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In this work, indole-3-acetic acid (IAA)-based polyester hydrogels were synthesized using citric acid and three different diols, namely
ethylene glycol, diethylene glycol and triethylene glycol, to obtain ICAE, ICAD and ICAT hydrogels. The synthesized hydrogels were
characterized by FT-IR, *H NMR, SEM, TGA and swelling studies, confirming successful hydrogel formation and structural integrity.
All hydrogels exhibited pH-dependent swelling behaviour, with ICAE showing the highest swelling equilibrium (1600% at pH 3).
Biological evaluation revealed concentration-dependent antifungal activity, excellent biocompatibility with cell viability above 80% and
significant wound-healing potential. Among the formulations, ICAE demonstrated superior antifungal efficacy, 75% wound closure after
72 h and the strongest anticancer activity against A549 cells with an 1Cso value of 138 pug/mL. The enhanced performance of ICAE was
attributed to its higher swelling capacity and favourable biological properties. These results suggest that ICAE is a promising multi-

functional hydrogel for wound management and anticancer biomedical applications.
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INTRODUCTION

Hydrogels are the three-dimensional networks of cross-
linked hydrophilic polymers capable of absorbing large quantity
of water while maintaining their structural integrity [1]. Depen-
ding on the nature of the crosslinks, hydrogels may be chemi-
cally or physically crosslinked through covalent, ionic, hydrogen
bonding or entanglement interactions [2]. Due to their unique
ability to respond to external stimuli such as pH, temperature,
light, magnetic fields and ionic strength, smart hydrogels have
attracted considerable attention in pharmaceutical and bio-
medical applications [3]. Natural biopolymers are increasingly
employed for the fabrication of intelligent hydrogels because
of their biocompatibility, biodegradability, non-toxicity, renew-
ability and ease of chemical modification [4]. Significant efforts
have been directed toward developing renewable resource-based
hydrogels with pH-responsive and antimicrobial properties
using environmentally benign monomers [5,6].

Indole-3-acetic acid (IAA) is a biologically important
indole derivative involved in plant growth regulation and

cellular differentiation processes [7-9]. It is also a major try-
ptophan metabolite produced by intestinal microorganisms in
animals [10,11]. Citric acid, an inexpensive and multi-funct-
ional renewable monomer, has been widely investigated due
to its excellent reactivity and ability to participate in hydrogen-
bonding interactions within polyester networks [12-14]. Dieth-
ylene glycol, a bifunctional linear diol, contributes flexibility,
biocompatibility and improved hydrogel performance, while
indole derivatives are known for their antioxidant, antimicro-
bial and low-toxicity characteristics [15]. Several researchers
has previously reported pH-sensitive biopolymeric hydrogels
containing aliphatic segments [16-18]. The physical prop-
erties, swelling behaviour and hydrophilic-hydrophobic balance
of hydrogels can be effectively tuned through the selection of
suitable diols and acids [19].

Oxidative stress caused by excessive free radical produc-
tion is associated with numerous degenerative disorders when
endogenous antioxidant defenses become insufficient [20].
Polycondensation of diols with multifunctional renewable
monomers offers several advantages, including simple synth-
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esis, catalyst-free processing, elimination of toxic crosslinkers
and improved control over material performance [21,22].
Furthermore, incorporation of unsaturated monomers enables
additional crosslinking through free-radical reactions [23]. In
wound management, bacterial infections frequently delay hea-
ling and may lead to chronic complications [24,25]. Although
antibiotics have significantly reduced infection-related mortality
since the discovery of penicillin [26], the emergence of anti-
microbial resistance has created an urgent need for alternative
therapeutic materials. Hydrogels are attractive wound dress-
ings since they are biocompatible, biodegradable, moisture-
retentive and capable of delivering bioactive agents directly
to the wound site [27,28]. Incorporation of antioxidant and
antibacterial components including metal nano-oxides and
cationic compounds, can further promote tissue regeneration
and reduce bacterial colonization [29-33].

Diol-based hydrogels contain hydroxyl-functionalized
building blocks that participate in network formation and can
impart self-healing, injectability and stimulus-responsive
behaviour. Their excellent biocompatibility and biodegrad-
ability make them particularly suitable for biomedical appli-
cations. Since chronic wounds remain a major healthcare
challenge worldwide [31,34-37], the development of multifun-
ctional hydrogel systems with enhanced healing properties is
of considerable interest. Moreover, advanced biomaterials
capable of supporting cancer therapy and improving patient
outcomes are increasingly sought after [38].

The novelty of the present work lies in the comparative
synthesis and systematic evaluation of heterocyclic hydrogels
prepared using different diols to investigate the influence of
diol chain length and molecular flexibility on hydrogel perfor-
mance. Unlike previous studies focused on the single form-
ulations, this work examines structure-property relationships
in terms of swelling behaviour, porosity, biodegradability,
mechanical characteristics and biomedical functionality. The
incorporation of heterocyclic moieties and tunable diol seg-
ments provides enhanced control over network architecture,
crosslinking density, stability and biocompatibility. Accord-
ingly, indole-3-acetic acid-based hydrogels were synthesized
through condensation polymerization and evaluated for their
wound-healing and anticancer potential. Their pH-dependent
swelling behaviour was investigated and the resulting hydro-
gels were characterized using Fourier transform infrared (FT-
IR) spectroscopy and field emission scanning electron micro-
scopy (FESEM).

EXPERIMENTAL

Anhydrous citric acid (CA) was obtained from S.D. Fine
Chemicals, India. Ethanol, ethylene glycol, diethylene glycol
and triethylene glycol were obtained from Merck Ltd., India.
The monomer indole-3-acetic acid was sourced from Sigma-
Aldrich Chemical Company, India. De-mineralised water was
used for polymerization and for preparing buffer solutions.

Synthesis of biopolymeric hydrogels: The synthesis of
biopolymeric hydrogels is accomplished through a two-step
synthetic process involving successive chemical reactions.

Synthesis of pre-polymers: Citric acid was dissolved in
ethanol in a round bottom flask, fitted with condenser tube on

the mechanical stirrer and nitrogen inlet. Ethylene glycol/
diethylene glycol/triethylene glycol was added in a dropwise in
separate vessels. The content was stirred for 1 h at room tem-
perature in round bottom flask kept in silica oil bath at 160 °C
under nitrogen atmosphere. The completion of the reaction
was observed by the formation of white colour sticky gel like
compound. The resultant compound was labelled as CAE or
CAD or CAT.

Synthesis of biopolymeric hydrogels: The hydrogels
were synthesised according to our reported method [5]. In
brief, indole-3 acetic acid (IAA) was dissolved in ethanol and
poured into pre-polyester (CAE) in a silica oil bath at 160 °C
for 3 h under N2 atmosphere. The high viscous reddish-brown
compound indicated the end of the reaction. The resultant
compound cooled down at room temperature to form reddish
brown glassy gel. The gel was submerged in distilled water
for 24 h to remove the unreacted monomers. Then, the gel
was placed in a warm oven for 24 h, to remove the moisture
and this formed sticky gel (ICAE) with 85% yield. Using the
same synthetic method, the other hydrogels were also pre-
pared with different diols to obtain the corresponding ICAD
and ICAT.

Actual yield

Yield (%)= ——————
Theoretical yield

where actual yield = weight of dried hydrogel obtained experi-
mentally, and theoretical yield = calculated maximum possible
weight based on the starting materials.

Characterisation: FT-IR spectra of the hydrogels and
nanocomposite hydrogels were recorded using KBr pellets on
a Shimadzu FTIR-8400S spectrophotometer over the range
of 4000-400 cm™. 'H NMR and *C NMR spectra were
obtained in DMSO-ds using a Bruker AVANCE IlI spectro-
meter operating at 250 MHz and 62.5 MHz, respectively,
with tetramethylsilane (TMS) as the internal standard. Thermal
properties were evaluated using a Q20 DSC and SDT Q600
thermal analyzer; thermogravimetric analysis (TGA) was per-
formed from room temperature to 800 °C at a heating rate of
10 °C min~t under a nitrogen atmosphere. The surface morp-
hology of the samples was examined using a Hitachi SU6600
field emission scanning electron microscope (FESEM).

Swelling studies: The swelling behavior of the hydrogel
was investigated in buffer solutions of varying pH (3.0-10.0)
at room temperature. Pre-weighed dried hydrogel samples
were immersed in the respective buffer solutions and the pH
was verified using a pH meter (Systronics 3300, India). The
swollen hydrogels were removed at regular intervals, initially
every 30 min for up to 6 h, and subsequently monitored until
equilibrium swelling was attained. To determine the equili-
brium swelling capacity, the samples were allowed to remain
immersed for 48 h. The degree of swelling and equilibrium
swelling ratio were calculated using eqn. 1:

We B Wd
S, (%) = C{N—d x100 )

where Wy and Weq are the weights of the sample before and
after swollen at equilibrium, respectively.
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Biological activities

Antifungal assay: The antifungal activity of the synth-
esised hydrogels was evaluated against selected fungal strains,
namely Aspergillus fumigatus, Candida albicans and Rhizopus
oryzae using the agar well diffusion method. The hydrogels
were tested at concentrations of 500, 1000, 1500 and 2000 pg
mL-L. Fungal cultures were grown on dextrose agar plates at
27 °C for 72 h and the fungal inoculum was prepared by
aseptically collecting spores/cells using a sterile brush. Sub-
sequently, 100 uL of the fungal suspension was uniformly
spread onto fresh dextrose agar plates. Wells were then dev-
eloped in the agar medium, and the test samples at different
concentrations were added using sterile pipettes. The plates
were allowed to stand at room temperature for 2 h to facilitate
diffusion of the samples into the agar and were subsequently
incubated at 27 °C for 48 h. Ketoconazole (10 pg) and DMSO
served as the positive and negative controls, respectively.
Antifungal activity was assessed by measuring the diameter
of the inhibition zones around the wells.

Cytotoxicity assay: The cytotoxicity of the samples was
evaluated using the MTT assay in 96-well plates. Cells were
seeded and treated with the test samples in a final volume of
100 pL per well, followed by incubation for the desired
exposure period. Subsequently, 10 uL of MTT solution was
added to each well to achieve a final MTT concentration of
0.45 mg mL* and the plates were incubated at 37 °C for 1-4 h.
After the formation of formazan crystals, 100 uL of solubi-
lisation solution was added to each well and mixed thoro-
ughly to ensure complete dissolution. The absorbance was
then measured at 570 nm using a microplate reader, and cell
viability was calculated relative to the untreated control.

Scratch wound healing assay (in vitro): Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and seeded
into 24-well tissue culture plates. After 24 h of incubation,
when the cells reached approximately 70-80% confluence, a
linear scratch was created across the center of each well using
a sterile 1 mL pipette tip. Detached cells were removed by
washing twice with phosphate-buffered saline (PBS) and
fresh medium was added. The cells were then incubated for
an additional 48 h to allow migration into the wound area.
Following incubation, the cells were washed twice with PBS,
fixed with 3.7% paraformaldehyde for 30 min and stained
with 1% crystal violet prepared in 2% ethanol for 30 min.
Images of the stained cell monolayers were subsequently
captured using an optical microscope to evaluate cell migra-
tion and wound closure.

Anticancer activity: The in vitro anticancer activity of
the synthesised biopolymer hydrogels was evaluated against
human lung carcinoma (A549), breast adenocarcinoma (MDA-
MB-231) and prostate carcinoma (PC3) cell lines using the
MTT assay. Cells were seeded in 96-well plates and treated
with varying concentrations of the test samples for 24 h in a
final volume of 100 pL per well. Following treatment, 10 uL
of MTT solution was added to each well to achieve a final
concentration of 0.45 mg mL and the plates were incubated
at 37 °C for 1-4 h. The resulting formazan crystals were disso-
Ived by adding 100 pL of solubilization solution to each well.

After complete dissolution, absorbance was recorded at 570
nm using a microplate reader. Cell viability was expressed as
a percentage relative to untreated control cells and the 1Cs
values were determined from dose—response curves.

RESULTS AND DISCUSSION

FT-IR spectral studies: The FT-IR spectrum of ICAE
(Fig. 1) exhibited a characteristic band at 1630 cm™2, corres-
ponding to the carboxyl (C=0) group of citric acid. The app-
earance of a strong absorption band at 1720 cm™ confirmed
the formation of ester linkages through C=0 stretching vibra-
tions [39]. The bands observed at 1095 and 1027 cm* were
attributed to C—O—C stretching vibrations, while the peak at
1458 cm™ corresponded to the stretching vibration of the
COO™ group. Characteristic absorption bands associated with
methylene (-CH,-) groups of the constituent diacids and diols
were also evident in the spectrum [40,41]. The successful
incorporation of indole-3-acetic acid (IAA) into the ICAE
hydrogel was confirmed by the band at 1648 cm™, assigned
to aromatic C=C stretching of the indole ring, and the peak at
744 cm, corresponding to out-of-plane C—H bending vibra-
tions of the indole moiety. A broad absorption band centered
around 3400 cm™ was attributed to overlapping O—H stret-
ching vibrations of the diol component and N-H stretching
vibrations of IAA [40,42]. The peaks at 1371 and 1337 cm™!
were assigned to vibrations associated with the aromatic indole
ring, whereas the band at 1601 cm was attributed to N-H
bending vibrations. Compared with pure IAA, the appearance
of new absorption bands and shifts in characteristic frequencies
confirmed the successful synthesis of the ICAE hydrogel.

50
— ICAE —ICAD — ICAT

N w B
o o o
N N N

Transmittance (%)

-
o
L

0+ T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’w)
Fig. 1. FT-IR spectra of ICAE, ICAD and ICAT hydrogels

The FT-IR spectrum of ICAD displayed a prominent
band at 1623 cm indicating the presence of carboxylic acid
groups derived from citric acid. The esterification reaction
was evidenced by the appearance of a strong C=0 stretching
band at 1734 cm* and a C-O-C stretching band at 1020 cm™.
The COO- stretching vibration was observed at 1401 cm™.
The characteristic -CH,- stretching bands of the polyester back-
bone were also detected, with aliphatic C—H stretching vibra-
tions appearing at 2362 and 2343 cm™. The incorporation of
IAA was confirmed by the aromatic C=C stretching band at
1623 cm™ and the characteristic indole C-H out-of-plane
bending vibration at 744 cm™X. A broad absorption band at
3159 cm* was attributed to overlapping O—H and N—H stret-
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ching vibrations from the diol and IAA components, respect-
ively. The band at 1601 cm™ corresponded to N—H bending
vibrations. These characteristic spectral features verified the
successful formation of the ICAD hydrogel.

Similarly, the FT-IR spectrum of ICAT exhibited a band
at 1623 cm* corresponding to the carboxylic acid group of
citric acid. The ester linkage formation was confirmed by the
appearance of a C=0 stretching band at 1735 cm™ and a
C-O-C stretching band at 1124 cm. The COO- stretching
vibration was observed at 1401 cm, while the aliphatic C—H
stretching vibration appeared at 2363 cm [41]. The success-
ful incorporation of IAA was evidenced by the aromatic C=C
stretching band at 1623 cm™ and the characteristic indole C-H
out-of-plane bending vibration at 747 cm. A broad absorp-
tion band centered at 3159 cm™ was assigned to overlapping
O-H and N-H stretching vibrations arising from the diol and
IAA components. The peak at 1290 cm™ was attributed to
vibrations associated with the indole moiety, while the band
at 1636 cm? corresponded to N-H bending vibrations. The
observed spectral shifts and characteristic absorption bands
confirmed the successful synthesis and structural integrity of
the ICAT hydrogel.

NMR spectral studies: The 'H NMR spectrum of the
ICAE hydrogel (Fig. 2) exhibited a signal at & 4.1 ppm, which
was attributed to the hydroxyl (—OH) protons of the diol
component [43]. Multiple resonances observed in the region
of & 7.0-7.5 ppm corresponded to the aromatic protons of the
indole ring derived from indole-3-acetic acid (IAA) [44]. The
characteristic signal at 10.9 ppm was assigned to the indole
N-H proton, indicating that the indole moiety remained intact
during hydrogel formation. Furthermore, the disappearance
of the carboxylic acid proton signal originally observed at
approximately & 12.2 ppm provided strong evidence for
esterification and successful hydrogel formation.

Similarly, the *H NMR spectrum of the ICAD hydrogel
displayed multiple peaks in the range of 5 6.9-7.5 ppm corres-
ponding to the aromatic protons of the indole ring. The signal
at 3 10.9 ppm was attributed to the indole N—H proton, confir-
ming the preservation of the indole structure after polymeri-
sation. A resonance at & 4.1 ppm was assigned to the hydroxyl
protons of the diol component. The solvent signal appeared
at & 3.5-3.6 ppm, while the disappearance of the carboxylic acid
proton signal at approximately & 12.4 ppm, confirmed the succ-
essful esterification and formation of the ICAD hydrogel.

The *H NMR spectrum of the ICAT hydrogel also exhi-
bited a characteristic signal at 5 4.1 ppm corresponding to the
hydroxyl protons of the diol unit. Multiplet signals observed
between 6 6.9 and 7.5 ppm were assigned to the aromatic
protons of the indole ring from IAA. The N—H proton reson-
ance appeared in the range of 8 10.7-10.9 ppm, suggesting that
the indole functionality remained unchanged during hydrogel
synthesis. The absence of the carboxylic acid proton signal at
approximately & 12.2 ppm further confirmed the successful
esterification reaction and formation of the ICAT hydrogel.

SEM studies: The SEM micrograph of the ICAE hydro-
gel (Fig. 3) revealed an irregular and rough surface morpho-
logy with a comparatively smooth and less porous interior
structure. Such a morphology facilitates fluid penetration into
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Fig. 2. 'H NMR spectra ICAE, ICAD and ICAT hydrogels

the hydrogel matrix under different pH conditions, thereby
enhancing its swelling capacity. In contrast, the more homo-
geneous surface morphology observed for the ICAD and ICAT
hydrogels may account for their relatively lower swelling equi-
librium. The moon- and leaf-like surface features observed in
the SEM images are indicative of hydrophobic domains, which
may contribute to the reduced swelling behaviour of the
polymeric hydrogels [45].

Thermal studies: The thermal stability of the synthesised
hydrogels was evaluated by TGA and the corresponding ther-
mograms are shown in Fig. 4. The ICAE hydrogel exhibited
a three-stage decomposition pattern. The first stage occurred
at approximately 200 °C with a weight loss of about 26%,
followed by a second stage around 290 °C with a 22% weight
loss and a third stage near 350 °C with an additional 18% weight
loss. In contrast, the ICAD hydrogel showed two major decom-
position stages: the first between 100 and 270 °C with an aver-
age weight loss of 28% and the second between 280 and 380
°C with an average weight loss of 41%. Similarly, the ICAT
hydrogel exhibited an initial decomposition stage at ~200 °C
with a weight loss of 28%, followed by a second decompo-
sition stage around 250 °C with a weight loss of 34%.
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Fig. 3. SEM images of ICAE, ICAD and ICAT hydrogels
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Fig. 4. Thermograms of ICAE, ICAD and ICAT hydrogels

For all hydrogels, the initial weight loss was attributed to
the evaporation of physically adsorbed and bound water mole-
cules within the hydrogel matrix. The subsequent decompo-
sition stages were associated with the cleavage of polymer
chains, degradation of ester linkages, breakdown of indole moie-
ties and carbonization of the polymeric network. Among the
synthesised hydrogels, ICAE exhibited the highest thermal
stability, as evidenced by its higher decomposition temperat-
ures and more gradual weight-loss profile. This enhanced
thermal resistance may be attributed to the optimal structural
balance and stronger intermolecular interactions within the
ICAE network, which impart greater stability to the polymer
backbone [486].

Swelling studies of hydrogels: The swelling equilibrium
behaviour of the IAA-based hydrogels was evaluated in buffer
solutions of varying pH (3.0, 4.0, 6.0, 7.0, 9.0 and 10.0) after
48 h of immersion, and the swelling equilibrium percentage
(Seq%) was calculated using egn. 1. As shown in Fig. 5, all
hydrogels exhibited higher swelling in acidic media than in
alkaline conditions. This behaviour can be attributed to the
ionization of the carboxylic acid groups of citric acid (pKa =
3.14) and the protonation of functional groups associated with
IAA (pKa = 4.75). At acidic pH, increased osmotic pressure
and electrostatic repulsion within the polymer network pro-
moted greater water uptake, resulting in enhanced swelling
of the hydrogels [47].

The ICAE (IAA-EG-CA) hydrogel exhibited Seq% values
of 1600, 1500, 1453, 1400, 900 and 880% at pH 3.0, 4.0, 6.0,
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Fig. 5. Swelling equilibrium (%) of ICAE, ICAD and ICAT hydrogels in
buffer solutions of different pHs after 48 h of immersion

7.0, 9.0 and 10.0, respectively. Similarly, the ICAD (1AA-
DEG-CA) hydrogel showed Seq% values of 1463, 1370,
1353, 1230, 820 and 790%, while the ICAT (IAA-TEG-CA)
hydrogel displayed Seq% values of 1450, 1355, 1342, 1200,
800 and 740% at the corresponding pH values.

The swelling behaviour was strongly influenced by the
diol chain length in the hydrogel network. As the chain length
increased from ethylene glycol (EG) to triethylene glycol
(TEG), the swelling equilibrium decreased across all pH con-
ditions. Among the synthesized hydrogels, ICAE exhibited
the highest swelling capacity, followed by ICAD and ICAT.
Thus, the swelling equilibrium decreased with increasing diol
chain length and followed the order ICAE > ICAD > ICAT,
suggesting that shorter diol chains facilitate enhanced water
absorption and swelling of the hydrogel network.

Biological studies

Antifungal studies: The antifungal efficacy of all syn-
thesised ICAE, ICAD and ICAT hydrogels increased with
increasing concentration, indicating a dose-dependent resp-
onse. Among the tested formulations, ICAE hydrogel exhibited
the highest antifungal activity, producing zones of inhibition
of 18, 15 and 14 mm against A. fumigatus, C. albicans and R.
oryzae, respectively, at 2000 pg/mL. ICAD hydrogel also
demonstrated appreciable activity, with inhibition zones of
16, 15 and 12 mm against the respective fungal strains, while
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ICAT hydrogel showed comparatively lower but significant
antifungal effects, yielding inhibition zones of 14, 13 and 11
mm, respectively, at the same concentration. Fig. 6 clearly
indicate that all hydrogels possess broad-spectrum antifungal
potential, with A. fumigatus being the most susceptible strain.
The enhanced antifungal performance of ICAE and ICAD
hydrogels can be attributed to the synergistic influence of
electron-withdrawing groups such as aromatic rings and
-COOH functionalities, together with electron-donating groups
including —CHy, —NH and —OH, which facilitate stronger inter-
actions with fungal cell components. Furthermore, the superior
activity observed for ICAE, followed by ICAD and ICAT
hydrogels, may also be associated with the higher abundance
of acidic functional groups derived from citric acid and indole-
3-acetic acid, which contribute to improved antimicrobial
efficacy through enhanced surface reactivity and disruption
of fungal cellular processes [48].

Cytotoxic activity: Cytotoxicity assay of ICAE, ICAD,
and ICAT hydrogels was evaluated using the MTT assay at

concentrations of 25, 50, 100, 250 and 500 ug/mL. The ICAE
hydrogel exhibited cell viability rates of 100%, 98%, 90%,
87% and 86%, respectively, across the tested concentration
range. Similarly, ICAD hydrogels demonstrated cell viability
values of 100%, 97%, 92%, 88% and 86% at corresponding
concentrations, indicating their non-cytotoxic nature. ICAT
hydrogels showed cell viability rates of 100%, 100%, 92%,
91% and 88% at concentrations of 25, 50, 100, 250 and 500
pg/mL, respectively, further confirming their excellent biocom-
patibility (Fig. 7).

Thus, all three hydrogel formulations (ICAE, ICAD and
ICAT) maintained cell viability above 80% even at 500
ug/mL, confirming their non-cytotoxic nature and excellent
biocompatibility. The high viability values also suggest their
suitability for supporting cellular proliferation and migration
in biomedical applications. Furthermore, cell viability rem-
ained well above 50% across the entire concentration range
tested. As viability did not decrease to 50% even at 500 pg/
mL, the 1Cs value could not be determined experimentally and

Fig. 6. Antifungal activity of ICAE, ICAD and ICAT hydrogels against A. niger (Al), C. albicans (Ca) and R. oryzae (Ro) at different
concentrations
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is estimated to be higher than 500 ug/mL for all formulations.
These findings demonstrate the low cytotoxicity and favour-
able biocompatibility of the developed hydrogels [49].

Wound healing application: The wound-healing poten-
tial of all the three hydrogels was evaluated using the scratch
assay by monitoring wound closure over time. Wound healing
is closely associated with cell migration, proliferation, cyto-
compatibility, and the antimicrobial properties of hydrogels
[50]. ICAE exhibited wound closure rates of 30%, 55%, and
75% after 24, 48 and 72 h, respectively. Similarly, ICAD
showed wound closure of 34%, 55%, and 64%, while ICAT
demonstrated 37%, 41% and 48% at the corresponding time
intervals (Fig. 8).

The continuous reduction in scratch width indicates enh-
anced fibroblast migration and proliferation, which are essential

for tissue regeneration and wound repair [51]. Free radicals
can damage membrane lipids through oxidation, impairing
cellular functions and delaying healing; therefore, antioxidant
materials can facilitate wound recovery [45]. The non-cytotoxic
nature of the hydrogels, confirmed by the MTT assay, supp-
orted cell migration and wound closure. Moreover, the high
swelling capacity and water absorption ability of ICAE pro-
mote rapid uptake of wound exudates, creating a favourable
healing environment [52,53]. The negative sign in Table-1
denotes the absence of wound-closure activity [54]. Among
all formulations, ICAE exhibited the best wound-healing
performance, attributed to its superior swelling behaviour
and antioxidant, antibacterial and antifungal properties [55].

TABLE-1
WOUND CLOSURE VALUES OF HYDROGELS FOR 3 days
Sample 0h 24 h 48 h 72h
Control -0.26 14.42 26.67 23.27
ICAE -1.00 46.48 63.13 63.30
ICAD -0.53 32.51 55.04 79.78
ICAT 0.32 45.09 37.52 33.79

Anticancer activity: The anticancer activity of ICAE,
ICAD and ICAT hydrogels against A549 cells was evaluated
using the MTT assay. ICAE hydrogel exhibited cancer cell
viability of 80%, 79%, 77%, 72% and 69% at concentrations
of 25, 50, 100, 250 and 500 pg/mL, respectively, with an 1Cso
value of 138 ug/mL. The relatively lower cell viability obser-
ved for ICAE indicates enhanced growth inhibition of A549
cells while maintaining acceptable biocompatibility at lower
concentrations. Similarly, ICAD hydrogel showed cell viability
values of 90%, 91%, 83%, 74% and 71% at corresponding
concentrations, whereas ICAT exhibited viability of 100%,
95%, 91%, 87% and 84%. For both ICAD and ICAT, the 1Cso
values were estimated to be >500 pg/mL, indicating comp-
aratively lower cytotoxic effects toward A549 cells.

Previous studies have reported a positive correlation bet-
ween the antioxidant capacity of hydrogels and their anticancer
activity, where enhanced free-radical scavenging ability con-
tributes to the inhibition of cancer cell growth [56]. Among
the tested formulations, ICAE demonstrated the strongest
anticancer effect, as evidenced by its lower cell viability and
ICso value. The favourable biological performance of these
hydrogels may be attributed to the strong interactions between
citric acid and IAA within the hydrogel network, which con-
tribute to their biocompatibility and potential antifungal and
anticancer applications [5,57].

Conclusion

In this study, indole-3-acetic acid-based polyester hydro-
gels (ICAE, ICAD and ICAT) were successfully synthesized
and characterized by FT-IR, *H NMR, SEM, TGA and swell-
ing analyses. The hydrogels exhibited pH-responsive swelling
behaviour, good thermal stability and significant antifungal
activity. Cytotoxicity studies confirmed excellent biocompati-
bility, with cell viability exceeding 80% at all tested concentra-
tions. Among the formulations, ICAE demonstrated the highest
swelling capacity, superior wound-healing efficiency (75%
closure at 72 h) and the strongest anticancer activity against
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ICAE

ICAD
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A549 cells (ICso = 138 pg/mL). These findings highlight the 4.
potential of ICAE as a multifunctional biomaterial for wound
healing and biomedical applications.
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