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ABSTRACT

Introduction: The burn wound healing process is multi-variable, and various factors are involved. Keywords:
Chitosan-based dressings are acceptable materials for wound healing. PProbiotics and postbiotics Wound healing

can in-crease the effectiveness of these dressings. Microvesicle

This study aimed to investigate the effect of a biodegradable dressing prepared from chitosan and Chitosan

external microvesicles of Bifidobacterium bifidum on burn wound healing in male Wistar rats. Bifidobacterium bifidum

Methods: Bifidobacterium bifidum was cultured, the activated crude supernatant (ACS) was
separated, and the microvesicles were isolated with the help of Ultra-centrifugation at 150,000xg
at 4°C for 30 minutes. Chitosan films containing and without microvesicles were prepared using
a heater stirrer at 29°C. The effectiveness of the membranes was evaluated. For this purpose, 60
male rats with second-degree burns were randomly divided into 5 groups (n=12) and were treated
for 21 days. The process of wound healing was examined macroscopically and microscopically
(wound histology and evaluation of gene expression of cytokines interleukin-8, interleukin-10,
and VEGF) on the days 3, 7, 14 and 21. The obtained data were analyzed by IBM SPSS.21
software and using Kolmogorov-Smirnov, Kruskal-Wallis, and Mann-Whitney tests with p <0.05.
Results: The average diameter of microvesicles was 174 + 52nm. The thickness of the layers
was 2mm. The wounds of the group post-biotic and positive control were closed on the 14th
day. Collagen production and epithelialization, as well as inflammation control in the treatment
groups, were higher than negative control.

Conclusion: The use of chitosan membranes, particularly those enhanced with ACS and
microvesicles, represents a significant advancement in wound care by inflammation control,
offering a promising strategy for improving the healing of burn wounds.
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Introduction

The complex biological process of wound healing
includes hemostasis, inflammation, proliferation, and
regeneration (Guo and DiPietro 2010). Inflammation
is one of the necessary stages of wound healing, which
begins with the presence of neutrophils, macrophages,
and the production of several pro-inflammatory factors
(Falanga 2005). The effect of cytokines and chemok-
ines on wound healing has been proven in many studies
(Sorg et al., 2017). Interleukin-8 (IL-8), interleukin-10
(IL-10), and vascular endothelial growth factor (VEGF)
are among the cytokines effective in wound healing
(Barrientos et al., 2008; Ghaneialvar et al., 2017). Skin
wounds are closed by epithelial regeneration and wound
contraction. For example, rodents recover primarily by
contraction (Sorg et al., 2017; Volk and Bohling 2013).
Epithelialization of the skin wound depends on the loca-
tion, depth, size, microbial contamination, health condi-
tions related to the patient, genetics, and epigenetics, etc
(Sorg et al., 2017). Angiogenesis is an important step in
the wound healing process, although studies on increas-
ing or decreasing angiogenesis have provided conflict-
ing results(DiPietro 2016).

Biological dressings are the most suitable materials
for healing chronic wounds and severe burns. By pro-
tecting the wound, maintaining microbial control, and
accelerating the maturation of the wound, these dress-
ings create a suitable mechanical and physiological ef-
fect on healing the wound (Wang et al., 2020). Among
the biological dressings are chitosan compounds. Chi-
tosan is a non-toxic, biocompatible, and biodegradable
polymer with many medical applications, including
wound dressing, tissue engineering, implant coating,
and drug delivery systems (McFadyen and Kaplan
2015; Yin et al., 2021). Studies have shown that chitosan
increases wound granulation, so it is a stimulating agent
for healing open and deep wounds. Due to coagulation
and antimicrobial properties, chitosan-based dressing
improves wound healing (Dong et al., 2020). Probiotics
are live non-pathogenic microorganisms that can pos-
itively affect the host (Mousavi Nezhad et al., 2015).
The possibility of inflammatory reactions increases with
excessive consumption of probiotics (Sanders 2009).
Probiotics prevent the growth of pathogenic bacteria by
producing inhibitory compounds such as organic acids,
fatty acids, propionate, butyrate, hydrogen peroxide,
and bacteriocin compounds (Savadogo et al., 2006). The

compounds are primarily released into the environment
through vesicles (Wang et al., 2021). Attempts have been
made to replace probiotics with prebiotics and postbiot-
ics (probiotic metabolites) (Sabahi et al., 2023). Active
crude supernatant of Bifidobacterium bifidum has the
most significant inhibition in the growth of Pseudomo-
nas species (Choi and Shin 2021; Mousavinezhad et al.,
2023). As an opportunistic pathogen that causes second-
ary infections in certain conditions, such as cancer or
burn patients (Kambouris et al., 2023). In 2021, Jamaran
et al. published a study demonstrating the effectiveness
of a new wound dressing that uses postbiotic/chitosan
film. The study found that a chitosan membrane contain-
ing bacterial supernatant accelerates the healing of skin
wounds (Jamaran et al., 2021).

Vesicles are a form of intracellular and extracellular
communication used by archaebacteria, bacteria, and
eukaryotes (Al-Nedawi et al., 2015). Extracellular ves-
icles, as bilayer spherical sacs, are produced by many
cell types, including Gram-positive bacteria; the sizes of
these bags are reported to be 10-400 nm (Brown et al.,
2014; Dominguez Rubio et al., 2017).

The present study was conducted with the aim of in-
vestigating the effect of chitosan-based wound dressing
containing bacterial active crude supernatant and mi-
crovesicles extracted from the probiotic Bifidobacteri-
um bifidum on burn wound healing in male Wistar rats.

Materials and Methods

The present study was an experimental intervention
study that had two phases. In the in vitro phase, a Bio-
degradable dressing containing Bifidobacterium bifidum
microvesicles was made; Then, in the in vivo phase, its
effect on the healing of burn wounds in male Wistar rats
was investigated. This research has been approved by the
Research Ethics Committee of the Islamic Azad Univer-
sity of Karaj with ID number IR.JAU.K.REC.1399.020.

Preparation of microvesicles

To isolate microvesicles from active crude superna-
tant (ACS), probiotic Bifidobacterium bifidum strain
DSM22892 was taken from PoratebGostar Compa-
ny. Then, it was inoculated in 1000 ml of sterile MRS
broth culture medium containing 0.25 g of L-cysteine at
37°Cfor 48h (Ceylan and Atasoy 2022). After the bac-
terial growth phase, the optical density (OD600), pH,
and bacterial count were measured using the pour plate
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method.

Following bacterial growth, the bacterial culture was
centrifuged at 7000xg at 4°C. Subsequently, the super-
natant was filtered successively through 0.45 and 0.2
um filters to prepare ACS .Ultra-centrifugation (Beck-
man Co.) was performed at 150,000 xg at 4°C for 30
minutes to pellet microvesicles and separate them from
the soluble components in the ACS. This step aimed to
enrich the sample in microvesicles, which are mem-
brane-bound vesicles shed by cells. The microvesicles
separated from the sample were examined using scan-
ning electron microscopy (SEM) to determine their
morphology and size.

Preparation of chitosan films

Medium molecular weight chitosan (CAS number:
9012-76-4) manufactured by Sigma-Aldrich was pur-
chased. A 10% (w/v) chitosan solution was prepared in
30 ml of distilled water and placed on a stirring heater
for 30 minutes; the temperature of the heater did not ex-
ceed 30°C. While 50 mL of distilled water (DW) was
added to the mixture, the pH of the solution was adjust-
ed to about 4 by adding glacial acetic acid. The resulting
solution was placed on a heater stirrer at 29°C for 120
minutes and then for 90 minutes in an ultrasonic bath at
3000 rpm. Then, 2/3 of the petri dish was filled with the
solution and incubated for 48 hours at 25°C (Mousav-
inezhad et al., 2022). To prepare the ACS-containing
film, instead of the distilled water (described in the chi-
tosan film preparation section), 50 mL of ACS was add-
ed to the solution (Jamaran et al., 2021). To prepare the
microvesicles-containing films, the microvesicles iso-
lated from 50 ml of ACS were diluted in 50 mL of DW
and added to chitosan as before. Finally, wound dressing
films were examined for contamination; The structural
morphology and surface structure of the films were in-
vestigated with a scanning electron microscope (SEM)
VEGA model (TESCAN company).

The swelling index of the films was determined by

In vivo phase of the study

Mail wistar rats aged 8-10 weeks (weight 180-220 g)
were procured from the Royan Research Institute. The
rats were housed under standard conditions with a 12h
light-dark cycle (24 + 3°C, 45 to 50%humidity) in the
Islamic Azad University of Karaj laboratory animal
storage facility. Throughout the experimental period,
the rats had ad libitum access to standard rodent chow
and water. These conditions were carefully maintained
to ensure the health and well-being of the rats and to
minimize environmental stress that could potentially
affect experimental outcomes. After 2 weeks, the rats
were divided into 5 experimental groups:

* Negative Control (NG): Treated with sterile
gauze.

*  Positive Control (PG): Treated with sterile gauze
containing 1% sulfadiazine.

e Experimental Group 1 (CG): Treated with chi-
tosan film.

e Experimental Group 2 (SG): Treated with chi-
tosan film containing ACS

e Experimental Group 3 (MG): Treated with chi-
tosan film containing microvesicles.

Wound formation and treatment

The rats were anesthetized by intraperitoneal injec-
tion of ketamine (80 mg/kg) and xylazine (10 mg/kg)
(Jara et al., 2021). The hairs of rats were shaved, and
the skin was disinfected with Povidone-iodine. A metal
plate weighing approximately 50 g was heated to 300°C
using direct flame exposure. Subsequently, the heated
plate was placed in direct contact with the animal skin
for precisely one second. This method ensured rapid and
controlled thermal transfer to the skin, leading to the for-
mation of a standardized burn injury. Immediately from
day zero after inducing the burn injury, the wound was
washed with normal saline serum. Following the initial

the formula: care, wound management commenced with the appli-
Wwet — Wdry ’ cation of appropriate wound dressings tailored to each
SI% = x 10 (Touréetal,2003).  experimental group.
Wdry
. The size of the wound on the first day — The size of the wound on the examined day
Wound healing% =

x 100

The size of the wound on the first day
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TABLE 1: The primer sequence of genes evaluated in the study

Amp size (pb) efficiency reference
120 1.07 (Yoshizk(;a(\)ga)u etal.,
130 0.98 (Xuetal., 2019)
208 0.90 (Zhao 2016)
111 0.92 (Miyagi et al., 2018)

Gene Primer sequence

GAPDH Forward: 5’- GTTACCAGGGCTGCCTTCTC-3’
Revers: 5°- GGGTTTCCCGTTGATGACC-3’

1L-10 Forward:5’- CGGGAAGACAATAACTGCACCC-3¢
Revers: 5’- CGGTTAGCAGTATGTTGTCCAGC-3’

L8 Forward: 5°- CTCTCAAGGGCGGTCAAAAAGTT-3’
Reverse: 5’- TCAGACAGCGAGGCACATCAGGTA-3’

VEGF Forward: 5’- CACTGGACCCTGGCTTTACT-3’
Reverse: 5’- GACGTCCATGAACTTCACCA-3’

Wound examination

On the days 3, 7, 14, and 21 post-burn injury, 3 rats
were randomly selected from each group and euthanized
under anesthesia while adhering to ethical principles.
The area of the burn wound was measured using Im-
agel software. Subsequently, tissue from the wound site,
along with surrounding tissue, was surgically excised.
The excised tissue was divided into two equal parts. One
part was fixed in formaldehyde (10%) for histological
examinations. The other part was placed in DNase and
RNase-free Eppendorf tubes for gene expression anal-
ysis.

Histological analysis

Paraffin blocks were prepared from formalin-fixed
tissue samples. The tissue samples were dehydrated
through a series of alcohol solutions and then cleared
with alcohol and toluene mixtures. Subsequently, the
samples were embedded in paraffin wax. Sections of
5 micrometers were obtained from the paraffin blocks
using a microtome. These sections were mounted onto
glass slides. The tissue sections were stained using the
hematoxylin and eosin (H&E) staining method.

Histological studies were conducted to assess the pro-
gression of wound healing, including the quantification
of inflammatory cells, collagen deposition, extracellular
matrix formation, and re-epithelialization.

Gene expression analysis

RNA was extracted using the RNX-plus kit (Sina-
colon, Iran). A total of 10 pL of RNA was used in the
cDNA synthesis reaction, along with 2 pL of 10X buffer,
1 pL of dNTPs, 0.5 pL of Reverse Transcriptase (RT)

enzyme, 1 pL of primer (1.5uM), and nuclease-free
water to achieve a final volume of 20 pL. The reaction
conditions in an A100 PCR thermocycler were as fol-
lows: initial priming at 25°C for 3 minutes, followed by
cDNA synthesis at 42°C for 1 hour, and then inactiva-
tion of the RT enzyme at 70°C for 5 minutes.

Gene expression levels were assessed via RT-qPCR
using a reaction mixture composed of 5 pL of 4x Q-PCR
Green Master Mix-Biotechrabbit, 1.5 pL of primer
1.5(uM10.5 ,) pL of ddH,0O, and 3 puL of cDNA. PCR
conditions involved initial denaturation at 95°C for 2
minutes, followed by 35 cycles of denaturation at 95°C
for 10 seconds, annealing at 52°C for 20 seconds, and
extension at 72°C for 20 seconds per kilobase, conclud-
ing with a final extension at 72°C for 300 seconds. The
primers used are detailed in Table 1, with GAPDH se-
lected as the internal reference gene for normalization.
Gene expression levels were quantified using the 244
method (Yoshikawa et al., 2009):

Statistical Analysis

The resulting data were entered into IBM SPSS.21
software for statistical analysis; the normal distribution
of the data was tested with the Kolmogorov-Smirnov
method, and finally, by using the Kruskal-Wallis and
Mann-Whitney tests, the data were analyzed with the
criterion of p < 0.05. They were reported as mean + stan-
dard deviation.

Results

Microvesicle isolation

Microvesicles were isolated from the culture medium
of Bifidobacterium bifidum using an ultracentrifuge. The
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TABLE 2: The Swelling Index (SI) values for the different groups over the time range of 60 to 300 minutes.

Time/Groups Chitosan Chitosan-ACS Chitosan-Microvesicles
60 121.66+10.41a 121.66+7.64a 112.00+5.29a
90 303.33+20.82a 303.33+32.14a 280.00+10.00a
150 756.66+40.41a 780.00+26.45a 776.66+25.17a
200 938.33+53.93a 953.33+55.07a 883.334+20.82a
300 966.00+42.75a 960.00+55.68a 910.00+65.57a

Similar letters mean no significant difference among groups.
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FIGURE 1. A: the image of microvesicles isolated from the supernatant, B: Determining the size of microvesicles with the help of the Dynamic

Light Scattering technique

characterization of these microvesicles was performed
via electron microscopy and dynamic light scattering
(DLS). Our analysis revealed a high degree of unifor-
mity and stability in the solution. The microvesicles ex-
hibited an average diameter of 174 + 52 nm (Figure 1),
highlighting their consistent size distribution and poten-
tial suitability for subsequent experimental applications.

Wound dressing properties

The thickness of the films after drying, measured with
a digital caliper from five different areas, was consis-
tently 2 mm (Figure 2). Notably, the film containing mi-
crovesicles displayed a clear yellowish color, while the
film containing ACS exhibited an opaque brown color.

The results showed (Table 2) that the Swelling Index
(SD) of all films increased over time and eventually sta-
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SEp
Date(m/dy): 06729721

FIGURE 2. A: The image of microvesicles scattered in the background of chitosan after preparing the membrane. B: The image of ACS scat-
tered in the background of chitosan after preparing the membrane. C: Image of chitosan transparent film containing microvesicles. D: Image

of chitosan film containing ACS

bilized after 150 minutes. Interestingly, there was no
significant difference in the SI among the different films.
After 5 hours, the SI varied between 910% and 966% for
all films. This indicates that these films are particularly
suitable for wounds with high exudate levels, as they
can absorb excess fluids and prevent wound maceration.

Wound healing and histological analysis

In this study, burn wound healing was evaluated in five
different groups of rats (NG, PG, CG, SG, MG) on the
days 3, 7, 14, and 21. The results showed that on day 3,
there were no significant differences among the groups.
The percentage of wound healing was approximately
similar in all groups, indicating that in the early stag-
es of healing, the treatments did not significantly affect
the rate of wound healing. On the day 7, the PG, CG,
SG and MG groups showed significant improvement
compared to the negative control group (NG). PG had
the highest percentage of wound healing, but there were
no significant differences among the PG, CG, SG, and
MG groups. On the day 14, the PG, SG, and MG groups
had significantly higher percentages of wound healing
compared to the negative control group (NG), with their
healing rates nearing 100%. The CG group also showed
good improvement, but it was not as effective as the

other groups. On the day 21, all groups showed almost
complete healing. The SG and MG groups demonstrated
complete healing (100%), while the other groups also
had healing rates very close to 100%.

Overall, the results indicate that using chitosan films
containing ACS and microvesicles (SG and MG groups)
is highly effective in promoting faster and more com-
plete healing of burn wounds compared to the other
groups. These films are particularly suitable for wounds
with high exudate levels, as they can absorb excess
fluids and prevent maceration. In summary, the films
containing ACS and microvesicles exhibited the best
performance in accelerating the healing of burn wounds
(Table 3, Fig. 3).

The regeneration status of the epithelial tissue in var-
ious groups was systematically assessed. Figure 4 viv-
idly depicts the progression of epithelial regeneration
over different time points. The results showed that over
time, wound contraction and closure were observed in
all groups. Statistical analysis indicated no significant
differences among the groups across the evaluated days.

Based on our results that on the day 3 of the study,
no statistical difference was observed among the groups
regarding the organization and structure of the matrix
and collagen formation. However, by the seventh day,
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TABLE 3: Percentage of wound closure

Group name Third day Seventh day Fourteenth day  Twenty-first day
NG 9.24+0.68* 20.55+2.81° 49.56+6.49° 96.84+3.57*
PG 8.87+1.86° 59.52+5.12* 91.00+1.30? 99.67+0.58*
CG 10.01£1.022 56.56+3.17% 72.67+4.00° 96.93+2.72%
SG 10/90+1/65* 54/11+2/85* 90/49+6/73* 1000/00°
MG 8.97+1.77 55.30+1.61* 95.77+4.02° 100+0.00°
Similar letters mean no significant difference among groups.

Groups Third day Seventh day Fourteenth day Twenty-first day

NG

PG

CG

SG

MG

FIGURE 3. Wound images on different days. NG: Negative control group, PG: Positive control group treated with sulfadiazine, GC: the group
treated with chitosan film, SG: the group treated with chitosan containing ACS, and MG: the group treated with chitosan and microvesicles.

a significant difference was noted between the PG and
MG groups compared to the NG group. In contrast, no
significant difference was observed between the NG and
CG groups. These observations were assessed across
four stages of tissue organization: immature, thin, me-
dium, and thick matrix structures, which were evaluated
on different days (Table 4, Fig. 5)

Figure 6 shows the samples’ average number of in-

flammatory cells on specific days. The statistical analy-
sis showed no significant difference between the average
number of inflammatory cells on the 3rd and 7th days.
However, a significant difference was observed among
the groups on the day 14. On the day 21, the groups were
similar. It is essential to consider these findings when
interpreting the study results.
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TABLE 4: State of organization and structure of matrix and collagen formation

Group name Third day Seventh day Fourteenth day Twenty-first day
Score 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
NG HHE + o+ -+ o+
PG ++ o+ ++ o+ +H+ ++
CG = A S + ++ -+
SG + o+ + o+ + ++ -+
MG = ++ o+ +H+ —t

The stage of immature organization and inflammatory tissue (Score: 1), structure and organization of thin and inflammatory
matrix (Score: 2), matrix organization with moderate regeneration (Score: 3), and good and thick collagen structure (Score: 4)

% %

Score of epitheliazation

Day

% %

NG
PG
CG
MG
SG

% %k

14 21

FIGURE 4. The trend of changes in epithelization of the groups. NG: Negative control group, PG: Positive control group treated with sulfadi-
azine, GC: the group treated with chitosan film, SG: the group treated with chitosan containing ACS, and MG: the group treated with chitosan
and microvesicles. Pvalues were regarded as significantly different at "P < 0.05, not significantly different "'P >0.05

Gene expression assay

On the day 3, IL-8 expression is relatively similar
across all groups, with no significant differences. This
suggests that the inflammatory response, as marked by
IL-8 expression, is not significantly influenced by the
treatments at this early stage. By the 7" day, a significant
decrease in IL-8 expression is observed in the PG, SG,
and MG groups compared to NG. This suggests that sul-
fadiazine, ACS, and microvesicle treatments effectively
reduce the inflammatory response at this stage. On the
day 14, IL-8 expression remains significantly lower in
the SG and MG groups compared to NG. The CG group
shows increased IL-8 expression, indicating a prolonged
inflammatory response, whereas PG shows a moderate
increase but is not significantly different from NG. By
the 21% day, the SG and MG groups continue to show
significantly lower IL-8 expression compared to NG, in-

dicating a sustained reduction in inflammation. The PG
and CG groups show IL-8 levels similar to NG, suggest-
ing the resolution of the inflammatory phase.

The treatments involving chitosan film containing
ACS and microvesicles (SG and MQG) are significant-
ly more effective in reducing IL-8 expression and con-
trolling inflammation during wound healing compared
to the other groups. This highlights the potential benefits
of these treatments in promoting better wound healing
outcomes by mitigating prolonged inflammatory re-
sponses.

On the day 3, IL-10 expression is significantly higher
in the PG, CG, and SG groups compared to the NG and
MG groups. This indicates that the presence of sulfadi-
azine, chitosan film, and ACS enhances anti-inflamma-
tory cytokine IL-10 production early in the healing pro-
cess. By the 7" day, IL-10 expression decreases across
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Group name Third day

Seventh day

Fourteenth day =~ Twenty-first day

NG

PG

CG

SG

MG

FIGURE 5. State of organization and structure of matrix and collagen formation in histological images (shown by arrows) (magnification: 4X)

25
201 L.
154

10—

number of inflamation cell

mm MG
mm CG
mm PG
mm NG
= SG

14 21

Days

FIGURE 6. The trend of changes in inflammatory cells of the groups. NG: Negative control group, PG: Positive control group treated with
sulfadiazine, GC: the group treated with chitosan film, SG: the group treated with chitosan containing ACSand MG: the group treated with
chitosan and microvesicles. Pvalues were regarded as significantly different at P < 0.05, not significantly different *P >0.05

all groups, with significant reductions observed in SG
and MG compared to NG, PG, and CG. This suggests
that while SG and MG initially boosted IL-10 levels,
they later reduced them, potentially balancing the in-
flammatory response. On the day 14, IL-10 levels are
low across all groups, with no significant differences.

This indicates that by this time point, the anti-inflam-
matory responses have normalized, and no group shows
a pronounced anti-inflammatory effect. By the 21* day,
IL-10 expression is significantly elevated in the PG, CG,
SG, and MG groups compared to NG. This suggests a
robust anti-inflammatory response in these treatment
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Relative Expression of IL-8

Day

CM
CG
PG

NG
SG

FIGURE 7. Interleukin-8 expression status compared to the NG. NG: Negative control group, PG: Positive control group treated with sulfadi-
azine, GC: the group treated with chitosan film, SG: the group treated with chitosan containing ACS and MG: the group treated with chitosan
and microvesicles. P values were regarded as significantly different at "P < 0.05, not significantly different P >0.05

Relative Expression of IL-10
'
|

Day

MG
CG
PG

NG
SG

%* %

FIGURE 8. Interleukin-10 gene expression status compared to the NG. NG: Negative control group, PG: Positive control group treated with
sulfadiazine, GC: the group treated with chitosan film, SG: the group treated with chitosan containing ACS, and MG: the group treated with
chitosan and microvesicles. P.values were regarded as significantly different at "P< 0.05, not significantly different “P>0.05

groups, promoting wound healing at the later stage of
the healing process. The data show that treatments in-
volving chitosan films, whether containing ACS or mi-
crovesicles, as well as sulfadiazine, significantly modu-
late IL-10 expression during different stages of wound
healing. Early on, these treatments boost IL-10 levels,
potentially aiding in the initial inflammatory phase. By
the 7" and 14" days, IL-10 levels normalize, avoiding
excessive anti-inflammatory responses. By the 21%, IL-
10 levels are significantly elevated again in the treatment
groups, indicating a strong anti-inflammatory response
that likely aids tissue remodeling and wound closure.
This modulation of IL-10 suggests that these treatments
are effective in promoting a balanced inflammatory re-
sponse conducive to optimal wound healing (Figure 7).

On the day 3, Vegf gene expression was significantly
increased in PG, SG, and MG groups compared to NG
group. This increase indicated the effect of the groups
containing microbial postbiotics (SG, MG), such as sul-
fadiazine, on the increase of VEGF cytokine expression;
On other days, there was no significant change in the
level of gene expression among the groups (Figure 8).

Discussion

Burns and burn-related infections are an important
global public health concern. Hence, addressing the
matter of burn wound healing by focusing on infection
control and accelerating the healing process is regarded
as a crucial aspect of treatment. Conversely, researchers
today prioritize minimizing antibiotic usage in light of
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pathogen resistance and exploring viable alternatives to
antibiotics.

Chitosan plays a crucial role as a functional com-
pound in the production of innovative wound dress-
ings. Chitosan-based hydrogels can control skin infec-
tions(Mohite et al., 2023). Due to its non-toxicity, good
biocompatibility, biodegradability, as well as chitosan’s
anti-inflammatory, hemostatic, and antimicrobial prop-
erties, the compound can increase the wound-healing
process (Dong et al., 2020; McFadyen and Kaplan
2015). The anti-inflammatory properties of chitosan
are due to suppressing the expression of prostaglandin
E2 cyclooxygenase-2 and reducing the expression of
inflammatory cytokines such as IL-1, IL-6, and TNFa
(Ahn et al., 2016). Based on these characteristics, chi-
tosan has been used as the main material to make wound
dressings in this research.

In our research, to be more effective in the infection
control process, the properties of probiotics were used to
inhibit inflammation and the growth of pathogenic mi-
croorganisms; therefore, probiotic products were used
as the second component of the membrane.

The studies have demonstrated that probiotics gener-
ate compounds that can inhibit the growth of pathogens.
These compounds include lactic acid, acetic acid, and
fatty acids like acetate, propionate, and butyrate. Ad-
ditionally, probiotics produce bacteriocin compounds,
which are effective against the growth of pathogens
(Kouitcheu Mabeku et al., 2020; Mirzaian et al., 2015;
Sinha et al., 2018).

Many of these substances are released from bacteria
through packages called vesicles. Based on the size, the
vesicles obtained from the tested bacteria were of the
microvesicle type.

Active crude supernatant (ACS) facilitates the wound
healing process by activating the PI3K-Akt signaling
pathway. PI3K-Akt is a signal transduction pathway
that promotes survival and growth in response to ex-
tracellular signals. The key proteins involved are PI3K
(phosphatidylinositol 3-kinase) and Akt or PKB (protein
kinase B) (Ilyas 2022).

In this research, the silver sulfadiazine cream was used
as a positive control (PG). This antibiotic is used in the
treatment of burns. The drug hypothetically produces its
bactericidal effects by increasing cell wall permeability
(Naz et al., 2021). It is not known precisely which sub-
stance in ACS activates this pathway. By examining mi-

crovesicles and their effectiveness on wound healing, it
can be claimed that wound healing is due to the presence
of microvesicles.

Clinical investigation of wound dressing

The formation of burn wounds in all groups was iden-
tical in terms of temperature, duration of heat exposure,
depth of burns, and size of the wounds. Therefore, it can
be claimed that the level of burn injury on the day 0 was
the same across all groups (Cai et al., 2014). The per-
centage of wound closure in SG and MG groups, as well
as the PG group, reached completion by the fourteenth
day. In simpler terms, the wounds in these three groups
were fully closed within fourteen days. Namely, it can
be asserted that bacterial microvesicles, similar to the
ACS, had a positive impact on the speed of wound clo-
sure. Since the appearance of the wound is not definitive
proof of the effectiveness of the wound dressing, tissue
repair, and some cytokines involved in the wound heal-
ing process were examined on different days.

In general, wound healing has four stages, including
hemostasis, inflammation, proliferation, and regenera-
tion. The hemostasis stage is in the first hour, and the re-
generation stage begins after the wound is closed which
begins after the fourth week (Mercandetti and Cohen
2017). Therefore, in this study, two stages of inflamma-
tion and proliferation were considered.

Inflammatory response phase

Inflammatory cells include white blood cells. It was
expected that the number of inflammatory cells would
decrease in the final days of wound examination. Based
on the results, this expectation was realized in chi-
tosan-repaired groups, but in the NG group, there was
no significant difference among the examined days.
Therefore, it is inferred that chitosan reduces inflamma-
tory cells.

Additionally, a significant reduction of inflammatory
cells was evident in the MG group than the CG group.
This means that microvesicles have also been effective
in reducing inflammation. Rodrigues, et al.(2005) in-
vestigated the healing of skin wounds using kefir and
noticed the anti-inflammatory and regenerative activity
of the microorganisms in kefir (Rodrigues et al., 2005),
which was consistent with the results of this study and
indicated that probiotics can control inflammation and
inflammatory cells.
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Results of the MG group showed a decrease in the
expression of the IL-8 genes as an inflammatory factor
and an increase on the day 3 in the expression of the IL-
10 genes as an anti-inflammatory factor (although to a
lesser extent), indicating a moderate anti-inflammatory
response due to the presence of microvesicles.

By the 7th day, the MG group showed reduced IL-10
levels like other treatment groups, consistent with the
anti-inflammatory effects of microvesicles. The signif-
icant reduction in IL-10 expression on the day 14 in
the SG and MG groups underscores the enhanced effec-
tiveness of ACS and microvesicles in promoting a bal-
anced anti-inflammatory response. By the 21* day, all
treatment groups showed significantly increased IL-10
levels, indicative of tissue remodeling and repair pro-
cesses that require modulation of inflammation. The NG
group remained at baseline IL-10 levels, highlighting
the lack of effective healing in untreated wounds. Cy-
tokine interleukin-10 is an anti-inflammatory cytokine,
and the main biological function of this cytokine is to
attenuate adaptive immune responses (Babbitt et al.,
2013). Th2 cells are the major source of IL-10, which
inhibits the production of proinflammatory cytokines
(e.g., tumor necrosis factor-alpha) by monocytes, mac-
rophages, T cells, and NK cells (Oertelt-Prigione, 2012).
Comparison of the MG and CG groups on days 7 and
14 demonstrated a significant decrease in interleukin-8
gene expression, indicating the role of microvesicles in
downregulating 1L-8 expression. Bazjo et al. (2022),
in their study on chitosan wound dressings containing
Bifidobacterium bifidum ACS, observed that ACS ef-
fectively controlled inflammation in rat burn wounds.
(Bazjou et al., 2022).

Proliferation stage

This phase consists of the subphases of fibroplasia,
matrix deposition, angiogenesis, and reepithelialization,
which occur simultaneously (Mercandetti and Cohen
2017).

VEGF is a protein produced during tissue repair’s pro-
liferation phase. It plays a crucial role in recruiting fi-
broblasts from the surrounding non-damaged tissue and
forming new blood vessels by promoting the migration
of endothelial cells (Rodrigues et al., 2005).

On the day 3, congestion and bleeding were evident
when comparing the amount of angiogenesis in the tis-
sue of different groups. However, no statistically signifi-

cant difference was observed among the groups. By the
5th day, congestion was reduced, and on average two
vessels were constructed, blood was drained from the
internal vessels, but some groups, such as the NG, still
exhibited congestion.

The Vegf gene expression is an important factor in an-
giogenesis and wound healing. This cytokine is primar-
ily synthesized by keratinocytes at the wound’s edge, as
well as platelets, neutrophils, and macrophages (Dio-
mede et al., 2020; Grazul-Bilska et al., 2003).

According to Figure 8, the expression of Vegf gene in-
creased compared to the negative control group on the
third day. However, there was no significant increase in
the expression of this gene in the following days com-
pared to the negative control.

In a study conducted by Li et al. in 2009 on silver
nanoparticles and wound healing, it was found that the
expression of the Vegf gene enhances the speed of the
healing process. This finding is consistent with the re-
sults of the current research (Li et al., 2009).

Upon analyzing the organization and structure of col-
lagen, as well as the differences observed in the groups
on the day 3 (P Value: 0.054), day 7 (P Value: 0.026),
and day 14 (P Value: 0.08), it became apparent that there
were no significant differences among the groups on
the day 21 (P Value: 0.002). Further investigation re-
vealed that the microvesicle group exhibited complete
organization and matrix structure on the fourteenth day,
surpassing the other groups in terms of wound healing
speed. This highlights the significant role of microvesi-
cles in the healing process.

In a study conducted by Kojima et al. in 2004, the
impact of chitin and chitosan on collagen synthesis
and burn repair was examined. The results indicated an
increase in collagen production in the chitosan group,
which aligns with the findings of our study (Kojima et
al., 2004).

Furthermore, when comparing the amount of epitheli-
um regeneration among the groups, it was observed that
all groups exhibited similar levels of epithelium regen-
eration on the third and twenty-first days. However, the
intervention groups on the days 7 and 14 showed more
development of epithelial cells than the control group.
On the 14"day, most of the samples from the chitosan
groups had reached the intermediate and complete epi-
thelial repair stage.

Finally, it can be concluded that the microvesicle
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group, through increased angiogenesis and collagen
production, effectively accelerated the wound healing
process compared to the NG group.

By observing the results of wound healing in the
PG group, it seems that the effectiveness of the drug
decreases over time, so periodic administration of the
drug on the wound is necessary, but this issue was not
observed in the SG and MG groups. The presence of
various compounds in ACS increases the likelihood of
allergic reactions in humans, although this issue was
not addressed in this study. Meanwhile, the use of bio-
degradable chitosan dressings containing ACS and mi-
crovesicles is better than routine methods and the use of
sulfadiazine due to the removal of antibiotics.

Conclusion

The results of this study demonstrate that bio-degrad-
able dressings, particularly those containing ACS and
microvesicles, significantly enhance the wound healing
process in burn wounds. The chitosan film alone ef-
fectively modulates the initial inflammatory response,
while the further addition of ACS and microvesicles en-
hances the anti-inflammatory effects and promotes bal-
anced wound healing. The PG group, treated with 1%
sulfadiazine, showed effective inflammation control,
but the advanced chitosan formulations (SG and MG)
provided superior overall results.

These findings suggest that the incorporation of ACS
and microvesicles into chitosan films offers a promis-
ing approach for developing advanced wound dressings
that facilitate faster and more effective healing of burn
wounds. Future research should focus on optimizing
these formulations and exploring their potential appli-
cations in clinical settings to improve outcomes for pa-
tients with burn injuries and other types of wounds.

In summary, the study underscores the importance
of modulating the inflammatory response in the wound
healing process and highlights the potential of advanced
biomaterials to enhance the effectiveness of wound
dressings. The use of chitosan films, particularly those
enhanced with ACS and microvesicles, represents a sig-
nificant advancement in wound care, offering a promis-
ing strategy for improving the healing of burn wounds
and potentially other types of chronic and acute wounds.
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