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1. Introduction

Multifunctional and stimuli-responsive ionic
liquid-polymeric hydrogel: a promising platform
for co-drug delivery in cancer treatment

® Vinod K. Aswal, ©® Naina Raje,°
*¢ and Naved Malek (2 *@

Ishani Pandya,? Vidhi Joshi,® Sugam Kumar,
Muzammil Kuddushi, © ¢© Xuehua Zhang

Designing intelligent drug delivery systems that offer high drug loading, site-specific release, and
improved therapeutic outcomes is crucial to overcome the limitations of conventional cancer treatments.
This study presents a novel pH-responsive hydrogel developed by integrating a biocompatible ionic liquid
(IL), [TMGI[OL], into a polymeric matrix to enable the co-delivery of the chemotherapeutic drug 5-fluor-
ouracil (5-FU) and heparin (Hp), aimed at cancer treatment and metastasis inhibition. Structural and
surface characterization studies were performed using XPS, FTIR, SANS and FE-SEM, confirming the suc-
cessful formation of the composite network, while thermal stability was evaluated through DSC analysis.
Rheological analysis demonstrated robust mechanical strength, while thixotropic studies validated its
injectability, supporting minimally invasive delivery. The hydrogel also exhibited notable self-healing and
adhesive properties. [TMG][OL] incorporation enhanced drug loading capacity by ~2.5-fold over the IL-
free hydrogel. Drug release studies confirmed pH-responsive behaviour, with over 90.2% of 5-FU and
77.6% of Hp released at pH 5.2 within 48 hours, while release remained below 60% at physiological pH,
minimizing off-target effects. Biocompatibility was validated using HaCaT cells, showing over 95% cell
viability after 48 hours of exposure. In vitro cytotoxicity assays revealed a dose-dependent reduction in
cancer cell viability, with significant inhibition observed in MCF-7 and Hela cells, revealing significant
therapeutic efficacy. Furthermore, anti-metastatic activity assessed via a scratch assay in Hela cells
showed a substantial reduction in cell migration compared to the control. These findings underscore the
potential of the developed IL-based hydrogel as a promising dual-delivery platform with targeted, sus-
tained release, strong therapeutic potential, and minimal toxicity to healthy cells, offering a new avenue
for effective cancer therapy and metastasis suppression.

therapy can be effective, its broader application is often
limited by adverse drug reactions, a low therapeutic index,

Cancer remains one of the most devastating diseases world-
wide, accounting for approximately 9.6 million deaths in 2018
alone." Current treatment options include surgery, chemo-
therapy, radiotherapy, and immunotherapy. Although chemo-
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drug resistance, and poor targeting efficiency.” In recent years,
advanced drug delivery strategies have been explored to
improve the efficacy of chemotherapy while minimizing its
side effects. Among these, nanotechnology has shown great
promise by enabling the selective accumulation of drugs in
tumor tissues through both passive and active targeting
mechanisms.> A wide variety of drug delivery vehicles have
been developed to enhance bioavailability, improve drug stabi-
lity, and achieve site-specific drug release. These include nano-
particles, vesicles," metal-organic frameworks (MOFs),” lipo-
somes,® and hydrogels.” Among them, hydrogels have gar-
nered significant attention in cancer therapy due to their high
water content, tunable cross-linked polymer networks, excel-
lent biocompatibility, negligible cytotoxicity, and superior
drug-encapsulation capabilities.””® These properties make
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hydrogels highly suitable for controlled and localized drug
delivery, contributing to their widespread use in recent cancer
treatment research.>®

Hydrogels can load both hydrophilic and hydrophobic
drugs and respond to external stimuli like pH, temperature,
and ionic strength, enabling controlled and sustained drug
release. Hydrogels can be formulated using natural polymers
such as chitosan and sodium alginate (SA), synthetic polymers
like poly(vinyl alcohol) (PVA), or a blend of both to combine
their respective advantages. Synthetic polymers have high pro-
cessability and mechanical characteristics, while natural poly-
mers are biodegradable, biocompatible, and also low in tox-
icity. Blends of natural and synthetic polymers, known as bio-
synthetic or bioartificial polymers, have gained popularity in
biomedical applications due to their superior thermal,
mechanical, and biocompatible properties relative to single-
component materials.*

Among synthetic hydrogel-forming polymers, PVA stands
out for its excellent biocompatibility, chemical resistance, bio-
degradability, and large-scale producibility, making its hydro-
gels widely used in synthetic cartilage, surgical devices, and
drug delivery systems.>* Whereas SA is a biocompatible, bio-
degradable, and cost-effective natural polymer derived from
seaweed and is composed of f-p-mannuronic acid and o-r-
guluronic acid units and is commonly used in biomedical gels
for its good gel-forming ability.* The SA-PVA hydrogel com-
bines the advantages of both polymers, and many researchers
have focused on its preparation and application in drug
delivery.>® However, the application of the SA-PVA hydrogel is
limited by its poor gel strength, non-injectability and low drug
loading capacity,” which can be enhanced through various
strategies such as incorporating nanoclays,® nanoparticles® or
ionic liquids."°

Recently, multifunctional and stimuli-responsive polymeric
hydrogels have attracted significant attention as advanced
drug delivery systems due to their capability to respond to
environmental changes and provide controlled release of
therapeutic agents. Rashidzadeh et al. developed pH-sensitive
hydrogels to provide site-specific and sustained release of
therapeutic agents, making them highly suitable for cancer
and malaria treatment."* A dual pH- and magnetic-responsive
hydrogel has been reported for the co-delivery of chloroquine
and methotrexate, exhibiting controlled and stimuli-induced
drug release behaviour.'? Chen et al. developed a doxorubicin-
delivering hydrogel from Pluronic F127, enhancing its thermo-
responsive properties with hyaluronic acid and boosting its
mechanical characteristics using hexamethylene diisocya-
nate.”® Physically cross-linking poly(methacrylic acid) with
hexadecyltrimethylammonium chloride micelles yields a
hydrogel that exhibits shape memory, load-bearing and self-
healing capabilities, along with responsiveness to salt, heat,
and pH changes."*

Surfactants are valuable additives due to their tunable, bio-
compatible nature and their ability to self-assemble and trans-
port drug molecules of varying polarity. A modern class of sur-
factants with ionic liquid characteristics, known as surface-
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active ionic liquids (SAILs), represents a promising category of
additives with precisely tunable properties, making them ideal
for engineering stimuli-responsive hydrogels.">'® For example,
SAILs based on [TMG][Ol] exhibit excellent biocompatibility,
amphiphilic behaviour, and compatibility with hydrophilic
polymers.'” These compounds can be synthesized via a simple
acid-base neutralization reaction, without the use of harmful
solvents, aligning with the principles of green chemistry."”
While potential degradation products must be considered, the
[TMG]" cation derived from guanidine exhibits low cytotoxicity
at moderate concentrations,'® and oleate, a naturally occurring
fatty acid, is well known for its biomedical safety and ben-
eficial roles.” The non-aromatic and strongly basic nature of
[TMG]" facilitates hydrogen bonding with polymer chains,
enabling hydrogel formation without the need for toxic cross-
linkers."”” Owing to its SAIL characteristics, [TMG][Ol] also
plays a crucial role in modulating the hydrogel microstructure,
porosity, diffusion behaviour, and drug release Kkinetics,
factors essential for precision-targeted drug delivery.*

In this study, we developed a multifunctional, pH-responsive
hydrogel by incorporating the biocompatible ionic liquid
[TMG][O]] into a PVA-SA polymeric matrix for the co-delivery of
5-fluorouracil (5-FU) and heparin (Hp). The unique physico-
chemical properties of [TMG][Ol], including its amphiphilicity,
biocompatibility, and hydrogen-bonding capability, facilitate
stable hydrogel formation without toxic crosslinkers while also
enhancing drug loading and controlled release. The resulting
hydrogel demonstrates robust mechanical strength, along with
self-healing and adhesive properties, and selective drug release
in acidic tumor microenvironments. This platform holds strong
potential for localized, sustained cancer therapy with reduced
systemic toxicity and improved anti-metastatic outcomes.

2. Experimental work

2.1. Materials
Sodium alginate (SA), poly(vinyl alcohol) (PVA) (M, =
9000-10 000, 80% hydrolysed) and 1,1,3,3-tetramethyl-

guanidine (TMG) were purchased from Sigma-Aldrich, USA.
5-Fluorouracil (5-FU) (>99.0%) was obtained from Tokyo
Chemical Industry (TCI), Japan. Oleic acid and heparin
sodium salt (Hp) (150 IU mg™") were bought from SRL (Sisco
Research Laboratory, India). All of the chemicals were used as
supplied and were of reagent grade. Double-distilled deionized
water was used for every stage of the experiment.

2.2. Synthesis of [TMG][OI]

[TMG][Ol] was synthesized using an established method."
TMG and oleic acid were combined in a molar ratio of 1:1 to
produce the IL. An equal molar amount of TMG was drip-fed
into a dry flask containing oleic acid while being agitated on a
magnetic stirrer using a constant pressure funnel. The flask
was placed in an ice bath. To remove any unreacted TMG and
oleic acid, the mixture was vacuum-dried at 70 °C after two
hours. Finally, at room temperature, a highly viscous, pale-

This journal is © The Royal Society of Chemistry 2025
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yellow liquid formed. Prior to measurement, the IL was
vacuum-stored and dried at reduced pressure. The structure of
[TMG][Ol] was characterized by nuclear magnetic resonance
hydrogen spectroscopy (‘H NMR, Bruker AVANCE NEO
500 MHz, "*C NMR, JEOL 400 Hz, Delta 6.0) and Fourier trans-
form infrared spectroscopy (FT-IR, Jasco6000).

'H NMR (ppm): § 0.88 (t, 3H, CH,), 1.25 (m, 20H, CH,),
1.57 (m, 2H, CH,CH,COO™), 2.02 (m, 4H, CH,CH=CHCH,),
2.18 (t, 2H, CH,COO™), 2.97 (s, 12H, NCHj;), 5.33 (m, 2H,
CH=CH), 6.4 (s, 2H, C=NH,").

3C NMR (ppm): 14.24 (CH3), 16.36-31.59 (CH,), 41.06 (CH;
of [TMG]), 133.32 (CH=CH), 158.93 (C=NH,"), 185.46 (C=O0).

2.3. Preparation of the hydrogel

To prepare the hydrogel with varying IL ratios, an aqueous
solution of [TMG][Ole] (at concentrations 100 times higher
than the CMC) was used, to which fixed concentrations of PVA
(2% w/v) and SA (2% w/v) were added. The mixture was then
heated to 60 °C to achieve a homogeneous solution. After
cooling at room temperature (25 °C), the solution formed a
hydrogel (Fig. S1). As depicted in Table 1, the hydrogel formed
effectively at an SA-PVA concentration of 2% wj/v, whereas a
lower concentration of SA-PVA resulted in a viscous solution.

2.4. Characterisation of the hydrogel

2.4.1. Fourier transform infrared spectroscopy (FTIR). A
Jasco FTIR 6600 was used to study the interaction of
[TMG][O]], SA and PVA in forming the hydrogel. The spectra
ranged from 400 to 4000 cm™" and were scanned 45 times. The
hydrogel samples were lyophilized prior to FTIR analysis to
remove the residual moisture.

2.4.2. X-ray photoelectron spectroscopy (XPS). A Thermo
Scientific NEXA surface analyser was used to assess chemical
composition within the range of 0 to 1350 eV by XPS. XPS analysis
confirmed the successful synthesis of the IL-SA-PVA hydrogel and
the effective loading of the drug within the hydrogel matrix.

2.4.3. Small-angle neutron scattering (SANS). Using a
SANS-I diffractometer, SANS studies were conducted at the
Guide Tube Laboratory, Dhruva Reactor, Bhabha Atomic
Research Centre in Mumbai, India. We examined the experi-
mental scattering data using a range of fitting models working
with the SasView analytical program.

2.4.4. Differential scanning calorimetry (DSC). The
thermal behaviour of the [TMG][Ol], IL-SA-PVA gel and 5-FU/
Hp®@IL-SA-PVA gel was analysed using a DSC 3 STARe system
from Mettler Toledo. The DSC study was carried out in the

Table 1 Composition used to prepare 1 mL hydrogel

Composition ~ [TMG][Ol]  SA PVA Results

SA-PVA — 2% wiv 2% w/v  Viscous solution
SA-PVA — 3%wv  3%w/v  gel

IL-SA 60 mM 2% wlv  — Loose gel
IL-SA-PVA 60 mM 2% wiv 1% w/v  Loose gel
IL-SA-PVA 60 mM 2% w/v 2% w/v gel

This journal is © The Royal Society of Chemistry 2025
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temperature range from 25 °C to 150 °C at a continuous
heating rate of 10 °C min™".

2.4.5. Morphology analysis of the hydrogels. The SEM
images of hydrogels and drug-loaded hydrogels were captured
using a QUANTA 200 FESEM. After drying at ambient tempera-
ture, the samples were attached to a copper disk with double-

sided carbon tape. The samples were then coated with gold.

2.5. Swelling equilibrium study

The swelling behaviour of the IL-SA-PVA gel was evaluated in
phosphate-buffered saline (PBS) solutions at pH 7.4 and pH
5.2. Pre-weighed dried hydrogel samples were enclosed in a
dialysis membrane and immersed in each buffer solution to
prevent material loss during swelling. The samples were with-
drawn at predetermined time intervals, gently blotted to
remove surface water, and weighed immediately. Eqn (1) was
used to obtain the equilibrium-swelling ratio of the hydrogel.

. . W,
Swelling ratio = —> (1)
Wa

where W and Wy are the swollen and dry weights, respectively.
Equilibrium swelling was considered when no significant change
in the swelling ratio was observed between consecutive time
points.

2.6. Mechanical properties of the hydrogel through rheology

The mechanical properties of the present hydrogel were
measured via a rheological study. An Anton Paar MCR 92 rhe-
ometer was used for this investigation, and parallel plates with
25 mm diameter and 0.5 mm spacing were used. Using a fixed 1
rad s™' angular frequency, the modulus was evaluated in the
strain sweep test between 0.1 and 10% strain. The hydrogel was
then subjected to a frequency sweep test with an increasing
angular frequency from 0.1 to 100 rad s~ against modulus while
maintaining a constant strain of 1%. The hydrogel viscosity was

measured at shear rates ranging from 0.1 to 100 1 s~

2.7. Stability evaluation under the influence of pH

The in vitro degradation behaviour of the [TMG][Ol], SA-PVA gel
and IL-SA-PVA gel was evaluated using PBS solutions under
acidic and physiological pH conditions. The study involved
visual inspection of the samples over time. Further analysis of
the samples was conducted using FTIR to investigate changes
in the chemical structure. The degradation profile of the IL-SA-
PVA gel was quantitatively examined by measuring the remain-
ing weight percentage at pH 5.2 and 7.4. Pre-weighed dried
hydrogels were enclosed in a dialysis membrane and immersed
in 10 mL of PBS of pH 5.2 and 7.4. The samples were taken out
at predetermined intervals, surface-dried, and weighed. Eqn (2)
was used for calculating the remaining weight (%).

Wi
Remaining weight (%) = Wt x 100 (2)
0
where W, and W, are the weights of the hydrogel at time ¢ and

the initial weight, respectively. The tests were conducted in
triplicate.
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2.8. Invitro biocompatibility and cytotoxicity assessment

The HaCaT cell line was utilized to assess the biocompatibility
of the hydrogel using the commonly used MTT assay. HaCaT
cells, derived from adult human skin, are a reliable keratino-
cyte cell line. After allowing the cells to grow overnight in
96-well plates, various quantities of hydrogel samples were
introduced. Untreated cells served as the control. After incu-
bation for 24 hours, MTT solution (0.5 mg mL™") was added to
the cell cultures and further incubated for 2 h. After a
10-minute incubation time at 37 °C, microplate readers were
used to measure absorbance at 540 nm in the cell well plates.
Cell viability was determined by comparing the results with
those of negative and positive control materials. The same pro-
cedure was used to evaluate the cytotoxicity of 5-FU/Hp-loaded
hydrogels in breast cancer (MCF-7) and cervical cancer (HeLa)
cell lines, aiming to assess drug efficacy and determine ICs,
values.

2.9. Drug loading efficiency within the hydrogel

To load 5-FU and Hp (hydrophilic drugs) into the hydrogel, we
used an effective dialysis membrane approach. Before usage,
17.5 mm dialysis membranes with a molecular weight cut-off
(MWCO) of 12-14 kDa were immersed in distilled water for
24 hours. The hydrogel was cautiously placed onto the dialysis
membrane after being precisely measured. The assembly was
placed in a drug solution at a specified concentration for
24 hours at room temperature. The evaluation of the drug
loading capacity in the hydrogel was carried out using drug
absorption assays. Following a standard calibration curve, we
ascertained the concentration of loaded drugs (5-FU and Hp)
in the gel.

2.10. Invitro release studies

The dialysis membrane containing the drug-loaded hydrogel
was submerged in 20 mL of a pH 5.2 buffer solution at 37 °C.
The same method was performed using a 7.4 pH buffer solu-
tion. To quantify the released drug, 500 pL of the release
medium was taken out at periodic times. Additionally, an equi-
valent amount of PBS was added in order to maintain the pre-
vious volume. Following that, the samples were examined
using UV-vis spectroscopy to ascertain the amount of drug
released at various intervals. Experiments were carried out in
triplicate.

2.11. Invitro scratch assay

Cell migration was evaluated in vitro using a scratch wound
closure assay in cultured cells. HeLa cells were cultured in
96-well plates at 37 °C under a humidified atmosphere con-
taining 5% CO, for 24 hours, using DMEM supplemented with
1% antibiotic solution and 10% fetal bovine serum (FBS).
Untreated cells were referred to as control cells. After making a
scratch with a 200 pl tip, the cells were treated with the formu-
lation at the specified doses the next day. Images were taken at
different periods within a 48-hour period. The gap was exam-
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ined using Image] software. Three runs of each experiment
were conducted.

3. Results and discussion

3.1. Characterization of [TMG][Ol] and the hydrogel

The successful synthesis of [TMG][Ol] was confirmed by com-
paring the "H NMR spectra of the starting materials, TMG and
O], with that of the synthesized product. This analysis provides
valuable insights into the chemical structure and purity of the
synthesized IL (Fig. S2). In the "H NMR spectrum of TMG, two
singlet peaks were observed at § 2.7 and 5.1 ppm, corres-
ponding to the methyl (-N-CH;) and imino (C=NH) protons,
respectively.”® The spectrum of oleic acid exhibited a broad
signal at § ~11.0 ppm due to the carboxylic proton, along with
typical aliphatic proton peaks between 6 0.8 and 2.5 ppm and
olefinic protons appearing at § 5.3-5.4 ppm.>' Upon formation
of [TMG][Ol], considerable spectral changes were observed.
The disappearance of the -COOH proton signal of oleic acid
indicated the acid-base neutralization reaction between TMG
and oleic acid, which resulted in the formation of the carboxy-
late anion (oleate). In addition, a slight downfield shift of the
protons of TMG suggested the protonation of the nitrogen
atom in the guanidine moiety.

The cationic part of the IL consists of a central guanidi-
nium moiety substituted with four methyl groups. The singlet
at § 2.97 ppm is assigned to the corresponding methyl protons
(-NCH3;), integrating for 12 protons, confirming the presence
of four methyl groups symmetrically attached to the nitrogen
atoms. A broad singlet in the § 6.4 ppm area indicates the two
exchangeable protons of the protonated NH," group. The
anionic component exhibits a set of signals typical of a long-
chain unsaturated fatty acid: 5 0.88 (t, 3H) is attributed to the
terminal methyl group (-CHj;), 1.25 (m, 20H) to the methylene
protons (-CH,-) along the saturated alkyl chain, 1.57 (m, 2H)
to the CH,CH,COO™ group, 2.02 (m, 4H) to the allylic methyl-
ene groups (-CH,-) adjacent to the double bond, 2.18 (t, 2H)
to CH,COO~ and 5.33 (m, 2H) to the vinylic protons
(-CH=CH-) of the cis-double bond, confirming the presence
of unsaturation in the fatty acid chain. The integration values
and multiplicity of the observed signals are in good agreement
with the expected structure of [TMG][Ol], confirming the suc-
cessful formation of the ionic liquid.

The C NMR spectrum further verified the synthesis of
[TMG][O]] (Fig. S3), showing distinct carbon resonances at &
14.24, 16.36, 17.42, 18.87, 21.12, 23.61, 24.16, 25.96, 27.29,
and 31.59 ppm corresponding to the aliphatic carbons of the
oleate chain, a signal at 6 133.32 ppm for the C=C carbon,
and a peak at § 185.46 ppm corresponding to the carboxylate
carbon. The characteristic carbon of the C=N group from the
guanidinium moiety appeared at § 158.93 ppm. These results
collectively confirm the successful formation of [TMG][Ol].

As illustrated in Table 1, increasing the concentration of
both polymers leads to a rise in the viscosity of the system,
ultimately transforming it into a hydrogel. This transformation

This journal is © The Royal Society of Chemistry 2025
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is attributed to the enhanced non-covalent interactions among
[TMG][Ol], SA and PVA (Fig. 1B), which were confirmed by
FTIR analysis.

Fig. 1A shows the FTIR spectra of the IL-SA-PVA gel, SA-PVA
gel, SA, PVA and [TMG][Ol]. The spectra of [TMG][Ol] show a
wide band at 3360-3292 cm ™", indicating the presence of the
C=NH," cationic group and olefinic C-H stretching in ILs
occurs at 3005 cm™'. A C-H stretching of methyl and methyl-
ene units is suggested by sharp peaks at 2921-2852 cm™". The
carboxylate anion is confirmed by two bands - symmetric
stretching at 1442-1411 cm™' and asymmetric stretching at
1600-1554 cm™". Around 1658 cm™", the C=C stretching and
C=N are seen; based on this spectrum, the successful syn-
thesis of [TMG][Ol] is validated.”® In the IL-SA-PVA gel spec-
trum, the -NH, group of [TMG][Ol] and the -OH groups of PVA
and sodium alginate exhibit substantial hydrogen bonding, as
evidenced by a broad band observed in the 3200-3400 cm™
region that corresponds to overlapping O-H and N-H stretch-
ing vibrations. There were changes in the symmetric and asym-
metric stretching vibrations of ~COO™ about 1610 cm™" and

View Article Online
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1420 cm™’, respectively, which suggested electrostatic inter-
actions. These results highlight the synergistic role of
[TMG][Ol], PVA and SA in forming a crosslinked hydrogel with
strong electrostatic and hydrogen bonding interactions.

The successful incorporation and stability of 5-FU and Hp
within the 5-FU/Hp@IL-SA-PVA gel were primarily confirmed
through FTIR spectroscopy, as indicated by the presence of
characteristic peaks corresponding to the functional groups of
5-FU and Hp in the drug-loaded hydrogel. Fig. S4 shows the
comparative FTIR spectra of the IL-SA-PVA gel, pure 5-FU, pure
Hp and 5-FU/Hp@IL-SA-PVA gel. In the 5-FU/Hp@IL-SA-PVA
gel, the presence of the C-F stretching peak around 1245 cm™*
and the C=0 stretching peak near 1706 cm™" in the spectrum
strongly supports the successful physical incorporation of 5-FU
into the hydrogel matrix.”* These characteristic peaks, retained
from the pure drug spectrum, confirm that 5-FU remains
chemically stable within the network and is effectively
embedded in the hydrogel structure. Additionally, the broad-
ening or shifting of the N-H and C=0 peaks suggests poten-
tial hydrogen bonding interactions between the drug and the
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Fig. 1

(A) Comparative FTIR spectra of each component and the prepared hydrogel. (B) Graphical interaction between [TMG][OL], SA and PVA. (C)

Wide scan XPS spectra. SANS graphs of (D) [TMGI[Ol] and (E) IL-SA—PVA gel. DSC graphs of the (F) [TMGIIOLl], (G) IL-SA-PVA gel and 5-FU/
Hp@IL-SA—-PVA gel. FE-SEM images of the (H) SA—PVA gel, (1) IL-SA-PVA gel and (J) 5-FU/Hp@IL-SA-PVA gel.
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hydrogel network. Hp is likely to interact with the hydrogel, as
indicated by the shifts observed in the sulfate (1270 cm™") and
carboxylate (1610 cm™') stretching vibrations in the 5-FU/
Hp@IL-SA-PVA gel, respectively, suggesting the involvement of
hydrogen bonding.

The structural modifications and drug loading suggested by
the FTIR analysis were further validated through XPS, which
provided surface elemental composition and chemical state
information of the developed hydrogels, including the SA-PVA
gel, IL-SA-PVA gel, and 5-FU/Hp@IL-SA-PVA gel (Fig. 1C). In
the SA-PVA gel, the XPS spectrum exhibited peaks corres-
ponding to C 1s, O 1s, and Na 1s, reflecting the presence of
the polymeric backbone and sodium ions from sodium algi-
nate. Upon [TMG][OIl] incorporation, the IL-SA-PVA gel dis-
played an additional N 1s peak along with the existing C 1s, O
1s, and Na 1s peaks. The appearance of N 1s confirms the suc-
cessful incorporation of the nitrogen-containing IL. The 5-FU/
Hp®@IL-SA-PVA gel shows new peaks for F 1s and S 2p, in
addition to C 1s, O 1s, Na 1s, and N 1s. The presence of F 1s
and S 2p peaks confirms the successful loading of 5-FU and
Hp into the hydrogel system, corresponding to the fluorine
atom and sulfate groups, respectively. Additionally, the XPS
atomic content data (Table S2) reveal increased nitrogen and
sodium levels in the 5-FU/Hp@IL-SA-PVA gel, further support-
ing the incorporation of 5-FU and Hp.

In the high-resolution C 1s XPS spectrum (Fig. S5A), three
distinct peaks were observed at 288.7 eV (C=0), 286.4 eV (C-
0, C-0-C), and 284.5 eV (C-C, C=C, C-H)."® The O 1s spec-
trum shows a broad peak at 531.6 eV, corresponding to the
oxygen atoms in C=0 and C-O (O-C-O and C-OH) groups
(Fig. S5B)."® In the Na 1s spectrum (Fig. S5C), a single peak
was observed at 1071 eV. The increased peak intensity in the
5-FU/Hp@IL-SA-PVA gel can be attributed to the presence of
sodium ions from Hp, which contribute to the higher sodium
content in the hydrogel. A noticeable shift toward lower
binding energies across all spectra suggests strong interactions
between the incorporated drugs and the hydrogel, potentially
involving hydrogen bonding or electrostatic interactions. The F
1s peak at 687.2 eV corresponds to the C-F bond in the 5-FU/
Hp@IL-SA-PVA gel (Fig. S5D), confirming the successful incor-
poration of 5-FU into the hydrogel matrix.'” In the N 1s spec-
trum of the IL-SA-PVA gel (Fig. S5E), a characteristic peak is
observed around 400.2 eV, which corresponds to the guanidi-
nium group present in [TMG][Ol]. This confirms the successful
incorporation of the IL into the hydrogel matrix. Upon loading
the drug, the N 1s spectrum shows an increased intensity
along with slight shifts and peak broadening, indicating the
presence of multiple nitrogen environments. This enhance-
ment arises from the nitrogen atoms in 5-FU and Hp.
Additionally, a peak around 405 eV suggests the presence of
oxidized nitrogen species.'® These spectral changes confirm
the successful loading of both nitrogen-containing drugs
within the IL-functionalized hydrogel. The high-resolution S
2p XPS spectra of the 5-FU/Hp@IL-SA-PVA gel showed three
peaks at 172.8 eV (oxidized sulfur), 168.6 eV (sulfonate
groups), and 163.2 eV, which may arise from interactions
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between Hp and the hydrogel matrix, confirming the presence
of heparin’s characteristic sulfur functionalities (Fig. S5F).>*?
By performing SANS measurements (Table 2), we confirmed
the hypothesis of a micellar transition driven by synergistic
interactions between [TMG]Ol] and the polymeric com-
ponents. Initially, the [TMG][Ol] solution exhibited rod-like
micellar structures with a radius of 22 A, as evident from the
fitting with a micellar model (Fig. 1D). Upon incorporation of
SA and PVA, the scattering pattern changed significantly, and
the data were better fitted using the correlation length model,>®
suggesting the formation of a hydrogel network (Fig. 1E).

A c
I(Q):@—FW—FB (3)

In eqn (3), the clustering of the gel structure at large length
scales is described by the Porod function, which is the first
element in this formula. The fractal feature of the hydrogel is
described by the Porod exponent m, whereas the incoherent
background is B. The Lorentzian function is the second term;
specifically, the correlation length of the polymer chains is
denoted by &, and the Lorentzian exponent is the inverse of the
Flory exponent.

The correlation length was found to be approximately
1.36 A, indicating an increased degree of structural organiz-
ation and intermolecular interactions. This transition con-
firms the transformation of [TMG][Ol] micelles into a cross-
linked hydrogel matrix via cooperative interactions among IL
and polymer molecules.

Thermal stability of the hydrogels is a critical parameter in
determining their suitability for practical applications,
especially in thermally responsive or long-term functional
systems. The phase behaviour of pure [TMG][Ol] was investi-
gated using DSC, as shown in Fig. 1F. The thermal transitions,
including the crystallization temperature (7.), solid-solid
phase transition temperature (7s_), and melting point (7,,),
were observed at —18 °C, 53 °C, and 118 °C, respectively. The
thermal behaviour of the IL-SA-PVA gel and 5-FU/Hp@IL-SA-
PVA gel demonstrated a clear thermo-responsive nature, exhi-
biting a gel-to-sol transition around 116 °C (Fig. 1G). The
5-FU/Hp@IL-SA-PVA gel showed a more pronounced melting
transition, indicative of responsive structural rearrangements
upon heating. The similarity in transition temperatures for
both hydrogels suggests that the incorporation of drugs does
not significantly alter the thermo-responsive behaviour of the

Table 2 Fitting parameters of the IL solution and IL-based hydrogel

Radius
Sample Length (A) N Polydispersity Model
[TMG][Ol]  >500 22.0 0.3 Rod-like
micelles
Correlation Porod Lorentz
length (A) exponent  exponent
IL-SA-PVA  1.33 1.73 3.6 Correlation
gel length

This journal is © The Royal Society of Chemistry 2025
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hydrogel. This highlights its suitability as a robust and stable
platform for drug delivery applications.

The FE-SEM micrographs of the SA-PVA hydrogel exhibited
fewer irregularities and a less porous structure (Fig. 1H). The
reduced porosity and weaker cross-linking, due to the absence
of [TMG][Ol], limit the drug-loading capacity and sustained
release potential, highlighting the critical role of the IL in
enhancing hydrogel morphology and functionality. An
increased crosslinker concentration in SA- and PVA-based
systems results in the formation of more porous structures.>”
In the current study, [TMG][Ol] and SA-PVA were physically
crosslinked without the use of a crosslinker to create a 3D
porous structure. The IL-SA-PVA gel exhibited a rough, uneven
surface morphology with noticeable irregularities, as seen in
Fig. 11. Additionally, the image showcased a highly porous
architecture characterized by irregularly sized and shaped
pores. This porous structure is crucial for improving the drug
loading capacity of the hydrogel and ensuring controlled, sus-
tained release, making it highly suitable for drug delivery
systems.”® However, the 5-FU/Hp@IL-SA-PVA gel exhibited
enhanced aggregation, likely due to strong intermolecular
interactions between the IL-SA-PVA gel and the drugs (5-FU
and Hp), which may promote localized network densification
upon drug incorporation (Fig. 1J). This indicates that the for-
mation of the drug-loaded hydrogel relies on robust inter-
molecular interactions, leading to a roughened surface with
drug particles integrated into the hydrogel matrix.

3.2. Swelling behaviour of the hydrogel

The IL-SA-PVA hydrogel exhibited pronounced pH-responsive
swelling behaviour. Time-resolved swelling studies indicated
that the hydrogel swelled more rapidly and to a greater extent
at acidic pH (5.2) compared to physiological pH (7.4) (Fig. 24A).
The swelling ratio reached approximately 25.7 at pH 5.2 and
14.4 at pH 7.4 after 140 minutes, indicating significant
network expansion under acidic conditions. The increased
swelling likely facilitated water penetration, resulting in
greater network expansion at acidic pH and larger, more open
pore structures. These observations indicate that the pore size
of the hydrogel is pH-sensitive, increasing under acidic con-
ditions due to enhanced ionization of hydroxyl, amine and car-
boxyl groups and consequent network expansion.

3.3. Mechanical properties of the hydrogel

A specific level of mechanical strength is necessary for the
hydrogel to be suitable for drug delivery applications. We con-
ducted the rheological characterization of the investigated
hydrogel in order to assess its mechanical behaviour and per-
formance, especially in the context of biological applications
like drug administration and tissue engineering to name a
few.>® To determine the viscoelastic behaviour of hydrogels, a
strain sweep test was conducted.’ The crossover points (y) for
SA-PVA and IL-SA-PVA hydrogels were observed at strain values
of 2.91% and 6.72%, respectively, as depicted in Fig. 2B. An
elastic or linear region is defined as the area below y. where G'
is greater than G". The hydrogel acts like a semisolid material
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in this area. Above y., however, G’ is smaller than G”, indicat-
ing that the hydrogel was distorted and acts like a viscous solu-
tion. Incorporating the IL improves the crossover point of the
hydrogel, thereby enhancing its mechanical strength, one of
the most important properties if the hydrogel is to be used as
a transdermal drug delivery vehicle. Moreover, the mechanical
characteristics of hydrogels can be confirmed by the angular
frequency sweep test.>® At a constant strain of 1%, the storage
modulus (G') is greater than the loss modulus (G”) in the 0.1
to 100 rad s~ " angular frequency range, as shown in Fig. 2C.
This result confirmed that the hydrogel is stable or retains its
elastic characteristics within this range of angular frequencies.

Furthermore, the viscosity study has been accomplished,
exhibiting the flowing nature of hydrogel. The viscosity of the
hydrogel reduces as the shear rate rises, suggesting a shear-
thinning behaviour (Fig. 2D).>" At lower shear rates, the hydro-
gel exhibits high viscosity; as shear rate increases, it displays a
flowing characteristic as a result of a decrease in viscosity.
These kinds of outcomes support the injectable behaviour of
the hydrogel and are considered it for drug delivery.** The
incorporation of SA into the PVA hydrogel enhanced its rheolo-
gical properties, showing improved mechanical strength and
viscoelastic behaviour compared to the pure PVA hydrogel.*®
Fayyazbakhsh et al.>* developed a hydrogel based on alginate
and gelatin and found that adding gelatin improved its shear
thinning properties. In the present hydrogel, SA-PVA was used,
and the shear-thinning properties were enhanced through the
incorporation of [TMG][Ol]. These findings highlight the sig-
nificant role of the IL in enhancing the structural integrity of
the hydrogel and mechanical strength, which is crucial for its
performance in drug delivery applications.

It is crucial to research the thixotropic behaviour of the
hydrogel in order to employ it as a drug delivery vehicle that
can inject the drug through the skin. The thixotropic behav-
iour of the hydrogel was examined while varying the strain
value at a constant frequency (1 rad s™'). As the strain value
increased from 0.1% to 25%, the storage modulus decreased
from 970 to 310 Pa, indicating that the hydrogel had trans-
formed into a quasi-liquid state. Upon removing the strain, the
quasi-liquid state transformed into the quasi-solid state and
the storage modulus returned to its initial value for up to 6
cycles (Fig. 2E). This investigation validates the injectable and
self-healing properties of the hydrogel.>> The gel must regain
its dynamic moduli once strain is released and flow as a liquid
when pressure is applied in order to become injectable. The
above-described thixotropic behaviour results validate the
injectability of the hydrogels being studied.*®

Furthermore, injecting the hydrogel at a specific target spot
is required for targeted drug delivery. The hydrogel under
investigation transforms into a sol state under considerable
shear strain, according to the rheological parameters. Through
the incorporation of drug molecules into the gel matrix, we
hope to investigate the possibility of using the hydrogel as an
injectable gel for localized treatment. This requires that the
applied shear strain fall within the syringe’s compressed
plunger range in order to ensure proper flow and recovery. As a
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Fig. 2 (A) Swelling kinetics of the IL-SA—PVA gel. (B) Strain sweep with a constant frequency of 1 rad s, (C) Frequency sweep data of hydrogels at a
constant strain of 0.1%. (D) Viscosity measurement. (E) Thixotropic data. (F) Schematic illustration of the mechanism of action of the injectable
hydrogel. (G) Visual image of the injectable hydrogel; adhesive characteristics with (H) skin in water, (1) skin, (J) plastic and (K) metal in air. (L) Visual
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spectra of the (N) SA—PVA gel, (O) IL-SA-PVA gel and (P) in vitro degradation with pH.
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result, the gel acts like a liquid, passing through the needle
and returning to its original form when the strain is released.
When a 27-gauge needle was used to release the plunger after
adding hydrogel to the 10 mL syringe, 53 psi of pressure was
produced.’” We found that the hydrogel flows like a liquid
when pressure is applied through the syringe plunger, disrupt-
ing the hydrogen bonding network, and that it returns to its
initial shape when the pressure is released (Fig. 2G). A sche-
matic representation of the mechanism of the injectable
hydrogel is illustrated in Fig. 2F.

In biological applications including wound healing, drug
delivery, and tissue engineering, the adhesive ability of the
hydrogel is essential. The IL-SA-PVA gel exhibits outstanding
adhesiveness to a variety of surfaces, including skin, plastic,
metal and underwater with skin, as shown in Fig. 2H-K. The
adhesive nature of the hydrogel arises from functional groups
like -OH, -NH and -COO™, which enable noncovalent inter-
actions with the functional groups on the surfaces of various
materials.®

3.4. Self-healing properties of the hydrogel

At various phases, self-healing relies significantly on chemical
and physical bonds. If a hydrogel is going to be employed for
drug delivery, it must be able to repair itself. Reversible chem-
istry is important for the hydrogel-based systems because it
enables the broken gel network to be collectively repaired,
completing the self-healing process. One of the characteristics
of the hydrogen bond is that it reforms quickly after breaking,
which gives self-healing its early traction. Since ILs facilitate
electrostatic interactions within the hydrogel matrix, the IL-
based hydrogel exhibits an enhanced self-healing capability.>*
To further investigate the self-healing properties, the hydrogel
was sliced into separate pieces, and opposing sections were
rejoined to observe whether they could seamlessly self-heal.
After 10 minutes, the IL-SA-PVA hydrogel was seen to self-heal
without any external assistance, highlighting the crucial role
of [TMG][Ol] (Fig. 2L).

3.5. Invitro degradation with pH

If a hydrogel is utilized as an implant or injection, it must be
removed from the body after drug delivery or degrade into bio-
compatible and non-toxic components under physiological
conditions. As shown in Fig. 2M, the study examined the
degradation of the hydrogel under normal (pH 7.4) and tumor
cell conditions (pH 5.2). After immersion in PBS buffer at pH
7.4, the physical appearance of the hydrogel remained
unchanged until day 7. However, when the IL-SA-PVA gel was
incubated in PBS buffer at pH 5.2, turbidity in the solution
was observed after 1 day, possibly indicating the disruption of
the 3D network of the hydrogel due to the conversion of oleate
ions into oleic acid. To further support this, parallel experi-
ments were conducted using [TMG][Ol] and the SA-PVA gel. It
was observed [TMG][Ol] began to precipitate at pH 5.2, likely
due to the protonation of oleate ions into oleic acid. In con-
trast, the SA-PVA gel remained stable under the same acidic
conditions, showing no notable changes in appearance.
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Furthermore, FTIR spectroscopy was employed to investi-
gate the structural stability of SA-PVA and IL-SA-PVA hydrogels
at neutral and acidic pH (Fig. 2N and O). The SA-PVA gel dis-
played minimal spectral changes, indicating good chemical
stability. Minor shifts were observed in the asymmetric and
symmetric stretching vibrations of the carboxylate groups at
1602 and 1410 cm™', likely due to partial protonation. The
broad O-H stretching band (3290 cm™) showed negligible
variation, suggesting that the hydrogen-bonded network
remained largely intact. While the IL-SA-PVA gel exhibited sig-
nificant spectral changes upon acidic treatment. A distinct
new peak appeared around 1733 cm ™, corresponding to the
C=0O0 stretching of carboxylic acid, confirming the conversion
of oleate ions to oleic acid. Additionally, the reduction in the
intensity of the carboxylate peaks and changes in the alkyl
chain stretching region (2848-2923 cm™") indicated the degra-
dation and partial precipitation of [TMG][Ol]. These findings
support the pH-responsive behaviour of the IL-SA-PVA gel and
its tendency toward network disruption under acidic
conditions.

As shown in Fig. 2P, the IL-SA-PVA gel demonstrated a
markedly faster degradation rate under acidic conditions (pH
5.2) compared to physiological pH (7.4). After 48 hours, the
remaining weight of the hydrogel was approximately 32.1% at
pH 5.2 and 76.5% at pH 7.4, indicating its pH-responsive
degradability and potential suitability for controlled drug
release in acidic microenvironments such as tumor tissues.

3.6. In vitro biocompatibility assay using HaCaT cells

Biocompatibility is an important element in drug delivery
systems; a system with low biocompatibility might negatively
impact healthy cells or tissues. We verified this remark by con-
ducting an in vitro biocompatibility test of the hydrogel with
normal cell lines (HaCaT cells). Fig. 3A shows that HaCaT cell
viability remained above 95% for 48 hours at varying hydrogel
doses. This is because the hydrogel was prepared from bio-
compatible substances like [TMG][Ol], SA and PVA.>'>*
Fig. 3D shows the control image for HaCaT cells, and Fig. 3E
and F depict the cell viability following a 48-hour treatment
with the hydrogel at 1000 pg mI™".

3.7. Application of the hydrogel

3.7.1. Loading and sustained release of 5-FU and Hp. The
injectable properties of the hydrogel lead us to investigate its
potential for medicinal applications by adding drugs into its
matrix. The developed IL-SA-PVA hydrogel was evaluated for
its potential as a dual drug delivery platform for the loading
and sustained release of 5-FU, a widely used chemotherapeutic
agent, and Hp, an anticoagulant known for its anti-metastatic
properties. The rational design of this hydrogel matrix enables
the co-loading of both drugs, resulting in a synergistic thera-
peutic approach for cancer treatment and metastasis inhi-
bition. The loading efficiency of the IL-SA-PVA gel was evalu-
ated, revealing that it successfully loaded 33.4 mg of 5-FU and
22.6 mg of Hp, corresponding to approximately a 2.5-fold
increase compared to the SA-PVA hydrogel. The ionic nature of
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[TMG][O]] enhances the hydrophilicity of the hydrogel, leading
to improved loading effectiveness of the hydrogel.

The in vitro release profile of the drugs that were loaded in
the hydrogel matrix was further assessed. The in vitro release
profile of 5-FU and Hp from the hydrogel was evaluated at
37 °C under two different pH conditions: 5.2 and 7.4 (Fig. 3B
and C). For 5-FU, the hydrogel exhibited a release of 90.2% at
pH 5.2 and 59.8% at pH 7.4, whereas Hp showed a release of
77.6% and 54.2% under the same respective pH conditions.
The enhanced drug release at pH 5.2 compared to pH 7.4 can
be attributed to the pH-responsive nature of [TMG][Ol] incor-
porated into the hydrogel matrix. Under acidic conditions, the
protonation of functional groups within the IL network may
lead to increased swelling or disruption of the hydrogel struc-
ture, thereby facilitating faster drug diffusion. Moreover, 5-FU
exhibited a higher release than Hp, attributed to its signifi-
cantly smaller molecular size and higher diffusivity compared
to the large, highly charged Hp molecules. Initially, a burst
release of 5-FU was observed, followed by a sustained release
pattern of Hp. The sustained release profile of the hydrogel is
expected to maintain a high local concentration of drugs in
the surrounding tissues over an extended treatment period.

Understanding the mechanism of mass transport during
drug release is critical for determining how therapeutic agents
are delivered into the body to facilitate effective therapy. To
successfully optimize the performance of the delivery vehicle,
it is necessary to study the drug release pattern and statistically
anticipate the release kinetics. Recently, mathematical models
have been applied to evaluate the significant physical para-
meters by model fitting using practical release. To better
understand 5-FU and Hp release, we analysed the data using

28100 | Nanoscale, 2025, 17, 28091-28103

0 10 2 30 40 50
Time (hours)

(A) The cell viability of HaCaT cells by MTT assays after 48 h upon treatment with hydrogels. Drug release (%) of (B) 5-FU and (C) Hp. HaCaT

multiple kinetic models (Table S3). Korsmeyer-Peppas pro-
vided the best fit for 5-FU at pH 7.4 and for Hp at both pH
values (pH 5.2 and 7.4), whereas the release of 5-FU at pH 5.2
followed the Higuchi model more closely (Fig. S6). For the
Korsmeyer-Peppas fits, the exponent n was used to infer the
release mechanism for our slab geometry: n < 0.5 indicates
Fickian diffusion, 0.5 < n < 1 denotes anomalous (diffusion +
polymer relaxation) transport, and n =~ 1 corresponds to Case-
Il (relaxation/erosion)-controlled release.*’ We observed that
the 5-FU/Hp@IL-SA-PVA gel exhibited n values between 0.5
and 1, indicating a non-Fickian or anomalous transport
mechanism. The Higuchi fit for 5-FU at pH 5.2 indicates
diffusion-controlled release with square-root-of-time depen-
dence.”” The differences imply that acidic conditions have
affected drug-matrix or swelling behaviour, with simple
diffusion dominating for 5-FU at pH 5.2 and mixed mecha-
nisms governing release in the other instances. This ensures
that the drugs are released gradually in a sustained manner
over an extended period, rather than being released rapidly at
once.

3.7.2. In vitro cytotoxicity of the hydrogel. The IL-SA-PVA
hydrogel exhibited excellent biocompatibility, with minimal
cytotoxic effects on normal cells, as indicated by the preceding
data. The cytotoxicity of the 5-FU/Hp@IL-SA-PVA gel was evalu-
ated on HaCaT cells to assess its cytocompatibility. The hydro-
gel showed approximately 53.5% cell viability at the highest
tested concentration (25 pg mL™"), indicating moderate cyto-
toxicity (Fig. 4A). Although the encapsulated drug (5-FU) is
intrinsically cytotoxic, its controlled and limited release at
physiological pH (7.4) substantially minimized its cytotoxicity
to normal cells. This indicates that the hydrogel matrix acts as

This journal is © The Royal Society of Chemistry 2025
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a protective barrier, allowing for prolonged and localized drug
release, particularly at the diseased location, while retaining
adequate cytocompatibility under physiological conditions. A
microscopic image of HaCaT cells after treatment with the
5-FU/Hp@IL-SA-PVA gel is shown in Fig. S7.

An in vitro cytotoxicity study was utilized to determine the
effectiveness and required dose of 5-FU/Hp-loaded hydrogels
for tumor cell suppression.”® For this objective, we utilized
MCEF-7 (breast carcinoma) and HeLa (cervical cancer) cell lines
for our experiments. To evaluate the cytotoxicity and potential
synergistic effects of the 5-FU/Hp@IL-SA-PVA hydrogel, MCF-7
and HeLa cells were treated with free 5-FU, free Hp,
5-FU@IL-SA-PVA hydrogel, Hp@IL-SA-PVA hydrogel, and the
combined 5-FU/Hp@IL-SA-PVA hydrogel. As expected, free
5-FU exhibited high cytotoxicity toward both cancer cell lines,
resulting in low ICs, values (MCF-7: 6.11 pg mL™'; HeLa:
5.94 ug mL™"), whereas free heparin showed negligible cyto-
toxicity, confirming its biocompatibility (Fig. 4B and C).

The 5-FU@IL-SA-PVA hydrogel showed moderate cyto-
toxicity, with higher ICs, values (MCF-7: 7.49 ug mL™"; HeLa:
6.84 pg mL™") than free 5-FU, consistent with the sustained
and controlled drug release from the hydrogel matrix. The
Hp@IL-SA-PVA hydrogel did not significantly affect cell viabi-
lity (Fig. 4B and C). Importantly, the 5-FU/Hp@IL-SA-PVA
hydrogel exhibited enhanced cytotoxicity compared to the
single-drug hydrogels at equivalent concentrations, confirming
the synergistic effect of the dual-drug formulation. After
48 hours of treatment with the 5-FU/Hp@IL-SA-PVA hydrogel,
the ICs, values were determined to be 7.15 pg mL™" for the
MCF-7 cell line and 6.67 pg mL™" for the HelLa cell line, as
shown in Fig. 4D. These findings suggest that the system exhi-

This journal is © The Royal Society of Chemistry 2025

bits substantial cytotoxicity against cancer cell lines at low
doses (Fig. 4E and F).

3.7.3. Invitro cell migration assay. Cell migration is a fun-
damental process involved in various physiological and patho-
logical events such as cancer progression, tissue growth,
wound repair, inflammatory responses, and cellular differen-
tiation. The cell culture wound closure experiment was used to
evaluate in vitro cell motility and migratory capabilities.** To
assess the in vitro inhibitory potential of the 5-FU/Hp@IL-SA-
PVA gel, a scratch assay was conducted on HeLa cells. The
extent of wound closure was monitored at regular intervals for
up to 48 hours following treatment with a 2 pg mL™" concen-
tration of the 5-FU/Hp@IL-SA-PVA gel, allowing the evaluation
of its inhibitory effects on cell migration. As illustrated in
Fig. 5B, treatment with the 5-FU/Hp@IL-SA-PVA gel resulted in
a notable reduction in cell migration into the scratched area. A
considerable number of cells were observed within the wound
region in both the control and IL-SA-PVA gel, in which the
number of cells crossing into the scratched zone was relatively
higher than that in the 5-FU/Hp@IL-SA-PVA gel. At 48 hours
post-scratching, cells treated with 5-FU/Hp@IL-SA-PVA left
around 57.8% of the wound area unclosed, indicating reduced
migratory activity. In contrast, only about 29.5% and 34.8% of
the scratched area remained uncovered in the control and
IL-SA-PVA gel, respectively (Fig. 5A). This means the wound
area closure was approximately 1.96 times higher in the
control and 1.66 times higher in the IL-SA-PVA gel compared
to the 5-FU/Hp@IL-SA-PVA gel, highlighting its strong anti-
migratory effect. Overall, the findings demonstrate that the
5-FU/Hp@IL-SA-PVA gel, by combining the migratory inhibi-
tory effects of Hp and the anticancer activity of 5-FU,*>*® effec-
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tively reduces HeLa cell migration, suggesting its potential as a
promising candidate for anti-metastatic therapy.

4. Conclusions

In summary, a multifunctional hydrogel was successfully
developed by the synergistic interaction between [TMG][Ol],
PVA and SA (a biopolymer) for the co-delivery of two thera-
peutic agents: 5-FU, an anticancer drug, and Hp, known for its
anti-metastatic properties. Comprehensive characterization
using FTIR, XPS, SANS, FE-SEM and DSC confirmed the suc-
cessful incorporation of [TMG][Ol] and the drugs (5-FU and
Hp) within the hydrogel network. Rheological analysis demon-
strated excellent mechanical strength, while thixotropic
studies confirmed the injectability of the 5-FU/Hp@IL-SA-PVA
gel, making it suitable for minimally invasive administration.
Moreover, the hydrogel exhibited desirable self-healing and
adhesive properties, essential for biomedical applications.
Notably, the presence of [TMG][Ol] significantly enhanced the
drug loading capacity of the hydrogel, showing approximately
a 2.5-fold increase compared to hydrogels without [TMG][Ol].
The pH-responsive behaviour imparted by [TMG][Ol] facili-
tated a controlled and sustained release of both drugs specifi-
cally at acidic pH (5.2), mimicking the tumor microenvi-
ronment, with over 90.2% of 5-FU and 77.6% of Hp released
within 48 hours. Biocompatibility assessment using HaCaT
cells revealed the non-toxic nature of the hydrogel carrier.
Importantly, in vitro cytotoxicity studies against MCF-7 and
HeLa cancer cell lines confirmed significant anticancer
efficacy, and in vitro anti-metastatic activity evaluated using
HeLa cells demonstrated promising therapeutic potential.
Overall, the developed IL-SA-PVA hydrogel presents a promis-
ing platform for targeted, pH-responsive, and dual-drug deliv-
ery with potential applications in cancer therapy and meta-
stasis inhibition.
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(A) Based on the initial wound area at 0 hours, the relative migrating cell area was determined using image analysis software. (B) Microscopic
images from an in vitro scratch assay on Hela cell cultures (scale: 10 um).
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