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Interpenetrating gelatin/sodium alginate hydrogel
with controlled PRP lysate delivery for accelerating
diabetic wound healing with reduced scarring
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Hyperglycemia induced growth factor deficiency in diabetic wounds confines the wound healing process to
chronic inflammation and impairs effective healing. Platelet rich plasma lysate (PL) biomolecules (growth
factors and cytokines) have shown efficacy in triggering effective wound healing signals in diabetic
wounds. However, PL injection at the wound site causes early degradation of the biomolecules by the
wound enzymes, underlining the necessity of a controlled biomaterial based delivery platform. In this
study, an interpenetrating polymer network (IPN) hydrogel composed of natural polymers, gelatin, and
sodium alginate (Gel/SA) was introduced to overcome the limitations of natural polymers and as
a delivery medium for PL. The IPN was developed through simultaneous covalent crosslinking of gelatin
and ionic crosslinking of sodium alginate, forming a dense network. The Gel/SA IPN hydrogel provides
accessible favorable functional groups of the polymers which offer better swelling, water retention and
more controlled diffusion dominated PL delivery than the conventional Gel/SA hydrogels. The Gel/SA
IPN hydrogel exhibited the required wound dressing properties, such as swelling properties, gel fraction
(80%), water retention capacity, water vapor transmission rate, hemolysis, blood clotting, and
antibacterial properties. The ATR-FTIR spectra confirmed successful IPN formation, which provided

" 416th D ber 2025 controlled network degradation, offered the sustained release (70%) of PL, and optimized their
eceive th December . . ’
Accepted 17th February 2026 susceptibility to wound enzymes. The results showed that the Gel/SA@PL hydrogel provided effective
blood clotting and wound healing properties with enhanced growth factor mediated hemostasis, re-
DOI: 10.1039/d5ra09743f epithelialization, adipocyte formation to regulate granulation tissue formation, uniform collagen

rsc.li/rsc-advances deposition, and minimal scar formation in the diabetic wound model.
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1 Introduction

Diabetic complications such as hyperglycemia, neuropathy,
vascular abnormalities, chronic inflammation, etc., contribute
to the formation of chronic diabetic wounds. Hyperglycemia
can induce malfunctioning skin cells, excessive reactive oxygen
species (ROS) production, and peripheral neuropathy, resulting
in compromised re-epithelialization, vascular dysfunction-
alities, and excess pressure at skin surfaces. These phenomena
eventually lead to impaired wound healing with compromised
tissue regeneration in diabetic wounds. Peripheral neuropathy
increases the risk of diabetic foot ulcers by escalated pressure at
the bottom surface of the foot, reduced blood flow, repeated
tissue injury, biofilm formation by microbes, low activity of
growth factors and cytokines, and large amounts of inflamma-
tory cells at the wound site, causing chronic inflammation.
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Extended chronic inflammation increases protease activity,
which causes proteolysis of growth factors and the extracellular
matrix (ECM), preventing the wound healing progression from
inflammation to proliferation and trapping the healing in
a chronic inflammation loop.*?

To treat chronic wounds such as diabetic foot ulcer (DFU),
molecular therapies are the most effective approach. However,
finding a proper way to provide molecular therapies remains
challenging.® Growth factors such as platelet derived growth
factor (PDGF), vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), epidermal growth factor (EGF),
hepatocyte growth factor (HGF), transforming growth factor
(TGF-B), keratinocyte growth factor (KGF), angiopoietin-I (ANG-
I), stromal cell derived factor (SDF-1a), and cytokine tumor
necrosis factor (TNF a-f3) have demonstrated the ability to boost
diabetic wound healing, alleviating inflammation, and vascular
problems in diabetic wounds. FDA approved the clinical
application of recombinant human platelet-derived growth
factor (rh-PDGF-BB) for treating diabetic foot ulcers, and other
single growth factor applications such as recombinant human
basic fibroblastic growth factor (rh-bFGF) or recombinant
human vascular endothelial growth factor (rh-VEGF-A) for
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wound healing have also been explored. However, compared to
single growth factor application, PL provides a more advanta-
geous platform where symbiotic combined activities of multiple
growth factors in the wounded area can significantly enhance
wound healing.*® PL is an acellular preparation comprised of
platelet released growth factors, proteases and protease inhib-
itors, antimicrobial proteins, and cytokines, among various
other elements.®® It has been found in a study that subcuta-
neous infiltration of PRP in cutaneous wounds in dog demon-
strated enhanced wound healing dynamics including high
collagen deposition and reduction of scar formation.’
However, the topical application of such growth factors for
clinical chronic wound treatment has exhibited unfavorable
results, such as the dilution of growth factors by wound
exudates.' Topical application or intradermal injection are two
ways to accomplish direct delivery; nevertheless, the bioactivity
is only temporary due to proteolysis and undermining support.
For instance, angiogenesis cannot be sustained by a consider-
able infusion of numerous growth factors. Biomaterial based
delivery can be accomplished by adding growth factors to ECM
like hydrogels, scaffolds, or particles that can offer proteolytic
protection and structural support while still retaining the
bioactivity of growth factors."* An ideal wound dressing should
have tunable degradation to resemble the wound healing
timeline, high swelling capacity, and water retention properties
to absorb chronic wound exudate and maintain appropriate
moist wound bed, conformity, and nonadherence to the wound
to avoid pain during dressing removal. While widely available
wound dressings composed of fibers, films, foams, and nano-
particle based topical formulations fail to meet these criteria,
hydrogel stands out with its attractive features, such as antiox-
idant properties, tunable biodegradability, flexibility, mechan-
ical strength, porosity, efficient loading of molecules, etc.*>**
Gelatin primarily consists of the remains of three amino
acids: glycine (arranged every third unit), proline, and 4-
hydroxyproline, and offers good biodegradability, biocompati-
bility, and increased pyrrolidines, forming a strong gel.™*
Gelatin molecules can form an electronic interaction based on
the charge located over its polymer backbone and the acidic/
essential nature of the growth factors in the presence of colla-
genase secreted by the damaged tissue.” This interaction
between gelatin and growth factors immobilizes the growth
factors in the network meshes, and the growth factors are
released by controlled degradation of gelatin based hydrogels.
Gelatin based biomaterials combined with different synthetic
polymers to incorporate single growth factors were studied for
delivering growth factors to accelerate wound healing in
chronic wounds.? Gelatin based hydrogel provided sustained
release of fibroblast growth factor, which promoted angiogen-
esis and granulation tissue formation more efficiently than the
topical application of the growth factor.’® Pure gelatin based
hydrogels exhibit low tensile strength and mechanical stability,
compromising their eligibility for wound dressing applica-
tions.”” It has been exhibited in a study that gelatin/alginate
composite can form a stable structure with H bonding and
depicts promising potential in encapsulating epidermal growth
factor (EGF) through electrostatic interaction.*® Sodium alginate
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can introduce many advantageous properties to the gelatin
sheet hydrogels, such as improved mechanical stability, water
vapor transmission capacity, hydrophilicity, bioadhesion,
immunogenicity, and protein absorption quality, triggering re-
epithelialization and granulation tissue formation for acceler-
ated wound closure.”*" Sodium alginate can covalently bind
with the adhesion peptides of growth factors, promoting the
controlled release of growth factors from its network.? Studies
have shown that gelatin/sodium alginate scaffolds play
a significant role in reducing inflammation and collagen
reconstruction and in promoting scar reduction.?*** Although
gelatin/alginate hydrogel combination has been studied with
different delivery molecules and functional molecules to trigger
favorable molecular activity for wound healing applications,
this combination has not yet been studied for delivering
multiple growth factors.?*?* This is because of their poor
mechanical properties and the structural network instability.
Therefore, novel dual networking or combination with synthetic
polymers has been studied to overcome these challenges.”
Studies have shown that semi IPN and double network
gelatin/sodium alginate hydrogels hold great potential for
tissue engineering applications. A study compared alginate
semi IPN hydrogel with alginate/gelatin IPN for organ bi-
oprinting and found that semi IPN hydrogel was mechanically
unstable with poor integrity.”® Another study depicted that
double network of gelatin/sodium alginate hydrogel offers high
stiffness and toughness which are more suitable for cartilage
tissue engineering rather wound healing applications.*® Hence,
studies explored gelatin/sodium alginate IPN hydrogel networks
through Schiff base or zero length crosslinking of gelatin and
ionic or UV crosslinking of sodium alginate for skin tissue
regeneration.’** The interpenetrating network (IPN) develop-
ment strategy can be adopted as a dual network technology, as it
can provide better mechanical properties along with high
swelling, permeability, and tunable drug release.*> An IPN
comprises physically entangled crosslinked polymer networks
without any internetwork chemical bond.** IPN possesses
a denser network than a single polymer network, which offers
properties such as good mechanical stability, favorable swelling
capacity, and tunability of drug loading and release kinetics
through controlled porosity and degradation.*” A dual cross-
linked gelatin/sodium alginate based IPN hydrogel system
loaded with berberine demonstrated a highly porous network
resulting in high swelling capacity along with good biocom-
patibility, antibacterial properties, and controlled drug release,
enhancing its scope in wound dressing applications.** Another
study on physically crosslinked gelatin/sodium alginate hydro-
gel, which formed an IPN of polymers crosslinked by alginic
acid and hydrogen bonds, revealed excellent mechanical prop-
erties, stability in different pH solutions, and self healing
properties, expanding its application horizon in different
biomedical technologies and biosensors.*® IPN hydrogel
networks have been proven to be an excellent ECM structure for
releasing growth factor rich PRP. A study fabricated an IPN
consisting of a fibrinogen network from PRP and a sodium
alginate network to entrap growth factors released from the
activated platelets in PRP. PRP gel can be damaged in different
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Fig.1 Human PL was incorporated into the Gel/SA IPN hydrogel network to accelerate diabetic wound healing. EDC triggered the crosslinking
of gelatin polymer chains, and sodium alginate polymer chains were crosslinked by Ca2* ions. Individual crosslinked polymer chains coexisted in
the IPN to form the hydrogel. PL loaded Gel/SA@PL IPN hydrogel dressing was applied topically to a diabetic mice wound model, which closed
the wound with minimal scar formation. Figure was partially adapted from Smart-Servier Medical Art.

physiological conditions, leading to an increased clearance rate
and a short half life of growth factors, compromising its
application in wound healing. Compared to single network PRP
gel, this double network hydrogel provided excellent self heal-
ing properties and sustained release of entrapped growth
factors.*

Pure gelatin and sodium alginate have some limitations in
their swelling capacity and mechanical stability.>” Fabricating
an IPN structure which consists of these two polymers can
compensate for these limitations. IPN hydrogels keep the
hydrophilic groups of the polymer chains unoccupied which
contribute to the water uptake in the system, increasing the
swelling capacity of the network. The dense polymer network of
the structure limits solvent transport with fewer aqueous
channels which restrict water loss and facilitates controlled
degradation with increased solvent permeation.’*®** The incor-
poration of sodium alginate as a secondary network in the IPN
offers controlled release of the molecule due to polymer's
ionizable group and pH dependent swelling behavior along
with the structure's favorable diffusion pathways for the
entrapped molecule.*®* Therefore, the IPN hydrogel network
holds great potential for efficient encapsulation and controlled
release of PL. Although gelatin/sodium alginate IPN exhibited
promising drug release kinetics, it has not yet been studied for
the release of growth factors. Considering the excellent features
of gelatin/sodium alginate IPN and its prospect of overcoming
the challenges of pure natural polymer based hydrogels,
a gelatin/sodium alginate IPN hydrogel dressing was fabricated
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for the controlled release of PL to explore its advantages in
treating chronic diabetic wounds (Fig. 1).

2 Materials and methods
2.1 Materials

Porcine gelatin and EDC (1-ethyl-3(3-dimethylaminopropyl)
carbodiimide) were purchased from Sigma Aldrich, India.
Sodium alginate (the viscosity of 2% solution is 3200 mPa s at 25
°C) and Calcium Chloride were obtained from Loba Chemie,
India. All other chemical components are reagent grade.

2.2 Methods

2.2.1 Fabrication of Gel/SA hydrogel. 10% (w/v) porcine
gelatin and 2% (w/v) Sodium Alginate were mixed in 10 mL DI.
The solution was stirred at 65 °C for 3-4 h with high rpm fol-
lowed by low rpm after the gelatin was mixed using a magnetic
stirrer. The solution was poured into a small 2 cm diameter
Petri dish and kept at 4 °C for 24 h. A crosslinker solution was
made using 3% EDC and 8% CaCl,. These two components
were dissolved in Ethanol. After 24 h, the solution in the Petri
dish formed a gel, which was demolded and immersed in the
crosslinker solution for another 24 h at the same temperature as
before. Hydrogel was formed and collected by washing it with
DI several times.

2.2.2 Extraction of PL. To extract PL human blood was
collected in accordance with the Declaration of Helsinki and
applicable regulations. The experiments

national were
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approved by the ethics committee of the National Institute of
Burn & Plastic Surgery under approval number NIBPS-
February24/03. Informed consents were obtained from human
participants of this study. The blood underwent plasmapheresis
to yield platelet concentrate with sample density of 3 x 10"
cells per pL. Platelet concentrates were exposed to two repeated
freeze-thaw cycles (frozen at —80 °C for 18 h and thawed at 37 °©
C for 30 min) to trigger platelet lysis and activation of its
biomolecules, as shown in Fig. 2(a). The obtained PL was
diluted with DI in a 1:1 ratio.

2.2.3 Fabrication of PL incorporated Gel/SA@PL hydrogel.
The solution was poured into a small 2 cm diameter Petri dish
for obtaining spherical shape and kept at 4 °C for 24 h.

2.3 Characterizations

2.3.1 Attenuated total reflectance fourier transform
infrared (ATR-FTIR) spectroscopy. The chemical structure and
network bond among gelatin, sodium alginate, and PL was
observed by analyzing the characteristic peaks of pure gelatin
hydrogel, sodium alginate hydrogel, liquid PL, Gel/SA hydrogel,
and Gel/SA@PL hydrogel using Nicolet iS5 FTIR Spectrometer
(Nicolet Instrument Corporation, WI, USA) in the wavelength
range of 4000-500 cm™ . The measurements were taken using
OMNIC spectra software. The test was done in a silent room to
reduce background noise, and the diamond tip was properly
rinsed with propanol before testing.

2.3.2 Swelling. Pre weighed samples of the Gel/SA@ PL and
Gel/SA hydrogel composites were dissipated in 10 mL of PBS,
which were preserved in 20 mL glass vials for 24 h at 37 °C. The
composite hydrogels were removed from the PBS and weighed
after soaking up excessive water on absorbent tissue paper. The

following equation was used to determine the water uptake:
Wwel - Wdry

dry

Swelling (%) = x 100

Wyer and Wy, refer to the weight of wet and dry composite gel,
respectively. Swelling experiments were conducted three times
for upconverting hydrogel composites.

2.3.3 Degradation. The in vitro hydrolytic degradation of
the hydrogel was measured after the swelling test. The effect of
salt ions and water on the gelatin and alginate chain disen-
tanglement was analyzed using PBS of pH 7.*° The samples were
submerged in PBS at 37 °C for 5 days, followed by oven-drying at
60 °C to disrupt the network at the polymer level, and weights
were taken in several time intervals.

Wi — Wy

Degradation(%) = x 100

W; and Wy indicate the hydrogel's initial and final dry weights
after degradation, respectively.**

2.3.4 Gel fraction. The pre weighed hydrogel pieces (1 x 1
cm?) were dried at 40 °C for 24 h. The dried hydrogel pieces were
immersed in distilled water for 48 h at 37 °C to reach swelling
weight. The part of the remaining hydrogel was again oven-
dried at the same temperature for another 24 h to obtain the
dried crosslinked structure. The hydrogel became a dried film,
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and it was weighed. The gel fraction was calculated using the
following formula:**

Wy

Gel fraction(%) = x 100

1

Wq and W; indicate the final dried film weight and the initial
dried hydrogel weight, respectively.

2.3.5 Water retention capacity. The hydrogel samples were
swollen in DI water for 24 h. After the removal of excess surface
water, the initial wet weight (W,) of the hydrogel was taken. The
samples were then kept at room temperature with 60% relative
humidity for 24 h, and the final weight (W) was taken.

W,

Water retention capacity(%) = x 100%

o

2.3.6 Water vapor transmission rate (WVTR). The water
vapor transmission rate was calculated following the method
described in ref. 43. A spherical shaped, 15 mm diameter
hydrogel was attached to the top of the test tube filled with 5 mL
water with an air gap of 6 mm. Hydrogel with the test tube was
kept in an incubator at 37 °C with a relative humidity of 35%. A
control test tube with hydrogel attached to the top of the tube
with no water was used, and the difference between the weight
of the test tubes with water and the control was taken as the
water weight of the test tube. Taking the water weight data of
the test tube for days 1, 2, and 4, WVTR was obtained from the
following equation:

AW
WVTR = — & per m? per day

Here, AW is the weight loss of water, ¢ is time in days, and A is
the test area of the sample (m?).

2.3.7 Hemolysis. 2% RBC was mixed with 50 mL PBS to
make RBC suspension. 0.1 mL detergent, Triton X-100, was di-
ssolved with 9.9 mL DI and was kept at 37 °C in an incubator for
a few minutes to dissolve the detergent in DI properly. 10 mg of
hydrogel was immersed in 10 mL of RBC suspension in
a centrifuge tube. Positive control was prepared using 9 mL RBC
suspension with 1 mL Triton X-100.10 mL RBC suspension was
used as a negative control. All three centrifuge tubes were kept
at 37 °C in an incubator for 1 h. After 1 h, tubes were sealed with
a lid and paraffin and centrifuged at 3000 rpm for 10 min at
room temperature. After centrifugation, the supernatant of all
three samples was separated, and the absorbance of the
supernatant was measured at 545 nm. The hemolysis ratio was
calculated using the absorbance values of the sample, positive
control, and negative control supernatants using the following
equation:

As_An

A7 100
A, — A,

Hemolysis ratio(%) =

Ag, An & A, indicate, the absorbance of the sample, negative
control, and positive control, respectively.***

2.3.8 Blood clotting index (BCI). 30 mg hydrogel samples

were incubated at 37 °C for 10 minutes. 100 pL of whole blood

was placed on the surface of the incubated hydrogel. After 10
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Fig.2 Experimental workflow of PL extraction, Gel/SA@PL IPN hydrogel fabrication and characterization techniques. (a) Platelets were degraded
by freeze—thawing platelet concentrate to release the growth factor rich o granules in the liquid PL. Repeated freeze thawing converts the
platelets into cell-free, soluble lysate which ensures direct access to the growth factors while preventing the infection risk associated with the
cellular debris of platelets. (b) A sol-gel method was adopted to develop the hydrogel where a sol precursor of gelatin and sodium alginate
mixture was prepared at room temperature, and PL was added dropwise to the precursor. The gel phase of the polymer solution was triggered by
storing the solution in a mold at 4 °C. In this phase, two independent crosslinking occurred simultaneously. Gelatin and sodium alginate polymer
chains underwent zero length crosslinking and ionic crosslinking respectively to form the IPN of gelatin and sodium alginate polymer chains and
physically entrapped the PL « granules inside the IPN meshes. This network provides efficient mechanical stability to the hydrogel dressing while
offering controlled release of PL growth factors during wound healing.
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minutes of incubation, a sample with 30 mL DI water was added
to the blood clotted samples and centrifuged at 1000 rpm for 1
minute to lyse the unclotted RBC. The absorbances of the
supernatant fluid with control of whole blood without a sample
were measured using a UV spectrophotometer.

BCI = e 00y
Arer
Agample and A indicated the absorbances of the supernatant
fluid of the sample and the control, respectively.*®

2.3.9 RBC attachment. 200 pL of 10% RBC suspension was
added to the samples, and the samples with RBC suspension
were then incubated at 37 °C for 1 hour. The supernatant RBC
suspension was separated, and the RBC attached samples were
rinsed three times with 0.9% NaCl and then washed with 0.2 M
PBS (pH 7). The samples were then immobilized in 2.5%
glutaraldehyde for 2 hours at 4 °C, followed by dehydration
using 20%, 40%, 60%, 80%, and 100% ethanol, respectively.
After air drying at room temperature for 1 month, the samples
were observed using a scanning electron microscope (Zeiss
Sigma 300 VP FESEM) after sublimation for half an hour, and
platinum deposition.*

2.3.10 In vitro bacterial response study. This study was
performed following the method described in ref. 47. Briefly, 20
uL of Staphylococcus aureus and Escherichia coli suspension with
PBS of pH 7.4 was dispensed onto the hydrogel placed above the
nutrient agar culture medium. A control was prepared by
dispersing the bacteria onto the gauze placed above the agar
culture medium. Both Gel/SA and Gel/SA@PL hydrogels were
analyzed for bacterial growth after incubating for 24 h at 37 °C.
The bacterial growth was analyzed using the colony growth on
the hydrogel surface, and the penetration study was performed
by counting the bacterial colony growth in the agar culture
medium.

2.3.11 In vitro PL release study. Wavelength scanning was
performed for PL, and an absorbance peak at 280 nm was
found. This wavelength value also coincided with a study that
analyzed the PL release from nanoparticle loaded hydrogels.*®
The standard curve of PL was used to determine the released
amount of PL in the PBS using hydrogel samples. 0.1 g hydrogel
samples were placed in 5 mL PBS (pH 7) solution and were
incubated at 37 °C. 3 mL of the solutions were taken from each
sample containing solution at predefined intervals for
measuring the absorbance using a UV spectrophotometer
(Shimadzu UV-3100) at 280 nm and placed in the primary
solution again. The standard curve of PL was used to determine
the released amount of PL in the PBS using hydrogel samples.

The PL release data were analyzed using different kinetic
models (Anagha et al., 2019). These models included the Kors-

meyer Peppas model (g—t =Kkpt") and the Higuchi model

(M = Kt"'?), as well as the zero-order model (M = k,t) and the
first-order model (In(1 — M) = —k4t). In these equations, C,
represents the drug amount released at a specific time point, ¢,
C. is the drug amount at the final measurement time, and M
denotes the drug amount released at time ¢. The rate constants
for each model, namely K for Korsmeyer-Peppas, Ky, for
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Higuchi, k, for zero-order, and k; for first order, were also
involved. The release exponent (n) and the correlation coeffi-
cient (R*) were subsequently calculated from the analysis.

2.3.12 In vivo wound healing assessment. 42 Swiss albino
mice were acquired from the animal facility of the Department of
Biomedical Engineering, BUET. All the experimental studies were
approved by The Animal Ethics Committee of the Biomedical
Engineering Department of Bangladesh University of Engi-
neering & Technology under the protocol number 2024/BME/04.

Diabetes was induced in Swiss albino mice with a weight
between 30-35 g by injecting streptozotocin intraperitoneally at
multiple low doses for five days. The protocol was obtained
from ref. 49. Briefly, the mice were fasted for 4 hours before the
injection. The mice were injected with 0.32% streptozotocin
dissolved in citrate buffer for five days, followed by access to
10% sucrose water and food. The fasting blood sugar of the
mice was measured for 5, 10, 15 and 20 days.

Later, diabetic mice weighing between 30-35 g were selected
for the experiments and were anesthetized with an optimum
dose of ketamine hydrochloride before the operation—a biopsy
tool induced circular wounds at the dorsal side of the mice. The
ulcer wound resembles the chronic wound developed in dia-
betic patients. The moist samples obtained after 24 hours of
crosslinking were sterilized for the in vivo wound healing
assessment. Samples were sterilized by rinsing them with 70%
ethanol and washed with PBS thrice to remove excess ethanol.

The sterilized samples were secured with Tegaderm on the
circular wound of diabetic mice. Hydrogel samples were removed
after 5 days, and the wounds were secured with Tegaderm only.
The control mice wound was treated with gauze only. Gauze
treated, Gel/SA hydrogel treated, and Gel/SA@PL hydrogel treated
wound tissues were collected after 3 and 7 days. The wound
tissues were fixated in 10% formalin for 24 h. Then, the sample
was dehydrated using a graded series of propanol of different
concentrations for 2 h each and embedded in paraffin. 5 pm thick
tissue slices were stained with hematoxylin & eosin (H & E) and
Masson's trichrome (MT) and visualized by optical microscope. H
& E was utilized to determine the epithelial gap, blood vessels per
mm? of area, adipocytes per mm? of area, and epithelial thickness
of the tissue wound site using Image] software. MT staining of
wound tissues was analyzed for quantification of collagen and
scar index using Image].>* Wound closure rate and scar index were
determined using the following equations:

Wound closure rate

final wound area — initial wound area 5
= — x 100%
initial wound area

scar arca

Scar index = x 100%

dermal thickness

2.4 Statistical analysis

All the experiments were executed in triplicate, and statistical
analysis was performed with one way ANOVA followed by
Tukey's honestly significant difference (HSD) test with p values
of 0.001, 0.01, 0.05.
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3 Results and discussions
3.1 Formation mechanism of Gel/SA@PL IPN hydrogel

The IPN formation of the Gel/SA@ PL hydrogel was confirmed by
attenuated total reflectance fourier transform infrared (ATR-
FTIR) spectroscopy. As shown in Fig. 3(c), The ATR-FTIR
spectra of PL, pure gelatin hydrogel, pure sodium alginate
hydrogel, Gel/SA hydrogel, and Gel/SA@PL hydrogel have been
collected to distinguish the structure specific chemical signature
of the IPN hydrogel. All the compounds exhibited ~-OH bond
stretching vibration absorption peaks in the range of 3000-
3600 cm . Gelatin was characterized by the bending vibration of
the -NH group (amide II band) and the stretching vibration of
C=0 and C-N (amide I band) at 1552 cm™ " and 1635 cm*,
respectively. These amide bands indicate covalent amide bond
between polymer chains, forming a network. Fig. 3(a) illustrates
the formation of the amide bond of the network. The ionized
carboxyl group of gelatin reacted with the carbodiimide group of
EDC to form an amine reactive intermediate, o-acylisourea. The
intermediate reacted with a primary amino group of another
gelatin to establish a covalent peptide bond (amide bond)
between polymer chains to form a network and released EDC
from the network eventually.>* Asymmetric stretching vibration of
the carboxyl group of sodium alginate polymer backbone was
verified by the absorption peak at 1635 cm™'. As shown in
Fig. 3(b), Na" ion containing carboxyl group of sodium alginate
was replaced by the Ca®>" ions from CaCl, during ionic cross-
linking. Ca®" bonded with the carboxyl groups of the adjacent
polymer chains and formed a network structure of its own.

The absorption peaks of the amide I bond and amide II bond of
gelatin were found at 1629 cm ™' and 1555 cm ™, respectively, in
the Gel/SA hydrogel. The asymmetric stretching vibration of the
carboxyl group of sodium alginate overlapped with the amide I
bond of gelatin at 1636 cm™" in both the Gel/SA and Gel/SA@PL
hydrogel. The amide II band of gelatin was found in both the
Gel/SA and Gel/SA@PL hydrogel spectra at 1558 cm™". Both the
spectra of Gel/SA and Gel/SA@PL hydrogel contained the absorp-
tion peaks of their respective elements. There was no specific
absorption peak indicating a bond formation between gelatin and
sodium alginate polymer chains other than the peaks associated
with zero length and ionic crosslinking of individual gelatin and
sodium alginate polymer chains. This phenomenon is a clear
indication of the fact that the crosslinking of gelatin and sodium
alginate polymer chains occurred in an independent and simul-
taneous manner during the gel phase. Therefore, the network of
gelatin and sodium alginate was physically entangled, and the
sodium alginate network penetrated through the gelatin network
without any chemical bond between them, forming an inter-
penetrating network with an aqueous medium within the network.

PL associated protein growth factors exhibited absorption
peaks at 1551 cm ™' and 1639 cm ™' in the PL spectrum. The
overlapping location of the amide bands of gelatin and the PL
growth factors was reflected in the Gel/SA@PL hydrogel spec-
trum with higher intensities which denotes the physical
immobilization and chemical stability of the PL associated
growth factors in the IPN hydrogel.*>**%*
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3.2 Swelling

In Fig. 4(a), both Gel/SA & Gel/SA@PL showed enhanced swelling
performance with swelling percentages of 481% and 416%,
respectively. The dense polymer networks of the IPN reduced the
chain mobility with increased free volume for the buffer salts to
enter, maintained network stability with multiple polymer chain
networks and offered hydrophilic groups for increasing water
uptake in the structure.** A previous study reported that PVA
hydrogel with Moringa oleifera leaf extract and graphene oxide
exhibited 155-171% swelling for diabetic foot ulcer application.>
In contrast, the fully natural polymer based IPN hydrogel devel-
oped in this study demonstrated higher swelling concluding that
the IPN structure improved the swelling capacity in levels
comparable to synthetic polymer dressings. No significant
difference was observed in the equilibrium swelling ratios of Gel/
SA and Gel/SA@PL hydrogels in Fig. 4(b), indicating that the
incorporation of PL associated growth factors in the inter-
penetrating network of the hydrogel did not compromise the
structure's water absorption capacity. The high swelling capacity
of natural polymer composite Gel/SA@PL hydrogel highlights the
potential of cost-effective, natural polymer based IPN hydrogels
as an alternative to commercial synthetic wound dressing for
high exudate releasing chronic wounds such as diabetic wounds,
burn wounds, etc.

3.3 Gel fraction

Gel fraction plays a significant role in shaping the characteris-
tics and behavior of polymers connected through crosslinking.
The value of gel content signifies the portion of the polymer that
forms an unyielding gel structure due to the creation of bonds
between molecules. When a hydrogel lacks crosslinks, its non
crosslinked section will dissolve upon immersion in a solution,
reducing its weight.*®* The outcomes of the gel fraction
measurements reveal effective crosslinking, where if a signifi-
cant portion of available crosslinking sites is utilized, it leads to
a gel fraction of 80% or more. This suggests the successful
establishment of robust networks, as there is minimal release of
unlinked molecules.”” Fig. 4(c) refers to the gel fraction of both
Gel/SA hydrogel and PL loaded Gel/SA@PL hydrogel, where 80%
gel fraction of Gel/SA hydrogel confirmed efficient crosslinking
of two independent polymer networks of gelatin and sodium
alginate. The efficient crosslinking of the polymer networks
made them stable in the IPN to prevent the rupture of the
structure while retaining high amount of wound exudates by the
swelling process. The value of gel fraction denoted that 80% of
the polymer mass was involved in developing the crosslinked
network which is directly related to the amount of EDC reacted
with the polymers. There were some unreacted EDC as some
EDC went through side reactions, which did not lead to cross-
linking. The gel fraction percentages of Gel/SA and Gel/SA@PL
hydrogels exhibited no significant difference, indicating that
the introduction of PL associated growth factors in the network
did not impact the crosslinking of the polymer chains. Efficient
crosslinking ensured the scaffold’s structural integrity, conse-
quently providing controlled PL release.
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Fig. 3 Formation of IPN in Gel/SA and Gel/SA@PL hydrogel. (a) Zero length crosslinking of gelatin polymers (b) ionic crosslinking of sodium
alginate polymers within the hydrogels. (c) ATR-FTIR spectra of Gelatin hydrogel (Gel), sodium alginate hydrogel (SA), PL, Gel/SA hydrogel, and
Gel/SA@PL hydrogels. No H bond peak was found in either of the hydrogels, indicating IPN network formation by gelatin and sodium alginate.
Gel/SA@PL hydrogel depicted the characteristic peak of PL, confirming the entrapment of PL biomolecules inside the network.
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3.4 Degradation

The swelling studies exhibited that both Gel/SA & Gel/SA@PL
swelled for 24 h followed by a gradual degradation from 48 h-
120 h. As illustrated in Fig. 4(d), while Gel/SA hydrogel
demonstrated degradation in the range of 25-40%, Gel/SA@PL

12864 | RSC Adv, 2026, 16, 12856-12876

IPN hydrogel showed controlled degradation in an increased
narrower range of 70-80% over a five day time window. A study
showed that gelatin/sodium alginate non IPN structure
provided a broader range of degradation percentage in five
days.*®*® In comparison, the IPN structure developed in this
study offered accessible hydrophilic groups such as carboxylic
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groups of sodium alginate and amino group of gelatin due to
the lack of chemical bond between the polymer networks,
facilitating the solvent permeation into the network. These
chains lose their physical network due to the gel to sol transi-
tion at 37 °C and leach into the solution.* Both the swelling and
degradation studies concluded bulk erosion of the matrix as the
solvent diffusion (swelling) was faster than the polymer chain
network degradation. The increase in the degradation property
of the Gel/SA@PL IPN hydrogel could be due to the enhanced
hydrophilic nature of the network due to the presence of PL
growth factors. Effective wound management involves the
utilization of wound dressing for 5-7 days. The observed
controlled degradation of Gel/SA@PL hydrogel over five days at
physiological condition due to the enhanced hydrophilicity of
the gel/SA@PL IPN hydrogel indicates that the IPN hydrogel
maintained its integrity within this clinically relevant time
window which aligned with its PL release pattern.

3.5 Water retention capacity

Hydrogel's polymer network can uptake a substantial amount of
water, which was previously confirmed with its swelling
capacity. The water retention capacity verifies the dressing's
capability of retaining the water it contained while swelling
when exposed to air with dry conditions for an extended period.
Fig. 4(e) shows that both the hydrogels could retain almost 23%
of the water absorbed during swelling in dry conditions after
24 h. The physically entangled structure of the IPN reduced the
path for water to escape, creating a ‘lock-in’ structure for
holding a large amount of water inside the network.*® This
property can prevent the wound from dehydration, which can
cause dry scabs facilitating delayed wound healing.®® Hydrogel
dressing dehydration is also kept in check by optimizing its
water retention capacity, which can be essential in hydrogel
dressing packaging.®* The similar pattern of water retention
capacity of Gel/SA@PL IPN hydrogel indicates that the immo-
bilization of the PL associated growth factors in the meshes of
the IPN of the hydrogels did not prevent the coexistence of water
molecules inside the network.

3.6 Water vapor transmission rate (WVTR)

An ideal wound dressing must allow unobstructed oxygen
circulation to reach the wound. Oxygen is critical for promoting
cellular proliferation, thus expediting the healing journey.
Therefore, it is preferable for hydrogels used in wound dress-
ings to possess the ability to facilitate the passage of oxygen or
gases.”® Commercial hydrogel wound dressings have WVTR in
the range of 9000-9400 g m~> day ', higher than the desired
range of 2000-2500 ¢ m™ 2 day '. Hydrogels with high WVTR
can result in dehydration of the wound area, which will cause
the dressing to adhere to the wound surface and reduce the
hydrogel size, exposing the wound edges to bacterial infection.
On the other hand, hydrogel dressings with low WVTR values
can lead to fluid accumulation, delayed epithelialization,
disease, and scar formation. Hence, WVTR values within the
range of 2000-2500 ¢ m > day ' can provide appropriate
moisture to the wound, preventing wound dehydration and
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ensuring adequate O, diffusion properties.®* Fig. 4(f) demon-
strates that Gel/SA and Gel/SA@PL showed WVTR values in the
range of 800-1000 ¢ m~> day ' and 1800-2000 g m > day ',
respectively, for four days. Gel/SA@PL exhibited higher WVTR
values than Gel/SA due to the presence of favorable protein-
related functional groups. The stable immobilization of PL
associated growth factors in the IPN of Gel/SA@PL introduced
an increased amount of protein functional groups, such as
carboxyl groups, amino groups, etc. These functional groups
increase the hydrophilicity of the hydrogel scaffold, which
facilitates water vapor solubility and permeability through
strong hydrophilic interaction.®**®* WVTR values of Gel/SA@PL
in the desired range indicated medium oxygen permeability
through the hydrogel dressing, which has been proven to
accelerate the function of epithelial cells and fibroblasts by
keeping the wound moist. Moist wounds mediate rapid wound
contraction and keratinocyte proliferation, resulting in
enhanced re-epithelialization.*

3.7 Hemolysis

The hemocompatibility of the hydrogels was analyzed based on
the extent of red blood cell breakdown and the release of
hemoglobin upon contact with blood. As depicted in Fig. 5(a),
both Gel/SA and Gel/SA@PL hydrogels exhibited hemolytic
values below 2%, well within the ASTM standard F756 non-
hemolytic range.®® The significant difference (P value < 0.001)
between the coloration of the supernatants of the positive
control and hydrogels confirmed the excellent hemocompati-
bility of the hydrogels. Incorporating PL in the gelatin also
showed hemolysis in the non hemolytic range, and no signifi-
cant difference was observed between Gel/SA and Gel/SA@PL
hydrogels. This non hemolytic property of Gel/SA@PL hydro-
gels proved that the hydrogels are not cytotoxic and can exhibit
synergistic cellular interactions with different cells at the wound
site.

3.8 Blood clotting index (BCI)

Hemostasis is one of the most critical steps in initiating effec-
tive wound healing with blood clot formation. Blood clot
formation is primarily driven by the activities of functional
platelets (activation, aggregation, adhesion). However, defective
blood clot dissolution can hinder angiogenesis and tissue
regeneration.®” Type 2 diabetes can cause dysfunctional plate-
lets, which exhibit hyperactivity in platelet aggregation, result-
ing in inefficient blood clot dissolution.®® Human PL is enriched
with functional platelets, which can ensure an effective blood
clot forming process. The blood clotting index analyzes the
efficacy of blood clot formation, where a lower blood clotting
index means a higher blood clotting rate.® Fig. 5(b) concluded
that both the hydrogels significantly (P value < 0.001) reduced
the BCI value of the control. Gel/SA hydrogel exhibited a lower
BCI value than the control confirming the gelatin and sodium
alginates’ contribution in blood clotting activities as mentioned
in the previous studies.**** The illustration in Fig. 5(c) depicts
the fundamental interactions of the PL released growth factors
and the platelets of the wound site, which was the primary
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showed <2% hemolysis for both the hydrogels. (b) The blood clotting property was analyzed by measuring the blood clotting index (BCl), which
was the lowest for the Gel/SA@PL hydrogel, indicating the fastest blood clot formation by the PL growth factor, CTGF. (c) Underlying mechanism
of CTGF in platelet aggregation. (d) FESEM images of RBC attachment at Gel/SA and Gel/SA@PL hydrogel surfaces. Morphological alteration of
RBC was observed in the Gel/SA hydrogel attached RBCs. Significance is denoted by *(P < 0.05), **(P < 0.01), ***(P < 0.001).

rationale behind the significantly (P value < 0.001) lower value of
Gel/SA@PL BCI value, shown in Fig. 5(b). Incorporation of PL in
Gel/SA@PL hydrogel released the growth factor, connective
tissue growth factor (CTGF), which attaches with its ligand
protein, «llf3 to the platelets and activates the platelets to
initiate platelet adhesion and aggregation, facilitating a faster
rate of blood clot formation.”®”*

3.9 RBC attachment

RBCs adhere to hydrogels due to the electrostatic interaction
between the weak negative charges of RBC's surface and the
positive charges of the polymer backbone of the hydrogel

12866 | RSC Adv, 2026, 16, 12856-12876

matrix.”” The FESEM images of RBC in Fig. 5(d) revealed that
the attached RBCs on the Gel/SA@PL hydrogel's surface main-
tain the proper biconcave disk morphology whereas the RBCs
on the Gel/SA hydrogel's surface appeared distorted. Previous
studies have found that the morphological distortion of the
attached RBCs is related to compromised oxygen transport to
the tissue, prevention tissue regeneration through re-
epithelialization and angiogenesis and reduced inflammation
in diabetic wounds.””* The altered morphology of RBC shape
can also increase blood viscosity, interrupt biomolecule trans-
port to the wound site, compromise hemostatic properties,
delay wound healing, etc.”” The biconcave shape of the attached
RBCs on the Gel/SA@PL hydrogel's surface contributes to
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overcoming the transport obstacles of the required biomole-
cules for diabetic wound healing.

3.10 In vitro bacterial response study

Diabetic chronic wounds are more exposed to bacterial infec-
tion due to delayed healing with increased wound site exposure
to microbes, diabetes induced ischemia, and angiopathy, which
hinder oxygenation and increase the risk of infection. Hence,
the antibacterial property of a wound dressing used for treating
chronic wounds is an important parameter to be considered.”
Fig. 6(c) illustrates complete inhibition of bacterial growth of
both Gram-positive pathogenic bacteria, S.aureus, and Gram-
negative pathogenic bacteria, E.coli on the hydrogels' as well
as bacterial penetration through the hydrogel structure. On the
other hand, gauze control depicted dense bacterial colony
formation on the hydrogels surface and effective passage for
bacterial penetration, confirming the bacterial protection
barrier of the IPN structure of the hydrogels. Hyperglycemia in
diabetes can induce strong biofilm formation by the microbes.””
The presence of hydrophilic functional groups in gelatin and PL
prevented the attachment and growth of hydrophobic S.aureus
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and E.coli on the hydrogel's surface. The dense three dimen-
sional crosslinked IPN of Gel/SA with its small pores prevented
the progression of the bacteria inside the structure.”®”® The
inhibition of bacterial growth on the hydrogel's surface and its
penetration through the hydrogel makes Gel/SA@PL hydrogel
a potential candidate for diabetic wound dressing. Gel/SA@PL
as a hydrogel wound dressing can successfully prevent the
contamination of the dressing and the risk of bacterial infection
at the wound site.

3.11 Invitro PL release study

Drug release from the hydrogel occurs in two phases: (a) early
rapid burst release and (b) extended diffusion controlled
release. The initial phase occurs due to the presence of the drug
at the hydrogel matrix surface and a higher drug concentration
gradient across the matrix membrane. The final phase is
controlled by the diffusion of the drug in the matrix and is
comparatively slower than the initial phase due to the matrix
dimension, which acts as a path for the drug in the hydrogel
matrix.** PL release from Gel/SA@PL hydrogel was assessed
using UV-Vis Spectrophotometry. Fig. 6(a) shows that Gel/

(b)
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Fig. 6 PL release kinetics and antibacterial activity of the hydrogels. (a) PL release study of Gel/SA@PL hydrogel where entrapped PL biomol-
ecules were released from the hydrogel over the 14 day period. (b) Fickian diffusion mechanism of PL biomolecules release from Gel/SA@PL
hydrogel. (c) Bacterial growth on the hydrogel's surface and penetration through the hydrogel were analyzed for both E. coli and S.aureus. Both
the hydrogels exhibited prevention of bacterial growth on their surfaces and their penetration.
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Table 1 Drug release kinetics model fitting of PL. Korsmeyer—Peppas
model with the highest R? value indicated the fiction diffusion
mechanism of PL biomolecules released from the hydrogel

Zero order First order Korsmeyer-Peppas nguchl
R R R n R
0.3978 0.5109 0.9267 0.392 0.911

SA@PL hydrogel released 70% of PL in 14 days, offering sus-
tained delivery aligned with wound healing timeline. Previous
studies have demonstrated that gelatin based hydrogels have
been able to release <70% of the drug in a prolonged period.*” In
this study, incorporation of sodium alginate as a secondary
network provided enhanced controlled release of the PL growth
factors in physiological conditions.*

The release data was analyzed by fitting in different drug
release kinetics models, including zero order, first order,
Korsmeyer-Peppas, Higuchi, etc. (Table 1). n value = 0.45
indicates Fickian diffusion kinetics where the drug release is
diffusion controlled as the solvent permeation into the hydrogel
matrix is faster than the polymer chain disentanglements. 0.45
= n = 0.89 indicates nonfickian diffusion kinetics, indicating
diffusion and erosion controlled drug release. n = 0.89 denotes
Case II transport, where polymer disentanglement controls
drug release at a constant rate.**

PL release from Gel/SA@PL hydrogel followed the Kors-
meyer-Peppas model with the highest R* value and an n value of
0.39 < 0.45, indicating the Fickian diffusion mechanism, illus-
trated in Fig. 6(b). The release of PL from the hydrogel matrix is
driven by matrix swelling and diffusion of growth factor mole-
cules. The first phase of drug release occurs during the swelling
of the hydrogel when a large amount of water enters the poly-
mer network of the hydrogel matrix. The IPN structure of the
Gel/SA@PL hydrogel limited solvent transport and polymer
disentanglement, causing diffusion of the growth factors to
become the dominant release factor.*® The sustained manner of
degradation of the IPN hydrogel over five days facilitated the
slow diffusion of almost 70% of the PL biomolecules into the
outer medium during the final phase of the drug release.

3.12 In vivo wound healing assessment

The wound healing dynamics were analyzed by H & E and MT
staining of the tissues collected from a full thickness diabetic
wound model. Type 2 diabetes was induced in Swiss albino
mice by injecting multiple low doses of streptozotocin for five
days, and the diabetic condition was confirmed by the blood
glucose level after 15 days (Fig. 7(a)). The images of the control,
Gel/SA hydrogel treated, and Gel/SA@PL hydrogel treated
wound are displayed in Fig. 7(b), where the Gel/SA@PL hydrogel
treated wound illustrated better wound healing than both the
control and Gel/SA hydrogel treated wounds. After 14 days, the
Gel/SA@PL hydrogel treated wound was almost fully closed with
a minimal scar, whereas the control and Gel/SA hydrogel treated
wounds were not fully healed. To verify the findings, wound
areas were measured to analyze the wound closure rate, and it
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can be observed in Fig. 7(c) that Gel/SA@PL hydrogel closed
99.2% of the wound, which is significantly higher than the
control wound's closure after 14 days. The growth factors of PL
incorporated in Gel/SA@PL hydrogel played a significant role in
wound contraction on days 3 and 7, which can be analyzed from
the wound closure rate of Gel/SA hydrogel treated and Gel/
SA@PL hydrogel treated wound on these days. After 3 and 7
days, Gel/SA@PL hydrogel treated wounds exhibited higher
wound closure rates than Gel/SA hydrogel treated wounds. This
wound closure rate is primarily governed by inflammation,
proliferation, and tissue remodeling. The proliferation phase
consists of three stages: (a) re-epithelialization, (b) angiogen-
esis, and (c) granulation tissue formation with a duration of 4-
21 days.*” H & E and MT staining of the wound tissues were
analyzed to obtain deep insights into the tissue architecture in
these phases of wound healing. The epithelial gap was visual-
ized and measured from the H & E staining of the wound tissues
after 3 days. In Fig. 7(d and e), it is seen that the epithelial gap
was the lowest in Gel/SA@PL hydrogel treated wound tissue.
Whereas the hydrogel treated wound tissues elicited a lower
epithelial gap than the control wound tissue, PL growth factors
incorporated Gel/SA@PL hydrogel treated wound tissue di-
splayed a significantly lower epithelial gap than the Gel/SA
hydrogel treated wound tissue after 3 days in Fig. 7(d). A
lower epithelial gap indicates higher re-epithelialization, which
forms the epidermal line at the damaged wound site with
epithelial cells.®” The migration of epithelial cells at the wound
site is controlled by external factors, such as, optimal water
content and internal factors, such as, growth factors and cyto-
kines at the wound site.®”® The control diabetic wound
exhibited the slowest re-epithelialization because chronic dia-
betic wound lacks both these factors due to hyperglycemia,
which compromises the wound's re-epithelialization, causing
impaired healing.** Gel/SA hydrogel treated wound site exhibi-
ted better re-epithelialization than the control with the forma-
tion of stratum corneum at the newly formed epithelial line due
to the sodium alginate's property of maintaining the moisture
content and gelatin's inherent tendency of promoting kerati-
nocyte proliferation.®®> However, the most enhanced re-
epithelialization was observed in Gel/SA@PL hydrogel treated
wound tissue with the formation of both the stratum corneum
and stratum spinosum at the newly formed epidermis than
both control and Gel/SA hydrogel treated wounds due to its
proper regulation of both the external and internal factors
necessary for efficient wound healing on day 3. Gel/SA@PL
hydrogel contains both sodium alginate and PL, where
sodium alginate keeps the wound moist and makes the wound
site favorable for the migration of epithelial cells stimulated by
the release of HGF, KGF, and EGF from PL, facilitating the re-
epithelialization.” Fig. 7(d) displays that the newly formed
epidermis connected the epithelial gap after 7 days, and the
blood vessels were formed to supply the intrinsic growth
factors, cytokines, and nutrients to accelerate the healing.
Angiogenesis was further confirmed by quantifying the newly
formed blood vessels from the H & E staining of the wound
tissues after 7 days. It can be observed in Fig. 7(f) that Gel/
SA@PL hydrogel treated wound tissue showed significantly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Diabetic wound model preparation in Swiss albino mice. (b and c) External images of control, Gel/SA hydrogel, and Gel/SA@PL

hydrogel treated wounds and their wound closure rate on days 3, 7, and 14. (d) H & E staining of control, Gel/SA, and Gel/SA@PL hydrogel treated
wounds on day 3 and day 7. (e) The epithelial gap of all wounds on day 3. The epithelial gap of Gel/SA@PL hydrogel treated wound was
significantly lower than that of the Gel/SA hydrogel wound. (f) Quantification of blood vessels per area was measured from the H&E staining of
control, Gel/SA, and Gel/SA@PL hydrogel treated wounds on day 7. Significantly higher blood vessels per area were found in Gel/SA@PL hydrogel
treated wounds compared to other wounds after 7 days. Significance is denoted by *(P < 0.05), **(P < 0.01), ***(P < 0.001).

higher angiogenesis than both the control and Gel/SA hydrogel
treated wound tissues. ECM protein, collagen derived gelatin, in
Gel/SA IPN has an arginine-glycine-aspartic acid RGD peptide
sequence acting as a cell attachment site, which triggers endo-
thelial cell adhesion, promoting angiogenesis.***” This

© 2026 The Author(s). Published by the Royal Society of Chemistry

characteristic of Gel/SA hydrogel triggered angiogenesis and
showed more blood vessels than the control wound tissue.
However, PL associated growth factors, TGF(«-f8), VEGF, EGF,
CTGF, HGF, Ang-1, SDF-1a, and TNF entrapped in Gel/SA@PL
hydrogel facilitated by the cell attachment sites of gelatin in
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the IPN played an active role in endothelial cell differentiation,
mitogenesis, and proliferation to form the highest number of
blood vessels at the wound site and established enhanced vessel
permeability to provide sufficient nutrients and oxygen to the
wound site.*

The progression of re-epithelialization was further analyzed
by visualizing and measuring the epithelial thickness from the
H & E staining of the wound tissues on days 7 and 14. Fig. 8(a)
reveals that the epithelial thickness reduced after 7 days in all
the samples, triggering the development of healthy epidermal
tissue structure. It can be observed in Fig. 8(b) that the
epithelial thickness was the lowest in Gel/SA@PL hydrogel
treated wound tissue due to the early initiation of the develop-
ment of epidermis with stratum corneum formation on day 3.
The high proliferation of epithelial cells caused this phenom-
enon, which was triggered by the PL associated growth factors
released from the hydrogel.

Inflammatory cells were measured from the H & E staining of
the wound tissues after 7 and 14 days to analyze the pattern of
chronic inflammation in the diabetic wound. After 7 and 14
days, hydrogel treated wound tissues exhibited a lower number
of inflammatory cells than the control wound tissue in Fig. 8(c).
In diabetic chronic wounds, the wound is generally confined in
a chronic inflammation loop, which prohibits its progression to
the proliferation and remodeling phase." The inflammation
persisted in both the control and Gel/SA hydrogel treated
wound tissue, as there were no significant differences between
the number of inflammatory cells on days 7 and 14. However,
Gel/SA@PL  hydrogel treated wound

tissue elicited

Fig. 8

View Article Online
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a significantly lower number of inflammatory cells on day 14
than on day 7, indicating the prevention of chronic inflamma-
tion and progression of the wound healing dynamics towards
proliferation. The release of PL from Gel/SA@PL hydrogel
provided biomolecules, epidermal growth factor (EGF), FGF,
cytokine, and TNF.** These biomolecules enhanced fibroblast
proliferation and produced fibroblasts, which migrated to the
wound area in response to FGF and TGF and released MMP
inhibitors, preventing the high protease and MMP activity.
Reduced expression of MMPs and proteases in the chronic
wound decreased the number of inflammatory cells preventing
chronic inflammation.®**°

The H&E staining of the Ge/SA@PL hydrogel treated wound
tissues expressed the presence of adipocytes in the dermal layer
of the wound area on all days, as shown in Fig. 9(a). However,
the dermal adipocytes were not present in the control and the
Gel/SA hydrogel treated wounds. The quantification of the
adipocytes from the H&E staining of Gel/SA@PL hydrogel
treated wound tissue revealed that the number of adipocytes
significantly reduced with time. Granulation tissue is a struc-
tural framework of connective tissue rich in fibroblasts and
newly formed blood vessels, providing nutrients to the wound
site and protection from bacteria from the death cells by
destroying them.?® Adipocyte rich granulation tissue formation
can be triggered by differentiation and proliferation of adipose
derived stem cells, dermal fibroblast, and endothelial cells to
form ECM of this tissue.®*** PL biomolecules in the Gel/SA@PL
hydrogel stimulated adipose derived stem cell differentiation

from mesenchymal stem cells (MSC) and favored its
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(a) H & E staining of control, Gel/SA, and Gel/SA@PL hydrogel treated wounds for epithelial membrane thickness visualization. (b) Epithelial

thickness measurement of all the wounds on day 14. After 14 days, thickness reduced significantly in the Gel/SA@PL hydrogel treated wound. (c)
Number of inflammatory cells on the control, Gel/SA hydrogel treated, and Gel/SA@PL hydrogel treated wounds on days 7 and 14. The
significantly lower number of inflammatory cells at the Gel/SA@PL hydrogel treated wound on day 14 than on day 7 indicated successful
prevention of chronic inflammation at the diabetic wound. Significance is denoted by *(P < 0.05), **(P < 0.01), ***(P < 0.001).
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Fig.9 (a) The number of adipocytes accumulated on the Gel/SA@PL hydrogel treated wound sites on days 3, 7, and 14. The significant reduction
in the number of adipocytes per area in 11 days coincided with the granulation tissue formation period in normal wound healing. (b) MT staining
of the control, Gel/SA, and Gel/SA@PL hydrogel treated wounds on day 14 for collagen structure analysis. (c) Collagen deposition percentage
analysis of all the wounds on day 14. Gel/SA@PL hydrogel treated wound restored basketweave collagen structure with significantly higher
collagen deposition than other wounds (d) Scar index of the control, Gel/SA hydrogeltreated, and Gel/SA@PL hydrogel treated wounds on day 14.
The lowest scar index of the Gel/SA@PL hydrogel treated wound denoted a lower tendency of scar formation. Significance is denoted by *(P <
0.05), **(P < 0.01), ***(P < 0.001).

proliferation by preventing apoptosis of adipocyte precursor which engendered granulation tissue formation. Increased
cells.®* Adipocytes are highest on day 3 and lowest on day 14, adipocyte formation can attenuate the expression of a-smooth
which indicates that the granulation tissue formation initiated muscle actin (2-SMA) of human keloid fibroblasts and trigger
on day 3 and lasted for 14 days. The burst release of PL growth collagen rearrangement.” On the other hand, the absence of
factors on day 3 accelerated adipose derived stem cell activity at such activity in the control and the Gel/SA hydrogel treated
the wound site with the highest number of adipocyte formation,
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wounds indicate delayed granulation tissue formation in these
wounds.

Collagen structures of the wound tissues were analyzed from
the MT staining of the tissues after 14 days, as shown in
Fig. 9(b). Among all the wound tissues, the basketweave
collagen structure governed the wound area of the Gel/SA@PL
hydrogel treated wound tissue. This was further confirmed by
the measurement of collagen deposition at the wound area of all
the wound tissues from MT staining. Fig. 9(c) shows that MT
staining expressed 45% basketweave pattern collagen deposi-
tion at the Gel/SA@PL hydrogel treated wound tissue, which
was significantly higher than both the control and the Gel/SA
hydrogel treated wound tissues on day 14 due to the negative
regulation of a-SMA triggered by high adipose derived stem cell
activity on day 3 and the release of growth factors, PDGF and
TGF (@-B) by PL at the wound site. PDGF and TGF (a-B) play an
important role in collagen synthesis and deposition at the
wound site, leading to the restoration of healthy skin tissue
structure at the wound site.*® Gel/SA hydrogel treated wound
had higher uniform collagen deposition than the control wound
due to the natural ECM resembling the structure of the Gel/SA
hydrogel, which favored collagen deposition.”® Gel/SA@PL
hydrogel treated wound tissue exhibited the lowest scar index
compared to all the other wound tissues in Fig. 9(d). The Gel/
SA@PL hydrogel yielded well organized collagen fiber accu-
mulation at the wound site by day 14, resulting in skin
appendage appearance and effectively preventing scar forma-
tion, as depicted in Fig. 8(a) and 7(b).*®

Hair follicles at the wound site indicate the initiation of
tissue remodeling because they are excellent mediator for trig-
gering intrinsic signals for skin regeneration.”” Platelets in PL
released from the Gel/SA@PL hydrogel effectively stimulated
hair follicle regeneration by activating hair follicle stem cells,
reducing the probability of scar development at the wound
site.”®

Overall, the H & E and MT staining of the Gel/SA@PL
hydrogel treated wound tissues illustrated reduced expression
of inflammatory cells, enhanced re-epithelialization rate,
angiogenesis, early initiation of granulation tissue formation
with large number of adipocyte formation, and tissue remod-
eling with low scar index and established its efficacy in the
restoration of natural wound healing dynamics with minimal
scarring in diabetic wound successfully.

4 Conclusion

This study synthesized a novel pure natural polymer based
hydrogel with an IPN to incorporate multiple growth factors
rich PL. ATR-FTIR confirmed the formation of the IPN of gelatin
and sodium alginate and its efficient incorporation of PL.
Hydrophilic functional groups at the hydrogel's surface and its
IPN associated small pores prevented bacterial contamination
of both the hydrogels and reduced bacterial infection risk by
preventing bacterial penetration through the hydrogel. PL was
successfully loaded in the Gel/SA@PL hydrogel, and it provided
a controlled release of 70% of its loaded PL in a pH seven
simulated medium for 14 days, facilitated by its tuned
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degradation. This controlled release offered efficient delivery of
PL associated biomolecules to the wound, battling the growth
factor compromised healing of chronic diabetic wounds. The
controlled delivery of the growth factor, CTGF, by the Gel/
SA@PL hydrogel provided successful platelet adhesion during
hemostasis and vastly improved the blood clotting rate. PL
associated growth factors and cytokines delivered by the Gel/
SA@PL hydrogel downregulated MMP activity and reduced the
inflammatory cell expression at the wound site. The early
termination of the inflammation phase accelerated re-
epithelialization of the proliferation phase. The proliferation
phase governed the wound site with angiogenesis and adipocyte
expression to initiate granulation tissue formation and collagen
rearrangement. High adipose derived stem cell activity trig-
gered collagen rearrangement and accumulated 45% basket-
weave collagen structure at the wound site. Uniform
reorganization of basketweave collagen structure expedited skin
regeneration with a large number of hair follicles and sweat
glands and inhibited scar development. These findings posited
the idea that multiple natural polymer based Gel/SA@PL IPN
hydrogel could efficiently entrap the biomolecules of PL and
restore normal wound healing dynamics in chronic diabetic
wounds by preventing bacterial infection risks, triggering high
hemostatic activity, inhibiting the chronic inflammation loop,
and enhancing proliferation and tissue modeling. Gel/SA@PL
revived the natural wound healing phenomena in chronic dia-
betic wounds, leading to effective healing with reduced scar
formation. The occurrence of natural wound healing stages in
the required time frame confirmed the successful controlled
delivery of PL to the wound site with sustained efficacy by the
synthesized IPN hydrogel based delivery system.
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