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Abstract

Injectable hydrogels have attracted substantial and rapidly growing interest due to their
ability to be administered into cavities of any shape and provide local therapeutic treat-
ment. This study reports the synthesis and characterization of thermosensitive microgels
and hydrogels obtained via photoinitiated copolymerization of methacrylated gelatin
(GN-MA) and N-isopropylacrylamide (NIPAM) in the absence and presence of N,N’-
methylenebisacrylamide (MBA). The effects of monomer concentration, crosslinker content
(MBA), and irradiation time on product yield, grafted chain length, and material properties
were systematically investigated. Depending on the polymerization conditions, microgel
samples exhibited hydrodynamic diameters in the range of 354-1022 nm at 20 °C, which
decreased to 183-308 nm upon heating to 40 °C. Freeze-drying of the microgel dispersions
resulted in the formation of a porous sponge-like structure with pore sizes of 50-90 um.
Rheological studies of the hydrogel properties demonstrated evident thermoresponsive
behavior, with storage moduli (G) ranging from 20 to 600 Pa, matching the mechanics of cer-
tain soft tissues. The hydrogels showed high equilibrium swelling capacity at 20 °C, which
was reduced at 40 °C, as well as temperature-dependent moxifloxacin release (38-88% over
6 days) and excellent biocompatibility (>85% cell viability) with human skin fibroblasts.
These findings make them promising for biomedical applications such as postoperative
cavity filling and local drug delivery.

Keywords: gelatin; poly(N-isopropylacrylamide); photopolymerization; thermoresponsive
hydrogels; injectable hydrogels; drug delivery systems

1. Introduction

In the last decade, there has been a growing interest in injectable hydrogels as regener-
ative materials with therapeutic agents due to their ability to be universally administered
into cavities of any shape. One type of such hydrogels includes systems based on a ther-
mosensitive gelation mechanism [1,2]. The principle of action of thermosensitive injectable
hydrogels is based on the reversible sol-gel transition of the polymer upon temperature
change [3]. At room temperature, such compositions remain liquid or soft gel, allowing
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for easy injection through a thin needle into hard-to-reach areas of the body [4]. However,
upon contact with body tissues, they solidify, forming a stable three-dimensional network.
This unique feature makes them ideal candidates for minimally invasive medicine, as they
enable the local delivery of drugs or cells, filling tissue defects of any shape without the
need for surgical intervention or subsequent removal of the carrier.

The combination of polymers with lower (LCST) and upper (UCST) critical solution
temperatures within a single material offers unique opportunities for the fabrication of in-
telligent biomedical materials with programmable temperature responsiveness [5-7]. Such
systems are capable of undergoing sol-gel transitions within a narrow temperature win-
dow. To date, a number of polymers are known to exhibit thermoresponsive behavior with
LCST in aqueous environments. Among them are poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-PEO, also known as Pluronic or Polox-
amer) [8], poly(N-vinylcaprolactam) (PNVCL) [9], poly(oligo(ethylene glycol) methacry-
lates) (POEGMAs) [10], polyoxazalines (POx) [11], poly(N-isopropylacrylamide) (PNI-
PAM) [12], poly(lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(lactide-co-glycolide)
(PLGA-b-PEG-b-PLGA) [13,14], etc., as well as biodegradable polypeptides [15,16] and
polypeptoids [17]. Examples of polymers exhibiting UCST behavior include well-known
natural polymers [18], such as gelatin, carrageenan, and agarose, as well as synthetic
polymers, including poly(3-dimethyl(acryloyloxyethyl)ammonium propanesulfonate) [19],
poly(sulfobetaine methacrylate) [20], poly(methacrylamide) [21], poly(allylamine-co-
allylurea) [22], poly(N-acryloylglycinamide) [23], etc.

Among the polymers characterized by LCSTs, PNIPAM offers a range of distinct ad-
vantages. Specifically, PNIPAM is one of the most studied polymers exhibiting an LCST in
aqueous media. It is completely soluble in water at low temperatures but undergoes a phase
transition and precipitates when heated above the LCST (around 32-34 °C) [24]. This falls
between room temperature (20 °C) and body temperature (37 °C), making PNIPAM ideal
for biomedical use. This behavior is a direct consequence of the polymer’s amphiphilic na-
ture, as each repeating unit features both hydrophilic and hydrophobic groups [25]. Below
the LCST, PNIPAM chains remain hydrated and soluble due to hydrogen bonding between
water and the polymer’s C=0O and N-H groups. Above the LCST, these intermolecular
bonds become entropically unfavorable. Thermal motion disrupts the ordered hydration
shells surrounding the hydrophobic isopropyl fragments, prompting the polymer chains to
minimize contact with water. Hydrogen bonds with the solvent are broken, while intra-
and intermolecular interactions among polymer segments become dominant. This leads to
a sharp coil-to-globule transition, followed by chain aggregation and macroscopic phase
separation. For temperature-responsive hydrogels, this transition is termed the volume
phase transition temperature (VPTT) [26]. Below the VPTT, the gel is swollen, transparent,
and soft. Above the VPTT, the gel collapses (shrinks), expels water, and sharply decreases
in volume, becoming opaque (cloudy or white) and more rigid. The VPTT is often slightly
higher than the LCST of linear PNIPAM due to elastic retractive forces within the network
that resist collapse.

Moreover, in contrast to other thermosensitive polymers, PNIPAM exhibits an ex-
tremely sharp, cooperative hydrophilic-to-hydrophobic transition within a 1-2 °C window.
This behavior is independent of its molecular weight, unlike, for example, polymers such
as PNVCL [27]. In addition, the LCST of PNIPAM is easily tunable via copolymeriza-
tion [28,29] or grafting to natural polymers [30,31]. Incorporating hydrophilic monomers
(e.g., acrylamide) raises the LCST, while hydrophobic monomers (e.g., butyl methacrylate)
lower it. Furthermore, the phase transition is also influenced by environmental factors
such as ionic strength and the presence of organic solvents or other polymers. The LCST of
copolymers containing ionizable groups is shifted by a change in the pH of the medium
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and decreases as the system approaches the isoelectric point [31,32]. An increase in ionic
strength or the addition [33,34] of organic solvents [35] also contributes to a decrease in the
LCST value.

The main limitation of PNIPAM-based materials is that PNIPAM has not yet been
approved by the Food and Drug Administration (FDA) agency for wide clinical use and re-
mains an experimental polymer with “for research use only” status. The non-biodegradable
nature of the main polymer chain (a carbon—chain polymer) imposes restrictions on the
molecular weight of PNIPAM for the development of biomedical materials. Nevertheless,
the development of toxicological research protocols for PNIPAM-containing nanomaterials
brings PNIPAM closer to clinical trials [36]. However, for biomedical applications, complete
removal of the monomer after synthesis is mandatory due to its known toxicity [37].

Of the UCST polymers used in the fabrication of biomedical materials for in vivo
applications, collagen-derived gelatin (GN) is of considerable interest due to its exceptional
biocompatibility, low immunogenicity, and biodegradability [38]. Due to the presence of
cell-adhesive sequences (RGD) in its structure [39], gelatin and its derivatives are widely
used to fabricate tissue engineering scaffolds, controlled drug delivery systems, and wound
dressings, providing an optimal environment for tissue regeneration and wound healing.
Gelatin’s key feature lies in its ability to transition from a sol to a gel state upon cooling
(UCST ~ 25-35 °C). In this case, the polypeptide chains restore helical structures and form
physical crosslinks through hydrogen bonds and hydrophobic interactions. As a result, be-
low the UCST, aqueous gelatin solutions form thermoreversible physical hydrogels. Above
the UCST, thermal motion disrupts these physical crosslinks, hydrophobic interactions
weaken, and the gel melts, transitioning into a liquid sol.

The combination of GN and PNIPAM started from the investigation of the fundamental
thermoresponsive behavior of their mixtures, demonstrating that PNIPAM, characterized
by an LCST, and GN, characterized by a UCST, can be integrated to create reversible
complexation and aggregation in solution [40]. Ohya et al. expanded this concept by
developing covalently grafted copolymers. Using iniferter-mediated photopolymerization,
they grew PNIPAM chains directly from a gelatin backbone, yielding materials capable of
forming physical hydrogels at physiological temperature [41,42]. Boudet et al. introduced
an alternative strategy utilizing a thermosensitive PNIPAM-based copolymer as a reactive
crosslinker for gelatin, enabling the formation of chemically crosslinked hydrogels [43].
Subsequently, Tsai et al. focused on creating composite interpenetrating polymer network
(IPN) hydrogels consisting of a PNIPAM hydrogel crosslinked with N,N-methylene bisacry-
lamide (MBA) filled with gelatin and polystyrene nanoparticles as pore-forming templates.
This approach yielded hydrogels with thermo-tunable pore sizes, enabling precise “smart
gating” for controlled drug release, where the pore opening and closing are governed by
the coil-to-globule transition of PNIPAM and the swelling behavior of gelatin [44]. Recently,
Parvathy et al. reported the preparation of GN/PNIPAM nanogels crosslinked via gelatin’s
amine groups using terephthaldehyde-based nanoparticles. The resulting nanogels exhib-
ited a combination of advantageous properties, including injectability, self-healing behavior,
fluorescence, and thermoresponsiveness [45]. Other recent studies have employed IPN
hydrogels for drug delivery applications. For instance, Lee et al. impregnated PNIPAM
into a GN network to create an IPN hydrogel for local drug delivery [46]. In a separate
approach, Daaboul et al. developed poly(lactide-co-glycolide) nanoparticles embedded
into P(NIPAM-co-poly(ethylene glycol) diacrylate) /GN IPN hydrogels to achieve sustained
drug release from the composite hydrogel [47].

In contrast to previously reported studies, this work presents the synthesis of GN-
PNIPAM microgels via rapid UV-mediated photopolymerization of methacrylated GN
(GN-MA) and NIPAM. Subsequent freeze-drying of the microgels, followed by rehydrating
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of the dried gel, yielded a soft, injectable hydrogel that stiffens above the LCST of PNIPAM.
Additionally, a series of crosslinked hydrogels was prepared by varying the amounts of
the crosslinking agent (MBA) added into the polymerization mixture. The polymeriza-
tion process was modulated by altering the component ratios, UV irradiation time, and
crosslinker concentration.

2. Materials and Methods
2.1. Materials and Supplements

Food grade gelatin (Type B) (M,, = 33,000 Da, D = 1.83) was purchased from Bargus
Trade (St. Petersburg, Russia). Reagents for modification and polymerization, namely,
methacrylic anhydride (MAA, >98%), NIPAM (99%), MBA (>99.5%), and 2-hydroxy-2-
methylpropiophenone (Darocur 1173, 97%), were purchased from Sigma-Aldrich (Darm-
stadt, Germany). Moxifloxacin hydrochloride (MOX, >98%) was also purchased from
Sigma-Aldrich (Darmstadt, Germany). Sodium hydroxide (NaOH, >99%) and hydrochloric
acid (HCl, 37%) were purchased from Vekton (St. Petersburg, Russia) and used to pre-
pare solutions in deionized water. A 0.1 M PBS solution was supplied by Eco-Service (St.
Petersburg, Russia) and diluted tenfold with deionized water before use.

Dialysis membrane bags (MWCO 2000 Da and 14,000 Da) and SpectraPor Biotech
tubes (MWCO 3500 Da) were purchased from Repligen Corp. (Boston, MA, USA).

Human skin fibroblasts (DF2 cell line) used for in vitro biological evaluation were
derived from the Cell Collection of the Institute of Cytology of the Russian Academy
of Sciences (St. Petersburg, Russia). DMEM/F12 culture medium (Dulbecco’s Modified
Eagle’s Medium) (Biolot, Saint-Petersburg, Russia), supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; HyClone, Logan, UT, USA), 1% L-glutamine, 50 U/mL
penicillin, and 50 pg/mL streptomycin, was purchased from Biolot (St. Petersburg, Russia).

2.2. Synthesis and Characterization of GN-MA

The synthesis of GN-MA was carried out as follows. In a glass reaction vessel, 10 g
of gelatin was dissolved in 100 mL of 0.1 M carbonate-bicarbonate buffer solution (pH 9)
at a temperature of 60 °C with vigorous stirring (800 rpm) until complete dissolution was
achieved (~60 min). The resulting solution was cooled to 50 °C under continuous stirring.
After 30 min, methacrylic anhydride (MAA, 250 pL) was added. The methacrylation reac-
tion was then conducted for 60 min at 50 °C with a stirring speed of 500 rpm. To maintain
the pH of the reaction mixture at 9, a 0.01 M NaOH solution was added periodically. The
reaction was quenched by reducing the pH to 7.0 by 6 M HCl solution.

The resulting GN-MA solution was purified from unreacted reagents and by-products
by dialysis against a large volume of deionized water at 40 °C for 48 h. During dialysis,
the water was replaced every 4 h in the daytime, resulting in 34 total water changes per
24 h under constant stirring; dialysis membrane bags with a MWCO of 14,000 Da were
used. After dialysis was complete, the GN-MA solution was subjected to freeze-drying
using a Labconco FreeZone freeze-dryer (Kansas, MO, USA) to obtain a solid powder.
The final product was stored in the dark at —20 °C to prevent degradation and unwanted
polymerization until further use.

To confirm the chemical modification of GN with PNIPAM, attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy was used. GN-MA samples were
prepared for analysis as thin films using a solution casting technique and subsequently
dried in air. FTIR spectra were recorded on an IRAffinity-1 S spectrometer (Shimadzu,
Tokyo, Japan) in transmission mode over the wavenumber range from 1000 to 3500 cm ™!,
with a resolution of 2 cm~! and 40 scans per sample. Deconvolution of FTIR spectra was
performed using Origin Pro 8.6 software (OriginLab, Northampton, MA, USA). Normaliza-
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tion of peak areas was performed by calculating the ratio of the peak area of the band of
interest to the sum of the bands of GN at 1644 and 1655 cm™!, which correspond to Amide
Iin «-helices and random coils of GN.

For the quantitative determination of the degree of methacrylation, proton nuclear
magnetic resonance ('H NMR) spectroscopy of a 400 MHz operation frequency was used.
Samples of lyophilized GN-MA were dissolved in D,O. NMR spectra were recorded using
an Avance AV-400 spectrometer (Bruker, Karlsruhe, Germany) at 25 °C. The degree of
modification was calculated from the obtained 'H NMR spectra. Since the signal of the
aromatic amino acid protons (7.24 ppm) in GN remains constant, its intensity was used to
normalize the intensity of other protons in different samples. The degree of substitution
(%) was calculated as described elsewhere [48].

2.3. Synthesis and Characterization of GN-PNIPAM Microgels

In separate glasses, GN-MA, NIPAM and Darocur 1173 stock solutions in deionized
water were prepared. Polymerization mixtures were then prepared in separate vials by
mixing certain proportions of the solutions of GN-MA, NIPAM, and Darocur 1173, which
served as a Type I photoinitiator. For a portion of the samples, the crosslinking agent MBA
was additionally introduced under variation in its molar concentration relative to the total
amount of monomers. The composition of the polymerization mixtures used is shown
in Table 1. Photocopolymerization of GN-MA with NIPAM results in the formation of
GN-containing grafted PNIPAM chains with possible self-crosslinking, denoted in this
work as GN-PNIPAM. Photocopolymerization of GN-MA with NIPAM in the presence of
MBA leads to the formation of crosslinked GN-PNIPAM network, denoted in this work as
GN-PNIPAM-cl.

Table 1. Compositions of polymerization mixtures used for the synthesis of microgels.

Composition (wt%)

Sample
GN NIPAM MBA Darocur-1173

GN-PNIPAM-1 1.0 1.0 0 0.5
GN-PNIPAM-1.5 1.5 1.5 0 0.5
GN-PNIPAM-1.5-cl1 1.5 1.5 0.025 0.5
GN-PNIPAM-1.5-cI2 1.5 15 0.05 0.5
GN-PNIPAM-1.5-cI3 1.5 15 0.20 0.5
GN-PNIPAM-1.5-cl4 1.5 15 0.50 0.5
GN-PNIPAM-1.5-cI5 1.5 1.5 0.80 0.5
GN-PNIPAM-1-3 1.0 3.0 0 0.5

The resulting homogeneous polymerization mixtures were purged with argon for
10 min, and 1.5 mL of the mixtures was poured into quartz cuvettes and subjected to
photopolymerization via UVA irradiation (Fotolab UV Composite Photo Polymerization
Oven, TISSIDental, Milan, Italy). Depending on the composition, the exposure time was
varied between 90 and 480 s. Irradiation was provided by 9 lamps, including 8 PLS lamps
of 9 W and a 150 W halogen lamp, resulting in a total power of 222 W.

After photopolymerization was complete, the obtained samples were carefully trans-
ferred to dialysis bags with a MWCO of 14,000 Da and purified against water for 48 h
with multiple water changes to determine yield and obtain monomer-free samples for
further characterization. The product yield was calculated as the ratio of the mass of the
obtained purified and dried polymer product to the total mass of the components of the
polymerization mixture, expressed as a percentage.

The hydrodynamic diameter (Dy) of the microgels was measured with a Zetasizer
Nano-ZS Malvern Panalytical (Malvern, UK) equipped with a He-Ne laser (633 nm).
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Measurements were performed in water at a concentration of 0.2 mg/mL at 25 or 40 °C
and a scattering angle of 173°.

Enzymatic degradation of GN in GN-PNIPAM was performed with the use of papain.
With this aim, GN-PNIPAM (10 mg/mL) was incubated with papain (1 mg/mL, pre-
dissolved in 0.1 M acetate buffer, pH 5.5) for 24 h at 37 °C. After incubation, the reaction
mixture was centrifuged in dialysis tubes (MWCO 15,000 Da), and the filtrate was subjected
to lyophilization for further size exclusion chromatography (SEC). The latter was performed
using a Shimadzu LC-10 chromatographic system (Kyoto, Japan). The separation was
carried out using a PLgel Guard pre-column (5 um, 50 x 7.5 mm) and two PLgel MIXED-D
columns (5 pm, 7.5 x 300 mm) from Agilent Technologies (Santa Clara, CA, USA). THF
was used as the mobile phase. The analyses were performed at 40 °C with a flow rate of
1 mL/min. The molecular weight characteristics were determined using Shimadzu LC
Solution 1.24SP1 GPC software (Kyoto, Japan). The molecular weights were calculated
relative to a calibration plot built with polystyrene standards.

2.4. Preparation and Characterization of GN-PNIPAM Hydrogel

The bulk hydrogel was prepared by freeze-drying the GN-PNIPAM microgel water
dispersion, allowing the particles to assemble into a continuous structure with intercon-
nected pores [49]. Dry sponge-like continuous polymer matrices were placed in water to
obtain hydrogels.

The quantity of bound water in the GN-PNIPAM hydrogels was investigated by
differential scanning calorimetry (DSC) using a DSC-60 Shimadzu instrument (Shimadzu,
Kyoto, Japan). For analysis, 10-15 mg samples of the hydrogel pre-swollen to equilibrium
were placed in sealed aluminum pans. Measurements were performed over a temperature
range from —50 °C to 200 °C at a heating rate of 10 °C/min. Data were recorded and
analyzed using ta60 software, version 2.21.

The rheological properties of the GN-PNIPAM hydrogels were investigated to deter-
mine their mechanical characteristics and temperature sensitivity. Measurements were
performed using a rotational MCR302 Anton-Paar rheometer (Graz, Austria). Before mea-
surements, the samples were swollen to equilibrium. The following types of measurements
were performed. Amplitude oscillatory sweep: measurement of G’ and G” with increas-
ing amplitude (at 10 rad/s, 20 °C and 40 °C) to determine the linear viscoelastic (LVE)
region and gel strength. Frequency sweep: measurement of G’ and G” as a function of
frequency (at 20 °C and 40 °C) to evaluate viscoelastic behavior. Data were processed using
RHEOPLUS/32 V.3.62 software.

The surface morphology of dry hydrogels was evaluated using a Hitachi S-3400N
(Tokyo, Japan) scanning electron microscope (SEM).

The swelling of hydrogels was studied in 0.01 M PBS (pH 7.4) over time. The maximal
swelling (Qnax) was calculated as the ratio of the difference between the mass of the swollen
sample and the mass of the dried sample to the mass of the dried sample. To describe the
diffusion of the solvent into the hydrogel, the pseudo-first-order and pseudo-second-order
models, as well as the Peleg and Peppas models, were used [50,51].

2.5. MOX Loading to GN-PNIPAM Hydrogel and Release Study

MOX was dissolved in distilled water at a concentration of 10 wt% relative to the
weight of the polymer matrix. The freeze-dried GN-PNIPAM was immersed in the MOX
solution to load the drug substance via passive diffusion and matrix swelling [52,53].

The release study was conducted using a dialysis method. Samples in 0.01 M PBS
(pH 7.4) were incubated in 1 mL dialysis tubes with a MWCO of 3500 Da over time at
37 °C. At predetermined time intervals, 0.5 mL aliquots were withdrawn from the 10 mL
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outer chamber filled with 0.01 M PBS (pH 7.4). The amount of released substance in
solution was determined spectrophotometrically at a wavelength of 288 nm (LOMO SEF-
56, St. Petersburg, Russia). For quantification, the calibration plot previously built for
standard MOX solutions was used. The fraction of antibiotic released from the hydrogel
was calculated as the percentage ratio of the mass of free antibiotic at time t to the mass
of antibiotic loaded into the hydrogel. The percentage of antibiotic released from the
hydrogel at a given time () was determined by dividing the mass of free antibiotic at time
t by the mass of antibiotic initially loaded into the hydrogel. For the evaluation of the
MOX release mechanism from the hydrogel matrix, the Higuchi, Korsmeyer-Peppas, and
pseudo-first-order models were applied [54,55].

2.6. In Vitro Biological Evaluation

DF2 cells were cultured in a CO, incubator at 37 °C in a humidified atmosphere
containing air and 5% CO, in DMEM/F12 medium.

To evaluate the cytotoxicity of the GN-MA and GN-PNIPAM microgels, 5 x 103 cells/
100 puL/well were seeded into 96-well plates and cultured for 12 h for their attachment.
After that, the medium was removed, and a medium containing the testing samples at
concentrations ranging from 4 to 1000 ug/mL was added to the wells with attached cells.
At the end of the incubation period (72 h), the medium was removed, and 50 uL/well of
DMEM/F12 medium with MTT reagent (0.1 mg/mL) was added. The cells were incubated
in a CO; incubator for 2 h at 37 °C. After removing the supernatant, the formazan crystals
formed by metabolically viable cells were dissolved in DMSO (50 puL/well) and transferred
to clean wells for spectrophotometric analysis. Optical density was measured at 570 nm
using a plate reader. The data were processed using Excel software (MS Office 2019,
Redmond, WA, USA).

To evaluate the adhesion of the cells on the surface of the GN-PNIPAM hydrogels,
initially, 150 uL of GN-PNIPAM was injected into the wells of the 96-well plates and pre-
incubated for 30 min at 37 °C for gelation. After that, 5 x 10° cells/100 uL of DMEN/F12
were seeded on the surface of the hydrogel samples and empty wells for the control. The
cells were cultured for 72 h. The subsequent steps were identical to those described for the
cytotoxicity study of the microgels.

2.7. Statistics

All synthetic procedures were repeated 3-5 times for the same composition. Rheologi-
cal experiments were performed in triplicate for samples of each composition from different
batches, and the data were averaged. Biological experiments were repeated 4 times for
microgels and 3 times for hydrogels. The data are presented as the mean + standard
deviation (SD) value.

3. Results and Discussion
3.1. Synthesis and Characterization of GN-PNIPAM Microgels

The synthesis of the GN-PNIPAM microgels is illustrated in Figure 1. The process in-
volved two steps: (1) the methacrylation of GN’s lysine groups with methacrylic anhydride
to introduce vinyl functionality (Figure 1A) and (2) the photoinitiated copolymerization of
PNIPAM with GN-MA to form the microgel dispersions (Figure 1B).

The methacrylation of GN was confirmed by 'H NMR spectroscopy (Figure S1, Sup-
plementary Materials). The appearance of new peaks corresponding to the protons of
the methacryloyl group (vinyl protons at 6 ~ 5.3-5.8 ppm and methyl group protons at
b ~ 1.9 ppm), along with the simultaneous decrease in intensity of the peak for the methy-
lene protons adjacent to the e-amino group of lysine residues (5 ~ 2.9 ppm), confirmed
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successful modification. The degree of modification calculated from the 'H NMR spectra
was 30 & 2 mol%.

A i
HN  HoN j'/LKNH H,N
(o] 0
ﬁ)ko)‘\(
OH OH

pH 9.0,50°C, 1 h

OH OH

— CH,=CH(CH;3)COOH

NH, HO™ NH; NH, 07 NHy Ny

o NH H o
Gelatin (GN) j: j\

Methacrylated gelatin (GN-MA)

B Reaction mixture Photopolymerization

- NIPAM

Dialysis

TAr!" +

T o] —

+

5

/ s0-an0
o m
ﬁ)"nu HzN WO oi?".“;
H A :,";‘i‘!;:fé;% 13&:

aH aH : »zz H:J“"LL\ I.
R

HO™ "WH, NH

o0 H
/j\ PNIPAM: wrraonsans

% = P e S
s % =%

o g o =
ey X AL i Freeze-drying o
% % Hydrogel

Figure 1. Scheme for microgel synthesis and hydrogel production: (A) gelatin methacrylation;
(B) microgel synthesis from methacrylated gelatin and NIPAM via photopolymerization; (C) hydrogel
production from microgel dispersion by freeze drying.

The product yield serves as a critical parameter for evaluating the efficiency of syn-
thesis, directly reflecting the conversion of monomer to polymer and the formation of
the network structure [56,57]. In this context, to determine the optimal polymerization
time that ensures a high yield of the polymer product, the dependencies of the product
yield on the photopolymerization time were obtained (Figure 2). Upon UV irradiation of a
reaction medium containing GN-MA, NIPAM, and a Type I photoinitiator (Darocure-1173),
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several parallel processes can occur: (1) grafting of NIPAM onto GN-MA, (2) crosslinking
of GN-MA chains, (3) homopolymerization of NIPAM in solution, and (4) recombination of
free macroradicals. The probability of the last process is lower than that of the first three.
The extent of the first three processes will significantly depend on the NIPAM concentration
and the irradiation time. At low NIPAM concentrations, besides PNIPAM grafting, the
competing crosslinking reaction between different GN chains is highly probable. As a result,
a microgel composed of crosslinked GN-graft-PNIPAM chains is formed. The probability
of homopolymerization as a side reaction will be significantly lower than that of the first
two processes. Increasing the irradiation time will lead to an increase in the degree of
crosslinking as well as the product yield due to monomer conversion into PNIPAM. At
higher NIPAM concentrations, the radicals on GN-MA encounter NIPAM molecules more
frequently, leading to an increase in the number of grafted chains as well as an increase in
the probability of the competing process of homopolymerization in solution. The macrorad-
ical may still attack another GN-MA molecule (crosslinking). However, a large number of
growing PNIPAM chains will further protect it and reduce the probability of this process.
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Figure 2. Dependence of GN-PNIPAM yield on exposure time (A,B) and MBA concentration (240 s)

(C). Sample abbreviations corresponding to the polymerization mixture compositions are given in
Table 1.

Analysis of the data (Figure 2) demonstrates significant variability in polymer yield
depending on the initial reaction mixture composition. As expected, for GN-PNIPAM-
1, the polymer yield was observed to increase rapidly, exceeding 90% within 180 s of
UV irradiation (Figure 2A). A 1.5-fold increase in the concentrations of both GN-MA
and NIPAM required longer polymerization times (240 s) to achieve a product yield of
approximately 90% (Figure 2A). In turn, increasing the NIPAM concentration to 3 wt% while
maintaining the GN-MA concentration at 1 wt% (GN-PNIPAM-1-3) required significant
polymerization times (>420 s) to achieve a yield of >80% (Figure 2B). The decrease in
product yield with increasing NIPAM content in the reaction medium may be a consequence
of the formation of free PNIPAM due to both homopolymerization and the increased
probability of chain termination on PNIPAM macroradicals. In turn, free PNIPAM is
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removed during the purification step, reducing the yield of GN-PNIPAM microgel, which
is further indirectly confirmed for polymerization in the presence of MBA.

In addition, a series of GN-PNIPAM microgels crosslinked with MBA was synthesized
(GN-PNIPAM-1.5-cl). The effect of MBA content on PNIPAM microgel properties has been
demonstrated in several studies. The authors have reported that increasing the crosslinker
content leads to decreased microgel swelling and increased VPTT values [58-60]. An MBA
content of up to 0.5 wt% is considered optimal to obtain microgels with good swelling and
appropriate thermosensitivity. The crosslinker content may influence the thermoresponsive
properties in different ways. Specifically, at too low crosslinker contents, the polymer
chains are poorly connected. Although they could theoretically collapse, the network is
too soft and loose to exert sufficient elastic cooperative force for efficient water expulsion.
As a result, the collapse may be incomplete or non-uniform, or the hydrogel may undergo
microphase separation without a dramatic macroscopic volume change. In contrast, at
too high crosslinker contents, the network becomes overly rigid and dense. The polymer
chains are so tightly constrained that they cannot rearrange or collapse significantly, even
above the VPTT.

To determine the optimum crosslinker content for the GN-PNIPAM system, the MBA
content was varied from 0.025 to 0.80 wt%, as this parameter can significantly influence
the thermoresponsive properties. It was found that under otherwise identical conditions,
increasing the crosslinker content leads to a higher product yield, which is attributed to the
additional incorporation of growing PNIPAM chains into the gel network (Figure 2C).

Figure 3 shows the ATR-FTIR spectra of the polymerization mixture and purified
and unpurified GN-PNIPAM synthesized at different exposure times. The FTIR spectrum
of the reaction medium, composed of GN-MA and NIPAM, exhibits characteristic bands
reflecting the composition of the mixture prior to polymerization. A broad O-H/N-H
band is observed in the region of 3300-3500 cm !, belonging to both GN and NIPAM. In
the 1630-1660 cm~! range, the Amide I (C=0) band appears, along with Amide IT (N-H)
absorption bands at 1530-1550 cm~!. A clear band at 3073 cm~! in the spectrum of the
reaction mixture corresponds to the stretching vibrations of =C-H (the double bond of
the vinyl group of the NIPAM monomer). For single C-H bonds, bands in the range
of 2850-2960 cm~! are characteristic of 8,5(CH3) ~2960 cm ™! and 8s(CH3) ~2870 cm ™1,
which are typical for the methyl groups of NIPAM. The group of bands at 2972, 2930, and
2872 cm™~! corresponds to the stretching vibrations of aliphatic C-H bonds (methyl and
methylene groups) in NIPAM and the methacrylic acid fragment in GN-MA. The weak
intensity of the band at 3073 cm ! in the spectra of the final GN-PNIPAM indicates that
the polymerization was successful and the double bonds of the monomer were consumed.
The characteristic bands of Amide I and Amide IT at 1630-1660 cm ! and 1530-1550 cm ™!
remain pronounced, but their shape and relative intensity change. The bands at 1365 and
1387 cm ! are characteristic of the isopropyl group present in PNIPAM, which confirms
the polymer structure.

After washing the hydrogel, the spectra remain similar to those of the copolymer after
synthesis. However, an additional decrease in the intensity of the band at 3290 cm ! is
observed, indicating the removal of residual low-molecular-weight impurities not incor-
porated into the network, along with a reduction in the monomer double bond band at
3073 cm~!. The characteristic amide bands (1636, 1534 cm~!) and the isopropyl group
bands (doublet at ~1385 and ~1365 cm~!) remain preserved.
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Figure 3. FTIR spectra of reaction mixture (GN-MA + NIPAM) and GN-PNIPAM-1 after synthesis and
after purification (A) and fragment of FTIR spectra after deconvolution (Gaussian peak approxima-
tion) of reaction mixture (GN-MA + NIPAM) (B) and GN-PNIPAM-1 after polymerization within 240 s
(C) in the region of 1600~1700 cm~!. Bands in (B,C): 1—1607 cm~!; 2—1613 cm~!; 3—1620 cm ™!,
4—1627 cm™!; 5—1636 cm™!; 6—1644 cm~!; 7—1651 cm™!; 8—1655cm~!; 9—1671cm™;
10—1683 cm L. The black solid line shows a fragment of the FTIR spectrum, while the red dashed
line indicates the resulting approximation curve. Sample abbreviations corresponding to the poly-
merization mixture compositions are given in Table 1.

The deconvolution of FTIR spectra in the 1600-1700 cm ! region revealed further
pronounced changes when comparing the reaction mixture (GN-MA + NIPAM) with GN-
PNIPAM-1 synthesized via UV irradiation within 240 s. Specifically, the peak at 1612 cm ™!,
characteristic of the C=C stretching vibration (conjugated with C=0), as well as the Amide I
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band of free or weakly bound amides at 1650 cm !, decreased drastically in the spectrum of
GN-PNIPAM-1 (normalized peak area: 0.03 at 1612 cm~! and 1.14 at 1650 cm~!) compared
to the spectrum of the reaction mixture (normalized peak area: 0.03 at 1612 cm ! and 1.14
at 1650 cm~1). This testifies to the depletion of double bonds and free monomer during
polymerization. At the same time, the Amide I band corresponding to the disordered
structure (random coil) at 1636 cm ™!, characteristic of PNIPAM, increased significantly for
GN-PNIPAM-1 (normalized peak area = 1.75) compared to the same band detected in the
reaction mixture (normalized peak area = 0.04).

The length of the grafted PNIPAM chains was evaluated by SEC analysis of the
samples subjected to enzymatic hydrolysis of GN in GN-PNIPAM. To this end, papain, a
protease with broad substrate specificity, was employed as the biocatalyst. The hydrolyzed
samples were subjected to the extraction of PNIPAM with THF and analyzed by SEC in
THEF (Table 2). The data indicate that when the NIPAM content in the reaction mixture was
1.0 wt%, PNIPAM chains with lengths close to the theoretically expected values (calculated
regarding the content of methacrylate groups in GN-MA) were grafted. Increasing the
monomer content simultaneously with GN-MA to 1.5 wt% led to the grafting of the longer
PNIPAM chains. This fact can be explained by a combination of kinetic effects. In particular,
an increase in monomer concentration directly accelerates the chain propagation rate,
while an increase in the overall viscosity of the reaction medium upon raising the GN-MA
concentration to 1.5 wt% and NIPAM to 1.5 wt% provides the increase in system viscosity.
As a result, this diffusionally limits bimolecular radical termination but does not hinder the
addition of small monomer molecules, which collectively favors the chain elongation.

Table 2. Comparison of theoretical and experimentally determined lengths of PNIPAM chains grafted
to GN-MA. SEC analysis of PNIPAM extracted from enzymatic hydrolysates of GN-PNIPAM in THF
(THEF, 40 °C).

Theoretically Expected  Experimentally Determined

Conditions Parameters Characteristics
GN-MA (wt%) NIPAM (wt%) Exposure Time (s) DP M* M, b Dp
1.0 180 10 1130 800 1.75 7
1.5 240 10 1130 1740 1.16 15
1.0 480 30 3390 1850 1.14 16

* Calculated without the contribution of initiator moieties.

Increasing the NIPAM concentration from 1.0 wt% to 3.0 wt% resulted in a chain
length that was nearly twice as short as the theoretical value (DP = 16). This is attributed to
the increase in the probability of the competing homopolymerization process in solution
and the reduction in the part of NIPAM that participates in grafting. This is indirectly
supported by a decrease in the yield of the target product compared to systems containing
lower NIPAM concentrations.

The hydrodynamic diameters (D) of the GN-PNIPAM microgels were measured by
DLS at temperatures below (20 °C) and above (40 °C) VPTT (Table 3). The DLS analysis
at 20 °C showed that the PNIPAM microgels had Dy values ranging from 354 to 1022 nm,
with the greatest size observed for the system additionally crosslinked with 0.2 wt% MBA.
Upon heating to 40 °C, the microgels expectedly collapsed. For the GN-PNIPAM-1 and
GN-PNIPAM-1.5 microgels, the hydrodynamic diameter decreased by a factor of 2.

In contrast, the most pronounced reduction in hydrodynamic diameter was observed
for the GN-PNIPAM-1-3 microgels and the microgels obtained with additional crosslinking
using MBA. In these cases, the particle size decreased by a factor of 4-5. This pronounced
collapse reflects the superior swelling capacity of this system, attributed to its network
retaining a larger amount of water. Thus, the introduction of MBA influenced the swelling
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and hydrodynamic diameter of the microgels but retained the sharp thermosensitive
response. Overall, the obtained data are in agreement with the known behavior of PNIPAM-
containing microgels, which exhibit sizes ranging from 100 to 1000 nm and undergo a 3- to
6-fold reduction in diameter above the VPTT [61].

Table 3. Hydrodynamic diameters of microgels at temperatures below and above VPTT (DLS, H,O).

Sample * Polymerization Time (s) D (nm) -
ampile olymerization 1ime (S
P y 20 °C 40°C x
GN-PNIPAM-1 180 354+20 183+14 0.4
GN-PNIPAM-1 240 496429 30817 024
GN-PNIPAM-1.5 240 608 +64 305+35 013
GN-PNIPAM-1-3 480 772435 176 4+39 0014
GN-PNIPAM-1.5-cI3 240 1022 +17 196457 0007

* Sample abbreviations corresponding to the polymerization mixture compositions are given in Table 1.
** o= (Dao/Dao)™.

One of the parameters characterizing the degree of compression is the ratio of the cubes
of the microgel radii at temperatures above and below the phase transition temperature
(a) [62]. This parameter indicates how many times the microgel volume decreases upon
transitioning from the swollen state to the collapsed state. In the case of the GN-PNIPAM-1
and GN-PNIPAM-1.5 microgels, this parameter falls within the range of 0.13-0.24, reflect-
ing moderate swelling and thermal sensitivity. In turn, the systems synthesized with
increased NIPAM content (GN-PNIPAM-1-3) or with additional MBA crosslinking (GN-
PNIPAM-1.5-cl3) exhibit a ratio of approximately 0.01, indicating pronounced swelling and
thermal sensitivity.

In addition, the dynamics of the volume phase transition for the GN-PNIPAM-1-
3 sample were monitored by DLS over the temperature range of 2040 °C. As shown
in Figure 4A, increasing the temperature from 20 to 30 °C had virtually no statistically
significant effect on the hydrodynamic diameter of the microgels. A further temperature
increase to 36 °C led to a sharp decrease in the hydrodynamic diameter, beyond which no
significant changes were observed. Thus, the volume phase transition occurs within the
range of 30 °C (T7 or Touset) to 36 °C (T3 or Tppgser). The VPTT value, determined from the
differential plot shown in Figure 4B, was found to be 35 °C.

A 800 - T T B 80 - VPTT
700 - 70
600 60 |
- [ c
500 4
x 400 4 = 4
a 40
300 E 30
T
200 - ! Q 20 -
P09 ,
100 1 10 4
0 — T — 0 T T 1
15 20 25 30 35 40 10 25 30 35 \040

Temperature (°C) Temperature (°C)

Figure 4. Dynamics of the microgel volume phase transition (DLS) as a function of temperature
(A) and its differential plot (B) for the GN-PNIPAM-1-3 sample (see Table 1 for sample composition).
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3.2. Preparation and Characterization of GN-PNIPAM Hydrogels

Microgel dispersions purified from monomer and free oligomers were lyophilized
to yield porous sponge-like structures (Figure 1C) that can reswell in aqueous media and
display thermosensitive behavior.

The surface morphology of the dry GN-PNIPAM hydrogel was analyzed by SEM
(Figure 5). Freeze-drying of the microgel dispersion results in the formation of a sponge-
like structure, characterized by a continuous polymer matrix penetrated by a network of
interconnected macropores. The average pore size of the GN-PNIPAM hydrogel samples
obtained was in the range of 50-90 um.

Figure 5. SEM images (200 x) of dry bulk GN-PNIPAM hydrogels: (A) GN-PNIPAM-1.5-cl-4 (240 s)
and (B) GN-PNIPAM-1-3 (480 s). Sample abbreviations corresponding to the polymerization mixture
compositions are given in Table 1.

The ability of the dried hydrogel to swell over time in water at 20 °C and 40 °C was
studied using GN-PNIPAM-1.5-cl5 as an example (Figure 6). Mathematical processing of
the obtained swelling curves in water using pseudo-first-order and pseudo-second-order
models, the Peleg model, and the Peppas model (Table 4) made it possible to evaluate the
mechanism of water absorption during swelling under different temperature conditions.
At 20 °C (<VPTT), a high equilibrium sorption capacity of Qyx = 46.8 g/g was achieved,
characterized by anomalous diffusion (Peppas n = 0.78; Table 4) and following a pseudo-
second-order kinetic model (k; = 0.178 g_1 -min~1, R? = 0.9999; Table 4). At 40 °C (>VPTT),
a sharp collapse of the polymer network was observed, resulting in a significantly lower
Qunax of 2.43 g/g. This marked difference in sorption capacity (from 46.8 to 2.43 g/g) is fully
consistent with the thermosensitive behavior typical of PNIPAM-containing hydrogels.
The high Qyux value of 46.8 g/g at 20 °C further indicates strong hydrophilicity, mainly
related to GN presence.

60 -

50 ﬁm ------------------------- @i

40 4

30 1 @40 °C

Quwarer (9/9)

20 4

Time (h)

Figure 6. Water absorption by the dry GN-PNIPAM-1.5-cI5 hydrogel over time at 20 °C and 40 °C
(see Table 1 for sample composition).
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Table 4. Results of mathematical processing of water absorption plots using several standard models
for the GN-PNIPAM-1.5-cl5 sample (see Table 1 for sample composition).

Pseudo-First-Order  Pseudo-Second-Order Peleg Model Peppas Model
T(CO K, 2 K 2 K, K> 2 K 2
(min—1) R gmin) X  (@min1) @mnYH X " (min—1) R
20 14x1072 09734 34x1073 09988 1.3 2x1072 09887 078 87 x10"1 09823
40 11x1072 09956 1.7 x 1071 0.9999 21.8 4%x10°Y 09912 073 9.2 x 1071 0.9958

The best fit to the experimental data for both temperatures is provided by the pseudo-
second-order model (R? = 0.99), as well as the Peleg and Peppas models. When the
temperature changes from 20 °C to 40 °C, the sorption constants for the pseudo-second-
order model (k;) increase by more than 50 times. The exponent # in the Peppas model,
ranging from 0.73 to 0.78, confirms the dominance of a diffusion process with a contribution
from relaxation. The Peleg model demonstrates an acceleration of the initial swelling
stage due to enhanced diffusive mobility of water molecules at an elevated temperature.
Collectively, the data indicate thermosensitive behavior of the hydrogel with water sorption
following a mixed mechanism, involving both diffusion through pores and relaxation of
polymer chains, accompanied by significant structural rearrangement.

In PNIPAM-containing hydrogels, water serves not simply as a solvent but as a struc-
tural component that determines the phase behavior and properties of the material [63-65].
In particular, the amount of so-called bound water plays a crucial role, as it determines the
energy required to initiate collapse. Bound water, with its high viscosity and low mobility,
governs the injectability of hydrogels while preserving structural integrity. During collapse,
the rate at which bound water is expelled determines the response rate of the material. A
higher bound water content demands more energy for dehydration and can lead to an
increase in the VPTT.

The bound water content of the GN-PNIPAM hydrogels was determined by DSC
analysis [66]. On the thermograms obtained (Figure S2, Supplementary Materials), two
endothermic peaks are observed. The first endothermic peak, recorded in the region
around 0 °C, corresponds to the melting of ice formed from so-called “free” water that
is not strongly bound to the polymer chains of the hydrogel. Its enthalpy allows the
calculation of the fraction of free water. The second endothermic peak, which appears in
the range of 90-105 °C, corresponds to the evaporation of both free and bound water. The
difference between all evaporated water and free water corresponds to bound water. The
latter is water that is tightly retained within the polymer matrix through hydrogen bonding
and other strong interactions with the polymer chains, requiring significantly more energy
for its removal than free water. According to the literature, the fraction of bound water in
GN-based hydrogels (as determined by DSC analysis) is approximately 5-61%, depending
on hydrogel concentration and composition [67-69].

Table 5 summarizes the DSC analysis data and the calculated contents of free and
bound water in the GN-PNIPAM samples. As can be seen from the obtained data, the
portion of bound water in the resulting GN-PNIPAM hydrogels ranges from 28 to 57%
of the total water mass. With increasing GN concentration from 1.0 wt% to 1.5 wt%, the
percentage of free water increased from 43-54% to 78-81% of the total water, while the
fractions of bound water decreased. Moreover, longer irradiation times in the synthesis
of GN-PNIPAM yield hydrogels with a lower bound water content. This may result from
an increased grafting degree under longer irradiation, which generates more free radicals
on the gelatin chains. This, in turn, enhances the overall hydrophobicity of the network,
reducing the number of water molecules that can be strongly bound to the polymer matrix.
Furthermore, irradiation induces both grafting and crosslinking (between gelatin chains and
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between grafted PNIPAM chains), increasing crosslinking density, which limits hydrogel
swelling and reduces bound water content [70]. The introduction of MBA as an additional
crosslinking agent, as well as an increase in its content, favored the decrease in bound water
content due to more extensive crosslinking of GN-PNIPAM chains.

Table 5. Determination of free and bound water content from DSC data.

Sample * Polymerization Time (s) H,, (J/g) H, (J/g) @Pfree water (%) Pvound water (%)
GN-PNIPAM-1 180 140 1040 43 57
GN-PNIPAM-1 300 174 1270 54 46

GN-PNIPAM-1.5 240 253 1990 78 22
GN-PNIPAM-1.5 300 175 1480 81 19
GN-PNIPAM-1-3 480 234 1900 72 28
GN-PNIPAM-1.5-cl4 240 180 1560 73 22
GN-PNIPAM-1.5-c15 240 158 1270 84 16

A 100

G', G" (Pa)

0.1

* Sample abbreviations corresponding to the polymerization mixture compositions are given in Table 1.

Rheological studies allow detailed characterization of the viscoelastic properties and
temperature response of hydrogels, along with quantitative evaluation of how composition
affects their mechanical properties [71]. The rheological properties of the GN-PNIPAM
hydrogels were investigated depending on hydrogel composition and synthesis time

(Figure 7).
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Figure 7. Sheer strain sweeps at the constant frequency of 10 rad/s measured at 20 °C (A) and
40 °C (B) for GN-PNIPAM-1 samples synthesized at different irradiation times (number at the end of
sample code, s). Sample abbreviations corresponding to the polymerization mixture compositions
are given in Table 1.

Oscillatory amplitude sweeps at 20 °C show that the samples exhibit linear viscoelastic
behavior over the entire region (Figure 7A). Both the storage modulus (G') and loss modulus
(G”) demonstrated a linear trend up to 100% strain. At 40 °C, G’ showed a noticeable
increase compared to 20 °C, reflecting the densification of the hydrogel network due to
clustering of the PNIPAM hydrogels via hydrophobic interactions of the isopropyl groups of
PNIPAM (Figure 7B). The 0.1-1.0% strain was selected for further frequency sweep studies.

In the frequency sweeps (frequency range 0.1-100 rad/s) at 20 °C for hydrogels
GN-PNIPAM-1 (Figure 8A), GN-PNIPAM-1.5 (Figure 8C), as well as GN-PNIPAM-1.5-cl
(Figure 8E), prepared with a low MBA content (0.025-0.50 wt%), the storage modulus G’
remained relatively stable in the low- and medium-frequency regions, while it increased at
high frequencies.
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Figure 8. Amplitude strain sweeps measured for GN-PNIPAM-1 (A,B), GN-PNIPAM-1.5 (C,D), GN-
PNIPAM-1.5-cl (E,F), and GN-PNIPAM-1-3 (G,H) samples at 20 °C (A,C,E,G) and 40 °C (B,D,F,H). The
shear strain was 0.1% for (A,B), 0.5% for (C,D), and 1% for (E,H). Sample abbreviations corresponding
to the polymerization mixture compositions are given in Table 1.
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The loss modulus G” also increased gradually but did not exceed G’ over the investi-
gated frequency range, confirming gel-like behavior and network stability under slow and
medium deformation rates (Figure 8A,C,E). At 40 °C, the trends in G’ and G” remained
similar; however, the absolute values of both moduli were substantially higher than those
at 20 °C. This highlights the thermosensitive nature of the network and the strengthening
of hydrophobic interactions of PNIPAM above the VPTT (Figure 8B,D,F).

For GN-PNIPAM-1.5, as the irradiation time increased from 90 to 300 s at 20 °C, a sys-
tematic increase in G’ was observed, reflecting the formation of a denser and more strongly
crosslinked GN-PNIPAM network (Figure 8C). For the GN-PNIPAM-1.5-cl systems, addi-
tionally crosslinked with MBA, at 20 °C, the G’ values were close to each other and similar
to the value for GN-PNIPAM-1.5 obtained without MBA, which may be attributed to a
possible reduction in the effective mobility of the network (Figure 8E). At 40 °C, as the MBA
content increased, the increase in G’ compared to 20 °C was most pronounced, indicating a
combined enhancement in stiffness due to the thermosensitive densification of PNIPAM
(Figure 8H).

When comparing the rheological properties of the GN-PNIPAM-1-3 and GN-PNIPAM-
1.5 hydrogels obtained at the same irradiation time (300 s), a characteristic temperature
dependence was observed. At 20 °C, G’ was higher for the system with a concentration
of GN-PNIPAM-1.5 compared to GN-PNIPAM-1-3, which probably appears to be due to
the more pronounced crosslinking in GN-PNIPAM-1.5 (Figure 8G). At the same time, an
inversion was observed at 40 °C. For GN-PNIPAM-1-3, G’ increased sharply (~600 Pa)
relative to its value at 20 °C (~20 Pa) and significantly exceeded that of GN-PNIPAM-1.5,
which is attributed to the phase transition of a greater number of grafted PNIPAM chains
at temperatures above the VPTT (Figure 8H).

The G’ modulus values of the obtained GN-PNIPAM hydrogels generally correspond
to the elastic modulus values of certain soft tissues, for example, brain tissue (100-300 Pa)
and liver tissue (400-600 Pa). The ability to be injectable at room temperature and the
enhancement in mechanical properties at physiological temperature to the level of the
mechanical properties of soft brain tissue, combined with the biodegradable nature of GN
and the short PNIPAM chains, make such materials highly promising as implants for filling
postoperative brain cavities in combination with prolonged local drug therapy.

3.3. Moxifloxacin-Loaded GN-PNIPAM Hydrogels

Moxifloxacin exhibits good water solubility. When loaded into the hydrogel matrix, it
is introduced as an aqueous solution and retained within the pores of the polymer network
via physical entrapment, as well as possible non-covalent interactions and hydrogen
bonding with the polymer network.

The hydrogels loaded with 10 wt% MOX were studied for drug release in model
conditions. Specifically, the hydrogel samples were incubated in dialysis tubes against
0.01 M PBS, pH 7.4, at 20 °C and 40 °C. During the study of the MOX release rate from GN-
PNIPAM hydrogel matrices, it was found that the system exhibits pronounced temperature
sensitivity and dependence on the composition of the polymer matrix (Figure 9).

According to the literature, PNIPAM-containing hydrogel systems exhibit sustained
temperature-responsive release. Below the VPTT, a hydrogel swells and retains the drug;
above the VPTT, it contracts, accelerating drug release [47,72]. The experimental release
profiles obtained in this study are consistent with this temperature-dependent behavior.
In all cases, the release curve is characterized as sustained with a noticeable burst effect at
elevated temperatures during the initial stages of the process. Furthermore, the dependence
of the release rate on the synthesis conditions of GN-PNIPAM is also evident. While the
GN-PNIPAM-1.5, GN-PNIPAM-1.5-cl4, and GN-PNIPAM-1-3 hydrogel samples exhibited
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similar release rates in the range of 38—47% over 6 days at room temperature, an increase in
temperature revealed significant differences in the release rate. The lowest MOX release rate
at 40 °C was observed for the GN-P