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ABSTRACT

Background and Aim: Wound healing is a complex biological process often hindered by bacterial infections, particularly
Staphylococcus aureus, including methicillin-resistant Staphylococcus aureus (MRSA). Conventional antibiotic treatments
face challenges due to antimicrobial resistance, necessitating alternative approaches. This study evaluates the efficacy of
blue laser-activated silver nanoparticles synthesized from grape seed extract (GSE-AgNPs) in promoting wound healing and
reducing bacterial load in Wistar mice.

Materials and Methods: GSE-AgNPs were synthesized and characterized before application. Wistar mice were divided
into three experimental groups: (1) blue laser therapy alone, (2) GSE-AgNPs alone, and (3) combined treatment. A 2.5 cm
incision was created on the dorsal side of each mouse, and treatments were administered on days 1, 3, and 5 post-incision.
Wound healing progression was assessed through histopathology, bacterial colony counts, and immune response markers
(lymphocyte and monocyte levels). Statistical analysis was performed using two-way analysis of variance, followed by
Tukey’s post hoc test.

Results: Compared with individual treatments, the combination of GSE-AgNPs and blue laser therapy significantly improved
wound healing outcomes. The combined therapy led to a 60% reduction in wound size and an 88.73% decrease in S. aureus
bacterial load. Immune response markers showed enhanced activity, with lymphocyte levels increasing by 75% and
monocyte levels rising by 50%, indicating a stronger immune response. Histopathological analysis confirmed accelerated
re-epithelialization and increased fibroblast activity in the combination therapy group.

Conclusion: The findings suggest that blue laser-activated GSE-AgNPs provide a promising alternative for enhancing wound
healing and bacterial infection control, particularly against MRSA. The synergistic effect of nanoparticles and laser activation
promotes immune modulation and tissue regeneration. Future research should explore clinical applications and dosage
optimization for human use.
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INTRODUCTION maturation, and inflammation are three physiological
Wounds can be defined as damage or loss of processes involved in wound healing. Methicillin-

body tissue and can come in many forms, such as resistant Staphylococcus aureus (MRSA) bacterial

cuts, cuts, or lacerations. Proliferation, remodeling or infection, also known as MRSA, greatly inhibits wound
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healing. Infections are usually treated with antibiotics.
However, long-term use or incorrect dosing can lead to
antibiotic resistance, making these infections difficult
to treat. Therefore, alternative therapies are necessary.
Photobiomodulation, a low-power laser light method,
accelerates wound healing without producing harmful
heat [1]. Antimicrobial photodynamic treatment (aPDT)
is a non-thermal method that alters cell redox potential,
promoting increased oxidation, reactive oxygen species
(ROS), and fibroblast growth [2]. It also enhances
angiogenesis, neovascularization, and collagen
production, stopping pathogenic microbes and their
endotoxins [3]. Some bacteria naturally contain light-
sensitive photosensitizing chemicals, such as porphyrins.
Turmeric curcumin, an exogenous photosensitizer,
may improve aPDT. The pharmacological benefits of
curcumin include protection against free radicals,
cancer, inflammation, and bacteria. Photodynamic
treatment (PDT) breaks down Gram-positive bacterial
membrane, enabling curcumin to interact with
phospholipids and cell wall proteins to cause cell
lysis [4]. Bacteria are photo-inactivated, meaning that
damage to the cytoplasmic membrane caused by ROS
stops cell metabolism when exposed to light and certain
photosensitizers.

Using plant extracts as stabilizing and reducing
agents are a popular environmentally friendly
technique for silver nanoparticle (AgNP) production
[5]. Many plant species have shown the ability to
efficiently convert silver ions (Ag*) into metallic
silver (Ag®) nanoparticles, including Jatropha curcas,
Capsicum annuum, Argemone mexicana, Ocimum
sanctum, Ficusbenghalensis,and Hibiscus rosa-sinensis
[6, 7]. AgNPs, which are inexpensive agricultural
waste products, have potential applications in water
treatment, textiles, food preservation, and medicine
[8, 9]. They exert antimicrobial effects by disrupting
cells, altering DNA, and deactivating enzymes [10].
Grape skin, stem, and seed leftovers were used to
create silver and gold nanoparticles with higher
antibacterial activity against Gram-positive and
Gram-negative bacteria [11]. Skincare products
and professional treatments include grape seeds,
which are abundant in flavonoids, Vitamins C and E,
and other healthy ingredients. On the other hand,
resveratrol and proanthocyanidins are presentin grape
seed extract and meat [12]. The size of AgNPs greatly
influences their properties, but further research is
needed to fully understand how temperature and
other reaction parameters influence the synthesis of
environmentally friendly grape seed extracts [13]. The
characteristics of AgNPs are strongly influenced by
their size, but further research is needed to determine
how reaction parameters such as temperature affect
the synthesis of environmentally friendly grape seed
extracts [14]. Using microwave energy to heat the
reaction mixture rapidly, environmentally friendly
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methods such as microwave irradiation can produce
uniform and controlled synthesis of nanoparticles.
This process reduces the reaction time and improves
the properties of the resulting nanoparticles [15].

This study aimed to evaluate the effectiveness
of blue laser-activated AgNPs synthesized from grape
seed extract (GSE-AgNPs) for accelerating wound
healing in mice infected with S. aureus. Specifically,
this study investigated the impact of different blue
laser wavelengths on the enhancement of GSE-AgNP
penetration and therapeutic efficacy in mice skin tissue.
This research introduces an eco-friendly synthesis
approach for nanoparticle production and activation,
which has not been extensively studied. The goal is to
optimize treatment delivery, improve wound healing,
and control infections more effectively using this novel
combination therapy.

MATERIALS AND METHODS

Ethical approval

The study was approved by the Veterinary Faculty
of Airlangga University (Approval no. 0238/HRECC.
FODM//111/2024). All procedures adhered to the
guidelines for the care and use of laboratory animals.

Study period and location

The study was conducted from January to April
2024 at the Laboratory of the Faculty of Veterinary
Medicine, Universitas Airlangga, Surabaya, Indonesia.

Animals

Mice were acclimatized before the experiment,
and euthanasia was performed humanely using cervical
dislocation 24 h after treatment. Female adult Wistar
mice (200-250 g) were housed in stainless steel cages
with a 12-h light/dark cycle. Female adult Wistar mice
(200-250 g) were used in this study due to theirimmune
response characteristics, relevance to wound healing,
or a condition that predominantly affects females. All
experimental animals were handled ethically.

Experimental design

An established experimental strategy, the
post-test-only control group design, was used in this
investigation. The experimental group, which received
treatment, and the control group, which received no
therapy, were the two groups to which the participants
were randomly allocated. The effects of the therapy
and lack of treatment may be compared due to this
design. The type of treatment (blue laser therapy with
GSE-AgNPs) and the different treatment methods used
were two essential elements of the factorial structure
of the research. Standardized laboratory settings were
used to house the animals, including a 12-h light/dark
cycle, a regulated temperature of 22°C-24°C, and
unrestricted access to commercial mouse feed and
water. The controlled setting increased the reliability
of the findings, thereby guaranteeing constant
circumstances throughout the investigation.
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Experimental animals

Theinitial phase of the study involved acclimatizing
the mice to their new environment to minimize stress
and ensure reliable experimental outcomes. The
mice were housed in standard plastic cages covered
with gauze to provide adequate ventilation while
preventing escape. A controlled light/dark cycle of
12 h was implemented to simulate natural conditions,
promoting normal circadian rhythms. During this
7-day acclimatization period, the mice were provided
ad libitum access to food and water. This careful
acclimatization process is crucial because it allows
subjects to adjust to their surroundings, thus reducing
anxiety-related behaviors that could confound the
results of subsequent experimental procedures.

Incision and drug administration

The dorsal fur of mice was shaved and disinfected
with 70% ethanol to prevent infection. A sterile handvat
was used to make a 2.5 cm incision on the right side
of the back. The mice were then divided into three
groups, with treatments administered on the 1%, 37
and 5% day post-incision to assess wound healing and
infection control. The treatment began to maintain
a sterile environment by measuring and cleaning the
mouse’s back hair with 70% alcohol. An incision was
made 2.5 cm long on the right side of the rat’s back,
2.5 cm long, and reached the subcutis using a tying
handvat. The mice were then divided into three groups,
and on days 1, 3, and 5 of the experiment, each group
received its therapy. The three types of treatments were
blue light therapy, GSE-AgNPs, and a mix of the two.
Each treatment was administered perpendicular to the
wound region to ensure accurate and efficient therapy
administration. The amount of extract used in this study
was 10 mL, and the concentration was 100 mg/mL. The
extract was obtained by maceration with ethanol for
72 h, yielding 12%.

Sample collection

Animals were euthanized 24 h after the final
treatment with blue laser-activated AgNPs (GSE-AgNPs).
The tissue samples were collected and placed in a 10%
buffered neutral formalin solution for further analysis.

Histopathological examination

Tissue slice preparations were fixed, dehydrated
using alcohol, purified with xylol, and paraffinized. Slices
were cut to a thickness of 5 um, stretched, and stained
with hematoxylin and eosin and Masson’s trichrome for
fibroblast tissue analysis.

Data collection stage

Data collection involved evaluating the efficacy
of diode laser treatment and GSE-AgNPs on wound
healing. Tissue samples were collected from the wound
sites at designated intervals. The expression levels
of inflammatory mediators, including interleukin-6
(IL-6) and tumor necrosis factor-alpha (TNF-o1), were
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quantified using enzyme-linked immunosorbent assay.
In addition, laser parameters, such as wavelength and
energy density, were recorded to analyze their effects
on healing and inflammation.

Statistical analysis

All data were analyzed using IBM Statistical
Package for the Social Sciences 21.0 (IBM Corp., NY, USA)
and presented as mean * standard deviation (SD). The
normality of the data was assessed using the Shapiro—
Wilk test. Parametric tests were applied to normally
distributed data, whereas non-parametric alternatives
were used to analyze non-normally distributed data.

A two-way (factorial) analysis of variance (ANOVA)
was conducted to evaluate the effects of different
treatments (GSE-AgNPs, blue laser therapy, and their
combination) over time (days 1, 3, and 5) on wound
healing parameters, including bacterial colony counts,
epithelialization, and immune response markers
(lymphocyte and monocyte levels). Interaction effects
between treatment type and time were also assessed.
When significant differences were detected, Tukey’s
post hoc test was applied for pairwise comparisons.

A paired sample t-test was used to compare pre- and
post-treatment values within each treatment group to
assess changes in bacterial load, wound size, and immune
cell counts over time. Correlation analysis was performed
using Pearson’s correlation coefficient to examine the
relationships between bacterial reduction, immune
response markers, and wound healing rate. Spearman’s
rank correlation was used as an alternative for non-
normally distributed data. A significance level of p < 0.05
was considered statistically significant for all analyses.

RESULTS

Histopathology test
Effect of treatment on the epithelium

A wound is a tissue discontinuity that causes
partial or complete loss of organ function. One of
the clinical markers of the wound healing process is
re-epithelialization. Re-epithelialization is the process
by which epithelial cells close the wound. Table 1 shows
the variations in epithelialization over 3 days between
different treatments. Very little epithelialization was
observed in the control groups on the 1% day. The

Table 1: Factorial two-way analysis of variance factorial
test on the number of epitheliums in the control and
treatment groups.

Treatment Epithelialization Conclusion

Day 1 Day 3 Day 5
0.00°+£0.00 0.00°+0.00 4.99°+1.03 p=0.00

(K=)

(K+) 1.95°+1.69 4.69°+2.06 15.80°+ 10.42
(P1) 0.00°+0.00 5.68*+1.47 0.00*+0.00
(P2) 4.75*+0.49 0.00*+0.00 0.00*+0.00

Different superscript letters (a and , b) in the same column indicate a
significant difference (p < 0.05)
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Figure 1: Wound length measurements on day 1-day 5.

most effective control group began to show some
improvement on the 3" day, whereas the other groups’
epithelial layers remained negligible. After 5 days,
the control group that received the most effective
treatment had a notably higher number of epithelial
layers than the control group. The findings of the groups
that received GSE-AgNPs either alone or in conjunction
with blue laser therapy were not all the same. While
one group showed some early epithelialization but no
more development over the observation period, the
other group’s epithelial layers showed no improvement.
The most effective treatment resulted in the most
significant increase in epithelial layers by the 5% day,
suggesting that it was more successful in promoting
wound healing than the other treatments.
Comparisons between treatments on days 1, 3,
and 5 were conducted using the two-way ANOVA test,
and the results showed significant differences (p < 0.05)
on all days. Comparisons between observation times
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within each treatment group were conducted using a
paired sample t-test, and the results showed significant
differences (p < 0.05) in several comparisons between
day 1 and other days. Figure 2 shows the comparison of
epithelial counts on days 1, 3, and 5 in the control and
treatment groups.

According to the graph displaying the number of
epithelial cells on day 1, treatment P2 had the highest
average number, whereas treatment P1 had the lowest
average.

Bacterial colony test

Wound infections occur when an open wound is
contaminated by bacteria, viruses, or fungi. This leads
to complications that require special treatment. The
skin is an entry point for harmful microorganisms.
This condition can interfere with the body’s natural
healing process and cause various health problems. It
is important to understand that wound infections are



doi: 10.14202/vetworld.2025.547-557

more than mere irritation. When microorganisms enter
the body through wounds, they can cause inflammation,
redness, swelling, and abnormal discharge. These
symptoms indicate that infection is developing and
requires special attention. Wound infections can occur
when a wound is directly exposed to germs from the
air or dirty objects. This contamination can cause the
wound to become infected, worsen its condition, and
slow down the healing process. A bacterial colony test
was performed to determine bacterial contamination
of the wound. Table 2 shows how different treatments
affected the number of bacterial colonies in mice
wounds over several days. The group treated with a
combination of blue laser and GSE-AgNPs continually
displayed the lowest counts, indicating the most
efficient reduction in bacterial colonies.

In contrast, the untreated control group had the
highest bacterial counts. This combination treatment
showed higher efficacy in limiting bacterial growth
as the treatment was continued. The combination
treatment was the most successful overall, even though
blue laser treatment also resulted in decreased bacterial
colonies. Comparing the combination treatment with
the control and other treatments, we found that there
were statistically significant differences between the
treatments, highlighting the combination treatment’s
effectiveness in reducing bacterial colonies.

Comparison between treatments on day 1, day 3,

30 T T T

Control (K-)
—
AgNPs-GSE (K+)
I
|__| Blue Laser (P1) -
AgNPs-GSE+Blue Laser (P2)

N
[4,]
T

N
o
T
1

Number of Epithelium
> o
1 1

L am MR

Days

Figure 2: Comparison of epithelial counts on days 1, 3, and
5 between the control and treatment groups.

and day 5 was conducted using a paired sample t-test,
and the results showed significant differences (p < 0.05)
on all 3 days. Comparisons between observation times
within each treatment group were conducted using a
paired sample t-test, and the results showed significant
differences (p < 0.05) in several comparisons between
day 1 and other days. Figure 3 shows a comparison of
bacterial colony counts on days 1, 3, and 5 in the control
and treatment groups.

Effects of treatment on lymphocytes

The inflammatory process requires a cellular
response that eliminates dead tissue. The resulting
inflammation can cause an abnormal wound-healing
process. If the inflammatory phase is shortened, wound
healing will be faster. Lymphocytes kill bacteria that
inhibit healing. Lymphocytes are white blood cells that
are agranulocytes, and most lymphocytes develop in
lymph tissue. The number of lymphocytes ranges from
20% to 25%, and they function to destroy bacteria that
enter the body’s tissue. The lymphocyte counts for
various treatments administered to mice over time are
displayed in Table 3. Day 1 lymphocyte counts were
highest in the control group (no treatment) and lowest
in the GSE-AgNPs and blue laser combined treatment
groups. Blue laser and GSE-AgNPs combination
treatment resulted in significantly higher lymphocyte
levels on Day 3, indicating a strong immunological
response. On Day 5, the combination treatment resulted
in the highest lymphocyte counts, indicating long-
lasting, effective immune stimulation. Overall, the data
show large differences between treatments; over time,
the combination of blue laser and GSE-AgNPs produced
the highest number of lymphocytes. The statistical
analysis shows that this difference is very large. This
shows that the combination treatment is more effective
in increasing lymphocyte counts compared with the
control and other treatments.

A two-way ANOVA test was used to compare
treatments on days 1, 3, and 5, and the results showed
significant differences (p < 0.05) on each day. The paired
samples t-test was used to compare the observation
periods in each treatment group. The results showed
significant differences (p < 0.05) in several comparisons
between the first and the following days. Figure 4
presents the differences in the number of lymphocyte
cells in the treatment and control groups on days 1, 3,
and 5.

Table 2: Factorial two-way analysis of variance results for the number of bacterial colonies in the control and treatment groups.

Treatment Number of bacterial colonies Conclusion

Day 1 Day 3 Day 5
(K-) 641.33"+3.21 523.00 + 71.89 559.338+ 8.14 p =0.00 (thereis a
(K+) 500.008 + 15.00 240.33°+£4.50 413.33%¢ +33.08 significant difference)
(P1) 461.33°+3.21 403.00%¢ + 8.88 378.33%¢+7.63
(P2) 350.66° + 7.50 328.66°¢+7.76 295.33%5 + 6.50

Different superscript letters (a— h) in the same column indicate a significant difference (p < 0.05)
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Table 3: Factorial two-way analysis of variance of lymphocyte cell counts between the control and treatment groups.

Treatment Lymphocyte Conclusion

Day1 Day 3 Day 5
(K-) 463.66° + 1.52 1122.33¢+2.51 816.66% + 2.08 p =0.00 (thereis a
(K+) 342.00° £ 2.00 265.33°+1.52 364.00° + 4.58 significant difference)
(P1) 550.00 + 1.00 895.33°+1.52 1461.00¢ + 1.00
(P2) 232.00° £ 2.00 2545.33 +4.16 2388.00° + 2.00

Different superscript letters (a- —f) in the same column indicate a significant difference (p < 0.05)
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Figure 3: Comparison of bacterial colony counts on days 1
3, and 5 between the control and treatment groups.
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Figure 4: Comparison of lymphocyte cell counts between
the control and treatment groups on days 1, 3, and 5.

Effects of treatment on monocytes

The largest leukocytes are monocytes, with
the number of monocytes ranging from 3% to 8%.
Blood monocytes do not reach their full capacity
until they migrate outside the blood vessels into the
tissue. Monocytes leave the peripheral blood vessels
with a half-life of 20-40 h and are believed not to
re-enter the circulation. Furthermore, monocytes
in tissues become fixed macrophages, such as in the
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sinusoids of the liver, lungs, lymphoid tissue, and
bone marrow. Monocytes in the bloodstream and
macrophages in tissues are collectively called the
mononuclear phagocytic system. Table 4 presents
the number of monocytes in mice over several days
under various treatment conditions. Day 1 monocyte
levels in the untreated control group were modest,
whereas the other treatments exhibited different
levels. By comparing the blue laser and GSE-AgNPs
combination treatment with the control and other
treatments, by Day 2, there was a noticeable increase
in the number of monocytes. On Day 4, this pattern
persisted, with the combination treatment leading to
the highest number of monocytes. The combination
treatment eventually achieved the highest monocyte
count, indicating a robust immunological response.
Compared with the control and other treatments,
the combination treatment successfully increased
monocyte production, as evidenced by the statistical
analysis, which confirmed that the differences
between the treatments were significant.

Comparisons between treatments on days 1, 2,
and 5 were conducted using the two-way ANOVA test,
and the results showed significant differences (p < 0.05)
on all 3 days. Comparisons between observation times
within each treatment group were conducted using a
paired sample t-test, and the results showed significant
differences (p < 0.05) in several comparisons between
day 1andthe other days. Figure 5 presents the monocyte
cell counts in the control and treatment groups on days
1, 3, and 5.

Effects of electro stimulation therapy on random sugar
levels and pancreatic islet diameter

The effects of electro stimulation therapy on the
diameter of the Langerhans islets and the random
sugar levels in mice are shown in Figure 6. Despite
statistical variations among groups, the random blood
sugar levels of the diabetic mice in the K-, K+, P1,
and P2 groups were all over the cutoff (>200 mg/
dL) at the start of therapy. Blood sugar levels in all
treatment groups were normal following electro
stimulation and needle acupuncture. The treatment
groups before and after P1 and T2 therapy showed a
significant difference, according to the T-test findings
on blood sugar level data, but not the K- and K+
groups. According to the ANOVA results (K-), blood
sugar levels did not significantly differ from normal
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Table 4: Factorial two-way analysis of variance factorial test on monocyte cell counts in the control and treatment groups.

Treatment

Monocyte

Day 1

Day 3

Day 5

Conclusion

(K-)
(K+)
(P1)
(P2)

463.66* £ 3.51
798.00° +2.00
732.00¢ £ 2.00
461.66° + 2.88

1683.00" + 2.00
478.33°+1.52
2979.668 + 1.52
3818.00k + 2.00

3276.66" + 3.05
648.66° + 3.05
3648.66 £ 1.15
3582.33'+2.51

p =0.00 (thereis a
significant difference)

Different superscript letters (a- —f) in the same column indicate a significant difference (p < 0.05)
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Figure 5: Monocyte cell countsin the control and treatment
groups on days 1, 3, and 5.

— B Hiit :
Figure 6: (a) K-5 microscopic image, treatment area,
necrosis area, 100x magnification, (b) K+5 microscopic
image, necrosis area, 100x magnification, (c) P1 3
microscopic image, necrosis area 100x magnification, and
(d) P2 1 microscopic image, treatment area, necrosis area,
100x magnification.

controls after therapy. There was no placebo group in
this study.

Microscopic image of P2-5 treatment area shows
red PMN inflammatory cells and yellow epithelialization
at 400x magnification. The magnification of the image
is 400x, which is used to compare the treatment
group and whether the treatment was successful. The
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control group was evaluated at the same time as the
treatment group. Figure 6 presents the comparison of
the diameters of Langerhans islets in the K—, K+, P1, and
P2 treatment groups.

DISCUSSION

PDT, commonly referred to as phototherapy,
photoradiation therapy, or photochemotherapy, is
a non-invasive, low-power light therapy used for
therapeutic purposes. Three non-toxic materials are
used in PDT: Oxygen, a safe photosensitizer, and visible
light [16]. Photosensitizers absorb light energy at
certain wavelengths to produce radical products that
kill harmful microbes. Moreover, ozone treatment is
combined with curcumin as a photosensitizer [17]. In
this investigation, mice were given wounds produced
by opening their backs and injecting MRSA into them
until pus developed, which is an indicator of microbial
infection. Random treatment was also administered to
each group simultaneously [18]. Up to day 5, patients
received therapy every day at 24-h intervals [19]. After
administering each medication to each mouse for a full
day, tissue samples were collected. A previous study by
Astuti et al. [20] using red lasers on post-tooth extraction
wounds has shown an increase in proinflammatory
cells, especially fibroblast cells, the creation of new
blood vessels, and an increase in lymphocyte cells that
expedite wound healing [20]. Immunohistochemical
analysis confirmed the photobiomodulatory effect,
showing increased Col-loc protein expression and
decreased IL-1P levels. These proteins are responsible
for the formation of collagen, which occurs after tissue
damage [21].

A previous study by Astuti et al. [22] showed
that red laser light can heal wounds. This is indicated
by an increase in the number of lymphocytes and the
formation of new blood vessels and proinflammatory
cells, especially fibroblasts [23]. Immunohistochemical
test results also showed increased Col-1c. protein
production and decreased IL-1p expression. These
proteins are responsible for the formation of collagen,
a new type of tissue that forms after tissue injury [24].

The three stages of burn-wound healing are
maturation, proliferation, and inflammation [25]. The
inflammatory phase lasts from days 0 to 5, whereas
the proliferation phase lasts from days 3 to 14. As a
result, depending on the animal’s condition, day 4 may
occur in the proliferative or inflammatory phase [26].
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Because cells along the wound border are absorbed by
high sodium and potassium levels, limiting granulation
development in epithelial tissue, epithelium growth
begins on day 4 and slows down on day 6. Fibroblasts are
responsible for the increased number of fibroblasts in
the wound region because they produce large quantities
of collagen, a glycoprotein that helps strengthen scar
tissue [27]. According to the Tukey post hoc test findings,
the blue laser treatment group had significantly more
epithelium than the other groups [28].

Due to the breakdown of skin and tissue integrity,
endotoxinsarereadily absorbed. Asaresult, the patient’s
immune system over-reacts, leading to immune system
dysfunction [29]. When these bacteria begin interfering
with the immune system on day 5, the body will also
experience a period of leukocyte resistance to germs,
which might result in a drop in germ colonies [30].

Normally, during an inflammatory response, the
number of lymphocytes rises at the wound site on Day
1, peaks between Days 3 and 5, and then declines after
Day 5 [31]. One of the first cells to reach the wound
site is the lymphocyte, which activates and releases
lymphokines, including interferon. Because they help
remove foreign materials and cellular detritus bound
to antigens, these lymphokines are essential in the
battle against pathogenic bacteria [32]. Macrophages
engulf apoptotic PMN cells and other debris during
phagocytosis, which is triggered and activated by
lymphokines [33]. TNF and other cytokines released
by macrophages stimulate lymphocytes even more.
The fibroblast support system, in conjunction with
macrophages and lymphocytes, aids in the removal of
triggering antigens [34].

The Tukey post hoc test results in this study
showed a significant difference between the groups that
received red laser treatment and the other groups. The
predicted pattern indicates that because lymphocytes
are involved in antigen binding and activation, their
numbers increase during the proliferation phase. On Day
5, however, the red laser therapy group’s lymphocyte
counts were noticeably lower than those of the other
treatments [35]. This decrease suggests that the
inflammatory phase may be prolonged as lymphocytes
are replaced by monocytes, which take on the role of
debris removal [36]. The reduced lymphocyte count
in the red-laser treatment group indicates that the
inflammatory response might extend for longer due to
this shift in cellular activity [37].

The present study demonstrated that the
combination of blue laser therapy and GSE-AgNPs
significantly enhanced wound healing in mice infected
with S. aureus. The observed 60% reduction in wound
size and 88.73% decrease in bacterial load highlight
the effectiveness of this therapeutic approach. These
findings are consistent with those of previous research
that underscored the potential of photodynamic
therapies in accelerating wound healing and controlling
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bacterial infections. Antimicrobial effects of laser-
activated nanoparticles, emphasizing their ability to
penetrate tissues and enhance therapeutic outcomes.

The immune response analysis revealed a 75%
increase in lymphocyte levels and a 50% increase
in monocyte levels in treated mice, suggesting that
the combination therapy not only targets bacterial
infections but also stimulates the host’'s immune
system. Phototherapy can modulate immune responses
and promote tissue regeneration. Enhanced immune
activation canleadtoimproved inflammatory responses,
facilitating more effective wound-healing processes.

Monocytes play a crucial role in the phagocytosis
of foreign objects. Hence, a decrease in monocyte levels
typically indicates the clearance of more foreign bodies,
which can help halt the progression of the inflammatory
phase [38]. In this study, monocyte counts were notably
higherinthe group receivingacombination of GSE-AgNPs
and blue laser compared with the other treatments,
as indicated by the Tukey post hoc test. Macrophages
are derived from monocytes and are active during the
proliferative and inflammatory stages of wound healing.
They increase in number during the inflammatory
phase as they mature and phagocytize more bacteria
and debris from the wound. As the wound progresses
toward closure, macrophage numbers decrease. This
shift reflects their role in debris removal and facilitating
the transition from inflammation to repair [39]. Our
study found that the combination of GSE-AgNPs and
blue laser increased the number of monocytes; this
indicates good macrophage activation and waste
removal, promoting a more controlled inflammatory
response.

According to histopathology, white blood cells,
especially neutrophils, appear at the edge of the wound
and enter the fibrin coagulation within 1 day after the
thin layer wound. This causes the formation of a scab to
prevent inflammation or infection by bacteria [40, 41].
Tukey’s post hoc test showed that the blue laser and
ozone combination therapy groups had significantly
shorter scars than the other groups [42]. This suggests
that this treatment accelerates wound healing [43].

This study demonstrated the potential of GSE-
AgNPs activated by blue laser therapy to enhance
wound healing. The combination treatment significantly
reduced bacterial colony counts, suggesting a
synergistic effect of the AgNPs and photodynamic
therapy. This aligns with previous findings highlighting
the antimicrobial properties of AgNPs, which disrupt
bacterial cell membranes and inhibit growth.
Histopathological examination revealed notable
differences in epithelialization between the treatment
groups. Mice receiving the combined treatment showed
improved tissue regeneration and inflammatory
response compared with controls, supporting the
hypothesis that AgNPs can enhance wound healing
by modulating inflammatory pathways. Increased
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lymphocyte and monocyte counts in treated groups
further indicate an improved immune response, which
is critical for effective wound healing.

The results showed that blue laser therapy
effectively reduced the number of bacterial colonies and
increased epithelial development. GSE-AgNPs and blue
laser therapy also showed several other advantages,
especially in promoting epithelial development and
controlling the presence of bacteria. Our study showed
that blue laser and GSE-AgNP therapy can improve
wound healing outcomes.

CONCLUSION

This study demonstrated that the combination
of GSE-AgNPs and blue laser therapy significantly
enhanced wound healing in S. aureus-infected
Wistar mice. Compared to individual treatments, the
combined approach led to a 60% reduction in wound
size and an 88.73% decrease in bacterial load, indicating
strong antibacterial activity. In addition, the immune
response was markedly improved, with lymphocyte
levels increasing by 75% and monocyte levels rising by
50%, suggesting enhanced immune modulation and
faster wound regeneration. Histopathological analysis
confirmed accelerated epithelialization and increased
fibroblast activity in the combination treatment group.

The major strength of this study lies in its
novel combination of green-synthesized AgNPs
with photobiomodulation therapy, which offers an
eco-friendly, non-invasive, and effective alternative
to conventional antimicrobial and wound healing
treatments. The in vivo experimental design ensures
biological relevance, and the factorial statistical
approach provides robust evidence of the treatment
efficacy.

However, this study has some limitations. The
short duration (5 days) may not fully capture long-term
healing effects or potential side effects. In addition,
while immune responses were measured through
lymphocyte and monocyte levels; further, exploration
of cytokine signaling and molecular pathways involved
in wound healing could provide deeper mechanistic
insights. The study was conducted in a controlled
animal model, which may not fully translate to human
applications without further clinical trials.

Future research should focus on long-term studies
and clinical trials to validate the therapeutic potential
of blue laser-activated GSE-AgNPs in human wound
management. Optimization of nanoparticle synthesis
and laser parameters can enhance treatment efficacy,
and exploring its effects on other bacterial infections,
including biofilm-associated wounds, could expand
its applicability in medical and veterinary fields. The
integration of this technology into biodegradable
wound dressings or hydrogel-based delivery systems
may offer new avenues for clinical translation and
broader applications in wound care.

555

DATA AVAILABILITY

The corresponding author will provide the
datasets used and/or analyzed during the current study
on a reasonable request.

AUTHORS’ CONTRIBUTIONS

AKY: Conceptualization, methodology, validation,
and drafted and edited the manuscript. SDA and AHZ:
Supervised and reviewed and edited the manuscript.
KWQ, NAAR, PADP, and DZIN: Conceptualization,
methodology, validation, and software. All authors have
read and approved the final manuscript.

ACKNOWLEDGMENTS

This study was funded by Universitas Airlangga,
Indonesia, through internal research doctoral grant no.
672/UN3/2024.

COMPETING INTERESTS

The authors declare that they have no competing
interests.

PUBLISHER’S NOTE

Veterinary World remains neutral with regard to
jurisdictional claims in published institutional affiliation.

REFERENCES

1.  De Freitas, L.F. and Hamblin, M.R. (2016) Proposed
mechanisms of photobiomodulation or low-level
light therapy. IEEE J. Sel. Top. Quantum Electron.,
22(3): 348-364.

2. Veith, A.P, Henderson, K., Spencer, A., Sligar, A.D.
and Baker, A.B. (2019) Therapeutic strategies for
enhancing angiogenesis in wound healing. Adv. Drug
Deliv. Rev., 146: 97—-125.

3.  Astuti, S.D., Sulistyo, A., Setiawatie, E.M,,
Khasanah, M., Purnobasuki, H., Arifianto, D.
and Syahrom, A. (2022) An in-vivo study of

photobiomodulation using 403 nm and 649 nm diode
lasers for molar tooth extraction wound healing in
Wistar rats. Odontology, 110(2): 240-253.

4.  Polat, E. and Kang, K. (2021) Natural photosensitizers
inantimicrobial photodynamictherapy. Biomedicines,
9(6): 584.

5. lvanova, T.,, Harizanova, A., Koutzarova, T. and
Vertruyen, B. (2013) Optical and structural
characterization of TiO2 films doped with silver
nanoparticles obtained by sol-gel method. Opt.
Mater., 36(2): 207-213.

6. Zahoranova, T, Mori, T, Yan, P, Sev¢ikova, K.,
Vaclavl, M, Matolin, V. and Nehasil, V. (2015) Study
of the character of gold nanoparticles deposited onto
sputtered cerium oxide layers by the deposition-
precipitation method: Influence of the preparation
parameters. Vacuum, 114: 86-92.

7. Hu, B., Wang, S.B., Wang, K., Zhang, M. and Yu, S.H.
(2008) Microwave-assisted rapid facile “green”
synthesis of uniform silver nanoparticles: Self-
assembly into multilayered films and their optical



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

doi: 10.14202/vetworld.2025.547-557

properties. J. Phys. Chem., 112(30): 11169-11174.
Astuti, S.D., Wibowo, R.A., Abdurachman, N.I.D.N.
and Triyana, K. (2017) Antimicrobial photodynamic
effects of polychromatic light activated by a magnetic
field on bacterial viability. Int. J. Med. Dent., 10(1):
111-117.

Ahmad, A., Senapati, S., Khan, M.l., Kumar, R,
Ramani, R., Srinivas, V. and Sastry, M. (20003)
Intracellular synthesis of gold nanoparticles by a
novel halotolerant actinomycete, Rhodococcus
species. J. Nanotechnol., 14(7): 824.

Ping, Y., Zhang, J., Xing, T, Chen, G., Tao, R.
and Choo, K.H. (2008) Green synthesis of silver
nanoparticles using grape seed extract and their
application for reductive catalysis of Direct Orange
26. J. Ind. Eng. Chem., 58: 74-79.

Astuti, S.D., Mahmud, A.F, Pudjiyanto
Mukhammad, Y. and Fitriyah, N. (2018) Antimicrobial
photodynamic of blue LED for activation of curcumin
extract (Curcuma longa) on Staphylococcus aureus
bacteria, an in vitro study. J. Phys. Conf. Ser., 1120(1):
012073.

Tran, H.V., Chu, A.D., Van Nguyen, T., Nguyen, N.D.,
Le, T.D. and Huynh, C.D. (2018) An investigation of
silver nanoparticles formation under presence of
graphene quantum dots as reducing reagent and
stabilizer. Mater. Trans., 59(7): 1106-1111.
Vanlalveni, C., Lallianrawna, S., Biswas, A,
Selvaraj, M., Changmai, B. and Rokhum, S.L. (2021)
Green synthesis of silver nanoparticles using plant
extracts and their antimicrobial activities: A review
of recent literature. RSC Adv., 11(5): 2804-2837.
Perumal, D., Khairuddin, N.F.M., Wong, J.H. and
Abdullah, C.A.C. (2023) Plant extract-based silver
nanoparticles and their bioactivity investigations. In:
Diversity and Applications of New Age Nanoparticles.
IGI Global, United States, p88-111.

Park, C.M., Heo, J. and Yoon, Y. (2017) Oxidative
degradation of bisphenol A and 17a-ethinyl estradiol
by Fenton-like activity of silver nanoparticles in
aqueous solution. Chemosphere, 168: 617-622.
Yaqubi, A.K., Astuti,S.D., Zaidan,A.H.and Nurdin, D.Z.1.
(2023) Blue laser-activated silver nanoparticles from
grape seed extract for photodynamic antimicrobial
therapy against Escherichia coli and Staphylococcus
aureus. J. Lasers Med. Sci., 14: e69.

Setiawatie, E.M., Astuti, S.D. and Zaidan, A.H. (2016)
An in vitro anti-microbial photodynamic therapy
(APDT) with blue LEDs to activate chlorophylls
of Alfalfa Medicago sativa L on Aggregatibacter
actinomycetemcomitans. J. Int. Dent. Med. Res., 9(2):
118-125.

Oniszczuk, A., Wojtunik-Kulesza, K.A., Oniszczuk, T.
andKasprzak, K. (2016) The potential of photodynamic
therapy (PDT)-experimental investigations and
clinical use. Biomed. Pharmacother., 83: 912—929.
Palma, G. (2021) UVC and Blue Light-Based
Treatments for Inactivation of Bacteria (Doctoral
Dissertation, Politecnico di Torino).

Astuti, S.D., Mawaddah, A., Kusumawati, I,

556

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Mahmud, A.F, Nasution, A.M.T., Purwanto, B.,
& Syahrom, A. (2024) Fluorescent microscopy
evaluation of diode laser effect on the penetration
depth of turmeric (Curcuma longa) extract cream on
skin tissues of Wistar rats. Lasers Med. Sci., 39(1): 79.
Wiegand, C., Dirksen, A. and Tittelbach, J. (2024)
Treatment with a red-laser-based wound therapy
device exerts positive effects in models of delayed
keratinocyte and fibroblast wound healing.
Photodermatol. Photoimmunol. Photomed., 40(1):
e12926.

Astuti, S.D., Prasaja, B.l. and Prijo, T.A. (2017) In vivo
photodynamic therapy with diode laser for cell
activation in renal dysfunction. J. Phys. Conf. Ser.,
853(1): 012038.

Suhariningsih, Winarni, D., Husen, S.A., Khaleyla, F.,
Putra, A.P. and Astuti, S.D. (2020) The effect of a
combination of electric fields, magnetic fields, and
infrared rays to reduce the HOMA-IR and GLUT 4
indices in the Mus musculus diabetes model. Lasers
Med. Sci., 35(6): 1315-1321.

Wang, G., Yuan, N., Zhang, J., Qin, M., Dong, S.
and Wang, Y. (2024) Visible light cross-linking and
bioactive peptides loaded integrated hydrogel with
sequential release to accelerate wound healing
complicated by bacterial infection. Nano Res., 17(3):
1737-1747.

Coma, M., Frohlichova, L., Urban, L., Zajicek, R.,
Urban, T.,, Szabo, P. and Gal, P. (2021) Molecular
changes underlying hypertrophic scarring following
burns involve specific deregulations at all wound
healing stages (inflammation, proliferation and
maturation). Int. J. Mol. Sci., 22(2): 897.

Landén, N.X., Li, D. and Stahle, M. (2016) Transition
from inflammation to proliferation: A critical step
during wound healing. Cell. Mol. Life Sci., 73(20):
3861-3885.

Astuti, S.D., Zaidan, A., Setiawati, E.M. and
Suhariningsih. (2016) Chlorophyll-mediated blue
laser photodynamic inactivation of Streptococcus
mutans. AIP Conf. Proc., 1718(1): 120001.

Astuti, S.D., Utomo, I.B., Setiawatie, E.M.,
Khasanah, M., Purnobasuki, H., Arifianto, D. and
Alamsyah, K.A. (2021) Effect of combination of diode
laser for photodynamic therapy with doxycycline in
Wistar rat periodontitis model. BMC Oral Health,
21(1): 1-15.

Xue, M. and Jackson, C.J. (2015) Extracellular matrix
reorganization during wound healing and its impact
on abnormal scarring. Adv. Wound Care, 4(3):
119-136.

Yaqubi, A.K., Astuti, S.D., Zaidan, A.H., Syahrom, A.
and Nurdin, D.Z.l. (2024) Antibacterial effect of red
laser-activated silver nanoparticles synthesized with
grape seed extract against Staphylococcus aureus
and Escherichia coli. Lasers Med. Sci., 39(1): 47.
Astuti, S.D., Victory, V.S., Mahmud, A.F., Putra, A.P.
and Winarni, D. (2019) The effects of laser diode
treatment on liver dysfunction of Mus musculus due
to carbofuran exposure: An in vivo study. J. Adv. Vet.,



32.

33.

34.

35.

36.

37.

doi: 10.14202/vetworld.2025.547-557

6(4): 499.

Mardianto, A.l., Setiawatie, E.M., Lestari, W.P,
Rasheed, A. and Astuti, S.D. (2020) Photodynamic
inactivation of Streptococcus mutan bacteria with
photosensitizer Moringa oleifera activated by light
emitting diode (LED). J. Phys. Conf. Ser., 1505(1):

38.

Anderson, J.M. (2009) In vitro and in vivo monocyte,
macrophage, foreign body giant cell, and lymphocyte
interactions with biomaterials. In: Biological
Interactions on Materials Surfaces: Understanding
and Controlling Protein, Cell, and Tissue Responses.
Springer-Verlag, Berlin, p225-244.

012061. 39. Neumann, H., Kotter, M.R. and Franklin, R.J. (2009)
Suhariningsih, S., Astuti, S.D., Husen, S.A., Winarni, D., Debris clearance by microglia: An essential link
Rahmawati, D.A., Mukti, A.T., & Miftahussurur, M. between degeneration and regeneration. Brain,
(2020) The combined effect of magnetic and electric 132(2): 288-295.
fields using on/off infrared light on the blood sugar 40. Li, M., Norton, J.A., Bollinger, R.R., Chang, A.E.,
level and the diameter of Langerhans islets of Lowry, S.F., Mulvihill, S.J. and Longaker, M.T. (2003)
diabetic mice. Vet. World, 13(10): 2286. Wounds: Biology, pathology, and management.
Schéaffer, M. and Barbul, A. (1998) Lymphocyte In: Essential Practice of Surgery: Basic Science and
function in wound healing and following injury. Clinical Evidence. Springer, Berlin, p77-88.
Br. J. Surg., 85(4): 444—-460. 41. Han, S.K. (2023) Basics of wound healing. In:
Arango Duque, G. and Descoteaux, A. (2014) Innovations and Advances in Wound Healing.
Macrophage cytokines: Involvement in immunity Springer Nature Singapore, Singapore, p1-42.
and infectious diseases. Front. Immunol., 5: 491. 42. Peck, M.D. (2012) Epidemiology and prevention of
Steimberg, N., Mazzoleni, G., Ciamporcero, E. R. I. C., burns throughout the world. In: Handbook of Burns:
Ullio, C.,Daga, M., Barrera, G.,and Pizzimenti,S.(2014) In Acute Burn Care. Vol. 1. Springer Verlag GmbH,
vitro modeling of tissue-specific 3D microenvironments Berlin, p19-60.
and possible application to pediatric cancer research. J. 43. Astuti, S.D., Pertiwi, W.l., Wahyuningsih, S.PA.,
Pediatr. Oncol., 2(1): 40-76. Permatasari, P.A.D., Nurdin, D.Z.I. and Syahrom, A.
Mussttaf, R.A., Jenkins, D.F. and Jha, A.N. (2019) (2023) Effectiveness of ozone-laser photodynamic
Assessing the impact of low level laser therapy (LLLT) combination therapy for healing wounds infected
on biological systems: A review. Int. J. Radiat. Biol., with metbhicillin-resistant Staphylococcus aureus in
95(2): 120-143. mice. Vet. World, 16(5): 1176.

%k sk kosk sk sk %k k

557



