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The current investigation involved the fabrication of gelatin-based hydrogels for controlled delivery of

quinine. Hence, pH-responsive and biocompatible hydrogels were developed using natural polymer

gelatin and synthetic monomer acrylic acid. The drug-loaded hydrogels indicated a new carrier system,

which was confirmed by various physicochemical characterizations, including FTIR, TGA, DSC, and XRD,

whereas SEM revealed the morphology of unloaded and drug-loaded hydrogels, respectively. Similarly,

sol–gel and porosity studies were conducted to assess the soluble, insoluble, and fluid penetration

across the prepared network. A significant increase in gelation, whereas a decline in sol fraction was

detected with high hydrogel contents. Unlike gel fraction, a decline was observed with high integration

of gelatin and N0,N0-methylene bisacrylamide, while acrylic acid showed the same effects as gel fraction

on the porosity of the polymeric matrix. Swelling and drug release investigations confirmed the pH-

dependent release of quinine at various simulated pH values of 1.2, 4.6, and 7.4, respectively. Both

swelling and drug release showed a high swelling index and release of the drug from the fabricated

hydrogel at higher pH values compared to lower pH values. Similarly, drug loading was conducted by

a swelling and diffusion approach. The effects of acrylic acid, gelatin, and N0,N0-methylene bisacrylamide

were the same on swelling, drug loading, and release as porosity. The biodegradation study revealed that

high polymer, monomer, and crosslinker concentrations led to a slow hydrogel degradation.

Furthermore, the developed matrix was subjected to cytotoxicity and cell viability studies on mouse

fibroblast L929 cells, which indicated safe utilization of polymeric hydrogels with negligible toxicity.

Hence, the strategy of preparing pH-responsive hydrogels of gelatin facilitates the controlled delivery of

quinine for a prolonged time in order to overcome the challenges of quinine generated after its multiple

intakes.
1. Introduction

Hydrogels have emerged as one of the most signicant classes
of biomaterials due to their unique structural and functional
features. These materials are characterized by a highly porous,
three-dimensional network of crosslinked polymers capable of
holding a substantial amount of aqueous or biological uids,
typically exceeding 20% of their total mass. Owing to the nature
of their chemical and physical interactions.1–4 These networks
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remain stable without dissolving, making hydrogels suitable for
various biomedical applications. Their high water holding
capability imparts excellent biocompatibility and enables effi-
cient encapsulation and controlled release of hydrophilic ther-
apeutic agents.5 Additionally, their compositional versatility
and adaptability allow for administration via multiple routes,
including parenteral (e.g., intramuscular, intradermal) and non-
parenteral (e.g., topical, oral) pathways.6

Recent advances have focused on the development of
stimuli-responsive hydrogels as drug delivery systems (DDSs).
These smart systems release therapeutic substances in response
to internal or external stimuli, offering spatial and temporal
control over the release of the drug. Compared to conventional
delivery methods, such systems offer greater therapeutic effi-
cacy and lower systemic toxicity.7 Stimuli are broadly catego-
rized into exogenous (e.g., light, magnetic elds, ultrasound)
and endogenous (e.g., pH, temperature, enzymatic activity)
types. Among these, pH-responsive systems are particularly
promising, as they exploit variations in acidity across different
© 2025 The Author(s). Published by the Royal Society of Chemistry
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physiological environments, most notably in pathological sites
such as tumor tissues. By leveraging these localized pH differ-
ences, pH-sensitive hydrogels enable targeted drug release,
minimizing adverse effects and maximizing therapeutic
outcomes.8,9

Gelatin (GLTN), a denatured protein derived from collagen,
is employed highly in hydrogel formation due to its biocom-
patibility, biodegradability, and excellent gelation behavior. It
exists in two forms: type A (cationic, derived from pig skin) and
type B (anionic, derived from bovine collagen via alkaline
hydrolysis).10,11 GLTN can interact with hydrophobic and
hydrophilic drugs, making it a versatile matrix for drug
delivery.12,13 Acrylic acid (ACAD), a pH-sensitive, water-soluble
monomer with extensive biomedical applications, can be
combined with polymer to develop polymeric hydrogels,
exhibiting precise and responsive drug release behavior. ACAD-
based hydrogels, such as carbopol, are known to swell signi-
cantly under alkaline pH conditions, facilitating controlled
drug release in environments like the intestine or tumor
extracellular matrix.14

Quinine (Qn), a naturally occurring alkaloid extracted from
the bark of Cinchona species, has long been used as a thera-
peutic agent against malaria. It is particularly effective against
the asexual blood stages of Plasmodium falciparum, especially in
chloroquine-resistant strains. Qn is currently administered
orally or intravenously; intramuscular injection is discouraged
due to the risk of abscess formation and intense pain. The half-
life of Qn is 11 h, and thus absorbed very rapidly. Plasma
protein binding affinity is very high. Its short half-life necessi-
tates frequent dosing, which is associated with a range of
adverse effects such as hypoglycemia, gastrointestinal distress,
cinchonism (manifesting as vertigo, tinnitus, deafness, and
headache), hypotension, cardiac arrhythmias, neuropsychiatric
disturbances, leukopenia, erythema, bradycardia, methemo-
globinemia, and hemolysis.15,16 Therefore, a carrier system is
needed to overcome Qn-associated adverse effects aer its
administration and improve patient compliance. Dandagi et al.
prepared solid lipid nanoparticles and sustained the release of
quinine for 1.5 h.17 Similarly, Kesse and coworkers reported
controlled release of quinine by fabricated microspheres up to
24 h.18 Despite this, much work remains to overcome the chal-
lenges faced by quinine administration. Hence, the authors
developed natural polymer-based pH-responsive gelatin hydro-
gels for the controlled release of Qn.

In the current study, a pH-sensitive hydrogel network was
fabricated to control Qn release and minimize the associated
side effects. The pH-sensitivity was increased by incorporating
a pH-responsive ACAD, which showed excellent computability
with GLTN. The fabricated polymeric matrix limited Qn
absorption in the upper parts of the gastrointestinal tract. The
developed matrices were exposed to various in vitro character-
izations, such as SEM, FTIR, TGA, DSC, and XRD. Similarly,
porosity, drug release, sol–gel, and swelling studies were per-
formed for the prepared hydrogels. Furthermore, biodegrada-
tion and cytotoxicity studies were conducted, which indicated
excellent biocompatibility and negligible cytotoxicity of the
designed hydrogel networks.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
2.1 Materials

N0,N0-Methylene bisacrylamide (MBA) was purchased from
Rhawn, China. GLTN was obtained from Shanghai MacLean
Biochemical Technology Co., Ltd., China. Similarly, Qn, ACAD,
and ammonium persulfate (Aps) were bought from General
Reagent, Shanghai Titan Technology Co., Ltd., China. Mouse
broblast L929 cells were purchased from ATCC 10801
University Boulevard Manassas, VA 20110-2209, USA.

2.2 Synthesis of gelatin/acrylic acid (GLTN/ACAD) hydrogel

The GLTN/ACAD hydrogels were developed by a free radical
polymerization approach. Initially, a measured amount of
GLTN was dissolved in deionized water at 80 °C with continuous
stirring using a magnetic stirrer to ensure complete solubili-
zation. Aps was dissolved in a minimal volume of water in
a separate beaker. ACAD was introduced dropwise into the
GLTN solution, and then Aps was gradually added, maintaining
uniform agitation until a homogeneous mixture was achieved.
In parallel, the crosslinker solution was prepared by dissolving
MBA in a water/ethanol mixture, stirring at 50 °C. Aer 20
minutes of mixing on a heated magnetic stirrer, the crosslinker
solution was poured slowly into the aforementioned mixture.
Stirring was continued till the solution attained complete
clarity, indicating uniform dispersion of all reactants. The
resulting reaction mixture was transferred into cylindrical glass
moulds, sealed to prevent contamination, and placed at 50 °C in
a preheated oil bath for an initial polymerization phase of 2 h.
Subsequently, the temperature was elevated to 60 °C and
maintained for 24 h to ensure complete crosslinking. Upon
completion, the hydrogel cylinders were removed, cooled to
room temperature, and sectioned into uniform discs (8 mm
diameter). The discs were washed repeatedly with ethanol and
positioned in a vacuum oven at 40 °C to dry for 168 h. Different
hydrogel compositions were prepared to investigate the various
formulation effects by altering the concentrations of GLTN,
ACAD, and MBA, while keeping other synthesis conditions
constant. Formulation and proposed chemical structure are
indicated in Table 1 and Fig. 1.

2.3 Structural analysis, sol–gel/porosity/and swelling studies

Fourier-transform infrared (FTIR) spectroscopy, thermogravi-
metric analysis (TGA), differential scanning calorimetry (DSC),
X-ray diffraction (XRD), scanning electron microscopy (SEM),
sol–gel, porosity, and swelling studies were performed accord-
ing to previous publications.19,20

2.4 Polymer volume fraction (PVF)

To assess the extent of polymer concentration in the swollen
hydrogel matrix, PVF was calculated at pH 1.2, 4.6, and 7.4.21

The equilibrium swelling volume (Veq) was measured, and PVF
was determined using;

PVF ¼ 1

Veq

(1)
RSC Adv., 2025, 15, 30378–30386 | 30379
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Table 1 Formulation ratios of GLTN/ACAD hydrogels

Formulation
code

Polymer (GLTN)
g/100 g

Monomer (ACAD)
g/100 g

Initiators (Aps)
g/100 g

Cross-linker
(MBA) g/100 g

GF-1 1.00 26.0 0.32 0.65
GF-2 1.34 26.0 0.32 0.65
GF-3 1.68 26.0 0.32 0.65
GF-4 0.66 28.5 0.32 0.65
GF-5 0.66 30.5 0.32 0.65
GF-6 0.66 32.5 0.32 0.65
GF-7 0.66 26.0 0.32 0.72
GF-8 0.66 26.0 0.32 0.78
GF-9 0.66 26.0 0.32 0.84

Fig. 1 Proposed chemical structure of GLTN/ACAD hydrogel.
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The polymer's volume fraction is denoted as PVF. The equi-
librium swelling volume is denoted as Veq.

2.5 Biodegradation study

In vitro degradation was assessed in phosphate-buffered saline
(PBS, pH 7.4) at 37 °C. Pre-weighed dried hydrogel discs were
incubated in PBS for various intervals. Aer each time point, the
samples were removed, vacuum-dried to a constant weight,22,23

and the degradation percentage was calculated using:

D = (S1 – S2)/S1 × 100 (2)

In this equation, D represents degradation. The weight of the
sample when dried is denoted as S1, while hydrogel weight aer
immersion, denoted as time (t), is represented by S2.

2.6 Drug loading

Drug incorporation was achieved using an equilibrium diffu-
sion technique. A 1% w/v Qn solution was prepared by di-
ssolving quinine in phosphate buffer (pH 7.4) with continuous
magnetic stirring at ambient temperature to ensure complete
solubilization. Pre-weighed hydrogel discs from each formula-
tion batch were immersed in the drug solution and maintained
under static conditions for 24 h to facilitate passive diffusion of
the drug into the polymer matrix. Aer loading, the discs were
30380 | RSC Adv., 2025, 15, 30378–30386
gently rinsed with deionized water to remove any non-
entrapped surface drug and dried in a vacuum oven.

To determine the loaded drug content, Qn was extracted by
immersing drug-loaded hydrogel discs in pH 7.4 (40 mL).
Samples were reserved at designated time points and
substituted with new media to ensure full extraction. A UV-
spectrophotometer (MAPADA instrument) was utilized in
order to determine the absorbance of the collected samples at
lmax 207 nm. All tests were performed in triplicate to ensure
precision.24
2.7 Drug release content

Drug release was evaluated from the hydrogels utilizing a USP
type II dissolution apparatus in the same swelling buffer solu-
tions. Each disc was put in 900 mL of the medium at 37± 0.5 °C
and 50 rpm. At designated intervals, 5 mL aliquots were
extracted and replaced with fresh buffer. The Qn concentration
in the samples was determined using a UV spectrophotometer
(MAPADA instrument) at a wavelength of 207 nm. The obtained
data were tted to various kinetic models to analyse the release
mechanism.25
2.8 Cytotoxicity study

Hydrogel formulations were tested for cytotoxicity on mouse
broblast L929 cells (ATCC 10801 University Boulevard Mana-
ssas, VA 20110-2209, USA) using the Cell Counting Kit-8 (CCK-8)
assay. To facilitate cell adhesion, cells were seeded onto 96-well
plates at a density of 1 × 105 cells per well and incubated at 37 °
C in a humidied incubator with 5% CO2 for 24 hours. Aer
that, fresh culture media with sterilized hydrogel samples at 5–
20 mg mL−1 were added. Following a 24 hours incubation
period, 10 mL of CCK-8 reagent was added to each well and
incubated for two more hours. A microplate reader assessed
absorbance at 450 nm and evaluated cell viability relative to
untreated control wells.26,27

Formula: (ODsample − ODBlack)/(ODcontrol − ODBlack) × 100 (7)

To substantiate these ndings, live cell staining was con-
ducted utilizing Calcein-AM dye. L929 cells, at a density of 2 ×

105 cells per well, were seeded in 24-well plates that contained
sterilized hydrogel discs. Aer 24 hours of incubation, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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culture media was removed and the cells were gently washed
with PBS. Subsequently, a 2 mM Calcein-AM solution was added
to each well, with a further incubation period of 30 minutes at
37 °C. Excess dye was eliminated by rinsing with PBS, and the
samples were examined under a uorescence microscope to
visualize viable cells adhering to the hydrogel surface.28

2.9 Statistical analysis

All experimental data were analyzed using SPSS 22.0 (IBMCorp.,
Armonk, NY, USA). The results are shown as mean ± standard
deviation. Student's t-test compared groups. Statistical signi-
cance was dened as a p-value < 0.05.

3. Results and discussion
3.1 Synthesis of GLTN/ACAD hydrogels

GLTN/ACAD hydrogels were synthesized via free radical poly-
merization employing GLTN as the polymer backbone, whereas
ACAD and MBA were used as monomer and cross-linking agent.
Various concentrations of GLTN were used to tailor the hydrogel
properties. The resulting hydrogels exhibited a uniform,
partially porous network structure with adequate mechanical
integrity and gelling characteristics. The hydrogels appeared
light yellow (Fig. 2A) in color. Each formulation began as
a transparent homogeneous reaction mixture before gelation,
indicating efficient solubilization and mixing of the reactants.

3.2 Structural analysis

FTIR spectroscopy conrmed the chemical structure and
assessed cross-linking in the fabricated hydrogels. FTIR anal-
ysis was performed for GLTN, ACAD, Qn, unloaded, and drug-
loaded GLTN/ACAD hydrogels (Fig. 2B). The FTIR of pure
GLTN exhibited characteristic bands at 3278 cm−1 (N–H
stretching), 1632 cm−1 (C]O stretching, amide I), and
1530 cm−1 (C–N bending, amide II), consistent with literature
Fig. 2 (A) Physical appearance, (B) FTIR, (C) TGA, and (D) DSC of GLTN,
ACAD, GLTN/ACAD hydrogel, Qn, and drug-loaded GLTN/ACAD
hydrogel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
reports.29 ACAD's FTIR spectra exhibited peaks at 2973 and
1709 cm−1, corresponding to the stretching vibrations of –CH2–

and the carboxyl group. The peaks at 1639 and 1299 cm−1

proved the presence of C]O and C–C stretching, respectively.
Similarly, the C–O stretching vibration was indicated by a peak
at 1172 cm−1.30 FTIR spectra of GLTN/ACAD hydrogel showed
polymer and monomer peaks of different intensities. The GLTN
and ACAD peaks at 2973, 1639 cm−1, and 1299, 1172 cm−1 were
shied to the hydrogel's peaks at 2950, 1620, 1310, and
1205 cm−1. Certain peaks appeared and some disappeared. All
of this suggests the formation of a hydrogel matrix. FTIR anal-
ysis of Qn displayed prominent bands at 3372 cm−1 (O–H
stretching), 2860–2918 cm−1 (C–H stretching), and bands at
1078, 1240, and 1622 cm−1 representing C–N, C]O, and C]C
stretching,31,32 correspondingly. In the FTIR spectrum of drug-
loaded hydrogels, distinct shis and suppression of peaks in
the 1000–1600 cm−1 region, along with a new peak at
1172 cm−1, conrmed cross-linking and drug incorporation.33

TGA was performed to assess the thermal stability of the
pure components and the cross-linked hydrogel formulation, as
presented in Fig. 2C. The TGA thermogram of GLTN displayed
an initial loss of 10% in weight at 250 °C, attributed to moisture
evaporation. Onward temperature of up to 400 °C caused a 50%
reduction in weight. Aer that, complete degradation of GLTN
occurred with further increase in temperature.29 In contrast, the
hydrogel formulation showed enhanced thermal stability, with
the rst mass reduction of 7% at 250 °C because of moisture
loss. A secondary degradation event started at 280 °C, and
almost 22% mass reduction was detected at 322 °C. A nal
major weight loss of 50% at 500 °C was observed. This all
indicates the formation of a more stable polymeric network. B.
Singh and co-workers also stated the same results for the
prepared hydrogel,34 as in our investigation. Similarly, at 350
and 450 °C temperatures, the TGA of Qn demonstrated a mass
loss of 30 and 32%, respectively. A further mass loss led to Qn
degradation with the increasing temperature. The drug-loaded
GLTN/ACAD hydrogel exhibited a marginally higher stability
than the unloaded hydrogel, which was attributed to the pres-
ence of the drug.35

DSC thermograms were carried out for the aforementioned
samples, as indicated in Fig. 2D. The pure gelatin exhibited an
endothermic peak at 110 °C (water loss), followed by two other
minor endothermic peaks at 220 and 270 °C. A major
exothermic peak was seen at 245 °C.36 In comparison, the
hydrogel formulation showed a rst endothermic peak at 70 °C,
whereas the second endothermic peak was seen at 200 °C,
which were the peaks of GLTNmoved from 110 and 220 °C aer
crosslinking. Similarly, an exothermic peak was detected at
225 °C, shied from GLTN. The presence of GLTN peaks in the
fabricated hydrogel indicated the preparation of a thermally
stable cross-linked polymeric system. Bucak and co-workers
stated the same results37 as in our ndings, which strength-
ened our investigation further. The DSC prole of Qn revealed
a broad desolvation peak at 64 °C and a sharp melting endo-
therm peak at 175 °C.31 The slight alterations in the peaks of Qn
signied the effective incorporation of Qn into the hydrogel
matrix. Because of the presence of the drug, the DSC prole of
RSC Adv., 2025, 15, 30378–30386 | 30381
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Fig. 4 SEM of (A) unloaded and (B) drug-loaded GLTN/ACAD
hydrogel.
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the drug-loaded GLTN/ACAD hydrogel differed slightly from
unloaded hydrogel.35

XRD analysis was conducted to investigate the crystallinity of
GLTN, Qn, and both blank and drug-loaded hydrogels, as
illustrated in Fig. 3. Pure GLTN exhibited small crystalline peaks
at 2q = 20.12°, 30.31°, and 40.62°, which diminished in the
blank hydrogel, indicating reduced crystallinity due to
successful cross-linking. The XRD of Qn showed numerous
sharp peaks at 2q values of 11.12°, 15.91°, 16.14°, 17.35°, 18.41°,
19.63°, 20.01°, 24.14°, and 25.83 etc., conrming its crystalline
nature.31 In the drug-loaded hydrogels, these crystalline peaks
were signicantly reduced, suggesting partial drug amorphiza-
tion upon entrapment in the hydrogel matrix. The similarity in
XRD patterns between unloaded and loaded hydrogels, with
minor peak shis, further supports successful drug encapsu-
lation without altering the hydrogel's structural framework.
Interestingly, our ndings are quite matching with the results
reported by Lee and coworkers in their previous investigation.38

SEM analysis of the GLTN/ACAD hydrogel revealed a hard
surface morphology with a few pores (Fig. 4A) attributed to the
successful cross-linking of GLTN with ACAD. The porous
microstructure facilitates water diffusion throughout the
hydrogel matrix, enhancing its swelling behavior and drug
release potential in aqueous environments. The hard structure
of the polymeric hydrogel may be attributed to the viscosity of
GLTN. The water penetration occurred through the spores,
allowing the hydrogel network to swell and vice versa. The SEM
of drug-loaded GLTN/ACAD hydrogel (Fig. 4B) indicated a more
viscous network than the unloaded hydrogel due to the pres-
ence of the drug. Thus, the drug is released slowly and gradually
from the viscous hydrogel network in a controlled fashion.39
3.3 Sol–gel fraction

The sol–gel fraction was evaluated to determine the extent of
cross-linking during free radical polymerization. GLTN, ACAD,
Fig. 3 XRD of (A) GLTN, (B) GLTN/ACAD hydrogel, (C) Qn, and (D)
drug-loaded GLTN/ACAD hydrogel.

30382 | RSC Adv., 2025, 15, 30378–30386
and MBA contents inuenced both gel and sol fractions, as
presented in Fig. 5A–C. As concentrations of GLTN and ACAD
were increased, a corresponding increase in gel fraction was
observed. Because of the presence of a signicant number of
free radicals, the polymerization between GLTN and ACAD
contents was enhanced with their increasing concentrations.
The polymerization occurred rapidly as the contents of GLTN
and ACAD increased. Similarly, high MBA integration resulting
in improved polymerization efficiency. The gelation among
hydrogel contents increased with the high MBA concentration,
and thus, a high dense hydrogel network was formed. All
hydrogel formulations exhibited gel fractions exceeding 90%,
demonstrating high cross-linking. This is attributed to the
availability of more reactive sites at higher concentrations of the
monomer and cross-linker, enhancing network formation.
These ndings are consistent with Ranjha et al., who reported
increased gel fractions with elevated MBA concentrations in CS/
AA hydrogels.40 On the other hand, high gelation caused
a reduction in the hydrogel sol fraction because of an inverse
relation. Thus, high GLTN, ACAD, andMBA contents resulted in
a decrease of sol-fraction.41
3.4 Porosity study

Porosity plays a crucial role in modulating the swelling
behavior, drug loading, and release characteristics of hydrogels.
Typically, higher porosity correlates with greater swelling and
drug release capacities. Therefore, the porosity of prepared
Fig. 5 Effects of GLTN, ACAD, and MBA on (A–C) sol–gel fraction and
(D–F) porosity of GLTN/ACAD hydrogel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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matrices was assessed to evaluate their uid penetration capa-
bilities. The GLTN/ACAD hydrogel contents highly affected the
porosity (Fig. 5D–F). The porosity of the polymeric matrix was
enhanced with high ACAD contents. This may be correlated
with increasing viscosity during polymerization, which
impeded bubble escape and promoted the formation of inter-
connected channels. These channels are responsible for uid
penetration across the hydrogel network. In contrast, higher
concentrations of GLTN and MBA produced denser networks,
reducing porosity due to restricted polymer chain mobility. The
crosslinking and bulkiness of the carrier system were enhanced
with the increasing GLTN and MBA contents. Therefore,
a decline in uid penetration was seen with high polymer and
crosslinker contents. Thus, low porosity and swelling were
ultimately achieved.42
Fig. 7 Effects of pH, GLTN, ACAD, and MBA on (A–E) drug release and
(F–I) biodegradation of GLTN/ACAD hydrogel.
3.5 Swelling and drug release studies

Swelling behavior and drug release proles of GLTN/ACAD
hydrogels were evaluated at pH 1.2, 4.6, and 7.4, as shown in
Fig. 6A and 7A. All formulations exhibited greater swelling at
high pH (7.4), leading to high drug release because of carboxylic
groups (COOH / COO−) ionization of GLTN and ACAD above
the pKa (∼4.28), resulting in electrostatic repulsion and matrix
expansion. The repulsive forces were generated as a result of the
greater charge density of similar functional groups. These
repulsive forces among hydrogel contents led to high swelling,
which led to maximum drug release, correspondingly. The low
swelling and release behavior at low pH correlated with conju-
gate formation of the GLTN and ACAD contents with counter
ions by strong hydrogen bonds, which caused a low swelling
and drug release ultimately.43 The low swelling and drug release
at low pH indicate the pH-responsive nature of the developed
hydrogel, which not only sustains the release of the drug but
also protects the drug from degradation in the acidic media.
Similarly, the upper parts, particularly the stomach of the
gastrointestinal tract, are protected from the drug's adverse
effects. Thus, it can be conceded that the prepared hydrogel
matrix sustained the release of Qn in a controlled pattern.

GLTN, ACAD, and MBA greatly affected both swelling and
drug release of formulated GLTN/ACAD hydrogels, as indicated
Fig. 6 Influence of (A) pH, (B) GLTN, (C) ACAD, and (D) MBA on
dynamic swelling of GLTN/ACAD hydrogel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
in Fig. 6B–D and 7B–E. Increased ACAD concentration led to
higher swelling and drug release across the pH range, consis-
tent with increased ionization and hydrophilicity.44 Unlikely,
formulations with increased GLTN content showed reduced
swelling and drug release across all pH values due to high cross-
linking, and the inuence of GLTN isoelectric point.29 Similarly,
hydrogels with higher MBA content reduced swelling and drug
release due to tighter network formation, which limited solvent
uptake and drug diffusion. These observations reect the
balance between polymer hydrophilicity, cross-linking density,
and the dynamic behavior of polymer chains in aqueous
media.45 The release data of Qn were tted to all kinetic models.
Among these, the rst order best described the drug release
kinetics, as evidenced by the highest regression coefficients (r2)
(Table 2). All formulations' calculated release exponent values (n
> 0.45) indicated non-Fickian diffusion.46

3.6 PVF

The PVF was determined at pH 1.2, 4.6, and 7.4 to evaluate the
extent of polymeric content in the swollen state of the hydro-
gels, as indicated in Table 3. A higher PVF was observed at pH
Table 2 Release mechanism and order of Qn from GLTN/ACAD
hydrogels

F. code
Zero order
r2

First order
r2 Higuchi r2

Korsmeyer–
Peppas

r2 n

GF-1 0.9513 0.9880 0.9592 0.9677 0.5245
GF-2 0.9023 0.9930 0.9313 0.9831 0.5412
GF-3 0.9334 0.9816 0.9611 0.9543 0.5808
GF-4 0.9616 0.9772 0.9227 0.9525 0.5520
GF-5 0.9243 0.9850 0.9761 0.8945 0.5317
GF-6 0.9517 0.9992 0.9820 0.9868 0.6024
GF-7 0.9825 0.9856 0.9119 0.9382 0.6176
GF-8 0.9902 0.9932 0.9672 0.9506 0.6420
GF-9 0.8920 0.9910 0.8803 0.9210 0.5731
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1.2, whereas lower values were recorded at pH 4.6 and 7.4,
indicating an inverse relationship between swelling capacity
and PVF (formula (1)). Increase in swelling leads to decrease in
PVF, and vice versa. This trend is attributed to the enhanced
ionization of carboxylic groups at higher pH levels, leading to
increased swelling and reduced PVF. Increasing the concen-
tration of GLTN and MBA elevated the PVF due to denser
network formation, while higher ACAD concentrations
decreased PVF due to expanded matrix swelling.21
Fig. 8 (A) Cytotoxicity and (B) effects of different hydrogel concen-
trations on the viability of L929 cells.
3.7 Biodegradation study

The biodegradability of the GLTN/ACAD hydrogels was assessed
under simulated physiological conditions. Like other studies,
hydrogel contents also inuenced the biodegradation rate of
the polymeric hydrogels, as illustrated in Fig. 7F–I. The fabri-
cated hydrogel matrix exhibited slower degradation rates with
increasing concentrations of ACAD. This may be correlated with
the increasing functional groups of ACAD, which led to fast
polymerization and crosslinking. Similarly, GLTN and MBA
forming a highly cross-linked network that limits hydrolytic
cleavage. Higher levels of such reactants enhanced free radical
generation during polymerization, facilitating rapid gelation
and the development of a dense, mechanically robust matrix.
These hydrogel contents decreased pore size of the hydrogel
matrix, which retarded enough water penetration, and thus, as
a result, low porosity, swelling, and drug loading were achieved
with their increasing contents. On the other hand, a low
biodegradation rate of the polymeric hydrogel was achieved due
to tight junctions, and vice versa. These ndings align with
Mohamed and coworkers, who reported reduced degradation in
chitosan/PVA-based hydrogels with elevated feed ratios due to
similar network stabilization effects.47
3.8 Drug loading

The loading of Qn by the formulated matrix was affected by the
hydrogel contents (Table 3). Drug loading efficiency was
inversely correlated with growing concentrations of GLTN and
MBA, whereas ACAD showed a direct effect. Increased GLTN
and MBA contents led to higher cross-linking densities, result-
ing in a tighter polymeric network with limited free volume,
which hindered drug entrapment. Conversely, higher ACAD
concentrations promoted swelling and porosity, facilitating
Table 3 PVF and drug loading of GLTN/ACAD hydrogels

F. code

PVF
Drug loaded (mg)
extraction methodpH 1.2 pH 4.6 pH 7.4

GF-1 0.285 0.222 0.171 148.43 � 1.32
GF-2 0.312 0.243 0.185 140.51 � 0.84
GF-3 0.333 0.263 0.196 136.13 � 0.63
GF-4 0.232 0.188 0.135 170.24 � 1.80
GF-5 0.212 0.169 0.126 179.30 � 0.72
GF-6 0.200 0.161 0.119 184.63 � 0.34
GF-7 0.243 0.196 0.147 166.82 � 1.04
GF-8 0.263 0.208 0.156 160.53 � 0.21
GF-9 0.277 0.217 0.163 156.26 � 1.90

30384 | RSC Adv., 2025, 15, 30378–30386
greater drug incorporation.48 These results are consistent with
those of Sairam et al., who observed reduced drug loading in
polyacrylamide hydrogels with elevated MBA levels due to the
formation of compact, less permeable matrices.49

3.9 Cytotoxicity study

The toxicity of the prepared hydrogels was evaluated using the
CCK-8 assay to assess the viability of L929 cells, as indicated in
Fig. 8A. Cytotoxicity studies are essential for identifying any
toxic effects of materials intended for pharmaceutical and
biomedical applications. According to the literature, materials
are considered non-cytotoxic if cell viability exceeds 70%
compared to a blank control. The current study showed that the
hydrogel's cell viability was greater than 85% aer 24 h of
incubation, indicating that the hydrogels exhibited no cytotoxic
effects at varying concentrations. Consequently, the fabricated
networks are deemed safe for potential clinical applications.50

To further evaluate cell proliferation, L929 cells were stained
with Calcein AM and incubated on hydrogel surfaces for 24 h.
Fluorescent microscopy images revealed green uorescence
corresponding to live cells, with many viable cells observed on
all hydrogel concentrations (Fig. 8B). This suggests that the
hydrogels promote excellent cell growth, surface spreading, and
proliferation, indicating their biocompatibility and negligible
toxicity. These results support the potential of the hydrogels for
future clinical use with minimal risk of cytotoxicity.28

4. Conclusions

The development, thermal stability, and crystallinity of GLTN/
ACAD hydrogels were evaluated by FTIR, TGA, DSC, and XRD
© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis. These physicochemical characterizations conrmed
successful preparation, an increase in thermal behavior of
GLTN, and a reduction in crystallinity of GLTN and drug by
polymeric hydrogels. The hard surface of the prepared matrix
with tiny pores was demonstrated by SEM. The measurement of
sol and gel fractions was carried out by sol–gel analysis. A low
sol fraction was observed with increasing concentration of
hydrogel contents, whereas gel fraction showed the reverse
effect to sol fraction. The inuence of GLTN, ACAD, andMBA on
swelling, porosity, drug loading, and release was found same.
The aforementioned parameters indicated a direct relation with
ACAD contents, whereas GLTN and MBA showed opposite
effects. The pH-responsive nature and degradation rate with the
passage of time were investigated by swelling, drug release, and
biodegradation studies. The pH-responsive nature of the fabri-
cated hydrogel not only protected the upper parts of the
gastrointestinal tract from the drug's adverse effects but also
kept the drug away from gastric degradation at the same time.
Hydrogel formulations with increasing concentrations resulted
in a slow biodegradation of hydrogel networks, further
increasing the biocompatibility of the polymeric hydrogel. The
excellent cell viability and presence of high live cells aer
treating with high concentrations of the hydrogel formulation
indicated an effective and safe use of the natural polymer-based
hydrogel. Overall, the formulated hydrogel can be recom-
mended as an effective applicant for controlled delivery of such
drugs, experiencing the same drawbacks as Qn aer their
administration.
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