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Chronic, deep, and irregularly shaped wounds often infected with bacteria are considered a major clinical
concern. The overproduction of reactive oxygen species (ROS) and disruption of the balance between pro-
infammatory and anti-inflammatory cytokines delay the healing process. Traditionally used dressings are
unable to address these multiple issues. We present a multifunctional, self-adaptable, injectable hydrogel
composed of gelatin (G) and chondroitin sulfate (CS) containing borate-crosslinked tannic acid (TA),
enriched with in situ synthesized silver nanoparticles (AgNPs), which eliminates the necessity of any
secondary dressing. The dynamically crosslinked hydrogel demonstrates efficient self-healing, adhesiveness,
antioxidant properties, and potential antibacterial activity (E. coli and S. aureus). The injectable hydrogels also
exhibit sustained release of TA and AgNPs. The in vitro cytotoxicity reveals the excellent cytocompatibility of
the hydrogel with HDF-N fibroblast cells and red blood cells. In vivo studies confirm that the injectable
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hydrogel demonstrates self-adaptability in irregularly shaped wounds and accelerates the healing process in
terms of healing percentage, fibroblast generation, neovascularization, and hair follicle development.
Additionally, the in vivo application of the fabricated hydrogels does not produce any significant systemic
toxicity. This study demonstrates that the dynamically crosslinked, multifunctional, injectable hydrogel is a
promising candidate for treating irregular deep penetrating wounds.
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wounds is a noticeable major clinical concern, specifically when
healing is halted by bacterial infections (E. coli and S. aureus),

Introduction

Irregular deep wounds refer to wounds with an irregular shape or
configuration that penetrate the underlying tissues.'™ Irregular-
shaped deep penetrating wounds are mainly caused by traumatic
events, such as accidents (falls, cuts, or punctures), surgical
procedures (like tumor resections, exploratory surgeries, or pro-
cedures involving multiple incisions), irregular-shaped deep pene-
trating burns, chronic wounds (pressure ulcers or diabetic foot
ulcers), abscesses, or deep tissue invaded infections.”™ The
effective management of these deep and irregularly shaped skin
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excessive oxidative stress (H,O, and *O, ), and inflammation.
However, conventional dressings are widely used to promote the
wound healing process, but they are not designed to completely
cover and enhance the healing of such irregular, deep wounds.
The application process of traditional dressings to cover deep
penetrating or irregularly shaped wounds can pose several sig-
nificant challenges, including conformity to wound shape, the
difficult application process, inadequate covering, maintaining
moisture balance, retention, and stability, accessibility for mon-
itoring and dressing changes, oxidative stress at the wound site,
contamination and high infection risk leading to delayed wound
healing.”” To combat bacterial infections and excessive oxidative
stress and simultaneously improve the wound’s microenviron-
ment, several materials have been explored, including the topical
application of silver nanoparticles, antioxidants (curcumin), and
hydrogels.*®° However, it was observed that a significant chal-
lenge in chronic wounds was to address the multiple underlying
issues simultaneously to promote quick healing. However, unpre-
cedented research in the area of hydrogel-based wound dressings
has remarkably augmented their functionality and intricacy to
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fulfill the multiple objectives and allow remarkable control over
the wound microenvironment. Engineering biomaterial-based
dressings to address the challenges posed by irregular-shaped
deep penetrating wounds and expedite the healing process has
been emphasized.>'® Consequently, various biomaterials and
their combinations have been utilized in formulating treatments
for wound healing applications.®”>'""'> However, the therapeutic
outcomes for the developed wound dressings are inadequate
when it comes to irregular deep wounds.

Moreover, advanced hydrogel-based wound dressings have to
be designed for chronic and irregularly shaped wounds to address
multiple objectives ranging from easy application (injectability,
adhesiveness, and adaptability) to promoting the overall wound
healing process (antibacterial, antioxidant, maintaining moisture,
and sustained delivery).">"* Among the biopolymers used for
designing wound dressings, gelatin (G) is a highly preferred one,
which is derived from collagen through partial acid or alkali
hydrolysis.™* Gelatin has been used extensively in tissue engineer-
ing due to its innate biodegradability, biocompatibility, non-
immunogenicity, bio-mimicking, and other attributes.">'® RGD
motifs make it suitable for cell attachment.'” Gelatin is comprised
of several ionizable functional groups, including the e-amino
group of lysine, guanidinium group of arginine, imidazolium
group of histidine, and carboxyl groups of aspartic acid along with
the terminal o-carboxyl and o-amino groups, due to which it can
form polyionic complexes with other charged biomolecules includ-
ing growth factors, polypeptides, and polysaccharides; also, it can
be functionalized or modified according to the needs of a specific
biomedical application. These complexes facilitate the controlled
delivery of various biomolecules, enhancing stability and bioavail-
ability while protecting against deterioration.’®'® Consequently,
gelatin-based formulations have been developed for wound heal-
ing, tissue engineering, anti-cancer therapies, and theragnostic
applications.>*

Chondroitin sulfate (CS) is a major and necessary compo-
nent of the extracellular matrix in the skin tissue structure.***
It is a homopolymeric unbranched glycosaminoglycan comprised
of p-glucuronic acid (GlcA) and N-acetyl-p-galactosamine (GalNAc)
residues linked through glycosidic linkages, with varying levels of
sulfation.**® Chondroitin sulfate is abundant and can be extracted
from various biological resources.”**® CS plays critical roles in
biological processes such as inflammation, cell proliferation,
migration, differentiation, tissue morphogenesis, organogenesis,
and wound healing. Moreover, it can regulate several biochemical
processes, promoting fibroblast growth factor expression and
increasing collagen synthesis at the wound site while suppressing
inflammatory factors.>*> These activities are vital and ongoing
throughout the healing process, particularly in the context of
wound healing.>*® CS has been shown to interact with various
growth factors, chemokines, and lipoproteins, thus controlling
the cascade of wound closure. Additionally, CS is a flexible biopo-
lymer that can be modified by grafting specific side groups onto it
or complexing it with other bioactive polymers.>”~*°

Tannic acid (TA), a naturally occurring hydrolyzable
tannin,** comprised of a hydrophilic shell (five digalloyl esters)
surrounding a hydrophobic core (central glucose molecule),
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has been shown to have remarkable antioxidant and anti-
bacterial properties.**™** It also acts as a vasoconstrictor and
anti-inflammatory agent.”>*” The use of TA has also been
associated with the important characteristics of adhesiveness
and self-healing.*®"® Recently, there has been renewed interest
in incorporating TA into sophisticated materials for advanced
bio-applications. The complex chemical structure of TA, which
includes several aromatic rings and hydroxyl groups, necessi-
tates various reaction steps during the modification process.>

Silver nanoparticles (AgNPs) are well known for their effective-
ness in wound healing due to their several beneficial properties
like effective antimicrobial activity, anti-inflammatory, angiogen-
esis stimulation, and reduced scar formation, leading to effective
wound closure and ultimately expediting the wound healing
process. There are several reports regarding the fabrication of
AgNP-added hydrogels for biomedical applications.® However,
there are several disadvantages regarding the loading of externally
synthesized AgNPs, such as agglomeration of silver nanoparticles,
which can reduce their efficacy and may also raise toxicity issues.

This study mainly focused on designing a dynamically
crosslinked, multifunctional, injectable hydrogel composed of
gelatin and chondroitin sulfate, along with in situ hybridized
silver nanoparticles and borate-ester crosslinked tannic acid, for
treating irregular-shaped deep penetrating wounds. To the best
of our knowledge, there is no report regarding the simultaneous
synthesis of silver nanoparticles along with the formation of
borate ester crosslinked tannic acid in a single one-pot reaction.
The present wound dressing design utilizes the microporous and
extracellular matrix mimicking features of the hydrogel, along
with the potential antioxidative and antibacterial properties of
tannic acid (TA) and silver nanoparticles (AgNPs), respectively.
Adding TA and in situ synthesis of AgNPs within the hydrogel
facilitates dynamic crosslinking (physical and chemical cross-
linking) within the hydrogel matrix, making it stable, safe, and
convenient to use. A detailed optimization of the in situ synthesis
of AgNPs, followed by their physicochemical and biological
characterization, including in vivo mouse model studies for
irregular deep penetrating wounds without using a secondary
wound dressing, has been presented.

Materials and methods
Materials

Chondroitin sulfate, silver nitrate (AgNO;), sodium borohy-
dride (NaBH,), dimethyl sulfoxide (DMSO), and Triton-X-100
were purchased from Sigma Aldrich. Gelatin and tannic acid
were procured from LOBA Chemie, India. Collagenase, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and streptomycin sulfate
were obtained from TCI Chemicals, India. Ethanol and metha-
nol were purchased from Finar, India. Mueller-Hinton agar,
Mueller-Hinton broth, and Phosphate buffer saline (PBS) were
purchased from HiMedia, India. Fetal bovine serum (FBS),
trypsin-EDTA, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide), and DMEM F-12 (Dulbecco’s modified
Eagle’s medium/Nutrient Mixture F-12) medium were procured
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from Thermo Fisher Scientific, USA. Escherichia coli (E. coli)
NCIM 2931 strain and Staphylococcus aureus (S. aureus) MTCC
3160 strain were procured from NCCS Pune, India. Local
anesthesia (USC-Prilox cream), surgical blade, hair removal
cream, and betadine were purchased from local vendors in
Gandhinagar, Gujarat, India. Double-distilled and deionized
water was prepared in the laboratory.

Fabrication of injectable nanocomposite hydrogels

In situ synthesized AgNP-containing gelatin/chondroitin sulphate/
tannic acid nanocomposite hydrogels were fabricated. Briefly, 8.5%
(w/v) gelatin and 1.5% (w/v) chondroitin sulfate were dissolved in
distilled water at 60 °C in a beaker under constant stirring until a
homogeneous transparent solution was obtained. Simultaneously, a
desired concentration of tannic acid (TA) aqueous solution was
prepared, in which NaBH, solution was added. The TA and NaBH,
solution was then slowly added dropwise to the gelatin/chondroitin
sulfate (G/CS) solution while stirring continuously. Subsequently, the
G/CS/TA/NaBH, solution was left undisturbed for 2.5 hours to allow
gel formation through potential interactions among the different
components of the hydrogel. To prepare the AgNP-loaded hydrogel,
all the steps were followed identically as previously mentioned,
except adding a desired concentration of AgNO; solution to the TA
solution, followed by the addition of NaBH, solution.

The G/CS hydrogels containing 0.5% (w/v) TA and 100 mmol L™
NaBH,, and 0.75% (w/v) TA and 150 mmol L~ ' NaBH, were
designated as G/CS/TA-1 and G/CS/TA-2, respectively. Similarly,
G/CS hydrogels with 0.5% (w/v) TA, 100 mmol L' NaBH,, and
6 mmol L' AgNO; and 0.75% (w/v) TA, 150 mmol L' NaBH,,
and 10 mmol L ™! AgNO; were referred to as G/CS/TA/AgNP-1 and
G/CS/TA/AgNP-2, respectively.

Characterization of the fabricated hydrogels

Chemical characterization. The chemical characteristics (func-
tional groups and possible interaction) of the in situ synthesized
AgNPs and lyophilized hydrogels were investigated by Fourier
transform infrared (FTIR) spectroscopy in the range of 4000 cm ™"
to 500 cm™ ' at a resolution of 2 cm™' per point at room
temperature using the PerkinElmer spectrum-2-instrument.

Furthermore, energy-dispersive X-ray (EDX) analysis was
carried out to perform elemental analysis. Moreover, the X-ray
diffraction (XRD) patterns of in situ synthesized AgNPs and
fabricated hydrogel systems were determined using an X-ray
diffractometer (XRD; Bruker, D8 Advance, Coventry, UK) with a
diffraction angle (26) from 5° to 80°. The XRD graph also shows
the effect of AgNPs on fabricated hydrogel systems.

The samples were characterized using UV-visible spectro-
photometry (GENESYS, Thermo Fisher Scientific) to confirm
the in situ synthesis of AgNPs in the hydrogel system. In brief,
to produce the UV spectra of in situ synthesized AgNPs,
the solution was first washed with deionized water through
centrifugation (2040RCF, 5 min). The pellet containing AgNPs
was redispersed in H,O and analyzed using UV-spectroscopy at
a 200-800 nm wavelength, keeping deionized water as the
control.

This journal is © The Royal Society of Chemistry 2025
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Morphological analysis

The gross appearance of the fabricated hydrogels was obtained
by using a digital camera immediately after the in situ synthesis
of AgNPs and polymerization of the hydrogel system. The
reduction of silver nitrate salt to AgNPs in the fabricated hydro-
gel was also monitored by naked-eye observation to determine if
any visible change in appearance or color was going to happen,
indicating the formation of silver nanoparticles.

Furthermore, the morphology of the in situ synthesized
AgNPs and prepared hydrogels was visualized by field emission
scanning electron microscopy (FE-SEM) (JEOL-JSM-7600F, mag-
nification: 500-300 000). Initially, lyophilized hydrogels were
cut, placed onto a mica sheet, and coated with gold. A high-
energy electron beam is aimed at the sample to generate a
topographical image. Similarly, to determine the shape, surface
morphology, and size of AgNPs using FE-SEM, AgNPs were
diluted and drop-casted on a glass slide, which was left inside
the desiccator for drying. The drop cast sample was coated with
gold under vacuum conditions, and then a high-energy electron
beam was focused on the sample to capture the FE-SEM image.
Later, the in situ synthesized AgNPs were investigated using
atomic force microscopy (AFM), generating images that pro-
vided information on size, morphology, and surface texture.

Furthermore, the obtained FE-SEM images of the fabricated
hydrogels were processed using Image]J 1.40 g software from the
National Institutes of Health to check the average pore size of
the fabricated hydrogel. At least 20 pores were considered in
this study to determine the available pore size of the hydrogel.

Porosity is defined as the percentage of void space and is a
morphological property of the material. Herein, the liquid dis-
placement method was used to evaluate the porosity (P) of the
fabricated hydrogels, as explained by Purohit et al.’* Briefly, the
lyophilized hydrogels were placed in a measuring cylinder filled
with a definite volume of ethanol (V;). The total volume was
recorded after the sample was placed in the cylinder (V,). The
samples were removed with the volume Vi, wherein ethanol was
filled in the sample’s pores, and the residual volume of ethanol
in the measuring cylinder was denoted as V3. The total volume
(V) of the samples was calculated by using eqn (1).

Vo=V, — Vs 1)

The porosity (%) of the samples was calculated using eqn (2)

P (%) =V, — V3/Vq x 100 (2)

Swelling behavior

The swelling behavior study can be used to identify the hydro-
philic capability of any material. This will also determine the
effects of certain materials (nanomaterials) on another materi-
al’s hydrophilicity. Therefore, the swelling behavior in percen-
tage (S%) of all fabricated hydrogels was calculated using the
same procedure described in prior research® using eqn (3).

Ws — Wy
— X

S (%) ==
d

100 (3)
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S% was calculated by comparing the dry samples’ Wy weights
with the wet sample’s W; after swelling. For this purpose, the
dried samples (n = 5) were submerged in a 37 °C PBS solution.
After a certain time, the samples were weighed until the
swelling reached equilibrium.

Biodegradation behavior

Using the ASTM standard F-1635-95, the hydrogels’ biodegrada-
tion rates were assessed under in vitro conditions, as mentioned
in the previous literature.>” Briefly, 1 gram of each sample (12 = 5)
was added to 30 mL of PBS solution. The samples were placed in
a shaker incubator at 37 °C to evaluate the degradation profile
and periodically withdrawn from the degradation solutions, and
then the samples were wiped with tissue paper to remove any
extra water droplets from the surface of hydrogel.

Wo— W, %

Degradation (%) = W
0

100 (4)
The percentage of the degradation rate was calculated using

eqn (4), where W, is the initial sample weight and W, is the

weight of the degraded samples at predefined time intervals.

Rheological behavior

The rheological behavior of the fabricated hydrogels was mon-
itored by using the rheometer Anton Paar-Physica MCR 301 at
37 °C to obtain information about the loss modulus and storage
modulus of the hydrogels, as mentioned in a previous report.>® In
brief, a frequency sweep was performed from 0.1 to 100 rad s/,
keeping the strain fixed at 1%. Furthermore, at a constant
frequency of 1 rad s, strain sweep analysis was conducted for

0.1 to 100% strain.

Adhesiveness

Also, the adhesiveness was checked by applying the predefined
amount of hydrogel to different surfaces, including glass,
metal, rubber, goat skin, goat liver, goat bone, and a surgically
created wound on the dorsal side of the live mouse model, and
subsequently the images of the wounds containing the hydro-
gels were captured. Furthermore, the adhesive strength of
fabricated hydrogels was tested on goat skin surfaces through
the lap-shear test. Fresh goat skin was chosen as a substrate for
the lap shear test. The goat skin was cut into a rectangular shape
(15 mm x 40 mm) before washing with 1 M sodium hydroxide 3
times and rinsed in deionized water to remove adipose tissue.
Then, rectangular-shaped hydrogels (1.5 cm x 1.5 c¢m) were
applied to the surface of goat skin. The lap-shear test was
performed on the 103B-TS electromechanical universal testing
machine. The adhesion strengths of fabricated hydrogels were
measured at a cross-head speed of 10 mm min . The experi-
ment was repeated 3 times for each hydrogel formulation.

Mechanical characterization

The mechanical properties of the fabricated hydrogels were
determined using the Universal Testing System (UTS) (Instron
3365 dual column) instrument by performing compression tests.
In brief, the hydrogel samples (n = 5) of definite dimensions
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(height: 15 mm and diameter: 16 mm) were placed over a
circular plate of 70 mm diameter and allowed to compress up
to 80% from the top by another circular parallel plate attached at
a rate of 5 mm per minute. The stress-strain curve obtained was
plotted.

Self-healing

The self-healing ability of the fabricated hydrogels was deter-
mined macroscopically by staining them with methylene blue
(MB) dye. In this technique, one piece was stained with MB dye,
and another piece of hydrogel was kept unstained. Then, both
pieces of hydrogel with different colors were placed together at
room temperature for 60 min to allow them to merge into a
single hydrogel unit again. Then, photographs of this self-
healed hydrogel were captured, and the healing ability was
observed. Also, the self-healing ability of the fabricated hydro-
gels was determined by performing step-strain analysis from
0.1% to 10% strain, and the variation in the modulus was
recorded. Each experiment was repeated 3 times.

Syringeability

A syringeability test was performed using the reference method
reported by Moreira et al.®” with necessary modifications. This
test used a syringe of 2 mL with an inner diameter of 1.5 cm
and a 24 G needle. The weight of the hydrogel before and after
injection within 2 minutes was measured, and its syringeability
was calculated using the following equation (eqn (5)). The
injectability and shear thinning properties of the fabricated
hydrogels were determined through a shear-dependent change
in the viscosity of the fabricated hydrogel in the step-shear test
with alternating low shear (0.1 s™") to high shear (100 s™%).
Mass expelled from the syringe

Syri bilit =
yringeability (%) Mass of the sample prior to injection

(5)

Release behavior analysis

A dialysis approach was used to assess the release behavior of
several samples, as described in previous reports.'®® A parti-
cular quantity of each sample (n = 3) was put into a dialysis
membrane and incubated for 96 hours at 37 °C with continual
stirring at 60 RPM in 20 mL of PBS (pH 7.4). 5 mL of the release
media was collected, and new PBS was added at regular inter-
vals. The collected solution was examined using a UV spectro-
photometer (Shimadzu UV 1800) at wavelengths of 280 nm and
425 nm for TA and AgNPs, respectively. The following equation
(eqn (6)) was used to calculate the amount of curcumin released
in the sample that was collected.

Cummulative release (%)

_ Released amount of therapeutics
~ Initially loaded amount of therapeutics

Furthermore, to determine the mechanism of the release of
therapeutics, i.e. here TA and AgNPs from the hydrogel, we have
assessed the release data of each of the hydrogel through

This journal is © The Royal Society of Chemistry 2025
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several kinetic models (Table S1, ESIt) (zero-order, first-order,
Higuchi, Hixson-Crowell, and Korsmeyer-Peppas)®* and the
best-fitted model was selected, through which it was predicted
that either diffusion or dissolution/erosion of the matrix, etc. is
involved in the release.

In vitro antioxidant assay

Based on a previous study,”® the DPPH test was carried out to
assess the samples’ antioxidant activity, particularly their capacity
to scavenge free radicals. In brief, all different compositions of
hydrogels were incubated with PBS (pH 7.4). 12 h later, the PBS
containing the released substances was collected. The suspension
of each sample (n = 5) was exposed to DPPH (100 M) in methanol
in a dark environment. Using a spectrophotometer, the absor-
bance of the solutions was determined at 517 nm at pre-defined
time intervals. Methanol and DPPH were used in equal quantities
to prepare the blank and negative control. Eqn (7) was used to
calculate the percentage of scavenged free radicals to determine
the antioxidant activity.

Antioxidant activity (%)

_ Abs of DPPH — Abs of sample treated DPPH « 100 @
B Abs of DPPH

Biological characterization

Hemocompatibility assay. A method reported by Dave et al.>®
was used to assess the in vitro blood cell compatibility of the
fabricated hydrogels. In this procedure, 1 mL of blood was drawn
into an anticoagulant tube from a healthy Balb/c mouse. Then,
the blood was centrifuged at 1500 rpm for 5 minutes to collect
the RBCs. The supernatant was discarded, and the pellet contain-
ing RBCs was diluted with PBS (pH 7.2) in a volumetric ratio of
1:9 (RBC:PBS). After that, each of the hydrogel samples (n = 5)
was submerged in 5 mL of diluted blood and incubated for
4 hours at 37 °C. The samples were centrifuged at 1500 rpm for
10 minutes, and a UV-visible spectrophotometer was used to
determine the supernatant’s optical density (OD) at 540 nm.
PBS and Triton-X were used as the negative and positive controls,
respectively. Eqn (8) below shows how to use the OD measure-
ments to calculate the percentage of hemolysis.

Hemolysis (%)

_ OD of sample — OD of negative control % 100
~ \OD of positive control — OD of negative control

(8)

In vitro cytotoxicity assay

In vitro biocompatibility of the fabricated injectable hydrogels
was verified by MTT assay, according to a previous report."® The
experiment used human dermal fibroblasts-neonatal (HDF-n)
cells for evaluating in vitro cytotoxicity. For this purpose,
sterilized hydrogels in a certain amount in triplicate were
added to the tissue culture plate (TCP) and loaded with DMEM
medium (10% FBS and 1% antibiotic/antimycotic). Then, the
HDF-n cells were seeded over the hydrogel, and PBS was used as

This journal is © The Royal Society of Chemistry 2025
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the control under sterile conditions and allowed to incubate in
a mammalian cell-culture-grade CO, incubator at 37 °C. After
24 hours and 72 hours, the DMEM medium was removed
and washed with PBS solution. Then, the MTT dye (50 pL of
5 mg mL~ " in PBS) was added to each well under dark conditions
and left for four hours in the incubator. After that, aliquots were
pipetted out, and a solubilization buffer was added to dissolve the
formazan crystals. The microplate reader measured the absor-
bance of each well at 570 nm to assess the cell proliferation and
cell viability, which was determined using eqn (9). Furthermore,
to visualize and quantify the live/dead cells, follow the same
protocol as mentioned for the MTT assay, except for replacing
the MTT assay with live/dead assay. Then, live and dead cell
pictures were taken using a fluorescence microscope.

Abs of treatment

x 100 )

In vitro antibacterial assay

A typical approach for assessing a material’s antibacterial
activity is the turbidity measurement method.>* The bacterial
solution is standardized in this approach between 0.1 and 0.2
absorbance values (equal to 0.5 McFarland standard) at 625 nm
before the bacterial strains are cultured in Mueller-Hinton
broth solution. This standardization is crucial because it con-
firms that the concentration of bacteria is the same in all
samples, enabling precise comparisons.

The standardized bacterial solution is then added to each
sample (n = 5) to be tested, and the mixture is incubated in an
incubator with gentle shaking at 37 °C. Using a spectrophotometer
set to 625 nm, the solutions’ OD values are measured after 24 hours
of incubation. The OD values show how much bacterial growth is
present in the sample. Lower OD readings result from the materi-
al’s ability to suppress bacterial growth if it possesses antibacterial
qualities. Antibacterial activity was analyzed using eqn (10)

A4

Bi (%) > x 100 (10)

C

Bi(%) stands for bacterial inhibition (%), A. and Ay are the OD
values of the bacterial solution without and bacterial solution with
samples, respectively.

Another approach, the diffusion method, was employed to
evaluate the antibacterial activity of the fabricated hydrogels.
The procedure was followed as mentioned in previous
reports.'®>® In brief, sterile Mueller-Hinton agar was added to
sterile Petri plates, and the plates were left undisturbed to
solidify. Once the agar was properly solidified, 100 uL of stan-
dardized bacterial solutions (E. coli and S. aureus) were spread
uniformly throughout the Petri plates separately. Further wells
with certain dimensions (diameter: 5 mm and depth: 5 mm)
were made inside the solidified agar, where freshly prepared
sterile hydrogels (n = 5) were injected. PBS and streptomycin
solutions were taken as negative and positive controls, respec-
tively. Plates were incubated for 24 hours at 37 °C, and then the
clear inhibition zone surrounding each well was measured.
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In vivo assessment

To assess the feasibility and applicability of the fabricated hydro-
gels, an irregular full-thickness wound model was created using
Balb/c mice. Briefly, a total number of 12 Balb/c mice (25-35 g)
were utilized for the wound healing experimental study. Animals
were kept for one week of acclimatization at the animal house of
Nirma University, Gujarat, India. The animals were kept in clean
cages and maintained in a 12:12 h dark-light cycle at a standard
room temperature of 22 °C. Food and water were adequately
provided, with a sample size n = 3 for each group. All the animal
procedures were carried out according to the ethical guidelines for
the care and use of laboratory animals of the Institutional Animal
Care and Use Committee, Nirma University, Ahmedabad, under
the CPCSEA guidelines of the Ministry of Environment and Forest,
New Delhi of the ISNU ethical committee protocol code (IS/FAC/30/
2022/33). Irregular wound excisions were created according to the
early proposed method,”® wherein the animals were first locally
anesthetized via topical application of the lignocaine gel after
shaving their dorsal hair and cleaning with 70% ethanol. The
open irregular wounds were made using a surgical blade, where a
full-thickness cross (1 x 1 cm) was cut. The wounds were cleaned
with saline, and the animals were housed individually. The
animals were randomly allocated into four groups (3 mice per
group). Group 1 served as a negative control, where the wounds of
these animals were left without treatment. Group 2 served as a
positive control, wherein commercially available betadine was
applied topically to the wound. Group 3 served as the vehicle
material with the formulation named G/CS/TA, and Group 4
comprised the loaded material with a formulation containing
AgNPs named G/CS/TA/AgNP-2.

Progressive changes in wound healing were assessed quantita-
tively using Image J 1.52 software. The wound area was calculated
using scaled pictures of the wounds on days 0, 3, 6, 10, and 14,
and the hydrogel was applied to the wound every 72 hours (0th
day, 3rd day, 6th day, and 10th day). Percentage healing was
calculated using the following equation (eqn (11)), where n = the
number of days (3, 6, 10, or 14) that the healed area was read.

Healing (%)

_ wound area (0 day) — wound area on nth day

1
wound area (0 day) x 100

(11)

Furthermore, on the 14th day, the animals were sacrificed, and
skin tissue samples from the healed wound area and liver tissues
were preserved in 10% neutral buffered formalin for histopatho-
logical examination. The specimens were routinely processed and
stained with hematoxylin and eosin (H&E). Microscopic wound
healing criteria were assessed, encompassing re-epithelialization,
angiogenesis, hair follicle formation, granular tissue formation,
and fibroblast growth. Additionally, H&E-stained liver tissues were
examined to assess the toxicity of the applied wound-healing
material (injectable hydrogels). Moreover, to evaluate the anti-
inflammatory efficacy of the formulations and correlate wound
healing, a sandwich enzyme-linked immunosorbent assay (ELISA)
was performed as per the manufacturer’s instructions
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(ElabScience, USA) for the qunatification of TNF-o, TGF-f, IL-1a,
and IL-10 present in the serum sample taken on the 14th day of
the in vivo study.

Statistical analysis

The data were presented as mean values with standard deviation
(£ SD), and p-values less than 0.05 were considered statistically
significant. Student’s #test and one-way analysis of variance
(ANOVA) were used to determine statistical significance as appro-
priate. Statistical analyses were performed using Origin Pro 2024
and Microsoft Office Excel 2021. Each experiment was indepen-
dently replicated at least three times to collect statistically
significant data.

Results and discussion
Physico-chemical properties of fabricated hydrogels

The rationally designed, dynamically crosslinked, self-adaptable,
easily injectable hydrogels composed of chondroitin sulfate and
gelatin, further enriched with the natural antioxidant tannic acid
and the potential antibacterial agent nano-silver, designated as
G/CS/TA and G/CS/TA/AgNP hydrogels, respectively, were fabri-
cated using NaBH, as an in situ crosslinking and reducing agent.
Ag” was reduced to Ag® by NaBH,. AgNPs containing hydrogel
composites were prepared using different concentrations of
AgNO; solution (6 mM and 10 mM). Gelatin and chondroitin
sulfate-based in situ synthesized AgNP-loaded nanocomposite
hydrogels were fabricated following the steps illustrated in Fig. 1.
During the fabrication process, the components of the hydrogel
composite system are dynamically crosslinked by involving
multiple interactions, including physical and chemical bonding,
as illustrated in Fig. 1. Sodium borohydride (NaBH,) has a very
significant effect both in the gelation of the G/CS/TA hydrogel
composite and in situ synthesis of AgNPs by reducing Ag(i) ions
to Ag(0). During the synthesis of AgNPs, partial catechol groups
of tannic acid are converted into quinones, and tannic acid
might be adsorbed onto the surface of synthesized AgNPs
through interaction between carboxyl ((C—0) and hydroxyl
(-OH) groups and AgNPs. Sodium borohydride (NaBH,) rapidly
dissociates into sodium metaborate (NaBO,). Sodium metabo-
rate is thermodynamically unstable, and it is readily transformed
into the tetrahydroxyborate anion B(OH,) .*' Tannic acid is a
natural polyphenol enriched with many hydroxyl groups; chon-
droitin sulfate also contains hydroxyl groups in its structure. So,
once we added the NaBH, solution to the solution containing
tannic acid and AgNO;, immediately the color of the solution
turned brown, confirming the rapid synthesis of silver nano-
particles, simultaneously producing the tetrahydroxy borate
anions (B(OH,)”). These B(OH,)” anions could form borate
esters with two pairs of cis-diol groups of tannic acid (Fig. 2(A))
creating an intermolecular complex of tannic acid and also
giving rise to the crosslinked 3D structure of hydrogel composite
systems, as demonstrated in Fig. 1. Dynamic crosslinking can be
described as any type of bond that can break and reform
simultaneously or in response to any physical or chemical stimuli.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustration of the fabrication of the gelatin—chondroitin sulphate based self-adaptable tannic acid and silver nano enriched injectable
hydrogel system for irregular deep penetrating wounds, along with possible interactions.

Dynamic crosslinking imparts hydrogels with adaptable charac-
teristics like injectability and self-healing. Multiple types of phy-
sical interactions including H-bonding between tannic acid,
gelatin, and chondroitin sulphate, n-n interactions between tan-
nic acids and chemical covalent crosslinking for borate ester
formation between cis-diol groups of tannic acid and chondroitin
sulphate give rise to a dynamically crosslinked G-CS-TA hydrogel.
Similar types of findings were also reported.®>®

FTIR spectra of G/CS/TA and G-CS-TA/AgNPs were com-
pared to determine the presence of several important function-
alities inside the hydrogel components and their contribution
to different interactions, which gave rise to the crosslinked
hydrogel composite. Fig. 2(B) shows a broad absorption band at
3291 cm " due to the stretching of N-H and polyphenolic OH of
TA.®* C-H stretching in aromatic rings of TA produced the band
at 3066 cm™ . The band at 1747 cm ™" denotes the oxidation of
polyphenolic hydroxyls into carboxyl groups. Distinct bands due
to amide I, amide II, and amide III are present at 1637 cm™ ',
1538 ecm ™', and 1233 cm™ ', respectively. The band at 1233 cm™"
also corresponds to the asymmetric extension of B-O-C, proving
the intermolecular crosslinking of cis-diols of tannic acid by
B(OH,)™ derived from NaBH,.*®

In the case of G-CS-TA/AgNP hydrogels, slight modifications can
be observed, including weak intensities of the bands at 3291 cm ™"
and 1747 cm™ ', which might be due to the interactions of ~OH,
-NH, and C—O0 groups with silver nanoparticles.

Fig. 2(C) shows the XRD spectra of AgNPs. The diffraction
peaks at 20 values of 45.879°, 66.547°, and 75.5893° signifying the
200, 220, and 311 planes confirm the crystalline nature of silver
nanoparticles. The peaks at 32.1268°, 27.7547°, and 56.8688°
might be due to unreacted AgNO;. Furthermore, the XRD pattern
of G-CS-TA, G-CS-TA/AgNP hydrogels depicts that the hydrogel
without AgNPs does not show any peaks, signifying the loading of

This journal is © The Royal Society of Chemistry 2025

AgNPs in the hydrogel composite system. However, the hydrogel
containing AgNPs has provided significant peaks (45.879° and
75.5893°) similar to that of silver nanoparticles, confirming the
successful loading of silver nanoparticles inside the hydrogel. UV-
spectra of AgNPs in Fig. 2(D) show a peak at 420 nm. A peak at
420 nm is due to the SPR (SurfacePlasmon Resonance) of synthe-
sized nanoparticles, according to the previous reports.®* More-
over, the DLS and zeta potential outcomes show that the AgNPs
have a hydrodynamics radius of about 247.3 nm. The PDI value is
0.263, referring to the mono-dispersity of synthesized silver
nanoparticles. Fig. 2(E) displays the FESEM images of synthesized
AgNPs during the hydrogel fabrication process. The FESEM
images of in situ synthesized silver nanoparticles depict that these
AgNPs are monodispersed and spherical in shape and have a
smooth surface. The size of synthesized silver nanoparticles was
determined by using Image] software from SEM images. The
distribution curve displayed in Fig. 2(H) shows that the average
size of AgNPs is 25 nm. Also, the AFM image in Fig. 2(F) confirms
the spherical nature of AgNPs. Furthermore, the production of
AgNPs was initially investigated through UV-visible spectroscopy.
The in situ synthesis of silver nanoparticles during the fabrication
of the hydrogels faces the main obstacle to making these silver
nanoparticles uniform in shape and size and avoiding their
agglomeration so that their bioactivity doesn’t get affected.
Fig. 2(G) shows the EDS spectra, depicting the presence of Ag
(77%), confirming the in situ synthesis of AgNPs; the findings
were similar to previously reported research.®” Initially, the phy-
sical appearance of the formulated hydrogel showed a uniform
distribution of tannic acid and silver nanoparticles with high
reproducibility with brown colour with increasing concentration
of the tannic acid and silver nanoparticles, as shown in Fig. 2(I).

Furthermore, the morphology of the fabricated hydrogels
was also visualized by acquiring the FESEM images of the four
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Macrograph of the various fabricated hydrogels showing the physical appearance and stability.

different compositions of hydrogels, which shows the porous
structure of scaffolds, Fig. 3(A). The presence of inter-connected
pores makes them competent for retaining large amounts of
wound exudate; most necessarily, various types of cells of skin
layers can grow and communicate and exchange nutrients
between them inside the hydrogel, which might give rise to
the new healthy skin layers. Moreover, using the Image ]
software, the pore size was calculated, which was around 163
pum, as shown in Fig. 3(B). It can be observed that the pore size
has not varied remarkably, with the varying concentrations of
tannic acid and AgNPs. The pore size is large enough for
fibroblast cells to grow, divide, and replenish their population.
Furthermore, Fig. 3(C) shows the average porosity of all scaffolds,
which was found to be more than 80%, and no significant
difference in the porosity was observed among the scaffolds.
Furthermore, to evaluate the hydrophilic nature of the scaffolds,
the swelling percentage was measured, as depicted in Fig. 3(D),
which demonstrated that all the scaffolds were entirely hydrated
within 200 hours and all the scaffolds showed perpetual swelling.
However, the swelling percentage of the scaffolds was increased

7300 | J Mater. Chem. B, 2025, 13, 7293-7310

with increasing concentrations of tannic acid and silver nano-
particles. Moreover, the degradation tendency was also investi-
gated, as shown in Fig. 3(E). This indicates good biodegradability.
The hydrogels containing AgNPs were degraded at a faster rate
compared to the hydrogels without AgNPs, which may be due to
the faster release of the TA from the hydrogels containing AgNPs
in contrast to the hydrogels without AgNPs.

The dynamic rheological behavior of the fabricated hydro-
gels is shown in Fig. 3(F) and (G). To elucidate the viscoelastic
features of the composite hydrogels, a frequency sweep was
performed. As observed in Fig. 3(F), for all the hydrogel formula-
tions, the storage modulus (G') was greater than the loss
modulus (G”), which denotes the strong intermolecular interac-
tions in hydrogels. The storage modulus (G’) of all the hydrogel
formulations behaves in a nearly frequency-independent man-
ner, indicating the formation of stable crosslinked networks,
ultimately giving rise to the 3D structure of the hydrogel. Also,
the storage modulus (G') increased gradually with increasing
concentration of TA and AgNPs, confirming the formation of a
more reversible crosslinking network. Furthermore, through

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(A) SEM images of G/CS/TA-1, G/CS/TA/AgNP-1, G/CS/TA-2, and G/CS/TA/AgNP-2. Zoomed-in SEM images of G/CS/TA/AgNP-2 demonstrating

the interconnecting pore size good for cell growth and transportation of gases and nutrient for cells. (B) Average pore size distribution of the different
fabricated hydrogels. (C) Porosity percent of the different hydrogels. (D) Comparison of swelling behaviour of fabricated hydrogels. (E) Degradation
behaviour of the fabricated hydrogels. (F) Frequency sweep analysis of fabricated hydrogels. (G) Strain sweep analysis of the fabricated hydrogels.

strain sweep experiments, the linear viscoelastic region (LVER)
and yielding point of the respective hydrogel formulations were
determined. As shown in Fig. 3(G), with increasing strain, the G’
suddenly decreases and simultaneously the G’ increases, con-
firming the disruption of the intermolecular network of the
hydrogels. The cross-over point or the yield point appears to be
at 26.5%, 50.5%, 56.9%, 62.9% of strain for G/CS/TA-1, G/CS/TA/
AgNP-1, G/CS/TA-2, and G/CS/TA/AgNP-2 hydrogels. This yield
point depicts the sol-gel transition of hydrogels, confirming the
injectability of the fabricated hydrogels.

Adhesiveness

The adhesive properties of the hydrogels were checked by apply-
ing the hydrogel samples on different types of material surfaces,
including metal, glass, rubber, goat skin, goat liver, goat bone, etc.
As shown in Fig. 4(A) the hydrogels stick to different types of
surfaces without getting detached. Even the hydrogel adhered to
the wound site in mice, suggesting the real-time adhesiveness of
the fabricated hydrogels. This adhesive nature might be attributed
to the presence of tannic acid molecules in the hydrogels, as
similar properties of tannic acid have been reported earlier
(Fig. 4(B)).°*7° Also, through the lap shear test, the quantitative
analysis of the adhesive strength of the fabricated hydrogels was

This journal is © The Royal Society of Chemistry 2025

conducted. It can be depicted from Fig. 4(C) that the adhesive
strength of G/CS/TA-1, G/CS/TA/AgNP-1, G/CS/TA-2, and G/CS/TA/
AgNP-2 is 16 kPa, 32 kPa, 36 kPa, and 45 kPa respectively. The
adhesive strength of the hydrogels has increased with an increase
in the concentration of TA and AgNPs.

Mechanical properties

Compressive stress—strain tests were performed to determine
the mechanical features of the fabricated hydrogels. Fig. 4(D)
demonstrates that all the fabricated hydrogels have favorable
mechanical properties to be used as wound dressings. All fabri-
cated nano-composite hydrogels exhibited typical “J” shaped
curves, confirming their tolerance against compressive stress. G/
CS/TA-1 exhibited a compressive stress of 0.17397 MPa at 74% of
strain. G/CS/TA-2 exhibited a compressive stress of 0.68003 MPa at
81% of strain. AgNP-loaded nano-composite hydrogels have shown
better compressive stress tolerance in comparison to hydrogels
without AgNPs. The compressive stress tolerance capacity of the
hydrogels has increased with an increase in concentrations of both
TA and AgNPs. G/CS/TA-AgNP1 and G/CS/TA-AgNP2 exhibited
compressive stress values of 0.70 MPa and 0.956 MPa at a strain
of 88%. The G/CS/TA-AgNP2 nano-composite hydrogel exhibited
the highest compressive stress of 0.956 MPa, which is almost six
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times that of G/CS/TA-1; this increase in compression stress
tolerance might be due to increase in interaction due to more H-
bonding formation, borate-ester formation, and metal-phenolic
co-ordination along with the increase in the concentration of TA
and AgNPs.

Self-healing

The self-healing nature of the hydrogels is shown in Fig. 4(E). The
different colored hydrogels were kept together without any exter-
nal stimulus, and after 60 minutes, the different colored hydrogels
self-healed to become one single hydrogel. This self-healing
property may be due to the reversible borate ester-based cross-
linking along with hydrogen bonds and n-n interaction (Fig. S2,
ESIY), similar to the previous reports.®® Also, through the step-
strain test, the reversible change in the modulus of the hydrogels
was observed. The step-strain demonstrated that at lower strain,
the storage modulus (G') was greater than the loss modulus (G”),

A

Glass rod Metal rod Rubber surface

Mice wound
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but once the strain was increased, the storage modulus (G')
dropped even below the loss modulus (G"); also, upon reducing
the strain from the high strain, the storage modulus recovered as
it was initially (Fig. 4(F)). Thus, this confirmed the self-healing
ability of the fabricated hydrogels.

Injectability

The syringeability of the hydrogels was excellent as nearly 100%
of all the hydrogel formulations extruded from the injections
(TableS3, ESIT); also, the pre-gel solution can be easily loaded
into a 5 mL syringe as shown in Fig. S1(A) (ESIt). Furthermore,
the fabricated hydrogels were injected through an injection
device equipped with a 24 G needle (Fig. S1(B), ESI{) and distinct
letters were written (Fig. S1(C), ESIT) while injecting through the
injection device to demonstrate both excellent injectability and
printability of the fabricated hydrogels. The shear-dependent
viscosity changes of all the hydrogel formulations were reversible
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Fig. 4 (A) Adhesiveness of the fabricated hydrogels on different surfaces (glass rod, rubber, live mice wound, goat skin, goat liver, and goat bone). (B)
Mechanism of hydrogel adhesion. (C) Quantitative analysis of the adhesive strength of fabricated hydrogels was determined through the lap-shear test.
(D) Compressive stress—strain curve of fabricated hydrogels. (E) Visual self-healing of the fabricated hydrogel. (F) Step-strain measurements of fabricated

hydrogels, alternate step-strain from low (0.1%) to high (10%) strain, with a frequency of 1 rad s

~1 (G) Step-shear measurements of fabricated hydrogels,

with alternate shear switch from low shear (0.1 s7%) rates to high shear (100 s™) rates.
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when subjected to a cyclic shear switch from a low shear rate hydrogels, as the viscosity of the hydrogel is maintained when
(0.157") to a high shear rate (100 s~ '), as shown in Fig. 4(G). This  low shear is applied, but the viscosity reduced when a high shear
indicates the shear thinning behaviour of the fabricated rate is applied. So, the hydrogel becomes a sol inside the
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Fig. 5 (A) Cumulative release of tannic acid from different compositions of the hydrogels. (B) Cumulative release of AgNPs from different compositions
of the hydrogel. (C) Quantitative analysis of the percentage of free radical scavenging activity. (D) Mechanism of free radical scavenging activity.
(E) Antioxidant activity of the fabricated hydrogels, where macrographs represent the free radical scavenging activity of the hydrogels after 12 hours;
(i) Untreated DPPH, (ii) G/CS/TA-1, (iii) G/CS/TA/AgNP-1, (iv) G/CS/TA-2, and (v) G/CS/TA/AgNP-2 treated DPPH respectively. (F) Quantification of the
antibacterial activity in terms of the percentage of bacterial (E. coli) inhibition by the fabricated hydrogels via a turbidity method. (G) Zone of inhibition
against E. coli. (H) Quantitative analysis of the zone of inhibition against E. coli. (I) Quantification of the antibacterial activity in terms of the percentage of
bacterial (S. aureus) inhibition by the fabricated hydrogels via a turbidity method. (J) Zone of inhibition against S. aureus and (K) quantitative analysis of
the zone of inhibition against S. aureus. Here, columns/lines and error bars represent mean and standard deviation, whereas *p <0.05, **p <0.005, and
***p <0.0005 show the statistical difference.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025,13, 7293-7310 | 7303


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02537g

Open Access Article. Published on 14 May 2025. Downloaded on 2/25/2026 2:51:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

injection syringe, but once it is extruded outside the syringe, it
becomes a gel, regaining its viscosity.

Drug release behaviour

The release profiles of TA and AgNPs are shown in Fig. 5(A) and (B),
respectively, which shows that both TA and AgNPs have been
sustainably released over 96 hours. In the case of G-CS-TA/AgNP
hydrogels, it can be observed that silver nanoparticles have accel-
erated the release of tannic acid compared to the hydrogel without
silver nanoparticles. Both the AgNPs and TA have been released in a
biphasic manner, showing burst release up to 15 hours followed by
a sustainable release for 80 hours. The initial burst release of TA
molecules could be due to several aspects, including (1) the effect of
surface-bound AgNPs and TA molecules, which were released due
to their highly hydrophilic nature and (2) the TA molecules form
many non-covalent physical interactions like hydrogen bonds with
other components of the hydrogels, but at basic pH of the PBS the
phenolic OH groups oxidize into quinone groups and these hydro-
gen bonds are disrupted, which has been also highlighted in a
previous report.”* This sustainable release of TA and AgNPs is very
beneficial for extended antibacterial, anti-inflammatory, and anti-
oxidant activities at the site of the wound.

Furthermore, the TA and AgNP release data of each hydrogel
were processed in several mathematical kinetic models to check
the release kinetics behavior (Fig. S3 and S4, ESIt). According to
the correlation coefficient (R*), depicted in Tables S4 and S5, ESI,
it can be observed that the release of both TA and AgNPs follows
the Hixson model’® in a better way compared to other models. R>
values of both TA and AgNPs fitted the Hixson-model properly,
and this indicates that both the therapeutics (TA and AgNPs) have
been released from the porous hydrogel matrix due to the
dissolution of the hydrogel matrix over the time period.”>”*

Antioxidant activity

If reactive oxygen species (ROS) accumulate at the wound site, it
causes oxidative stress/damage to the surrounding tissues, leading
to delayed healing and an increased risk of infection. Therefore,
fabricated hydrogels were equipped with free radical scavenging
agents to neutralize or inhibit the harmful effects of reactive
molecules/free radicals. The free radical scavenging capability of
fabricated hydrogels is visualized in Fig. 5(C) after 12 hours
through the DPPH scavenging assay. Increasing the concentration
of the tannic acid and silver nanoparticles increases the antiox-
idant activity quantified as the percentage of DPPH scavenging, as
depicted in Fig. 5(E). More than 90% of DPPH-based free radicals
were scavenged by the G/CS/TA/AgNP-2 hydrogel formulation,
indicating that this formulation can be much more efficient at
ROS scavenging in wound conditions than all other fabricated
formulations. Also, with an increase in the released amount of the
TA from the hydrogels, the DPPH scavenging activity gradually
decreased, claiming the concentration-dependent DPPH scaven-
ging activity of the TA.

Antibacterial activity assessment

Furthermore, bacterial infections are a common impediment to
wounds. They can postpone curing and increase the possibility
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of more severe problems by causing inflammation and impairing
the body’s natural healing processes, leading to tissue damage
and necrosis. Preventing bacterial infections at wound sites
entails a multi-faceted approach, including the use of antibacter-
ial agents. In this study, the fabricated hydrogels were also loaded
with well-known antibacterial agents like TA and AgNPs to tackle
bacterial infections at the wound site, and their in vitro antibac-
terial activities against E. coli and S. aureus are shown in Fig. 5(F)-
(K). Initially, the antibacterial activity of the fabricated hydrogels
was determined in terms of the percentage of bacterial inhibition
using the turbidity method, as demonstrated in Fig. 5(F) and (I).
All fabricated hydrogels show E. coli and S. aureus growth inhibi-
tion. Hydrogels G/CS/TA/AgNP-1 and G/CS/TA/AgNP-2 show a
significantly higher percentage of bacterial inhibition than all
other fabricated hydrogels. This may be due to the synergistic
effect of the amalgamation of the AgNPs and TA into the G/CS
hydrogel system. G/CS/TA-1, G/CS/TA-AgNP1, G/CS/TA-2, and G/
CS/TA-AgNP2 exhibited 78%, 87%, 96%, and 98.2% bacterial
inhibition (%) against E. coli respectively. Subsequently, G/CS/
TA-1, G/CS/TA-AgNP1, G/CS/TA-2, and G/CS/TA-AgNP2 inhibited
72%, 84%, 94%, and 96% of S. aureus, respectively. Moreover, the
hydrogel’s antibacterial activity was also determined using the
zone of inhibition method, as demonstrated in Fig. 5(G) and (J).
The zones of inhibition created by G/CS/TA-1, G/CS/TA-AgNP1, G/
CS/TA-2, and G/CS/TA-AgNP2 against E. coli were 5 mm, 6.5 mm,
7 mm, and 9 mm, respectively, as shown in Fig. 5(H). Similarly,
against S. aureus the zones of inhibition developed by G/CS/TA-1,
G/CS/TA-AgNP1, G/CS/TA-2, and G/CS/TA-AgNP2 were 2.9 mm,
5 mm, 6.5 mm, and 8 mm, as shown in Fig. 5(k). Hydrogels depict
a better inhibition zone of the E. coli bacteria compared to the S.
aureus bacteria. Among all hydrogels, G/CS/TA/AgNP-2 shows a
significantly higher zone of inhibition than all other fabricated
hydrogels. The overall antibacterial assessment suggested that the
developed G/CS/TA/AgNP-2 hydrogel has competent budding to
destroy Gram-positive and Gram-negative types of bacteria when-
ever they try to grow over the wound site.

In vitro cytotoxicity assay

Evaluating the biological behaviour of fabricated hydrogels is a
crucial step for ensuring their safety, efficacy, and suitability in
terms of hemocompatibility, cytotoxicity with cells, in vitro anti-
oxidant behaviour, antibacterial activity, and in vivo response in
promoting the complex processes entangled in tissue regenera-
tion and wound healing. First of all, the fabricated hydrogels were
initially encountered with blood cells using the hemocompatibil-
ity protocol, which is a process of evaluating the compatibility of
materials with blood and its components to ensure that the
material does not cause any adverse effects on blood and its
components, such as clotting, haemolysis, or inflammation
(Fig. 6(A)). The fabricated materials will also come in contact with
the blood during the application at the wound site. Hence, the
blood cell compatibility of the fabricated hydrogels in terms of
haemolysis percentage was investigated, as shown in Fig. 6(A) and
(B). Fig. 6(A) shows a developed RBC pellet in tubes treated with
PBS and all fabricated hydrogels, indicating no significant hae-
molysis. In contrast, the positive control (Triton-X) illustrates the
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Fig. 6

(A) Biocompatibility of the fabricated hydrogels against the red blood cells (RBC). (B) Percentage of hemolysis by fabricated hydrogels. (C) HDF-n

cell viability over the fabricated hydrogels and PBS (control). (D) Live/dead assay with fabricated hydrogel systems. Here, columns and error bars
represent mean and standard deviation, whereas *p < 0.05, **p < 0.005, and ***p < 0.0005 show the statistical difference.

full-scale haemolysis, as shown by the reddish color of the super-
natant. Furthermore, haemolysis was quantified by taking the
absorbance of the supernatant (Fig. 6(B)). In Fig. 6(A), quantitative
analysis of hemolysis illustrates that G/CS/TA-1, G/CS/TA-AgNP1,
G/CS/TA-2, and G/CS/TA-AgNP2 caused 1.44%, 2.00%, 3.55%, and
4.082% hemolysis respectively. All hydrogels show less than 5% of
haemolysis. According to the haemolytic index (ASTM standard
F756) of implanted materials, all hydrogels should be considered
haemocompatible.

Furthermore, cytocompatibility is an essential parameter to
check the toxicological behavior of the hydrogel with the
fibroblast cells, which will be used for wound healing. There-
fore, the cytocompatibility of the fabricated hydrogels was
determined by using HDF-n cell lines, as shown in Fig. 6(C).
The percentage of cell viability depicts the gradual increase in
the HDF-n cell viability (mitochondrial activity) with increasing
concentration of the TA and AgNPs in the fabricated G/CS
hydrogel systems with increasing time of incubation. The G/
CS/TA/AgNP-2 hydrogel was found to be significant compared
to the hydrogels G/CS/TA-1 and G/CS/TA-2 and PBS (control).
However, some nonsignificant cytotoxic effects of AgNPs and
TA were observed, which may be due to the oxidative stress or

This journal is © The Royal Society of Chemistry 2025

interaction with the cell membrane. Therefore, it is concluded
that incorporating the AgNPs into the fabricated systems is
biocompatible with the HDF-n cells, and all hydrogels are also
biocompatible.

Moreover, the morphology of seeded HDF-n cells on the
fabricated hydrogels was evaluated using a live/dead staining
assay, as shown in Fig. 6(D). Histological staining offers diverse
insights into cell-biomaterial interactions like cell distribution,
cell morphology, and cell spreading. The live stained images
show that no significant morphological effect was observed on
the cells treated with all hydrogel systems. As early as many
researchers have observed, the morphology of all growing cells
appears to be healthy.””> However, slight toxicity was observed
as the number of dead cells increased with the concentration of
the silver nanoparticles and TA in the composite hydrogels
increased, as similarly observed in the MTT assay.

In vivo irregular wound healing activity

The above research outcomes from the various in vitro studies
well demonstrated that the fabricated hydrogels are tissue
adhesive, self-healing, self-adaptable, and easily injectable,
show sustained release of tannic acid and AgNPs, and have
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antimicrobial properties, favourable antioxidant activity, and
biocompatibility with HDF-N fibroblast cells and red blood cells;
all these strongly suggest their excellent application potential in
irregular deep wound healing. Thus, evaluating the potential of
injectable hydrogels for irregular wound healing is crucial for
ensuring healing effectiveness, adaptability, and clinical rele-
vance across a spectrum of wound shapes and conditions in real-
world applications. For that purpose, the profound full-thickness
irregular wound healing potential of the fabricated hydrogels
evaluated in a mouse model (Fig. 7(A)) through macroscopic
examination of the wound showed significant contraction in the
base material group and loaded material group, with an almost
healed surface and partial hair regrowth on the 14th day. In
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Fig. 7(D), it is depicted that the negative control-treated group
showed only 92% of wound contraction, whereas the positive
control-treated group promoted 98.7% wound contraction. The
hydrogel system G/CS/TA/AgNP-2, with silver nanoparticles and
TA, showed approximately 100% wound closure and hair growth
also, except for a very minor scar remains compared to the
control groups. Significant wound closure was also seen in the
vehicle group G/CS/TA-2, indicating the effectiveness of the
tannic acid used in the formulation (Fig. 7(B)-(D)). The scar
tissue formation was greater and more evident in the G/CS/TA-2
and G/CS/TA/AgNP-2 groups as compared to the positive and
negative controls. The wound contraction in the G/CS/TA-2
group and the positive control, i.e. betadine, was almost similar.
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(A) Schematic of the timeline of the in vivo experimental process of the full-thickness irregular wound healing assay. (B) Macroscopic images of

the irregular wound closure during 14 days indicating that the silver-loaded hydrogel promotes an increased rate of wound healing in Balb/c mice.
(C) Wound healing traces of the different treatment groups. (D) Percentage of the irregular wound contraction over the time period of 14 days. Here, lines

and error bars signify the mean and standard deviation.
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Furthermore, the histological examination done through the
H&E staining method on the healed skin tissues of the mice
model also contributed valuable evidence regarding the cellular
and tissue level changes that occurred during the wound
healing process, demonstrated in Fig. 8(A) and (B). A significant
number of fibroblasts were seen in the skin tissues of the group
G/CS/TA/AgNP-2 as compared to the negative control group
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(Fig. 8(A)). Hair follicular formation was highly seen in the skin
tissue of G/CS/TA/AgNP-2 treated group on the 14th day,
indicating maximum healing. The amount of epidermis was
larger in both G/CS/TA-2 and G/CS/TA/AgNP-2 than in the
negative control group. Overall, the G/CS/TA/AgNP-2 formu-
lated hydrogel showed a significant difference in the rate of
wound healing with a significant decrease in the time taken for
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Fig. 8 (A) H&E-stained images of harvested skin sections of the full-thickness irregular wounds on the 14th day as examined at 40x and 100x, indicating
various markers of wound healing. HF — hair follicle, GT — granular tissue, NV — neo vasculature, FG — fibroblast growth. (B) H&E-stained images of the
liver harvested from the experimental mice on the 14th day as examined at 40x and 100x. Liver histology of all the groups appears to be normal, with
normal hepatic lobules that feature central veins and portal tracts. (C) The cytokine graph of IL-1a shows the effect of different topical treatments on the
production of cytokine levels on day 14 examined in the Balb/c mouse wound models. (D) Cytokine graph of TNF-a shows the effect of different topical
treatments on the production of cytokine levels on day 14 examined in the Balb/c mouse wound models. (E) Cytokine graph of TGF-p shows the effect of
different topical treatments on the production of cytokine levels on day 14 examined in the Balb/c mouse wound models. (F) Cytokine graph of IL-10
shows the effect of different topical treatments on the production of cytokine levels on day 14 examined in the Balb/c mouse wound models. Negative
control — saline, positive control — commercial betadine. Here, columns and error bars signify mean and standard deviation, whereas * indicates a p value
of 0.3.
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the irregular wound to heal (Fig. 8(A)). Using gelatin in the
formulation has dramatically helped in the proliferation of
fibroblasts, and the incorporation of tannic acid has helped
the topical formulation adhere to the skin surface. Tannic acid
has various supportive bioactive properties, such as antioxi-
dant, anti-inflammatory, and antibacterial, which has also been
confirmed by the wound getting healed at a more incredible
speed for both G/CS/TA-2 and G/CS/TA/AgNP-2 treated mice
groups (Fig. 8(A)). However, the group G/CS/TA/AgNP-2 having
silver nano-formulation clearly showed a significant difference
in wound closure with the indication of higher wound healing
efficacy comparatively. Then again, the negative control group,
i.e., the mice subjected to saline treatment, showed incomplete
re-epithelialization. The epithelization was more prominent
towards the ends as compared to the centre. Observing the
tissue histology of the G/CS/TA/AgNP-2 treated group, it shows
greater re-epithelialization and structured tissue development.
Also, the epidermal thickness of the H&E-stained skin tissue of
the different treatment groups was determined. Fig. S5 (ESIY)
shows that the epidermal thicknesses of control (—ve), control
(+ve), G/CS/TA-2, and the G/CS/TA/AgNP-2 treated mouse
groups were 10.56 um, 26.26 pm, 30.5 pm, and 49.44 um,
respectively. Macrophages and inflammation were evidently
visible in the negative control group and, to some extent, the
positive control group as well. Moreover, neovascularization is
seen effectively in the histology of the loaded material group.
The formation of hair follicles is also seen in the tissue
histology of the G/CS/TA/AgNP-2 treated group, thus indicating
appropriate wound healing. Blue indicates keratinocytes.
Hence, it can be concluded that the hydrogel materials contain-
ing tannic acid and silver nanoparticles showed significant
proliferation and maturation of fibroblasts, leading to expe-
dited wound healing. Moreover, scar tissue formation was
greater and more evident in the G/CS/TA-2 and G/CS/TA/
AgNP-2 groups than in the positive and negative controls. The
wound contraction in the G/CS/TA group and the positive
control, i.e., betadine, was almost similar. Moreover, histologi-
cal examination of liver samples acquired on the 14th day
indicated that hepatocytes are intact, retaining their shape
and indicating no toxicity of the formulated hydrogels
(Fig. 8(B)).

The sandwich-ELISA method, which was performed to quan-
tify various anti-inflammatory and pro-inflammatory cytokines,
namely TNF-o, TGF-B, IL-10 and IL-1o, as illustrated in
Fig. 8(C)-(F) provided significant insights for the immune
responses generated and the anti-inflammatory properties of
the formulated hydrogels.”® TNF-o levels (Fig. 8(D)) of the
formulated hydrogel G/CS/TA/AgNP-2 were closer to the positive
control group (commercial betadine) and lower than the nega-
tive control group (N. saline), showing possibly reduced pro-
inflammatory response. TGF-B levels (Fig. 8(E)) were found to
be higher in the G/CS/TA/AgNP-2 group than in the G/CS/TA-2
group, indicating higher anti-inflammatory response. IL-1a is a
pro-inflammatory cytokine in nature,”” so its levels in the G/CS/
TA/AgNP-2 formulated hydrogel group were significantly lower
than those in all other groups, as shown in Fig. 8(C). IL-10 levels
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in G/CS/TA-2 and G/CS/TA/AgNP-2 hydrogel-treated groups, as
seen in Fig. 8(F), show adequate anti-inflammatory response
generation. However, further studies need to be done to prove
the anti-inflammatory nature of the formulated hydrogel. Over-
all, the topical application of the G/CS/TA/AgNP-2 hydrogel
system turned out to be highly effective in adopting the
irregular shape of the wound and accelerating wound healing
and an excellent alternative treatment for irregular wounds
without using any secondary dressing.

Conclusion

In this study, a dynamically crosslinked injectable bioactive
hydrogel was fabricated. The hydrogels were prepared using
natural polymers, gelatin, and chondroitin sulfate enriched with
in situ synthesized AgNPs. NaBH, was used as a chemical cross-
linking and reducing agent of AgNO; to in situ synthesize AgNPs.
Tannic acid was used as a physical crosslinker and therapeutic
agent. The fabricated hydrogel was porous and adhesive in nature.
Hydrogels exhibited self-healing properties due to the presence of
reversible borate ester bonds. Hydrogels sustainably released
tannic acid and silver nanoparticles. In vitro studies demonstrated
the biocompatibility, free radical scavenging, and bactericidal
activity of the fabricated hydrogels. Furthermore, in vivo studies
have established the wound healing efficacy of the nano-
composite injectable hydrogel due to the synergistic activity of
the tannic acid and AgNPs. ELISA studies also confirmed the anti-
inflammatory nature of the hydrogels, mainly due to the presence
of tannic acid. Along with these features, the ease of synthesis of
the injectable hydrogel makes it a promising candidate as an
advanced wound dressing to treat irregular deep skin wounds.
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