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Abstract
Hydrogels have gained significant attention in scientific communities for their versatile
applications, but several challenges need to be addressed to exploit their potential fully.
Conventional hydrogels suffer from poor mechanical strength, limiting their use in many
applications. Moreover, the crosslinking agents used to produce them are often toxic,
carcinogenic, and not bio-friendly. This study presents a novel approach to overcome these
limitations by using bio-friendly modified nanocrystalline cellulose as a crosslinker to prepare
highly stretchable and tough thermosensitive hydrogels. The surface of nanocrystalline cellulose
was modified with 3-methacryloxypropyltrimethoxysilane (MPTS) to obtain modified
nanocrystalline cellulose (M-NCC) crosslinker and used during free radical polymerization of
thermosensitive N-isopropyl acrylamide (NIPA) monomer to synthesize NIPA/M-NCC
hydrogel. The resulting nanocomposite hydrogels exhibit superior mechanical, thermal, and
temperature-responsive swelling properties compared to conventional hydrogels prepared with
traditional bi-functional N, N'-methylene bis (acrylamide) (MBA) as a crosslinker. The
elongation at break, tensile strength, and toughness of the NIPA /M-NCC hydrogels significantly
increase and Young’s modulus decrease than conventional hydrogel. The designed M-NCC
crosslinker could be utilized to improve the mechanical strength of any polymeric elastomer or
hydrogel systems produced through chain polymerization.

Keywords: hydrogel, biodegradable, stretchable, nanocomposite, crosslinker

(Some figures may appear in colour only in the online journal)

Introduction crosslinkers is necessary [1]. Both chemical and physical
approaches have been employed to achieve polymeric net-
Crosslinking provides chemical stability to polymeric mate- works [2]. Chemical methods include the reaction of com-
rials, and when fabricating hydrogels, the addition of plementary groups, polymer-polymer crosslinking, high-
energy irradiation, and enzyme incorporation. Physical
* Author to whom any correspondence should be addressed. methods involve charge interactions, crystallization, and
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stereo-complex formation. However, most conventionally
used crosslinkers are toxic and not ideal for use [3-6]. They
also exhibit poor water solubility and low biodegradation.
Recently, there has been a growing interest in exploring
biofriendly crosslinking agents as replacements for traditional
crosslinkers [7, 8]. Researchers have developed crosslinking
agents, such as silica, polyrotaxane, and clay, to develop
polymeric hydrogels with improved mechanical properties
[9-11]. These novel crosslinking agents can be utilized to
produce polymeric materials with desirable characteristics.
However, novel non-toxic crosslinkers need to be introduced
to modulate release properties and achieve controlled bio-
medical applications of highly soluble and degradable poly-
mers [12-17]. Considering the drawbacks associated with
conventional crosslinkers, it is necessary to explore bio-
friendly novel crosslinking agents to formulate safe and
efficient polymeric hydrogels. This study selected cellulose as
a bio-friendly crosslinker alternative to conventional cross-
linkers in polymer crosslinking processes.

Hydrogels are hydrophilic polymeric networks with a
three-dimensional structure that can absorb and retain large
amounts of water, saline, or physiological fluids while
maintaining their swollen state under pressure [18]. Due to
their high water content, porosity, and soft consistency,
hydrogels closely resemble natural living tissue [19]. How-
ever, whether derived from natural or synthetic sources, they
exhibit poor mechanical properties, which limit their indus-
trial and biological applications [20-26]. The lack of effective
energy dissipation mechanisms under stress and irregular
distribution of crosslinking points contribute to the weak
mechanical strength of hydrogels, leading to easy fracture
initiation [27]. In recent years, significant efforts have been
made to enhance the mechanical strength of hydrogels,
resulting in the discovery of new hydrogel architectures with
improved robustness. For instance, topological (TP) gels
utilize figure-of-eight crosslinkers that can slide along poly-
mer chains, allowing the gel to stretch significantly and
exhibit a high swelling capacity [28]. Double-network (DN)
hydrogels, created by incorporating a lightly crosslinked
second network within a highly crosslinked first network,
have been shown to possess exceptional strength and tough-
ness [29]. Imran A B et al have reported a unique approach
for making exceptionally flexible thermosensitive slide-ring
hydrogels with good toughness by adding ionic groups into
the polymer network and using polyrotaxane derivatives
consisting of a-cyclodextrin and polyethylene glycol as
crosslinkers [1, 30-32]. Nanocomposite (NC) hydrogels,
formed by incorporating inorganic materials as crosslinking
junctions, have demonstrated remarkable mechanical prop-
erties, thermal conductivity, biocompatibility, super hydro-
philicity, and a higher swelling ratio [33]. The use of
functionalized nanomaterials as additives or fillers in the
preparation of NC hydrogels, such as clays, silica nano-
particles, carbon nanotubes, ferritin particles, and graphene
oxide, has gained significant interest due to their easy fabri-
cation, but they often lead to non-biodegradability and toxi-
city issues [34]. Biodegradable materials have become
increasingly important in various practical applications,

including super absorbents for personal hygiene products,
water reservoirs in agriculture, body water retainers, stomach
bulking agents, scaffolds for regenerative medicine, con-
trolled drug delivery systems, wound dressings, and other
biomedical applications [35-37]. Natural polymers like
starch, cellulose, and nanocellulosic materials, such as cellu-
lose nanocrystals, cellulose nanofibers, and bacterial nano-
cellulose, have attracted attention as promising biodegradable
material options for NC hydrogels [38, 39].

Polymeric nanocomposite materials, including hydrogels,
elastomers, and films, have been developed using reinforcing
agents or fillers such as cellulose nanofibrils (CNF), nano-
crystalline cellulose, starch nanoparticles, and nanoclay
[21, 40-42]. Various crosslinking agents and catalysts have
been investigated to produce cellulose-derived hydrogels,
with common examples including epichlorohydrin, alde-
hydes, urea derivatives, carbodiimides, and carboxylic acids
[43]. Functionalized nanocrystalline cellulose (NCC) has
been successfully incorporated into hydrogels to enhance
their mechanical properties [44]. Chemical incorporation of
NCC into polymer hydrogel networks through the formation
of covalent bonds is more beneficial than physical incor-
poration [45]. Surface modification of NCC is an essential
step to introduce specific functional groups, achieved through
direct chemical modification, physical interaction, or
adsorption to the NCC’s surface. Researchers have developed
nanocomposite hydrogels with rod-like cellulose nanocrystals
as reinforcing fillers into polymeric hydrogels, resulting in
improved mechanical strength and flexibility [46]. Other
studies have demonstrated structurally and physically aniso-
tropic hydrogels based on hydrazone crosslinked poly(oli-
goethylene glycol methacrylate) (POEGMA) and aldehyde-
functionalized NCC, which show great structural integrity and
mechanical properties, making them suitable for tissue engi-
neering [47]. Injectable polysaccharide hydrogels based on
cellulose acetoacetate (CAA), hydroxypropyl chitosan
(HPCS), and amino-modified NCC (NCC-NH,) have also
been developed, exhibiting pH-responsive and self-healing
properties, as well as good biocompatibility for biomedical
applications [48]. A novel NC hydrogel with antibacterial and
antioxidant properties was developed by combining sodium
carboxymethylated starch (CMS), a natural polymer, with
CuO nanoparticles for wound healing applications [49].
Hydrogel nanocomposites based on CMS/PVA containing
AgNPs were developed, where CMS and PVA were utilized
as green reducing agents in the production of AgNPs. The
properties of CMS/PVA hydrogel nanocomposites, including
swelling degree, rheology, silver ion release kinetics, anti-
bacterial activity, and toxicity, were investigated by examin-
ing the influence of AgNO; concentration on human
fibroblasts [50]. Hydrophobically modified clay has been
chosen as an inorganic additive in the hydrogel matrix
because of its stronger interactions with the polymer chains,
which can enhance the intrinsic qualities of the hydrogel.
Polyethyleneimine (PEI) was selected as the crosslinking
agent, and hydrogels, namely partially hydrolyzed poly-
acrylamide (HPAM) /PEI conventional hydrogels, HPAM/
PEI/Bent, and HPAM/PEI/Orgbent, were produced using
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Table 1. Preparation recipe of NIPA/M-NCC nanocomposite hydrogels with varying crosslinker and monomer concentrations.

Sample name NIPA (M) M-NCC (wt%) KPS (mM) TEMED (ul)
NIPA (2)/M-NCC 0.10 wt% 2.00 0.10 2.96 20
NIPA (2)//M-NCC 0.50 wt% 2.00 0.50 2.96 20
NIPA (2)//M-NCC 0.75 wt% 2.00 0.75 2.96 20
NIPA (2)//M-NCC 1.0 wt% 2.00 1.00 2.96 20
NIPA (3)//M-NCC 0.25 wt% 3.00 0.25 2.96 20
NIPA (3)//M-NCC 0.50 wt% 3.00 0.50 2.96 20
NIPA (3)//M-NCC 0.75 wt% 3.00 0.75 2.96 20
NIPA (3)//M-NCC 1.0 wt% 3.00 1.00 2.96 20
NIPA (4)//M-NCC 0.75 wt% 4.00 0.75 2.96 20

varying concentrations of clay [51]. However, a significant
issue faced by these fabricated materials is their inadequate
mechanical properties resulting from the absence of strong
covalent interactions of polymer chains with natural fillers or
crosslinkers in most cases. To address this challenge, the
focus of this research is to employ vinyl modified nanocrys-
talline cellulose as a multifunctional and bio-friendly cross-
linker. Through free radical polymerization, the crosslinker
will be combined with diverse monomers during poly-
merization to fabricate a polymeric nanocomposite hydrogel
that is highly flexible and mechanically robust.

Experimental

Materials

Microcrystalline cellulose (MCC) from Qualikems Fine
Chem, 3-Methacryloxypropyltrimethoxysilane (MPTS), N,N,
N’,N”-Tetramethyl ethylenediamine (TEMED), and acetic
acid from Sigma Aldrich, N-isopropyl acrylamide (NIPA)
from K J Chemical Corporation in Japan, potassium persul-
fate (KPS) and ethanol from Merck Germany, sulfuric acid
from RCI Lab Scan were purchased and used as received.
Aqueous solutions for all experiments were prepared using
deionized (DI) water unless stated otherwise.

Synthesis of NCC form MCC

The optimization of NCC preparation was performed by
varying acid concentration, MCC to acid ratio, hydrolysis
time, hydrolysis temperature, and ultrasonic time and power
[52]. A 200 ml 64% (w/w) H,SO4 (MCC-to-acid weight ratio
of 1 to 20) was adjusted to the desired temperature. Upon
reaching the specified temperature, H,SO, was added to the
cellulose in the round bottom flask. The resulting mixture was
hydrolyzed at 60 °C for 90 min with continuous stirring. To
avoid overheating, ultrasonication was applied every 30 min
while simultaneously cooling the reaction using an ice bath.
The suspension was diluted tenfold to stop the reaction and
left to settle for several hours until distinct layers formed. The
transparent top layer was carefully decanted, and the sus-
pensions were subjected to repeated rinsing with distilled
water until no layering was observed. The suspension was
then transferred to centrifuge tubes, and centrifugation was

performed at 4000 rpm for 10 min to remove excess acid and
water-soluble particles. At a pH of approximately 4, the fine
cellulose particles dispersion in the water was observed. The
turbid supernatant containing polydisperse cellulose particles
was collected, and the NCC suspension was further separated
by centrifugation at 4000 rpm for 10—15 min. Following this,
the suspension was rinsed with deionized water. The techni-
que was repeated four to five times for each sample to lower
the acid concentration. Subsequently, the suspension under-
went dialysis against deionized water in regenerated cellulose
dialysis tubes with a molecular weight cutoff of
12 000-14 000 Dalton. The dialysis process was continued
for several days until the pH of the water remained constant.
The purified NCC suspension was then stored at 5°C in a
refrigerator. A fraction of the dialyzed NCC was freeze-dried
to obtain a powdered sample for further analysis.

Modification of NCC by MPTS

The silanization of NCC was performed using MPTS. A 10%
(w/w) MPTS solution was prepared in an ethanol-water mixture
(9:1 vol. percent) for hydrolysis. The pH of the solution was
adjusted to 3—4 by adding a 0.1 mol L™" acetic acid solution.
Subsequently, the hydrophilic NCC was added to the solution.
The resulting mixture was heated in an oil bath at a temperature
range of 60 °C-70 °C while being agitated at 500 rpm for 30 min.
After the completion of the reaction, centrifugation was
employed to separate the particles. The silanized NCC product
was then immersed in deionized water for 24 h to remove any
residual reactants. The product was rinsed multiple times with
deionized water to remove the effects of physical adsorption. The
silanized NCC was subsequently dried at room temperature for
two days to remove excess moisture. The dried product was
further heated at 80 °C for an additional 4 h.

Synthesis of NIPA/M-NCC nanocomposite hydrogel

The NIPA/M-NCC hydrogel was prepared by conducting
free radical polymerization of NIPA in the presence of the
KPS initiator [45]. The M-NCC crosslinker was initially
dispersed in distilled water to ensure uniform distribution.
Subsequently, a fixed molar concentration of NIPA monomer
was dissolved in the solution and subjected to sonication for a
minute. Varying amounts of M-NCC was then added to the
NIPA solution, with the specific percentages detailed in
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Scheme 1. Schematic representation of the preparation of NCC, M-NCC, and NIPA /M-NCC nanocomposite hydrogel.

table 1. The solution was then bubbled with N, gas to make
the solution free from oxygen. A small amount of TEMED
was mixed in the solution, which worked as an accelerator for
free radical polymerization reaction. 2.96 mM KPS initiator
solution was bubbled in another container with N, gas. Then
two solutions were mixed immediately in an ice bath and
transferred to a glass cell separated with a teflon spacer of
desired shape and size. A glass test tube is used to synthesize
cylindrical hydrogels. The polymerization was carried out at
room temperature for 24 h. Hydrogels were carefully removed
from glass cells or test tubes after polymerization. For further
characterization, the slab hydrogels were cut into pieces of
roughly 12 mm length and 10 mm width obtained in rectan-
gular shapes.

Characterizations

Morphological study. The particle size of NCC, M-NCC, and
the surface morphology of the hydrogels were examined
using a field emission scanning electron microscope (FE-
SEM: JEOL, JSM, 7600 F). Prior to analysis, the samples
were coated with gold using a fine auto coater (JEOL JFC-
1600, Japan). An energy-dispersive x-ray spectrometer (EDX)
coupled with the FE-SEM was used to determine the
elemental identification and quantitative compositional
information of the samples.

Structural analysis. A Fourier transform infrared (FT-IR)
spectrometer (Shimadzu, Japan) was used to confirm the
successful modification of NCC and its interactions within the
polymer networks. The samples were freeze-dried, ground,
and properly mixed with KBr (Sigma Aldrich, Germany).
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Figure 1. (a) FT-IR spectra of NCC and M-NCC (b) '"H-NMR
spectra of M-NCC.
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Figure 2. (a) FESEM images of as-prepared NCC (inset of

figure 2(a) denotes particle size distribution curve of NCC) (b)
FESEM images of as-prepared M-NCC (inset of figure 2(b) denotes
particle size distribution curve of M-NCC).

Sample pellets were prepared using a manual hydraulic press,
and spectra was collected in the 400-4000cm™' frequency
range.

A Bruker BPX- 400 spectrometer running at 400 MHz
was used to record the "H-NMR spectra. DMSO was used as
a solvent and the internal standard was tetramethylsilane
(TMS). All chemical shifts (§) and coupling constants (J)
were measured in ppm and Hz. Chemical shifts were
measured with respect to the peaks of TMS and d-DMSO.

Mechanical analysis. Rectangular-shaped samples (10.0 =+
0.lmm in diameter and 12.0 4+ 0.l mm in length) were
subjected to tensile stress—strain measurements using a universal
testing machine (UTM, Test Resources, Model 100-P-250-12) at
room temperature. The crosshead speed was set to 10.0 mm per
minute. The tensile stress (o) of the hydrogel was determined
based on force per area, while the strain (%) was calculated by
dividing the change in length (Al) by the original length (/). The
slope of the stress—strain curves during the initial 10%
deformation was used to calculate Young’s modulus. The area

under the stress—strain curves was also utilized to determine the
toughness of each sample. Tensile strength was measured at the
highest stress point, and elongation at break (%) was determined
at the maximum strain tolerance before rupture. The compressive
tests of hydrogels were also carried out on a UTM at room
temperature. The cylindrical hydrogel samples having a diameter
of 10 mm and a thickness ranging from 5 to 8 mm were used for
compressive analysis. To ensure reproducibility, each specimen
was tested at least three times.

Thermal analysis. The thermal behavior of the samples was
evaluated using a differential scanning calorimeter (DSC) and
Thermo Gravimetric Analysis (TGA) (STA-449 F3, Jupiter,
NETZSCH) under N, atmospheres at a heating rate of
5°Cmin~". Samples weighing 5-10 mg were heated from
room temperature to 900 °C, and the weight loss of the
samples was measured as a function of temperature. During
the measurements, air was purged at a rate of 20 ml min'.

Swelling behaviors of hydrogels. The swelling ratios of
NIPA/M-NCC nanocomposite hydrogels were measured in
the temperature range of 10 °C—60 °C. After freeze-drying,
hydrogel samples were immersed and equilibrated in distilled
water at a specific temperature controlled by a water
circulation bath and the temperature-dependent swelling
ratio of the sample was measured. The swelling ratios of

the samples were calculated using the equation, SR= "

where SR stands for swelling ratio, W for swollen hydro;;el
mass, and Wy for dry hydrogel mass.

Results and discussion

To introduce vinyl groups onto the surface, the hydroxyl
groups of NCC are functionalized with MPTS. Scheme 1
illustrates our approach for preparing the crosslinker M-NCC
from NCC. The FT-IR spectra of NCC and M-NCC are
shown in figure 1(a), providing substantial support for the
successful functional groups incorporation. The Si—-OH
groups of the hydrolyzed MPTS were first formed on the
NCC surface. Water was removed after 4 h of thermal treat-
ment at 80 °C, and covalent bonds were established between
NCC and MPTS, resulting in vinyl functional M-NCC via
silane exchange. The typical absorption peaks of the Si—O-C
bonds in the 1150 cm™" and 1270 cm™' range are observed
[53]. Additionally, the 1630 cm ™' and 1740 cm™ ' peaks are
assigned to the stretching vibrations of C=C and C=0,
respectively. The FT-IR spectra also showed the presence of
hydrogen-bonded —OH stretching at 3600-3200 cm ', C-H
stretching at 2900 cm~ !, and Si-OH bending at 910 cm !
These observations support the successful modification pro-
cess and the presence of specific functional groups in the
NCC and M-NCC samples.

Figure 1(b) displays the chemical shifts observed in the
NMR spectrum of the silanes involved in the surface chemical
modification of NCC. The 5-5.5ppm range signals are
attributed to the vinyl groups, with a singlet at 1H for C—b and
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Before elongation

After elongation

Figure 3. (a) Photograph of highly transparent as synthesized NIPA/M-NCC hydrogel before and after elongation (b) FE-SEM image of

NIPA /M-NCC 0.5 wt% nanocomposite hydrogel.

another at "H for C—b/ positions, respectively. The peaks at &
1.0-1.5 ppm (*H singlet for —-CH3), 6 4.0-4.5 ppm ('H triplet
for —CH,-), 6 1.0-1.5ppm (‘H pentet for —CH,-), 6
2.5-3.0 ppm (*H triplet for —CH,-), § 4.5-5.0 ppm ('H singlet
for —OH). These chemical shifts indicate that the silane
coupling agent has effectively modified the NCC to obtain
M-NCC crosslinker.

The FESEM image of the synthesized NCC, depicted in
figure 2(a), exhibited a uniform size and shape. Even after the
modification with MPTS, the FESEM micrograph of M-NCC,
shown in figure 2(b), displayed a similar morphology. This
observation suggests that no substantial changes in the shape
of the particles occurred during the modification process,
indicating that the MPTS modification did not significantly
alter the overall shape of the particles.

Inset of figures 2(a) and (b) show size distribution his-
tograms for both NCC and M-NCC samples. The particle size
distribution for both NCC and M-NCC appeared narrow.
However, the modification process using MPTS led to a slight
increase in the average particle size, as indicated by the
Gaussian distribution. The average particle size changed from
53 £ 10nm for NCC to 55 £ 10nm for M-NCC. EDX
analysis confirmed the successful modification of MPTS on
NCC. The atomic percentages of carbon, oxygen, and silicon
in M-NCC are 82.4%, 17.55%, and 0.05%, respectively,
thereby validating the introduction of MPTS onto the surface.

The synthesis of NIPA/M-NCC nanocomposite hydro-
gels involved wusing a free radical polymerization
reaction, where poly (NIPA) chains were crosslinked with
M-NCC. The porosity of the NIPA/M-NCC hydrogel was
examined through FESEM analysis of the freeze-dried NIPA /
M-NCC 0.5wt% hydrogel. During the freeze-drying

process, water molecules were removed, forming sponge-like
interconnecting micropores [54], as depicted in figure 3. Most
of the pore sizes were smaller than 1 um and evenly dis-
tributed. Scheme 1 illustrates a schematic diagram of the
stepwise synthesis of the NIPA/M-NCC nanocomposite
hydrogel.

The SEM image displayed a polymeric layer on M-NCC,
which could be attributed to a significant amount of 2D sur-
face crosslinking of M-NCC with monomer. The available
vinyl groups on M-NCC facilitated strong covalent interac-
tions with the poly (NIPA) chains during polymerization,
leading to enhanced mechanical properties. No apparent
aggregation in the SEM images, suggesting that crosslinking
achieved through the combination of M-NCC and poly
(NIPA) was maintained homogeneity. To understand the
influence of M-NCC on the mechanical properties of NIPA/
M-NCC hydrogels, various parameters such as crosslinker
type, concentration, and water content were tested. Under
applied external stress, the prepared NIPA /M-NCC hydrogels
exhibit remarkable tensile and compressive properties. The
NIPA (2)/M-NCC 0.75 wt% hydrogel is highly stretchable
and can be elongated more than 31 times from its initial
length. It shows high elongation at break, tensile strength, and
toughness. On the other hand, conventional NIPA (2)/BIS
0.75 wt% hydrogel prepared using 0.75 wt% MBA cross-
linker showed poor mechanical properties (figure 4). The
elongation at break, tensile strength, and toughness (figure 5)
of NIPA (2)/M-NCC hydrogels with varying crosslinker
concentrations are increased with increasing crosslinker
amount up to a certain level. However, the scenario differs at
high concentrations due to inhomogeneous crosslinker dis-
persion, as shown in figure 5. The NIPA (2)/M-NCC
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Figure 4. A comparative mechanical analysis of MBA based conventional NIPA (2)/BIS 0.75 wt% hydrogel (represented by the dark red
line) and an M-NCC based NIPA (2)/M-NCC 0.75 wt% nanocomposite hydrogel (represented by the blue line) (a) uniaxial stress—strain
curves (b) Young’s modulus, (c) elongation at break, (d) tensile strength, and (e) toughness.

0.75 wt% nanocomposite hydrogel exhibits the most sig-
nificant improvements elongation at break, tensile strength,
and toughness compared to other crosslinker content varia-
tion. The 0.75% M-NCC may be dispersed well and form
uniform crosslinking density with poly (NIPA) chains, con-
tributing to the improved mechanical properties of the NIPA
(2)/M-NCC 0.75 wt% hydrogel.

The NIPA (2)/M-NCC 0.75 wt% hydrogel also exhibits
strain-hardening behavior at high elongation. This strain hard-
ening phenomenon can be attributed due to the limited move-
ment of poly (NIPA) chains after the expansion of polymer
networks with sparsely and homogeneously distributed M-NCC
with poly (NIPA) chains, as depicted in figure 5 (blue curve).

The tensile strength, Young’s modulus, elongation at
break and toughness for MBA crosslinker based conventional
hydrogel are very low compared to NIPA (3)/M-NCC
hydrogels.

The results of tensile tests conducted on other NIPA (3)-
M-NCC and NIPA (4)-M-NCC hydrogels with varying
crosslinker concentrations were observed to be similar to the
NIPA (2)-M-NCC hydrogels. The elongation at break, tensile
strength, and toughness increase with crosslinker concentra-
tion up to a certain threshold. However, at very high con-
centrations, these properties begin to decrease due to the
inhomogeneous distribution of the crosslinker within the
polymer networks. In contrast, Young’s modulus generally
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Figure 5. Tensile properties of NIPA(2)/M-NCC hydrogels with varying amounts of M-NCC crosslinker (a) uniaxial stress—strain curves, (b)
Young’s modulus, (c) elongation at break, (d) tensile strength, and (d) toughness.

increases with the rise in crosslinker concentration, except for
the NIPA (3)/M-NCC 0.25 wt% nanocomposite hydrogel.
The Young’s modulus NIPA (2)/M-NCC hydrogel is lower
than MBA crosslinker-based NIPA (2)/BIS hydrogel. This
behavior suggests a soft and flexible nature of the polymer
networks in NIPA (2)/M-NCC hydrogels.

The monomer concentration was found to impact the
mechanical properties of NIPA/M-NCC nanocomposite
hydrogels. Figure 6 shows that the NIPA (4)/M-NCC
0.75 wt% nanocomposite hydrogel exhibits the highest tensile

strength but the lowest toughness. This can be attributed to
the rigid behavior associated with a higher monomer ratio.
NIPA (2)/M-NCC 0.75 wt% nanocomposite hydrogel has the
greatest elongation and toughness. The softness and flexibility
of the poly (NIPA) chains and uniformly dispersed cross-
linker, allow for energy dissipation during deformation,
contributing to enhanced elongation and toughness properties.
The Young’s modulus of NIPA (2)/M-NCC hydrogel
increases with increasing monomer amount. The dramatic
increase in Young’s modulus with monomer concentration is
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Figure 6. Tensile properties of NIPA (2)/M-NCC hydrogels with varying amounts of monomer concentration (a) uniaxial stress—strain
curves, (b) Young’s modulus, (c) elongation at break, (d) tensile strength, and (d) toughness.

due to the increased interaction between the monomer and the
M-NCC crosslinker. As the monomer concentration rises, the
entanglement of the polymer chains and the contact between
the poly (NIPA) and M-NCC crosslinker also increase. These
interactions contribute to the rigidity and stiffness of the
NIPA/M-NCC hydrogel, significantly increasing Young’s
modulus.

Figure 7(a) represents the uniaxial stress—strain curves of
NIPA (3)/M-NCC hydrogels with varying -crosslinker
amounts. All hydrogel samples maintained their shape and
didn’t rupture during 70% strain. The NIPA (3)/M-NCC

0.75% hydrogel exhibits the highest stress response under
70% strain. The Young’s, modulus, compressive strength,
and toughness of NIPA (3)/M-NCC 0.75 wt% are highest
compared to others. Use of M-NCC by more than 0.75%
starts to decrease the compressive properties in all aspects.
The distribution of M-NCC may not be homogeneous and
some aggregation of M-NCC may occur before forming
polymer networks. As a result, the compressive properties
significantly varied for NIPA (3)/M-NCC 1.0 wt% hydrogel.

The enhancement in compressive strength of NIPA (3)/
M-NCC hydrogel is observed to be directly influenced by the
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Figure 7. Compressive properties of NIPA (3)/M-NCC hydrogels with varying amounts of M-NCC crosslinker (a) uniaxial stress—strain
curves, (b)Young’s modulus, (c) compressive strength, and (d) toughness.

crosslinker concentration. As the extent of compression
increases, the network gradually becomes denser, leading to
decreased flexibility of the gels. A reduction in breaking
strains as the crosslinker concentration increases are
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attributable to the increased covalent bonding density. Using
M-NCC as a crosslinker notably enhances the compressive
strength of NIPA/M-NCC nanocomposite hydrogels. The
strong interaction between the NIPA polymer chain and the
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Figure 8. TGA and DSC curves of NIPA/M-NCC nanocomposite
hydrogel.

M-NCC crosslinker and favorable uniform distribution of
M-NCC results in higher strength for NIPA/M-NCC nano-
composite hydrogels. Consequently, an increase in cross-
linker concentration in the formulation elevates the hydrogel
fraction, thereby boosting compression strength, toughness,
and Young’s modulus up to a certain point. However, these
properties begin to decline at very high M-NCC crosslinker
concentrations.

Thermal TGA-DSC analyses were conducted from room
temperature to 900 °C with a heating rate of 5 °C per minute
under a N, environment. Most of the weight loss below
200 °C in the NIPA (2)/M-NCC 0.75 wt% hydrogel can be
attributed to the loss of water [55, 56]. When the pure poly
(NIPA) hydrogel is decomposed in the temperature range of
330°C-580°C, it experiences a significant mass loss of
94.9%. The addition of M-NCC at a concentration of 0.5 wt%
reduced thermal stability which is attributed to the increased
surface area of M-NCC, providing additional sites for rapid
degradation (figure 8). The initial 14% mass loss below
200 °C is due to water loss from the polymer network. The
second step involves decomposition at temperatures between
330 °C and 420 °C, leading to a 96% mass loss. This indicates
lower thermal stability than pure poly (NIPA) and suggests
the better degradability of the NIPA/M-NCC nanocomposite
hydrogel. The DSC curve exhibits an endothermic peak at
approximately 415 °C. The glass transition temperature (Tg)
at 128 °C is hardly observable on the DSC curve, while the
reported Tg for pure NIPA is 130 °C [57].

Figure 9(a) illustrates the temperature-dependent swel-
ling behavior of the NIPA (2)/M-NCC nanocomposite
hydrogel with varying crosslinker amounts. Water absorption
behavior at different temperatures in the range of 20 °C-60 °C
was used to track changes in the weight of hydrogels with
temperature change. In all circumstances, the equilibrium
swelling ratio decreases as the temperature rises. The swelling
ratio of a NIPA (2)/M-NCC hydrogel with crosslinking
undergoes a significant change between 30 °C and 40 °C due
to increased hydrophobic forces at higher temperatures,
leading to phase separation of the hydrogel [58, 59]. The
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hydrogel swells in an aqueous solution below the LCST of
NIPA, approximately 31 °C, while dramatically shrinks above
this temperature. Slight temperature variations cause rever-
sible breaking and formation of hydrogen bonds between the
N-H or C=0 group of NIPA and the surrounding water
molecules. The hydration force decreases as the temperature
rises, and the increased hydrophobic force of poly (NIPA)
assists in forming a globular configuration. As a result, phase
separation of hydrogel occurs at a certain temperature around
LCST temperature of NIPA. Furthermore, the swelling ratio
of NIPA (2)/M-NCC nanocomposite hydrogels decreases
with increasing crosslinker content ranging from 0.025% to
1.00%. The swelling behavior of NIPA (2)/M-NCC hydro-
gels is primarily influenced by the M-NCC content, with
higher M-NCC leading to lower swelling ratios. The presence
of crosslinker hinders the swelling of the hydrogel, as the
movement of polymer chains is restricted due to increased
crosslinking density. The swelling capacity of the NIPA /M-
NCC nanocomposite hydrogels decreases with increasing
crosslinker amount. Figure 9(b) denotes the effect of mono-
mer concentration on the swelling ratio of the NIPA /M-NCC
nanocomposite hydrogel at room temperature. The swelling
ratio increases as the monomer concentration increases from 2
to 4M. This is attributed to increased hydrophilic poly
(NIPA) chains with low network inhomogeneities due to the
relatively lesser M-NCC.

Conclusion

In summary, we have developed a novel approach to prepare
vinyl groups incorporated biofriendly M-NCC crosslinker
that enables covalent crosslinking during free radical poly-
merization, eliminating the need to use conventional
crosslinkers. The synthesized M-NCC crosslinker has
demonstrated an excellent ability to establish covalent and
non-covalent connections with polymer chains. Incorporat-
ing the M-NCC crosslinker into the poly (NIPA) matrix has
resulted in hydrogels with exceptional flexibility, mechan-
ical strength, and swelling capacity. The presence of
M-NCC crosslinker has significantly improved the
mechanical performance of the hydrogel, enhancing its
tensile and compressive strength, toughness, elongation at
break, Young’s module, and so on. This approach offers a
safer alternative to toxic conventional crosslinkers in poly-
merization reactions. In contrast to polymers formed using
conventional crosslinkers, which often exhibit rapid break-
age under applied stress due to their covalently crosslinked
short polymer chains, the hydrogels prepared with M-NCC
crosslinker possess remarkable tensile extensibility, making
them highly suitable for biomedical applications. The unique
combination of physical and chemical crosslinking sites in
the M-NCC crosslinker as well as the uniform dispersibility
of M-NCC contribute to the extraordinary mechanical
strength of the hydrogels. Furthermore, the interactions
between the crosslinker and polymer chains are suitable
for uniform energy dissipation under applied stress within
the hydrogel matrix, thereby limiting crack propagation.
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Figure 9. (a) Temperature-dependent swelling behavior of the NIPA(2)/M-NCC nanocomposite hydrogel with varying M-NCC
concentrations and (b) swelling behavior of the NIPA/M-NCC nanocomposite hydrogel at room temperature with varying monomer

concentrations.

Incorporating M-NCC crosslinking bonds has increased the
mechanical properties of the hydrogel while maintaining a
temperature-dependent high swelling ratio. The synthesized
M-NCC has the potential to serve as a versatile platform for
crosslinking various vinyl group polymers, resulting in
hydrogels or elastomers with superior mechanical perfor-
mance. This method opens up possibilities for advanced
applications of hydrogels in energy, water treatment, bio-
medical, and materials engineering fields.
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