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1. Introduction

Functional self-healing aldehyde-derived
nanoparticle-crosslinked gelatin/PNIPAm-based
adhesive gelst

d

P. A. Parvathy,®® Sriparna De, Manjinder Singh,® Gaurav Manik and

Sushanta K. Sahoo*®®

The combination of lower critical solution temperature (LCST) and upper critical solution temperature
(UCST) polymers provides varying dissolution to the system, with tunable physiochemical properties. In
the current work, injectable, fluorescent, and thermo-responsive poly-N-isopropylacrylamide (PNIPAmM)-
gelatin nanocomposite gels were prepared by combining non-covalent interactions and Schiff base
chemistry. The incorporation of aldehyde-based nanoparticles (2.5-10%) facilitated the crosslinking of the
matrix via the formation of imine linkages with gelatin, which significantly reduced the pore size of the
gels from 30-40 micron to 4-5 pm. The temperature-dependent viscoelastic properties showed that the
storage modulus increased significantly above 40 °C, which confirmed the thermosensitive behaviour of
the gels owing to the combined effect of PNIPAm and gelatin. Higher storage modulus over loss modulus
for all crosslinked gels indicates the elastic behaviour of the gels. The introduction of imine linkages
offered instant self-healing features and the nanoparticles provide photoluminescence to the polymeric
gel system. Furthermore, the tackiness offered by gelatin enhances the adherence to human skin and the
gels are found to be biocompatible towards fibroblast cell lines (L929) and are promising for drug delivery
systems, injectable materials, and optically trackable adhesives. The findings provide new insights into the
multifunctional properties of thermoresponsive PNIPAmM-gelatin nanocomposite gels with dynamic imine
linkages for biological applications.

the introduction of either non-covalent interactions, dynamic
covalent interactions or a combination of both. Non-covalent

Injectable, self-healing, responsive gels encompass dynamic
and reversible three-dimensional network architectures
capable of reinstating their original structure and functionality
after damage."” They have garnered significant attention due
to their favourable properties, such as bio-compatibility,
simple formation, ease of handling, adaptability.*”
Additionally, they have emerged as versatile intelligent
materials for biomedical applications, including drug deliv-
ery,® regenerative medicine,' and tissue engineering.” The
chemical strategies to prepare self-healing hydrogels involve
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interactions include electrostatic interactions,® metal coordi-
nation,” hydrophobic interactions'® and hydrogen bonding,"*
whereas dynamic covalent interactions include the introduc-
tion of imine bonds (Schiff base),'* disulfide linkages,"* Diels—
Alder reaction,' boronate ester,'” and acyl hydrazone.'
Among these, imine bonds are considered more stable in
various media, such as solvent, hydrolytic, alkaline and
neutral media, and they are recyclable.’” >

Nano-crosslinked hydrogels contain dynamic interactions,
integrating the inherent characteristics of nanoparticles as
well as demonstrating the distinct benefits of the matrix com-
ponents through dynamic bonds.?” The incorporation of nano-
particles as crosslinkers enhances the strength and injectabil-
ity of the hydrogels by fortifying the structure, and also
imparts multi-functionality, such as response to external
stimuli (pH, temperature, and light), anti-bacterial and anti-
oxidant properties.>*>® Nanomaterials possess highly specific
surfaces that facilitate physical and chemical interaction with
polymers and exhibit unique nanoscale characteristics for
medicinal applications, including drug administration,
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tumour therapy, and tissue regeneration.”” The nanomaterials
used in dynamic hydrogel fabrication include metals and
metallic oxides,”® nanoclays,®” carbon-based nanomaterials,®
black phosphorus,® and polymeric nanomaterials.*
Furthermore, the fluorescent properties of nanomaterials
helps to provide optical tracing characteristics to the gel
system.

A variety of polymeric materials have been used as struc-
tural components in the development of self-healing injectable
gels. Natural polymers often used in such gels include gelatin,
collagen, hyaluronic acid, alginate, and chitosan, due to their
features such as inherent biomedical qualities, ease of avail-
ability, and biocompatibility.*’*> Gelatin is a UCST-type
polymer, which exhibits a gel nature below the UCST (40 °C)
and a liquid nature above the UCST**7*® (hydrophobic to
hydrophilic transition). Collagen-derived gelatin has excep-
tional biocompatibility and is used in several biomedical appli-
cations.?” Thus, gelatin has been reported to be miscible with
other polymers to achieve optimal gelling characteristics and
maintain stability at physiological temperatures.*® The
thermo-responsive properties of gelatin have been investigated
for drug delivery systems.?**® NIPAm is a prominent thermo-
responsive polymer that has a LCST of 32 °C, which is near the
physiological temperature. The ability to adjust the LCST up to
the desired value and modify the structure with various syn-
thetic or bio-based monomers/polymers enhances the demand
for PNIPAm-based materials. PNIPAm-based hydrogels are
extensively investigated as biomedical and smart materials,
such as drug delivery systems, wound healing materials, and
cell culturing systems.’*™** The combination of a LCST and
UCST polymer, known as a “schizophrenic polymer**”, a type
of dual thermo-responsive polymer with complex dissolution
behaviour, helps in applications such as drug delivery and
theranostics.*

Aggarwal et al. prepared fluorescent self-healing injectable
hydrogels from gelatin, cross-linked via Schiff base chemistry
using dopamine-terephthaldehyde (TA)-based carbon dots.
The gels were biocompatible (>90%) and exhibited antibacter-
ial activity towards E. coli and S. aureus.*® Sun et al. syn-
thesised self-healing hydrogels from gallic acid coupled with
P(NIPAm-co-AH) and oxidised sodium alginate. An amine-
modified PNIPAm copolymer served as a crosslinking point via
Schiff base reaction and the gels showed adhesive properties
to different substrates (rubber, metal, heart, spleen, etc.).*’
Khodaei et al. prepared self-healing hydrogels from aldehyde-

HN’E/O *
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Scheme 1 Synthetic procedure of the PNIPAmM-gelatin polymeric solution.
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modified carrageenan and dopamine using Schiff base chem-
istry, and the gel was found to possess a better storage
modulus of 800 Pa and a shear thinning effect.*®

The aim of this work is to develop thermo-responsive self-
healable-fluorescent bio-adhesive gels through the integration
of a LCST polymer (PNIPAm), a UCST polymer (gelatin) and
aldehyde-grafted carbon-based nanoparticles, while cross-
linking through the formation of reversible imine bonds. The
gel system integrates physical (hydrogen bonding) and
dynamic covalent interactions through Schiff base chemistry
utilizing TA-based nanoparticles (TNs) with gelatin, which
has not been reported so far. The formation of the -C=N
chromophore through the conjugation of nanoparticles
imparts self-healing, intrinsic photoluminescence properties,
and tunable pore size, endowing it with potential as a bio-
adhesive to trace and monitor the affected skin or wounds.
The conjugation of fluorescent TN augmented the photo-
luminescence (PL) intensity of the gels, which is essential for
optical tracing.

2. Experimental
2.1 Materials

NIPAm (97.0%) and gelatin were procured from Sigma
Aldrich. Azobisisobutyronitrile (AIBN) (98.0%) was purchased
from Himedia and TA (>98.0%) was obtained from TCI
chemicals. The solvent methanol was obtained from Merck
(99.5%) and absolute ethanol from Analytical CSS reagents.
The chemicals were used without further purification. Mouse
fibroblast cells (L929) were procured from the National
Centre for Cell Science (NCCS, 36 Pune, India), along with
the cell culture media. Fetal bovine serum (FBS), and
Dulbecco’s modified Eagle’s 40 medium (DMEM) (99%) were
obtained from Himedia and MTT reagent (97.5%) was pro-
cured from Sigma Aldrich.

2.2 Preparation of the PNIPAm-gelatin polymer system
(P5G5)

NIPAm (1 g) and AIBN (0.014 g) were mixed into a 1 wt%
gelatin solution (100 mL, solvent combination of methanol:
water = 1:9) under a nitrogen environment at room tempera-
ture for 48 h to get the polymeric solution (Scheme 1).*°
Different ratios of NIPAm : gelatin were employed to prepare
the polymeric solution as depicted in Table 1. Based on its

Oﬁ/NH

AIBN
RT, 48 hr

o
A
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Table 1 Composition of PNIPAmM-gelatin Table 2 Composition of the nano-crosslinked gels

Sample NIPAm (%) Gelatin (%) Sample TN (Wt%)

P4G6 40 60 P5G5-TN 2.5 2.5

P5G5 50 50 P5G5-TN 5 5

P6G4 60 40 P5G5-TN 7.5 7.5
P5G5-TN 10 10

better miscibility, P5G5 was selected for preparing the solution
and then concentrated to one fourth of the initial volume by
removing solvent for the next step.

2.3 Synthesis of the PNIPAm-gelatin nanocomposite gels

The nanocomposite gels were prepared via a two-step process
(Scheme 2). TA-based nanoparticles were synthesized by
employing a solvothermal process. 0.2 g of TA was dissolved in
40 mL methanol and autoclaved at 180 °C for 12 h. The yellow
colour solution obtained after the process was filtered using a
syringe filter (0.22 pm), and the solvent was evaporated to get
TN nanoparticles in powder form. Nanocomposite hydrogels
were synthesized via mixing the polymeric solutions with
different weight percentages of TN nanoparticles dissolved in
ethanol (Table 2). The pH of the solution was adjusted to 8
and the reaction was proceeded at 70 °C for 24 h. The obtained
yellow gel was subjected to further characterization.

2.4 Characterization

TA and TN nanoparticles were characterised using FT-IR
[ATR-FT-IR spectrophotometer (PerkinElmer)] in the range of
4000 cm™" to 400 cm ™" and "H-NMR [500 MHz Bruker Avance
DPX spectrometer using acetone-dy as a solvent]. UV-Vis ana-
lysis of the TA and TN solutions and crosslinked gels was con-
ducted using a UV-2700i UV-vis spectrophotometer (Shimadzu)
and photoluminescence (solution) was studied using a Yvon
Fluorolog 3 spectrofluorimeter using a 450 W xenon flash
lamp as the excitation source. The particle size of the TN was
measured with a ZetaPals DLS/zeta potential analyser (0.5 mg
ml ™" in acetone). Furthermore, the particle size of the TN was

CHO

P5G5, pH 8

determined using high-resolution transmission electron
microscopy (FEI, Tecnai G2, T30 S-TWIN).

The polymerization of PNIPAm and its interaction with
gelatin and crosslinking were confirmed with FT-IR-ATR ana-
lysis of NIPAm, gelatin and the crosslinked gels. X-ray diffrac-
tion analysis was performed under Cu Ko radiation in a
Malvern Panalytical diffractometer at a diffraction angle (26) of
10° and 90°, respectively. SEM (Carl Zeiss EVO MA18 FE SEM)
was used to analyse the morphology of the freeze-dried gels,
which are operating at an accelerating voltage of 15 kV.
Differential scanning calorimetry (DSC) of the cross-linked
gels in water was performed using a Discovery series DSC 25,
TA instrument at a heating rate of 2 °C min™" under a N, atmo-
sphere. The temperature-dependent viscoelastic properties of
the polymer and crosslinked gels were studied using a
Rheometer (MCR102, ANTONPAAR, USA), in the temperature
range of 25-60 °C. The images of the gels and TA and TN solu-
tions under UV were taken using a SPECTROLINE Model
CM-10A fluorescence analysis cabinet (365 nm illumination).
Adhesion of the gels was tested using different substrates,
such as metal, plastic, glass and skin.

2.5 MTT assay

The National Centre for Cell Science (NCCS) in Pune, India,
provided the mouse L929 fibroblast cells utilized in this study
to evaluate cell growth and survival on the composites. The
cells were grown in DMEM, given synthetic formulations, and
their cytotoxicity was monitored. In vitro cytotoxicity was inves-
tigated using the MTT assay.”® Each well’s optical density (OD)
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Scheme 2 Preparation the PNIPAm-gelatin-TN nanocomposite gels.
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was measured, and the following formula was used to assess
the relative cell viability:

ODsample — ODcontrol «

% cell viability = oD
control

100
To examine the effect of the materials on cell growth, the
investigation was conducted in triplicate.

3. Results and discussion
3.1 TA nanoparticle characteristics

TA was chosen as the organic compound for preparing the
nanoparticles, which can cross-link with the -NH, groups of
gelatin through Schiff base chemistry.>>" The FT-IR-ATR
spectra shown in Fig. 1a verified the retention of the aldehyde
peak of TA in the TNs at 1682 cm™" after the solvothermal
process. The signal associated with the aldehydic proton in

View Article Online
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the TNs presented at 10 ppm in the 'H NMR (Fig. 1b). DLS
analysis yields the hydrodynamic diameter of the TN particles
at around 160 nm (Fig. 1c). The size for nanoparticle aggrega-
tion was further validated using TEM imaging (Fig. 1d). The
particle dimensions were determined to be between 60 and
70 nm at the aggregation corners. The aggregation of the par-
ticles can be attributed to hydrogen bond interactions between
the aldehyde groups and n—n stacking. The particle sizes seen
in DLS data are often augmented due to the solvent’s impact.
A comparison of the XRD patterns is shown in the ESI
(Fig. S17), indicating that the degree of modification in the
TNs relative to TA is minimal.

Fig. 2a and b illustrate the absorbance and photo-
luminescence spectra of the nanoparticles. The broad absorp-
tion peak seen at 330 nm is attributed to the n—r* transition in
the TNs (Fig. 2a).”> The peak intensity and broadness
increased compared to TA, owing to the development of dis-
crete energy levels during the solvothermal process. PL ana-
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Fig. 1 (a) FT-IR-ATR comparison of TA and the TNs, (b) 'H NMR spectra of the TNs in acetone-dg, (c) DLS spectra of the TNs in acetone (0.5 mg

ml™Y) and (d) TEM image of the TN particles.
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Fig. 2 (a) UV-Vis and (b) PL spectra of the TNs in acetone.
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Fig. 3 (a) FT-IR-ATR analysis of the NIPAm, gelatin, and P5G5 and (b) crosslinked gels, and (c) the XRD pattern comparison.
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lysis confirmed the fluorescent behaviour of the nanoparticles.
The emission spectra (exc. 380 nm) can be correlate with UV
analysis, where the intensity of the TN solution changed sig-
nificantly compared to TA (Fig. 2b). An image depicting a com-
parison of the TN and TA solutions under UV light is given in
the ESI (Fig. S21).

Y
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3.2 PNIPAm-gelatin nanocomposite gel

Radical polymerization was used to synthesize the PNIPAm
polymer using AIBN as the initiator, in which gelatin was intro-
duced to interact with the polymer through physical means.
Furthermore, the gels were synthesized by Schiff-base chem-
istry involving the -CHO groups of TN and the -NH, groups of

7L oG >
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Fig. 4 Morphology of the freeze-dried gels.
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gelatin. Under acidic pH conditions, the crosslinking reaction
between the -CHO and -NH, functional groups results in the
formation of hemiacetals, while in alkali medium, the reaction
predominantly involves the formation of Schiff bases.>® Here,
the preparation of P(NIPAm-gelatin)-TN was conducted at pH 8
and the polymeric solution transitioned to a sticky gel after
crosslinking, along with a change from transparent to a yellow
hue. FT-IR analysis was conducted to confirm the polymeriz-
ation and crosslinking (Fig. 3a and b). In the FT-IR data of
P5G5 (Fig. 3a), the broader absorption band around 3548 cm ™"
indicates hydrogen bond formation between the -OH and
-NHCO groups. Moreover, the bands usually occurring at
1656 cm™" and 1556 cm ™" in the spectrum of NIPAm shifted to
1644 cm™' and 1541 cm™’, respectively, indicating hydrogen
bonding interactions between gelatin and PNIPAmM.*** The
peak corresponding to C=C at 1619 cm ' in NIPAm got
reduced in P5G5 confirming the polymerization.*® The hydro-
gen bonding between NIPAm and gelatin enables the poly-
meric solution to be highly miscible. The Schiff base for-
mation was confirmed via conducting the reaction of TNs with
gelatin and the corresponding FT-IR-ATR analysis is depicted
in Fig. $3.1 The aldehydic peak (1682 cm™") arising from the

View Article Online
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TNs completely disappeared in the gelatin-TN system. The
amide I and amide II bands, located at approximately 1632
and 1530 cm™, respectively, are typical spectral features for
gelatin. Since the peak for imine ~-C=N- stretching vibration
lies in the range of 1640-1690 cm™", it overlaps with the strong
band for amide I in gelatin. These results are consistent with
those of Joy et al.,>® Qian et al.>® and Dong et al.>’ A similar
fact was observed in the case of the crosslinked gels. No alde-
hydic peak was observed in the nanocomposite gels. TN
doesn’t alter the peak positions except that it reduces the
broadness of the peak for amide at 1530 cm™" and the peak at
3548 cm™'. The XRD pattern of the gels depicted in Fig. 3c
clarifies the amorphous nature of the gels. The nanoparticles
effectively crosslinked with the gelatin system and the presence
of sharp peaks in P5G5-TN10 indicates a surplus amount of
TNs that could not take part in crosslinking.

3.2.1 SEM analysis. The morphology of the composition
P5G5 and the gels in the freeze-dried state is shown in the
Fig. 4. The 3D microporous morphology shows a significant
decrease in porosity of the P5G5-TN nanocomposite compared
to P5G5. The pore diameter measured around 35 to 40 pm is
significantly reduced to 4-5 pm in the nanocomposite gels.
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(a) UV-Vis and (b) and (c) PL spectra of the P5G5 and nanocomposite gels, and images of the gels under (d) visible and (e) UV light.
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The reduction in pore size can serve as direct evidence of
crosslinking via Schiff-base reaction. The presence of smaller
pores is beneficial to transfer the load throughout the struc-
ture.”® Gels with a microporous structure can incorporate
lower molecular sized drugs for drug delivery applications.
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Fig. 6 DSC thermogram of the nanocomposite hydrogels.
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Additionally, it can help with nutrient transport, waste
removal, cell growth etc.*®

3.2.2 Photophysical features. The UV-Vis spectrum of P5G5
and the nanocomposite gels showed absorption maxima in
the range of 297-314 nm, which can be attributed to the major
n-* transition (Fig. 5a). The occurrence of a shoulder peak in
the composite at 365 nm corresponds to the chromophore
—-C=N formed as a result of Schiff base reaction. The photo-
luminescence spectrum shows a red shift of the peak maxima
in the nanocomposite gels (450 to 549 nm, ext. 380 nm) com-
pared to P5G5, which further confirms the presence of an
imine bond (Fig. 5b). Similar results were observed by
Aggarwal et al.,*® where imine bonds caused a red shift in
gelatin/CD composite hydrogels. The intensity of the spectrum
of the gels continuously increased until 7.5 wt% TNs (P5G5-TN
7.5) and got reduced in P5G5-TN 10 (Fig. 5¢). The sudden drop
in intensity may be due to the aggregation of excess TN in the
system and these results can be correlated with the XRD
spectra and TEM image. The nanocomposite gel appeared
brownish yellow in colour (a characteristic of -C=N chromo-
phoric moieties®®) in vis-light and turned to fluorescent with
UV 365 nm illumination (Fig. 5d and e).

3.2.3 DSC analysis. Fig. 6 illustrates the DSC thermogram
of the nanocomposite gels. The DSC curve of P5G5 (Fig S47)
exhibits multiple peaks. In the nanocomposite gels, LCST
(26-32 °C) corresponding to NIPAm was noticeable only in the

—¥—P5G5-TN 10

2000 4

Temperature (°C)

Injectability

(a) Storage modulus (G'), (b) loss modulus and (c) complex viscosity (7*) analysis of the nanocomposite gels, and (d) tackiness and
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system (P5G5-TN 2.5) with 2.5% TN content. The mentioned
transition disappeared with an increase in TN content above
2.5%. This may be explained due to the effective crosslinking
of gelatin, which dominates over the PNIPAM transition.
Furthermore, the crosslinked gelatin might have restricted the
conformation in the PNIPAm chain owing to supramolecular
interactions. The denaturation temperature of gelatin was
observed with a broad transition in the range of 45-75 °C in
its uncrosslinked state (Fig. S41). In contrast, in the cross-
linked state, this temperature range was narrowed down to a
precise value. The value of the denaturation temperature
increased with an increase in the extent of cross-linking. This
fact is well supported by the two endothermic peaks observed
in the case of lower TN content, possibly due to incomplete
crosslinking reaction.®*

3.2.4 Rheology studies and self-healing properties. The
viscoelastic properties (storage modulus (G'), loss modulus
(G") and complex viscosity (7*)) of the polymer and gels were
investigated as a function of temperature as shown in Fig. 7
and Fig. S5.f The PNIPAm-gelatin system (uncrosslinked

View Article Online
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P5G5) displays (Fig. S51) two distinct modulus curves repre-
senting the temperature response of the system, where G’
starts to build up at 30 °C corresponding to the LCST behav-
iour of PNIPAm, which reduces to zero modulus around 40 °C
showing the UCST behaviour of gelatin. In the case of the
nanocomposite P5G5-TN gels, they exhibit low G', G” and 5*
values at low temperature (below the LCST, which is character-
istics of the liquid state). The dissolution of the polymers
below the LCST happens due to their dominant hydrophilic
nature, resulting in low moduli and viscosity values. PNIPAm
starts to coil up above the LCST,’®®* which causes build-up of
the modulus and an increase in the viscosity values around
45-54 °C in the gels. This single transition in the modulus
curve symbolises the solid-like behaviour of the gels as noticed
in other PNIPAm systems. In addition, the shift in LCST to a
higher value may be ascribed to the combined effect of
PNIPAm and crosslinked gelatin. Supramolecular interactions
and imine bonds formed during crosslinking have a signifi-
cant influence on the mechanical features of the gels. The
nature of the curve and transition are attributed to the com-

Fig. 8
the gels to various substrates and (g) and (h) adhesion to skin.

670 | RSC Appl. Polym., 2025, 3, 662-674

(a) Self-healing (under visible light) and (b) self-healing (under UV light), and (c) the mechanism behind the self-healing. (d)—-(f) Adhesion of
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Fig. 9 Cytotoxicity assessment of the fabricated composites and
optical micrographs of the in vitro cytotoxicity assessment of fibroblast
cells (L929) after incubating with different compositions.

bined effect of crosslinked gelatin and the inherent transition
of PNIPAm. The presence of amine and aldehyde groups gives
tackiness and injectability to the gel (Fig. 7d).

Imines are a class of dynamic covalent bonds that break
and repair by themselves. This ability makes the gels self-heal-
able instantly (Fig. 8a and b), for which the mechanism is
depicted in Fig. 8c. The adhesion of the gels to different sub-
strates, such as metal, plastic and glass, is depicted in Fig. 8d-
f. Fig. 8g and h illustrate the adhesion of gels to the skin, from
which they may be easily removed, facilitating their use in
bandages.

3.2.5 Biocompatibility analysis. To comprehend the bio-
compatibility assessment, an MTT assay was performed that
correlates with cell viability, making it a useful tool for asses-
sing the cytotoxicity of nanocomposites in  vitro.
Nanocomposites may display time-dependent cytotoxicity,
where prolonged exposure to nanomaterials results in appar-
ent cell damage.®>® The MTT assay findings demonstrate that
the fibroblast cells adequately multiplied and there was no
such prominent toxicity profile observed during treatment.
Between the control cells and the cells treated with exudates
from the P5G5 and terephthaldehyde (TN)-based modified
nanocomposites, there was no noticeable change. Importantly,
the P5G5-TN5 composites revealed significant cell viability of
about ~98.5% in both 24 h and 48 h time intervals, suggesting
a comprehensive biocompatibility impact on cell viability and
function, enabling better evaluation of its potential for bio-
medical applications (Fig. 9).>"%

4. Conclusions

We developed thermo-responsive nanocomposite gels by utiliz-
ing the PNIPAm-gelatin system and crosslinking the amine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups of gelatin with terephthaldehyde nanoparticles via
Schiff base reaction. The physiochemical properties of the gels
stem from the temperature response of PNIPAm and gelatin,
together with the dynamic covalent imine bonds produced
during the Schiff-base reaction. The gels exhibit fluorescence
imparted by TN, injectability, adhesiveness and self-healing
properties provided by the imine linkages. The elevated tran-
sition in moduli (G’ and G") and viscosity curves in the range
45-54 °C showcase the modified LCST and combined tempera-
ture response of PNIPAm and crosslinked gelatin in the gel
system. The formation of a crosslinked network dropped the
pore size of the gels to 4-5 pm, and the system demonstrated
adhesion to various substrates. The developed biocompatible
self-healing adhesive gels can be used for various applications,
including tissue engineering, drug delivery systems, wound
healing materials, and soft robotics. Moreover, the photo-
luminescence characteristic can facilitate the monitoring of
localized wounds.
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