed using a 50 kHz
high voltage power source connected to a 1 mm
thick stainless-steel electrode with an area of 1
cm? and isolated from the ground by a polymer
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plate of 0.1 mm thickness?*. The treated sample
was put between the two electrodes and the
distance between the powered electrode and the
sample was 1 mm?5%,

Isolating pathogenic bacteria from diabetic
wounds of diabetic patients

The ethical committee of the Faculty of
Medicine, Assiut University, Egypt, approved
the study (IRB no: 17400028). Informed and
written consent was given by all participants
(50 patients) prior to enrollment. All methods
were performed in accordance with the
guidelines of the Declaration of Helsinki?’. The
guidelines used for the microbial studies were
those of the Clinical and Laboratory Standards
Institute (CLSI)?. Different species of bacteria,
including Gram-positive and Gram-negative
bacteria, were isolated using the swab method
from the diabetic foot ulcers of diabetic
patients attending the Diabetes, Endocrine
Center, and Vascular Surgery outpatient clinics
in Assiut University Hospitals. All isolates
were processed, isolated, and identified by
standard methods, including Gram staining,
culture, biochemical reactions, VITEK, and
16S RNA sequencing in Korea. All samples
taken from diabetic wounds using swab
methods?®, were transferred into a sterile Brain
heart infusion (BHI) broth medium for
laboratory culture. All samples were cultured
for 24 hrs at 35£2 °C in Tryptic soy agar (TSA)
medium. The formed isolated colonies were
streaked to be purified into Mannitol salt agar
(MSA) medium  for  detection of
Staphylococcus species. MacConkey’s agar
medium for Gram negative bacteria®®. Eosin
methylene blue agar (EMB) medium for E.coli
culture detection L. All of the cultural media
were purchased from HIMEDIA.

The cultures were incubated under aerobic
and static condition overnight at 37°C. All
single colonies formed were further purified to
obtain a pure isolate for further microbiological
studies®.  The  isolates  used  were
Staphylococcus haemolyticus AUMC b-331
(0Q102238.1), Bacillus safensis strain MS1
(0Q092722.1) Stutzerimonas kunmingensis
MS2 (0Q092246.1), Paenibacillus sp. MS3
(0Q093272.1), and Stutzerimonas sp. MS4
(0Q094294.1) Bacteria were cultured in
nutrient broth (N.B), for 24 hrs at 37 °C%,
Muller-Hinton agar medium was used for the



detection of antimicrobial activity of CAP
against these pathogenic bacteria 3.

Genotypic identification using 16S rRNA
DNA isolation

The genomic DNA was extracted from the
five isolates using the genomic DNA Prep kit
(SolGent, Daejeon, Korea) according to the
manufacturer's instructions after the glass bead
to disrupt the cell walls. The extracted DNA
was then used as a template for PCR to amplify
the 16S rRNA gene. A universal bacterial
primer set of 27F (5'-AGA GTT TGA TCC
TGG CTC AG-3') and 1492R (5'-GGT TAC
CTT GTT ACG ACT T-3 ') was used to
amplify the nearly complete 16S rRNA
gene3s2,

PCR amplification and DNA sequencing

The PCR amplification was performed in
a 25 pl reaction volume containing 10-50 ng of
the template DNA, 0.4 uM of each primer, 0.75
U of EF-Tag DNA polymerase (SolGent,
Daejeon, Korea), 0.2 mM of each dNTP
(SolGent, Daejeon, Korea), and 1xEF-Taq
reaction buffer (SolGent, Daejeon, Korea). The
Thermo cycling conditions included an initial
denaturation step at 95 °C for 15 min followed
by 30 cycles at 95 °C for 20 seconds, 50 °C for
40 s, and 72 °C for 1.5 min with a final
extension step at 72 °C for 5 min. The PCR
product was separated by gel electrophoresis
on 1.5 % agarose containing ethidium bromide
with a 0.5 x Tris-acetate-EDTA (TAE) buffer,
and visualized using a UV illuminator *. The
PCR product was then purified using a
SolGentPCR  purification kit  (SolGent,
Daejeon,  Korea) according to  the
manufacturer’s instructions. The amplified 16S
rRNA gene was sequenced using an ABI Big
Dye Terminator (v 3.1) cycle sequencing kit
(Applied Biosystems, Foster City, Cal., USA)
and an ABI 373 OXL DNA analyzer (Applied
Biosystems, Foster City, Cal., USA).

Phylogenetic analyses

The 16S rRNA dataset included 33
sequences, of which one sequence was
obtained in this study for Staphylococcus sp.
AUMC b-331, 31 sequences downloaded from
GenBank for the nearest strains including the
available type species, and one sequence for
the outgroup. The sequences were assembled
using the DNA STAR computer package (DNA

star version 5.05) and Molecular Evolutionary
Genetics Analysis Version 11  MEGA1l
software Assembled sequence of the target
isolates were aligned with those downloaded
from GenBank using Multiple Alignment using
Fast Fourier Transform MAFFT3, Alignment
gaps and parsimony uninformative characters
were treated by Block Mapping and Gathering
with Entropy BMGE®*. Maximum-likelihood
(ML) and Maximum parsimony (MP)
phylogenetic analyses were performed. The
evolutionary history was inferred using the
Neighbor-Joining method*. The optimal tree is
shown. The percentage of replicate trees in
which the associated taxa clustered together in
the bootstrap test (100 replicates) are shown
above the branches*. The tree is drawn to
scale, with branch lengths in the same units as
those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary
distances were computed using the Maximum
Composite Likelihood method*? and are in the
units of the number of base substitutions per
site. All ambiguous positions were removed for
each sequence pair (pairwise deletion option).
There were a total of 1494 positions in the final
dataset. Evolutionary analyses were conducted
in MEGA11%,

Elucidating the effects of CAP on isolated
pathogenic bacteria

The conventional diffusion method used
as a screening method to determine the anti-
bacterial efficacy according to CLSI was
employed for the assessment of the anti-
bacterial potential of CAP3*4. The inoculum of
each 18-20-hour pre-cultured pathogenic
bacterial isolate to be tested, which contained
1.5 x 108 CFU mL™, was spread using a sterile
swab moistened with the bacterial suspension
on Muller-Hinton agar plates. Subsequently,
the CAP was generated and exposed to specific
sites within each plate for each isolate at a
different time. The time of exposure was
varied; we used 10, 20, 30, and 40 sec for each
plate. Then, the plates were incubated at 37 °C
for 24-48 hrs under aerobic conditions in an
upright position #4. The clear zone surrounding
the well (microbial growth inhibition zone) was
measured in millimeters (mm), and three
replicates were performed against each of the
pathogenic bacteria tested.
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Efficacy of CAP on bacterial biofilm

For in vitro biofilm culture, strains of
Staphylococcus haemolyticus, Bacillus safensis
MS1, Paenibacillus  sp. MS3, and
Stutzerimonas sp. MS4 were used®. Stock
cultures were kept at -20°C before being
streaked onto Nutrient agar and incubated at
37°C for 48 hrs. Each microorganism culture
was placed in 10 mL of Tryptic Soy Broth and
incubated at 37°C for 18 —22 hrs. Cells were
harvested from each microorganism culture,
washed twice with 10 mL of PBS (10 mM
PO4-3, 137 mM NaCl, 2.7 mL KCI),
centrifuged at 4000 rpm for 5 minutes,
suspended in 10 mL of RPMI medium (RPMI-
1640, Sigma-Aldrich Co., USA), and
standardized to 1 x 107 cells/ml. Initially, the
samples were incubated in a static position
within Microtitre-plate 96 wells for 24 hrs at
37°C. Non-adherent cells were then eliminated
by gently washing each sample twice with 2
mL of PBS before adding 2 mL of new RPMI
media. After 24 hrs of incubation at 37°C in a
static incubator, 1 mL of the RPMI medium
was taken out and replaced with an equivalent
volume of fresh media for another 24 hrs of
incubation under the identical conditions®#,
After 48 hrs of incubation, each disc was
moved to a new well and the biofilm was
gently rinsed with 2 mL of PBS*’. The treated
samples received CAP treatment, whereas the
control group received no treatment. All four
bacterial biofilm strains were treated with
amoxicillin (50 mg/ml) as a positive control.

Statistical analysis

On normally distributed data expressed as
means and standard error of the mean,
GraphPad Prism software version 5 was used to
perform the statistical analysis (SEM). To
investigate significant differences between the
three groups, a one-way ANOVA was
employed, followed by a Tukey's posttest.

RESULTS AND DISCUSSION

Results
Isolation of pathogenic bacteria from diabetic
wounds

The results of isolated bacteria
demonstrated the patient's susceptibility to

1288

Gamal Badr, et al.

bacterial contamination due to diabetic
wounds. The patients’ ages ranged from 50 to
60 years showed the greatest susceptibility to
Staphylococcus sp. contamination (70%),
followed by Pseudomonas sp. (10%).
Furthermore, E. coli, Bacillus sp., and
Enterococcus sp. were found in nearly equal
proportions as shown in Table 1. The most
common bacteria found in the various targeted
ages in this study were Staphylococcus species,
followed by Pseudomonas sp., E. coli, Bacillus
sp., and Enterococcus sp., with percentages of
60, 18, 8, 8, and 6%, respectively.

Identification and confirmation of isolated
pathogenic bacteria

The biochemical test and VITEK were
used to confirm the identification of the
purified bacteria after the microscopic
examination. The most resistant bacterial
strains to antibiotics had their DNA extracted
and sent to Korea for sequencing.
Staphylococcus haemolyticus AUMC b-331,
Bacillus safensis strain MS1, Stutzerimonas
kunmingensis MS2, Paenibacillus sp. MS3,
and Stutzerimonas sp. MS4 isolates were
identified at the species level using the macro-
and microscopic features. Additionally, all
these isolates showed the highest resistance
against different antibiotics using sensitivity
test, so they were multi-drug resistant strains.
Therefore, these isolates were subjected to
confirmation of their identification using
molecular techniques. The molecular typing
resulted from partial 16S rRNA gene sequence
of 1418, 1419, 1406, 1429, and 1394 base pair
(bp) for Staphylococcus haemolyticus strain
AUMC B-331, Bacillus safensis strain MS1,
Stutzerimonas  kunmingensis  strain  MS2,
Paenibacillus  sp.  strain  MS3, and
Stutzerimonas sp. strain MS4, respectively. The
results of the phylogenetic tree were obtained
in Fig.1. The results illustrated the identified
bacteria ~ which  were  Staphylococcus
haemolyticus AUMC b-331 (Fig.1A), Bacillus
safensis strain MS1 (Fig.1B), Stutzerimonas
kunmingensis MS2 (Fig.1C), Paenibacillus sp.
MS3 (Fig.1D) and, Stutzerimonas sp. MS4
(Fig.1E).



Table 1 :The number of patients isolates with distribution according to their ages.

Age
(Years)

Number of isolates

Staphylococcus
sp. (%)

Enterococcus
sp. (%)

Pseudomonas
sp. (%)

Bacillus
sp. (%)

E. coli
(%)

Total no.

20-30

1 (50)

0

0

0

1 (50)

2

30-40

3 (50)

0

1 (16.66)

1 (16.66)

1 (16.66)

6

40-50

5 (41.66)

1(8.33)

5 (41.66)

1(8.33)

0

12

50-60

21 (70)

2 (6.66)

3(10)

2 (6.66)

2 (6.66)

30

Total

30 (60 %)

3 (6 %)

9 (18 %)

4 (8 %)

4 (8 %)

50

87

90

46 | | NR 181247 1:60-1477 Staphylococcus borealis strain 51-48

7|

0Q102238.1 Staphylococcus haemolyticus strain AUMC B-331

NR 113345.1:35-1452 Staphylococcus haemolyticus strain JCM 2416

0 NR 136463.1:39-1456 Staphylococcus pragensis strain CCM 8529
_{ NR 132590.1:58-1475 Staphylococcus croceilyticus strain MCC10046
NR 037048.1:55-1474 Staphylococcus ureilyticus strain CK27
NR 037053 1:42-1461 Staphylococcus casei strain SB72
NR 180150.1:60-1479 Staphylococcus pseudoxylosus strain S04009
NR 113349 1.35-1454 Staphylococcus saprophyticus strain JCM 2427
— NR 116627.1:56-1474 Staphylococcus devriesei strain KS-SP 60
NR 024668 1:55-1472 Staphylococcus lugdunensis strain ATCC 43809
— NR 024669.1:55-1474 Staphylococcus pasteuri strain ATCC 51129
— NR 181984 .1:35-1453 Staphylococcus argenteus strain DSM 28299
ﬂ&‘v NR 024665 1:55-1472 Staphylococcus caprae strain ATCC 35538
L NR 119262 1:31-1449 Staphylococcus caprae strain DSM 20608
NR 024666 1:55-1473 Staphylococcus delphini strain ATCC 49171
NR 036905.1:37-1456 Staphylococcus hyicus strain D. Sompolinsky

NR 0246701 55-1477 Mammaliicoccus vilulinus strain ATCC 51145

NR 119262.1:55-1475 Macrococcus caseolyticus strain ATCC 13548

—_—
0.02

X80724.1 E.coli ATCC 25922

Fig. 1A: Phylogenetic tree generated from MP analysis, the neighbor-joining tree based on 16S rRNA
gene sequences showing the positions of the isolated Staphylococcus sp. AUMC b-331 and
related strains. The tree is rooted to E. coli ATCC 35922 as our group.

57 | NR 180796.1:53-1470 Bacillus stercoris strain JCM 30051

#6 |l NR 181236.1.58-1475 Bacillus rugosus strain SPBT7

NR 115282.1:26-1419 Becillus halotolerans strain CR-95
NR 024696.1:48-1465 Bacillus valismortis strain DSM 11031
NR 118972 1-54-1427 Bacillus subtilis strain NCDO 1769

NR 161897.1:53-1470 Bacillus nakamurai strain NRRL B-41091

® |1 NR 112723.1:33-1450 Bacillus atrophaeus strain NBRC 15539

00 | NR 116023.1:31-1448 Bacillus licheniformis strain BCRC 11702

NR 042338.1:44-1462 Bacillus aerus strain

91 [ NR 042336 1:52-1468 Bacillus stratosphericus strain
NR 118441.1:13-1429 Bacillus stratosphericus strain

6| NR 043242 .1:2-1420 Bacillus pumilus strain ATCC 7061

NR 148786 1'53-1469 Bacillus zhangzhouensis strain MCCC 1A08372
NR 148787.1:53-1469 Bacillus australimaris strain MCCC 1A05787
NR 113945 1:33-1449 Bacillus safensis strain NBRC 100820
0Q092722 1 Bacillus safensis strain MS1

NR 041794.1:2-1420 Bacillus safensis FO-36b

_,7 NR 157742.1.59-1477 Bacillus wudalianchiensis strain FJAT-27215
NR 179484 1:58-1472 Metabacillus schmidteae strain Marseille-P9898

NR 042538.1:98-1475 Salirhabdus euzebyi strain CVS-14

NR 024570 1 Escherichia coli strain U 5/41

Fig. 1B: Phylogenetic tree of Bacillus sp. MS1 of 1419 base pair and reference sequences from
GenBank. The tree was constructed by the neighbor-joining algorithm implemented in the

MEGA-11 program.
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NR 103934.2:60-1467 Stutzerimonas stutzeri ATCC 17588

L NR 116489 1:47-1454 Stutzerimonas stutzeri strain VKM B-975

L NR 118798.1:30-1437 Stutzerimonas stutzeri strain CCUG 11256

NR 148295 1-32-1439 Pseudomonas songnenensis strain NEAU-ST5-5
NR 178637 .1:10-1417 Pseudomonas iranica strain GH10

a2 NR 169495 1:33-1440 Pseudomonas nitrititolerans strain GL14
NR 041044.1 36-1443 Stutzerimonas xanthomarina strain KMM 1447
NR 133828 1:53-1460 Stutzerimonas kunmingensis strain HL22-2
0Q092246.1 Stutzerimonas kunmingensis strain MS2

NR 117756 1:24-1430 Pseudomonas knackmussii B13

NR 115115.1:40-1447 Stutzerimonas chloritidismutans strain AW-1

—— NR 134795 1-6-1403 Pseudomonas zhaodongensis stran NEAU-ST5-21

NR 025881.1:51-1457 Pseudomonas oryzihabitans strain L-1

NR 040859 1:45-1451 Pseudomonas parafulva NBRC 16636 = DSM 17004

NR 115608.1:12-1418 Pseudomonas agarici strain ATCC 25941

NR 181703 1:60-1466 Pseudomonas rustica strain MBT-4

NR 036904.1 Staphylococcus epidermidis

0.02

Fig. 1C: Phylogenetic tree of Pseudomonas sp. MS2 with 1394 bp and reference sequences from
GenBank. The tree was constructed by the neighbor-joining algorithm implemented in the
MEGA-11 program.

0Q093272.1 Paenibacillus sp. strain MS3

NR 040883.1:46-1470 Paenibacillus glucanolyticus strain DSM 5162
NR 040882.1:31-1453 Paenibacillus lautus strain JCM 9073
4 NR 136479.1:33-1455 Paenibacillus qingshengii strain S1-9

NR 042089.1:53-1474 Paenibacillus anaericanus strain MH21

NR 040885.1:31-1453 Paenibacillus chibensis strain JCM 9905

52_ 100 |: NR 152686.1:1-1426 Paenibacillus solani strain FJAT-22460
NR 145868.1:53-1477 Paenibacillus zeae strain 6R2
2 NR 112162.1:31-1451 Paenibacillus campinasensis strain JCM 11200
98
o NR 117012.1:33-1455 Paenibacillus uliginis N3/975
60 NR 169361.1:53-1474 Paenibacillus dakarensis strain FF9
NR 040884 .1:31-1450 Paenibacillus illinoisensis strain JCM 9907

NR 178944 1:7-1432 Paenibacillus apii strain 7124

NR 025170.1:75-1458 Paenibacillus terrae strain AM141

X80724.1 E coli ATCC 25922

0.02

Fig. 1D : Phylogenetic tree of Paenibacillus sp. MS3 with 1406bp and reference sequences from
GenBank. The tree was constructed by the neighbor-joining algorithm implemented in the
MEGA-11 program.
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NR 181014.1:31-1423 Pseudomonas izuensis strain [zP$43 3003

NR 024918.1:44-1438 Pseudomonas jessenii strain CIP 105274

NR 179985.1:51-1445 Pseudomonas crudilactis strain UCMA 179688

NR 040802 1:31-1425 Pseudomonas asplenii strain ATCC 23835

NR 176637.1:8-1400 Pseudomonas iranica strain GH10

i NR 115115.1:38-1430 Stutzerimonas chloritidismutans strain AW-1

NR 117756.1:22-1414 Pseudomonas knackmussii B13

NR 104280.1:43-1437 Pseudomonas fulva strain NRIC 0180

NR 113855.1:31-1423 Pseudomonas cremoricolorata DSM 17059

NR 116172.1:49-1443 Pseudomonas taiwanensis DSM 21245 strain BCRC 17751

NR 115874.1:54-1446 Pseudomonas oleovorans subsp. lubricantis strain RS1

NR 041044 1:34-1428 Stutzerimonas xanthomarina strain KMM 1447

—— 0Q094294.1 Stutzerimonas sp. strain MS4

NR 112808.1:31-1424 Pseudomonas toyotomiensis strain HT-3

NR 148295.1.32-1420 Pseudomonas songnenensis strain NEAU-ST5-5

NR 116192.1 Bacillus subtilis strain NRRL NRS-744

Fig. 1E: Phylogenetic tree of Stutzerimonas sp. MS4 with reference sequences from GenBank. The tree
was constructed by the neighbor-joining algorithm implemented in the MEGA-11 program.

The potential impact of CAP against biofilm
formation

CAP was tested against the most biofilm-
producing strains compared to a positive
control amoxicillin that usually used as a
broad-spectrum antibiotic for wound infection,
and the negative control is strain without
receiving any treatment. The obtained data
showed the great potency of CAP against the

four-targeted isolates. Staphylococcus
haemolyticus demonstrated high  biofilm
producing ability, followed by Stutzerimonas
sp. MS4, Paenibacillus sp. MS3, and Bacillus
safensis MS1, which in turn, showed less
biofilm-producing ability among the four tested
pathogenic bacterial strains. Our results
demonstrated that CAP significantly reduced
the bacterial biofilm as shown in Fig.2.
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n A Staphylococcus haemolyticus " B stuterimonas sp. Ms4
0 3] i " i
B f @ i
Q 24 o 24
(@) o 2 A
14 14
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Control CAP Amoxicillin Control CAP Amoxicillin
4- C  Paenibacillus sp. MS3 4D Bacillus safensis MS1
i
3 H I
0 70
3 I |8 ,
0 2 * Q 2
o 2 i o i
*
11 11 A
G T T T c T T T
Control CAP Amoxicillin Control CAP Amoxicillin

Fig. 2: The figures of A, B, C, and D were presented the four bacterial biofilm production ability and
the effect of CAP to reduce the bacterial biofilm compared to Amoxicillin. ODsgs referred to
the optical density measured by spectrophotometer. The data are expressed as the mean £
SEM. *P < 0.05, bacterial isolate treated with CAP. versus control., *P < 0.05, bacterial
isolate treated with amoxicillin versus control.

Anti-bacterial activity of CAP

The identified pathogenic bacteria were
used for investigating the anti-bacterial activity
of CAP. The clear zone that appeared in the
plates after the incubation period was shown in
Fig.3A, which demonstrated that CAP, in vitro,
mediated a significant reduction and growth
arrest of pathogenic bacterial growth. In all
tested bacteria strains, the maximal anti-
bacterial effect of CAP was achieved after
exposure to CAP for 40 seconds as shown in
Fig.3 (A, B, C, and D). Moreover, the effect of
CAP  with  different  exposure  times
demonstrated a clear anti-bacterial effect, and
the means of clear zone diameter were
demonstrated in Table 2. The data in Fig.3A
illustrated the impact of CAP as an anti-
bacterial against the pathogenic bacteria that
were isolated from diabetic wounds. Using
different exposure times of isolated bacteria to
CAP showed he highest anti-bacterial effect at
40 seconds against Bacillus safensis MS1 with
30 mm clear zone diameter, followed by 25, 20,
and 12 mm for Paenibacillus sp. MS3,
Stutzerimonas sp. MS4, and Staphylococcus
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haemolyticus  respectively. In  contrast,
exposure of pathogenic bacteria to CAP for 30
seconds illustrated that the clear zone diameters
were 27, 18, 17, and 5 mm against Bacillus
safensis MS1, Paenibacillus sp. MS3,
Stutzerimonas sp. MS4, and Staphylococcus
haemolyticus respectively. Moreover, exposure
of pathogenic bacteria to CAP for 20 seconds
showed clear zone diameter of 21, 16, 14, and 5
mm for Bacillus safensis MS1, Paenibacillus
sp. MS3, Stutzerimonas sp. MS4, and
Staphylococcus haemolyticus, respectively.
Finally, when the targeted pathogenic bacteria
were exposed to CAP for 10 seconds, the
diameters of clear zone were 17, 11, 6, and 4
mm for Bacillus safensis MS1, Paenibacillus
sp. MS3, Stutzerimonas sp. MS4, and
Staphylococcus haemolyticus, respectively.
Hence, our results demonstrated that exposure
of pathogenic bacteria to CAP for 10 seconds
exhibited less significant anti-bacterial effect
than exposure for a long time until 40 seconds,
which is considered the best exposure time to
CAP (Fig.3B).



Table 2: Anti-bacterial activity of CAP against pathogenic bacteria as expressed by the means of the

clear zone diameter (mm).

Inhibition zone diameter (mm)
A (40 Sec) | B(30Sec) | C (20 Sec| D (10Sec) CAP
CAP CAP CAP
Bacillus safensis MS1 (A) 30 27 21 17
Paenibacillus sp. MS3 (B) 25 18 16 11
Stutzerimonas sp. MS4 (C) 20 17 14 6
Staphylococcus haemolyticus D) 12 5 5 4

e

Fig. 3A: Inhibition zone showing the anti-bacterial activity of CAP on bacteria isolated from diabetic
wounds. Causing a clear zone with diameter against the pathogenic bacteria, A: Bacillus

safensis MS1, B: Paenibacillus sp. MS3, C: Stutzerimonas sp. MS4, and D: Staphylococcus
haemolyticus AUMC b-331.
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-
i

Inhibition zone (mm)

IR

C MSI
B MS3
L3 MS4
8N AUMC b-331
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Fig. 3B: The accumulated data from triplicate test for each strain for each time (second) exposed to
CAP were illustrated and the results show the significant effect of CAP on the tested
pathogenic strains which indicated by the inhibition zone (mm). The data are expressed as
the mean + SEM. *P < 0.05, 30 sec. versus 40 sec., +P < 0.05, 20 sec versus 30 sec., #P <

0.05, 10 sec versus 20 sec.

Discussion
Indeed, the coexistence of multiple
bacterial species on the chronic wound,

organized into patho-groups, as well as the
host-related responses encountered by bacteria,
alter the pathogenicity of bacteria*®. Some
investigations proved toxicogenic S. aureus
strains (with exfoliatins-, EDIN-, PVL-, or
TSST-encoding genes) in Diabetic Foot
Infections (DFI), particularly in grade 4, with
systemic consequences*&° _ Similarly, our
results of isolation demonstrated that 60 % of
the entire collected samples were identified to
be contaminated by Staphylococcus sp.
Although some Staphylococcus sp. are
considered normal skin microbiota, they could
be opportunistic and become harmful, causing
bacteremia and high risks at wound sites®.
Stutzerimonas is a new genus within the
Pseudomonadaceae that includes strains from
the previously phylogenetic group of
Pseudomonas stutzeri °2. Nevertheless, there is
no published work demonstrating the
occurrence of Stutzerimonas kunmingensis in
infected wounds; we illustrated for the first
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time the occurrence of this isolate, which was
isolated from diabetic wounds. Moreover, they
have the ability to form a biofilm. In spite of
the fact that Paenibacillus is a rare cause of
wound infection, particularly in the setting of
polluted wounds and outdoor injuries®®, some
literature has demonstrated the use of chestnut
honey as an anti-bacterial agent against
Paenibacillus larvae®. Similarly, it has been
shown that Paenibacillus sp. is one of the
pathogens that could cause  wound
contamination and delay the healing process of
wounds. We illustrated in our study the
possibility of using a new, safe, sustainable,
and costless technique to overcome the
bacterial virulence that gave them the ability to
colonize and stand against the autoimmune
system using CAP. CAP has been shown to
successfully inactivate bacteria, fungus, spores,
and viruses in spite of their resistance profiles
to conventional antimicrobials, as well as on
diverse surfaces and in  biofilms®>&%,
Furthermore, CAP showed a powerful effect
against the tested bacterial biofilm. Despite
biofilms playing beneficial roles in a variety of



fields such as plant protection, bioremediation,
wastewater treatment, and corrosion inhibition,
among others®, there are many efforts to get
rid of harmful biofilms. Various techniques and
approaches that interfere with bacterial
attachment, bacterial communication systems
(quorum sensing, QS), and biofilm matrix’s
have been used®4%"-*°, We demonstrated in our
results that there are merits of using CAP
against the pathogenic bacteria isolated from
diabetic wound infection. CAP exhibited anti-
bacterial effects against all the tested
pathogenic bacteria Bacillus safensis MSI,
Paenibacillus sp. MS3, Stutzerimonas sp. MS4,
and Staphylococcus haemolyticus. Similar to
several lines of evidence that proved the CAP
is unique technology that could be used to
overcome the wound infection?*%60&61 CAP has
shown great efforts for treating Listeria
monocytogenes, Pseudomonas aeruginosa,
Streptococcus mutans, and Enterococcus
faecalis planktonic cultures®>%, Therefore,
CAP; which is proven to successfully
inactivate bacteria, may be a potential option
for use in dentistry, dermatology, and wound
care medication®?. As a consequence of the
emphasis on use of CAP and the results of
several studies, technical research may evolve,
allowing the development of an ever-smaller
device capable of delivering plasma within
structures.

Conclusion

In conclusion, our results demonstrated
that CAP is an effective strategy for mediating
growth arrest of pathogenic bacteria invading
diabetic wounds via inhibiting the bacterial
colonization load. This, in turn accelerates the
healing process of diabetic wounds. Although
CAP showed a powerful effect against the
pathogenic bacteria isolated from diabetic
wounds, the effect of this type of plasma
should be investigated in future in vivo studies
to further investigate the role of CAP in
acceleration diabetic wound healing process.
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