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sive pectin-based hybrid smart
hydrogels for in vitro drug release and in vivo
wound healing applications

Hirra Manzoor, Nasima Arshad, * Muhammad A. U. R. Qureshi and Sher Qadar

Despite their exceptional biocompatibility and non-toxicity, pectin-based hydrogels suffer from poor

mechanical strength, water sensitivity and high instability, which limit their utilization in the biomedical

sector. Therefore, main objective behind this study was to develop integrated pectin-based hydrogel

system to improve mechanical and structural properties of hydrogels for biomedical applications.

Multifunctional hydrogels were formulated to integrate the gel-forming capabilities and biocompatibility

of polyvinyl alcohol (PVA) and pectin, with the crosslinking and structural reinforcement of 3-

aminopropyltriethoxysilane (APTES), and the antimicrobial and drug-loading capabilities of graphene

oxide (GO) fillers. Using varied GO concentrations, pectin/PVA/APTES/GO hydrogel series PPG (−2.5, −5,

−7.5, and −10) was synthesized, and samples' structural integrity, amorphous nature, porous

morphology, and thermal stability were characterized. The hydrogels demonstrated high cell viability,

biodegradation, and antibacterial activity, and their swelling in distilled water (DW) reached a maximum

value of 3300% in 120 min. The greatest degree of swelling was observed at pH 8 in both buffered and

non-buffered solutions. Following the Higuchi, zero-order, and Korsmeyer-Peppas models for controlled

release kinetics, 91.44% of levofloxacin (LVX) was released from the drug-loaded hydrogel (DPPG) within

3.5 hours in a PBS (pH 7.4) solution. Furthermore, in vivo wound healing studies demonstrated excellent

results, especially for the drug-loaded hydrogel DPPG, where the healing rate was 100% on day 7. The

outstanding characteristics of the fabricated pectin-based hydrogels enhance their potential for

antimicrobial wound dressing and controlled drug delivery applications.
1 Introduction

Traditional drug delivery systems face challenges such as
uncontrolled release, low bioavailability, and poor targeting,
leading to systemic toxicity and side effects. Therefore,
advanced methods are needed to improve their precision and
outcomes.1,2 Hydrogels offer a promising alternative due to their
biodegradable, non-toxic, and biocompatible properties. Their
responsive and adaptable structure makes them ideal for use in
drug delivery and biological applications.3,4 Hydrogels are three-
dimensional, crosslinked polymeric networks composed of
either synthetic or natural polymers. They can absorb and hold
onto a lot of water without losing their structure. Their porous
nature and the presence of hydrophilic groups allow them to
swell to many times their dry weight.5,6 Swelling in hydrogels
occurs because of secondary forces, covalent bonding and chain
entanglement. Hydrogel swelling occurs in three primary
stages, i.e., water diffusion, polymer chain relaxation and
expansion. The distinctive and exceptional characteristics of
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hydrogels make them highly appropriate for a range of
biomedical applications.7,8 A variety of characteristics, such as
their composition, origin, structure, crosslinking type, and
stimulus-reactivity, may also be used to categorize them.9,10

Stimuli-responsive hydrogels have the ability to modify their
physical and chemical properties and are oen referred to as
“smart hydrogels”.11,12 Hydrogel synthesis involves the forma-
tion of a gel-like structure by the crosslinking of polymeric
chains either by physical or chemical interactions.13,14 The
solution casting method of hydrogel synthesis is a simple,
reproducible and straightforward technique.15,16

Natural polymers are frequently utilized in hydrogel forma-
tion due to their advantageous properties, such as low cost, easy
accessibility, compatibility with biological systems, ability to
degrade naturally, and environmentally friendly characteris-
tics.17,18 Pectin is a complex polymer consisting primarily of a-
(1/4)-linked D-galacturonic acid residues.19,20 Whether these
residues are free carboxylic acid groups or esteried with
methanol will dene the degree of esterication (DE) of these
residues.21,22 Pectin comes from plant cell walls, usually apple
pomace or citrus peels. There are variousmethods for extracting
pectin, and each method can inuence both quality and
production rate. Pectin acts as a thickening agent, emulsier,
RSC Adv., 2026, 16, 5515–5534 | 5515
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stabilizer and gelling agent.23 The versatility of this biopolymer
is associated with its biocompatibility, biodegradability, and
prebiotic, gut health supporting, anti-inammatory and anti-
oxidant properties.24–26 Pectin's lm-forming ability makes it
useful in food preservation and drug delivery systems. Its
mechanical properties can be tailored for various applications
through crosslinking.27,28

While hydrogels based on natural polymers have advantages
(including sustainability and bioactivity), they oen suffer from
disadvantages like reduced mechanical strength and heteroge-
neous properties due to source variability.29,30 Such challenges
can be overcome by blending them with synthetic polymers or
employing hybrid crosslinking systems.31–33 PVA is a versatile
synthetic polymer known for its water solubility, exibility, and
biodegradability under specic conditions. It provides strong
mechanical stability that can be further improved by cross-
linking, and shows notable resistance against chemicals,
solvents, and oils.34,35 PVA is commonly used as a stabilizer,
thickener, and adhesive in various industries, including textiles,
papermaking, food packaging, and biomedical applications
such as contact lenses and surgical threads.30 Its biocompati-
bility and eco-friendly nature make it a tempting alternative to
other synthetic polymers, contributing to its use in diverse
products from consumer goods to biomedical applications.35

Fillers are substances that can be incorporated into hydrogels to
enhance their thermal, mechanical, or functional characteris-
tics.36,37 Active llers (e.g., GO and its derivatives) confer
mechanical reinforcement as well as stimuli-responsive prop-
erties on hydrogels. GO improves the elasticity, tensile strength
and conductivity of hydrogels while providing hydrophilicity
and bioactive properties such as antioxidant and antibacterial
activities.4,38

LVX is a fourth-generation uoroquinolone antibiotic with
several uses as an anti-inammatory, antibacterial, and anti-
dysentery drug; its structural formula is shown in Fig. 1. LVX
is effective against both Gram-positive and Gram-negative
bacterial infections, as well as “atypical” ones.39 It is exten-
sively dispersed throughout the body, with an average volume of
distribution of 1.1 L kg−1.29 With normal renal function, the
half-life for plasma elimination is 6–8 hours. Approximately
80% of this broad range antibiotic is eliminated via the urinary
route without having any therapeutic effect.40
Fig. 1 The chemical structure of LVX.

5516 | RSC Adv., 2026, 16, 5515–5534
In the current research, we have synthesized and character-
ized novel GO-reinforced pectin/PVA/APTES/GO hydrogels and
investigated their pH sensitivity, biodegradability, and anti-
bacterial and cytocompatibility efficiency. We further explored
the LVX-loaded hydrogel for controlled release and wound
healing properties. Pectin/PVA/APTES/GO hydrogel's novelty
stems from its APTES-mediated crosslinking (replacing toxic
glutaraldehyde) and GO integration, which enhance structural
stability, pH responsiveness, and mechanical strength while
enabling sustained LXV release via p–p interactions. Unlike
conventional hydrogel systems, the synergy of PVA's lm-
forming properties and pectin's biodegradability creates
a tunable, biodegradable matrix, while GO introduces greater
strength and stability that was lacking in earlier reports for clay
or cellulose-reinforced hydrogels.41–43 The design addresses
burst-release limitations, improves drug-loading capacity, and
offers sharper pH sensitivity, positioning it as a multifunctional
platform for precise, sustained antibiotic delivery in dynamic
environments.
2 Experimental
2.1. Chemicals

Pectin (low methoxy content, CAS No. 9000-69-5, #10% mois-
ture, galacturonic acid, $74.0%), PVA (CAS No. 9002-89-5),
APTES (CAS No. 919-30-2, 99%), potassium chloride (CAS No.
7447-40-7), potassium dihydrogen phosphate (99%, CAS No.
9002-89-5), calcium chloride (anhydrous, CAS No. 10043-52-4),
sodium hydroxide (CAS No. 1310-73-2), proteinase-K (CAS No.
39450-01-6), and graphite powder (CAS No. 7782-42-5) were
purchased from Sigma-Aldrich, Germany. Nitric acid (65%, CAS
No. 7697-37-2), hydrochloric acid (37%, CAS No. 7647-01-0),
sulfuric acid (95–98%, CAS No. 7664-93-9), sodium chloride
(CAS No. 7647-14-5) and ethylene glycol (CAS No. 107-21-1, MW:
62.07 g mol−1) were obtained from Merck, Germany. Potassium
permanganate (CAS No. 7722-64-7, MW: 158.03 g mol−1),
ethanol (CAS No. 64-17-5, MW: 46.07 g mol−1) and methanol
(CAS No. 67-56-1, MW: 32.04 g mol−1) were bought from BDH
England. Hydrogen peroxide (30%, CAS No. 7722-84-1, MW:
34.01 g mol−1) and disodium hydrogen phosphate (CAS No.
7558-79-4) were purchased fromDabur, India. Glycerin (CAS No.
56-81-5), sodium azide (MW: 65.01 g mol−1) and LVX drug (MW:
361.368 g mol−1) were sourced from Wilson's Pharmaceuticals,
Islamabad, Pakistan.
2.2. GO synthesis

GO synthesis was conducted via a modied Hummers'
method.44 Graphite powder (15 g) was soaked and le for 3 days
in a HNO3 and H2SO4 mixture (30 : 30 mL). Aer the addition of
200 mL of DW, the mixture was centrifuged at 6000 rpm,
utilizing a Hermle Labortechnik Germany centrifuge machine,
model Z 326. Black precipitates in the lower layer were heated
for 3 hours at 70 °C, giving expanded graphite. Next, 4 g of
expanded graphite was added to 75 mL of H2SO4 and stirred for
20 minutes. Then, in an ice bath, 12 g of KMnO4 was added
slowly with stirring for 1 hour. A brownishmixture was obtained
© 2026 The Author(s). Published by the Royal Society of Chemistry
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by adding 375 mL of deionized water aer 2 hours of heating at
90 °C. Then, 2 mL of H2O2 was added, followed by centrifuga-
tion at 6000 rpm and alternative rinsing with DI water and 1 M
HCl for purication. A thick GO suspension was obtained aer
1.5 hours of heating. The GO precipitates were then dried at 60
to 70 °C, ground, and stored for future use.
2.3. Synthesis of hydrogels

The rst step in the hydrogel synthesis involved dissolving 0.5 g
of pectin and 0.5 g of PVA separately in 50 and 40mL of DW. The
two polymeric solutions were then combined at 70 °C and
stirred for two hours. Following that, GO (2.5, 5, 7.5, and 10 mg)
was sonicated for 30 minutes in 10 mL of DW. It was then added
to the polymeric solution and mixed for an hour at 70 °C. Then,
20 mL APTES was mixed with 10 mL methanol and poured
dropwise into the blending mixture while being constantly
stirred for an additional hour. Finally, 20 mL of glycerin was
introduced to improve the exibility of the hydrogels and
prevent brittleness. Hydrogels were then formed by transferring
the solution into plastic Petri dishes, followed by air-drying. The
hydrogels were named PPG (the control, lacking GO), PPG-2.5,
PPG-5, PPG-7.5, and PPG-10, which contained 2.5, 5, 7.5, and
10 mg of GO, respectively. PPG-7.5 was loaded with 50 mg LVX
and denoted as DPPG (the detailed procedure is given under the
drug loading and release section). The composition of the
pectin/PVA/APTES/GO hydrogels is displayed in Table 1,
together with the exact ratios of each ingredient used in the
formulation.
2.4. Hydrogel characterizations

A Nicolet iS10 spectrometer from Thermo Fisher Scientic
(Brookhaven, USA) was used to conduct Fourier transform
infrared (FTIR) spectroscopic analysis of the hydrogels to
investigate the structural properties of each sample. Prior to
scanning each hydrogel, it was vacuum-dried. Triangular
apodization was used and spectra were obtained at a resolution
of 2 cm−1. Thermo-gravimetric analysis (TGA) of the prepared
hydrogels was conducted using a thermal analysis (TA) instru-
ment (model Q50, Newcastle, USA). The device had a platinum
pan that held 5 mg of hydrogel material that was heated at 10 °C
per minute in an inert atmosphere between 15 and 700 °C. The
inert atmosphere for the analysis was achieved by continuously
Table 1 The compositions of GO-reinforced pectin/PVA/APTES/GO
hydrogels

Hydrogels

Compositional details

Pectin (g)/PVA
(g)/APTES (mL) GO (mg) LVX (mg)

PPG (control) 0.5/0.5/20 0 —
PPG-2.5 0.5/0.5/20 2.5 —
PPG-5 0.5/0.5/20 5 —
PPG-7.5 0.5/0.5/20 7.5 —
PPG-10 0.5/0.5/20 10 —
DPPG 0.5/0.5/20 7.5 50

© 2026 The Author(s). Published by the Royal Society of Chemistry
purging with nitrogen at a ow rate of 40 mL per minute. The
synthesized hydrogels were further analyzed by X-ray diffraction
(XRD) using an X'Pert Pro diffractometer, PANalytical Almelo,
Netherlands. Cu Ka radiation with a wavelength of 1.544 Å was
used with the scan step size of 0.025°, and the 2q working range
was 5°–80°. Scanning electron microscopy (SEM) examination
was carried out using a MIRA3 TESCAN instrument, manufac-
tured in Brno, Czech Republic. Initially, the hydrogel sample
was affixed to a carbon conductive tape, followed by the appli-
cation of a tungsten (W) coating at a rate of 0.8 nm per second
for a duration of 92 seconds using the Safematic CCU-010
sputter coater. Aer that, the samples were examined at
different magnications.
2.5. In Vitro analyses

2.5.1. Biodegradation. Hydrogels are biodegradable,
involving the breakdown of complex polymers into simpler
products. This reduces their accumulation in living organisms.
The biodegradation rate of hydrogels was studied in PBS
(phosphate-buffered saline); proteinase-K solutions were used,
and the biodegradation percentage was determined using eqn
(1):

Biodegradation ð%Þ ¼ Wo �Wt

Wo

� 100 (1)

where Wo is the initial weight of the hydrogel and Wt is the
weight of the hydrogel removed from PBS and proteinase-K
solutions (aer removing the surface water) at pre-determined
intervals. Pre-weighed, sterilized, and cleaned hydrogels were
immersed in 25 mL of PBS at room temperature. Weight loss
was measured on days 1, 3, 7, 10, 14, and 21. For enzymatic
degradation, 0.2 mg mL−1 proteinase-K was prepared in PBS,
followed by the addition of 0.29 g CaCl2. Next, 0.01% w/v NaN3

was added as a precaution to stop the growth of microorgan-
isms. Then, a precisely measured pre-weighed quantity of
hydrogel was added to the enzymatic solution. Each sample was
incubated at 37 °C, and the weight loss of dried hydrogels on
days 1, 3, and 7 was compared.

2.5.2. Cell viability. The ASAB cell culture core of the
National University of Sciences and Technology (NUST)
provided human embryonic kidney cells (HEK-293), and an
MTT assay was performed to analyze the cell viability of the
hydrogel against these cells. The HEK-293 cells were grown in
Dulbecco's Modied Eagle's Medium (DMEM). Here, 2 mg of
hydrogel was used to seed 1 × 104 cells, which were then
incubated at 37 °C. As a reference group, cells without hydrogel
were used. Aer 48 hours, the absorbance was determined
using a Bio-Rad absorbance microplate reader, model PR4100
(Washington, DC, USA). The cell viability was evaluated using
eqn (2) aer three cell line trials:

Cell viability ð%Þ ¼ Sample absorbance

Reference absorbance
� 100 (2)

2.5.3. Swelling. To assess each hydrogel's swelling
behavior, swelling experiments were conducted. Pre-weighed
amounts of dry hydrogel (10 mg) were immersed in DW.
RSC Adv., 2026, 16, 5515–5534 | 5517
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Additionally, weight measurements of the swollen hydrogel
were made at regular intervals. A tissue paper was used to
remove the extra solvent in the beaker before weighing. The
hydrogels' swelling capacity was also assessed in the same
stream at pH levels of 2, 4, 6, 7, 8, and 10 in both buffered and
non-buffered solutions. Similarly, this research explored the
inuence of varying concentrations (0.2, 0.4, 0.6, 0.8, and 1M) of
NaCl and CaCl2 solutions on the swelling characteristics of the
hydrogels. Eqn (3) was used to determine each hydrogel's
swelling capacity:

Swelling ð%Þ ¼ Ws �Wd

Wd

� 100 (3)

where Ws represents the weight of the swollen hydrogel and Wd

represents the weight of the dried hydrogel. Using eqn (4), it is
possible to explain the diffusion mechanism by which solvents
or water enter and exit hydrogels.

F = ktn (4)

“F” stands for fractional swelling, “k” for the swelling rate
constant, “t” for the swelling duration, and “n” for the swelling
exponent. The value of “n” indicates the type of diffusion
mechanism occurring as water or solvent penetrates the
hydrogel network.

2.5.4. Antibacterial assay. Using the disc diffusion method,
each hydrogel's antibacterial activity was tested against Escher-
ichia coli (E. coli) and Staphylococcus aureus (S. aureus) strains.
Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria,
represented by the numbers ATCC 25922 and 25923, respec-
tively, are clinical strains utilized in this experiment. The
bacteria used were grown in an autoclaved Petri dish that was
imbued with a Lysogeny broth (LB) at pH 7.4, containing 0.5%
yeast and 1% each of sodium chloride and tryptone. Aer
applying the grown bacterial culture (60 mL) onto each agar plate
with LB medium and 1.5% agar, the culture was equally
distributed throughout the LB agar plates using a glass spreader
that had been ethanol sterilized. Aer that, each LB agar plate
was used to embrace 5 mg of the hydrogel sample, and all the
plates were then placed on a bacterial lawn at 37 °C. A zone
reader scale was used to measure the zones of inhibition 24
hours later, with a minimum count of 1 mm. In the middle of
the circle was the zone reader's “0” reading. The inhibition zone
(Iz), measured in millimeters, was the distance between the
circular area's center and edge.

2.5.5. Drug loading and release. Initially, solutions of
pectin (0.5 g in 50 mL DW) and PVA (0.5 g in 40 mL DW) were
combined and stirred for two hours at 70 °C. Here, 0.0075 g of
GO was sonicated for 30 minutes in 10 mL of DW, then added to
the pectin/PVA mixed solution and stirred for an additional
hour. The pectin/PVA/GO combination was mixed with 50 mg of
LVX dissolved per 10 mL of DW, followed by the addition of 20
mL of APTES and glycerin each. Aer being shaken again for two
hours, the resulting solution was poured onto the plastic Petri
plates and le to dry at room temperature. The hydrogel lled
with LVX was referred to as DPPG. The drug's release was
observed at 37 °C and pH 7.4 (physiological conditions). In 200
5518 | RSC Adv., 2026, 16, 5515–5534
milliliters of 1 M PBS solution, DPPG was added together with 8
grams of NaCl, 1.44 grams of Na2HPO4, 0.24 grams of KH2PO4,
and 0.2 grams of KCl dissolved in autoclaved DW. A twin beam
UV-visible spectrophotometer set to 291 nm was used to expose
the solution every 10 minutes. The pure PBS solution served as
the standard, and the quantity of LVX released was calculated
using the standard calibration curve. Eqn (5)–(7) provided
empirical models that were used to study the kinetics and
mechanism of drug release:

Mt = Mo + Kot (zero-order kinetic model) (5)

ln
Mt

Mo

¼ n lntþ lnk ðKorsmeyer-Peppas kinetic modelÞ (6)

ft = Q = KH × t1/2 (Higuchi kinetic model) (7)

Mo is the total drug content, while Mt is the quantity of drug
released at time “t.” The rate constants are shown by KH, k, and
Ko.
2.6. In vivo analysis

2.6.1. Ethical approval. The animals (30 female albino
mice) used in the in vivo study were treated in compliance with
the guidelines set out in the Directive 2010/63 of the European
Community Council. The Institutional Ethics Committee of
Animal Experimentation and Care (IECACE) at NIH (National
Institutes of Health) examined and approved the experimental
protocol (No. F.1-5/ERC/2024). Every in vivo experiment was
conducted in compliance with the instructions and globally
recognized standards.

2.6.2. Cutaneous wound animal model. All mice weighing
between 18 and 25 grams were sourced from the animal house
facility at NIH in Islamabad, Pakistan. The mice in the wound-
healing investigation were kept at 25 ± 2 °C and 45 ± 5%
relative humidity. Prior to the experiment, they had unrestricted
access to food and water, and they were given seven days to
become used to their new surroundings. Three groups (A, B, and
C) were made via the random selection of 10 mice of the same
weight and age in each group, and wound treatment was carried
out as follows:

Group A—Pyodine treatment (control).
Group B—PPG-7.5 treatment.
Group C—LVX-loaded DPPG treatment.
2.6.3. Excision wound iniction. Ketamine hydrochloride/

xylazine (100/10 mg kg−1) was injected into the peritoneal
cavity of mice to induce anesthesia. The mice were shaved
dorsally with an electric clipper, and the wound area was
marked with methylene blue. An incision measuring 2–3 mm in
depth and 5–6 mm in width was made using sharp scissors,
toothed forceps, and a surgical blade. All surgical operations
were carried out in sterile settings, and post-operative care was
ensured. The animals were given treatment once daily.

2.6.4. Wound assessment. In the excision model, wounds
were measured daily and documented with digital photographs.
Healing was evaluated using transparent paper to nd the
wound size. The extent of wound healing in each group was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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determined by calculating the wound contraction percentage
using eqn (8).

Wound contraction ð%Þ ¼
Wound Area on day 0�Wound Area on day n

Wound Area on day 0
� 100 (8)

Here, n represents the day (e.g., second, third, fourth, sixth, and
seventh). For each wound surface area measurement, three or
more animals were included, and the nal outcomes were ob-
tained as mean ± SEM (standard error of mean).

2.7. Statistical analysis

For statistical analysis, one-way ANOVA was performed using
Origin Pro (8.5.1) soware (Origin Lab Corporation, USA).
Kinetic parameters related to drug release from hydrogels and
swelling behavior were evaluated through linear tting. Anti-
bacterial and cytocompatibility results, presented as mean ±

SD, were obtained from three independent experiments.

3 Results and discussion
3.1. Scheme

Different concentrations of GO were used to develop a series of
GO-reinforced pectin/PVA/APTES/GO hydrogels. This approach
allows for the systematic investigation of how different GO
concentrations inuence the structural, mechanical and func-
tional properties of hydrogels. The proposed scheme for the pH-
sensitive hydrogels is provided in Fig. 2. The dotted and bold
Fig. 2 A proposed scheme for the GO-reinforced pectin/PVA/APTES/
GO hydrogel series and pictures of the synthesized hydrogels.

© 2026 The Author(s). Published by the Royal Society of Chemistry
lines emphasize the system's structural cohesion and connec-
tion, respectively, illustrating the links and interactions among
the functional groups of different components. Initially,
a composite hydrogel network was formed by integrating pectin
and PVA. This provided a biocompatible and exible hydrogel
matrix, where strong intermolecular hydrogen bonding
occurred between –OH and –COO− groups on PVA and pectin,
respectively. This synergistic approach improved the mechan-
ical properties of pectin by forming a robust 3D porous struc-
ture. The introduction of the –NH2 group from APTES further
accelerated the binding between the pectin/PVA matrix and GO
via covalent bonding; hence, enhanced crosslinking density and
stability were achieved. The uniform distribution of GO within
the polymeric matrix and its hydrogen bonding and ionic
interactions with the functional groups and drug-loaded mole-
cules created a unied andmulti-tasking structure, which could
be attributed to mechanical veracity, sustained drug release,
and wound healing efficacy. The pictures of prepared hydrogels
in current studies are also provided in Fig. 2.
3.2. Structure, stability, phase, and surface morphology
studies

3.2.1. FTIR. GO was prepared via the reported method and
used to synthesize the GO-reinforced pectin/PVA/APTES/GO
hydrogel series.44 The characterization results of GO and the
relative discussion, including Fig. S1, are provided in the SI,
which conrmed the formation and stability of GO.

FTIR analysis was employed to conrm the functional
groups of each component used in the synthesis of the hydro-
gel. The FTIRmethod validates how interactions have evolved to
create hydrogel interfaces. Fig. 3(a) displays the FTIR spectra of
individual hydrogel components, i.e., pectin, PVA, APTES, and
GO. A distinctive absorption peak for the –OH stretching and
bending vibrations was seen in the pectin spectra around 3280–
3600 cm−1 and 1025 cm−1, respectively.45 The absorption peaks
at 2920 cm−1 and 1490 cm−1 were caused by the stretching and
bending vibrations of polymer-linked C–H bonds. Moreover,
stretching peaks at 1740 cm−1, 1634 cm−1, 1072 cm−1, and
1139 cm−1 were found to correspond to C]O, COO−, C–O–C,
and CH–OH in the aliphatic cyclic secondary alcohol, respec-
tively.45 PVA exhibited –OH stretching band within the 3200–
3550 cm−1 range. The –CH2 wagging, C–H and C–O stretching
bands were represented by the peaks seen at 1428 cm−1,
2910 cm−1, and 1094 cm−1, respectively.46 GO was recognized by
the –OH stretching in the 3000–3700 cm−1 range. Peaks were
observed at 1740 cm−1, 1576 cm−1, 1051 cm−1, and 1316 cm−1

for C]O, C]C, C–O–C (epoxy), and C–O, respectively.
Symmetric and asymmetric C–H stretching were represented by
the peaks observed in the APTES spectrum, which were located
at 2883 cm−1 and 2973 cm−1, respectively. Peaks at 1094 cm−1,
1000–1100 cm−1, and 1441 cm−1 were detected, which indicate
the vibrations for C–O, Si–O, and C–N stretching, respectively,
but at 1389 cm−1, CH2 bending/wagging was recorded. These
peaks verify that APTES contains silane, alkyl, amine, and
ethoxy groups.47
RSC Adv., 2026, 16, 5515–5534 | 5519
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Fig. 3 FTIR spectra of the (a) individual components, (b) fabricated GO-reinforced pectin/PVA/APTES/GO hydrogels, and (c) pure LVX and LVX-
loaded PPG-7.5 (DPPG).
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Fig. 3(b) displays the FTIR spectra of the fabricated hydrogels
(pectin/PVA/APTES/GO-PPG). The large stretching peaks
appeared within the range of 3000–3600 cm−1 and were
ascribed to the –OH groups found in certain hydrogel compo-
nents, including GO, PVA, and pectin. The peak's broadness
conrmed that hydroxyl groups were involved in hydrogen
bonding. Additionally, the vibrational peaks associated with –

OH bending were detected at 1374 cm−1.48 The polymer-linked
C–H stretching and bending vibrations were observed at
2922 cm−1 and 1420 cm−1, respectively. A prominent interac-
tion between polymers and APTES was the formation of siloxane
linkages (Si–O–Si), identied by an intense peak at 1020 cm−1 in
all hydrogel formulations.49 In pectin and GO, characteristic
bands for C]O, C–O–C, –COO−, and CH–OH were seen at
1730 cm−1, 1086 cm−1, 1645 cm−1, and 1145 cm−1 on average.
APTES's characteristic C–N peak was found at 1441 cm−1. In
5520 | RSC Adv., 2026, 16, 5515–5534
pectin, PVA, APTES, and GO, the bands at 1526 cm−1 and
1081 cm−1 represented C]C and C–O, respectively. Compa-
rable spectral peaks with variations in intensity, depending on
hydrogel composition, were observed for the hydrogels, as
shown in Fig. 3(b). The ndings veried the existence of all
functional groups within the hydrogels.

The FTIR spectrum of LVX showed characteristic peaks for
O–H and N–H stretching in the range of 3600–3100 cm−1. Peaks
corresponding to C–H, C]O, and C–F stretching appeared at
2935 cm−1, 1720 cm−1, and 746 cm−1, respectively. A peak at
1622 cm−1 was attributed to C]O stretching within the
aromatic ring.50 No peak shi was observed in the drug-loaded
hydrogel (DPPG-7.5); however, compared with PPG-7.5, similar
peaks appeared with reduced intensity and broadness. The
spectral region between 1500 and 1678 cm−1 further conrmed
LVX loading in DPPG, as shown in Fig. 3(c).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2.2. TGA. The hydrogels' thermal behavior was assessed
using TGA. Each component of the hydrogel has an impact on
the degradation pattern. Fig. 4(a) displays the TGA responses of
GO-reinforced (0–10 mg) PPG and drug-loaded DPPG as
a function of temperature. Three different phases of weight loss
Fig. 4 (a) TGA thermograms, and (b) X-ray diffractograms of the GO-rein
PPG-7.5 at different magnifications. (d) SEM micrographs of DPPG (LVX-

© 2026 The Author(s). Published by the Royal Society of Chemistry
were seen in the thermogram of GO-reinforced hydrogels. The
rst step involved the removal of moisture content and the
trapped solvent molecules at temperatures between 15 and
200 °C. The second step, which ranged from 200 to 280 °C, was
related to side chain removal and decarboxylation inside the
forced pectin/PVA/APTES/GO hydrogel blends. (c) SEMmicrographs of
loaded PPG-7.5).

RSC Adv., 2026, 16, 5515–5534 | 5521
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hydrogels. This might also be referred to as the initial degra-
dation zone where polymer degradation began. The third stage,
which showed the breakdown of the remaining polymeric
backbones, spanned from 290 to 645 °C.51 Additionally, the
increase in GO concentration resulted in decreased hydrogel
degradation. The strong carbon–carbon bonds in GO provide
thermal stability; it will not lose much of its weight until
temperatures rise over 500 °C. APTES also offers stability
because of its silane groups and is likely to show decomposition
at temperatures higher than 400 °C.52

According to the TGA results, the stability of hydrogels was
closely correlated with the amount of GO since it had many
binding sites, such as C]O, –OH and –COO−, which conse-
quently provide better hydrogel stability by forming strong
intermolecular interactions. The TGA curve of LVX-loaded PPG-
7.5 (DPPG) showed enhanced thermal stability, which was
explained by the drug and hydrogel forming robust intermo-
lecular connections. Each LVX molecule has one carbonyl, one
uorine and three nitrogen atoms, all of which contribute to the
formation of intermolecular interactions with the groups in the
hydrogel, resulting in improved stability.53 Additionally, LVX
adsorbs onto the GO surface via p–p interactions, increasing
the interfacial bonding and load transmission. The hydro-
phobic regions of LVX may also stabilize the structure by
interacting with non-polar sections of the hydrogel.54 By
increasing the crosslink density and reducing polymer chain
mobility, these interactions produce a hydrogel network that is
more compact, cohesive, and thermally stable. Table 2 displays
the hydrogels' residual weights at various temperatures.

3.2.3. XRD. Fig. 4(b) displays the produced hydrogels' XRD
data. The semi-crystalline nature of PVA was validated by the
analysis, which showed a shoulder peak at 2q= 22.5°–22.7° and
conspicuous peaks at 2q = 19.2°–20.5° (related to the (101)
plane), while additional peaks at 2q = 11.2°, 15.3°, 16.1°, 38.5
and 44.3° reected various structural characteristics and
hydrogen bonding within the polymer.55 Meanwhile, pectin
showed XRD peaks around 2q values of 18.21°, 20.14°, 22.42°,
39.36°, 42.54°, 45.23°, 67.11° and 79.14°.45 The formation of an
amorphous hydrogel led to peak broadening andmerging in the
XRD pattern. Comparable amorphous interactions have been
reported in the literature.56

The amount of GO in each blank hydrogel specimen varied
(0, 7.5, and 10mg), although they all had the same composition.
The order and architecture within hydrogels were directly
Table 2 Residual weights of PPG and the GO-reinforced pectin/PVA/
APTES/GO hydrogels at different temperatures

Hydrogels

Residual weight (%)

100 °C 200 °C 300 °C 400 °C 500 °C 600 °C

PPG (control) 95.41 78.58 36.14 22.28 13.83 12.15
PPG-2.5 95.57 79.92 39.29 23.04 14.06 12.37
PPG-5 95.84 80.05 38.74 24.71 14.93 13.15
PPG-7.5 95.79 80.53 42.86 25.86 16.71 15.01
PPG-10 95.87 82.13 45.66 28.99 17.40 15.83
DPPG 97.17 86.28 48.02 31.38 21.95 19.07

5522 | RSC Adv., 2026, 16, 5515–5534
enhanced by hydrogen bonding and cross-linking between
functional groups such as –OH, –COO−, and C]O found in GO.
The crystallinity caused by the chemical cross-linking also
affected the intensity. PPG-10 exhibited higher intensity values,
whereas lower intensities were seen in PPG (control). Amor-
phous hydrogels were produced because of the successful
integration of all components, according to XRD patterns.

3.2.4. SEM. The SEM micrographs of PPG-7.5 and DPPG
hydrogels are shown in Fig. 4(c) and (d), respectively. SEM
micrographs of PPG-7.5 depicted the heterogeneous, porous,
and uneven frameworks. By retaining moisture and allowing
oxygen to pass through, this structure is well-suited for appli-
cations such as wound healing. Furthermore, channelized
networks andmulti-layered grooves (shown with red arrows) are
visible, as displayed in Fig. 4(d). These surfaces are essential for
drug loading and release because they increase the surface area
of the hydrogel.57 In comparison with PPG-7.5, the DPPG
surface is denser, as is evident from the SEM images shown in
Fig. 4(d). Additionally, the apparent multi-dimensional grooves
provide a reservoir for solvent and drug molecules. The
morphologies of DPPG and PPG-7.5 differ because LVX mole-
cules were effectively loaded on DPPG, as shown in Fig. 4(d).
Hence, the successful synthesis of hydrogel formulations and
the efficient LVX loading on the hydrogels was conrmed by
SEM micrographs.
3.3. In Vitro studies

3.3.1. Biodegradation investigation. Biodegradable hydro-
gels are useful in biomedical applications since they do not
need to be removed aer the release of encapsulated thera-
peutic agents. The tuneable degradation of the hydrogel can
also regulate the release of drugs from the hydrogel.39 Further-
more, pectin and PVA have exceptional biodegradability and are
responsible for the hydrogels' biodegradation capabilities.
Hydrolysis, polymer breakdown, and solubilization are
responsible for this degradation.58 Pectin monomers are joined
by glycosidic bonds that are readily broken down by a variety of
enzymes to form short polysaccharide chains. These chains
undergo further disintegration to be incorporated into the
cellular metabolic pathways.59 The biodegradation of GO-
reinforced PPG hydrogel lms was investigated for 21 days in
PBS and in proteinase-K solutions; the results are shown in
Fig. 5(a) and (b), respectively. The estimated biodegradation
rates were found to be 93%, 89.07%, 84.86%, 83.27%, and 78%
in PBS and 93.33%, 90%, 85%, 83.33% and 80% in proteinase-K
medium for PPG (control), PPG-2.5, PPG-5, PPG-7.5, and PPG-
10, respectively. The biodegradation information is given in
Tables S1 and S2 of the SI.

Biodegradation results are conclusive that the weight loss of
3D hydrogels did not occur linearly over time; weight reduction
was much quicker at the start, and the hydrogel broke down
more slowly in PBS solution. In contrast, faster breakdown
occurred in the enzymatic solution because of the availability of
binding sites and free acetyl groups in pectin molecules.
Consequently, proteinase-K broke down the glycosidic bonds
that were present in the pectin.60 Moreover, the addition and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In vitro biodegradation studies of the GO-reinforced pectin/PVA/APTES/GO hydrogels in (a) PBS and (b) proteinase-K. (c) Cell viabilities (%)
of pectin hydrogels after 24 h. The data are represented with ± SD.

Table 3 Statistical parameters for the cell viability of GO-reinforced
pectin/PVA/APTES/GO hydrogels

Samples

Statistical parameters

N Average SD Sum Median
Cell viability
(%)

Reference 3 1.5848 0.0878 6.3391 1.6005 100
PPG (control) 3 1.5171 0.0793 4.5512 1.4968 95.73
PPG-2.5 3 1.7251 0.2372 5.1752 1.7263 108.85
PPG-5 3 1.9662 0.3654 5.8986 2.004 124.07
PPG-7.5 3 2.1273 0.1899 6.3818 2.1357 134.23
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increase in the amount of GO showed an adverse effect on the
hydrogel biodegradation in PBS and enzymatic solutions, which
may be related to a comparative reduction in the available
binding sites on pectin. The binding provided by the various
groups on the GO surface may also be accountable for the
increased stability in the hydrogel matrices.61 Hydrolysis is the
main process involved in the biodegradation of pectin-based
hydrogels in an aqueous environment. The water molecules
target the a-1,4-glycosidic linkages in pectin. Consequently,
these linkages are broken and produce monomers and oligo-
mers of galacturonic acids.

3.3.2. Cell viability investigation. Fig. 5(c) shows the cell
viabilities of the reference (HEK-293 cells without hydrogel),
PPG (control), PPG-2.5, PPG-5, PPG-7.5, and PPG-10 samples.
Absorbance values were noted aer 24 hours. Table 3 presents
the statistical parameters derived from the cell line data.
Enhanced cell multiplication in the presence of hydrogels, as is
obvious from the ndings, revealed their cytocompatibility and
© 2026 The Author(s). Published by the Royal Society of Chemistry
viability (Fig. S2–S7 in the SI). However, PPG-10 had the highest
cell viability among all the samples, which indicated that the
cell viability increased as the amount of GO increased. This may
be related to GO's antibacterial and antioxidant qualities, which
shield cells from infections and oxidative stress, while its vast
PPG-10 3 2.4309 0.2653 7.2927 2.4087 153.39
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surface area and oxygen-containing functional groups
encourage cell adhesion and growth.62 Additionally, GO's
capacity to imitate extracellular matrix structures produces an
environment that is conducive to cell development.63 The
increased cell viability indicates the hydrogels' appropriateness
for biomedical applications.

3.3.3. Swelling investigations
3.3.3.1. In distilled water (DW). The primary cause of

hydrogel swelling is the migration of liquid solvents into the
Fig. 6 (a) DW swelling pattern of hydrogels. (b) Diffusion parameter calib
buffer solutions, (e) NaCl, and (f) CaCl2.

5524 | RSC Adv., 2026, 16, 5515–5534
polymeric matrix from external media. The pectin-based
hydrogel blends' time-dependent swelling percentages in DW
are displayed in Fig. 6(a). The hydrogel samples clearly showed
the greatest swelling at 120 minutes, which is known as the
swelling equilibrium. All pectin hydrogels demonstrated excel-
lent swelling characteristics because the hydrophilic groups in
pectin form hydrogen bonds and electrostatic interactions with
water molecules, allowing pectin to absorb and hold substantial
amounts of water.64 All hydrogel formulations, except PPG
ration curves. Hydrogel swelling patterns in (c) non-buffer solutions, (d)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The calculated diffusion parameters for the swelling of GO-
reinforced pectin/PVA/APTES/GO hydrogels

Parameters

Hydrogel samples

PPG (control) PPG-2.5 PPG-5 PPG-7.5 PPG-10

Adj. R-square 0.122 0.844 0.872 0.792 0.740
R-square (COD) 0.221 0.861 0.886 0.815 0.769
Slope (n) −0.139 0.345 0.499 0.407 0.477
Intercept 7.961 5.799 5.011 5.356 4.886
k 2963.04 632.67 291.59 418.92 270.08

Table 5 Swelling percentages of GO-reinforced pectin/PVA/APTES/
GO hydrogels in DW, buffer, and non-buffer solutions

Time (min)

% Swelling of hydrogels in DW

PPG (control) PPG-2.5 PPG-5 PPG-7.5 PPG-10

20 1398 1080 753 924 618
40 1790 1488 1244 1109 906
60 2179 1991 1633 1821 1450
80 2099 2572 2366 2445 2217
100 1745 2945 2701 2845 2422
120 1523 3300 3179 2940 2650
140 1464 3219 2987 2800 2584
160 1309 3106 2917 2679 2469
180 1245 2850 2943 2635 2412
200 1047 2705 2877 2598 2392

pH

% Swelling of hydrogels in buffer

PPG (control) PPG-2.5 PPG-5 PPG-7.5 PPG-10

2 594 1338 1229 963 784
4 1543 1634 1439 1148 1273
6 2156 2317 1946 1825 2016
7 1813 2785 2513 2211 2680
8 1945 3000 2651 2426 2894
10 1735 2716 2427 1953 2165

pH

% Swelling of hydrogels in non-buffer

PPG (control) PPG-2.5 PPG-5 PPG-7.5 PPG-10

2 805 1310 900 912 1104
4 1347 1898 1763 1248 1498
6 2500 2570 2385 2026 2145
7 2347 2773 2675 2451 2296
8 2162 3317 3100 2826 2695
10 1930 2616 2757 2353 2178
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(control), exhibited a steady increase in swelling percentage
over time, with slight variations. In contrast, PPG (control)
showed a decrease in swelling over time due to the absence of
ller, which led to lower mechanical strength and gradual
disintegration during swelling.

At 120 minutes, PPG-2.5 exhibited the highest swelling
percentage of 3300%, whereas PPG (control) showed the lowest
swelling percentage of 1523%. The existence of cross-linking
capabilities in GO may be the reason for the observed
decrease in swelling % with an increase in GO quantity. GO is
comprised of a range of moieties, such as OH, COOH, and C]
O, and helps to improve the binding affinities within the
hydrogel architecture. Since GO is directly related to the
hydrogels' cross-linking points, it enhanced the compactness
and resulted in less swelling.65 Diffusion is an important
phenomenon in swelling; it is a process that causes swelling by
allowing water or a solvent to migrate inward into hydrogel
networks. The diffusion phenomenon is represented by eqn
(4).66 The calibration curves derived from the “LnF” vs. “LnT”
plots are displayed in Fig. 6(b), and Table 4 gives the diffusion
parameters' numerical values.

The diffusion model, transport and release mechanism of
solvents, and the drug molecules in hydrogel matrices are
described by the value of the swelling exponent “n”. The values
of “n” in Table 4 indicate stereo-selective quasi-Fickian diffu-
sion, as they are consistent with n < 0.5.

3.3.3.2. In non-buffer and buffer solutions. If a pectin hydro-
gel has ionizable functional groups like –OH and –COOH in its
structure, it will be more sensitive to pH changes.67 Changes in
the environment cause an imbalance in the charges within the
polymeric chains present in the hydrogel network. The hydro-
gels in the current studies are regarded as pH sensitive because
they demonstrate pH-dependent swelling behavior. Fig. 6(c)
illustrates how hydrogels swell in non-buffer solutions. The
greatest swelling was seen in a basic medium at pH 8, whereas
all the hydrogels had decreased swelling volumes in acidic
solutions. The carboxyl groups in pectin stay protonated in
acidic environments (low pH), which increases hydrogen
bonding and decreases electrostatic repulsion between the
polymeric chains.68 The compact and condensed hydrogel
structure reduces swelling by limiting the mobility of polymeric
chains and lowering water absorption. Alternatively, these
carboxyl groups deprotonate in basic circumstances (high pH),
which increases electrostatic repulsion and promotes
swelling.69 Furthermore, the amine groups in APTES also show
© 2026 The Author(s). Published by the Royal Society of Chemistry
pH-dependent ionization. At higher pH levels, the amines
become less protonated, reducing crosslinking density and
allowing the network to expand.70 Additionally, the polymeric
chains have charged zones over pendant chains at basic pH,
which resist one another and enhance swelling.71 The osmotic
pressure and the solution's molar concentration are related as
well. Deprotonation causes the molar concentration of –OH
ions, which are present in water, pectin, PVA, and GO, as well as
–COO ions, which are present in pectin and GO, to climb in the
solution as the pH increases.72 Consequently, this increases the
hydrogel's internal osmotic pressure, which results in larger
swelling percentages. PPG-2.5 showed the most swelling at pH 8
(3317%), whereas PPG (control) showed the least amount of
swelling (2162%).

Fig. 6(d) illustrates how hydrogels swell when immersed in
buffer solutions. Interestingly, differences in ionic concentra-
tion account for the varying swelling levels observed in buffer
and non-buffer solutions at the same pH. A higher ionic
strength in buffers reduces the osmotic pressure difference
between the hydrogel and its environment, leading to lower
water uptake and network swelling.73 Moreover, the hydrogels'
buffer swelling trend is comparable to that of non-buffers, with
RSC Adv., 2026, 16, 5515–5534 | 5525
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pH 8 giving the highest swelling. PPG-2.5 showed the most
swelling (3000%) in buffers, whereas PPG (control) showed the
least swelling (1945%) at pH 8. Pectin hydrogels are especially
helpful in applications like drug administration because of
their pH-dependent swelling characteristics, which allow them
to release therapeutic compounds in response to certain pH
conditions, such as those in various gastrointestinal tract
regions. Table 5 shows the percentage swelling of hydrogels in
DW with respect to time, as well as in buffer and non-buffer
solutions at different pH values.

3.3.3.3. In ionic solutions. The swelling behaviors of poly-
meric hydrogels are affected by molar concentrations, ion types
and charge densities;74 thus, NaCl and CaCl2 solutions (0.2, 0.4,
0.6, 0.8, and 1 M) were prepared. Despite having the same anion
(Cl−1), the two electrolyte solutions have differing cations (Na+1

and Ca2+), thus they have different charge-to-size ratios.
Hydrogel swelling trends in NaCl and CaCl2 are depicted in
Fig. 6(e) and (f), respectively. A clear decrease in swelling pattern
was observed as ionic concentration and charge density
increased. In 0.2 M NaCl and 0.2 M CaCl2, PPG-2.5 showed the
largest swelling percentages of 2570% and 2198%, respectively.
Additionally, the swelling percentages reduced as the molar
concentrations of CaCl2 and NaCl increased. This pattern can
be explained by three factors. First, the hydrogel's NH2 and
COOH groups form metal complexes with polyvalent cations
like Ca+2, resulting in compact frameworks with reduced
swelling volumes.10 Another contributing factor is the restricted
movement of metal ions due to their binding with negatively
charged regions within polymer chains. Additionally, strength-
ened electrostatic shielding between charged groups reduces
internal osmotic pressure and further limits the hydrogel
swelling.74

However, because of the interactions between the functional
groups, the increase in GO amount promotes stability,
compactness, and ultimately reduces swelling. Compared to
Fig. 7 Antibacterial activity investigation performed for the GO-reinforce

5526 | RSC Adv., 2026, 16, 5515–5534
CaCl2, larger swelling volumes are seen in NaCl. For instance,
PPG-7.5 showed 1248% and 1025% swelling in 0.4 M NaCl and
CaCl2 solutions, respectively, which was due to the difference in
ionic charge. Because of inter-chain connections, a high ionic
charge causes compactness in the hydrogel structure. The
bigger ions were also unable to enter the polymeric network.57

3.3.4. Antibacterial activity investigation. Fig. 7 illustrates
the antibacterial activity of all GO-reinforced pectin/PVA/APTES/
GO hydrogels against S. aureus and E. coli, while the evaluated Iz
values are provided in Table 6. However, amongst all hydrogel
samples, the antibacterial activity of PPG-7.5 was comparatively
stronger against both strains of bacteria, with inhibition zone
(Iz) values of 5.0 ± 0.01 mm for S. aureus and 7.0 ± 0.02 mm for
E. coli. Overall, all hydrogels had higher antibacterial efficacy for
Gram-negative bacteria.

The observed antibacterial activity of pectin-based hydrogels
could be linked to their ability to generate pores in bacterial
membranes, leading to cytoplasmic leakage and cell death. The
carboxylic groups (–COOH) in pectin deprotonate upon inter-
action with bacterial cells, releasing H+ ions that alter the pH
and disrupt the cell wall, while carboxylate ions (COO−) inhibit
cellular activities by binding with positively charged species in
the bacteria.75 Moreover, the bactericidal action of hydrogels
was enhanced in the presence of GO, which may have generated
reactive oxygen species (ROS) and physically disrupted the
bacterial membranes via its sharp edges and charge
interactions.76,77

The stronger antibacterial action against Gram-negative
bacteria may be due to variations in their cell wall structures.
Gram-negative bacteria possess a thinner peptidoglycan layer
and an outer membrane that may be more susceptible to
disruption by GO and other reactive components in the hydro-
gel. GO has been reported to generate oxidative stress and cause
membrane damage, which may be more effective against Gram-
negative than against Gram-positive species.76,77 The irregular
d pectin/PVA/APTES/GO hydrogels against (a) E. coli and (b) S. aureus.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Inhibition zone (Iz) values of GO-reinforced pectin/PVA/APTES/GO hydrogels against E. coli and S. aureus, presented as mean ± SD

Bacteria

Iz (mm)

PPG (control) PPG-2.5 PPG-5 PPG-7.5 PPG-10

E. coli 4.0 � 0.02 4.8 � 0.06 6.0 � 0.04 7.0 � 0.02 5 � 0.02
S. aureus 2.7 � 0.03 3.4 � 0.02 4.1 � 0.05 5.0 � 0.01 3.0 � 0.04
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antibacterial activity is likely due to GO dispersion and possible
agglomeration at higher concentrations. This affects surface
area and contact-based antibacterial action. Variations in
surface morphology, hydrogel swelling, diffusion rate, interac-
tions between the bacterial population, hydrogel surface, and
hydrogel density may also inuence bacterial interaction.

3.3.5. Drug (LVX) release investigation. Owing to the
favorable swelling performance and other intact activities,
including antibacterial activity, stability and cell viability, PPG-
7.5 was chosen for loading the LVX drug. The loaded sample
was denoted as DPPG. The standard calibration curve for LVX is
presented in Fig. 8(a), while the plot of LVX release from DPPG
in PBS is provided in Fig. 8(b). The drug was steadily released
from the hydrogel, as shown in Fig. 8(b), and equilibrium was
reached aer 210 minutes; 91.44% of drug release was esti-
mated in PBS solution at pH 7.4 in 3.5 h. Time-dependent drug
release data are provided in the SI in Table S3. Gazzi et al. re-
ported that pectin hydrogels loaded with imiquimod showed
63% drug release within 2 hours.78 The drug release in the
current work was also found to be more pronounced when
compared with our recently reported work, where a hydroxyap-
atite-reinforced pectin-based hydrogel released 88.57% of
doxycycline within the same time frame and pH.79 Further
comparison with reported literature indicated that the hydrogel
in the current work demonstrated a slightly slower release, with
91.44% of LVX released over 3.5 hours. This suggests that the
incorporation of APTES and GO may have contributed to
a denser network structure, slowing the drug diffusion rate. The
more gradual release prole implies better control over drug
delivery. Such sustained release may be benecial for a pro-
longed therapeutic effect.

Initially, the LVX release rate was higher, but it slowed down
aerward. The main factors that are responsible for the release
of a drug from the host hydrogels are hydrogen bonding, van
der Waals interactions, and condensation processes.73 Three
main mechanisms, i.e., swelling, diffusion, and erosion, are
considered to regulate the release of a drug from the hydrogel.67

The faster release of the drug at the start occurred due to
a swelling-controlled drug release mechanism.56,80 Diffusion-
controlled release is the mechanism responsible for
continued drug release once the swelling equilibrium is estab-
lished. In diffusion-controlled drug release, the release rate
remains constant and does not depend on concentration
gradients or polymer matrix properties.66 In the current work,
the presence of GO inside the hydrogel matrix was responsible
for the regulated release of LVX from DPPG.

The drug release followed zero-order, Higuchi, and
Korsmeyer-Peppas kinetic models, as shown in Fig. 8 (c–e), and
the evaluated kinetic parameters for all models are provided as
© 2026 The Author(s). Published by the Royal Society of Chemistry
inset tables. The controlled release of LVX from the hydrogel
was conrmed using the Ko and R2 values obtained from the
linear plots of the models. The R2 value > 95 indicates that the
LVX release data t the models well. The Ko values for zero
order, Higuchi, and Korsmeyer-Peppas models were evaluated
to be 0003, 6.051, and 0.452, respectively. This kinetic data
further conrmed that the drug release was governed by a time-
dependent diffusion-controlled mechanism.72
3.4. In Vivo wound healing studies

The biocompatibility, moisture retention, gel-forming ability,
anti-inammatory properties, antimicrobial activity, promotion
of cell growth, and the ability to deliver drugs locally make
pectin hydrogels useful for wound healing applications.81

Additional bioactive substances can be added to formulations
to increase their efficacy even more. These hydrogels provide an
effective, safe, and biocompatible means to promote tissue
regeneration and wound healing.82 They have been shown in
recent research to be benecial in encouraging skin regenera-
tion, especially in burn wounds and other skin lesions.83

Contraction or wound restoration is the reduction of the wound
area and is mostly determined by the extent and nature of the
injury, vital health, and tissue-repairing ability.84 In pectin-
based hydrogels, pectin aids the wound healing process by
creating a moist environment that speeds up tissue regenera-
tion and reduces scarring. Its natural biocompatibility supports
cell adhesion and growth, especially broblasts and keratino-
cytes. Pectin also helps to maintain the hydrogel's structure and
has mild antimicrobial and anti-inammatory effects, which
protect the wound and promote faster healing.81

Herein, we have evaluated the efficacy of synthesized
hydrogels (PPG-7.5 and DPPG) for their in vivo wound healing
activity using the excision wound model. DPPG was made by
loading 50 mg of LVX drug on the PPG-7.5 hydrogel. Fig. 9 (a–c)
displays pictures and a quantitative analysis of the wound-
healing rate using different dressings on the 0th, 1st, 3rd, 5th,
and 7th days of treatment. The observed ndings demonstrated
accelerated wound healing in group B and C animals, where
PPG and DPPG dressings were employed as compared to the
control group A. In contrast to 20% healing in the control group
treated with simply pyodine, up to 60–63% wound healing was
observed in the DPPG group and 33–35% in the PPG-7.5 group
within the rst three days. This study also validated that the
wounds were healed up to 98.3% and 67% on day 5 using DPPG
and PPG-7.5 hydrogels, respectively, while in the control group,
the healing was found to be 25% within this time span.

The PPG-7.5 hydrogel group signicantly increased the rate
of wound healing, achieving 75% healing on day 7, whereas
RSC Adv., 2026, 16, 5515–5534 | 5527
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Fig. 8 (a) Standard calibration curve for LVX. (b) In vitro LVX release in PBS at pH 7.4. (c–e) Zero-order, Higuchi, and Korsmeyer-Peppas kinetic
models, respectively, with inset tables showing the corresponding kinetic parameters.
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surprising results were obtained with DPPG, as it completely
(100%) healed the wound on the 7th day. This might be due to
cell migration and proliferation, which are promoted by the
hydrogel's extracellular matrix-like environment for the wound.
In addition, the porous structure, controlled swelling behavior
and tunable physicochemical properties of the hydrogel
ensured sustained drug release from DPPG by regulating
diffusion and degradation rates.85 The degree of reduction of
the wound area at the same time was as follows: DPPG > PPG-7.5
> control. While the control group displayed inammation,
PPG-7.5 and DPPG demonstrated no evidence of inammation.

Wound healing via hydrogels follows the natural stages of
hemostasis, inammation, proliferation, and remodeling, with
5528 | RSC Adv., 2026, 16, 5515–5534
hydrogels actively enhancing each phase. During hemostasis,
hydrogels provide a moist, adhesive barrier that aids clot
formation and stabilizes the wound site. In the inammatory
phase, they support immune cell activity to clear debris and can
deliver antimicrobial agents to reduce infection and excessive
inammation. In the proliferative phase, hydrogels maintain
a hydrated environment that promotes broblast proliferation,
collagen deposition, angiogenesis, and re-epithelialization,
facilitating granulation tissue formation. Finally, during
remodeling, hydrogels assist in extracellular matrix reorgani-
zation and collagen maturation, improving tissue strength and
minimizing scarring. Their tunable properties also allow the
incorporation of growth factors and bioactive molecules to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Images depicting wounds treated with the PPG series (GO-reinforced pectin/PVA/APTES/GO hydrogels) over a 7-day period. (b) The
wound healing ratio as a function of time. (c) Quantitative analysis of wound contraction during the healing process.
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further accelerate healing and tissue regeneration throughout
these stages.86–88

Previous studies indicated that a hydrogel dressing
achieving over 50% wound closure within 14 days reects its
effective design.89 For instance, a simvastatin-loaded alginate-
pectin hydrogel lm attained approximately 99% wound
closure in streptozotocin-induced diabetic rats aer 21 days,
markedly outperforming the control groups.90 In one research,
pectin-based hydrogels signicantly improved the wound
healing in male Wistar albino rats with burn injuries, as
compared to untreated rats, and these effects were further
intensied by the addition of plant extracts and iodine.81 In
© 2026 The Author(s). Published by the Royal Society of Chemistry
another study, allantoin-enriched pectin hydrogels demon-
strated wound healing of almost 71.43% in 15 days, where
compared to rats treated with lesser concentrations, diabetic rat
models treated with 5% pectin hydrogel showed greater rates of
re-epithelialization and a quicker reduction in wound size.91

These ndings collectively highlight pectin's strong potential as
a wound healing agent, demonstrating enhanced wound
closure, re-epithelialization and accelerated healing, particu-
larly when pectin is combined with therapeutic agents. The
wound healing results of DPPG, in current studies, were also
found to be more pronounced than those obtained in our
previous wound healing studies using chitosan-based coatings
RSC Adv., 2026, 16, 5515–5534 | 5529
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on surgical sutures, where complete healing was observed in 12
days.92 GO-reinforced hydrogels were also reported for their in
vivo wound healing performance. In a study on a chitosan
composite hydrogel reinforced with functionalized GO, in vivo
evaluation on full-thickness excision wounds in rats revealed
that the GO-reinforced hydrogel markedly accelerated wound
healing, achieving a closure rate of 92.2% within 21 days.93 In
another study, a hydrogel combining GO and N-acetyl cysteine
(NAC) within a gelatin matrix was developed. The NAC-GO-Gel
group achieved an 86.6% wound closure in 14 days, out-
performing non-hydrogel groups.94 Compared to the reported
literature, the wound healing results in the present study are
more surprising: DPPG shows excellent performance with 100%
wound healing within a very short period of 7 days; hence, it
could be considered a promising candidate for wound dressing
application.
4 Conclusions

A solution casting approach was used to synthesize GO-
reinforced pectin/PVA/APTES/GO hydrogels. In the hydrogel
matrix, pectin served as a biocompatible base, while PVA
improved mechanical strength and exibility. APTES acted as
a crosslinker, enhancing structural stability and controlling
swelling. GO reinforced the network, enabling sustained drug
release and antibacterial activity. Together, these components
contributed to the hydrogels' overall performance. FTIR anal-
ysis conrmed the presence of functional groups from each
hydrogel component, while XRD results indicated the amor-
phous nature of the hydrogels. SEM and TGA proved their
porous morphology and thermal stability, respectively. The
hydrogels exhibited good swelling performance, biodegrad-
ability, antibacterial activity and cell viability. The amount of
GO had an inverse relationship with the extent of swelling, and
maximum swelling (3300%) in DW was obtained with a low GO
content. The pH sensitivity of the hydrogel was evaluated using
both buffer and non-buffer media. Maximum swelling occurred
at pH 8 in both cases, with higher swelling observed in the non-
buffer solution (3317%) compared to the buffer solution
(3000%). These ndings indicate that the produced hydrogels
could be used for applications involving controlled drug release.
The controlled drug release studies revealed that an equilib-
rium was achieved aer 210 minutes, and 91.44% LVX was
released from DPPG in 3.5 hours. The Korsmeyer-Peppas,
Higuchi, and zero-order kinetic models were used to validate
a time-dependent, diffusion-controlled drug release mecha-
nism. In addition, DPPG dressing, when applied to incision
wounds on albino mice, showed surprising results of 100%
healing within a week. This could be ascribed to the biocom-
patibility of the hydrogel and its cellular proliferation, migra-
tion, and moisture retention abilities, which in turn promoted
tissue regeneration. Overall, the ndings indicated the potential
candidacy of the synthesized hydrogels for use in sustained
drug release in drug delivery systems for the urinary tract and as
dressings/bandages for the healing of wounds.
5530 | RSC Adv., 2026, 16, 5515–5534
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