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ABSTRACT:

The poor solubility of numerous anticancer medications in water leads to constrained bioavailability and
diminished therapeutic effectiveness. The current research sought to create thermo-responsive poly(N-
isopropylacrylamide) (PNIPAM)-based nanocomposite hydrogels to improve solubility and facilitate the
controlled release of a weakly water-soluble anticancer agent. PNIPAM nanocomposite hydrogels were
produced using free-radical polymerisation, employing N,N'-methylenebisacrylamide as a crosslinking agent
and augmented with silica nanoparticles. The refined formulation demonstrated a swelling ratio of 845 + 28%
beneath the lower critical solution temperature (LCST) and 312 + 17% above the LCST, with an LCST of 33.4
+ 0.6°C. The drug loading efficiency and encapsulation efficiency were recorded at 91.6 + 2.1% and 88.3 +
1.8%, respectively, with the drug's apparent aqueous solubility exhibiting a 6.9-fold enhancement relative to the
unaltered drug. SEM research demonstrated a significantly porous interconnected structure, whereas FTIR and
DSC investigations validated effective drug encapsulation devoid of chemical incompatibility. In vitro drug
release exhibited prolonged release, achieving a cumulative drug release of 92.4 + 2.5% at 48 hours under
physiological circumstances, in contrast to 34.8 + 1.9% for the pure drug suspension. The release kinetics
conformed to the Korsmeyer—Peppas model (R? = 0.992) with a diffusion exponent (n = 0.61), signifying
anomalous transport. The nanocomposite hydrogel demonstrated markedly increased cytotoxicity towards MCF-
7 breast cancer cells, diminishing cell viability to 24.8 + 3.2% in contrast to 51.6 + 2.8% for the free drug at the
same concentration (p < 0.001). These results indicate that thermo-responsive PNIPAM-based nanocomposite
hydrogels significantly enhance drug solubility and facilitate regulated, temperature-sensitive drug release,
positioning them as viable carriers for targeted anticancer therapy.
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INTRODUCTION: markedly constrains their dissolution,
Poor aqueous solubility represents a critical hurdle bioavailability, and therapeutic performance. Close
in the advancement of anticancer agents, as it to 40-70% of newly created anticancer therapeutics
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show low solubility in water, resulting in poor drug
absorption and the requirement for larger doses,
which may raise systemic toxicity. As a result, the
advancement of new drug delivery systems that
enhance solubility and provide regulated release
has become a crucial domain in pharmaceutical
investigation [1, 2].

Thermo-responsive  hydrogels have received
notable focus as innovative drug delivery vehicles
because they exhibit reversible alterations in
response to temperature variations. Among these
polymers, poly(N-isopropylacrylamide) (PNIPAM)
stands out as one of the most researched, attributed
to its lower critical solution temperature (LCST) of
roughly 32°C, closely aligning with physiological
temperature. Under the LCST, PNIPAM retains a
swollen hydrophilic form, but above the LCST, it
contracts, allowing for the controlled liberation of
the encapsulated medication. This exceptional
feature positions PNIPAM as a desirable material
for  temperature-responsive  drug  delivery
applications [3, 4].

In spite of these merits, standard PNIPAM
hydrogels typically demonstrate inadequate
mechanical strength and drug-loading capability.
The addition of nanoparticles to the hydrogel
matrix creates ~ nanocomposite  hydrogels
characterised by enhanced structural integrity,
greater surface area, superior drug encapsulation,
and more effective control of drug release.
Furthermore, the porous design of nanocomposite
hydrogels enables improved dispersion of
hydrophilic medicines, thus enhancing their
apparent solubility and dissolving attributes [5, 6].
PNIPAM-based nanocomposite hydrogels that
respond to temperature changes demonstrate
notable potential for localised and extended release
of anticancer drugs. Their proficiency in delivering
pharmaceuticals in response to thermal variations
while preserving prolonged drug retention at the
target area can augment therapeutic potency and
lessen systemic adverse effects. Nonetheless, more
enhancement is essential to realise greater
encapsulation effectiveness, augmented solubility,
and reliable release kinetics for hydrophobic
anticancer pharmaceuticals [7, 8].

Thus, the ongoing research intended to create and
characterise thermo-responsive PNIPAM-derived
nanocomposite hydrogels for the administration of
an anticancer agent with low water solubility. The
formulated hydrogels underwent evaluation for
their  physicochemical  attributes,  swelling
characteristics, heat responsiveness, drug loading
capacity, encapsulation efficiency, morphology,
and in vitro drug release profiles. The advanced
formulation was further analysed for its capacity to
augment drug solubility and facilitate prolonged,
temperature-responsive drug delivery for superior
cancer therapy [9-11].

MATERIALS AND METHODS:

Materials:

Poly(N-isopropylacrylamide) (NIPAM) monomer,
N,N'-methylenebisacrylamide ~(MBA) as the
crosslinking agent, ammonium persulfate (APS) as
the initiator, and N,N,N’,N'-
tetramethylethylenediamine (TEMED) as the
polymerization accelerator were used for the
preparation of thermo-responsive hydrogels. Silica
nanoparticles were employed as the nanocomposite
filler to improve the mechanical strength and drug-
loading capacity of the hydrogel. The selected
poorly water-soluble anticancer drug (model drug),
ethanol, methanol, phosphate-buffered saline (PBS,
pH 7.4), and other analytical-grade reagents were
procured from reputed commercial suppliers and
used without further purification. Double-distilled
water was used throughout the study.

Methods:

Preparation of PNIPAM-Based Nanocomposite
Hydrogels:

Thermo-responsive  nanocomposite  hydrogels
based on PNIPAM were synthesised using free-
radical polymerisation. NIPAM monomer and
MBA were solubilised in distilled water while
being stirred continuously with a magnetic stirrer.
Silica nanoparticles were individually distributed
using ultrasonication and subsequently
incorporated into the polymer solution. APS and
TEMED were subsequently included to commence
polymerisation, and the reaction mixture was
poured into moulds and permitted to polymerise at
ambient temperature. The synthesised hydrogels
underwent multiple washings with distilled water
to eliminate unreacted monomers and were
subsequently dried for future application [12, 13].

Drug Loading:

The desiccated hydrogels were submerged in an
ethanolic solution comprising the poorly soluble
anticancer agent and permitted to equilibrate for 24
hours. The hydrogels containing the medication
were extracted, blotted to eliminate surplus fluid,
and subsequently dried in a vacuum. The
quantification of drug loading and encapsulation
efficiency was conducted using spectrophotometric
methods.

Physicochemical Characterization:
The synthesised hydrogels were evaluated for their
swelling characteristics, lower critical solution

temperature (LCST), drug loading capacity,
encapsulation efficiency, morphology via scanning
electron microscopy (SEM), chemical

compatibility through Fourier transform infrared
spectroscopy (FTIR), and thermal properties
assessed by differential scanning calorimetry
(DSC). The surface characteristics and porosity
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architecture of the hydrogels were assessed post
freeze-drying [14, 15].

In-Vitro Drug Release Study:

The evaluation of drug release was conducted
utilising the dialysis bag diffusion technique in
phosphate-buffered saline (PBS, pH 7.4) at a
constant temperature of 37 + 0.5°C with continuous
agitation. At specified time intervals, samples of
the release medium were extracted and substituted
with new buffer. The quantity of drug released was
assessed utilising a UV—Visible spectrophotometer,
and the cumulative percentage of drug release was
computed. The kinetics of drug release were
examined utilising zero-order, first-order, Higuchi,
and Korsmeyer—Peppas models [16, 17].

Statistical Analysis:

All experiments were performed in triplicate, and
the results were expressed as mean + standard
deviation (SD). Statistical analysis was carried out
using one-way analysis of variance (ANOVA),
followed by an appropriate post hoc test. A value
of p < 0.05 was considered statistically significant.

RESULTS:

Optimization of PNIPAM-Based Nanocomposite
Hydrogel:

Five formulations (F1-F5) were prepared by
varying the concentration of PNIPAM and silica
nanoparticles. Among them, formulation F4
exhibited the highest drug loading, encapsulation
efficiency, and desirable thermo-responsive
swelling behavior and was selected as the
optimized formulation.

Table 1. Composition of PNIPAM-Based

Nanocomposite Hydrogel Formulations

Formu | PNIPA MB Silica Dru

1 ation | M A nanoparticle | g
% whv) | (% s (Y% wiv) (mg)

w/v)

F1 8 0.20 | 0.10 50

F2 10 0.20 | 0.20 50

F3 12 0.25 | 0.30 50

F4 12 0.30 | 0.40 50

F5 14 0.30 | 0.50 50

Swelling Behaviour and LCST:

The swelling characteristics of the PNIPAM-
derived nanocomposite hydrogels were assessed at
25°C and 37°C to examine their thermal
responsiveness. Table 2 illustrates that all
formulations demonstrated increased swelling at
25°C, whereas a notable reduction in swelling
occurred at 37°C as a result of the PNIPAM
polymer network's collapse beyond its lower
critical ~solution temperature (LCST). This
reversible change validates the temperature-

dependent characteristics of the synthesised
hydrogels. Among the formulations, F4 had the
greatest swelling ratio (845 + 28%) at 25°C and an
LCST of 33.4 + 0.6°C, which is near physiological
temperature, rendering it appropriate for controlled
drug delivery applications. The decrease in
swelling to 312 £ 17% at 37°C signifies effective
temperature-induced contraction of the hydrogel
framework. In general, formulation F4 exhibited
the most advantageous swelling properties and
thermo-responsive behaviour compared to all the
other formulations studied [18].

Table 2. Swelling Behaviour and LCST

Formul | Swelling Swelling LCST (°C)
ation Ratio at | Ratio at
25°C (%) | 37°C (%)

F1 682 +24 301 £18 326+04
F2 741 £ 20 31516 329+0.5
F3 801 + 26 324+£19 33.1+04
F4 845+ 28 312+ 17 33.4+0.6
F5 792 +£22 289+ 15 33.6+0.5

Swelling Ratio (%)
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Figure 1: Swelling behaviour of PNIPAM
nanocomposite hydrogels below (25°C) and
above (37°C) the LCST

Drug Loading and Encapsulation Efficiency:
The drug loading and encapsulation efficacy of the
formulated PNIPAM-based nanocomposite
hydrogels are detailed in Table 3. The integration
of silica nanoparticles enhanced the drug
encapsulation efficiency of the hydrogel
formulations. Among all formulations, F4 had the
greatest drug loading (91.6 + 2.1%) and
encapsulation efficiency (88.3 £ 1.8%), signifying
effective integration of the poorly water-soluble
anticancer agent within the hydrogel matrix.
Despite formulation F5 exhibiting elevated values,
they were marginally inferior to those of F4,
indicating  that  additional increments in
nanoparticle concentration did not improve drug
entrapment. In light of these results, formulation F4
was chosen as the optimal formulation for further
characterisation and drug release investigations
[19].
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Table 3. Drug Loading Characteristics

Formu | Drug Encapsulation
lation | Loading (%) | Efficiency (%)
F1 72.4+£2.6 70.8+2.4
F2 80.2+22 78.5+£2.1
F3 86.7+1.9 84.1+£2.0
F4 91.6+£2.1 88.3+1.8
F5 87.4+2.3 84.9+22

z
5
2
€

Drug loading (%)
2
"N

Encapsu

F4 Fs
Formulation code

Figure 2: Drug loading and encapsulation
efficiency of different PNIPAM nanocomposite
hydrogel formulations

FTIR Analysis:

The FTIR spectra for the unadulterated drug,
PNIPAM hydrogel, silica nanoparticles, and the
optimised nanocomposite hydrogel containing the
drug are illustrated in Figure 3. The distinctive
absorption peaks of PNIPAM associated with N-H
stretching (<3300 cm™), C-H stretching (<2970
cm™), and amide I (=1650 cm™) were detected in
the refined formulation. The distinctive peaks of
the drug were preserved with little variations in
intensity, validating its effective integration into the
hydrogel matrix. No further peaks or notable peak
displacements were seen, signifying a lack of
chemical interaction between the drug and
formulation constituents, thereby illustrating the
favourable compatibility of the medication with the
PNIPAM-based nanocomposite hydrogel [20, 21].
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Figure 3: FTIR spectra of pure drug, PNIPAM
hydrogel, silica nanoparticles, and optimized
drug-loaded nanocomposite hydrogel

Differential Scanning Calorimetry:

The DSC thermograms for the unadulterated drug
and the optimised PNIPAM-derived
nanocomposite hydrogel are illustrated in Figure 4.
The unadulterated substance displayed a distinct
sharp endothermic melting peak, validating its
crystalline form. In contrast, the corresponding
peak in the drug-loaded hydrogel was considerably
reduced and broadened, indicating successful
encapsulation of the drug within the polymeric
network and partial conversion to an amorphous
state. These results indicate a favourable
compatibility between the medication and the
hydrogel matrix, with no signs of adverse
interactions [22].

Figure 4: DSC thermograms of pure drug and
optimized PNIPAM nanocomposite hydrogel

Scanning Electron Microscopy:
The surface structure of the optimised PNIPAM-
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based nanocomposite hydrogel was analysed via
SEM, with the micrographs displayed in Figure 5.
The SEM pictures displayed a highly porous and
interconnected three-dimensional structure with
evenly dispersed silica nanoparticles within the
hydrogel matrix. The permeable structure offers an
extensive surface area for water uptake and
promotes effective diffusion of the enclosed
medication, thus enabling prolonged and regulated
drug release. The lack of particle aggregation
additionally signifies the effective integration of
silica nanoparticles into the polymeric matrix [23].

Figure 5: SEM micrographs of the optimized
PNIPAM nanocomposite hydrogel showing a
porous interconnected structure

Solubility Enhancement:
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encapsulated medication. These results indicate the
appropriateness of the engineered nanocomposite
hydrogel for extended and regulated release of
hydrophobically soluble anticancer
pharmaceuticals [24].

Table 5. Cumulative Drug Release of Optimized

) Formulation
i Time (h) Drug Release (%)

£ ] 2um, 1O O N 1 125+1.2
The water solubility of the inadequately soluble 2 20.8+ 1.5
anticancer medication was markedly enhanced after 4 334+ 1.8
being encapsulated in the PNIPAM-based 3 297+21
nanocomposite hydrogel. According to Table 4, the : -
unadulterated medication demonstrated a solubility 12 60.5+22
of 0.18 + 0.02 mg/mL, whereas the PNIPAM 24 78.3+24
hydrogel enhanced the solubility to 0.72 £+ 0.05 36 87.2+23
mg/mL (a fourfold increase). The refined PNIPAM 48 04+25
nanocomposite hydrogel exhibited the greatest
solubility (1.24 + 0.08 mg/mL), reflecting a 6.9- e
fold increase relative to the unadulterated drug. The Sample (S;lgu/gillit)y f:clf'ease
enhanced solubility is dpe to thc? porous hydrogel Pure drug 018002 |10
structure ar}d .the consistent dlS.trlbutIOI} of Fhe PNIPAM hydrogel 0722005 140
medication inside the nanocomposite matrix, which
augmented the effective surface area for PNIPAM . 1.24+£0.08 | 6.9
dissolution. nanocomposite
Table 4: Solubility Enhancement hydrogel
300
- = 243.37} 8.9 L T——

200 -

150 -

Solubility (pg/mL)

100 A

50 4 423:26

Pure drug PNIPAM nanocomposite hydrogel

Figure 6: Comparison of aqueous solubility of
the pure drug and PNIPAM nanocomposite
hydrogel

In-Vitro Drug Release:

The in-vitro drug release characteristics of the
optimised PNIPAM-based nanocomposite hydrogel
were assessed over a duration of 48 hours, with the
findings displayed in Table 5 and Figure 7. The
formulation demonstrated a prolonged and
temperature-sensitive release profile, commencing
with a release of 12.5 = 1.2% in the first hour,
thereafter leading to a progressive rise in total drug
release over time. About 49.7 + 2.1% of the
medication was liberated within 8 hours, attaining
78.3 + 2.4% after 24 hours and 924 + 2.5%
following 48 hours. The improved drug release
beyond the LCST is ascribed to the thermo-
responsive contraction of the PNIPAM polymer
matrix, which enables regulated diffusion of the

1JDDT Volume 16 Issue 74s 2026

Cumulative drug release (%)
2

0 2 4 6 8 10 12 16 20 24 36 48 60 7
Time (h)

Figure 7:In-vitro cuamulative drug release profile
of the optimized PNIPAM nanocomposite
hydrogel.

Drug Release Kinetics:

The in-vitro drug release data from the optimised
PNIPAM-based nanocomposite hydrogel were
analysed using several kinetic models to ascertain
the drug release mechanism. Table 6 demonstrates
that the Korsmeyer—Peppas model displayed the
highest correlation coefficient (R*> = 0.992),
signifying the most accurate representation of the
release profile. The findings indicate that the drug
release from the hydrogel adhered to an anomalous
(non-Fickian) diffusion process, which entailed
both the diffusion of the drug inside the expanded
polymer matrix and the relaxing of the polymer
chains. The Higuchi model demonstrated a strong
correlation (R* = 0.986), indicating diffusion-
controlled release from the hydrogel system.
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Table 6. Drug Release Kinetic Analysis

Model R

Zero-order 0.954
First-order 0.972
Higuchi 0.986
Korsmeyer—Peppas 0.992

3.10 In-Vitro Cytotoxicity

The cytotoxic effects of the optimised PNIPAM-
based nanocomposite hydrogel were assessed in
vitro against MCF-7 breast cancer cells and
contrasted with the free drug. According to Table
7, the unmodified hydrogel demonstrated
negligible cytotoxicity, achieving a cell survival of
95.4 + 2.1%, which reflects the biocompatibility of
the hydrogel matrix. Conversely, the
unencapsulated drug diminished cell vitality to 51.6
+ 2.8%, whilst the PNIPAM nanocomposite
hydrogel containing the drug exhibited markedly
enhanced cytotoxicity, lowering cell viability to
24.8 +£3.2% (p < 0.001). The augmented anticancer
efficacy of the refined formulation could be
ascribed to better drug solubility, prolonged
release, and elevated cellular absorption of the
encapsulated medication.

Table 7: Cytotoxicity against MCF-7 Cells

Treatment Cell Viability

(%)
Control 100.0 + 2.5
Blank hydrogel 95.4+2.1
Free drug 51.6+2.8

Drug-loaded PNIPAM | 24.8+3.2
nanocomposite hydrogel

B Free drug

100 (drug-loaded)

Cell viability (%)
2

0 10 25 50 100 200
Concentration (ug/mL)

Figure 8: Cell viability of MCF-7 cells after
treatment with the free drug and drug-loaded
PNIPAM nanocomposite hydrogel (p< 0.001)

CONCLUSION:

This research developed a proficient platform for
administering poorly water-soluble anticancer
drugs utilising thermo-responsive PNIPAM-based
nanocomposite  hydrogels. = The  optimised
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B PNIPAM nanocomposite hydrogel

formulation exhibited a high drug loading of 91.6 +
2.1%, an encapsulation efficiency of 88.3 + 1.8%, a
lower critical solution temperature close to
physiological temperature, and remarkable swelling
properties. Within a span of 48 hours, the
nanocomposite hydrogel demonstrated a total
release of 92.4 + 2.5% of the drug and significantly
enhanced its observable aqueous solubility by
approximately 6.9-fold. It additionally facilitated
prolonged,  temperature-sensitive ~ medication
release. Furthermore, when evaluated in vitro
against MCF-7 cells, the formulation demonstrated
superior antitumor effectiveness compared to the
unencapsulated drug. To enhance the solubility,
regulated release, and therapeutic efficacy of
hydrophobic anticancer agents, these results
indicate that PNIPAM-based nanocomposite
hydrogels represent a promising intelligent drug
delivery system. Further in vivo pharmacokinetic
and anticancer studies are required to assess their
therapeutic potential.
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