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ARTICLE INFO ABSTRACT

Keywords: Low mechanical resistance represents one of the significant problems of hydrogels, limiting their applicability in

Frontal polymerization many fields. One approach to overcome this issue is synthesizing interpenetrating polymeric networks. In this

Igyldr’_’gels work, the frontal polymerization technique was used to synthesize two series of novel hydrogels: (i) poly
elatin

(acrylamide) (PAAm)-based hydrogels copolymerized/crosslinked with methacrylate gelatin (GelMA) (AAm-
GelMA copolymer networks), and (ii) semi-IPN made of AAm-GelMA copolymer networks and a physically
crosslinked gelatin network. With the final objective of improving the rheological, mechanical, morphological,
thermal, and swelling properties of PAAm hydrogels, GelMA with two different degrees of methacrylation (30
and 75 mol%) was used. Interactions between GelMA chains, which give rise to physical network formation (i.e.,
GelMA-GelMA interactions), resulted in very efficient crosslinking for PAAm-based hydrogels, requiring a
significantly lower methacrylic group concentration (0.04 mol%) for hydrogel formation compared to N,N-
methylene-bis-acrylamide (1 mol%), which is the agent typically used as a crosslinker for PAAm. Furthermore,
the degree of GelMA methacrylation markedly affected the properties of the hydrogels. For example, regarding
the swelling degree, hydrogels containing 22 wt% of GELMA30 had an SR% of 2870, while those containing the
same amount of GELMA75 swelled much less (870 %). The introduction of gelatin as a secondary network in
semi-IPNs influenced the rheological and mechanical properties, resulting in increased hydrogel modulus and
stiffness attributed to enhanced physical interactions within the network. Finally, dynamic rheological shear
strain and cyclic loading compression tests demonstrated exceptional recovery capabilities in all hydrogel for-
mulations: samples subjected to alternating low (0.1 %) and high (300 % or 10 %) shear strain demonstrated a
complete and prompt recovery of G’ and G” values.

Gelatin methacrylate
Self-recovery
Semi-IPN

1. Introduction have been proposed include the synthesis of interpenetrated networks

[2] and reinforcement with micro or nanoparticles [3]. Polyacrylamide

Hydrogels, three-dimensional (3D) hydrophilic networks composed
of crosslinked macromolecular chains capable of holding a large amount
of water, are a class of polymeric materials renowned for their versatility
and wide-ranging applications, such as drug release, sensors, and tissue
engineering devices [1]. The low mechanical resistance represents one
of the significant problems of hydrogels that limits their applicability in
many fields. To address this issue, the most common approaches that
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(PAAm), a widely employed polymer, serves as a foundational material
for various crosslinked structures. Its chemical stability, tunable me-
chanical properties, high swelling degree, and optical transparency have
allowed this polymer to be widely used in applications in the biomedical
field, such as the fabrication of contact lenses [4], tissue engineering [5],
and drug delivery [6]. Nonetheless, limitations in mechanical properties
and the complexity of synthesis methods hinder the full potential of
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PAAm hydrogels in various applications. An efficient method to solve
these problems is to introduce thermoreversible and rigid components
into the PAAm network [7]. Gelatin is a natural polymer derived from
the hydrolytic degradation of collagen, with high potential for
biomedical applications [8]. It can form a physically entangled network,
thanks to establishing hydrogen bonds among the lateral groups of
amino acid sequences. However, gelatin’s physical hydrogel is not stable
at 37 °C (i.e., the physiological temperature), above which it acts as a
liquid. Therefore, The exploitation of this material for tissue engineering
or biomedical applications is impossible. To overcome this drawback,
gelatin has often been blended with synthetic polymers, such as poly-
vinyl alcohol (PVA) [9,10], and is deeply characterized in mechanical
and biological properties for tissue engineering applications. Another
approach that allows for the exploitation of the favorable biological
properties of gelatin is chemical modification. It can be performed to
form covalent lateral bonds among the polymeric chains and make the
network more stable. A simple and inexpensive method to do so is
represented by the preparation of GelMA (methacrylate gelatin), which
consists of adding side methacrylic groups to the gelatin backbone,
which can be exploited for photocrosslinking in the presence of a proper
photoinitiator and upon UV light exposure [11]. Thanks to covalent
bonds, the network also becomes stable at higher temperatures. GelMA
can mimic critical characteristics of the native extracellular matrix
(ECM) by incorporating the cell-attaching motifs into the macromolec-
ular chain, favoring cell proliferation and spreading. Despite their ad-
vantages, biocompatible/biodegradable hydrogel formulations based on
gelatin or GelMA exhibit deficiencies in mechanical properties since
they permanently deform and break under repeated compressive
loading; thus, there is a critical need for highly elastic, robust hydrogels
to progress this mechanistic-modulation strategy in the tissue engi-
neering field.

To improve this aspect, various copolymers containing both bio-
polymers and synthetic polymers have been synthesized over the years
[12]. For example, the copolymerization of methacrylate gelatin with
acrylamide has led to the obtaining of hydrogels with superior proper-
ties compared to their homopolymers. Serafim et al. [13] and Han et al.
[14] investigated GelMA — polyacrylamide copolymers synthesized by a
one-pot UV method that showed enhanced compression strength,
improved elasticity, and a favorable degradation rate compared to
polyacrylamide hydrogels. Moreover, Molino et al. [15] prepared
GelMA-acrylamide copolymer networks with improved UV crosslinking
and mechanical properties for 3D biofabrication, while Abdallah et al.
[16] studied GelMA-AAm hydrogels in which the mechanical and
swelling properties are modulated depending on the polymer/water
concentration.

Traditional hydrogels are synthesized using classical thermal or UV
polymerization reactions, often requiring complex reaction routes, long
times, and high energy consumption. The frontal polymerization (FP)
technique [17,18] represents an alternative strategy to limit the draw-
backs associated with the synthesis of polymeric hydrogels [19]. FP is a
self-sustaining reaction technique triggered by an initial stimulus (e.g.,
thermal or photo), generating a localized reaction zone, the so-called
“polymerization front.” In FP, the heat released by the exothermic
polymerization in this zone provides a sufficient temperature increase to
initiate additional polymerization events at the boundary between
polymer and unreacted monomer phases, often resulting in stable
propagation. Compared to batch polymerization, FP has a more
straightforward reaction route, shorter time, and lower energy con-
sumption. FP has been widely used to obtain several types of hydrogels
[19-22].

In recent years, semi-interpenetrating polymer networks (semi-IPNs)
and interpenetrating polymer networks (IPNs) have emerged as inno-
vative materials, especially in biomedical and pharmaceutical applica-
tions [23]. An IPN involves two or more independent networks, either
fully or partially interlaced on a molecular scale without covalent bonds
[24]. An IPN is composed of two independent polymers with different

European Polymer Journal 221 (2024) 113551

chemical compositions. If one polymer is linear and penetrates another
crosslinked network without any chemical bonds between them, the
resulting material is called a semi-IPN. Compared to single network
hydrogels, the main advantages of these materials are that relatively
dense hydrogel matrices can be produced, which feature stiffer and more
rigid mechanical properties, more widely controllable physical proper-
ties, and more efficient drug loading [25]. Razmjooee et al. [26] re-
ported the synthesis of Gelatin/Polyacrylamide/Carboxymethyl
chitosan triple-network hydrogels with tunable mechanical properties
according to the crosslinking agent concentration. They also demon-
strated adequate cell viability, non-toxicity, and a suitable proliferation
rate of the realized hydrogel systems. A recent work by Goudarzi and
Saber-Samandari [27] described the synthesis of polyacrylamide/
gelatin/alginate  multiple-networks hydrogels through photo-
polymerization. The influence of N,N-methylene-bis-acrylamide con-
centration as a crosslinking agent on hydrogels intended for wound
dressings was studied, resulting in adjustable mechanical properties and
swelling capacities.

Improving homogeneity and incorporating energy dissipation
mechanisms have been recognized as effective methodologies to
enhance the mechanical performance of hydrogels [28]. The toughness
of the hydrogels can be tuned if the semi-IPN or the IPN contains two
types of independent networks, a rigid network and a flexible network,
which makes these hydrogels suitable for load-bearing tissues. In past
years, we investigated the possibility of obtaining semi-IPN and IPN
through FP. For example, semi-IPN based on crosslinked poly(N-
isopropylacrylamide) and methylcellulose [29], crosslinked PAAm and
methylcellulose [30], and IPN based on poly(N-isopropylacrylamide), 2-
hydroxyethyl methacrylate, and 2-acrylamido-2-methylpropanesulfonic
acid [31] were reported. Several IPN and semi-IPN polymer systems
containing acrylamide and gelatin have recently been studied. For
example, Ruvacalba et al. [32] investigated the effect of pH and gelatin
concentration on the swelling kinetics and mechanical properties of
AAm-gelatin semi-IPN. At the same time, Xiaoqiang et al. studied IPN
double networks based on gelatin and polyacrylamide with high
strength, self-recovery, and self-healing properties [33]. Moreover, Fan
et al. studied various shape memory polyacrylamide/gelatin (PAAm-
Gel) hydrogels with interpenetrating double networks synthesized via a
one-pot method involving UV [34], and Baojiang et al. [35] investigated
the obtainment of Gelatin/PAAm IPN double network hydrogels with
super compressibility. However, in these studies, the acrylamide was
crosslinked using N,N’-methylene-bis-acrylamide.

The improvement of the properties of PAAm when it is copoly-
merized with GelMA suggested that we investigate the possibility of
obtaining semi-IPN hydrogels based on acrylamide and gelatin, in which
the former is crosslinked/copolymerized with GelMA. Besides the im-
provements deriving from the obtained semi-IPN networks, this work
has also exploited the physical interactions (hydrogen bonds) that are
established between the two networks due to amino acid groups present
both in GelMA (first network) and gelatin (second network). Having as
the final objective the improvement of the rheological, mechanical,
thermal, and swelling properties of PAAm hydrogels, GelMA was used
with two different degrees of methacrylation (30 and 75 mol%) to obtain
both copolymers with acrylamide and semi-IPNs in which a second
gelatin network is present. Namely, we studied the effect of introducing
GelMA and a second gelatin network. The polymerization technique
represents another novelty of this work: we demonstrate that methac-
rylate gelatin systems can be polymerized using FP instead of the classic
UV polymerization.

2. Materials and methods
2.1. Materials

Acrylamide (AAm, purity > 98 %), N,N-methylene-bis-acrylamide
(BIS, purity > 99 %), Type A gelatin from porcine skin (gel strength
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~300 g Bloom), methacrylic anhydride (MAA) (94 %), ammonium
persulfate (APS, purity > 98 %), dialysis cellulose membrane (12-14
kDa cutoff avg. flat width 25 mm) (94 %) were purchased from Sigma-
Aldrich®, and dimethyl sulfoxide (DMSO, purity > 99.5 %) was pur-
chased from VWR®.

2.2. Gelatin methacrylate (GelMA) synthesis

GelMA hydrogels with two different methacrylation degrees (MD)
were synthesized following previously optimized procedures [36]. In
brief, 20 g of gelatin (10 % w/v) were dissolved in a carbonate-
bicarbonate buffer (0.25 M, pH 9). Subsequently, MAA (2 ml and 2.5
pL for a methacrylation degree of 75 % and 25 %, respectively) was
introduced into the gelatin solution under vigorous stirring (500 rpm) at
50 °C. As the reaction initiated, the generation of methacrylic acid sub-
products led to a decrease in pH. To facilitate the methacrylation pro-
cess, 5 M NaOH was added to the reaction mixture to maintain the pH at
9. After 1 h, the reaction was quenched by gradually adding 37 % v/v
HCl until reaching pH 7.4. To eliminate the methacrylic acid sub-
products, the mixture underwent dialysis for five days at 37 °C with
gentle stirring against ultrapure water (Milli-Q-H50). The resulting
dialyzed GelMA solution was subjected to freeze-drying and stored at
-4 °C. The obtainment of gelatin methacrylate with a MD of 75 %
(GelMA75) or 30 % (GelMA30) was confirmed by 1H NMR spectrom-
etry, according to the method reported in the literature [37]. Analyses
were performed on a Bruker Advance III 400 spectrometer using 20 mg
GelMA dissolved in 0.70 mL D20. The new signals at 6 = 5.4 and 5.7
ppm, which correspond to the acrylic protons of methacrylic groups of
the methacrylic anhydride structure, validate the synthesis. The meth-
acrylation degree was calculated by considering the decrease in in-
tensity of the arginine methyl group signal at 2.85 ppm, using equation
Q.

Methacrylation degree (mol%) or MD
integration signal of arginine from GelMA

-1 100 €}

integration signal of arginine from Gelatin

2.3. Synthesis of hydrogels through Frontal Polymerization

As regards the synthesis of AAm-GelMA copolymer networks, the
desired amount of GeIMA30 or GeIMA75 (0.125, 0.625, 1.250, or 1.880
g, see Table 1) was gradually added to 10 g of DMSO. This operation was
performed using an ultrasonic bath (power = 0.55 kW) with a water
temperature of 50 °C to improve the solubilization process. The mixture
was cooled to room temperature, and 4.420 g of AAm were then added
and dissolved to obtain a homogeneous solution. Lastly, the initiator
APS (0.25 mol% with respect to AAm) was added. For semi-IPN syn-
thesis, 1.250 g of GelMA30 (0.04 mol% with respect to AAm) or
GelMA75 (0.10 mol% with respect to AAm) were gradually dissolved in
10 g of DMSO. Then, the desired quantity of gelatin (0.220, 0.440, or
1.450 g, see Table 1) was gradually added, using the ultrasonic bath for
both steps (water temperature = 50 °C). AAm and APS were then added
following the same procedure described for copolymers. Frontal poly-
merization was performed: a standard glass test tube (i.e., diameter =
1.5 cm, length = 16 cm) was filled with the polymerization mixture (see
above). A thermocouple junction was located at about 1 cm from the
bottom of the tube and connected to a digital temperature recorder
(Delta Ohm HD 2128.2). The front started by heating the external wall of
the tube in correspondence with the upper surface of the monomer
mixture until the formation of the front became evident. The polymer-
ization was completed in 18-20 min. Front velocities (V¢) were deter-
mined by measuring the front position (easily visible through the glass
wall of test tubes) as a function of time. Front temperature (Tpax)
measurements were performed using a K-type thermocouple connected
to the digital thermometer (sampling rate: 1 Hz). Tpax (10 °C) and V¢
(£0.05 cm/min) were measured for all samples. After polymerization,
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Table 1
Composition and SR% of AAm-GelMA copolymer networks and AAm-GelMA/
gelatin semi-IPN hydrogels.

Sample GelMA GelMA GelMA Gelatin AAm/ SR%
code MD (Wt%)" methacrylic (wt%)? gelatin
groups (mol weight
%)° ratio

Reference sample

PAAm* - - - - - 1110

AAm-GelMA copolymer networks

CAG30- 30 22.1 0.04 - - 2870
04

CAG30- 30 30.0 0.06 — - 2460
06

CAG75- 75 12.4 0.05 - - 1460
05

CAG75- 75 22.1 0.10 — - 770
10

CAG75- 75 30.0 0.14 - - 580
14

Semi-IPN AAm-GelMA/gelatin

SAG30- 30 22.1 0.04 3.70 20:1 2600
20

SAG30- 30 22.1 0.04 7.20 10:1 2500
10

SAG30- 30 22.1 0.04 20.40 31 1970
03

SAG75- 75 22.1 0.10 3.70 20:1 710
20

SAG75- 75 22.1 0.10 7.20 10:1 670
10

SAG75- 75 22.1 0.10 20.40 31 570
03

# PAAm crosslinked with BIS: 1 mol% of BIS acrylic groups with respect to
AAm moles.

b Referred to total weight of AAm and GelMA.

¢ Referred to AAm moles.

4 Referred to the total weight of AAm, GelMA and gelatin.

all samples were washed in distilled water at 22 °C for a week to remove
DMSO and allow them to swell to equilibrium.

2.4. Swelling measurements

2.4.1. Swelling ratio and kinetics

All samples were cut into small pieces of similar shapes and sizes and
immersed in water to remove DMSO completely. Then, they were dried
in an oven at 80 °C and weighed until a constant value to obtain the mass
of the dry samples. The swelling kinetics of the hydrogels were deter-
mined by immersing the dried hydrogels in water and measuring their
weight at gradually increasing time intervals until the weight was con-
stant (swelling equilibrium). The swelling ratio (SR%) was calculated by
applying the following equation:

SR% = (Ms-Mq)/M4-100 (2)

where M and M4 are the sample masses in the swollen and dry state,
respectively. The graph of SR% as a function of time provides the
swelling kinetics of the hydrogel. The reported data are an average of
three measurements (reproducibility was about +£10 %). During all the
experiments, water temperature was maintained at 22 £ 1 °C.

2.4.2. Swelling/Deswelling cycles

Water-washed hydrogels that reached swelling equilibrium (cycle 0)
were subjected to 4 swelling/drying cycles. For each cycle, the value of
SR% at the swelling equilibrium and the weight-% of the dry hydrogel,
referred to the initial dry weight, were calculated.
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2.4.3. Swelling measurements at different temperatures

The swollen hydrogels were subjected to the following temperature
ramp: 2, 18, 30, 42, 54, and 70 °C. These values were chosen to inves-
tigate the thermal behavior of the hydrogel under different conditions: a
temperature close to the freezing point of water (2 °C), room tempera-
ture (18 °C), and then temperature intervals of 12 °C up to 70 °C (the last
temperature interval was 14 °C). For each temperature, the weight of the
hydrogel was measured after 24 h of soaking before moving on to the
next temperature. For the measurements at 2 °C, samples were put in a
refrigerator, while a thermostatic oil bath was used for temperatures
from 30 to 70 °C. After the temperature ramp, the samples that did not
dissolve were dried to obtain the My value. Considering the experi-
mental error during the measurements, all the SR% values were
approximated to the tens.

2.5. Hydrogel characterisations

2.5.1. Thermogravimetric analyses (TGA)

TGA analyses were performed on lyophiliszd samples using a TGA
Q500 thermogravimetric analyzer (TA Instruments). The thermograms
were recorded from room temperature to 600 °C at a heating rate of
10 °C/min under nitrogen flow

2.5.2. Scanning electron microscopy (SEM)

SEM images were collected using Leica Cambridge Stereoscan 360
and HITACHI 4000 microscopes with an accelerating voltage of 20 kV.
Lyophilized samples were immersed in liquid nitrogen for approxi-
mately 5 min, cut along their thickness to generate a sample cross-
section, and metallized with a gold sputter. The average pore size of
samples was determined through radial Power Spectral Density Func-
tion (PSDF), denoted as W, measured on SEM images using the software
Gwyddion [38]. Bottger et al. [39] reported that the radial PSDF dis-
plays few peaks in the semi-logarithmic plot of W vs the reciprocal space
k = 2", where A represents the distance in real space. Each peak signifies
the most probable lengths observed in the SEM image. The first peak in
the radial PSDF within the k range < 0.03 pm ™! is excluded due to its
strong susceptibility to the inclination and quality of SEM images [40].
Conversely, the second peak has been used to assess the pore diameter @.
The relative error on @ was determined by measuring the radial PSDF in
three sample regions. Given the significant variability in pore sizes, the
relative error is about 30 %. SEM images of lyophilized samples are
represented in a grey false color scale with x and y directions calibrated,
while the z direction (out of plane, not reported) is in arbitrary units
because it is not a topographic height depending on the emission of
secondary electrons from the sample. Accordingly, z was used solely to
identify pores and the matrix of porous hydrogels, but @ was evaluated
on the image plane, where distances are calibrated.

2.5.3. Rheological analyses

Rheological experiments were conducted using an MCR 102 parallel-
plate rheometer (Anton Paar, Graz, Austria) in a plate-plate geometry
with a diameter of 25 mm (PP-25 plate) and a gap of 2.0 mm. All samples
were precisely cut to obtain cylindrical samples (d = 25 mm, h = 2 mm)
and placed on the top of the rheometer plate, following the prior
application of silicon oil to prevent the slippage of hydrogels. Subse-
quently, the upper plate was lowered until contact with the sample’s
surface. The excess material from the plates was removed with a spatula,
and the trap was filled with distilled water to avoid evaporation
phenomena.

2.5.4. Amplitude sweep (AS)

Amplitude sweep analyses were performed in a strain range (y) from
0.01 to 1000 % by keeping the frequency constant at 1 rad/s. This test
allows the evaluation of the storage modulus (G") and the loss modulus
(G") as a function of the applied strain (%), the determination of the
linear viscoelastic range (LVER), and the crossover point (G' = G"). All
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the successive tests were carried out within the LVER.

2.5.5. Frequency sweep (FS)

Frequency sweep analyses were performed in an angular frequency
range () from 100 rad/s to 0.1 rad/s by keeping the strain constant at
0.5 %.

2.5.6. Temperature sweep (TS)

The angular frequency and the strain amplitude were kept constant
at 0.1 rad/s and 0.5 %, respectively. The starting temperature was set at
4 °C, the final one was set at 60 °C, and a linear ramp of 1 °C/min was
applied.

2.5.7. Dynamic strain sweep (DSS)

This test was performed using a controlled shear strain (CSS) mode,
and the resulting graph reports G and G" as functions of time. The
hydrogel resting condition was simulated by applying a low shear strain
(0.1 %). Subsequently, a high shear strain was used, individually
determined from the AS test. This determination involved identifying
the shear strain value at which the crossover point (G' = G") is observed.

2.5.8. Compression tests

Unconfined compression analyses were performed using a universal
testing machine (Instron 4465, USA) with a 100 N load cell. Cylindrical
samples with a diameter of 10 mm and a height of 10 mm were used for
compression tests. Each sample was coated with a thin layer of silicone
oil to prevent water loss, and the tests were conducted at a constant
compressive rate of 3 mm/min up to the failure point. Compressive
modulus (E) was calculated by fitting the initial slope of the stress—strain
curves. The compression data are reported as compressive stress versus
compressive strain, where compressive stress, o, was obtained by
dividing the force by the original cross-sectional area of the specimen,
and the compressive strain, ¢ = Ah/hy, where Ah is the change in sample
thickness, and hy is the original sample thickness. The tests were per-
formed in triplicate, following the guidelines of ASTM D695, with
appropriate adaptations for hydrogel materials.

2.5.9. Cyclic compression experiment

The cylindrical hydrogel samples were first compressed by a loading
cycle to a maximum strain of 30 % with a compression rate of 3 mm/min
and then unloaded at the same rate under confined conditions. The area
between the loading and the unloading curves estimated the dissipated
energy (Upys). The tests were performed in triplicate, following the
guidelines of ASTM D695, with appropriate adaptations for hydrogel
materials.

3. Results and discussion

This work used the frontal polymerization technique to synthesize
both AAm-GelMA copolymer networks and the related semi-IPNs with
gelatin as a second network. Fig. 1 shows a scheme of the frontal poly-
merization of the AAm/GelMA copolymer networks and the semi-IPNs,
as well as a sketch of the molecular structure of the resulting materials.
Two series of samples were synthesized and characterized to investigate
the effect of GelMA and gelatin in acrylamide-based polymer hydrogels.
In the first series, AAm-GelMA copolymer networks (CAG series) were
prepared, and the effects of both the methacrylation degree (30 or 75
mol%) and its molar amount with respect to the AAm were investigated.
The second series (SAG series) of samples consisted of semi-IPN, in
which gelatin was added to the AAm-GelMA crosslinked network to
study its effect on the CAG hydrogels’ properties. In this series, both the
GelMA MD (30 or 75 mol%) and the amount of gelatin expressed as the
AAm/gelatin ratio were varied. Excluding the reference sample, GelMA
also acted as a crosslinker of the AAm in all polymers. Since BIS is one of
the most used crosslinkers for acrylamide, it was chosen as the cross-
linker in the reference sample.
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Fig. 1. Scheme of frontal polymerization synthesis of A) AAm-GelMA copolymer networks and B) semi-IPN made of AAm-GelMA copolymer networks and gelatin,

and a sketch of the structure of the obtained materials.

Table 1 summarizes the compositions of the hydrogel samples and
their respective codes. Preliminary tests were conducted to identify the
minimum amount of GelMA suitable to prevent the hydrogel from dis-
solving. For both series, four different concentrations of GelMA were
used: 2.8, 12.4, 22.1, and 30.0 wt% with respect to the total weight of
GelMA and AAm. In the series with GelMA30, the threshold value was
22.1 %, corresponding to 0.04 mol% of methacrylic groups with respect
to AAm moles. For the samples with GelMA75, this value was 12.4 %,
corresponding to 0.05 mol% of methacrylic groups. These results indi-
cate that the higher degree of substitution of methacrylic groups in
GelMA75 allowed reaching the minimum crosslinking degree necessary
to prevent the hydrogel from solubilization with smaller GelMA weight
amounts. We also tried to investigate concentrations of GelMA greater
than 30.0 %, but the high viscosity of the system made it difficult to
obtain homogeneous and bubble-free solutions. It should also be
considered that FP does not allow the quantity of DMSO to be further
increased to reduce the viscosity. This causes the front to quench
because of excessive heat dissipation.

As regards the composition of the semi-IPNs, we used a GelMA
concentration of 22.1 wt% to have a fixed composition of the first
network. In contrast, the gelatin concentration (second network) was
allowed to vary, as reported in Table 1. The upper concentration limit of
the gelatin was determined by the achievement of too high viscosities of
the polymerization mixture.

Also, a preliminary study was conducted for the reference sample to

determine the concentration of BIS necessary to obtain a hydrogel
crosslinked enough that it does not dissolve. Complete solubilization of
the hydrogel was observed using an acrylic group molar concentration
equal to that used for the samples with GelMA (0.10 mol%). It has been
found that, with the classic BIS crosslinker (with the concentrations of
initiator and solvent used in this work), the amount necessary to obtain a
compact hydrogel is 1 mol%. This result indicates that crosslinking with
GelMA is much more effective than crosslinking with BIS since the
concentration of methacrylic groups necessary to obtain a compact
hydrogel is an order of magnitude lower. This is due to the interactions
between the GelMA chains, which give rise to further physical cross-
linking that adds to the chemical one.

Regarding FP runs, it was observed that a constant front velocity
(here, not shown) was obtained for all samples, and pure FP occurred (i.
e., no side reactions co-occurred). The composition of the hydrogels
influences the FP parameters in a limited manner (see Supplementary
Information, Table S1). It was observed that for all samples, Tpax
remained constant around an average value of 100 + 10 °C. Front ve-
locity was slightly influenced by the methacrylation degree of GelMA. In
the samples with GelMA75, V¢ remains constant at 0.45 + 0.10 cm/min,
while in the samples with GelMA30, it varies from 0.45 to 0.25 £+ 0.10
cm/min as the concentration of GelMA increases. This difference can be
attributed to the greater reactivity and less heat dissipated in GelMA75.
To our knowledge, this is the first published work in which FP is
exploited to copolymerize GelMA. It should also be highlighted that
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gelatin does not cause any variations in the FP parameters.

Fig. 2 shows the swelling kinetics of the two series of samples. The
trend of SR% as a function of time is very similar for all samples:
initially, a rapid increase in SR% as a function of immersion time in
water is observed; after ca. 2000 min, the weight begins to stabilize until
it reaches a plateau, in which the hydrogel has achieved swelling
equilibrium in water. The only exception to this behavior is observed in
the SAG30-20 sample in which, after 570 min, there is an abrupt change
in the slope of the curve due to partial dissolution of the hydrogel. The
equilibrium swelling values are reported in the last column of Table 1,
and they can be correlated to the composition of the various samples. As
regards the copolymers, the SR% decreases by increasing the GelMA
amount, and there is a marked difference between the samples with
GelMA30 and those with GeIMA75. The former swells much more due to
the lower crosslinking density, and the SR% values (>2400 %) are also
significantly higher than the PAAm reference (1110 %). Copolymers
with GelMA75 have much lower swelling values; for CAG75-10 and
CAG75-14 samples, SR% (values = 770 and 580 %, respectively) is
lower than the value of polyacrylamide crosslinked with BIS (PAAm).
This is because the quantity of methacrylic groups (0.10 and 0.14 mol%)
is higher than that of GelMA30 (0.04 and 0.06 mol%, see column 4 of
Table 1). It is essential to highlight that the reference PAAm contains an
amount of crosslinker (1 mol%) which is two orders of magnitude higher
than the samples with less GeIMA (0.04 or 0.05 mol%): thus, cross-
linking with GelMA is much more effective, and this can be explained by
taking into account the GelMA-GelMA physical interactions. By
considering the samples containing gelatin (semi-IPN series), it is
possible to observe a decrease in the swelling ratio as the concentration
of gelatin increases for both SAG30 and SAG75 samples. In this case, it
must be taken into account that gelatin is dispersed within another
polymer network (PAAm-GelMA): the rearrangement of the chains for
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Fig. 2. Swelling kinetics of (A) AAm-GelMA copolymer networks and (B) AAm-
GelMA/gelatin semi-IPN hydrogels.
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the formation of the secondary structure typical of gelatin is hindered
because of the lower freedom of movement of the polypeptide chains.
On the other hand, one must also consider the interactions established
between gelatin and GelMA, which justify an increase in physical
crosslinking as the concentration of gelatin increases, with a consequent
decrease in SR% values.

To verify both the ability to maintain the swelling capacity and check
the possible partial solubilization of the hydrogels in water, they were
subjected to four swelling/drying cycles. Fig. 3 reports both the SR%
values and the dry weight in the four cycles for the two series of samples:
(A) copolymers, and (B) semi-IPN. For the CAG series, it was observed
that both the reference and the CAG30 samples undergo a reduction of
SR% and dry weight from cycle to cycle. For reference, the SR% and the
dry weight loss vary, especially in the first cycle, in which the dissolution
of unreacted monomer, or BIS, occurs. In samples with GelMA30, SR%
and dry weight loss continue to vary in each cycle. This result could be
due to the low crosslinking density, which over time leads to the
dissolution of GelMA fractions initially bound to the polymer only by
physical interactions. In the CAG75 samples, no significant variations in
SR% are observed, and the dry weight losses are negligible: the greater
crosslinking density of the hydrogel allows it to retain the low molecular
weight fraction that would otherwise dissolve in water.

As regards the SAG series, the difference in the behavior of samples
containing GelMA30 and GelMA75 was confirmed. For the SAG75
samples, no appreciable differences in SR% and dry weight loss were
observed as a function of the gelatin concentration. On the contrary, in
samples with GelMA30, the effect of gelatin concentration can be
evaluated. By increasing the amount of gelatin, the crosslinking density
increases, and the partial solubilization of the low molecular weight
components is hindered. Further studies on the solubilized fraction and
the correlation between dry weight loss and a decrease in SR% will be
performed.

Since gelatin in water presents a characteristic sol-gel transition
when cooled (Tans = 26-30 °C), the variation of SR% as a function of
temperature was also studied. Table 2 shows the trend of SR% as a
function of temperature for the CAG and SAG series. It can be observed
that the copolymers with GelMA30 completely dissolve between 30 and
42 °C; on the other hand, for copolymers with GelMA75, no solubili-
zation is observed. In other words, the increase in temperature causes an
increase in SR%, and it can also be pointed out that it is inversely pro-
portional to the degree of crosslinking. These trends can be explained by
considering that the chemical crosslinking in the samples with GelMA30
is very mild, and the hydrogel remains compact because of the physical
crosslinking caused by GelMA. Increasing the temperature, these in-
teractions weaken, and the hydrogels dissolve entirely between 30 and
42 °C. In hydrogels with GelMA75, the greater degree of chemical
crosslinking prevents the dissolution of the hydrogels. As the tempera-
ture increased from 2 to 70 °C, the physical interactions responsible for
the physical crosslinking were reduced, and a consequent increase in SR
% was observed. In the passage between 54 and 72 °C, a very high rise in
SR% was observed, especially for the CAG75-20 and CAG75-10 samples.
It could be hypothesized that in this interval, GelMA75 reaches a
switching temperature at which the physical interactions among the
chains are thermodynamically unfavored compared to GelMA-water
interactions. As regards the reference, no trend of the swelling ratio as
a function of temperature was observed, and the SR% values fluctuate
around 1700 %.

For the semi-IPN series, the solubilization of the samples crosslinked
with GeIMA30 was confirmed even in the presence of gelatin. For the
samples with GelMA75, in the temperature range from 2 to 54 °C, there
was no significant variation in the SR% values as the gelatin concen-
tration increased. Conversely, going from 54 to 70 °C (switch temper-
ature, see above), an increase in the degree of swelling was observed,
and it was inversely proportional to the concentration of gelatin in the
semi-IPN.

Finally, it was noticed that when the hydrogels were brought back to
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semi-IPN hydrogels.

Table 2
Swelling ratio as a function of temperature for the AAm-GelMA copolymer
networks and AAm-GelMA/gelatin semi-IPN hydrogels.

T SR% of copolymer networks

(9]
PAAm CAG30- CAG30- CAG75- CAG75- CAG75-

04 06 05 10 14

2 1600 3750 3660 1390 780 580

18 1760 3890 3770 1450 840 630

30 1690 d’ 5220 1570 890 640

42 1710 d d 1680 900 650

54 1580 d d 1890 960 660

70 1830 d d 6650 1770 810

T SR% semi-IPN

((9)]
SAG30- SAG30- SAG30- SAG75- SAG75- SAG75-
20 10 03 20 10 03

2 3780 3690 2190 720 630 670

18 3900 3860 2930 760 670 700

30 d* 5350 4690 810 710 720

42 d d d 830 730 730

54 d d d 870 750 740

70 d d d 1380 1210 810

2 d = dissolved.

room temperature, they did not undergo a decrease in SR%: the physical
interactions between the GelMA and gelatin chains did not reform due to
the limited freedom of movement.

Thermogravimetric analysis was carried out to confirm the presence
of the different components in the obtained copolymers and semi-IPNs.
The degradation temperature (Tqeg) and weight loss (%) of the various
samples are reported in Table S2. To clearly visualize the different
degradation steps, Fig. 4 shows the derivative of the weight loss (%) of

the analyzed samples with respect to temperature. Fig. 4(A) compares
PAAm, GelMA30, and their copolymer CAG30-04: PAAm degradation
occurs in two pyrolysis stages, while GelMA30 degradation occurs in one
step with Tqegr equal to 330 °C. The CAG30-04 curve confirms the trend
followed by PAAm, with the appearance of a hump in between the two
peaks at 297 °C and 390 °C, which is related to the presence of GelMA30
within the formed network. Fig. 4(B) compares the series with PAAm,
GelMA75, and CAG75-10. Also in this case, the presence of GelMA is
confirmed in the CAG75-10 by the hump between 293 °C and 405 °C. In
the SAG series, gelatin was incorporated into the network to obtain the
semi-IPN samples. Therefore, a comparison between gelatin, the starting
copolymer (CAG30-04 and CAG75-10), and the SAG samples was car-
ried out (Fig. 4(C, D)). For the series including GelMA30 (Fig. 4(C)), it is
observed that the hump characterizing CAG30-04 between 297 °C and
390 °C is more pronounced as the gelatin content increases, and it is also
overlapping with the gelatin peak at 319 °C. Concerning the series with
GelMA75 (Fig. 4(D)), a slight increase of the peak at 350 °C is visible,
increasing in intensity with increasing amounts of gelatin. These results
allowed us to qualitatively confirm the presence of the different com-
ponents of synthesized samples, and assess their degradation
temperatures.

Regarding morphological analysis, visual inspection of SEM images
was performed along with their analysis using radial average Power
Spectral Density (PSD). This analysis enabled the visualization of the
role of composition on the overall morphology. The reference samples
PAAm, GelMA30, and GelMA75 are reported in Fig. 5(A), 5(B), and 5
(H), respectively, along with their combinations for producing AAm-
GelMA copolymer networks (first and third rows of Fig. 5). CAG30-04
in Fig. 5(C) is made by combining PAAm and GelMA30, while CAG75-
10 in Fig. 5(1) is produced by combining PAAm and GelMA75. SAG30
and SAG75 series in Fig. 5(D-F) and 5(J-L) show the gelatin effect on
CAG30-04 and CAG75-10, respectively. All hydrogels can be defined as
porous materials [41], as they contain pores of varied sizes in a skeletal
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Fig. 4. Results of thermogravimetric analysis (TGA) on lyophilized AAm-GelMA copolymer networks, AAm-GelMA/gelatin semi-IPN hydrogel samples and reference

polymers PAAm, Gelatin and GelMA.

Increasing Gelatin content _

Fig. 5. SEM images of hydrogel samples: reference sample, AAm-GelMA
copolymer networks (A-C and G-I) and morphological effects on them due to
the increase of gelatin content (D-F and J-L). Image magnifications and corre-
spondent scale bars of AAm-GelMA copolymer networks without gelatin (A-C
and G-I) are different to show the matrix structure of pores at largely different
length-scale. On the other hand, SEM images of morphological effects due to
gelatin (D-F and J-L) have the same scale bar.

matrix with variable width.
AAm-GelMA copolymer networks show opposite morphologies;
CAG30-04 has large pores with @ = 23 + 7 um, in line with those of

GelMA30, i.e., @ = 21 + 6 pm, while CAG75-10 is characterized by
smaller pores, @ = 1.7 & 0.5 pym, similar to those of PAAm, @ = 1.4 + 0.4
um. In this latter case, smaller pores are accompanied by a thickened
matrix (see Fig. 5(I)). These different characteristics of the two types of
copolymers also explain the much larger SR% values obtained for the
copolymers with GelMA30 compared to the copolymers with GelMA75
(see Table 1).

The effect of gelatin on CAG30-04 is remarkable: the large pores
observed in Fig. 5(C) are reduced to @ = 1.8 £ 0.5 pym (see Fig. 5(D))
even for the lower concentration of gelatin and, concurrently, the matrix
is thickened. Progressively increasing gelatin concentration, pores in-
crease (@ ~ 1.8, ~ 2.2, and ~ 2.9 pym for SAG30-20, SAG30-10, and
SAG30-03, Fig. 5(D-F)). Such an increase is evident in SEM images,
although experimental errors on pore sizes make them comparable (@ =
1.8 £ 0.5, 2.2 + 0.7 and 2.9 £+ 0.9 um for SAG30-20, SAG30-10 and
SAG30-03, respectively). On the other hand, gelatin on CAG75-10 pre-
serves pores sizes (@ = 1.9 £+ 0.6 um for SAG75-20, see Fig. 5(J)) but
thins the matrix. By progressively increasing gelatin concentration, the
structure of hydrogels does not change (@ = 2.0 £ 0.6 and 2.1 £ 0.6 um
for SAG75-10 and SAG75-03, respectively — Fig. 5(K, L)).

As regards rheological properties, oscillatory analyses were per-
formed to determine how the stiffness and rigidity of materials vary
according to the different amounts of components and to assess how the
presence of gelatin in the network, namely the passage from copolymers
to semi-IPN networks, affects the properties of the final material.
Amplitude sweep tests allowed the determination of G' and G' moduli
and crossover point (Table S3). Fig. 6(A) and 6(B), respectively, report
the G’ and G’ moduli curves of PAAm, CAG30-04, and SAG30 series
samples. It can be noticed that CAG30-04 shows a trend like the starting
PAAm sample, but it shows a crossover point, meaning that an increase
in rigidity is obtained when the copolymer network is formed. At the
same time, when gelatin is intercalated within this network, forming the
semi-IPN, a substantial decrease in the moduli is registered. These
considerations are valid for SAG30-20 and SAG30-10, with no
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significant difference between the samples. The self-aggregation of
gelatin macromolecules results in a softer gel for SAG30-20 and SAG30-
10. A different behavior is observed for the SAG30-03 sample: it is the
most rigid sample of the series, with a crossover point occurring at 10 %
shear strain. This means that, beyond a specific concentration, excess
gelatin not only undergoes self-aggregation of macromolecular chains
but also establishes physical interactions with the copolymer network,
contributing to an increase in its rigidity. Fig. 6(C, D) reports the same
tests applied to the series of samples with GelMA75. Comparing the G’
and G” curves of PAAm and CAG75-10, a substantial increase in the ri-
gidity occurs with the formation of the copolymer due to the higher MD
of GelMA. Then, with the introduction of gelatin to form the semi-IPN, a
decrease in the moduli with respect to the starting copolymer CAG75-10
is noticed. Also in this case, no significant difference between SAG75-20
and SAG75-10 is present, while for the SAG75-03 sample, which con-
tains a higher amount of gelatin, an increase in the moduli is obtained.
This is again ascribed to the physical crosslinking among gelatin chains
coming into play when gelatin content increases, forming a more
interlocked and rigid network. Generally, when the materials are pre-
pared starting from the less substituted GelMA30, soft and elastic sam-
ples are obtained, while more rigid and stiff materials characterize the
GelMA75 sample series. The different methacrylation degrees of GelMA
and the different gelatin content employed for the semi-IPNs prepara-
tion can be exploited to tune the final properties of the materials ac-
cording to the various targeted applications.

The frequency sweep is the second oscillatory test performed to gain
insights into the microstructure of the obtained materials. As shown in

Figure S1, all hydrogel samples exhibited an elastic response, with the G’
modulus exceeding the G” modulus values over the whole frequency
range, indicating that the chain motions in the hydrogel network were
restricted and the materials were kept at a stable gel-like state. Again,
samples prepared starting from GelMA75 displayed higher moduli than
those with GeIMA30 due to the higher crosslinking density.

The thermal stability of the samples was investigated through tem-
perature sweep tests from 5 to 60 °C (Fig. 7(A, B, C)). For greater clarity,
only the graphs of some samples are shown. Other graphs are reported in
Supplementary Information (Fig. S2(A)). All samples showed G’ values
higher than G’ ones in the whole temperature range, indicating that
strong crosslinked structures were obtained. PAAm and high crosslinked
copolymer CAG75-10 (Fig. 7(A)) samples do not show any temperature
dependence. Regarding CAG30-04, moduli decrease is observed at
34 °C, resulting in a weaker gel network. The same trend is observed for
the semi-IPN samples, suggesting that SAG75-20, SAG75-10 and SAG75-
03 can be employed in higher temperature applications without losing
their mechanical integrity. SAG30 hydrogels exhibited temperature-
dependent behavior, with a noticeable decrease in G' and G” moduli
observed at temperatures higher than 36 °C (refer to Table S4), resulting
in weaker gel networks. This behavior, therefore, confirms the results
obtained with the swelling tests performed at different temperatures
(see Table 2). As stated above, this could be attributed to the less densely
connected network observed in SAG30 samples compared to SAG75
samples. Therefore, thermosensitive gelatin cannot be physically
entrapped within the less dense network, resulting in a coil-helix tran-
sition as temperature increases [34].
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Finally, the dynamic shear strain test was employed to evaluate the
mechanical recovery properties of reference samples, copolymers, and
semi-IPNs. Again, not all samples are reported here for better clarity, but
more graphs can be found in Supporting Information (Fig. S2(B)). This
assessment is crucial since the macroscopic change in G’ and G” values
can signify the rupture and repair of the hydrogel microstructure. The
previously reported amplitude sweep test determined the linear visco-
elastic region of hydrogels (Fig. 6). The crossover point, corresponding
to the intersection of G’ and G, was established at approximately 300 %
for PAAm, CAG30-04, and SAG30 hydrogels. In contrast, for CAG75-10
and SAG75 hydrogels, characterized by a more rigid and brittle me-
chanical behavior, the crossover point was approximately 10 %. After
these shear strain (%) values, G" becomes equal to or higher than G,
indicating the rupture of the hydrogel internal microstructure. As shown
in Fig. 7(D, E, F), hydrogels were subjected to alternately low (0.1 %)
and high (300 % or 10 %) shear strain, revealing a transition from a gel
state (G' > G") to a liquid-like state (G” > G') as the shear strain increased,
signifying damage to the internal structure. However, after the shear
strain returned to 0.1 %, G’ and G values promptly returned to the
original values, underscoring the exceptional recovery ability of the
samples. The hydrogels demonstrated an impressive capability to
rapidly rebuild the internal network when the shear strain was lowered
back to 0.1 %. Physical interactions (e.g., hydrogen bonds) within the
hydrogel network broke under external forces, leading to network
destruction, but upon cessation of external forces, reversible physical
interactions were re-established. Consequently, the hydrogel effectively
dissipates energy through the rupture of sacrificial bonds, resulting in
excellent recovery capability and reliable mechanical properties.

Fig. 8(A) shows that hydrogels can be compressed several times and
recovered. Compression tests were performed to investigate quantita-
tively the developed hydrogels’ mechanical properties. Young’s
modulus can represent the strength of the gel, while the elongation re-
flects its deformability. Fig. 8(B) shows the stress-strain curves of
PAAm, CAG30-04, and CAG75-10 under uniaxial compression. Starting
from the copolymers, the type of GelMA influenced the compression
properties: CAG30-04 showed a better elongation at break (155 %) than
CAG75-10 (117 %) since it is less crosslinked. However, due to the less

10

dense crosslinked network, CAG30-04 resulted in a weaker hydrogel
(Young’s modulus at 30 % of 0.006 kPa) than CAG75-10 (Young’s
modulus at 30 % of 0.02 kPa). Moving to the semi-IPNs, it is easy to
observe that the introduction of gelatin profoundly influences
compression values.

As shown in Fig. 8(C, D), by increasing the gelatin concentration, a
slight increase of compression moduli in the SAG30 series and a slight
decrease of compression moduli in the SAG75 series are observed
(Table S5). The determining parameter of the mechanical properties is
GelMA MD: the SAG30 series showed fracture stress values lower than
those of the SAG75 one, with the same gelatin content. Indeed, as the
degree of intermolecular crosslinking increased, the density of the
network structures increased, too, thus enhancing the required force to
destroy the hydrogels’ structure.

Passing from CAG30-04 to SAG30 samples, strain values at rupture
decreased. Regarding samples with GelMA75, the elongation at break of
the SAG75 series was higher than CAG75, indicating a synergistic effect
between the secondary network of gelatin and the first copolymer
network, which optimizes the performance of the gels. However, as the
gelatin content increased, the elongation at break decreased, indicating
that the higher degree of crosslinking negatively affected the elongation
at break.

To elucidate the energy dissipation mechanism of hydrogels, crucial
for practical applications, samples underwent four consecutive loa-
ding-unloading compression tests at a constant strain of 30 % and a rate
of 3 mm/min. The energy dissipation capability of the hydrogel was
observed to increase with an increase in the hysteresis loop. As illus-
trated in Fig. 8(H), the stress-strain curves reveal that PAAm hydrogel
exhibits an energy dissipation of 1502 J/m°, with the hysteresis loop
nearly overlapping for the subsequent three cycles, indicating robust
self-recovery. Regarding the copolymers, the incorporation of GelMA
significantly enhances toughness. In the initial compression cycle,
CAG30-04 displays a dissipation energy of 2687 J/m>, maintaining a
consistent hysteresis loop until the fourth cycle (887 J/m®). In contrast,
CAG75-10 demonstrates higher dissipation energy (4521 J/m?), with a
slight decrease in subsequent cycles (3580 J/m>). In the first loa-
ding-unloading cycle, chemical crosslinking and hydrogen bonds
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undergo partial rupture, inducing an extensive hysteresis loop. Due to
the permanent collapse of chemical crosslinking, the second cycle
exhibited a smaller hysteresis loop. Subsequently, the hysteresis loops
were almost overlapped for the following three cycles, indicating that
the hydrogels have favorable fatigue resistance and self-recovery.
Moreover, an increase of the hysteresis loop from CAG30-04 to
CAG75-10 may be attributed to the better capability to dissipate energy
of the homogenous structure of the CAG75-10, where network damage
could be recovered through the alignment of polymer chains and
restoration of hydrogen bonds after disruption. Moving to the SAG30
series, it is easy to observe that the hysteresis loops were almost over-
lapped for the cycles, indicating that the hydrogels have favorable fa-
tigue resistance and self-recovery. Conversely, the SAG75 series exhibits
enhanced dissipated energy, attributable to the synergistic effect be-
tween the secondary network of gelatin and the primary copolymer
network, optimizing the toughness of the gels. Moreover, the dissipated
energy increases by increasing the number of hysteresis loops.

4. Conclusion

In this work, PAAm-based hydrogels containing GelMA were syn-
thesized for the first time by frontal polymerization. GeIMA with two
different degrees of methacrylation (30 and 75 mol%) was exploited to
obtain both copolymers with acrylamide (GelMA acted as a crosslinker)
and semi-IPNs with a second gelatin network. As a first significant result,
we found that PAAm crosslinking by GelMA is much more effective than
by using BIS, since the concentration of methacrylic groups necessary to
obtain a compact hydrogel is two orders of magnitude lower with GelMA
(0.04 mol%) than with BIS (1 mol%). This is due to the interactions
between GelMA chains, which give rise to further physical crosslinking
(i.e., GeIMA-GelMA interactions) additional to the chemical crosslinking
(due to methacrylic groups), leading to improved mechanical properties.

Concerning copolymers, the degree of substitution of GelMA repre-
sented a critical parameter that significantly influenced the properties of
the final hydrogels. In copolymers containing GelMA75, the high
amount of methacrylic groups resulted in a polymer with a high degree
of crosslinking, in which the pore size of the hydrogel was small (~1.7
um) and the SR% (average value ~ 940) was low as compared to that of
BIS-crosslinked polyacrylamide (1110). Conversely, using GelMA30,
copolymers with a low degree of crosslinking were obtained, and a
larger pore size (~ 23 pm) and a high SR% value (up to 2900) were
found. This also led to the complete dissolution of the hydrogels at
temperatures above 34 °C, at which the coil-to-helix transition of gelatin
and the consequent decrease in physical interactions resulted in the
complete dissolution of the hydrogels. On the other hand, CAG75 co-
polymers were stable: the high crosslinking density allowed the soluble
fractions to be retained in successive swelling/drying cycles and at
elevated temperatures (up to 70 °C). Temperature sweep tests also
confirmed stability at elevated temperatures. Finally, rheological and
compression tests showed that when the materials were prepared
starting from the less substituted GelMA30, soft and elastic samples were
obtained (Ei3p compression modulus = 0.006 KPa for CAG30-04 sam-
ple), while the GelMA75 series was characterised by more rigid and stiff
resulting materials (Et3p compression modulus = 0.02 KPa for CAG75-10
sample). GelMA MD in copolymers with acrylamide allowed the tuning
the properties of the hydrogels: swelling capacity, mechanical and
rheological properties, solubility, and resistance to elevated tempera-
tures can be modulated by appropriately varying the quantity of meth-
acrylic groups present in the GelMA comonomer.

The other fundamental objective of the work was to study the effect
of adding gelatin (second network) to the AAm-GelMA copolymer net-
works to obtain a semi-IPN (SAG series). In these samples, gelatin chains
interacted with each other and with GelMA chains through the forma-
tion of hydrogen bonds, like what happened in gelatin hydrogels. The
formation of these hydrogen bonds, which led to further physical
crosslinking, was confirmed by TGA analyses, which showed an increase
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in the degradation temperature of gelatin in the semi-IPN. This physical
crosslinking effect was particularly evident in the hydrogels’ rheological
and mechanical properties. Rheological tests showed that when low
amounts of gelatin were intercalated within the CAG network (AAm/
gelatin weight ratio higher than 10:1), a substantial decrease of the
moduli (i.e., G moved from 446 to 34 Pa for the hydrogels with GelMA
30, and from 6820 to 1232 for the hydrogels with GelMA 75) and
increased elasticity were observed due to the interference with the
copolymer network and self-aggregation of gelatin chains. For higher
amounts of gelatin (AAm/gelatin weight ratio 3:1), the physical in-
teractions with the copolymer network significantly increased, thus
resulting in the formation of a more interlocked and rigid network,
causing an increase in hydrogel modulus and stiffness (i.e., G’ moved
from 34 to 86 Pa for the hydrogels with GelMA 30, and from 1232 to
3412 Pa for the hydrogels with GelMA 75). Moreover, dynamic shear
strain tests proved that all hydrogels possessed exceptional recovery
ability. Indeed, they had a high capability to rebuild the internal
network rapidly when the shear strain returned to low values. When
hydrogels were subjected to high shear stress, physical interactions (e.g.,
hydrogen bonds) within the hydrogel network were broken, leading to
network destruction. However, upon cessation of external forces,
reversible physical interactions were re-established. Consequently, the
hydrogel effectively dissipated energy through the rupture of sacrificial
bonds, resulting in excellent recovery capability and reliable mechanical
properties.

Overall, our study has unveiled a versatile platform for tailoring
hydrogel properties through gelatine and GelMA incorporation: ac-
cording to the different degrees of substitution of GelMA and various
amounts of incorporated gelatine, it is possible to tune the resulting
porosity, mechanical properties, and swelling behaviour, making these
systems suitable for a wide range of applications in materials and
biomedical fields.
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