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ABSTRACT: We report on the formulation and characterization of hybrid
hydrogels composed of gelatin and poly(ethylene glycol) diacrylate
(PEGDA). Such hydrogels undergo sol—gel transitions either reversibly via
temperature variation or irreversibly via UV photopolymerization. By finely
tuning the interplay between physical (thermal) and chemical (UV-induced)
gelation mechanisms, a broad spectrum of viscoelastic properties and swelling
ratios can be achieved. We systematically investigate the effects of PEGDA
concentrations and the preparation protocol on gelation kinetics and the
mechanical properties, morphology, and swelling of the resulting hydrogels.
Rheological measurements demonstrate that a higher gelatin content
promotes faster physical gelation and enhances the elastic properties, while
UV-triggered PEGDA cross-linking competes with and modifies the physical
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network, especially at elevated PEGDA levels. SEM analysis reveals that increasing the level of PEGDA leads to denser
microstructures with reduced porosity. Swelling tests indicate that lower PEGDA concentrations result in greater water uptake. Our
findings highlight the synergistic interactions between reversible and irreversible cross-linking mechanisms and their role in
modulating the final hydrogel properties. The tunability of this system offers promising potential for applications that require
customizable mechanical behavior and morphological characteristics.

1. INTRODUCTION

Gelation, also known as the sol—gel transition, is the process
by which a polymeric or colloidal solution transforms into a
soft solid." On the microscopic scale, this transition involves
the formation of a 3D network resulting from associations
between polymers or particles. The reversibility of this
transition depends on the nature of the cross-linking: if the
cross-links are permanent covalent bonds, the transition is
irreversible. On the contrary, it remains reversible when
determined by physical interactions such as hydrogen bonding,
electrostatic forces, or van der Waals attractions.”

Biopolymers are a well-known class of materials that can
form physical gels when dissolved in water.”” They can derive
from animal sources, seaweeds, and trees or can be produced
through fermentation processes.’

One of the primary mechanisms of hydrocolloid gelation is
cold-set gelation. It is a process in which gel formation occurs
as biopolymer solutions are cooled. Typically, these solutions
are prepared by dissolving hydrocolloid powders in a hot
solvent, most commonly water. Upon cooling, the polymer
chains become enthalpically stabilized, leading to the develop-
ment of a structured network that forms the gel.” Common
biopolymers that under_go cold-set gelation include gelatin,
agar, and k-carrageenan.””*

Gelatin is a protein mainly derived from animal byproducts
such as pig skin, bovine and porcine cartilage, bones, and hides,
through the partial hydrolysis of collagen.” It is used across
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various sectors, including food, cosmetic, medical, and
pharmaceutical industries."”~"? Its thermoresponsive behavior
and favorable biocompatibility profile, which can be tailored
according to the intended biological application and
implantation site, make gelatin particularly attractive for
biomedical applications, including tissue engineering scaffolds,
drug delivery matrices, and wound healing constructs."*~"
Physically cross-linked gelatin gels often have limited
mechanical stability and temperature sensitivity, which can
restrict their long-term functionality in physiological environ-
ments, particularly when structural integrity under mechanical
loading, such as in cartilage regeneration or vascular grafting, is
essential.'®™"® To overcome these limitations, gelatin is
frequently combined with synthetic polymers such as poly-
(ethylene glycol) (PEG) to create hybrid hydrogels with
enhanced mechanical and structural properties.”””"

PEG is a synthetic, hydrophilic polymer widely used in
biophysical and biomedical applications, such as hydrogel-
based drug delivery systems, tissue-engineered scaffolds, and
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cell encapsulation platforms, due to its chemical versatility,
tunable biocompatibility dependent on the biological context,
and favorable permeability characteristics toward essential
gases and nutrients.”””>* Tts basic structure, composed of
repeating ethylene oxide units and terminal hydroxyl groups,
can be functionalized with a variety of reactive groups—such
as amines, carboxyls, thiols, and acrylates—enabling covalent
cross-linking and incorporation of bioactive moieties.”> Among
these derivatives, poly(ethylene glycol) diacrylate (PEGDA)
has gained significant attention for its ability to form hydrogels
via free radical photopolymerization in the presence of a
photoinitiator.*®

Photopolymerization offers several advantages, including
rapid gelation, precise spatiotemporal control via light
exposure, low heat generation and temperature sensitivity,
and the ability to modulate mechanical properties by tuning
light intensity and exposure time.”” This process allows the
formation of robust three-dimensional networks under mild
conditions, compatible with the encapsulation of cells and
bioactive molecules.

PEGDA-based hydrogels, especially when combined with
natural biopolymers like gelatin, provide a favorable environ-
ment for cell proliferation and tissue regeneration.”® Their high
water content and structural similarity to the extracellular
matrix (ECM) support a hydrated, cell-friendly microenviron-
ment.”” Such hybrid systems are particularly well-suited for
applications in wound healing, drug delivery, and tissue
engineering. o=

Recent investigations have demonstrated the potential of
gelatin as a co-initiator in the UV-induced cross-linking of
PEGDA-based hydrogels.”*™** Moreover, PEGDA—gelatin
bioinks are increasingly attracting interest within the scientific
community due to their promising applicability in advanced
biofabrication strategies. However, a systematic investigation
about the influence of temperature and UV exposure on the
gelation kinetics and the mechanical properties of the resulting
hydrogels is currently lacking.

In the above context, rheology provides a powerful tool for
monitoring the sol—gel transition and measuring the
viscoelastic properties of hydrogels under different stimuli.*”*’
Ad hoc rheological setups enable precise control over both
light exposure and thermal history during time-dependent
gelation tests. This approach allows for a fine modulation of
the gelation kinetics and real-time monitoring of the evolution
of mechanical properties.

The aim of this study is to provide a comprehensive
investigation of the gelation kinetics, encompassing both
physical and chemical cross-linking mechanisms, of hybrid
hydrogels composed of gelatin and PEGDA. Rheological
measurements were employed to monitor, in situ, the gelation
process and to evaluate the interplay between physical and
chemical gelation mechanisms. In addition, scanning electron
microscopy (SEM) was utilized to identify the morphology of
the hydrogels, providing insights into their microstructure, and
swelling measurements were performed to assess the water
uptake capacity of the hydrogels, an important factor for
applications. Furthermore, helium pycnometry was applied to
determine the skeletal density of the hydrogels, offering
valuable data regarding their compactness and structural
integrity. By combining these analytical techniques, we aim
to provide a comprehensive characterization of the hybrid
hydrogel systems, their gelation kinetics, and their potential for
applications such as biomedical and 3D printing.
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2. MATERIALS AND METHODS

2.1. Materials. Gelatin from porcine skin (gel strength 300, type
A), poly(ethylene glycol) diacrylate (PEGDA) (M, = 700 g/mol),
and 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone, com-
monly known as Irgacure 2959 (I2959), were purchased from
Sigma-Aldrich and used without additional treatment.

2.1.1. Preparation of the PEGDA/Water Solutions. Two different
aqueous solutions were prepared, containing PEGDA at concen-
trations of 5 and 10 wt % (henceforth referred to as PS and P10,
respectively). Photoinitiator 12959 was added to each solution at a
concentration of 1 wt % (see Table 1). PEGDA and 12959 were

Table 1. Composition of the Prepared Solutions

sample  gelatin/water gelatin [wt %] PEGDA [wt %] 12959 [wt %]
PS S 1

P10 10 1

G2 2/98 2

G2-P1 2/98 2 1 1

G6 6/94 6

G6-P1 6/94 6 1
G6-PS 6/94 5.7 S 1
G6-P10 6/94 5.3 10 1

dissolved in bidistilled water in glass vials at room temperature. The
mixtures were subjected to magnetic stirring at 360 rpm for 3 h to
ensure complete dissolution. To prevent photopolymerization
triggering due to light exposure, the vials were wrapped in aluminum
foil.

2.1.2. Preparation of the Gelatin/Water Solutions. Two gelatin/
water solutions were prepared, containing gelatin at concentrations of
2 and 6 wt %, hereafter referred to as G2 and G6, respectively (see
Table 1). Gelatin powder was dissolved in bidistilled water, and the
resulting mixtures were magnetically stirred at 360 rpm and 60 °C for
30 min to ensure complete dissolution. The selected concentrations
were chosen such that G2 is in the dilute regime, while G6 falls within
the semidilute regime.*

2.1.3. Preparation of the Hybrid Prepolymerized Solutions.
PEGDA and 12959 were added to 10 g of the aqueous animal gelatin
solution to obtain hybrid solutions with PEGDA concentrations of 1,
S, and 10 wt % while keeping the photoinitiator concentration at 1 wt
%. Such a protocol ensures that the hybrid solutions have the same
gelatin-to-water weight ratio as the pure gelatin-water solutions.

Each solution was mixed on a magnetic stirrer at 360 rpm and 60
°C for 24 h and subsequently stored in a refrigerator at 5 °C. To
prevent light exposure, the glass bottles were wrapped in aluminum
foil. The prepared hybrid samples are listed in Table 1.

2.2. Rheological Tests. Rheological tests were performed using
an MCR702 rotational rheometer (Anton Paar, Austria) in a single-
motor configuration with parallel plates (25 mm stainless-steel upper
plate and quartz bottom plate) at a fixed gap of 1 mm. Temperature
control was provided by a Peltier unit (plate and hood H-PTD200),
and UV curing was achieved with a portable UV lamp (254/36S nm,
0.40 mW/cm?) positioned at a distance of 13 cm below the bottom
plate.*" To prevent both sample evaporation and UV-light-driven
oxidation, a low-viscosity silicone oil (7 = 0.1 Pass at ambient
temperature) was poured around the rim of the upper plate. The
hood also served to confine UV light.

Two types of experiments were carried out:

e Dynamic temperature ramp tests (DTRTs) were performed at
a frequency @ = 10 rad/s and strain y = 5%. Such a strain value
falls within the linear viscoelastic regime. While imposing
oscillatory strain, the temperature was varied with a fixed rate
of 3 °C/min. The samples were loaded at 60 °C, cooled to —5
°C and, after a waiting time of 300 s at —5 °C, heated again to
60 °C. With such a procedure, during physical gelation, the
curves of the complex modulus feature a hysteresis between
cooling and heating (Figure 1b). The transition temperatures
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Figure 1. Qualitative sketches of (a) thermal history applied to the
samples during a DTST experiment, and (b) temperatures, T},
selected from the hysteresis loop formed during the cooling and

heating ramps of the physical gels.

were defined as the minimum of the derivative of log(IG*I)
with respect to temperature.“’“ The transition temperature
during cooling is indicated as T,_g, whereas the transition

temperature during heating is indicated as Ty g

e Dynamic time sweep tests (DTSTs) were conducted at fixed
temperature at ¥ = 5% and @ = 10 rad/s. We followed the
protocol illustrated in Figure 1: the samples were initially
loaded at 60 °C (T,) and then cooled at a rate of 3 °C/min to
a selected target temperature T, on the cooling curve of the
complex modulus (colored diamonds in Figure 1b). Then, the
ramp was stopped, and the viscoelastic moduli were measured
over a time interval At. The isothermal tests were performed
with and without UV irradiation, depending on the
investigated gelation mechanism. The gel time, f,, was defined
as the crossover point between the storage modulus and the
loss modulus.**

2.3. Swelling Analysis and Gel Fraction Determination. To
determine the water swelling behavior of the cross-linked samples, the
hydrogels formed in the rheometer were carefully removed from the
measuring geometry and then dried in a vacuum oven (Colaver M40-
VT) at 40 °C for 24 h and weighted afterward. After that, they were
put in a vial containing 10 mL of bidistilled water and stored for 48 h
in an incubator at 25 °C. During this period, the samples were
removed from the vial every 24 h, blotted to remove excess water, and
weighed. The weight sampling at 24 and 48 h yielded virtually
identical values, indicating that equilibrium was already achieved after
24 h. The water uptake capacity is expressed by the weight swelling
ratio defined by eq 1:

W,
Swelling ratio(%) = — X 100

Wy (1)

where W, and W, are the weight of the swollen and dried gel,
respectively. ™

After reaching the water swelling equilibrium, the hydrogels were
dried again in a vacuum oven. The gel fraction was calculated by the
following eq 2:°°

We
Gel fraction(%) = — X 100
W, 2)

where W, is the dried weight of the sample after extraction of soluble
parts.

2.4. SEM Analysis. Samples for SEM analysis were stored at —18
°C for 24 h and then freeze-dried using a lab-scale freeze-dryer
(Christ Alpha 1—2 LDplus, Martin Christ, Osterode am Harz,
Germany). Freeze-drying lasted 24 h, consisting of a main drying
phase at a chamber temperature of —20 °C, a pressure of 10* Pa for
12 h, and a final drying phase for the removal of the residual moisture
at a temperature of —56.5 °C and a pressure of 1.7 Pa for 12 h.*

SEM analysis was performed by means of a Tescan Vega 4
instrument equipped with both secondary electron (SE) and
backscattered electron (BSE) detectors. The employed electron
landing energy was 25 keV. The working distance (WD) was kept as
low as allowed by the height of the mounted samples. The latter
approach, together with low beam currents (<30 pA), allowed us to
obtain the best possible imaging resolution. Because of their
nonconductive nature, the samples were preliminarily gold-sputtered
using a Cressington 108 coater.

2.5. Helium Pycnometry. Skeletal densities of the freeze-dried
samples were calculated by using a Micromeritics AccuPyc II 1345
helium pycnometer equipped with a 1 cm® nominal volume cell. Tests
were carried out at ambient temperature, imposing a testing pressure
of 152 kPa. Because of its hydrophilicity, every sample was
preliminarily purged 30 times to avoid moisture outgassing during
the analysis.

3. RESULTS AND DISCUSSION

3.1. Thermally Driven Physical Gelation. Since PEGDA
forms a network only under UV radiation, the gelation of
aqueous PEGDA/gelatin solutions upon cooling and without
UV application is primarily governed by gelatin. However, the
question arises whether PEGDA can synergistically contribute
to thermal gelation.

As an example, Figure 2a illustrates the evolution of the
viscoelastic moduli as functions of temperature for the G6-PS
sample during a DTRT. At 60 °C, the viscoelastic moduli are
low, and the system has Newtonian behavior (see Figure S2 of
the Supporting Information). During the cooling phase, the
viscoelastic moduli (blue symbols) exhibit an abrupt increase
as the temperature approaches approximately 18 °C,
corresponding to the onset of gelation.” The onset temperature
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Figure 2. (a) Storage modulus G’ and loss modulus G” as functions of the temperature for sample G6-PS at 3 °C/min. Blue symbols represent the
cooling phase, red symbols, the heating phase. (b) Complex modulus as a function of temperature at 3 °C/min. Down-pointing triangle symbols
indicate the cooling phase, up-pointing triangle symbols, the heating phase for the hybrid hydrogels. The dashed and solid lines correspond to the
cooling and heating curves, respectively, for the pure gelatin/water solutions G2 (gray lines) and G6 (black lines).
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marks the formation of triple helices typical of the sol—gel
transition of gelatin. At lower temperatures, when gelation is
complete, the system exhibits solid-like behavior (see Figures
S2 and S4 of the Supporting Information), with the storage
modulus (G’) significantly higher than the viscous modulus
(G”). At this stage, the triple helices are well-connected and
form a 3D network. Conversely, during the heating phase (red
symbols), the moduli decrease as the temperature rises. The
reversibility of the transition is evidenced by the recovery of
both G’ and G” to their initial values at 60 °C."

Figure 2b illustrates the thermal evolution of the complex
modulus, IG*|, for all of the examined samples. For
comparison, the sol—gel transition of a pure gelatin/water
solution at the same gelatin/water ratio as the hybrid systems
is also included. For the three samples with a 6/94 gelatin-to-
water weight ratio, the hysteresis is nearly identical, irrespective
of the PEGDA concentration. The curves of the G2-P1
solution differ from those of the other samples due to its lower
gelatin concentration and different dilution regime.

The addition of PEGDA to the solution has a minimal effect
on the elastic modulus of the final gel, indicating that the
formed 3D network is dominated by the cross-links formed by
gelatin. The gelation and melting temperatures of pure gelatin/
water solutions are only slightly higher than those of the hybrid
solutions. This suggests that the addition of PEGDA slows
down the nonisothermal gelation kinetics. Such an effect can
be explained in two ways. On the one hand, the presence of
PEGDA may limit water availability for gelatin swelling. On the
other hand, the formation of PEGDA/gelatin hydrogen bonds
may hinder the formation of the triple helices that generate the
gelatin network. In all cases, however, the viscoelastic moduli
of the resulting gels are nearly identical, indicating that the
structure of the final gel is not affected by PEGDA, although
the inclusion of relatively small molecules in the core of the
triple helices is also possible.”” Another interesting aspect is
that at moderate concentrations (from 1 to 10 wt %), PEGDA
concentration has a negligible effect on the transition
temperatures, as the data of G6-P1, G6-PS, and G6-P10
nearly overlap.

3.2. Physical Gelation under Isothermal Conditions.
To study the physical gelation of the samples under isothermal
conditions, the protocol in Figure 1a was adopted. Each sample
was loaded and thermally equilibrated at 60 °C, then it was
cooled down to a target temperature, T), at a fixed cooling rate
(3 °C/min), and the viscoelastic moduli were measured as
functions of time. The UV light was kept off for the entire
duration of the experiment. As an example, Figure 3 presents
the time evolution of G’ and G” for the samples G6-PS at
different target temperatures.

At the selected temperatures, the system is initially liquid,
with G” > G’. After an induction period, the duration of
which depends on the target temperature, both moduli exhibit
a significant increase that indicates the development of a gel
structure. At a characteristic time, ty a crossover occurs
between G’ and G”. The time ¢, is considered the gelation time
of the sample** and is reproducible with an error of less than
5%. As expected, the gelation process is faster when the
isothermal test is conducted at temperatures closer to the
gelation point, resulting in a decrease in the gelation time with
decreasing temperature. Moreover, the long-time value of G" of
the gelatin-based hydrogels increases with temperature and
does not reach a plateau, a characteristic fingerprint of the
gelation kinetics of gelatin gels.**™° This trend remains
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Figure 3. Storage modulus G" and loss modulus G” as functions of
time for samples G6-PS at selected temperatures.

consistent even with the incorporation of PEGDA, indicating
that the addition of PEGDA does not alter the inherent
temperature-dependent behavior of gelatin. An analogous
behavior was observed for the other samples.

Figure 4 shows the gel time, obtained from the crossover of
the viscoelastic moduli, as a function of the target temperature
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Figure 4. Ross—Murphy plot for gelatin and gelatin/PEGDA samples.
Open symbols are the experimental and lines are the best fits obtained
via eq 3.

for all of the gelatin-based samples. The experimental data can
be fitted with the Ross—Murphy equation:**

T‘i
ngKTl—?

c

()

where K and ¢ are fitting parameters. The curves represent
the best fit through the data by using eq 3. The critical melting
temperature, T, is defined as the maximum temperature
allowed for the gel before melting.”" Its value is close to the
Tyel—so1 measured in DTRTS at a rate of 1 °C/min (see Figure
S7 in the Supporting Information), as this value approximates
the ideal limit of zero heating rate.”” Table 2 presents the
values of T, K, and g determined for each sample. Both
parameters exhibit a strong dependence on the gelatin
concentration. While the physical interpretation of g remains
unclear, it is known that such a parameter is highly sensitive to
T.>' Conversely, Ky is expressed in time units and can be
considered as the reciprocal of a reaction rate.

As observed in the plot, all data closely follow the trend
described by eq 3. The black symbols represent data sets for
the pure gelatin/water solution at the same water-to-gelatin
weight ratio as the hybrid solutions. Although the data of the
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Table 2. Regression Parameters of eq 3 for the Experimental
Data Shown in Figure 4

sample T, [°C] Ky [s] q
G2 26.0 61.1 —2.2
G6 31.0 7.4 =29
G2-P1 23.8 206 —2.25
G6-P1 28.8 155 —1.55
G6-PS 29.9 204 —-1.36
G6-P10 28.4 193 —1.52

pure gelatin aqueous solution and those of the corresponding
hybrid solutions are well-described by eq 3, the addition of
PEGDA has a significant effect on the gelation time, in that it
increases the gelation time by 1 order of magnitude. As for
nonisothermal gelation, the increase of the gelation time can be
attributed to the ability of PEGDA to link both water
molecules and gelatin. This hinders gelation by limiting the
swelling of gelatin molecules and their association with triple
helices. The data of Figure 4 also suggest that the variation of
the PEGDA concentration between 1 and 10 wt % has a
minimal effect in tuning the gelation time. This is likely due to
the fact that the concentration of PEGDA is moderate. At
higher concentrations (e.g, 25 wt %), PEGDA completely
inhibits the gelation of gelatin (see Figure S5 in the Supporting
Information).

3.3. Interplay of Physical and Chemical Gelation. To
investigate the interplay between physical and chemical
gelation, the isothermal gelation protocol described in Section

3.1 was employed, with the addition of UV irradiation.
Specifically, the sample was cooled to a target temperature T)
and subsequently exposed to UV light through the glass plates
of the rheometer while maintaining the temperature constant.
Figure S presents the time evolution of the viscoelastic moduli
of the three samples with a gelatin-to-water weight ratio equal
to 6/94, and varying PEGDA concentrations, during
isothermal gelation with and without UV curing at different
target temperatures.

In the absence of UV light, the sol—gel transition is
dominated by the physical gelation of gelatin, akin to the
process described in Section 3.1 (teal symbols). When UV
light is activated, chemical gelation occurs simultaneously with
physical gelation (violet symbols).

Focusing, for example, on the sample G6-P1 in Figure S, we
observe that, at low temperatures (10 and 1S5 °C), the
viscoelastic data of the experiments with and without UV
irradiation virtually overlap, indicating that the physical
gelation of gelatin dominates over chemical photo-cross-
linking. The latter is relatively slow due to the low
concentration of PEGDA (Figure Sab). However, as the
target temperature is increased with respect to Tyolgel of
gelatin, physical gelation slows down, and the photo-cross-
linking reaction becomes faster than the physical process.
When the temperature is raised to 60 °C, physical gelation is
completely suppressed; therefore, the elasticity of the resulting
gel is provided exclusively by the chemically cross-linked
network formed by the 1 wt % PEGDA present in the solution.
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UV curing was maintained for the entire duration of the test.

Additionally, at this elevated temperature, gelatin has a lower
viscosity, which facilitates the more efficient diffusion of free
radicals within the system, further accelerating the polymer-
ization process.

The behavior differs significantly at higher PEGDA
concentrations, where the kinetics of physical and chemical
gelation become comparable also at low target temperatures.
At 10 °C, in the case of G6-PS (Figure Se), the two gelation
mechanisms can be clearly distinguished. Initially, physical
gelation dominates, as indicated by a shoulder in the curve
corresponding to the characteristic plateau of the physically
cross-linked hydrogel. This suggests that, at lower temper-
atures, gelatin’s ability to form a percolating network through
hydrogen bonding and triple-helix formation is still effective,
even in the presence of PEGDA. However, as the reaction
progresses, chemical gelation gradually takes over, leading to a
significantly stronger network. This transition is marked by the
onset of an elastic plateau that is approximately 1 order of
magnitude higher than that of the physical hydrogel,
highlighting the superior mechanical properties imparted by
covalent cross-linking.

As the temperature increases, the physical gelation process
slows down, while chemical cross-linking becomes dominant.
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This difference becomes particularly evident as the chemical
gel reaches a much higher plateau, nearly 2 orders of
magnitude greater at 20 °C, suggesting that the physical
interactions between gelatin chains contribute less to the
overall mechanical properties under these conditions. This
trend continues until T, is reached. At 60 °C, as previously
observed, the measured elastic plateau corresponds to that of
the purely chemically cross-linked gel, confirming that the final
mechanical properties at this temperature are dictated solely by
the PEGDA network.

A similar trend is observed for sample G6-P10 (Figure 5i).
In this case, the initial shoulder corresponding to the physical
gel is more apparent, but the final modulus, controlled by the
chemical cross-linking, is nearly 2 orders of magnitude higher
than that of the physical gel. At 60 °C (Figure 5l), chemical
gelation becomes the only relevant process.

3.4. Thermoreversibility of Hybrid Gels. Figure 6ab
shows the time evolutions of G’ and G” for the same G6-P1
sample undergoing an identical thermal history. The only
difference between the two experiments is the application of
UV irradiation during the DTST, which is only presented in
Figure 6b. As previously discussed and shown in Figure Sa, the
gelation kinetics are identical in both cases.
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Figure 9. SEM images of (a) G2, (b) G6, (c) PS, (d) P10, (e) G2-P1, (f) G6-P1, (g) G6-PS, and (h) G6-P10 (scale bar: 200 ym).

Significant differences emerge during the heating phase. In
the case of exclusive physical gelation (Figure 6a), both moduli
decrease, exhibit a crossover, and return to their initial values.
This confirms the thermoreversible nature of the gelatin
hydrogel. This behavior is consistent with the results reported
in Figure 2b. In contrast, Figure 6b, featuring the viscoelastic
properties of the sample cured with UV, shows that G’ and G”
initially decrease upon heating, due to the disruption of
gelatin’s triple helices into random coil conformations.
However, the moduli do not return to their initial values but
reach a final value that matches those observed at 60 °C for the
fully chemically cross-linked hydrogel, thus confirming the
different roles of the two networks.

In this work, a relatively low UV irradiance of 0.4 mW/cm?
was employed to ensure homogeneous curing while avoiding
thermal effects and potential photodegradation. It is known
that higher irradiance can enhance the rate and extent of
polymerization,””* reducing the required exposure time.
However, as reported by Zhang et al,>* increasing the UV
intensity beyond a certain threshold (e.g, S mW/cm?) may
lead to degradation of PEGDA hydrogels, inhomogeneous
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cross-linking across the sample thickness, and undesirable
optical and mechanical effects. Therefore, the selected intensity
represents a compromise between the curing efficiency and
network quality.

3.5. Effect of Gelatin and PEGDA Concentration.
Figure 7 presents |G*| of the hybrid solutions as a function of
t/t, under UV curing at specific target temperatures.

For the two samples with 1 wt % of PEGDA (G2-P1, G6-
P1), the final elastic plateau value at long times depends on the
temperature at which the DTST is performed. This behavior
indicates that the formation of the cross-linked network is due
to gelatin only, as expected given the low PEGDA
concentration.

It is worth noticing that for G2-P1, photopolymerization
does not occur at 60 °C, in contrast to what happens for G6-
P1, suggesting that, at low PEGDA concentrations, the
presence of gelatin is essential for enabling network formation
even in the case of pure chemical gelation. This is further
corroborated by the observation that a formulation containing
only 1 wt % PEGDA and 1 wt % of 12959 in water fails to
photopolymerize under the same conditions (see Figure S1 in
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Figure 10. SEM images of G6-P1 photopolymerized at different temperatures: (a) 10 °C, (b) 20 °C, and (c) 60 °C (scale bar: 200 ym).

the Supporting Information). Such a synergistic effect can be
attributed to the ability of gelatin to stabilize free radicals
through its carboxyl and hydroxyl functional groups. Given the
low concentration of PEGDA, this stabilization plays a crucial
role in preventing rapid radical deactivation and promoting
effective gelation. The curve at 60 °C is absent because
photopolymerization does not occur within the experimental
time frame.

In contrast to the behavior observed at lower PEGDA
concentrations, for G6-PS and G6-P10, the elastic plateau
value does not depend on the target temperature. This
indicates that, at such concentrations of PEGDA, the chemical
cross-linking process is dominant. The effect of the interplay of
physical and chemical gelation on the elasticity of the resulting
gels is summarized in Figure 8a, where the plateau modulus of
the gels as a function of target temperature for the different
samples is reported. At low target temperatures and PEGDA
concentration equal to 1 wt %, the elasticity is dominated by
the physical network of gelatin. As a result, the modulus is
relatively low and depends on the target temperature. At high
PEGDA concentrations, the elasticity is governed by the
chemical network of PEGDA. The elastic modulus is higher
and nearly independent of the target temperature as the
kinetics of the photopolymerization process are nearly
temperature-independent.

Figure 8b presents the gelation time as a function of
temperature, with distinct symbols indicating the different
gelation mechanisms. Squares correspond to conditions where
physical gelation due to gelatin dominates, and the two kinetic
processes occur sequentially. Triangles represent scenarios in
which physical and chemical gelation mechanisms act in
parallel and enhance each other. Stars indicate purely chemical
gelation. By playing with target temperature, composition, and
gelation kinetics, apart from different elastic properties, a large
variety of gelation times can be achieved.

3.6. Morphology of the Hydrogels. Figure 9 displays
SEM images of the freeze-dried hydrogels. The top row (a—d)
shows images of the pure gelatin/water and PEGDA/water
hydrogels, namely, G2, G6, PS, and P10.

In the case of the gelatin gels, G2 exhibits a highly porous
and flaky morphology, whereas G6 shows a more compact
structure with smaller, more closed pores. In contrast, the pure
PEGDA hydrogels, PS and P10, display a denser and smoother
architecture.

The bottom row (e—h) displays four hybrid hydrogels that
were photopolymerized under the rheometer, following the
thermal protocol described in the Methods section with T
10 °C.
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All samples exhibit a porous microstructure, with clear
trends related to the PEGDA and gelatin content. Hydrogels
with lower PEGDA concentration show a more porous
architecture, characterized by numerous small pores, whereas
increasing the PEGDA content results in a denser and less
porous structure, progressively resembling the morphology of
the pure PEGDA hydrogels PS and P10 (Figure 9¢c,d). Such
morphological features are consistent with the viscoelastic
moduli observed in the hybrid gels. Samples with higher
PEGDA content, such as G6-PS and G6-P10, result in more
elastic networks with reduced porosity.

To investigate the influence of polymerization temperature
on the microstructure, we analyzed the same hybrid hydrogel
at low PEGDA content (G6-P1), known to exhibit temper-
ature-dependent behavior, after polymerization at different
temperatures. As shown in Figure 10, increasing the temper-
ature leads to more compact morphologies, despite a decrease
in elastic modulus. This apparent contradiction with the
previous findings can be explained by considering that a
significant fraction of pores could have sizes small enough to
be not resolvable by imaging techniques (as also pointed out in
Section 3.8 for other samples). Most probably, photo-
polymerizing at higher temperatures reduces the extent of
large pores but increases that of small ones, potentially
correlating with a lower elastic modulus.

These findings highlight the critical interplay between
physical and chemical cross-linking in determining hydrogel
morphology and mechanical behavior and underscore the
potential of polymerization temperature as a design parameter
for tuning hybrid hydrogel properties.

3.7. Swelling Ratio and Gel Fraction. The SEM and
rheological measurements reported above indicate that a
denser gel network is formed as the PEGDA concentration
increases in the prepolymerized solution. As a consequence,
systems with a lower PEGDA content are expected to show an
enhanced capacity to absorb water.

The influence of gelatin and PEGDA composition on the
swelling ratio of hybrid hydrogels in bidistilled water at 25 °C
is shown in Figure 11. Notably, the PEGDA-only hydrogel
with 1 wt % PEGDA is absent, as previously mentioned, due to
its inability to undergo photopolymerization. Consequently,
the comparison is limited to hydrogels with higher PEGDA
concentrations.

As expected, the equilibrium swelling ratio increases with a
decreasing concentration of PEGDA. Moreover, the results
indicate that the swelling of G6-PS and PS is similar, as is the
case for G6-P10 and P10. This trend aligns with previous
observations (Figure 7c,d), which demonstrated that the
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chemically cross-linked network dominates over physical
interactions, making PEGDA the primary structural compo-
nent.

The two samples with 1 wt % of PEGDA exhibited
equivalent swelling ratios, which is not unexpected given their
comparable elastic plateau modulus and morphological
structure. The elevated error bar for G2-P1 is attributable to
the hydrogel’s increased fragility and the associated challenges
in precise weighing.

These swelling results are also consistent with the
determination of the gel fraction via eq 2, which is a qualitative
measure of network formation efficiency, reflecting the extent
of covalent cross-linking between polymer chains.”> As the
PEGDA content increases, a greater number of covalent cross-
links are formed within the hydrogel network, resulting in a
higher gel fraction. A more cross-linked network restricts the
mobility of polymer chains and reduces the hydrogel’s ability
to absorb water, thereby explaining the lower swelling ratios
and higher gel fractions observed in samples with higher
PEGDA concentrations. Moreover, consistent with previous
studies,”® hybrid hydrogels containing gelatin exhibited a
higher gel fraction compared to those without gelatin in
photopolymerized systems, highlighting the beneficial role of
gelatin in enhancing network integrity.

3.8. Skeletal Density. Figure 12 presents the skeletal
densities of all freeze-dried hydrogels, as determined by helium
pycnometry. For pure PEGDA hydrogels, the densities are
clearly higher than that of pure water. Although based on only
two formulations, the data suggest that the density increases
with higher PEGDA concentrations in the initial solution.

A similar trend is observed in gelatin-based samples,
although the differences in density are more pronounced
compared with pure PEGDA-based ones. Specifically, the
sample with a lower gelatin concentration exhibits a density
below that of pure water, while the sample with a higher gelatin
concentration has a density exceeding that of pure PEGDA-
based samples. This result is consistent with the findings
reported by Van Vlierberghe et al,>® who pointed out a
remarkable porosity decrease (i.e., density increase) at higher
gelatin concentrations due to the lack of pores that are easily
permeated by helium but hardly, if not at all, resolved by
imaging investigations (SEM, microcomputed tomography).

Interestingly, this trend reverses in hybrid samples with a
low PEGDA content. Indeed, the densities of G2-P1 samples
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Figure 12. Skeletal densities determined via helium pycnometry for
all hydrogels formulations. The temperatures indicated next to each
sample name refer to the photopolymerization temperature of the
corresponding hydrogel.

are significantly higher than those of the G6-P1 samples. A
similar pattern can be inferred from the results of Fu et al,””
who investigated the drug release kinetics of semi-inter-
penetrating networks (sIPNs) of gelatin and PEGDA. The
study examined sIPNs with varying gelatin/PEGDA weight
ratios. It was observed that increasing gelatin content led to
higher initial solute release rates and intragel diffusivity. This
suggests that higher gelatin concentrations result in a more
porous network, potentially correlating with a lower density. It
is also notable that the density of the G6-P1 samples remains
largely unaffected by the photopolymerization temperature. As
already pointed out in Section 3.6, increasing the photo-
polymerization temperature presumably reduces the extent of
large pores but increases that of small ones, potentially leading
to a compensation in terms of porosity and thus density.
Further examination of Figure 12 reveals that increasing the
PEGDA content up to concentrations that are like or even
higher than that of gelatin leads again to higher density values.
Indeed, Testore et al. already found that, in photopolymerized
hybrid hydrogels, higher PEGDA/gelatin ratios yield more
cross-linking points per unit volume.” This indicates a tighter
network and, thus, a higher polymer density. Finally, it is worth
noting that once the gelatin/PEGDA weight ratio approaches
unity, further increases in PEGDA concentration do not seem
to cause significant corresponding changes in sample density.

4. CONCLUSIONS

This study systematically investigated the interplay between
physical and chemical gelation in gelatin/PEGDA hybrid
hydrogels, providing key insights into how temperature,
polymer concentration, and UV exposure control the kinetics
and mechanical properties of the resulting gels.

The gelation temperature and hysteresis are strongly
influenced by the gelatin concentration, with higher concen-
trations promoting more defined and robust physical networks.
Isothermal tests confirm that physical gelation follows
predictable kinetics well-described by the Ross—Murphy
model, and that PEGDA, while not altering the temperature-
dependent behavior of gelatin, significantly affects the gelation
time and final network strength.

Upon UV activation, chemical gelation through PEGDA
cross-linking enhances the hydrogel’s stiffness, especially at
higher PEGDA concentrations, and dominates at elevated
temperatures where physical gelation is suppressed. The
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transition from thermoreversible to thermoirreversible behav-
ior is clearly demonstrated, and the mechanical fingerprint of
the chemically cross-linked network is consistently reprodu-
cible.

SEM and skeletal density analyses reveal composition-
dependent differences in microstructure and porosity, con-
firming that the hydrogel architecture is tunable through
formulation and processing parameters.

Importantly, this dual responsiveness enables precise control
over gelation kinetics, mechanical strength, and the tunability
of hybrid hydrogel properties through a controlled variation of
formulation parameters. Moreover, this sensitivity of gelation
dynamics provides a valuable framework for optimizing
hydrogel behavior in situ. This offers a versatile platform for
the design of advanced biomaterials with tailored performance.
From an application perspective, the ability to independently
modulate stiffness, gelation time, and microstructure positions
these hydrogels as highly promising for biomedical engineer-
ing, including injectable scaffolds, drug delivery systems, and
tissue regeneration platforms.

B ASSOCIATED CONTENT

Data Availability Statement
The data that support the findings of this study are available
from the corresponding author upon request.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.5c01048.

Additional rheological data, time-sweep tests on pure
PEGDA hydrogels, frequency-dependent viscoelastic
properties of selected formulations, temperature-de-
pendent gelation behavior from cooling ramps and
isothermal tests, and high-resolution SEM images (PDF)

B AUTHOR INFORMATION

Corresponding Author
Pietro Renato Avallone — Department of Chemical, Materials,
and Production Engineering, Federico II University, Naples
80125, Italy; ©® orcid.org/0000-0002-1317-1664;
Email: pietrorenato.avallone@unina.it

Authors

Nadia Russo — Department of Chemical, Materials, and
Production Engineering, Federico II University, Naples
80125, Italy; © orcid.org/0009-0004-4233-441X

Nicola Gargiulo — Center of Advanced Measurement and
Technology Services (CeSMA), Federico II University, Naples
80146, Italy; ® orcid.org/0000-0001-7404-8056

Nino Grizzuti — Department of Chemical, Materials, and
Production Engineering, Federico II University, Naples
80125, Italy; © orcid.org/0000-0001-5866-609X

Salvatore Costanzo — Department of Chemical, Materials,
and Production Engineering, Federico II University, Naples
80128, Italy; ® orcid.org/0000-0003-1780-389X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.5c01048

Author Contributions
SP.RA. and N.R. are contributed equally to this work.

Author Contributions
P.R.A.: conceptualization; methodology; validation; investiga-
tion; writing — original draft; writing — review and editing;

data curation; visualization. N.R.: methodology; validation;
formal analysis; data curation; investigation; writing — original
draft; writing — review and editing. N.G.: investigation; writing
— original draft; writing — review and editing. N.G.:
supervision; project administration; funding acquisition;
writing — review and editing. S.C.: conceptualization; writing
— review and editing; validation.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was performed in the context of PRIN 2022 PNRR,
with project code P2022PPB42. Authors acknowledge financial
support received from the European Union — NextGener-
ationEU. Rosa Colucci Cante is deeply acknowledged for
performing the freeze-drying of the hydrogels.

B REFERENCES

(1) Djabourov, M. Gelation—A review. Polym. Int. 1991, 25, 135—
143.

(2) Rubinstein, M.; Colby, R. H. Polymer physics; Oxford university
press, 2003.

(3) Saha, D.; Bhattacharya, S. Hydrocolloids as thickening and
gelling agents in food: a critical review. J. Food Sci. Technol. 2010, 47,
587-597.

(4) Lu, W,; Li, X,; Fang, Y. Introduction to food hydrocolloids. Food
Hydrocoll. 2021, 1-28.

(5) Milani, J.; Maleki, G. Hydrocolloids in food industry. Food Ind.
Process. 2012, 2, 2—37.

(6) Burey, P.; Bhandari, B.; Howes, T.; Gidley, M. Hydrocolloid gel
particles: formation, characterization, and application. Crit. Rev. Food
Sci. Nutr. 2008, 48, 361—377.

(7) Djabourov, M.; Lechaire, J.-P.; Gaill, F. Structure and rheology
of gelatin and collagen gels. Biorheology 1993, 30, 191-208.

(8) Liu, S.; Chan, W. L.; Li, L; et al.x Macromolecules 2015, 48,
7649—7657.

(9) Duconseille, A.; Astruc, T.; Quintana, N.; Meersman, F.; Sante-
Lhoutellier, V. Gelatin structure and composition linked to hard
capsule dissolution: A review. Food Hydrocoll. 2015, 43, 360—376.

(10) Zhang, X;; Do, M. D.; Casey, P.; Sulistio, A; Qiao, G. G;
Lundin, L,; Lillford, P.; Kosaraju, S. Chemical cross-linking gelatin
with natural phenolic compounds as studied by high-resolution NMR
spectroscopy. Biomacromolecules 2010, 11, 1125—1132.

(11) Rubini, K; Boanini, E.; Menichetti, A.; Bonvicini, F.;
Gentilomi, G. A.; Montalti, M.; Bigi, A. Quercetin loaded gelatin
films with modulated release and tailored anti-oxidant, mechanical
and swelling properties. Food Hydrocoll. 2020, 109, No. 106089.

(12) Zhao, H.; Kang, X;; Zhou, X; Tong, L.; Yu, W,; Zhang, J;
Yang, W,; Lou, Q; Huang, T. Glycosylation fish gelatin with gum
Arabic: Functional and structural properties. LWT 2021, 139,
No. 110634.

(13) Jaipan, P.; Nguyen, A.; Narayan, R. J. Gelatin-based hydrogels
for biomedical applications. MRS Commun. 2017, 7, 416—426.

(14) Lukin, L; Erezuma, L; Maeso, L.; Zarate, J.; Desimone, M. F.;
Al-Tel, T. H.; Dolatshahi-Pirouz, A.; Orive, G. Progress in gelatin as
biomaterial for tissue engineering. Pharmaceutics 2022, 14, 1177.

(15) Chauhan, M.; Roopmani, P.; Rajendran, J.; Narayan, K. P.; Giri,
J. Injectable, in-situ forming, tunable, biocompatible gelatin hydrogels
for biomedical applications. Int. J. Biol. Macromol. 2025, 28S,
No. 138200.

(16) Thangprasert, A.; Tansakul, C.; Thuaksubun, N.; Meesane, J.
Mimicked hybrid hydrogel based on gelatin/PVA for tissue
engineering in subchondral bone interface for osteoarthritis surgery.
Mater. Des. 2019, 183, No. 108113.

(17) Yang, F.; Zhao, J.; Koshut, W. J.; Watt, J.; Riboh, J. C,; Gall, K;;
Wiley, B. J. A synthetic hydrogel composite with the mechanical

https://doi.org/10.1021/acs.biomac.5c01048
Biomacromolecules 2025, 26, 5450—5460


https://pubs.acs.org/doi/10.1021/acs.biomac.5c01048?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c01048/suppl_file/bm5c01048_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pietro+Renato+Avallone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1317-1664
mailto:pietrorenato.avallone@unina.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nadia+Russo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-4233-441X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Gargiulo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7404-8056
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nino+Grizzuti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5866-609X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvatore+Costanzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1780-389X
https://pubs.acs.org/doi/10.1021/acs.biomac.5c01048?ref=pdf
https://doi.org/10.1002/pi.4990250302
https://doi.org/10.1007/s13197-010-0162-6
https://doi.org/10.1007/s13197-010-0162-6
https://doi.org/10.1007/978-981-16-0320-4_1
https://doi.org/10.5772/32358
https://doi.org/10.1080/10408390701347801
https://doi.org/10.1080/10408390701347801
https://doi.org/10.3233/BIR-1993-303-405
https://doi.org/10.3233/BIR-1993-303-405
https://doi.org/10.1016/j.foodhyd.2014.06.006
https://doi.org/10.1016/j.foodhyd.2014.06.006
https://doi.org/10.1021/bm1001284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1001284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1001284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodhyd.2020.106089
https://doi.org/10.1016/j.foodhyd.2020.106089
https://doi.org/10.1016/j.foodhyd.2020.106089
https://doi.org/10.1016/j.lwt.2020.110634
https://doi.org/10.1016/j.lwt.2020.110634
https://doi.org/10.1557/mrc.2017.92
https://doi.org/10.1557/mrc.2017.92
https://doi.org/10.3390/pharmaceutics14061177
https://doi.org/10.3390/pharmaceutics14061177
https://doi.org/10.1016/j.ijbiomac.2024.138200
https://doi.org/10.1016/j.ijbiomac.2024.138200
https://doi.org/10.1016/j.matdes.2019.108113
https://doi.org/10.1016/j.matdes.2019.108113
https://doi.org/10.1002/adfm.202003451
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

behavior and durability of cartilage. Adv. Funct. Mater. 2020, 30,
No. 2003451.

(18) Kim, S.; Choi, Y.; Lee, W.; Kim, K. Fabrication parameter-
dependent physico-chemical properties of thiolated gelatin/PEGDA
interpenetrating network hydrogels. Tissue Eng. Regen. Med. 2022, 19,
309-319.

(19) Zia, A. W.; Liu, R; Wu, X. Structural design and mechanical
performance of composite vascular grafts. Bio-Des. Manuf. 2022, S,
757—78S.

(20) Gyles, D. A; Castro, L. D,; Silva, J. O. C., Jr; Ribeiro-Costa, R.
M. A review of the designs and prominent biomedical advances of
natural and synthetic hydrogel formulations. Eur. Polym. J. 2017, 88,
373—392.

(21) Andreazza, R;; Morales, A.; Pieniz, S.; Labidi, J. Gelatin-based
hydrogels: potential biomaterials for remediation. Polymers 2023, 1S,
1026.

(22) Nguyen, K. T.; West, J. L. Photopolymerizable hydrogels for
tissue engineering applications. Biomaterials 2002, 23, 4307—4314.

(23) Hagel, V.; Haraszti, T.; Boehm, H. Diffusion and interaction in
PEG-DA hydrogels. Biointerphases 2013, 8, 36.

(24) Rahman, M. M.; Abetz, V. Tailoring crosslinked polyether
networks for separation of CO2 from light gases. Macromol. Rapid
Commun. 2021, 42, No. 2100160.

(25) Zhu, J. Bioactive modification of poly (ethylene glycol)
hydrogels for tissue engineering. Biomaterials 2010, 31, 4639—4656.

(26) Choj, J. R; Yong, K. W.; Choi, J. Y.; Cowie, A. C. Recent
advances in photo-crosslinkable hydrogels for biomedical applications.
BioTechniques 2019, 66, 40—53.

(27) Yao, H.; Wang, J; Mi, S. Photo processing for biomedical
hydrogels design and functionality: A review. Polymers 2018, 10, 11.

(28) Fu, Y,; Xu, K;; Zheng, X.; Giacomin, A. J.; Mix, A. W.; Kao, W.
J. 3D cell entrapment in crosslinked thiolated gelatin-poly (ethylene
glycol) diacrylate hydrogels. Biomaterials 2012, 33, 48—58.

(29) Hakim Khalili, M.; Zhang, R.; Wilson, S.; Goel, S.; Impey, S. A,;
Aria, A. 1. Additive manufacturing and physicomechanical character-
istics of PEGDA hydrogels: recent advances and perspective for tissue
engineering. Polymers 2023, 15, 2341.

(30) Haryanto; Kim, S.; Kim, J. H,; Kim, J. O.; Ku, S.; Cho, H.; Han,
D. H.; Huh, P. Fabrication of poly (ethylene oxide) hydrogels for
wound dressing application using E-beam. Macromol. Res. 2014, 22,
131-138.

(31) Zhang, J; Wang, J; Zhang, H; Lin, J; Ge, Z; Zou, X.
Macroporous interpenetrating network of polyethylene glycol (PEG)
and gelatin for cartilage regeneration. Biomed. Mater. 2016, 11,
No. 035014.

(32) Eslahi, N.; Soleimani, F.; Lotfi, R.; Mohandes, F.; Simchi, A.;
Razavii, M. How biomimetic nanofibers advance the realm of
cutaneous wound management: The state-of-the-art and future
prospects. Prog. Mater. Sci. 2024, 145, No. 101293.

(33) Cosola, A,; Chiappone, A.; Martinengo, C.; Griitzmacher, H,;
Sangermano, M. Gelatin type A from porcine skin used as Co-initiator
in a radical photo-initiating system. Polymers 2019, 11, 1901.

(34) Zanon, M.; Baruffaldi, D.; Sangermano, M.; Pirri, C. F;
Frascella, F.; Chiappone, A. Visible light-induced crosslinking of
unmodified gelatin with PEGDA for DLP-3D printable hydrogels.
Eur. Polym. J. 2021, 160, No. 110813.

(35) Testore, D.; Zoso, A.,; Kortaberria, G.; Sangermano, M,;
Chiono, V. Electroconductive photo-curable PEGDA-gelatin/
PEDOT: PSS hydrogels for prospective cardiac tissue engineering
application. Front. Bioeng. Biotechnol. 2022, 10, No. 897575.

(36) Sener Raman, T.; Kuehnert, M.; Daikos, O.; Scherzer, T.;
Krommelbein, C.; Mayr, S. G.; Abel, B.; Schulze, A. A study on the
material properties of novel PEGDA/gelatin hybrid hydrogels
polymerized by electron beam irradiation. Front. Chem. 2023, 10,
No. 1094981.

(37) Lukatsky, A. T. D.; Dan, Y,; Mizrahi, L.; Amir, E. Hydrogels
based on crosslinked polyethylene glycol diacrylate and fish skin
gelatin. Eur. Polym. ]. 2024, 210, No. 112990.

5460

(38) Denton, O.; Wan, Y.; Beattie, L.; Jack, T.; McGoldrick, P.;
McAllister, H.; Mullan, C.; Douglas, C. M.; Shu, W. Understanding
the Role of Biofilms in Acute Recurrent Tonsillitis through 3D
Bioprinting of a Novel Gelatin-PEGDA Hydrogel. Bioengineering
2024, 11, 202.

(39) Avallone, P. R; Pasquino, R; Costanzo, S.; Sarrica, A;
Delmonte, M.; Greco, F.; Grizzuti, N. On the inverse quenching
technique applied to gelatin solutions. J. Rheol. 2021, 65, 1081—1088.

(40) Stojkov, G.; Niyazov, Z.; Picchioni, F.; Bose, R. K. Relationship
between structure and rheology of hydrogels for various applications.
Gels 2021, 7, 255.

(41) Avallone, P. R;; Russo, N.; Vanacore, B.; Costanzo, S.; Grizzuti,
N. Effect of comonomer type and concentration on the gelation and
viscoelasticity of photocurable poly(ethylene glycol) diacrylate
networks. Phys. Fluids 2025, 37, No. 067133.

(42) Venezia, V.; Avallone, P. R; Vitiello, G.; Silvestri, B.; Grizzuti,
N.; Pasquino, R.; Luciani, G. Adding humic acids to gelatin hydrogels:
a way to tune gelation. Biomacromolecules 2022, 23, 443—453.

(43) Acierno, S.; Pasquino, R.; Grizzuti, N. Rheological techniques
for the determination of the crystallization kinetics of a
polypropylene—EPR copolymer. J. Therm. Anal. Calorim. 2009, 98,
639—644.

(44) Ross-Murphy, S. Incipient behaviour of gelatin gels. Rheol. Acta
1991, 30, 401—411.

(45) Richbourg, N. R; Peppas, N. A. The swollen polymer network
hypothesis: Quantitative models of hydrogel swelling, stiffness, and
solute transport. Prog. Polym. Sci. 2020, 105, No. 101243.

(46) Colucci Cante, R; Gallo, M; Nigro, F.; Passannanti, F.;
Salameh, D.; Budelli, A.; Nigro, R. Lactic fermentation of cooked navy
beans by Lactobacillus paracasei CBA L74 aimed at a potential
production of functional legume-based foods. Can. J. Chem. Eng.
2020, 98, 1955—1961.

(47) Avallone, P. R;; Raccone, E.; Costanzo, S.; Delmonte, M.;
Sarrica, A.; Pasquino, R.; Grizzuti, N. Gelation kinetics of aqueous
gelatin solutions in isothermal conditions via rheological tools. Food
Hydrocoll. 2021, 111, No. 106248.

(48) Djabourov, M.; Leblond, J.; Papon, P. Gelation of aqueous
gelatin solutions. II. Rheology of the sol-gel transition. J. Phys. (Paris)
1988, 49, 333—343.

(49) Normand, V.; Muller, S.; Ravey, J.-C.; Parker, A. Gelation
kinetics of gelatin: A master curve and network modeling.
Macromolecules 2000, 33, 1063—1071.

(50) Guo, L.; Colby, R. H,; Lusignan, C. P.; Howe, A. M. Physical
gelation of gelatin studied with rheo-optics. Macromolecules 2003, 36,
10009—-10020.

(51) Ross-Murphy, S. B. Food polymers, gels and colloids; Elsevier,
1991; pp 357—368.

(52) He, H; Li, L; Lee, L. J. Photopolymerization and structure
formation of methacrylic acid based hydrogels: The effect of light
intensity. React. Funct. Polym. 2008, 68, 103—113.

(53) Sun, G; Huang, Y,; Li, D.; Fan, Q; Xu, J.; Shao, J. Blue light
induced photopolymerization and cross-linking kinetics of poly
(acrylamide) hydrogels. Langmuir 2020, 36, 11676—11684.

(54) Zhang, Z. F; Ma, X; Wang, H; Ye, F. Influence of
polymerization conditions on the refractive index of poly (ethylene
glycol) diacrylate (PEGDA) hydrogels. Appl. Phys. A: Mater. Sci.
Process. 2018, 124, 283.

(55) Halligan, E.; Tie, B. S. H.; Colbert, D. M.; Alsaadi, M.; Zhuo,
S.; Keane, G.; Geever, L. M. Synthesis and characterisation of
hydrogels based on poly (N-vinylcaprolactam) with diethylene glycol
diacrylate. Gels 2023, 9, 439.

(56) Van Vlierberghe, S.; Cnudde, V.; Dubruel, P.; Masschaele, B.;
Cosijns, A.; De Paepe, L; Jacobs, P. J.; Van Hoorebeke, L.; Remon, J.
P.; Schacht, E. Porous gelatin hydrogels: 1. Cryogenic formation and
structure analysis. Biomacromolecules 2007, 8, 331—337.

(57) Fu, Y; Kao, W. J. Drug release kinetics and transport
mechanisms from semi-interpenetrating networks of gelatin and poly
(ethylene glycol) diacrylate. Pharm. Res. 2009, 26, 2115—2124.

https://doi.org/10.1021/acs.biomac.5c01048
Biomacromolecules 2025, 26, 5450—5460


https://doi.org/10.1002/adfm.202003451
https://doi.org/10.1007/s13770-021-00413-5
https://doi.org/10.1007/s13770-021-00413-5
https://doi.org/10.1007/s13770-021-00413-5
https://doi.org/10.1007/s42242-022-00201-7
https://doi.org/10.1007/s42242-022-00201-7
https://doi.org/10.1016/j.eurpolymj.2017.01.027
https://doi.org/10.1016/j.eurpolymj.2017.01.027
https://doi.org/10.3390/polym15041026
https://doi.org/10.3390/polym15041026
https://doi.org/10.1016/S0142-9612(02)00175-8
https://doi.org/10.1016/S0142-9612(02)00175-8
https://doi.org/10.1186/1559-4106-8-36
https://doi.org/10.1186/1559-4106-8-36
https://doi.org/10.1002/marc.202100160
https://doi.org/10.1002/marc.202100160
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.2144/btn-2018-0083
https://doi.org/10.2144/btn-2018-0083
https://doi.org/10.3390/polym10010011
https://doi.org/10.3390/polym10010011
https://doi.org/10.1016/j.biomaterials.2011.09.031
https://doi.org/10.1016/j.biomaterials.2011.09.031
https://doi.org/10.3390/polym15102341
https://doi.org/10.3390/polym15102341
https://doi.org/10.3390/polym15102341
https://doi.org/10.1007/s13233-014-2023-z
https://doi.org/10.1007/s13233-014-2023-z
https://doi.org/10.1088/1748-6041/11/3/035014
https://doi.org/10.1088/1748-6041/11/3/035014
https://doi.org/10.1016/j.pmatsci.2024.101293
https://doi.org/10.1016/j.pmatsci.2024.101293
https://doi.org/10.1016/j.pmatsci.2024.101293
https://doi.org/10.3390/polym11111901
https://doi.org/10.3390/polym11111901
https://doi.org/10.1016/j.eurpolymj.2021.110813
https://doi.org/10.1016/j.eurpolymj.2021.110813
https://doi.org/10.3389/fbioe.2022.897575
https://doi.org/10.3389/fbioe.2022.897575
https://doi.org/10.3389/fbioe.2022.897575
https://doi.org/10.3389/fchem.2022.1094981
https://doi.org/10.3389/fchem.2022.1094981
https://doi.org/10.3389/fchem.2022.1094981
https://doi.org/10.1016/j.eurpolymj.2024.112990
https://doi.org/10.1016/j.eurpolymj.2024.112990
https://doi.org/10.1016/j.eurpolymj.2024.112990
https://doi.org/10.3390/bioengineering11030202
https://doi.org/10.3390/bioengineering11030202
https://doi.org/10.3390/bioengineering11030202
https://doi.org/10.1122/8.0000298
https://doi.org/10.1122/8.0000298
https://doi.org/10.3390/gels7040255
https://doi.org/10.3390/gels7040255
https://doi.org/10.1063/5.0271924
https://doi.org/10.1063/5.0271924
https://doi.org/10.1063/5.0271924
https://doi.org/10.1021/acs.biomac.1c01398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10973-009-0508-3
https://doi.org/10.1007/s10973-009-0508-3
https://doi.org/10.1007/s10973-009-0508-3
https://doi.org/10.1007/BF00396526
https://doi.org/10.1016/j.progpolymsci.2020.101243
https://doi.org/10.1016/j.progpolymsci.2020.101243
https://doi.org/10.1016/j.progpolymsci.2020.101243
https://doi.org/10.1002/cjce.23817
https://doi.org/10.1002/cjce.23817
https://doi.org/10.1002/cjce.23817
https://doi.org/10.1016/j.foodhyd.2020.106248
https://doi.org/10.1016/j.foodhyd.2020.106248
https://doi.org/10.1051/jphys:01988004902033300
https://doi.org/10.1051/jphys:01988004902033300
https://doi.org/10.1021/ma9909455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9909455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma034266c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma034266c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.reactfunctpolym.2007.10.006
https://doi.org/10.1016/j.reactfunctpolym.2007.10.006
https://doi.org/10.1016/j.reactfunctpolym.2007.10.006
https://doi.org/10.1021/acs.langmuir.0c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00339-018-1713-3
https://doi.org/10.1007/s00339-018-1713-3
https://doi.org/10.1007/s00339-018-1713-3
https://doi.org/10.3390/gels9060439
https://doi.org/10.3390/gels9060439
https://doi.org/10.3390/gels9060439
https://doi.org/10.1021/bm060684o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm060684o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11095-009-9923-1
https://doi.org/10.1007/s11095-009-9923-1
https://doi.org/10.1007/s11095-009-9923-1
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

