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ABSTRACT

In this study, a combined therapeutic strategy integrating photobiomodulation (PBM)
with an antibacterial hydrogel containing silver nanoparticles and europium-activated
lanthanum orthovanadate nanoparticles (Ag/LaVO4** NPs) was developed to enhance
wound healing. This integrated approach was designed to provide complementary effects
by simultaneously improving antibacterial activity and promoting tissue regeneration.
The study aimed to investigate the roles of vascular cell adhesion molecule-1 (VCAM-1),
endothelin-1 (ET-1), and keratinocyte autocrine factor (KAF) in reparative processes
occurring in chronic wounds following treatment with Ag/LaVO,* NPs hydrogel and
PBM therapy. Thirty WAG rats were randomly assigned to five groups: Con, Gel (Ag/
LaVO,* NPs hydrogel), PBM (660 nm, 50 mW, 1 J/cm?®), Gel+PBM, and intact. Chronic
wounds were induced, and serum levels of VCAM-1, ET-1, and KAF were determined
using enzyme-linked immunosorbent assay (ELISA). In addition, histological analysis was
performed. Experimental wounds were associated with elevated serum levels of VCAM-1
and ET-1 in the control animals, which is consistent with endothelial activation under
inflammatory conditions. PBM therapy reduced the levels of these markers, whereas
the combined Gel+PBM treatment produced the most pronounced effect, suggesting a
greater attenuation of endothelial activation and the establishment of conditions favorable
for wound healing. Serum KAF levels exhibited only a transient increase on day 3 in the
control group and remained unchanged in the treated groups. The combination of PBM
therapy and Ag/LaVO,** NPs hydrogel was associated with reduced ET-1 and VCAM-
1 levels, consistent with attenuated endothelial activation during wound healing. These
changes were accompanied by improved re-epithelialization; however, the underlying
mechanisms require further investigation.
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INTRODUCTION

Currently, the problem of chronic wound healing remains
unresolved. Approximately 4% of the world's population
suffers from skin ulcers [1]. According to other reports, 1-2%
of individuals in developed countries are affected by chronic
wounds [2]. This prevalence is associated with population
aging, concomitant diseases, hormonal and nutritional disor-
ders, and other contributing factors [3]. The global economic
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burden of wound care reached $148.65 billion in 2022 [4].
In addition, chronic wounds substantially impair patients'
quality of life.

Wound healing is a complex cellular process that occurs
through sequential and overlapping phases, including
inflammation, proliferation, and remodeling, and involves
intricate interactions among growth factors and cytokines.
Disruption of these interactions may lead to the development
of chronic wounds. Moreover, factors such as population
aging, chronic diseases, increasing antimicrobial resistance,
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and injuries sustained during military operations adversely
affect treatment outcomes. These challenges necessitate the
development of novel and effective approaches to optimize
the repair process. Among the promising strategies for
wound management are photobiomodulation (PBM) therapy
and nanomaterials.

PBM therapy is considered an effective and safe approach
for the treatment of wounds and scars, as well as neurologi-
cal and psychological disorders, dental conditions, and other
diseases [5]. PBM modulates cellular metabolism through
interactions with mitochondrial cytochromes, resulting in
increased oxygen consumption, adenosine triphosphate
(ATP) production, and reactive oxygen species (ROS) gen-
eration, while also regulating nitric oxide (NO) release and
intracellular Ca?" concentrations [6]. Consequently, PBM
activates secondary signaling pathways involved in angiogen-
esis, collagen synthesis, and growth factor release, thereby
promoting wound healing. However, the therapeutic effects
of PBM are highly dependent on the dose-response rela-
tionship. Therefore, parameters such as wavelength, energy
density, and irradiation time should be carefully optimized.

Hydrogels provide an optimal environment for wound
healing. Furthermore, the incorporation of therapeutic
nanoparticles and biomolecules into hydrogel matrices can
enhance and accelerate tissue repair. For example, silver
nanoparticles (Ag NPs) exhibit potent antibacterial, anti-
microbial, and anti-inflammatory properties, which play
a crucial role in wound healing [7]. Released Ag* ions
disrupt microbial cell membranes and DNA, thereby pre-
venting infection and biofilm formation [8]. In addition,
Ag NPs reduce the levels of pro-inflammatory cytokines,
including interleukin-1f (IL-1f), tumor necrosis factor-o
(TNF-a), and IL-6, and enhance the production of vascular
endothelial growth factor (VEGF) and and transforming
growth factor-B (TGF-f), which stimulate angiogenesis and
promote the migration of fibroblasts and keratinocytes [9].

Europium-activated lanthanum orthovanadate nanopar-
ticles (LaVO4** NPs) possess dual biological activity, acting
either as antioxidants or pro-oxidants depending on the
environmental conditions [10]. Their antioxidant activity
is attributed to the ability of vanadium ions within the crystal
lattice to participate in reversible redox reactions, thereby
scavenging electrons and neutralizing reactive oxygen
species. This effect reduces oxidative stress, attenuates
inflammation, and promotes the transition from the inflam-
matory to the regenerative phase of wound healing [11].
Under conditions of severe oxidative stress or at high con-
centrations, these nanoparticles may enhance ROS genera-
tion, leading to cellular damage and increased apoptosis
[12]. In addition, LaVO4*" NPs exhibit antimicrobial activity,
making them promising candidates for antibacterial applica-
tions [13].

In the present study, we attempted to achieve optimal
therapeutic outcomes by combining PBM therapy with an
antibacterial hydrogel containing silver nanoparticles and
europium-activated lanthanum orthovanadate nanoparticles
(Ag/LaVO4** NPs). This combined approach was designed
to take advantage of the beneficial properties of both treat-
ment modalities and to enhance their individual effects,
thereby improving wound healing and tissue regeneration.
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The aim of this study was to investigate the roles of
vascular cell adhesion molecule-1 (VCAM-1), endothelin-1
(ET-1), and keratinocyte autocrine factor (KAF) in the repar-
ative processes associated with chronic wound healing fol-
lowing treatment with a hydrogel containing silver nanopar-
ticles and europium-activated lanthanum orthovanadate
nanoparticles in combination with PBM therapy.

MATERIALS AND METHODS

Chemicals

Lanthanum chloride (LaCls-7H20, 99.9%), sodium
metavanadate (NaVOs, 96%), silver nitrate (AgNOs, 99%),
sodium tetraborate (Na:B4O--10H20, 98%), and disodium
EDTA (EDTA-2Na, 99.8%) were purchased from Acros
Organics (USA). Glycerol (>99.5%) and Carbomer 940 were
obtained from Sigma-Aldrich (USA).

Synthesis of LaVO4** nanoparticles

LaVO4*" nanoparticles were prepared as an aqueous col-
loidal dispersion using a wet-chemical approach [14,15].
During the synthesis, disodium EDTA was used as a sta-
bilizing agent, imparting a negative surface charge to the
nanoparticles. Upon completion of the reaction, the col-
loidal dispersion was purified by dialysis against deionized
water for 24 h using a membrane with a molecular weight
cut-off of 12 kDa to remove residual ions and organic impu-
rities. The purified colloid exhibited long-term stability and
retained its physicochemical properties for more than two
years when stored in sealed ampoules at room temperature.

Synthesis of silver nanoparticles

Silver nanoparticles (Ag NPs) were synthesized by
mixing 120 mL of a 0.001 M AgNO:s solution with 60 mL
of a 0.0015 M EDTA solution in a 200 mL glass beaker,
followed by magnetic stirring for 10 min. Subsequently,
8 mL of 0.02 M NaOH was added dropwise under con-
tinuous stirring, resulting in an alkaline medium with
a pH of approximately 12.0-12.5. The reaction mixture
was then transferred to a thermostatically controlled water
bath equipped with an overhead stirrer and heated at 90°C
for 20 min. The formation of silver nanoparticles was
monitored by UV-Vis spectroscopy. A gradual change in
the color of the solution to yellowish-brown was observed.
After cooling, a characteristic localized surface plasmon
resonance band appeared in the 400-430 nm region, confirm-
ing the successful formation of Ag NPs [16].

Preparation of the Ag/LaVO+** nanoparticle hydrogel

An aqueous dispersion of LaVO4*" nanoparticles (46 mL,
3.9 g/L) was transferred to a 300 mL beaker, followed by the
addition of 2.00 g of Carbomer 940. The mixture was stirred
magnetically and allowed to hydrate at room temperature for
24 h. Subsequently, 145 mL of an aqueous Ag NP suspension
(0.076 g/L) and 20 mL of distilled water were added, and
the resulting mixture was stirred for an additional 15 min.

Gelation was initiated by the gradual addition of 12 mL
of a 4% (w/v) sodium tetraborate (Na2B4O~) solution
prepared in glycerol under vigorous stirring. This procedure
resulted in the formation of a homogeneous hydrogel with the
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following final composition: LaVO4** nanoparticles, 0.8 g/L;
Ag NPs, 0.049 g/L; Na:B4O»~, 2.15 g/L; glycerol, 65.6 g/L;
and Carbomer 940, 8.96 g/L.

The resulting hydrogel exhibited good storage stability
for at least 12 months when stored at 15-25°C and protected
from direct light.

Instrumentation and characterization

The morphology and particle size of the synthesized
nanoparticles were examined by transmission electron
microscopy (TEM) using a JEOL JEM-2100F microscope
equipped with a Schottky field-emission gun and operated
at an accelerating voltage of 200 kV. Optical absorp-
tion measurements were performed using a Specord 200
UV-Vis spectrophotometer (Analytik Jena, Germany). The
electrokinetic properties of the colloidal dispersions were
evaluated by zeta potential measurements carried out using
a ZetaPALS/BIMAS analyzer (Brookhaven Instruments
Corp., USA) operating in phase analysis light scattering
mode.

Animals

The study involved 30 WAG rats bred in the vivarium
of Kharkiv National Medical University. The animals were
8 months old on average and had a mean body weight of
230 g. They were housed under standard laboratory condi-
tions. The rats were randomly allocated to five groups, each
consisting of six animals. The intact group (Int) comprised
healthy rats that were not subjected to any intervention.
The control group (Con) consisted of animals with wound
defects. Experimental group 1 (Gel) included animals with
wound defects treated with Ag/LaVO4** NPs hydrogel.
Experimental group 2 (PBM) consisted of animals with
wound defects treated with PBM therapy. Experimental
group 3 (Gel+PBM) included animals with wound defects
treated with a combination of Ag/LaVO4*" NPs hydrogel
and PBM therapy.

Creation of a wound defect

Wound defects were induced in animals belonging to
the control and experimental groups. Before surgery, the
rats were anesthetized with zolazepam (tiletamine hydro-
chloride and zolazepam hydrochloride; Virbac, France)
administered at a dose of 10 mg/kg body weight. The dorsal
skin was depilated, and a circular full-thickness wound with
a diameter of 2 cm was created.

Application of Ag/LaVO+** NPs hydrogel

The wound defects in animals belonging to experimental
group | were treated with Ag/LaVO4** NPs hydrogel, which
was applied as a thin layer to the wound surface.

PBM therapy

The wound defects in animals belonging to experimental
group 2 were treated with PBM therapy. Irradiation was per-
formed once daily for five consecutive days, beginning one
day after wound induction. A Lika-Therapist M laser device
(Cherkasy, Ukraine) was used. The irradiation parameters
were as follows: wavelength, 660 nm; output power, 50 mW;
and energy density, 1 J/cm?.
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Combined treatment with Ag/LaVO4** NPs hydrogel
and PBM therapy

The wound defects in animals belonging to experimental
group 3 were first treated with Ag/LaVO+** NPs hydrogel.
Twenty minutes later, PBM therapy was applied using the
protocol described above.

Euthanasia and sample collection

Animals were euthanized on days 3, 7, and 14 after
wound induction. Blood samples were collected by cardiac
puncture, centrifuged, and serum samples were obtained
and subsequently stored in a frozen state.

Wound tissue specimens, including the wound margins,
were collected for histopathological analysis. The samples
were processed using standard histological procedures and
stained with hematoxylin and eosin. Microscopic exami-
nation was performed using a PrimoStar light microscope
(Zeiss, Germany) equipped with a digital camera.

Determination of bioactive molecule concentrations

Serum concentrations of vascular cell adhesion
molecule-1 (VCAM-1), endothelin-1 (ET-1), and keratino-
cyte autocrine factor (KAF) were determined using commer-
cially available ELISA kits (Elabscience, USA) according
to the manufacturer's instructions.

Statistical analysis

For each variable, the normality of data distribution was
assessed using the Shapiro-Wilk test, visual inspection of
histograms, and Q-Q plots. Homogeneity of variances was
evaluated using Levene's test. Under the assumptions of
normality and homogeneity of variances, the effects of PBM
therapy, hydrogel treatment, and their combination on the
studied parameters were analyzed using one-way analysis
of variance (ANOVA). When statistically significant differ-
ences were detected, post hoc comparisons were performed
using Tukey's test. In cases where these assumptions were
violated, the nonparametric Kruskal-Wallis test was applied,
followed by Dunn's post hoc test. For ease of comparison,
the data are expressed as mean + standard error of the mean
(SE). Statistical analyses were performed using Statistica 12
software (StatSoft, USA). A p-value of <0.05 was considered
statistically significant.

RESULTS

Characteristics of synthesized nanoparticles

The TEM image of synthesized LaVO4:Eu3+ NPs is pre-
sented in Figure la and reveals rod-like nanoparticles of
about 6 % 30 nm size. LaVO4:Eu3+ NPs were found to have
a negative surface charge; the {-potential was -30.0 + 2.9
mV. Absorption spectrum of LaVO4:Eu3+ NPs (Figure 2)
consists of wide bands in the 260-320 nm spectral range with
the maximum centered at 280 nm that corresponds to charge
transfer from oxygen ligands to the vanadium atom in the
group [17]. The TEM image of Ag NPs is shown in Figure 1b.
Ag nanoparticles are spherical in shape with an average
size of 16 = 1.9 nm and have a negative surface charge; the
C-potential was -15.0 = 1.7 mV. The absorption spectrum of
Ag NPs (Figure 2) consists of wide bands with a maximum
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absorption in the 400-430 nm range, which indicates the
localization of surface plasmon resonance on Ag NPs [16].
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Figure 1. TEM images of synthesized LaVO,:Eu** NPs (a) and
Ag NPs (b)
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Figure 2. Absorption spectra of LaVO :Eu’* (red curve) and Ag
(blue curve) NPs

Assessment of biomarker levels

Tables 1-3 show the concentrations of the studied indi-
cators in the animals’ blood serum on days 3, 7, and 14 of
the experiment.
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Table 1. Changes in serum VCAM-1 levels in experimental

animals
VCAM-1, pg/ml
Group
3 days 7 days 14 days

Int 00.284 % 12.746 | 90.284 + 12.746 | 90.284 + 12.746
Con 189.139 + 9.420% |183.301 + 10.636*| 144.126 + 7.926*
Gel 163.258 + 8.561* | 149.179 + 8.407* | 123.756 = 8.449
PBM 158.213 + 8.178* 182.3'1532*5; 116.185 + 6.216
Gel+PBM 18?35932*51; 115.482 + 5.310# | 98.885 + 7.5384#

* - differences are significant relative to intact animals; # - the control group,
(p < 0.05); (n =6)

Table 2. Changes in serum ET-1 levels in experimental animal

ET-1, pg/ml
Group
3 days 7 days 14 days
Int 3.211 £ 0.444 3.211 £ 0.444 3.211 £ 0.444
Con 7.211 £ 0.343* 6.829 £ 0.525* 5.310 + 0.252*
Gel 6.365 £ 0.437* 5.410 £ 0.411 5.115 + 0.251*
PBM 5.563 + 0.225%,# 5.019 + 0.388 4.296 £ 0.272
Gel+PBM 5.203 £ 0.373*,# | 4.610 + 0.403# 3.703 + 0.282#

* - differences are significant relative to intact animals; # - the control group,
(p < 0.05); (n=6)

Table 3. Changes in serum KAF levels in experimental animals

KAF, pg/ml
Group
3 days 7 days 14 days
Int 172.541 £ 7.740 172.541 £ 7.740 172.541 £ 7.740
Con 223.609 + 11.562%| 199.231 + 5.951 | 162.836 + 10.531
Gel 235.241 + 10.906*| 201.082 + 11.454 | 195.953 + 11.756
PBM 217.480 + 11.971%| 211.126 + 11.734 | 211.937 + 21.058
Gel+PBM 252.647 + 9.980* |225.183 £ 13.159*| 162.096 + 7.362

* - differences are significant relative to intact animals; # - the control group,
(p < 0.05); (n =6)

In our study, serum KAF levels in the Con group were
increased by 1.30-fold on day 3 compared with those in
intact animals (p < 0.05). However, no significant differences
in KAF concentrations were observed between wounded
and intact animals on days 7 and 14 after surgery. Likewise,
no significant changes in KAF levels were found in the Gel
and PBM groups compared with the Con group (p > 0.05)
at any stage of the experiment. The greatest increase in KAF
concentration relative to the Con group was observed in the
Gel+PBM group on days 3 and 7; however, these differences
were also not statistically significant (p > 0.05).

Serum VCAM-1 levels were elevated in the Con group
compared with those in intact animals at all experimental
time points (p <0.01). In the Gel group, VCAM-1 concen-
trations were lower than those observed in the Con group
throughout the experiment; however, the differences did
not reach statistical significance (p > 0.05). PBM therapy
resulted in a significant reduction in serum VCAM-1 levels
in the PBM group compared with the Con group on day 7
(p <0.01). In addition, lower VCAM-1 concentrations were
observed in the PBM group on days 3 and 14, although
these differences were not statistically significant (p > 0.05).
In the Gel+PBM group, serum VCAM-1 levels were sig-
nificantly lower than those in the Con group at all stages of
the experiment (p < 0.05).
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Serum ET-1 levels were elevated in the Con group
compared with those in intact animals throughout the experi-
mental period (p <0.001). In the Gel group, ET-1 concentra-
tions tended to decrease relative to those in the Con group;
however, the differences were not statistically significant
(p > 0.05). In the PBM group, a significant reduction in
ET-1 concentration was observed on day 3 compared with
the Con group (p < 0.05), whereas the decreases observed
on days 7 and 14 did not reach statistical significance (p >
0.05). Combined treatment with Ag/LaVO4** NPs hydrogel
and PBM therapy resulted in significantly lower ET-1 levels
in the Gel+PBM group compared with the Con group at all
stages of the experiment (p < 0.05).

Histological analysis of wound tissue

Microscopic examination of the wounds on day 3
revealed signs of the early re-epithelialization process in
all groups, manifested by thickening of the basal layer of the
epidermis at the wound margins and the initiation of epithe-
lial growth beneath the scab. In the Con group, the wound
cavities were filled with fibrin and inflammatory infiltrate
composed predominantly of neutrophilic granulocytes and
a small number of macrophages. Isolated arcas showing
signs of fibroblast proliferation and newly formed blood
vessels were observed near the wound base (Figure 3a).

In animals from the Gel group, the areas of newly formed
granulation tissue were more extensive, occupying up to half
of the wound cavity volume. Clusters of fibrin fibers, neutro-
phils, macrophages, and isolated fibroblasts were observed
above these regions (Figure 3b).

In the PBM group, the wound cavities were predomi-
nantly filled with immature granulation tissue containing
numerous fibroblasts and newly formed capillaries. Some
vessels were dilated and engorged with blood, and both peri-
vascular and more extensive hemorrhages were observed
(Figure 3c).

Similarly, wounds in animals treated with the combined
Gel+PBM regimen were covered with newly formed granu-
lation tissue. A more uniform distribution of fibroblasts and
newly formed vessels was observed, and no hemorrhagic
areas were detected (Figure 3d).

=5 : S
Figure 3. Wound areas in rats on day 3 of the experiment; groups:
a) Con, b) Gel, c) PBM, d) Gel+PBM. Areas of granulation tissue
growth (arrow). Hematoxylin and eosin. Scale bar 50 pm.
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After 7 days, the wound defects in rats from all groups
were partially covered with newly formed epidermis and
filled with immature granulation tissue. In the Con group,
the wounds exhibited signs of pronounced inflamma-
tion. The collagen fiber bundles were thin and irregularly
arranged, and the distribution of newly formed blood vessels
of varying diameters was uneven (Figure 4a). In animals
from the Gel group, the cellular component of the granula-
tion tissue consisted predominantly of fibroblasts, accom-
panied by a small number of neutrophilic granulocytes and
macrophages. A uniform distribution of capillaries was
observed throughout the granulation tissue (Figure 4b).
In the PBM and Gel+PBM groups, the granulation tissue
was characterized by a large number of fibroblasts, a low
number of leukocytes, and more densely packed collagen
fiber bundles arranged predominantly parallel to the wound
surface (Figures 4c, 4d). As observed at the previous time
point, some blood vessels in the PBM group remained
dilated and engorged with blood.

A - . = == Shae
Figure 4. Wound areas in rats on day 7 of the experiment; groups:
a) Con, b) Gel, c) PBM, d) Gel+PBM. Capillaries of granulation
tissue (white arrow), bundles of densely packed collagen fibers
(black arrow). Hematoxylin and eosin. Scale bar 50 yum.

After 14 days, the wound defects in all animals were
largely epithelialized and filled with maturing granula-
tion tissue. Moderate leukocyte infiltration persisted in
the Con group. In the Gel group, only a small number of
inflammatory cells were detected in the superficial layers
of the wound. In both groups, numerous capillaries were
still present, and the collagen fiber bundles remained thin
and arranged in parallel (Figures 5a, 5b). In the PBM and
Gel+PBM groups, the granulation tissue exhibited more
advanced signs of maturation, including a reduction in the
number of fibroblasts and blood vessels, together with thick-
ening of the collagen fiber bundles. In addition, the PBM
group showed evidence of mild edema and the presence of
isolated dilated blood vessels (Figures Sc, 5d).
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Figure 5. Wound areas in rats on day 14 of the experiment;
groups: a) Con, b) Gel, c) PBM, d) Gel+PBM. Vessels in maturing
granulation tissue (arrow). Hematoxylin and eosin. Scale bar 50
pm.

DISCUSSION

The combined use of nanomaterial-based hydrogels
and PBM therapy may represent a promising strategy for
optimizing the repair process through the modulation of
various biomolecules. Among these, vascular cell adhesion
molecule-1 (VCAM-1) plays an important role in wound
healing. VCAM-1 is a glycoprotein expressed on endothelial
and other cell types that mediates leukocyte adhesion and
migration into the wound area, thereby facilitating tissue
clearance and initiating the regenerative process. In response
to inflammatory stimuli, pro-inflammatory cytokines, includ-
ing TNF-a and IL-18, induce the expression of VCAM-1
on endothelial cells. Activated VCAM-1 interacts with integ-
rins expressed on leukocytes, promoting their transmigration
from the bloodstream into the wound tissue [18].

The role of VCAM-1 in various pathological conditions
has been extensively described in the literature. Increased
expression of this glycoprotein has been reported in cardio-
vascular diseases, liver disorders, rheumatoid arthritis, and
cancer [18]. In the present study, serum VCAM-1 levels
were elevated in the Con group at all experimental time
points following wound induction compared with those
in intact animals. This increase reflects endothelial activation
and the intensity of the inflammatory response associated
with wound healing and is consistent with previous reports.

Limited data are available regarding the effects of PBM
on VCAM-1 expression. Studies involving far-infrared radi-
ation (FIR) have demonstrated that this modality reduces
TNF-a-induced VCAM-1 expression in endothelial cells
through activation of heme oxygenase-1 (HO-1) [19]. Simi-
larly, phototherapy has been shown to reduce the levels of
adhesion molecules, including VCAM-1, in patients with
psoriasis, resulting in significant clinical improvement [20].

In the present study, PBM therapy was associated with
lower serum VCAM-1 levels in the PBM group compared
with those in the Con group. One possible mechanism may
involve suppression of NF-kB-mediated VCAM-1 expres-
sion and normalization of intracellular reactive oxygen

114

species (ROS) levels through mitochondrial activation.
These effects may contribute to reduced endothelial inflam-
matory activity and diminished leukocyte adhesion.

The Gel group exhibited lower VCAM-1 levels than
the Con group throughout the experimental period. Under
certain conditions, the hydrogel containing LaVO.3*
nanoparticles and Ag NPs may contribute to reducing oxi-
dative stress and the production of pro-inflammatory cyto-
kines through the antioxidant properties of LaVO4** [10] and
the anti-inflammatory effects of Ag NPs [21], thereby sup-
pressing NF-«xB activation in endothelial cells. This mecha-
nism may result in reduced expression of membrane-bound
VCAM-1 and its soluble form in serum, limiting excessive
inflammation and promoting wound healing.

The most pronounced reduction in VCAM-1 levels was
observed in the Gel+PBM group throughout the experimen-
tal period. PBM therapy has been shown to reduce ROS
levels, inhibit NF-kB activation, decrease the production
of pro-inflammatory cytokines, and enhance the expression
of anti-inflammatory cytokines. The hydrogel may comple-
ment these effects. Together, these mechanisms may contrib-
ute to a marked reduction in VCAM-1 expression, thereby
limiting excessive inflammation and promoting tissue
regeneration. Histological findings further support improved
wound healing in animals treated with the combined
Gel+PBM regimen at all stages of the repair process.

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide
and is considered a marker of endothelial dysfunction.
It is produced and secreted primarily by vascular endo-
thelial cells. In addition to regulating vascular tone, ET-1
is involved in cell growth, inflammation, and other physi-
ological processes [22]. ET-1 stimulates fibroblasts to
synthesize extracellular matrix components, promotes
interactions between monocytes and endothelial cells, and
enhances endothelial inflammation by inducing the release
of pro-inflammatory mediators, including TNF-o and IL-6
[23]. Therefore, ET-1 is regarded as a potential mediator
of the systemic response to injury, and its serum concentra-
tion reflects changes occurring at the macrovascular level.
Elevated ET-1 levels have been reported after myocardial
infarction [24], in pulmonary hypertension [25], during
various infectious processes [26], and in sepsis [27].

Our study demonstrated elevated serum ET-1 levels in
the Con group throughout the experimental period compared
with those in intact animals. During wound healing, ET-1
levels increase as a result of endothelial and immune cell
activation induced by pro-inflammatory cytokines. ET-1
regulates vascular tone and promotes angiogenesis and fibro-
blast proliferation, thereby contributing to granulation tissue
formation and scar development [22].

Limited data are available regarding the effects of PBM
on ET-1 levels. For example, the combination of non-
surgical periodontal therapy and PBM has been shown
to significantly reduce salivary ET-1 levels in patients with
periodontitis [28]. In the present study, lower serum ET-1
concentrations were observed in the PBM group compared
with those in the Con group. PBM-induced activation of
mitochondrial cytochrome ¢ oxidase leads to increased ATP
and nitric oxide (NO) production. Nitric oxide acts as a func-
tional antagonist of ET-1 and may suppress its synthesis
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in endothelial cells [29]. In addition, PBM reduces oxida-
tive stress and decreases the secretion of pro-inflammatory
cytokines, including TNF-a, IL-1B, and TGF-B1, which are
important inducers of endothelin-1 production by endothelial
cells. Consequently, reduced ET-1 levels may contribute
to vasodilation, improved microcirculation, and enhanced
tissue repair.

The Gel group also exhibited lower serum ET-1 levels
than the Con group. This effect may be attributed to the
combined influence of the nanoparticles on inflamma-
tion, oxidative stress, and endothelial activation. Similarly,
animals receiving the combined Gel+PBM treatment demon-
strated reduced ET-1 concentrations throughout the experi-
mental period compared with the Con group. The decrease in
ET-1 levels in this group may be associated with the comple-
mentary effects of PBM and the antioxidant properties of the
nanoparticles. Together, these factors may reduce oxidative
stress, which is a major inducer of ET-1 expression, suppress
the production of pro-inflammatory cytokines involved in
ET-1 synthesis, and promote restoration of vascular function
through attenuation of oxidative stress and inflammation.

According to the histological findings, the PBM and
Gel+PBM groups exhibited a more uniform distribution
of newly formed blood vessels on day 3 compared with
the other groups, indicating active formation of immature
granulation tissue. By day 14, a reduction in the number
of blood vessels was observed in the PBM and Gel+PBM
groups, confirming the presence of maturing granulation
tissue within the wound. These findings suggest activation
of reparative processes, normalization of angiogenesis, and
the absence of morphological features indicative of delayed
or pathological wound healing.

Keratinocyte autocrine factor (KAF) investigated in the
present study is identical to amphiregulin (AREG), as con-
firmed by N-terminal amino acid sequence analysis, anti-
genic cross-reactivity, and activity-blocking studies [30].
AREQG is a ligand of the epidermal growth factor receptor
(EGFR) and is considered a key mediator linking tissue
injury, inflammation, and tissue regeneration, thereby con-
tributing to both physiological wound healing and patho-
logical fibrosis [31]. AREG is produced by keratinocytes,
fibroblasts, and various immune cells [32,33]. These cells
become activated during inflammation and tissue injury and
release AREG, which promotes tissue regeneration through
EGFR-mediated signaling pathways.

Macrophage-derived AREG regulates the differentia-
tion of pericytes into collagen-producing myofibroblasts
by inducing TGF-f activation, which represents a key step
in extracellular matrix formation and wound repair [34].
Therefore, AREG plays an important role in tissue regenera-
tion, modulation of inflammation, and immune responses.

Available evidence indicates that AREG is actively
involved in tissue injury and repair processes, predomi-
nantly at the local level. In the present study, we aimed to
investigate the systemic circulation of AREG during wound
healing.

In the present study, serum KAF/AREG levels were
elevated in the Con group on day 3 after surgery compared
with those in intact animals. However, no significant differ-
ences in KAF/AREG concentrations were observed between
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wounded and intact animals on days 7 and 14. Amphiregu-
lin (AREQ) is expressed by keratinocytes, macrophages,
immune cells, and fibroblasts in response to tissue injury.
Upon release, AREG binds to epidermal growth factor
receptor (EGFR) and activates TGF-f, thereby stimulating
cell proliferation and migration, angiogenesis, and myo-
fibroblast differentiation, which collectively contribute to
tissue repair and wound healing. Nevertheless, the biologi-
cal activity of AREG is predominantly localized to the site
of injury, and only a small proportion enters the systemic
circulation, reflecting the extent of tissue damage and local
reparative activity.

To the best of our knowledge, no studies have directly
investigated the effects of PBM therapy on serum KAF/
AREGQG levels. In the present study, serum KAF/AREG con-
centrations were slightly higher in animals treated with PBM
than in the Con group; however, these differences did not
reach statistical significance (p > 0.05). PBM influences
mitochondrial activity, increases ATP production, and acti-
vates multiple transcription factors. These processes may
stimulate the expression of growth factors, including AREG,
thereby promoting tissue regeneration and wound healing.
Likewise, no significant increase in KAF/AREG levels was
observed in the Gel group (p > 0.05). The highest KAF/
AREG concentrations were observed in the Gel+PBM group
on days 3 and 7; however, these differences were also not
statistically significant (p > 0.05). The nanoparticles incor-
porated into the hydrogel may create a microenvironment
in which PBM could modulate AREG-related signaling
pathways, although this hypothesis was not directly inves-
tigated in the present study.

Our findings suggest that, despite the important local role
of AREG in tissue regeneration, serum AREG levels do not
undergo marked changes during the wound healing process.

Although the combined treatment produced more pro-
nounced effects than either therapy alone, further studies
using appropriate statistical interaction models are required
to determine whether these effects are truly synergistic.

CONCLUSIONS

1. Serum levels of ET-1 and VCAM-1 increased during
the early stages of wound healing, consistent with endo-
thelial activation and inflammatory cell recruitment at
the site of injury. PBM therapy, hydrogel treatment, and
their combination were associated with modulation of
ET-1 and VCAM-1 levels, which may contribute to the
establishment of a more favorable microenvironment for
wound healing. Although KAF/AREG may participate in
keratinocyte-related signaling during re-epithelialization,
this mechanism was not directly confirmed in the present
study and warrants further investigation.

2. Histological findings indicated that the combined appli-
cation of Ag/LaVO+** NPs hydrogel and PBM therapy
was associated with more organized granulation tissue
formation, earlier vascularization, and subsequent tissue
maturation. The observed attenuation of the inflammatory
response during the early stage of repair may facilitate
a more timely transition to the proliferative and remodel-
ing phases of wound healing.
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3. Overall, these findings suggest that the combined thera-
peutic approach may have potential for improving wound
healing. However, further studies are required to elucidate
the underlying mechanisms and evaluate its translational
potential.
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