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Abstract
Wounds associated with burns and diabetes pose significant clinical challenges due to persistent inflammation, disrupted

angiogenesis, increased susceptibility to infection, and abnormal extracellular matrix (ECM) remodelling. Hence, there is
a critical need for multifunctional wound dressings that incorporate both antimicrobial and regenerative benefits.
Green-synthesised silver nanoparticles (AgNPs), fish collagen, and L-lysine independently promotes wound repair; however,
their combined effectiveness and the impact of delivery format remain poorly understood. Here, we formulated a gel and
a spray incorporating Shilajit-synthesised AgNPs, fish collagen, and L-lysine, and assessed their cy totoxicity,
hemocompatibility, physicochemical behaviour, and antimicrobial effectiveness toward Escherichia coli and Staphylococcus aureus.
Both formulations were non-cytotoxic to mouse fibroblast cell lines (L929), as demonstrated by Fluorescein Diacetate
(FDA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays, and exhibited outstanding
hemocompatibility with insignificant hemolysis. Rheological analysis confirmed the elastic behaviour of the gel (G2>G3 ),
supporting its structural stability. Shilajit-synthesised AgNPs showed strong antibacterial action at a concentration of
50 µg/mL. In vivo studies showed significant improvement in wound contraction in AgNPs–Fcol–Lys–treated groups,
particularly the spray, relative to control and standard treatments. Histological, immunohistochemical, and biochemical
assessment of tissue samples further confirmed improved angiogenesis, increased hydroxyproline content, and dense,
well-aligned collagen and elastin fibre deposition, demonstrating enhanced ECM remodeling and epithelial regeneration
in both burn and diabetic wounds. Collectively, AgNPs–Fcol–Lys formulations, particularly in spray form, represent a
safe and effective multifunctional therapeutic option for accelerating burn and diabetic wound healing by leveraging
combined antimicrobial and regenerative effects.
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Highlights
 AgNPs–Fcol–Lys spray and gel enhanced burn and diabetic wound remodelling via synergetic action.
 Spray formulation outperformed the gel due to uniform coverage, moisture retention, and improved gaseous exchange.
 Synergetic action of green-synthesised AgNPs, fish collagen, and L-lysine promoted tissue remodeling and

reduced inflammation.
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INTRODUCTION
In modern wound care therapy, diabetic and burn

wounds impose a major challenge in the healthcare
system. High risk of infection, impaired wound healing,
prolonged inflammatory phase, and minimal
extracellular matrix depositionare significant hurdles
associated with this malady. Thermal injuries cause a
wide range of tissue necrosis, accompanied by
microbial colonisation and oxidative stress in a large
number of populations (Chen et al. ,  2025).
Hyperglycaemic conditions resulting from diabetes
inhibit fibroblast proliferation, collagen synthesis, and
angiogenesis, resulting in delayed wound closure
(Kunkemoeller & Kyriakides, 2017).

Nanoparticles, particularly silver nanoparticles, have
been used in wound repair for a decade owing to their
potent antimicrobial ability, oxidative stress and
destruction of biofilm in a large number of bacterial
species (Kaya et al., 2025a).  Dressing can be prepared
from the integration of AgNPs into hydrogels,
nanofiber mats, and composite materials to develop a
localized delivery system to prevent bacterial activity
and promote tissue regeneration by controlling dose
and concentration, while preserving cytocompatibility
(Kolarijani et al., 2025a). Furthermore, green synthesis
of AgNPs using plants, bioorganic waste, bacteria, and
fungi increases their functional activity due to the
addition of numerous functional groups in the synthesis
procedure (Gwada et al., 2025).
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Collagen derived from marine sources, particularly
fish skin, has gained significant attention in recent
times as a bio-friendly wound scaffold in tissue
regeneration. It plays a crucial role in wound healing
by encouraging fibroblast proliferation, extracellular
matrix deposition, and neovascularization with
minimal scarring (Zhang et al., 2022). Fish skin rich in
type I collagen is found to be similar to mammalian
collagen with low immunogenicity and excellent
biodegradability. The role of L-lysine (an essential
amino acid) in tissue remodelling cannot be
overlooked, as it plays a critical role in cross-linking and
collagen formation, leading to the construction of stable
tissue architecture (Yamauchi & Sricholpech, 2012).

To acquire a multidimensional platform for healing
in burn and diabetic wounds, integration of AgNPs with
fish collagen and L-lysine can be assessed to obtain a
synergistic action to combat infection, encourage
wound healing, granulation tissue formation, and
remodelling.  Previous studies reported the sole
application of AgNPs, fish collagen, and  L- lysine based
formulation in wound healing. The current study
accentuates the synergistic potential of
Shilajit-synthesised silver nanoparticles, Bhetki fish
(Lates calcarifer) collagen, and L-lysine in gel and spray
form for effective wound remodelling. This maiden work
shall outline the synergistic action of these components
in wound healing applications. The efficacy of
AgNPs–Fcol–Lys formulations will be evaluated
through in vitro studies and in vivo trials in rabbit burn
and diabetic wound models, alongside a detailed
analysis of extracellular matrix components to explore
their core biological mechanism in tissue regeneration,
structural reorganization, and neovascularization

MATERIALS AND METHODS
Development of gel and spray incorporating Shilajit-
synthesised silver nanoparticles, fish collagen, and
L-lysine: Biological synthesis of silver nanoparticles
was carried out by using Shilajit extract from Shilajit
resin by a reduction process of AgNO3  solutions
(Ahmed et al., 2016). The skin of Bhetki fish
(Lates calcarifer)  was acquired from the local fish
market, and collagen was extracted as per the standard
technique (Liu et al., 2015). A 0.1% (w/v) L-lysine
solution was also used for the formulation. Based on
the  MTT assay results (Van Meerloo et al., 2011),
AgNPs, fish collagen, and L-lysine were designed into
a Carbopol-based gel and a glycerol-based spray as
described in standard pharmaceutical procedures
(Rowe et al., 2006).

Cell culture and cell viability assay: The L929 cell
line (Mouse fibroblast) was used for an in vitro
cytotoxicity assay. MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay measured
the percentage cell viability after 1st, 3rd, and 7th day of
treatment. Cell morphology was studied using the
fluoresce in diacetate (FDA) assay and correlated with
the MTT assay data.

Hemocompatibility study of Shilajit- synthesised
AgNPs, fish collagen, and L-lysine-based gel and
spray: The hemocompatibility of the fabricated
composites was assessed using a standard hemolysis
assay with minor modifications (Naskar et al., 2017).
The percentage of haemolysis was assessed using the
equation below, based on three independent replicates.
Percentage of hemolysis= (A 

sample
 – A 

sample control
) ×100/

(A 
positive

 control – A 
negative control

).

where A denotes the absorbance recorded at 545 nm

Antimicrobial assay of Shilajit-synthesised AgNPs:
The antimicrobial activity of the Shilajit-synthesised
silver nanoparticles (AgNPs) was carried out against
Escherichia coli  (strain ATCC 25922) and
Staphylococcus aureus (strain ATCC 25923) by
means of the agar well diffusion technique.

Oscillatory Rheology of gel: This study was
conducted using the AR-G2 Magnic Bearing
Rheometer (TA Instruments Ltd). Amplitude sweep
test determines the linear-viscoelastic (LVE) region
of the material by recording the measurements
corresponding to 0.1% to 100% strain at a constant
angular frequency of 10 rad/s. Shear stress is
incremented throughout the experiment until the
sample structure yields. Subsequently, all the
measurements relating to the frequency sweep test
(oscillation frequency varied from 0.1 to 100 rad/s)
were performed under direct strain control at 10 mrad
in a 40-mm-diameter, 2° cone-and-plate measuring
system, and a gap of 1000 µm (between the Peltier
plate and the probe) was maintained.

Animal model and in vivo experimental design
Full-thickness burn and diabetic wounds were

created in 24 rabbits of either sex, twelve in each
experiment, under anaesthesia with ketamine
hydrochloride (33 mg/kg body weight) and xylazine
hydrochloride (5 mg/kg ), and the anaesthesia was
administered via the intramuscular route
(Oguntoye & Oke, 2014). An area was prepared
aseptically lateral to the dorsal mid-thoracic-lumbar
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junction in either side. Five wounds were created in
each animal, corresponding to each experimental
group: (1) control, (2) STD. Gel, (3) STD. spray, (4)
AgNPs-Fcol-Lys (Gel), and (5) AgNPs-Fcol-Lys
(Spray). Topicure gel (Natural Remedies) and Topicure
spray (Natural Remedies) were used as standard gel
and spray, respectively. Burn wounds were induced in
which a heated metal rod was pressed gently over it for
20–30 s, to achieve burn injury at a temperature of
about 80oC (Becv ic’  et al., 2003) to create full-thickness
burn wounds. Diabetes was induced by the
intraperitoneal (I/P) infusion of Alloxan monohydrate
(Sigma Aldrich) @150 mg/kg by dissolving in normal
saline (Kim, 2024). To avoid acute hypoglycemia, the
rabbits were then given oral glucose water (12 g/L) for
48 hours. Glucometer reading was taken after 48 hours
of induction, and a blood glucose value exceeding
250 mg/dL was measured as diabetic (Ibrahim et al.,
2023). In the diabetic animals, the wounds were
produced by using a 15 mm biopsy punch.  Injection
Meloxicam (0.3 mg/kg, Melambic, Alembic, India) was
given post operatively once daily for three consecutive
days as an analgesic in both treatment groups. During
the study period, the animals were housed individually
and closely monitored. No abnormalities were detected
during the study period. All the experimental protocols
were undertaken in compliance with the guidelines
provided by the Institutional Animal Ethics
Committee of the West Bengal University of Animal
and Fishery Sciences (Approval No. 763/GO/ReS/
ReRc-L/03/CCSEA/68/68/2023-2024).

Quantification of wound contraction rate: The rate
of wound contraction was assessed at different time
points by using the Imito-measure software according
to the standard procedure across all five wounds in
both the treatment groups, at 0, 3rd, 7th, 10th, 14th, and
21st days of healing.

Histopathological examination of the extracellular
matrix: The tissue samples were collected on days 7,
14, and 21 post-operatively for histopathological
analysis. H&E staining was conducted according to a
standard technique,and the slides were evaluated to
detect the microscopic changes in the tissue sections
with the help of a bright-field microscope (Schimanski
et al., 2025). Masson’s trichrome staining was carried
out to identify the deposition of the collagen fibres
(Yan  et al., 2023). The identification of the elastin
fibres was completed using Weigert’s elastic staining
technique (Hernández-Morera  et al., 2017).

Immunohistochemistry: Full-thickness skin tissue was
collected from the wound site at 7 and 14 days for
CD-31 expression and 14 and 21 days for type I
collagen estimation and was examined by the
Vectastain ABC Kit (Vector Laboratories, U.K.)
according to the standard protocol.

Biochemical assessment of hydroxyproline in tissue:
Quantitative estimation of hydroxyproline in the
wound area acts as a well-established indicator for
collagen deposition. Tissue samples were obtained on
days 7, 14, and 21 post-treatment from all the groups,
i.e., AgNPs-Fcol-Lys-based gel and spray-treated
groups, standard treatment groups, and the untreated
group. The hydroxyproline content of the retrieved
tissue samples was quantified using a Hydroxyproline
(HPY) Colorimetric Assay Kit (Elabscience, China)
based on the manufacturer’s instructions.

Statistical Analysis: Four samples (n=4) were analyzed
for each experiment unless otherwise quantified. Data
were analysed statistically with the help of Origin
2021b SR2 software. A two-way ANOVA followed by
Tukey’s multiple comparisons test was used to compare
the data between the groups, with p<0.05 considered
statistically significant.

RESULTS
Cell culture and cell viability assay: The MTT assay
revealed no significant difference in absorbance values
(Fig. 1B) when comparing cell viability in treated wells
to that in control wells. On days 1 and 3, no substantial
difference was noticed between the control and treated
group. Between the AgNPs-Fcol-Lys- gel-based group
and the control group on day 7, a statistically
significant difference in cell viability was noticed.
Notably, the difference between the treated groups
remained statistically nonsignificant on day 7. The
FDA assay (Fig. 1A) additionally validated the MTT
findings, showing a comparable degree of cell
proliferation in all the groups from day 1 to day 7. But
the control group exhibited moderate improvement in
cell density over time, whereas both the treated groups
revealed higher cellular density with uniform cell
distribution, particularly on day 7.

Hemocompatibility study of Shilajit- synthesised
AgNPs, fish collagen, and L-lysine-based gel and
spray: As demonstrated in Fig. 2D, the positive control
induced 100% haemolysis of RBCs, while
AgNPs-Fcol-Lys-based gel (1.31±0.335%) and spray
(1.43±0.130%) formulations showed negligible
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haemolysis comparable to the negative control. A highly
significant difference was noticed between all other
groups and the positive control, signifying the superior
hemocompatible nature of the prepared formulations.
Moreover, the absence of a substantial difference between
the formulated gel and spray confirmed their
hemocompatible nature and biological safety.

Antimicrobial assay of Shilajit -synthesised AgNPs:
In the current investigation, green-synthesised silver
nanoparticles were found to be highly effective against
both E. coli (Gram-negative) and S. aureus
(Gram-positive). Notably, larger inhibition zones were
observed against E. coli at a 50 µg/mL concentration,
resulting in greater antibacterial activity than at
100 µg/mL, demonstrating a concentration dependent
response.

Oscillatory Rheology of gel: Rheological analysis in
oscillation mode helps us to better understand the
simultaneous viscous and elastic characteristics of the
gel. Furthermore, oscillatory tests are preferred when
determining the shelf-life stability of gels because their
microstructure is preserved upon application of force
in the LVE range (Mezger, 2020). From the amplitude
sweep test, elastic and viscous behaviour of the gel
reflected by G’  and G’’, respectively, are presented in
Fig. 1(C). The crossover point of the two moduli
indicates the change from solid-like (elastic-dominant)
to liquid-like (viscous-dominant) behaviour of the gel.
The region of constant G’  and G’’ indicates the LVE
region and is followed by the region of permanent
deformation. LVE region is observed for the shear
strain values ranging from 0.01% to 10%, thereby the
graphs deviate from their constant values and tend to
intersect as the shear strain reaches 100%.

In vivo study
Quantification of wound contraction rate:
Measurement of wound area reduction rate (Fig. 3 &
Fig. 4) showed that both prepared formulations
significantly enhanced the wound closure rate in burn
and diabetic models, outperforming the standard
treatments and control groups. During the burn wound
repair, it was noticed that the spray formulations showed
a significant development in wound contraction rate
among all groups and attained almost complete wound
closure by 21 days post-operatively (97.46±1.75%)
(Fig. 3A  & 3B).  Similarly, in the diabetic wound model
(Fig. 4A & 4B), both AgNPs–Fcol–Lys gel and spray
formulations reported significant enhancement in
wound contraction from day 3 to day 10, with the spray

formulation showing relatively faster wound closure
and achieving the highest contraction rate at day 21
post-operatively. The standard groups showed modest
improvements in contraction rate but exhibited lower
efficacy than the AgNPs–Fcol–Lys formulations.

Histopathological examination of the extracellular
matrix
Full thickness burn wound: The histological analysis
of H&E staining (Fig. 5A) for burn wound healing
exhibited slow progression in healing in the control
group, with extensive inflammatory cell infiltration,
sparse, thin, and loosely arranged collagen fibres, and
incomplete epithelialization even by Day 21. Standard
gel and spray improved healing, with the gel
performing slightly better in collagen organization and
epithelial coverage. On the contrary, AgNPs–Fcol–Lys
treatments markedly accelerated repair, with dense,
parallel collagen fibres, complete epithelial
regeneration resembling normal dermal architecture
at 14 days post-treatment. Both AgNPs-Fcol-Lys gel
and AgNPs-Fcol-Lys spray showed accelerated
healing, with the spray form consistently
outperforming all groups-demonstrating earlier
reduction in inflammation, faster granulation tissue
maturation, denser and more organized collagen
deposition, and complete epithelial regeneration with
keratinization by Day 21.

Evaluation of collagen fibre (Fig. 6A) deposition
and remodelling was assessed by Masson’s Trichrome
staining, which indicated a gradual rise in collagen
deposition and maturation in all the treatment groups,
with the best results noticed in the AgNPs-Fcol-Lys-
based gel and spray groups with the spray formulation
promoting the earliest and well-organised deposition
by Day 7 and achieving a complete, fully compact
collagen architecture by Day 21, closely resembling
normal skin connective tissue.

AgNPs–Fcol–Lys treatment, particularly the spray
(Fig. 8A), confirmed the highest elastin content with
thick, elongated fibres arranged in parallel with slight
inflammation, signifying early remodelling activity.
On day 14, compared to all the treatment groups, the
AgNPs-Fcol-Lys formulation, particularly the spray
form, resulted in mature and thick elastin fibres with a
highly organised parallel arrangement and minimal
inflammation, closely resembling normal dermal
elastin architecture. AgNPs–Fcol–Lys treatment,
especially the spray, achieved near-complete elastin
restoration compared to control and standard treatment
groups, with complete, highly organized bundles by
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Day 21, histologically approaching normal dermal
elastic architecture.

Diabetic wound: AgNPs-Fcol-Lys treatments (Fig. 5B)
confirmed superior healing throughout the study
period, with the spray form remarkably showing early
inflammatory resolution with denser and organised
collagen deposition and more advanced epithelial
regeneration compared to the gel. By Day 21, the
wound treated with AgNPs-Fcol-Lys (spray) exhibited
regenerative skin with a complete histological
architecture similar to normal skin, featuring a perfectly
keratinised epithelium and a restored dermal-epidermal
junction, surpassing all other groups.

Both AgNPs-Fcol-Lys formulations (Fig. 7A) showed
compact, well-organised collagen deposition with
reduced inflammation. By day 21, these formulations
markedly enhanced collagen synthesis and remodelling,
with the spray formulation constantly producing the
densest, best-aligned collagen bundles and
near-complete dermal regeneration.

Among experimental groups, both AgNPs-Fcol-Lys gel
and spray (Fig. 8B) distinctly improved elastin
deposition, fibre alignment, and integration, with the
spray formulation showing superior effects at each
stage. By Day 21, AgNPs-Fcol-Lys - spray group
achieved the highest elastin density and most
organised architecture, suggesting it provided the most
efficient stimulation of elastogenesis and structural
remodelling during diabetic wound healing.

Immunohistochemistry analysis
Burn wound: CD31 immunohistochemistry in burn
wounds (Fig. 9A) revealed a time-dependent and
treatment-dependent angiogenic response.  By day 14,
AgNPs-Fcol-Lys gel formulations exhibited regularly
distributed and well-matured vessels. The presence of
well-defined endothelium with stable lumen structure
confirmed successful angiogenesis and remodelling in the
treated group. While the groups received AgNPs–Fcol–Lys
spray treatment displayed a restored dermal vascular
pattern with reduced CD31 immunoreactivity,
demonstrating successful vascular maturation and
completion of remodelling. In summary, AgNPs–Fcol–Lys
treated groups principally the spray, elicited the strongest,
structurally organized, and well-regulated angiogenic
response, compared to standard treatments and control,
reflecting its advanced wound healing potential.

The evaluation of the collagen-by-Collagen type-I
marker (Fig. 10A) further supported the healing
efficiency of the AgNPs–Fcol–Lys formulations.
Immunohistochemical estimation of the Collagen type-I

demonstrated gradual enhancement in matrix deposition
and remodelling among the treatment groups. Earlier
investigations have reported delayed collagen
maturation in wounds treated with conventional
dressings relative to nanoparticle-based formulations
(Mohseni  et al., 2019). On post-operative day 14,
AgNPs-Fcol-Lys–treated groups, notably those that
received spray formulation, revealed strong CT-I
immunopositivity with thick, dense and well-organised
collagen fibres, signifying strong collagen synthesis and
early wound healing. On the contrary, AgNPs-Fcol-Lys-
based gel and spray displayed uniformly oriented,
tightly packed, dense collagen bundles with
insignificant inter-fibre spaces by day 21.

Diabetic wound: Immunohistochemical analysis of
CD-31 (Fig. 9B) exhibited a clear and time-dependent
angiogenic response in the diabetic model.
AgNPs-Fcol-Lys–treated groups, notably the spray
group, showed intense CD-31 positivity with
well-organised and compactly packed and
well-distributed endothelial-lined vasculature
reflecting strong angiogenesis. Although there is a
slight increase in CD-31 expression by day 14 in
control groups, it remained sparse with incomplete
vascular organization. Standard treatments exhibited
moderate but incomplete vascular reorganisation. In
addition to enhancing angiogenesis, our formulations
also significantly improve collagen deposition and
remodelling. AgNPs-Fcol-Lys gel-treated groups
showed densely packed, strong and evenly arranged
collagen fibres, while groups that received
AgNPs-Fcol-Lys -Spray treatment, exhibited the most
compact and well-organised collagen fibres, reflecting
advanced remodelling. On day 21, the control group
showed poorly organized irregular fibres with
incomplete remodelling. Standard gel and spray groups
revealed gradual improvement in fibre continuity and
alignment with strong collagen expression (Fig. 10B).
Whereas AgNPs-Fcol-Lys–treated wounds,
predominantly the spray, displayed intense, evenly
dispersed and well-structured fibres, resembling
normal dermis, indicating progressive collagen
deposition and nearly complete matrix remodelling.

Biochemical assessment of hydroxyproline in tissue:
The evaluation of hydroxyproline content on days 7,
14, and 21 post-operatively showed an increased
quantity from days 7-21 in both burn and diabetic
wound models, indicating a gradual progression in
collagen deposition. Among the two prepared

166 Indian Journal of Animal Health,  Special Issue, June, 2026



formulations, the AgNPs–Fcol–Lys -spray, particularly
in the burn model, exhibited a considerable increase
in hydroxyproline levels from the early stage of
healing, which was preserved up to day 21 compared
to the standard treatments and control (Fig. 6B). In the
diabetic wound model, though there was an
improvement in early collagen synthesis on day 7 in
AgNPs–Fcol–Lys gel and spray-treated groups, a
negligible variation was detected by day 14. By day 21,
the AgNPs–Fcol–Lys spray formulations showed the
maximum hydroxyproline level, signifying their role
in collagen synthesis (Fig. 7B).

DISCUSSION
The outcomes of the MTT assay confirm the non-

cytotoxic nature of the AgNPs-Fcol-Lys gel and spray
formulations on L929 cells after 1st, 3rd and 7th days of
treatment. The results of MTT and FDA strongly
support the active role of AgNPs-Fcol-Lys formulation
in enhancing wound healing. The improved cellular
viability and even distribution highlighted the
collaborative effects of Shilajit green-synthesised
AgNPs, fish collagen, and L-lysine in supporting the
L929 cell lines’ growth and their proliferation. Our
findings are consistent with the earlier results, which
highlighted the similar pro-healing and biocompatible
nature of AgNPs and collagen composites in wound
healing (Rath et al., 2016; Stefan et al., 2021; Iurilli et al.,
2025). Haemocompatibility findings are in agreement
with a recent report, which found that biologically
synthesised AgNPs can induce minimal lysis of
erythrocytes and exhibit high biocompatibility in
haemolytic assays when synthesised optimally.
Composites prepared from AgNPs have exhibited
minimal haemolysis with biological safety in advanced
wound care formulations, highlighting their importance
in clinical applications (Chahardoli et al., 2025;
Kolarijani et al., 2025b). AgNPs have the potent ability
to damage the bacterial cell wall by producing
Reactive Oxygen Species. Moreover, it releases silver
ions, which play a significant role in inhibiting
replication of bacterial DNA and cellular respiration,
supporting previous literature (Khalifa et al., 2025).
The higher inhibition zone observed in E. coli (2B)
relative to S. aureus (2A) is attributed to the thicker
peptidoglycan layer present in S. aureus, which restricts
the penetration and interaction with nanoparticles, as
emphasized in previous studies (Chapa González et al.,
2023). Taken together, the findings of our
antimicrobial evaluation highlight the importance of
green- synthesised AgNPs against numerous bacterial
strains, while stressing the importance of adjusting their

dose and formulation to improve efficacy against a
wide range of bacterial pathogens. Frequency sweeps
establish the characteristic behaviour of the sample as
a viscous or viscoelastic fluid, a gel-like paste or a
fully cross-linked material (Meyer, 2015). In other
words, it predicts whether the material is
elastic-dominant or viscous-dominant. In the frequency
sweep test (Fig. 1D), G’  exhibited higher values
compared to G’’, indicating a predominant solid like
behaviour (Budai et al., 2023; Gefen et al., 2025). The
low fluctuations in G’  and G’’ in the LVE region
suggest a stable microstructure of the gel. Furthermore,
the non-intersection of G’  and G’’ in Fig. 1C implies
that the material is chemically crosslinked and the
affinity is not dependent on angular frequency. The
AgNPs–Fcol–Lys spray formulation exhibited superior
results amongst all the treatment groups in
encouraging wound contraction in burn and diabetic
models, underlining its importance as a potential
delivery platform in wound healing. These reports are
consistent with the recent findings, demonstrating that
the incorporation of silver nanoparticles with other
biomaterials increases wound contraction and tissue
remodelling in vivo studies. Nanoparticles exert their
action through anti-inflammatory and antimicrobial
activity, which facilitates fibroblast proliferation and
ECM remodelling. (Nqakala et al., 2021; Kaya et al.,
2025). Collagen extracted from fish acts as a
bio-friendly scaffold to support improved granulation
tissue formation and enhance wound closure, which
strongly supports our findings (Shalaby et al., 2020).
Overall, the histopathological examination of the
extracellular matrix indicated the healing efficacy of
AgNPs-Fcol-Lys-based gel and spray preparations.
Although both the preparation has shown potent effects
in wound healing, the performance of the spray
formulation was found to be slightly better than the
gel, which may be credited to its ability to form even,
breathable films over the wound bed that maintain
moisture balance and enhance gaseous exchange
(Afshar et al., 2024). Among the different explored
biomaterials, the synergistic action of green -synthesised
silver nanoparticles, fish collagen, and L-lysine
support wound healing by adjusting the wound
environment (Nakamura et al., 2019). Antimicrobial
activity of biologically synthesised nanoparticles
plays a pivotal role in preventing biofilm
development, a key challenge often encountered in
burn wound healing (Balaure et al., 2025). Moreover,
AgNPs–Fcol–Lys gel and spray formulation
significantly enhances collagen deposition in both the
models, reflecting their superior remodelling efficacy.
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Furthermore, this study also reported enhanced elastin
deposition with a well-organised structure, which
reflects the progressive wound remodelling, which is
in accordance with earlier findings (Lima et al., 2022).
In addition, L-lysine present in our formulation is critical
for tissue fibroblast production and enhances tensile
strength of the healed epithelium, which is in accordance
with previous findings (Albaugh et al., 2017).

AgNPs–Fcol–Lys–treated wounds, particularly the
spray, demonstrated strong CD31 immunopositivity
with plenty of microvascular network and active
endothelial lining, reflecting accelerated angiogenesis,
consistent with the previous findings highlighting the
pro-angiogenic effects of dressing materials based on
silver nanoparticle (Tian et al., 2007). These results
are consistent with earlier studies that conventional
dressings alone fail to induce neovascularization in
diabetic models, likely due to prolonged
microenvironmental dysfunction (Zhang et al., 2023).
In contrast, AgNPs-Fcol-Lys gel and spray confirmed
improved and extensive CD-31 immunoreactivity with
thick, mature vessels that were distributed. The spray-
treated wounds restored normal vascular architecture,
demonstrating the strong and sustained angiogenetic
progression in diabetic models. The enhanced
vascularization reported with AgNPs–Fcol–Lys
formulations demonstrate the role of nanoparticles based
wound dressing in promoting angiogenesis and
neovascularization in diabetic wounds by endothelial
function and reducing inflammatory barriers (Meng et al.,
2024). Moreover, vascularisation, collagen deposition
and re-epithelialization are also supported by fish
collagen as reported earlier (Wang et al., 2023).
Formulations containing silver nanoparticles, which
encourage collagen synthesis and deposition, have been
extensively studied in wound healing models
(Keles,temur et al., 2012).  These results are aligned with
earlier reports, highlighting the significant role of silver
nanoparticles in endothelial interactions and
modulation of angiogenic signalling pathways and
enhancement of angiogenesis and wound remodelling
(Kang et al., 2011). These findings are consistent with
the reports that nanoparticle based wound formulations
enhance collagen deposition, organisation, and ECM
remodelling in diabetic models, surpassing traditional
treatments (Sethuram & Chandrasekaran, 2025).

The superior angiogenic and collagen remodeling
responses observed with AgNPs–Fcol–Lys
formulations are mediated by the synergistic
interaction of silver nanoparticles, fish collagen, and
L-lysine (Rath et al., 2016). Bhetki fish collagen
additionally acts as a biological scaffold for

encouraging fibroblast proliferation and matrix
deposition (Panggabean et al., 2023). Furthermore,
L-lysine plays an important role in wound healing by
enhancing collagen cross-linking and stabilization,
thus collectively improving tissue remodelling and
structural organization (Cai et al., 2017).

The quantification of hydroxyproline content
showed superior collagen deposition in AgNPs–Fcol–Lys
groups compared to control and standard treatments,
in line with recent literature that silver nano particle
dressings improve collagen synthesis and remodelling
by regulating inflammation and extracellular matrix
deposition (Subashini et al., 2025). Moreover, the role
of L-lysine in collagen synthesis and matrix
remodelling cannot be overlooked, as it supports
wound closure in chronic wounds, which agrees with
the results (Holecvek, 2025).

The AgNPs–Fcol–Lys formulations, exclusively in
spray form, significantly encourage healing of burn
and diabetic wounds by fostering continued and early
collagen and elastin deposition, angiogenesis, well-
structured ECM formation, and complete epithelial
restoration. The spray formulation showed superior
results to the gel, which may be attributed to its ability
to form uniform, breathable layers that preserve skin
moisture and increase gaseous exchange. In
comparison to control and standard treatments,
formulation prepared with AgNPs, fish collagen and
L-lysine constantly reduced inflammation, supported
fibroblast movement, and enhanced remodelling of
tissue across all evaluated time points. Collectively,
the findings emphasize the therapeutic efficacy of
green-synthesised silver nanoparticles in combination
with fish collagen and L-lysine as a multifunctional
approach to wound management.

Conflict of interest: The authors have no conflict of
interest in this study.

Author’s contribution: RD, PG, SR: Acquisition of
data and writing the draft; PD, SKN: Conception and
design; CBR, AS, SB: Investigation and performed
statistical analysis of data; SM, TA: Performed
interpretation of results; SKN: Acquisition of funds
and finally edited and corrected the manuscript.

Data availability statement: All data supporting the
research findings are provided in the paper. The
corresponding author is willing to provide the raw data
upon reasonable request.

Ethical approval: All the experimental protocols were
undertaken in compliance with the guidelines provided

168 Indian Journal of Animal Health,  Special Issue, June, 2026



by the Institutional Animal Ethics Committee of the
West Bengal University of Animal and Fishery Sciences
(Approval No. 763/GO/ReS/ReRc-L/03/CCSEA/68/
68/2023-2024).

Use of artificial intelligence tools: The authors confirm
that no artificial intelligence tools were used during
the preparation of this work. All content was reviewed
and edited by the authors, who take full responsibility

for the accuracy and integrity of the publication.

ACKNOWLEDGEMENT
The authors acknowledge the kind support of the

Indian Council of Agricultural Research of the National
Professor Project (Grant no. Ed./27/05/NP/2023/HRD
dated October 12, 2023) for conducting the research
work. The authors also acknowledge the kind support
of the Vice-Chancellor of the West Bengal University
of Animal and Fishery, Kolkata, India.

REFERENCES
Afshar, M., Rezaei, A., Eghbali, S., Nasirizadeh, S.,

Alemzadeh, E., Shadi, M., & Sedighi, M. (2024).
Nanomaterial strategies in wound healing: A
comprehensive review of nanoparticles, nanofibres and
nanosheets. International Wound Journal, 21(7), e14953.
https://doi.org/10.1111/iwj.14953

Ahmed, S., Ahmad, M., Swami, B. L., & Ikram, S. (2016). A
review on plants extract-mediated synthesis of silver
nanoparticles for antimicrobial applications: A green
expertise. Journal of Advanced Research, 7(1), 17–28.

Albaugh, V. L., Mukherjee, K., & Barbul, A. (2017). Proline
precursors and collagen synthesis: Biochemical
challenges of nutrient supplementation and wound healing.
The Journal of Nutrition, 147 (11), 2011–2017.
https://doi.org/10.3945/jn.117.256404

Balaure, P. C., Niculescu, A. G., Anghel, D., Grumezescu, A. M.,
& Alberts, A. (2025). Role of silver nanoparticles in
wound healing: Mechanisms, efficacy, and
clinical applications. Inorganics, 13 (12), 401.
https://www.mdpi.com/2304-6740/13/12/401

Becvic’, F., Mornjakovic’, Z., Zulic’, I., Prašovic’, S., Mulabegovic’, N.,
Kapic’, E., & Mijanovic’, M. (2003). Animal model of
thermal injuries. Biomolecules and Biomedicine, 3(4), 41-46.

Budai, L., Budai, M., Fülöpné Papay, Z. E., Vilimi, Z., &
Antal, I. (2023). Rheological considerations of
pharmaceutical formulations: Focus on viscoelasticity.
Gels, 9(6), 469. https://doi.org/10.3390/gels9060469

Cai, L., Xiong, X., Kong, X., & Xie, J. (2017). The role of the
lysyl oxidases in tissue repair and remodeling: A concise
review. Tissue Engineering and Regenerative Medicine,
14(1), 15–30. https://doi.org/10.1007/s13770-016-0007-0

Chahardoli, A., Qalekhani, F., Hajmomeni, P., Shokoohinia, Y.,
& Fattahi, A. (2025). Enhanced hemocompatibility,
antimicrobial and anti-inflammatory properties
of biomolecules stabilized AgNPs with cytotoxic effects
on cancer cells. Scientific Reports, 15 (1), 1186.
https://doi.org/10.1038/s41598-024-82349-z

Chapa González, C., González García, L. I., Burciaga Jurado, L. G.,
& Carrillo Castillo, A. (2023). Bactericidal activity
of silver nanoparticles in drug-resistant bacteria.
Brazilian Journal of Microbiology, 54(2), 691–701.
https://doi.org/10.1007/s42770-023-00991-7

Chen, R., Xu, H., Li, X., Dong, J., Wang, S., Hao, J., &
Liang, G. (2025). Role of oxidative stress in post-burn
wound healing. Burns & Trauma, 13 , tkaf040.
https://doi.org/10.1093/burnst/tkaf040

Gefen, A., Weihs, D., Fremau, A., Eynde, Y. V. den, &
Torfs, E. (2025). Rheological assessment for determining
form stability of wound dressings. International Wound
Journal, 22(8), e70720. https://doi.org/10.1111/iwj.70720

Gwada, C. A., Ndivhuwo, P. S., Matshetshe, K., Aradi, E.,
Mdluli, P., Moloto, N., Otieno, F., & Airo, M. (2025).
Phytochemical-assisted synthesis, optimization, and
characterization of silver nanoparticles for antimicrobial
activity. RSC Advances, 15 (18), 14170–14181.
https://doi.org/10.1039/d4ra08900f

Hernández-Morera, P., Travieso-González, C. M.,
Castaño-González, I., Mompeó-Corredera, B., &
Ortega-Santana, F. (2017). Segmentation of elastic fibres
in  images of vessel wall sections stained  with Weigert’s
resorcin-fuchsin. Computer Methods and Programs in
Biomedicine, 142, 43-54. https://doi.org/10.1016/j.cmpb.2017.02.018

Holecvek, M. (2025). Lysine: Sources, metabolism,
physiological importance, and use as a supplement.
International Journal of Molecular Sciences, 26(18), 8791.

Ibrahim, R. M., Abdelhafez, H. M., El-Shamy, S. A. E.M.,
Eid, F. A., & Mashaal, A. (2023). Arabic gum ameliorates
systemic modulation in Alloxan monohydrate-induced
diabetic rats. Scientific Reports, 13 (1), 5005.
https://doi.org/10.1038/s41598-023-31897-x

Iurilli, M., Porrelli, D., Turco, G., Lagatolla, C., Camurri
Piloni, A., Medagli, B., Nicolin, V., & Papa, G. (2025).
Electrospun collagen-coated nanofiber membranes
functionalized with silver nanoparticles for advanced
wound healing applications. Membranes, 15(2), 39.
https://doi.org/10.3390/membranes15020039

Kang, K., Lim, D. H., Choi, I. H., Kang, T., Lee, K., Moon, E. Y.,
Yang, Y., Lee, M. S., & Lim, J. S. (2011). Vascular tube
formation and angiogenesis induced by poly
vinylpyrrolidone-coated silver nanoparticles.
Toxicology Letters, 205 (3), 227–234.
https://doi.org/10.1016/j.toxlet.2011.05.1033

Kaya, M., Akdas,çi, E., Eker, F., Bechelany, M., & Karav, S.
(2025). Recent advances of silver nanoparticles in wound
healing: Evaluation of in vivo and in vitro studies.
International Journal of Molecular Sciences, 26(20), 9889.
https://doi.org/10.3390/ijms26209889

Keles,temur, S., Kilic, E., Uslu, Ü., Cumbul, A., Ugur, M.,
Akman, S., & Culha, M. (2012). Wound healing
properties of modified silver nanoparticles and their
distribution in mouse organs after topical application.
Nano Biomedicine and Engineering, 4(4), 170-176.
https://doi.org/10.5101/nbe.v4i4.p170-176

169Bioactive AgNPs gel and spray for burn and diabetic wounds



Kim, J. M. (2024). Induction of diabetes mellitus using alloxan
in Sprague Dawley rats. Cureus, 16 (6), e63359.
https://doi.org/10.7759/cureus.63359

Khalifa, H. O., Oreiby, A., Mohammed, T., Abdelhamid, M. A.,
Sholkamy, E. N., Hashem, H., & Fereig, R. M. (2025).
Silver nanoparticles as next-generation antimicrobial
agents: Mechanisms, challenges, and innovations against
multidrug-resistant bacteria. Frontiers in Cellular and
Infection Microbiology, 15.

Kolarijani, N. R., Salehi, M., Mirzaii, M., Farahani, M. K.,
Zamani, S., Fazli, M., & Alizadeh, M. (2025). Synthesis
and characterization of silver nanoparticle-loaded
carboxymethylcellulose hydrogels: In vitro and in vivo
evaluation of wound healing and antibacterial
properties. Cell and Tissue Banking, 26 (4), 46.
https://doi.org/10.1007/s10561-025-10197-w

Kunkemoeller, B., & Kyriakides, T. R. (2017). Redox signaling
in diabetic wound healing regulates extracellular matrix
deposition. Antioxidants & Redox Signaling, 27(12),
823–838. https://doi.org/10.1089/ars.2017.7263

Lima, L. F., Sousa, M. G. D. C., Rodrigues, G. R., de Oliveira, K. B. S.,
Pereira, A. M., da Costa, A., Machado, R., Franco, O. L.,
& Dias, S. C. (2022). Elastin-like polypeptides in
development of nanomaterials for application in the medical
field. Frontiers in Nanotechnology, 4 , 874790.
https://doi.org/10.3389/fnano.2022.874790

Liu, D., Zhang, X., Li, T., Yang, H., Zhang, H., Regenstein, J. M.,
& Zhou, P. (2015). Extraction and characterization of
acid- and pepsin-soluble collagens from the
scales, skins and swim-bladders of grass carp
(Ctenopharyngodon idella). Food Bioscience, 9, 68–74.
https://doi.org/10.1016/j.fbio.2014.12.004

Meng, H., Zhao, Y., Cai, H., You, D., Wang, Y., Wu, S., Wang, Y.,
Guo, W., & Qu, W. (2024). Hydrogels containing chitosan-
modified gold nanoparticles show significant efficacy in
healing diabetic wounds infected with antibiotic-resistant
bacteria. International Journal of Nanomedicine, 19, 1539-
1556. https://doi.org/10.2147/IJN.S448282

Meyer, F. (2015). Time-efficient execution of rheological tests
in oscillation with an easy-to-use quality control rheometer.
American Laboratory, 47(6), 23–25.

Mezger, T. (2020). The rheology handbook: For users of
rotational and oscillatory rheometers. European Coatings.

Mohseni, M., Shamloo, A., Aghababaie, Z., Afjoul, H., Abdi, S.,
Moravvej, H., & Vossoughi, M. (2019). A comparative
study of wound dressings loaded with silver sulfadiazine
and silver nanoparticles: In vitro and in vivo evaluation.
International Journal of Pharmaceutics, 564, 350–358.
https://doi.org/10.1016/j.ijpharm.2019.04.068

Nakamura, S., Sato, M., Sato, Y., Ando, N., Takayama, T.,
Fujita, M., & Ishihara, M. (2019). Synthesis and
application of silver nanoparticles (Ag NPs) for the
prevention of infection in healthcare workers. International
Journal of Molecular Sciences, 20 (15), 3620.
https://doi.org/10.3390/ijms20153620

Naskar, D., Bhattacharjee, P., Ghosh, A. K., Mandal, M., & Kundu, S. C.
(2017). Carbon nanofiber reinforced nonmulberry silk protein
fibroin nanobiocomposite for tissue engineering applications.

ACS Applied Materials & Interfaces, 9(23), 19356-19370.
https://doi.org/10.1021/acsami.6b04777

Nqakala, Z. B., Sibuyi, N. R., Fadaka, A. O., Meyer, M.,
Onani, M. O., & Madiehe, A. M. (2021). Advances in
nanotechnology towards the development of silver
nanoparticle-based wound-healing agents. International
Journal of Molecular Sciences, 22 (20), 11272.
https://doi.org/10.3390/ijms222011272

Oguntoye, C. O., & Oke, B. O. (2014). A comparison of
xylazine/ketamine, diazepam/ketamine and acepromazine/
ketamine anaesthesia in rabbit. Sokoto Journal of
Veterinary Sciences, 12(3), 21–25.

Panggabean, J. A., Adiguna, S. P., Hardhiyuna, M.,
Rahmawati, S. I., Sadi, N. H., Yoga, G. P., Nafisyah, E.,
Bayu, A., & Putra, M. Y. (2023). Cutting edge aquatic-
based collagens in tissue engineering. Marine Drugs,
21(2), 87. https://doi.org/10.3390/md21020087

Rath, G., Hussain, T., Chauhan, G., Garg, T., & Goyal, A. K.
(2016). Collagen nanofiber containing silver
nanoparticles for improved wound-healing applications.
Journal of Drug Targeting, 24 (6), 520–529.
https://doi.org/10.3109/1061186X.2015.1095922

Rowe, R. C., Sheskey, P. J., & Weller, P. J. (2006). Handbook
of pharmaceutical excipients (6th ed.). Pharmaceutical Press.

Schimanski, T., Loucas, R., Loucas, M., Brébant, V., Anker, A.,
Klein, S., Diesch, S. T., Pagani, A., & Prantl, L. (2025).
Histological and immunohistochemical characteristics of
mechanically processed adipose tissue: A systematic
review and meta-analysis. Cells, 14(21), Article 1664.

Sethuram, L., & Chandrasekaran, N. (2025). PDGF-loaded
eugenol-impregnated biocompatible nanofibrous
scaffolds for enhanced diabetic wound healing
and vascularization. Materials Advances .
https://pubs.rsc.org/en/content/articlehtml/2025/ma/d5ma00322a

Shalaby, M., Agwa, M., Saeed, H., Khedr, S. M., Morsy, O.,
& El-Demellawy, M. A. (2020). Fish scale collagen
preparation, characterization and its application in wound
healing. Journal of Polymers and the Environment, 28(1),
166–178. https://doi.org/10.1007/s10924-019-01594-w

Stefan, L. M., Iosageanu, A., Ilie, D., Stanciuc, A. M., Matei,
C., Berger, D., & Craciunescu, O. (2021). Extracellular
matrix biomimetic polymeric membranes enriched with silver
nanoparticles for wound healing. Biomedical Materials,
16(3), 035010. https://doi.org/10.1088/1748-605X/abe55d

Subashini, R., Tabbasum, T. M., Dharshan, A. H., & Shakti
Varsha, S. (2025). Development of collagen-based
hydrogel derived from allicin-silver nanoparticles for
wound healing. The Science of Nature, 112(5), 67.
https://doi.org/10.1007/s00114-025-02017-8

Tian, J., Wong, K. K. Y., Ho, C., Lok, C., Yu, W., Che, C.,
Chiu, J., & Tam, P. K. H. (2007). Topical delivery of silver
nanoparticles promotes wound healing. ChemMedChem,
2(1), 129-136. https://doi.org/10.1002/cmdc.200600171

Van Meerloo, J., Kaspers, G. J. L., & Cloos, J. (2011). Cell
sensitivity assays: The MTT assay. In I. A. Cree (Ed.),
Cancer cell culture (Vol. 731, pp. 237–245). Humana
Press. https://doi.org/10.1007/978-1-61779-080-5_20

170 Indian Journal of Animal Health,  Special Issue, June, 2026



Wang, L., Qu, Y., Li, W., Wang, K., & Qin, S. (2023).
Effects and metabolism of fish collagen sponge in
repairing acute wounds of rat skin. Frontiers in
Bioengineering and Biotechnology, 11 , 1087139.
https://doi.org/10.3389/fbioe.2023.1087139

Yamauchi, M., & Sricholpech, M. (2012). Lysine
post-translational modifications of collagen. Essays in
Biochemistry, 52, 113-133. https://doi.org/10.1042/BSE0520113

Yan, R., He, Q., Liu, Y., Ye, P., Zhu, L., Shi, S., Gou, J., He, Y.,
Guan, T., & Zhou, G. (2023). Unpaired virtual histological
staining using prior-guided generative adversarial networks.

Computerized Medical Imaging and Graphics, 105, 102185.
https://doi.org/10.1016/j.compmedimag.2023.102185

Zhang, J., Elango, J., Wang, S., Hou, C., Miao, M., Li, J., Na, L.,
& Wu, W. (2022). Characterization of immunogenicity
associated with the biocompatibility of type I collagen
from tilapia fish skin. Polymers, 14 (11), 2300.
https://doi.org/10.3390/polym14112300

Zhang, S., Ge, G., Qin, Y., Li, W., Dong, J., Mei, J., Ma, R.,
Zhang, X., Bai, J., & Zhu, C. (2023). Recent advances in responsive
hydrogels for diabetic wound healing. Materials Today Bio, 18,
100508. https://doi.org/10.1016/j.mtbio.2022.100508

Received - 10.03.2026, Accepted - 04.05.2026, Published - 11.05.2026 (Online), 01.06.2026 (Print)
Subject Editor: Dr. Ramesh Tiwary, Editorial Board Member.

171Bioactive AgNPs gel and spray for burn and diabetic wounds


