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lease of small molecule
pharmaceuticals from a reworked adsorbent
hydrogel for environmental applications

Hitarth Patel,a Rinki Singh *a and Bhaskar Datta *ab

Hydrogels that are engineered for environmental and biomedical applications possess an overlapping set of

material and surface properties. In this work, we have repurposed a poly(acrylic acid-co-vinyl sulfonic acid)

(PAcVSA) hydrogel that has been previously used for organic dye removal, for the pH-sensitive release of

small molecule pharmaceuticals. The engineered PAcVSA hydrogel displayed highly pH-sensitive swelling

behaviour with a percentage swelling of 6000% or more in the pH range of 5–8. The known

pharmaceutical sulfadiazine (SDA) and an indigenously developed small molecule pharmaceutical (TBS),

displayed pH-responsive cumulative release of 82.1% and 80.6% of SDA and TBS, respectively, at pH 5

over 24 h. The difference in cumulative release percentage of the small molecules from PAcVSA at pH 5

and pH 8 is superior compared to other reported pH-responsive synthetic hydrogels. The kinetic

modelling of release from the loaded PAcVSA hydrogels suggests different mechanisms underlying

release, with Fickian diffusion for SDA and polymer relaxation for TBS. This work represents the

successful cross-use of an adsorbent hydrogel relevant for environmental remediation, towards the

distinctive carry and release of small molecule pharmaceuticals.
1. Introduction

Polymeric hydrogels have attractive applications in the appar-
ently unrelated contexts of trapping hazardous agents and
delivery of drugs.1–3 pH-responsive hydrogels are stimuli-
responsive materials that are sensitive to the pH of the
surrounding medium.4 Hydrogels responsive to temperature,
ionic strength and concentration of glucose exemplify other
types of stimuli-responsive behaviour.5–7 The ability of hydro-
gels to control the uptake or release of analytes in dynamic
response to the surrounding medium is valuable for environ-
mental or biomedical applications.2,8 Notably, disease condi-
tions in humans can produce changes in the physiological
environment in a spatio-temporal manner.9,10 The release
prole of drugs from stimuli-responsive hydrogels can be tuned
to optimize bioavailability and efficacy.11 Stimuli-responsive
hydrogels can be designed to respond to specic environ-
mental cues, such as pH, light, magnetic elds, electricity, or
biological factors, and perform targeted functions.12,13 Poly(-
acrylic acid) (PAc) is a prominent constituent of pH-responsive
hydrogels. The inclusion of other pH-responsive components
such as poly(vinyl sulfonic acid) (PVSA) has sought to expand on
te of Technology Gandhinagar, Palaj,

ail: bdatta@iitgn.ac.in; rinkoosingh62@

ineering, Indian Institute of Technology

Gujarat, India

29478
the pH-sensitivity of the resulting hydrogels.14,15 Hydrogels
comprising PAc and PVSA have been reported previously for the
adsorption of methylene blue dye from aqueous solutions.16 PAc
displays high drug storage and delivery capabilities and is
attractive for its nontoxic behaviour.17 Polymers comprising
acrylic acid have been separately reported for drug delivery and
dye adsorption. Notably, Ujwala et al., developed sodium algi-
nate, acrylic acid, 2-acrylamido-2-methyl-1-propane sulfonic
acid and locust bean gummicrobeads for pH-responsive release
of doxorubicin, while Chen et al., used acrylic acid, tea poly-
phenol and chitosan hydrogel for curcumin delivery.18,19 On the
other hand, Wu et al., and Singh et al., reported acrylic acid
hydrogels for MB dye adsorption.20,21 The present study
addresses three distinct research gaps. First, while hydrogels
have been widely reported in the unrelated domains of envi-
ronmental and biomedical applications, there is a dearth of
synthetic hydrogels that can be cross-used across the domains.
This dearth of reports is felt even more sharply upon bench-
marking the performance of the synthetic hydrogel vis-à-vis
other synthetic and biopolymer composite hydrogels.22 Second,
while acrylic acid is a prominent constituent of hydrogels, there
are no reports of synthetic poly(acrylic acid)-based hydrogels
being used both for environmental mitigation and for release of
small molecule drugs. Existing drug-releasing hydrogels
comprising poly(acrylic acid) rely on the use of prominent
biopolymers.23,24 Third, differences in the mechanism of release
of different small molecule drugs from the same hydrogel are
rarely scrutinized. This creates a lacuna in understanding the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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scope of use of drug-releasing hydrogels considering that the
discovery of small molecule drugs routinely depends on modi-
fying or adapting the chemical scaffolds of established drugs.
This study addresses the above gaps by demonstrating the
distinctive small molecule drug-releasing behaviour of poly(-
acrylic acid-co-vinyl sulfonic acid) or PAcVSA, a synthetic
hydrogel that has already been reported previously for its
attractive cationic dye adsorption properties.20,21 A pH-
responsive PAcVSA hydrogel was loaded with two different
small molecules sulfadiazine (SDA) and a triaryl benzenesulfo-
namide (TBS), that represent an established pharmaceutical
agent and a scaffold displaying potent pharmaceutical
activity.25–28 The release of these molecules from PAcVSA was
accompanied by one of the best reported cumulative release
percentages, different mechanisms of release and a superlative
pH-responsive behaviour of the hydrogel. To the best of our
knowledge, this work represents the rst crossover application
of an environmentally relevant adsorbent hydrogel as a carrier
for release of small molecules and pharmaceutical agents.
2. Materials and methods
2.1 Materials

Acrylic acid (Ac) and vinyl sulfonic acid (VSA) as monomers were
purchased from Sigma Aldrich (Bangalore, India), along with
ammonium persulfate (APS) (Sigma Aldrich, Bangalore, India)
and Ethylene glycol Di methacrylate (EGDMA) (Alfa Aesar,
Bangalore, India) as initiator and crosslinker respectively for the
synthesis of poly(acrylic acid-co-vinyl sulfonic acid), (PAcVSA)
hydrogel. For the synthesis of triaryl thiazolyl benzenesulfo-
namide (TBS) molecules, thioanisole, phenyl acetyl chloride,
aluminium trichloride, hydrogen peroxide, and hydrogen
bromide were used and purchased from Sigma Aldrich (Ban-
galore, India) and thiourea and 4-bromo-2-
uorobenzenesulfonyl chloride were purchased from Tokyo
Chemical Industry (Hyderabad, India). Sulfadiazine which was
used as a reference molecule was purchased from Tokyo
Chemical Industry (Hyderabad, India). Human embryonic
kidney (HEK293T) cells were procured from National Centre for
Cell Science (NCCS) Pune, India.
2.2 Preparation of poly(acrylic acid-co-vinyl sulfonic acid)
hydrogel

The pH-sensitive poly(acrylic acid-co-vinyl sulfonic acid)
hydrogel PAcVSA was synthesized by the free radical polymeri-
zation method reported in the literature with some modica-
tions.16 1.491 g of acrylic acid (Ac) and 1.148 g of vinyl sulfonic
acid (VSA), corresponding to an optimized weight ratio as re-
ported in the literature, were transferred into a 100 ml beaker.
The mixture was magnetically stirred at room temperature (25 °
C) for 10 min to ensure homogenous blending. 0.0105 g of
ethylene glycol dimethacrylate (EGDMA) was added as the
crosslinker to the monomer solution, and the mixture was
stirred for another 10 min to ensure uniform dispersion.
0.0148 g of ammonium persulfate (APS) was added to the
reaction mixture under continuous stirring for 5–10 min to
© 2025 The Author(s). Published by the Royal Society of Chemistry
ensure thorough mixing of the initiator. Milli-Q water was
gradually added to the mixture while stirring to bring the total
weight of the solution to 5 g. The nal solution was stirred for
1 h at room temperature to achieve a uniform reaction mixture.
Nitrogen gas was bubbled through the solution for 1 h to
eliminate dissolved oxygen and air bubbles that could inhibit
polymerization. The degassed solution was transferred into
a reaction vessel and placed in a water bathmaintained at 60 °C.
The polymerization was allowed to proceed for 45 min until
gelation was complete. Aer gelation, the hydrogel was allowed
to cool to room temperature. The hydrogel was removed from
the reaction vessel and washed thoroughly with a 50 : 50 (v/v)
ethanol–water mixture to remove unreacted monomers. The
washed hydrogel was dried in a hot air oven at 60 °C until
a constant weight was obtained. The dried hydrogel was stored
in a vacuum desiccator until further use.

2.3 Characterization of PAcVSA hydrogel

For the detailed characterization of hydrogel before and aer
adsorption of small molecules, powders of dried PAcVSA,
PAcVSA_SDA and PAcVSA_TBS were prepared using mortar-
pestle followed by drying in a hot air oven at 60 °C. Fourier
Transform Infrared (FTIR) spectra of the oven dried powder of
pristine PAcVSA, PAcVSA_SDA, and PAcVSA_TBS were recorded
with an attenuated total reectance (ATR) accessory in trans-
mission mode using a PerkinElmer Spectrum Two spectro-
photometer. The spectra were recorded between 4000 and
400 cm−1 at 4 cm−1 resolution at room temperature. Ther-
mogravimetric Analysis (TGA) of TBS, SDA, and oven dried
powders of pristine PAcVSA, PAcVSA_SDA, and PAcVSA_TBS
hydrogels were evaluated by using a NETZSCH STA 449F3
instrument with a 10 °C min−1 rate ranging from 30 °C to 500 °
C. Powder X-ray diffraction studies of oven dried powders of
pristine PAcVSA, PAcVSA_SDA and PAcVSA_TBS hydrogels were
carried out using Bruker D8 discover diffractometer with Cu Ka
radiation of 1.54 Å at room temperature. The surface
morphology of freeze-dried pristine PAcVSA, PAcVSA_SDA, and
PAcVSA_TBS hydrogels were studied by eld emission scanning
electron microscopy (FESEM), on a JEOL 7900F at room
temperature. For the FESEM analysis the freeze-dried hydrogel
samples were plasma coated for 90–120 s in a gold-based
sputter coater under argon environment. For the rheological
study of pristine PAcVSA, PAcVSA_SDA, and PAcVSA_TBS, initial
swelling of the pristine hydrogels were performed in DI water at
neutral pH. The rheological study of pristine PAcVSA, PAcV-
SA_SDA and PAcVSA_TBS hydrogel were performed using MCR
702 Anton Paar Rheometer at normal room temperature.

2.4 pH-responsive swelling behaviour of PAcVSA hydrogel

To study the swelling behaviour of PAcVSA, the measurements
of swelling characteristics and swelling ratio of the prepared
PAcVSA hydrogel were studied at pH 5, 7.4 and 8. The gravi-
metric method was used to determine the hydrogel sample's
swelling ratio.29,30 Briey, 110 mg of hydrogel sample was placed
inside a weighed tea bag and submerged in 100 mL of different
pH buffer solutions at room temperature. Aer soaking for
RSC Adv., 2025, 15, 29462–29478 | 29463
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a predetermined time interval for 96 h the tea bag containing
swollen hydrogel was wiped off with lter paper and weighed.
The swelling ratio (%) at different pH were measured at least in
triplicate and the mean and standard error were calculated.
2.5 Small molecule loading in the PAcVSA hydrogel

The commercially available Sulfadiazine (SDA) and indige-
nously synthesized triaryl thiazolyl benzenesulfonamide (TBS)
were used as small molecules for the loading and release study.
In a typical procedure, 100 mg of dried PAcVSA hydrogel was
immersed in 5 mg in of each SDA and TBS solutions [prepared
in 30 mL of ethanol : water (1 : 1)] at 37 °C and shaken at
100 rpm. Aer 48 h of incubation the hydrogel was carefully
removed from the drug solution, washed with DI water, and
dried in an oven at 60 °C for 48 h. The amount of the drug-
loaded in PAcVSA hydrogel were calculated according to the
original concentration of the drug molecules and the concen-
tration the drugs in the solution aer loading, which was
quantied by UV-visible spectroscopy (JASCO V-750 spectro-
photometer) via absorbance at wavelength 277 nm (SDA) and
304 nm (TBS), respectively. Standard calibration curves for SDA
and TBS molecule solutions are shown in Fig. 1d and e.
Fig. 1 UV spectrum of (a) SDA and (b) TBS before and after loading, (c) a
SDA and (e) TBS.

29464 | RSC Adv., 2025, 15, 29462–29478
2.6 In vitro drug release from PAcVSA hydrogel

About 100 mg of drug-loaded dried hydrogels, namely PAcV-
SA_SDA and PAcVSA_TBS, were immersed in 100 mL of
different pH buffer solution (pH 5, pH 7.4 and pH 8) in a 250mL
beaker. The beakers were placed on a water bath at 37 °C under
constant stirring at 250 rpm. At a preplanned time point, the
released media were collected and replaced with 1 mL of fresh
buffer solution. The released TBS and SDA released were
quantied by UV-visible spectroscopy, all results were collected
through three parallel samples. The cumulative release
percentage was calculated by eqn (1).

Cumulative release ð%Þ ¼

amount of drug released

amount of drug encapsulated in hydrogel
� 100 (1)
2.7 Kinetics of small molecule release from PAcVSA hydrogel

In order to evaluate the release kinetics of TBS and SDA from
PAcVSA hydrogel, all collected data were tted to different
kinetic models, (1) zero-order model, (2) rst-order model, (3)
Higuchi model, (4) Korsmeyer–Peppas model, and (5) Hixon–
mount of drug loading on PAcVSA hydrogel, and calibration plots of (d)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Crowell model.31–33 The best kinetic t for drug release from the
TBS and SDA-loaded hydrogels were estimated by comparing
the performance of the ve models. The equations underlying
each of the ve models tested are described here.

(1) Zero-order model: this describes drug release from
a polymeric matrix that is independent of the drug concentra-
tion within the matrix,34,35 and can be represented by eqn (2),

Qt = Q0 + k0t (2)

where Qt represents the amount of drug released from poly-
meric matrix, Q0 is the initial amount of drug present in the
solution, k0 is the zero-order rate constant in concentration/
time, and t is time. Zero-order kinetics refers to a process in
which a drug is released at a constant rate from a polymeric
matrix.

(2) First-order model: the release rate of drugs from the
polymeric matrix in the rst-order model is dependent on the
drug concentration34,35 and the model can be depicted by eqn
(3),

logQt = logQ0 − kt/2.303 (3)

where Qt is the amount of drug released at time t, Q0 is the
initial amount of the drug in the matrix at time t = 0, and k is
the rate constant expressed in time.

The speed at which a drug is released from a polymeric
matrix increases as the concentration of the drug in the matrix
increases. The value of correlation coefficient value obtained
from the linear plot corresponding to eqn (3) helps in deter-
mining the goodness of t of the rst-order model for the drug
release from polymeric matrix.35,36

(3) Higuchi model: the Higuchi model depicts drug release
from the polymeric matrix as a square root function of time,
based on Fick's law of diffusion,35,36 and can be expressed as eqn
(4),

Qt = kt0.5 (4)

where k is constant.
A plot of the cumulative percentage of drug release on the y-

axis and the square root of time on the x-axis can be used for
estimation of the correlation coefficient. A higher value of the
correlation coefficient indicates that the diffusion control
mechanism is responsible for the drug release from the poly-
meric matrix.36

(4) Korsmeyer–Peppas model: this model seeks to provide
precise mechanistic insight into the drug release from
controlled-release polymer systems,35,36 and can be expressed as
eqn (5),

Qt = Ktn (5)

where Qt is the amount of drug released from the polymeric
matrix, K is constant corresponding to the structural and
geometric characteristics of the matrix and n is the releasing
exponent. The value of n determines the type of diffusion
mechanism. The Fickian diffusion mechanism occurs if (n #
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.43), while the anomalous or non-Fickian diffusion mecha-
nism occurs if (0.43 > n > 0.85). For (n > 0.85), the release of the
drug from the polymeric matrix is followed by super case II.36–38

(5) Hixson–Crowell model: this model explains drug release
from the polymeric matrix based on induced voids that change
surface area.34,38,39 The relation between drug release and time
can be expressed as,

W0
1/3 − Wt

1/3 = Khct (6)

whereW0 is the initial amount of drug,Wt is the amount of drug
at any time t, and Khc is the Hixson–Crowell constant.
2.8 Cell proliferation assay

The in vitro cytotoxicity of the PAcVSA hydrogel on human
embryonic kidney HEK 293T cells was evaluated by an MTT
assay. The prepared PAcVSA hydrogel was sterilized by using
70% ethanol, followed by UV irradiation. The PAcVSA hydrogel
was then equilibrated in freshly prepared and sterile phosphate-
buffered saline (PBS) solution (1.5 mL per well) for 1 h in 12-well
plates. Aer 1 h, PBS was aspirated and hydrogels weighing 1, 2,
3, 4, and 5mg were placed in the DMEMmedia (1.5 mL per well)
supplemented with 10% FBS, 1% penicillin/streptomycin, and
incubated overnight for 37 °C. HEK 293T cells (10 000 cells per
well, 1.5 mL DMEM medium) were seeded on the hydrogels
aer the used medium was removed from the plates and
replaced with 0.5 mg mL−1 of 1.5 mL per well MTT solution.
Aer incubation for 4 h the medium was aspirated and replaced
with DMSO to solubilize formazan crystal. The optical density
(OD) of the samples were measured at 570 nm using a Perki-
nElmer microplate reader. Control cells were cultured only in
cell culture medium without addition of the hydrogel. All
experiments were conducted at least in three replicates.40
2.9 Live/dead cell assay

The cytotoxicity of PAcVSA hydrogel on human embryonic
kidney HEK293T cells was also assessed by uorescence stain-
ing using calcein AM and propidium iodide.41 Sterilization of
the prepared PAcVSA hydrogel was rst performed with 70%
ethanol followed by UV irradiation. The PAcVSA hydrogel was
placed in 12 well plates as described above. Subsequently, HEK
293T cells (10 000 cells per well, 1.5 mL medium) were seeded
on the hydrogels aer the used medium was removed from the
plate. Aer 72 h of incubation the cells were stained with
500 nM calcein Am (excitation: 485 nm) and 500 nM propidium
iodide (excitation: 530 nm) dye for 20 min followed by washing
with fresh DMEM media. The cells were imaged using
a confocal laser scanning microscope to determine the viable
cells.41
3. Results and discussion

The pH-sensitive PAcVSA hydrogel was synthesized by free
radical polymerization as described in the Experimental section
and depicted in Fig. S1. The PAcVSA hydrogel was synthesized
with an optimized weight ratio of 5 : 1 of acrylic acid (Ac) and
RSC Adv., 2025, 15, 29462–29478 | 29465
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vinyl sulfonic acid (VSA), based on the ability of the higher
proportion of Ac to self-bridge by cross-linking.16 We used
ethylene glycol di-methacrylate as a crosslinking agent. Based
on the prospective mechanism of hydrogel formation, the vinyl
sulfonic acid (SO3

−) of VSA and the carboxylate (COO−) group of
Ac may exert substantive electrostatic interactions with the
sulphonamide small molecules being used, thereby increasing
their likelihood of sustained absorption or trapping in aqueous
environment.
3.1 Synthesis of 4-bromo-2-uoro-N-(4-(4-(methylsulfonyl)
phenyl)-5-phenylthiazol-2-yl) benzenesulfonamide (TBS)

4-Bromo-2-uoro-N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2-yl) benzenesulfonamide was synthesized based
on previous report.25,27 Briey, the free amine containing
intermediate D was synthesized from compound C based on the
Hantzsch's thiazole condensation in ethanol at 80 °C. The
compound D was reacted with 4-bromo-2-uoro benzene
sulfonyl chloride in pyridine solvent at room temperature for
5 h to produce the desired compound TBS. The detailed multi-
step synthetic procedure and spectroscopic characterization of
TBS are provided in the SI.
3.2 Drug loading in PAcVSA hydrogel

We used two different small molecule drugs for the present
work. SDA is effective against a wide range of Gram-positive and
Gram-negative bacteria, with a long history of use against
various bacterial infections. The incorporation and release of
SDA from a variety of delivery systems including polymer
hydrogels has been reported.42,43 TBS is a screened lead
compound for antibacterial/antitumour purposes with good
biocompatibility.25–28 As described in the materials and
methods section, 100 mg of dried PAcVSA hydrogel was
immersed in 5 mg in of each SDA and TBS solution [prepared in
30 mL of ethanol : water (1 : 1)] at 37 °C, at pH 7 and shaken at
100 rpm. Aer 48 h of incubation, the hydrogel was carefully
removed from the drug solution, washed with DI water, and
dried in an oven at 60 °C for 48 h. The amount of the drug-
Fig. 2 (a) FT-IR spectra, and (b) PXRD spectra of SDA, TBS, PAcVSA, PAc

29466 | RSC Adv., 2025, 15, 29462–29478
loaded in PAcVSA hydrogel was calculated according to the
original concentration of the drug molecules in solution and
the concentration of the drugs in the solution aer loading,
which was quantied by UV-visible spectroscopy (JASCO V-750
spectrophotometer) via absorbance at wavelength 277 nm
(SDA) and 304 nm (TBS), respectively as shown in Fig. 1a and b.
As per calculation using a calibration plot, we found that SDA
and TBS were loaded in PAcVSA hydrogel in 4.5 mg and 4.25 mg
respectively.

The amount of drug loaded on hydrogel were calculated
using eqn (7),

Amount of drug loading = (Wi − Wf) (7)

where Wi is the initial amount of drug in solution before
adsorption, and Wf is the amount of drug in solution aer
adsorption.
3.3 Characterization of pristine and small molecule loaded
PAcVSA hydrogel

3.3.1 FTIR spectroscopy. For the FTIR analysis of pristine
hydrogel, we dried the sample in the oven at 60 °C for 24 h and
made powder using mortar-pestle. For drug-loaded hydrogel
(PAcVSA_SDA and PAcVSA_TBS) we rst loaded the drug into
the PAcVSA hydrogel, and followed the same procedure as
mentioned above. The FTIR spectra of synthesized PAcVSA
hydrogel, SDA and TBS loaded PAcVSA hydrogels are shown in
Fig. 2a. The FTIR spectra of the Ac and VSA monomers are
shown in Fig. S2.

Comparison of the FTIR of PAcVSA with the Ac and VSA
monomers reveals notable differences. The bands at 976 and
970 cm−1 observed for Ac and VSA monomers, respectively, are
attributed to the vibration of –C]C–H in each monomer.44

While the PAcVSA does not display a band in this region, the
pronounced band at 1154 cm−1 is indicative of C–C stretching
that arises because of the cross-linking between Ac and VSA
monomers. Other characteristic FTIR bands for PAcVSA
hydrogel were observed at 2969 cm−1 (–OH stretching of Ac),
1718 cm−1 (C]O stretching of Ac), 1156 cm−1 which is merged
VSA_SDA, PAcVSA_TBS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermogravimetric analysis of SDA, TBS, PAcVSA, PAcVSA_SDA
and PAcVSA_TBS.
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with 1154 cm−1 and 1036 cm−1 due to SO3
− and S]O vibrations

of VSA, respectively.16 For assessing the SDA and TBS-loaded
PAcVSA hydrogels, FTIR spectra were recorded for bare SDA
and TBS (Fig. 2a). The FTIR spectrum of SDA-loaded PAcVSA
(PAcVSA_SDA) revealed shiing in band, with the SO3

− group
frequencies shiing from 1156 cm−1 and 1036 cm−1 to
1091 cm−1 and 941 cm−1, respectively. Further, the sulfonamide
stretching frequency of SDA shied from 1155 cm−1 to
1150 cm−1 in the SDA-loaded hydrogel. The peak intensity for
band at 1262 cm−1 was lower for the PAcVSA_SDA implying
a possible weakening of the C]N bond stretching. Interest-
ingly, the C]O stretching frequency of PAcVSA increased from
1718 cm−1 to 1737 cm−1 in PAcVSA_SDA which indicates the
strengthening of the –C]O bond due to the sulfadiazine which
has a strong electron-withdrawing effect.45 While no new peaks
were observed in the FTIR spectrum of PAcVSA_SDA, the shi-
ing of several bands suggests weak forces of association
between the hydrogel and the SDA. Further, for TBS, the band at
3187 cm−1 is attributed to –NH stretching of sulphonamide,
while the band at 2927 cm−1 is attributed to]C–H stretching of
aryl ring.46 The band at 1538 cm−1 is related to C]C and C]N
stretching vibration. Other notable FTIR peaks for TBS include
the bands at 1396 cm−1, 1306 cm−1, and 1152 cm−1 arising from
the SO2 group, the 1135 cm−1 band attributed to C–F stretching
and 540 cm−1 to C–Br stretching vibration.27 The 1718 cm−1

peak of PAcVSA shied to 1704 cm−1, upon loading of the
hydrogel with TBS, indicating an interaction of the C]O group
of the hydrogel with the small molecule.47,48 The intensity of the
1396 cm−1, 1306 cm−1, and 1152 cm−1 bands corresponding to
the – SO2

− group of TBS were signicantly diminished in
PAcVSA_TBS (TBS-loaded hydrogel) likely due to the hydrogen
bonding between sulfonamide group of TBS molecules with
a carboxylic acid group of PAcVSA hydrogel. The bands corre-
sponding to SO3

− of PAcVSA at 1156 cm−1 and 1036 cm−1, were
shied to 1149 cm−1 and 1005 cm−1, respectively, in PAcV-
SA_TBS, indicative of bonding interactions of the SO3

− group
with the TBS molecule. The lower intensity of NH vibrations in
PAcVSA_TBS support their likely association with the –SO2NH−
of TBS. Notably, while no new peaks are observed in the FTIR
spectrum of PAcVSA_TBS, the signicant downward shiing of
bands suggests the presence of so forces including electro-
static interactions between the electronegative part of PAcVSA
and the electropositive portion of TBS.49

3.3.2 Powder X-ray diffraction (PXRD). We performed
powder X-ray diffraction (PXRD) on SDA, TBS, pristine PAcVSA,
PAcVSA_SDA and PAcVSA_TBS, hydrogels for assessing changes
in crystalline behaviour of the hydrogel upon loading of the
small molecules. The PXRD results are shown in Fig. 2b. The
PXRD of SDA showed sharp peaks at 2q angles of 13.14°, 21.69°,
23.24° and 29.74°, indicating the crystalline nature of SDA.
Similarly, the crystalline character of TBS was indicated by the
presence of strong sharp peaks at 2q angles of 16.34°, 19.40°,
20°, 20.66°, 24.23°, 27.35°, and 29.12°. The PXRD of pristine
PAcVSA hydrogel showed a broad peak at 2q angle of 21.42° and
a broad shoulder peak at 37.47°, implying amorphous nature of
the hydrogel. The PXRD of drug loaded hydrogels i.e., PAcV-
SA_SDA and PAcVSA_TBS displayed broad peaks at 2q angles of
© 2025 The Author(s). Published by the Royal Society of Chemistry
19.10°, 37.51° and 20.12°, 37.19°, respectively, which are closer
to the pristine PAcVSA hydrogel. The small differences in PXRD
of the loaded versus unloaded PAcVSA can be attributed to the
loading of only a small equivalent of the molecules (SDA and
TBS) compared to the proportion of functional groups of the
hydrogel.47,50 The absence of new peaks in the XRD of the small
molecule-loaded hydrogels suggest dispersion of the cargo in
the polymeric matrix without disruption of the chemical scaf-
fold of the hydrogel.50

3.3.3 Thermogravimetric analysis (TGA). We next investi-
gated the thermal stability of the small molecule loaded
hydrogels via thermogravimetric analysis (TGA). The TGA of
PAcVSA_SDA, PAcVSA_TBS SDA, TBS and pristine PAcVSA
hydrogel are shown in Fig. 3.

The TGA of pristine and drug-loaded hydrogels indicate
degradation in two stages. The pristine PAcVSA hydrogel is
sufficiently stable up to 185 °C. By this temperature, 8% weight
loss was observed for the pristine hydrogel which is attributed
to the loss of water. The next weight loss for the pristine PAcVSA
of up to 24% was observed between 185 °C to 310 °C while the
maximum weight loss of 47% was observed from 310 °C to 500 °
C. In comparison, the performance of PAcVSA_SDA was stable
up to 5% weight loss up to 185 °C, followed by 22% between
185 °C to 310 °C and a maximum loss of 38% between 310 °C to
500 °C. And the PAcVSA_TBS hydrogel was stable up to 185 °C
with 10%weight loss, followed by 19% between 185 °C to 310 °C
and subsequently to 46% between 310 °C to 500 °C. At 500 °C,
the PAcVSA_SDA and PAcVSA_TBS hydrogels degraded by 65%
and 74%, respectively, compared to nearly 79% degradation
observed for pristine PAcVSA. The improvement in thermal
stability is approximately 14% and 5% for PAcVSA_SDA and
PAcVSA_TBS, respectively.51,52 The greater thermal stability of
PAcVSA_SDA and PAcVSA_TBS hydrogels can be attributed to
the (1) good thermal stability of SDA and TBS, and (2) favourable
forces of interaction between the polymer matrix and the small
molecules that limit the molecular chain movement of the
polymer. The improved thermal stability of the small molecules
loaded PAcVSA hydrogel bodes well for their further consider-
ation and scrutiny as drug release agents.
RSC Adv., 2025, 15, 29462–29478 | 29467

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03794h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

8/
20

26
 1

:5
8:

34
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3.3.4 Field emission-scanning electron microscopy
(FESEM). The morphology of pristine and small molecule
loaded hydrogel was assessed by eld emission scanning elec-
tron microscopy (FESEM). FESEM analysis samples were rst
swollen in pH 7 buffer and then lyophilized. As shown in Fig. 4a,
pristine PAcVSA hydrogel displays a porous morphology and
Fig. 4b shows the magnied image of pristine PAcVSA hydrogel
which shows smooth edges. Interestingly, the SDA loaded
hydrogel displays substantive disruption in the porous struc-
ture of the hydrogel. The collapsed and closely packed
morphology of PAcVSA_SDA is visible in Fig. 4c, and the zoomed
image of PAcVSA_SDA (Fig. 4d) indicates locations that show
SDA loading on hydrogel. The morphology of PAcVSA_TBS
hydrogel retains the porous character albeit with irregular or
rough edges as shown in Fig. 4e. The distortion in porosity and
the collapsed architecture of PAcVSA_TBS are evident in the
magnied section shown in Fig. 4f. EDX shows that both TBS
and SDA was loaded on the PAcVSA hydrogel as PAcVSA
Fig. 4 SEM images of (a) PAcVSA, (b) magnified image of a, (c) PAcVSA
PAcVSA_TBS, and (f) magnified image of (e) (red box) showing TBS load

29468 | RSC Adv., 2025, 15, 29462–29478
hydrogel shows only C, O and S, while aer loading of TBS and
SDA EDX mapping shows the C, O, N, and S elements (Fig. S3).
Overall, the dispersion of SDA and TBS into the hydrogel matrix
creates disruptions in the regular porous architecture of
PAcVSA.53,54

3.3.5 Rheology of pristine and small molecule loaded
PAcVSA. We next investigated the dynamic rheological charac-
teristics of the pristine PAcVSA and of PAcVSA_SDA and PAcV-
SA_TBS. Oscillatory strain sweeps were performed at 25 °C to
identify the linear viscoelastic region (LVR) of the hydrogel. The
storage (G0) and loss (G00) moduli of the pristine PAcVSA,
PAcVSA_SDA, and PAcVSA_TBS hydrogel intersected at critical
strain values of 30%, 60%, and 42.4%, respectively (Fig. 5a and
b). The higher critical strain necessary for transitioning PAcV-
SA_SDA and PAcVSA_TBS to a uidic state compared to pristine
PAcVSA highlights the ability of the small molecule loaded
hydrogels to maintain their structural integrity and resist
deformation. The higher crossover points of G0 and G00 of
_SDA, (d) magnified image of (c) (red box) showing SDA loading, (e)
ing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Rheological properties of PAcVSA, PAcVSA_SDA and PAcVSA_TBS hydrogels. (a) and (b) compare the Storage (G0) and Loss (G00) modulus
of PAcVSA, PAcVSA_SDA and PAcVSA_TBS hydrogel with respect to shear strain, respectively, (c) and (d) compare the Storage (G0) and loss (G00)
modulus of PAcVSA, PAcVSA_SDA and PAcVSA_TBS hydrogel with respect to frequency sweep, respectively, (e) shows the shear thinning
behaviour of PAcVSA, PAcVSA_SDA and PAcVSA_TBS hydrogel.
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PAcVSA_SDA and PAcVSA_TBS are likely to contribute to the
gradual release of the loaded small molecules.55,56

The mechanical strength of PAcVSA was evaluated by con-
ducting frequency sweep measurements within the LVR with
and without loading of TBS and SDA into the hydrogel. As
shown in Fig. 5c and d, the G0 was higher than the G00 for the
pristine PAcVSA, PAcVSA_SDA and PAcVSA_TBS, implying
greater gel-like character for all the hydrogels. The increase of G0

and G00 values of PAcVSA_SDA and PAcVSA_TBS as compared to
pristine PAcVSA reects the loading of the small molecules into
© 2025 The Author(s). Published by the Royal Society of Chemistry
the polymeric matrix.56 The introduction of small molecules
enhances the hydrogel's cross-linking density through interac-
tions such as hydrogen bonding, ionic interactions, or via
hydrophobic effects. These interactions likely result in a stiffer,
more elastic material with increased G0 values (elasticity) and G00

values (energy dissipation), reecting improved structural
integrity and mechanical strength.57–59 A comparison of the
shear-thinning behaviour of pristine and small molecule loaded
hydrogels at 25 °C suggests an interesting similarity in the
performance of PAcVSA, PAcVSA_SDA and PAcVSA_TBS
RSC Adv., 2025, 15, 29462–29478 | 29469
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(Fig. 5e). The shear thinning displayed a nearly linear reduction
in shear thinning with the increase in shear rate throughout.56

The addition of small molecules increases the hydrogel's
viscosity and enhances its viscoelastic behaviour, as indicated
by higher G0 and G00 values. This suggests increased internal
friction and a higher damping factor (tan d), leading to more
complex ow behaviour under stress.60,61 As with increasing the
shear rate the cross-linked polymeric network structure starts to
disrupt.62
3.4 pH-sensitive swelling study of hydrogel

During synthesis of the PAcVSA hydrogel the change in initiator
from BPO to APS for reducing the timing of gelation may affect
the swelling capacity of the hydrogel in media of different pH.
Accordingly, to investigate the swelling behaviour of syntheti-
cally modied PAcVSA hydrogel, we rst studied the swelling of
the hydrogel at pH 5, 7.4 and 8. These pH were chosen for the
study since pH z 5 corresponds to the tumor microenviron-
ment, and pH z 8 corresponds to the intestinal or blood
environment. The range covers typical physiological scenarios.
The gravimetric method was used to determine the Percentage
swelling ratio (SR (%)) of PAcVSA hydrogel as per eqn (8).63,64

SR ð%Þ ¼ ðWs �WdÞ
Wd

� 100 (8)

where Ws is the hydrogel weight in a swollen state (g) and Wd is
the weight of dry hydrogel (g).

Comparison of the swelling ratio at pH 5, 7.4 and 8 (Fig. 6a)
indicate the lowest overall swelling ratio of the hydrogel at pH 5.
Fig. 6 (a) Photograph of swelling behaviour, (b) change in swelling ratio (
and pH 8), (c) and (d) the cumulative release percentage over time of SD
respectively.

29470 | RSC Adv., 2025, 15, 29462–29478
As shown in Fig. 6b, the swelling ratio of PAcVSA displayed
a rapid increase initially before attaining a constant proportion.
In contrast to pH 5, the hydrogel swelling ratio displayed
a remarkable increase at pH 7.4 especially over the rst 12 h,
before reaching equilibration at ∼80 h. The pH-sensitive
behaviour of PAcVSA is exemplied by the higher swelling
ratio at pH 8 compared to pH 7.4. A substantially greater
swelling ratio was observed for PAcVSA at pH 8 compared to pH
7.4 aer the rst 12 h, emphasizing the pH-sensitive character
of the hydrogel. The swelling ratio continued to increase for the
hydrogel at pH 8 till 96 h, albeit at a diminished rate. The
greater SR(%) of PAcVSA at pH 8 compared to pH 5 and 7.4, can
be correlated to protonation or deprotonation of the constituent
functional groups occurring at each pH. Since the pKa of the
carboxylic acid of polyacrylic acid is 4.5 and for sulfonate of
vinyl sulfonic acid is −1.3, at pH 5 some of the COO− gets
protonated while the SO3

− is in anionic form.65,66 The proton-
ation of these groups likely facilitates hydrogen bonding
between them, resulting in intra-polymer interactions gaining
prominence compared to polymer–water interactions, and
increasing the propensity of the polymer to contract. Strong
intra-polymer interactions would mitigate electrostatic repul-
sion between residual numbers of charged functional groups,
further constraining the ability of the polymeric network to
swell. At pH 7.4, a signicant proportion of the COO− and SO3

−

groups are deprotonated resulting in the disruption of intra-
polymer hydrogen bonding. The increased electrostatic repul-
sion between the carboxylate and sulfonic anions likely facili-
tates greater relaxation of the polymer network.67,68 A small
%) over time for PAcVSA hydrogels in different pH buffers (pH 5, pH 7.4,
A and TBS from the PAcVSA_SDA and PAcVSA_TBS hydrogel matrix,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Modelling parameters of the kinetics of small molecule release from PAcVSA_TBS and PAcVSA_SDA estimated from Korsmeyer–Peppas
and Higuchi models

Kinetic models Parameters

Hydrogel samples

pH

PAcVSA_SDA PAcVSA_TBS

5 7.4 8 5 7.4 8

Korsmeyer–Peppas R2 0.95083 0.96502 0.96265 0.97106 0.98392 0.99181
k (h−1) 19.8518 8.23852 6.00869 14.76027 4.54689 3.12805
n 0.37894 0.36216 0.36754 0.44498 0.45047 0.52047

Higuchi R2 0.89977 0.89346 0.89811 0.96294 0.97762 0.99096
k (h−1) 27.27353 10.75832 7.97509 24.85281 7.80002 6.67424
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increase in pH from 7.4 to 8 results in substantive ionization of
carboxylate and sulfonic anions resulting in further disruption
of intra-polymer hydrogen bonding and enhancing the swelling
propensity of the hydrogel.69 The PAcVSA hydrogel exhibits
a signicant increase in swelling behaviour (in terms of SR(%))
when the pH value exceeds 7.4. The present results indicate that
changing the pH value from 5 to 8 leads to a substantial varia-
tion in swelling ratio (%), reaching approximately 6000% or
more, as illustrated in Fig. 6b. The lower swelling prole
observed for the PAcVSA synthesized in the present work
compared to previously reported formulation may be attributed
to use of a different initiator during synthesis.16 Nevertheless,
the swelling behaviour displayed by the PAcVSA hydrogels is
superior to that reported for other pH-sensitive acrylic acid
containing hydrogels. For instance, the poly(acrylamide-co-
acrylic acid) hydrogel used for the controlled release of genta-
micin sulphate shows a swelling variation of 730% from pH 4.5
to pH 7.23 Likewise, the poly(acrylamide-co-acrylic acid)/
chitosan semi IPN hydrogel, studied for the release behaviour
of ranitidine hydrochloride, exhibits a swelling variation of
1174% from pH 2 to pH 10.70 The dramatic transition in
swelling behaviour of PAcVSA reported here in response to
relatively small pH changes is likely to encourage distinctive
small molecule release proles.

3.5 In vitro release of SDA and TBS from loaded PAcVSA

The in vitro release of SDA and TBS from PAcVSA_SDA and
PAcVSA_TBS, respectively, were studied at pH 5, 7.4 and 8. As
illustrated in Fig. 6c and d, the release of SDA and TBS are pH
dependent, and the release rate increased markedly as the pH
decreased from 8 to 5. At pH 8, the PAcVSA_SDA and PAcV-
SA_TBS hydrogels released only 5.4% and 3.2% of the drug
molecules, respectively, in the rst 1 h and ∼20% aer 24 h. In,
neutral conditions (pH 7.4), the hydrogels show 7.6% of SDA
and 4.2% of TBS initially in rst 1 h and ∼30% (SDA) and ∼25%
(TBS) aer 24 h. In contrast, exposure of the loaded hydrogels to
pH 5 resulted in the release of 16.6% SDA and 12.2% TBS aer
1 h. The released quantities reached 82.1% for SDA and 80.6%
of TBS aer 24 h, which is about six times higher than that of
pH 8 and ve times higher than pH 7.4. The observed release
prole can be justied based on weaker electrostatic interaction
at pH 5 between the hydrogel and small molecules due to
protonation of carboxylate groups in the former.71 In addition,
© 2025 The Author(s). Published by the Royal Society of Chemistry
the greater hydrophilicity and solubility of SDA and TBS due to
protonated sulfonamide groups at the acidic pH likely
contribute to their faster release.71 Progressively stronger elec-
trostatic interactions at pH 7.4 and pH 8 between the positively
charged amine groups of SDA and TBS with negatively charged
carboxyl groups, blocks the release of the small molecules from
the hydrogel. The release proles of SDA and TBS from PAcVSA
are compared with other prominent pH responsive hydrogels
later in this article.

The quantitative modelling of kinetics of small molecule
release from PAcVSA_SDA and PAcVSA_TBS is likely to shed
light on themechanism of diffusion in each case.72 The accurate
quantitative modelling of experimentally observed drug release
is a key indicator of the predictability of hydrogel behaviour. We
modelled the time-resolved cumulative release percentage
using ve different models namely zero-order, rst-order,
Higuchi, Korsmeyer–Peppas (KP) and Hixson–Crowell.72–74

These models were applied on both PAcVSA_SDA and PAcV-
SA_TBS for release over 48 h in medium of pH solutions 5, 7.4
and 8. Themodel with the values of coefficient of regression (R2)
closest to 1 indicates the best t to experimental data. The KP
and Higuchi models delivered the best R2 for the release of SDA
and TBS across all three pH being tested. Table 1 lists the
calculated parameters for these two models applied on PAcV-
SA_SDA and PAcVSA_TBS. The release behaviour of both the
small molecules are best t by KP model (Fig. 7a and b). While
the Higuchi model t the release of PAcVSA_TBS well, it was less
effective for modelling the release of PAcVSA_SDA (Fig. 7c and
d). The results of tting zero-order, rst-order and Hixson–
Crowell models are provided in SI (Fig. S4 and Table S1).

The KP model offers a straightforward empirical approach
for describing release of small molecules from hydrogels.75 In
addition to the payload release rate, the KP model provides
a release exponent ‘n,’ that can dene the broad contours of
underlying release mechanism. In particular, the release of
drugs from swellable carrier is driven by Fickian diffusion when
the value of n # 0.43. If ‘n’ lies in the range, 0.43 < n < 0.85, the
release of the drug is controlled by diffusion and polymer
relaxation (non-Fickian or anomalous transport). Also, if n >
0.85, the release is controlled by “super case II transport”.37

Interestingly, the release exponent ‘n’ for SDA release from
PAcVSA_SDA is#0.43 implying that the release of SDA from the
hydrogel follows Fickian diffusion (Table 1). In contrast, for
RSC Adv., 2025, 15, 29462–29478 | 29471
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Fig. 7 Comparison of modelling of the kinetics of release of SDA and TBS from PAcVSA. (a) and (b) Show Korsmeyer–Peppas fitting for SDA and
TBS release from PAcVSA_SDA and PAcVSA in pH 5, 7.4, and 8 buffer media, respectively. (c), and (d) ShowHiguchi fitting for SDA and TBS release
from PAcVSA_SDA and PAcVSA_TBS hydrogel in pH 5, 7.4, and 8 buffer media, respectively.
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PAcVSA_TBS the release exponent n lies in the range of 0.43 < n
< 0.85 suggesting that TBS release from the hydrogel is
controlled by non-Fickian diffusion or due to the polymer
relaxation in pH 5, 7.4 and 8 (Table 1). The comparable values of
n for PAcVSA_SDA across pH 5, 7.4 and 8, are instructive as they
suggest a similar extent of diffusion-driven release of SDA from
the hydrogel despite dramatic changes in the intra-polymer
interactions that have been outlined in the previous section.
On the other hand, the value of n for PAcVSA_TBS gradually
increases from pH 5 to 7.4 and 8, reecting the effect of greater
relaxation of the polymer network due to deprotonation of the
constituent COO− and SO3

− groups. The movement of small
molecules from poly(acrylic acid) containing composite hydro-
gels has been previously justied based on changes in pore sizes
29472 | RSC Adv., 2025, 15, 29462–29478
of the hydrogel upon change in pH of the surrounding
medium.23 Polymer relaxation is the principal mechanism for
release of small molecules from hydrogels with strong cross-
linking, inter-penetrating network architecture, or bearing
magnetic nanoparticles.24,76 Considering that Fickian diffusion
is responsible for the release of SDA irrespective of pH, the
changes in pore sizes clearly do not impact the mobility of the
drug. TBS is a larger molecule compared to SDA and relies
mainly on polymer-chain relaxation to affect its release from the
hydrogel. The present observation of dissimilar mechanisms
governing two different small molecules from the same hydro-
gel is quite unique. The KP model is constrained by inability to
robustly characterize long-term limit of the release kinetics
beyond approximately 60% of the released material.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) MTT assay for PAcVSA hydrogel, and (b) live/dead cell assay performed on HEK 293T cells incubated with PAcVSA hydrogel.
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Nevertheless, the difference in overall rate of release of SDA and
TBS from the cognate loaded hydrogels is best captured by the
KP model. At pH 5, the rate of release of SDA from PAcVSA_SDA
was 19.85 h−1 while the rate of release of TBS from PAcVSA_TBS
Table 2 Comparison of small molecule release behaviour of pH-respon

No. Polymer composition Drug loaded p

1 PLGA polymeric nanoparticles78 Mometasone furoate C
C
C
C

2 GG-GA-La-GO79 Amoxicillin trihydrate p
3 DOX-CaCO3-alginate80 Doxorubicin p

p
p

4 Cs/HA/Fe3O4 (ref. 39) Ciprooxacin p
p
p
p

5 Su-CNC/PNIPAm5 Famotidine p
p

6 CA-DA/OP6 (ref. 81) Doxorubicin p
p
p

7 Chito/HA82 Ciprooxacin p
p

Curcumin p
p

8 CP-g-AMPS83 Ellagic acid
KAE-6 p

p
KAE-3 p

p
9 H1 PAM84 Dependal-M p

H1 PAM
10 PAcVSAa Sulfadiazine p

p
p

TBS p
p
p

a Current work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
was 14.76 h−1. The greater release of SDA is evident from the
cumulative release percentage prole (Fig. 6c and d). While the
application of the Higuchi model on release of TBS results in
sive hydrogels

H of release buffer medium Release time (H) % Release

ryoprotection in sucrose pH 6.4 180 87
ryoprotection in sucrose pH 7.4 55
ryoprotection in mannitol pH 6.4 70
ryoprotection in mannitol pH 7.4 60
H 7.4 6.5 60
H 4.5 48 56
H 6.5 30
H 7.4 6
H 7.4 13 Nearly 100
H 8
H 5
H 2
H 2 2 100
H 10 8 100
H 5.7 60 87
H 6.8 75
H 7.4 52
H 5.5 6 78.8
H 7.4 86.1
H 5.5 48.7
H 7.4 89.9

48
H 1.2 92.13
H 7.4 77.28
H 1.2 57.03
H 7.4 46
H 5.8 1.5 16.8

16.4
H 5 48 82.12
H 7.4 32.35
H 8 24
H 5 80.67
H 7.4 26
H 8 24.09

RSC Adv., 2025, 15, 29462–29478 | 29473
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a rate of release of 24.8 h−1, the tting of SDA release is not
satisfactory and is therefore unsuitable for comparison.

3.6 Cytotoxicity of PAcVSA hydrogel

We wanted to assess cytotoxicity of the PAcVSA prepared in the
present work, considering the changes in procedure of prepa-
ration deployed compared to previous reports. To investigate
the cytotoxicity we used 1 to 5 mg mL−1 concentration of
hydrogel as reported previously.16

We performed MTT and live/dead cell assay to evaluate the
cytotoxicity of PAcVSA towards HEK 293T cells.40,41 As shown in
Fig. 8a, the PAcVSA hydrogel is not toxic to HEK 293T cells
between 1 to 5 mg mL−1 for 72 h. The live/dead assay was per-
formed using calcein AM dye (green) for live cell staining and
propidium iodide dye (red) for dead cell staining. Calcein AM is
rapidly hydrolyzed by cellular esterase within live cells, resulting
in the cleavage of the AM group. This hydrolysis converts the
non-uorescent Calcein AM into a strongly green uorescent
Calcein. In contrast, Propidium Iodide (PI) can only traverse
compromised cell membranes and intercalates with DNA and
RNA within dead cells, thereby emitting red uorescence.77

Non-treated HEK 293T cells were used as a control. HEK 293T
cells were treated with different concentrations of the PAcVSA
hydrogel ranging from 1 to 5 mg mL−1. The treatment of HEK
293T cells with PAcVSA at 5 mg mL−1 did not result in any cell
death (Fig. 8b and S5) for up to 72 h. Overall, these results
suggest the biocompatibility of the PAcVSA hydrogel making it
an attractive carrier for pharmaceutical agents.

3.7 Comparison of PAcVSA with reported pH-responsive
hydrogel carriers

We performed an extensive literature study on small molecule/
drug release proles from pH-responsive hydrogels. Our survey
is listed in Table 2. Two aspects emerge from a scrutiny of
performance of the different pH-responsive carriers. Firstly, the
PAcVSA hydrogel described in this work exhibits remarkable
release prole in mildly acidic conditions (pH 5). Secondly, the
hydrogel described in this work displays the greatest differential
in small molecule release between pH 5 and 8. The release of
82.1% SDA and 80.6% TBS in a strongly pH-dependent manner
over a prolonged duration of time without use of any other
adjuvants highlights the distinctive of the PAcVSA hydrogel.
Nearly all the previously reported hydrogels listed in Table 2 have
been characterized by the Korsmeyer–Peppas model. In this
regard, PAcVSA is unique for eliciting different mechanisms for
two different small molecule cargo; polymer relaxation for release
of TBS, and Fickian diffusion for release of SDA. This unique
behaviour of PAcVSA is rarely reported in recent hydrogel litera-
ture, and indicates the singular interactions that are exerted by
the polymeric scaffold and suggest versatility of use.

4. Conclusion

In this work, we have repurposed a pH-sensitive PAcVSA
hydrogel that has been previously reported for adsorptive
remediation of organic dye.16 Subtle modications in the
29474 | RSC Adv., 2025, 15, 29462–29478
synthesis of the PAcVSA used in this work enable a distinctive
combination of adhesion and release of two different small
molecules. Accordingly, the synthesized PAcVSA hydrogel
displays an excellent swelling ratio of 6000% or more, and
a remarkable release of the loaded small molecules at modest
acidic pH of 5. The difference in cumulative release percentage
of both small molecules from the cognate loaded hydrogels
between pH 5 and 8 is superlative in comparison to previously
reported pH-responsive hydrogel carriers. The two molecules
used in this work represent an established pharmaceutical
agent (SDA) and a molecule (TBS) with promising drug-like
behaviour.25 The pH-sensitive modulation of charged groups
in the hydrogel is accompanied by different mechanisms of
release of the small molecules, namely Fickian diffusion for
SDA and by non-Fickian diffusion or due to the polymer relax-
ation for TBS. Our PAcVSA hydrogel is novel considering the
sparse reports of hydrogels displaying variability in mechanism
of release for different cargo.73

The cross-use of synthetic hydrogels between adsorption of
environmentally relevant analytes and release of small molecule
pharmaceuticals is extremely rare. While such cross-use of
biopolymer composite hydrogels in environmental mitigation
and for drug release has been reported in slightly greater
numbers, the performance of the hydrogels is rarely bench-
marked against the best-in-class synthetic or composite hydro-
gel candidates. Thus, the question about whether a specic
synthetic hydrogel that has been developed and demonstrated
for environmental applications can also be readily used for
loading and release of small molecule drugs is yet to be
convincingly addressed. The strength of the present work lies in
the unambiguous demonstration of PAcVSA as a robust and
superlative pH-responsive delivery agent of small molecules,
based on subtle modications in its formulation that has been
previously reported as an attractive adsorbent of environmen-
tally relevant cationic dyes. Further, studies on small molecule
release by hydrogels are predominantly focused on established
pharmaceutical agents. The applicability of a hydrogel for the
carry and release of small molecules that may be related to but
distinct from a known drug is rarely addressed. In this context,
the ability of PAcVSA to carry and release SDA and TBS high-
lights the capability of the hydrogel and sheds light on inter-
esting differences in the mechanism of their release. This study
introduces the paradigm of assessing multiple small molecule
drugs on the same hydrogel, and is thus signicant in the
broader context of hydrogel research. The present study is
limited by its inability to comment on the efficacy of the
released small molecule drugs. Notwithstanding the responsive
behaviour of the PAcVSA hydrogel towards physiologically
relevant pH range of uid environments, the ability of specic
pharmaceutical agents to exert their activity post-release
remains to be experimentally investigated. Similarly, consid-
ering the design of the present work, the compatibility of
PAcVSA with various chemical scaffolds underlying drug
development cannot simply be extrapolated and would require
thorough experimentation.

The application of synthesized materials for diverse and
disconnected functions is an accepted milestone of sustainable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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design. There are very few reports of intentional repurposing of
synthetic hydrogels across the two domains, and this work
successfully demonstrates the same. Questions surrounding
additional tunability of such cross-use hydrogels, and assess-
ment of the pharmacological efficacy of released drugs, are
likely to improve their potential for real deployment, and are
being investigated in our laboratory.
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