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Bone regeneration requires coordination between bone formation, vascularization, and inflammatory
regulation. However, current biomaterials often fail to provide mechanical stability and sustained bioactivity
while supporting cell viability. This study presents the development and characterization of hydrogels
composed of methacrylated gelatin (GelMA) and chitosan methacrylate (ChMA), crosslinked by
photopolymerization (GC hydrogels). These were evaluated for their mineralization potential in vitro and ex
vivo when loaded with N-acetylcysteine (NAC), a bioactive antioxidant (GCN); a pro-angiogenic peptide
derived from adrenomedullin (PAMP, GCP); or both compounds (GCNP). FT-IR spectroscopy confirmed
successful polymer methacrylation and the interaction of NAC with the polymer network. Scanning electron
microscopy revealed that NAC increased the pore size from 24.49 + 14.19 um (GC) to 200.49 + 80.42 um
(GCN). NAC also enhanced mechanical performance, with GCN exhibiting the highest compressive strength
(15179 + 44.81 kPa) and GCNP the highest stiffness (Young's modulus: 55.26 + 5.79 kPa). NAC-containing
hydrogels degraded faster than GC, enabling biphasic release over 14 days. In vitro and ex vivo assays using
pre-osteoblastic cells and a calvarial defect model demonstrated that GCNP hydrogels significantly enhanced

cell viability and mineralization, increasing calcium deposition by 2.5-fold compared to GC (p < 0.01). These
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Accepted 17th June 2025 findings suggest that NAC not only reinforces the mechanical strength of hydrogel scaffolds designed for

temporary support in non-load-bearing bone defects, but also acts as a bioactive agent upon release. Its
DOI: 10.1039/d5ra033499 combination with the pro-adrenomedullin peptide (PAMP) results in synergistic effects on mineralization.

rsc.li/rsc-advances GCNP hydrogels are therefore promising candidates for drug delivery and bone tissue regeneration.

structural integrity." However, several pathological conditions
such as osteoporosis, rheumatoid arthritis, vitamin D defi-
ciency, metabolic disorders, traumatic fractures, and surgeries
can disrupt these physiological processes, leading to impaired
bone strength and compromised function.>® Because these

1. Introduction

Bone is a highly dynamic tissue with an intrinsic ability to
remodel and mineralize, which is essential for maintaining its

conditions significantly reduce patients’ quality of life, a wide
variety of materials have been explored to engineer three-
dimensional (3D) scaffolds for bone regeneration.**
Hydrogels have emerged as promising candidates for bone
tissue engineering (BTE) due to their hydrophilic polymer
networks that mimic the extracellular matrix (ECM) and exhibit
excellent biocompatibility, making them ideal carriers for cells
and bioactive molecules.”® Among these, natural polymers are
of particular interest because of their structural resemblance to
native ECM and biocompatibility.>*® Additionally, proteins and
polysaccharides are biodegradable and degrade into non-toxic
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products. Gelatin, derived from denatured collagen—the
primary structural protein in bone—is widely used in tissue
engineering due to the presence of Arg-Gly-Asp (RGD)-like
sequences that promote cell adhesion.”*** Chitosan,
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a polysaccharide obtained by the deacetylation of chitin, is
known for its antimicrobial, hemostatic, mucoadhesive,
biodegradable, and biocompatible properties. These features
make it a valuable biomaterial for applications including tissue
scaffolds and drug delivery systems."*” However, the limited
mechanical strength of natural polymers remains a significant
limitation for applications in bone repair.**** Methacrylation of
gelatin (GelMA) and chitosan (ChMA), forms covalently cross-
linked hydrogels with improved mechanical stability and
broader processing flexibility across physiological temperature
ranges.”'* Nonetheless, their functionality can be further
improved by incorporating bioactive molecules that enhance
their regenerative properties, particularly in bone tissue appli-
cations, where mechanical and biological cues must be carefully
balanced.

To address the need for bioactive enhancement in GelMA-
ChMA hydrogels, we explored the incorporation of compounds
with antioxidant, anti-inflammatory, and angiogenic properties
to support bone regeneration. Among them, N-acetylcysteine
(NAC) is an antioxidant and anti-inflammatory compound with
relevance in bone regeneration, where oxidative stress can
impair osteogenic differentiation and bone healing.**** In
addition to its biological activity, NAC has been reported to play
a structural role by participating in the crosslinking of meth-
acrylate polymers and by improving cell viability, counteracting
the cytotoxic effects of photoinitiators and UV exposure during
polymerization.””*®* Another promising molecule is pro-
adrenomedullin N-20 peptide (PAMP), a cleavage product of
adrenomedullin (AM). While AM has been widely studied in the
context of bone remodeling, the role of PAMP remains largely
unexplored. Notably, both peptides are implicated in processes
such as inflammation, angiogenesis, and the development of
mineralized tissues.”*** While AM has demonstrated roles in
bone remodeling, the effects of PAMP remain unexplored.
Interestingly, PAMP is a highly potent angiogenic factor,
capable of inducing neovascularization at concentrations up to
six orders of magnitude lower than vascular endothelial growth
factor (VEGF) and AM.*** Therefore, investigating its potential
in bone regeneration becomes particularly relevant. Here, we
address this knowledge gap by evaluating the effects of PAMP in
this context.

This study presents the development and characterization of
GelMA-ChMA hydrogels functionalized with NAC and PAMP for
controlled drug delivery and enhanced bone regeneration. We
systematically evaluated their chemical, morphological,
mechanical, and rheological properties, along with their
degradation and release profiles. Finally, the hydrogels were
assessed for their ability to support pre-osteoblastic prolifera-
tion and mineralization in vitro and ex vivo using a calvaria
defect model.

2. Results

To evaluate the properties of the hydrogels, we synthesized
three-dimensional matrices using 4% methacrylated gelatin
(GelMA) and 3% methacrylated chitosan (ChMA) at a 3 : 1 ratio,
with LAP as a photoinitiator. The precursor solution that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the hydrogel synthesis. Meth-
acrylated chitosan (ChMA) and methacrylated gelatin (GelMA) were
combined with the photoinitiator LAP to form the GC precursor
solution. N-Acetylcysteine (NAC) and pro-adrenomedullin peptide
(PAMP) were added before photopolymerization under UV light to
obtain the final crosslinked hydrogel.

contained 20 mM NAC and 50 pg mL~ " PAMP was crosslinked
under UV light for 60 seconds - it formed a covalently cross-
linked network (Fig. 1). As a result, the obtained hydrogels
exhibited a homogeneous and stable structure, whose physi-
cochemical and biological properties were subsequently
evaluated.

2.1 FTIR analysis

The FTIR analysis of freeze-dried hydrogels was conducted to
assess the chemical composition of the samples and evaluate
changes after methacrylation (Fig. 2A). FTIR confirmed the
successful methacrylation of GeIMA and ChMA, as evidenced by
the appearance of characteristic bands at ~1635 cm ™' (C=C
stretching) and ~3100-3000 cm " (weak C-H bonds). The base
structures of gelatin and chitosan, including amide I
(~1650 cm™') and amide II (~1550 cm™') bands were
preserved.***”

ChMA showed additional bands at ~1730 cm ' (C=0)
indicative of ester carbonyl groups from methacrylation. Post-
crosslinking, the disappearance of the C=C band confirmed
the consumption of methacrylate groups during polymeriza-
tion.”® In GC hydrogels, the C=C double bond band dimin-
ished, indicating the consumption of methacrylate groups
during photo-crosslinking.** The incorporation of NAC and
PAMP altered specific regions of the spectra. NAC interacted
with the matrix via hydrogen bonding or amide bond forma-
tion, evidenced by shifts in the ~1700-1600 cm™ ' region and
the absence of SH-stretching peaks (~2550-2600 cm ™ ') seen in
free NAC.>® PAMP modified the amide I and II regions (~1650-
1550 cm ™), likely through hydrogen bonding or electrostatic
interactions. The combined presence of NAC and PAMP
amplified these effects, suggesting synergistic interactions that
influence hydrogel structure.

2.2 Microstructure of hydrogels

Porosity is a key factor in cellular penetration, attachment,
proliferation, and differentiation, influencing ECM deposition,
vascularization, and functional tissue formation. In BTE,
smaller pores (50-100 pm) enhance cell attachment, while
larger pores (200-400 pm) promote nutrient diffusion and
angiogenesis.*® Porosity analysis determined by SEM images
(Fig. 2B) revealed that pore size increased significantly upon

RSC Adv, 2025, 15, 22524-22533 | 22525
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Fig. 2 Structural and chemical characterization of GC-based hydrogels. (A) FTIR spectra of unmodified (Gel, Ch), methacrylated polymers
(GelMA, ChMA), and composite hydrogels (GC, GCN, GCP, GCNP). Characteristic absorption bands indicate successful methacrylation and
incorporation of bioactive molecules. (B) Quantification of pore size from SEM images for each hydrogel formulation (GC: n = 30; GCN: n = 42;
GCP: n=34; GCNP: n = 32). Data are presented as mean =+ standard deviation; ***p < 0.001. Non-significant differences between groups are not
shown. (C) Schematic representations and corresponding SEM micrographs of the internal microarchitecture of GC, GCN, GCP, and GCNP

hydrogels. Scale bars: 100 pm.

NAC incorporation, from 24.49 + 14.19 um (GC hydrogels) to
200.49 + 80.42 pm. This trend remained consistent when PAMP
was combined with NAC (212.85 + 72.34 um). Larger pore sizes
are advantageous for nutrient diffusion, angiogenesis, and
cellular infiltration, aligning with the requirements of BTE.*!
PAMP, while not significantly modifying pore size - improved
the uniformity and organization of the polymer matrix (Fig. 2C).

2.3 Mechanical characterization of hydrogels

The mechanical properties of the hydrogels were evaluated
through compressive stress-strain analysis, as shown in Fig. 3.

22526 | RSC Adv, 2025, 15, 22524-22533

The stress-strain curves (Fig. 3A) revealed distinct mechanical
properties among the formulations. GC and GCP hydrogels
exhibited low resistance to compressive stress, whereas GCN
and GCNP displayed superior mechanical performance.
Young's modulus (E) was significantly higher in GCNP (55.26 +
5.79 kPa) compared to other formulations (Fig. 3B). Similarly,
compressive strength (¢F) was markedly enhanced in GCN
hydrogels (151.79 + 77.61 kPa), surpassing all other formula-
tions (Fig. 3C). Toughness (Uy), reflecting the energy absorbed
before mechanical failure, was also significantly higher in GCN
hydrogels (8.9 &+ 3.29 kPa), as shown in Fig. 3D. The superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Compressive mechanical properties of GC-based hydrogels.
(A) Representative compressive stress—strain curves for GC, GCN,
GCP, and GCNP formulations. (B) Compressive modulus (E), (C)
maximum compressive strength (¢F), and (D) total energy absorbed
(Ut). Data are presented as mean =+ standard deviation (n = 3).
Statistical significance is indicated as follows: p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***). Differences without asterisks are not statistically
significant.

stiffness of GCNP and the robust compressive strength and
toughness of GCN suggest that these formulations provide
mechanical resilience sufficient to support early bone healing in
non-load-bearing defects.

2.4 Swelling behavior

The swelling ratio of hydrogels is essential for tissue engi-
neering applications since it directly influences their ability to
support cell infiltration and nutrient transport.** The swelling
characteristics, critical for nutrient transport and drug release,
were evaluated over 24 hours (Fig. 4A). GC hydrogels exhibited
minimal swelling, indicative of a compact network. NAC and
PAMP significantly increased the swelling capacity in GCN and
GCNP hydrogels, with GCNP achieving the highest swelling
ratio. This suggests synergistic interactions between NAC and
PAMP, which promotes a more hydrated and porous polymer
matrix, ideal for drug delivery and tissue integration.

2.5 Cumulative release and degradation profiles

Cumulative release studies demonstrated distinct profiles
across formulations. GCP hydrogels exhibited the slowest
release, favoring prolonged drug retention. GCN hydrogels
showed a pronounced initial burst release within the first 48
hours, followed by sustained diffusion. GCNP hydrogels ach-
ieved a balance between an initial burst and a steady release
phase, demonstrating the synergistic modulation of drug
release kinetics by NAC and PAMP. These results highlight the
impact of hydrogel composition on drug release kinetics, with
GCN showing the most robust release, GCNP providing
balanced kinetics, and GCP delivering a slower, more controlled
release.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Swelling behavior, release kinetics, and degradation profile of
GC-based hydrogels. (A) Swelling ratio (W/W) over 24 hours, with
a zoomed-in view of early time points (0—3 h) highlighting significant
differences. (B) Cumulative release (%) of incorporated compounds
over 14 days, with details of the first 12 hours. (C) Enzymatic degra-
dation and (D) degradation mediated by RAW 264.7 cells over 21 days.
Data are presented as mean =+ standard error of the mean (n = 3).
Asterisks indicate significant differences as follows: p < 0.05 (¥), p <
0.01 (**), and p < 0.001 (***). Differences not marked with asterisks are
not statistically significant.

Hydrogel degradation was analyzed in the presence of
RAW264.7 macrophages and lysozyme (Fig. 4C and D). GC
hydrogels degraded the slowest, retaining over 75% of their
mass by day 21. The incorporation of NAC and PAMP acceler-
ated degradation, with GCNP hydrogels showing the fastest
breakdown.

2.6 Invitro cell viability

The biocompatibility and effect of the hydrogels on cell prolif-
eration were evaluated using an MTT assay with MC3T3-E1 pre-
osteoblastic cells over 1, 3, and 5 days (Fig. 4A). GCN and GCP
hydrogels exhibited an initial decrease in metabolic activity
during the first 24 hours, which may be attributed to a transient
cellular stress response caused by the interaction with hydrogel
components. However, GCNP hydrogels showed a significant
and sustained increase in metabolic activity over time, sug-
gesting that the combination of NAC and PAMP has a syner-
gistic effect that enhances cell proliferation and metabolic
function. These results indicate that the incorporation of
bioactive molecules into GCNP hydrogels not only mitigates the
initial stress response but also promotes long-term cell viability,
emphasizing their suitability as scaffolds for BTE.

RSC Adv, 2025, 15, 22524-22533 | 22527
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Fig. 5 In vitro and ex vivo viability of GC-based hydrogels. (A) Metabolic activity of MC3T3-E1 cells cultured with GC, GCN, GCP, and GCNP
hydrogels, evaluated by MTT assay at days 1, 3, and 5. Results are expressed as percentages relative to monolayer control (n = 3). (B) Repre-
sentative fluorescence images of calvarial bone explants cultured ex vivo in contact with the hydrogels, stained with a Live/Dead viability kit. Live
cells appear green (Calcein-AM), dead cells red (EthD-1), and blue corresponds to tissue autofluorescence. Data are presented as mean +
standard error of the mean. Asterisks indicate statistically significant differences: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Differences not
marked with asterisks are not statistically significant. Scale bars: 100 pm.

2.7 Ex vivo viability in critical size calvaria defects

To assess biocompatibility and tissue integration, ex vivo cell
viability was analysed in critical size calvaria defects using
a LIVE/DEAD assay (Fig. 5B). Green fluorescence from intra-
cellular esterase activity (calcein AM) indicated live cells, while
red fluorescence from ethidium homodimer-1 marked dead
cells. No red fluorescence was detected in any hydrogel formu-
lation, confirming their high biocompatibility. Additionally,
blue autofluorescence highlighted the surrounding bone tissue,
while overlapping green fluorescence demonstrated cell growth
and tissue viability within the defect.

Among all hydrogel formulations, GCNP hydrogels showed
the most pronounced cellular infiltration and viability, evi-
denced by the dense green fluorescence surrounding the defect
site. This enhanced tissue response underscores the potential of
GCNP hydrogels to support cell survival and promote integra-
tion within the bone environment. These findings further vali-
date their application in bone tissue regeneration.

2.8 Invitro and ex vivo mineralization

The osteogenic capacity of the hydrogels was assessed in vitro and
ex vivo using Alizarin Red S (ARS) and alkaline phosphatase (ALP)
staining to determine calcium deposition and osteoblast differ-
entiation, respectively (Fig. 6A). Among all formulations, GCNP
hydrogels exhibited the highest intensity of ARS and ALP staining,
indicating high mineralization and osteogenic activity. GCN and
GCP hydrogels also enhanced mineralization compared to GC
hydrogels, but to a lesser extent than GCNP. Quantitative analysis
of ARS staining confirmed that GCNP hydrogels promoted the
largest mineralized area among all groups, demonstrating supe-
rior capacity to support calcium deposition (Fig. 6B). Similarly, ex
vivo mineralization was assessed through fluorescence imaging of
ARS-stained calvarial sections (Fig. 6C). GCNP hydrogels induced
the most pronounced mineral deposition at the defect site, as
suggested by more extensive ARS staining.

22528 | RSC Adv, 2025, 15, 22524-22533

GCN and GC hydrogels also supported mineralization,
though to a lesser extent. Minimal mineralization was observed
in the negative control, while the positive control displayed
robust calcium deposition. Collectively, these findings suggest
that GCNP hydrogels enhance osteoblast differentiation and
mineral deposition, highlighting their potential as scaffolds for
bone regeneration. The combination of NAC and PAMP within
GCNP hydrogels appears to contribute to their bioactivity,
making them promising candidates for further exploration in
BTE applications.

3. Discussion

Bone tissue engineering aims to develop biomaterials that
support bone regeneration by mimicking the extracellular matrix
and promoting cellular activities crucial for tissue repair.>***¢
Traditional approaches often rely on ceramic- or metal-based
scaffolds, but their limitations—such as brittleness, lack of
bioactivity, and poor biodegradability—have driven interest in
polymer-based hydrogels as alternative scaffolds***

Although the SEM images correspond to the lyophilized
hydrogels, and thus the microstructure may not exactly reflect
the hydrated state in contact with cells or tissues, they allowed
us to observe the effect of NAC on porosity and to compare the
hydrogel formulations under the same preparation conditions.
The combined use of methacrylate gelatin and chitosan ensures
the formation of a stable, covalently crosslinked 3D network,
leveraging the biocompatibility of natural polymers while
improving their mechanical and structural properties.**** In
contrast to other reported hydrogels synthesized using GelMA :
ChMA ratios of 2:1 and 1:2, which resulted in smaller pore
sizes (2-30 pm),* our synthesis conditions yielded significantly
larger pores, reaching up to 212 pm. This enhancement high-
lights the critical role of NAC as a structural modulator,
promoting a more open and porous network that is particularly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In vitro and ex vivo evaluation of osteogenic activity induced by GC-based hydrogels. (A) Representative images of MC3T3-E1 cells after 14

days of osteogenic differentiation, stained for calcium deposition (ARS) and alkaline phosphatase activity (ALP). Control — corresponds to cells in
growth medium, and control + to cells cultured with osteogenic medium with insulin. Scale bars: 400 um. (B) Quantification of mineralized area
from ARS staining (n = 3). (C) Fluorescence images of calvarial bone explants cultured ex vivo with hydrogels under osteogenic conditions. Data
are presented as mean =+ standard error of the mean. Asterisks indicate statistically significant differences: p < 0.05 (*), p < 0.01 (**), and p < 0.001
(***). Differences not marked with asterisks are not statistically significant. Scale bars: 100 pm.

advantageous for BTE." Reactive thiol groups (-SH) of NAC
interact with free radicals during photopolymerization, forming
thiol-methacrylate bonds that introduce additional crosslinking
points. This process creates more flexible segments, reduces
network compaction, and results in a more porous structure.
Additionally, carboxyl and amine groups of NAC influence
polymer organization during polymerization, further contrib-
uting to the formation of an open, interconnected network.*®
Larger pores, as achieved in our hydrogels, facilitate nutrient
diffusion, angiogenesis, and cellular infiltration—critical
factors for effective extracellular matrix deposition and tissue
regeneration.

The mechanical properties of GCNP hydrogels, while lower
than those of native bone tissue (trabecular bone: 10-3000 MPa
Young's modulus, 0.1-30 MPa compressive strength; cortical
bone: 17-20 GPa Young's modulus, 115-205 MPa compressive
strength),* GCNP hydrogels exhibited a Young's modulus of
55.26 £ 5.79 kPa and a compressive strength of 44.31 kPa,
values consistent with hydrogel scaffolds designed for non-load-
bearing bone defects. In such applications, compressive
strengths in the range of 10-1000 kPa are generally sufficient to
maintain scaffold integrity and support tissue infiltration and
regeneration.”*® Therefore, the moderate stiffness of our
hydrogels—coupled with high porosity and sustained bioactive
release—could promote a dynamic biomechanical environment
for stem cell adhesion, osteogenic commitment, and effective

© 2025 The Author(s). Published by the Royal Society of Chemistry

bone mineralization in non-load-bearing defects. In compar-
ison to alternative formulations, the superior mechanical
resilience of GCNP hydrogels indicates that the synergistic
effects of NAC and PAMP not only enhance bioactivity but also
optimize structural properties.

Swelling behavior is a critical parameter for hydrogels used
in tissue engineering and drug delivery systems, as it influences
both nutrient transport and drug release kinetics.> The incor-
poration of NAC and PAMP significantly enhanced the swelling
capacity of GCNP hydrogels, supporting a more hydrated and
porous polymer matrix. This increased swelling expands the
pores of hydrogels, facilitating cellular infiltration and
controlled drug diffusion.®* Furthermore, water uptake relaxes
polymer chains, allowing gradual hydrogel volume expansion,
which plays a pivotal role in regulating the release kinetics of
encapsulated bioactive molecules.®® The cumulative drug
release profile of GCNP hydrogels demonstrated a controlled
balance between an initial burst release and sustained diffu-
sion. The initial burst, facilitated by interactions between NAC
and the polymer matrix, provides a rapid therapeutic concen-
tration during early tissue healing phases.”® The subsequent
sustained release phase ensures prolonged bioactivity, aligning
with the dynamic requirements of bone tissue regeneration.*
This intermediate release profile, balancing rapid diffusion
with long-term delivery, outperformed GCN and GCP hydrogels,

RSC Adv, 2025, 15, 22524-22533 | 22529
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highlighting the synergistic effect of NAC and PAMP in
achieving effective drug release kinetics.>®

The complete degradation of the GCNP hydrogels occurred
within approximately two weeks, which is faster than the full-
time frame required for complete bone regeneration, gener-
ally spanning several weeks to months depending on the defect
and anatomical site.>® However, this degradation profile was
designed to provide a burst release of bioactive compounds
(NAC and PAMP) during the critical early phases of bone heal-
ing, including the inflammatory, cell recruitment, and early
matrix deposition stages, which typically occur within the first
2-3 weeks.”” While slower degradation might be advantageous
for providing prolonged mechanical support in load-bearing
defects, the non-load bearing calvaria defect model used in
this study does not require long-term structural reinforcement.
Therefore, the fast-degrading GCNP hydrogels serve as
a temporary matrix to modulate the local biological environ-
ment during the initial healing phase, after which the native
bone remodeling processes continue.

The in vitro and ex vivo assays demonstrated excellent
biocompatibility and improved cell viability, proliferation, and
tissue integration. GCN and GCP hydrogels slightly reduced cell
viability at 24 hours, however, over time, cell proliferation
increased, showing the influence of the active molecules within
the hydrogel. The combination of NAC and PAMP in the GCNP
formulation enhanced the capacity of the molecules to promote
cell survival and cell proliferation, consistent with the reported
roles of NAC and PAMP in tissue repair.>**’

GCNP hydrogels exhibited the highest osteogenic potential
across all formulations, as evidenced by the increased miner-
alization and osteoblast differentiation in vitro and ex vivo. The
strong ARS and ALP staining in GCNP hydrogels highlights their
capacity to promote calcium deposition and osteoblast activity,
beyond the previously reported hydrogels.>******* The syner-
gistic effects of NAC, which has been reported to support oste-
ogenic differentiation, and PAMP, which may contribute to
vascularization and tissue healing, likely play a role in this
enhanced performance.**® These results position GCNP
hydrogels as promising candidates for BTE, as they support
mineral deposition and osteoblast activity, suggesting potential
osteogenic properties that warrant further investigation.

4. Experimental
4.1 Synthesis of hydrogels

To synthesize chitosan methacrylate (ChMA), 1.5% chitosan
(BioBasic, CB0660) was solubilized in 2% acetic acid (J.T. Baker,
9508-02) and stirred for 18 h. Then, an excess molar 1:6 of
methacrylic anhydride (Sigma-Aldrich, 276685) was added, and
the reaction continued for 24 hours at 40 °C, accordingly.* For
gelatin methacrylation a 10% gelatin (Sigma-Aldrich, G1890)
solution in PBS 1X was adjusted to pH 9 using 5 M NaOH.
Methacrylate was added using the sequential method reported
by Shirahama et al., at 0.1 mL g ', stirring at 500 rpm for 3
hours at 40 °C, protected from light.** Afterward, the reaction
mixture was diluted with a 1:5 ratio of phosphate buffer solu-
tion to stop the reaction homogenized for 5 minutes while
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stirring. The unreacted methacrylic anhydride was removed by
dialysis (12-14 kDa) over four days with regular water
exchanges. Each final product was frozen and freeze-dried.***

Hydrogels were prepared from 4% GelMA and 3% ChMA in
a 3:1 ratio (GC), selected following a series of preliminary tests
aimed at ensuring room-temperature injectability (Fig. S17).
The ratio was optimized by evaluating gelationat1:1,2:1, and
3:1 GelMA: ChMA.*”* All three ratios formed gels upon UV
irradiation, with the 3:1 ratio providing superior consistency
(results not shown). To crosslink the polymers, 0.2% (w/v)
lithium  phenyl-2,4,6-trimethylbenzoylphosphinate ~ (LAP)
(Sigma-Aldrich, 900889) was added, followed by exposure to UV
light for 60 seconds. The GCN hydrogels were loaded with N-
acetylcysteine (NAC) (Sigma-Aldrich, A7250) at 20 mM, after
evaluating its DPPH radical scavenging capacity (Fig. S27),
which is consistent with concentrations used in hydrogels for
wound healing.”® The concentration of pro-adrenomedullin
peptide (PAMP) (TOCRIS, 6552) used in the GCP hydrogels (50
pg mL ") was selected considering the high biological potency
of PAMP compared to AM and prior studies on AM delivery. In
a bone regeneration model, systemic administration of over 160
pg of AM(27-52) over four weeks produced significant anabolic
effects in bone.* As PAMP exerts biological activity at signifi-
cantly lower concentrations,* a lower PAMP dose 50 pg mL ™'
was selected. GCNP hydrogels were prepared using a combina-
tion of NAC and PAMP.

4.2 SEM and FTIR

To investigate the formation of functional groups within the
polymer structure, the hydrogels were frozen and lyophilized for
further processing. The surface structure and cross-sections of
the scaffolds were examined using scanning electron micros-
copy (SEM) with an JSM-7800F (JEOL) at 1 kV, under variable
pressure conditions. The chemical composition of the scaffolds
was analyzed using an FT-IR spectrophotometer (Agilent Cary

630, ATR cell) over a range of 600 to 4000 cm™".

4.3 Mechanical testing

The mechanical properties of hydrogels were characterized by
Young's modulus (&), compression strength (¢F), and tough-
ness. Compression tests were performed using a texture
analyzer (Brookfield CT3-10kg, AMETEK Brookfield, Middle-
boro, MA, USA) equipped with a cylindrical probe (TA11/1000,
25.4 mm D, 35 mm H). The hydrogels with 6 mm in diameter
were pre-hydrated. They were placed on a flat plate at room
temperature and compressed at a constant descent speed of
0.5 mm s~ %> From the stress-strain curves, ¢ was calculated as
the slope of the linear region, ¢F as the maximum stress value
a material can withstand before the first failure. Furthermore,
toughness was calculated as the area under the curve to obtain
the energy absorbed up to the point of failure.

4.4 Swelling ratio and drug release profiles

The hydrogels were weighed before incubation with 1x PBS at
37 °C for varying durations and 100 rotation per min (rpm) in an
incubating shaker. At each time point, the PBS was removed
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and collected, then hydrogels were weighed. The swelling ratio
was calculated using the following formula:**

. . W,
Swelling ratio = W (1)
where W, was the weight of the swelling hydrogels, and W, was
the weight of the original hydrogel.

As the hydrogels swelled, the encapsulated drugs were
gradually released. To determine the release profile, samples
were extracted from the collected PBS containing NAC, PAMP,
or both, at scheduled intervals for 14 days. The ninhydrin
(Sigma-Aldrich, N4876) reaction, commonly used to charac-
terize amino acids and peptides, was employed to quantify the
free amino groups (NH,) released from the hydrogels.®* The
concentrations of NAC and PAMP were measured using the
ninhydrin assay at a wavelength of 570 nm and interpolated in
a glycine standard curve to obtain the cumulative release (%)
plotted against time using the next formula:

M. 100 (2)

o

Cumulative release(%) =

where M, was the amount released from a sample at time ¢.

4.5 Degradation profile

The initial weights of the hydrogels were recorded after reach-
ing equilibrium (W,) and then incubated in 1x PBS with lyso-
zyme (10000 U L") (Sigma-Aldrich, 62970) similar to
circulating blood, at 37 °C for 1, 3, 7, 14, and 21 days.* The
degradation solution was replaced every two days. At the end of
the incubation periods, the scaffolds were freeze-dried, and
their weights were recorded (W,). The percentage of degradation
was calculated using the following formula:

Wy — W,

0

Degradation(%) = x 100 (3)
where W, was the weight of the hydrogels at time ¢, and W, was
the weight of the initial hydrogel.

4.6 Cell culture

Pre-osteoblastic MC3T3-E1 cells were seeded in 24-well plates at
a density of approximately 7500 cells per well. After 24 hours,
hydrogels were prepared in transwells with a pore size of 0.4 pm
and maintained in culture with cells for 24 and 48 hours. To
assess cell viability, MTT (0.5 mg mL ") was added to each well
and incubated at 37 °C for 4 hours. The resulting purple for-
mazan was dissolved using a 0.1 M HC1/10% SDS solution. The
optical density (OD) of each well was measured using a micro-
plate reader at a wavelength of 570 nm (EPOCH, BioTek). Cell
viability was obtained from the next formula:

) B A sample — A anc
Cell viability(%) = Alt)): . AEZM
control — blanc

% 100 (4)

Bone marrow from an 8 weeks-old mouse was collected from
the femur and tibia by flushing with 1x PBS according to
Amend et al. 2016.° All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
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Animals of the Centre for Scientific Research and Higher
Education of Ensenada, Baja California (CICESE) and approved
by the Bioethics Committee with the number: 8C.17DBEA/DIR-
0/091. The cells were incubated with «-MEM medium con-
taining 10% FBS and 1% antibiotic-antimycotic for 48 hours
under standard culture conditions. Adherent cells were then
collected and seeded at a density of 45 000 cells per well in a 24-
well plate. After 24 hours of incubation, a differentiation
medium containing 25 ug mL ™" r-ascorbate and 5 mM B-glyc-
erophosphate was added, along with hydrogels in transwells.
The medium was changed every three days for 21 days, after
which staining with Alizarin Red S (ARS, WAKO, 015-01151) and
alkaline phosphatase (ALP, Sigma-Aldrich, 86R-1KT).

4.7 Calvaria culture

Four-day-old mice were euthanized following the guidelines of
the critical size defect (CSD) model for mouse calvaria bone with
some modifications.®® The calvariae were aseptically dissected
and sectioned along the sagittal and coronal sutures. Each
quarter of the calvaria was placed in a 48-well tissue culture
plate containing Dulbecco’s Modified Eagle's Medium (DMEM,
Corning) supplemented with 0.1% bovine serum albumin (BSA)
(Biotech, AO0023), 1% penicillin/streptomycin (Sigma-Aldrich),
and insulin (Sigma-Aldrich, 16634) as a positive control for
mineralization. Calvariae were cultured for one day before
creating full-thickness circular defects, 2 mm in diameter,
following previous reports with some modifications.®”*®
Hydrogels were placed in the CSD area. The calvariae, with
hydrogels in place, were cultured concave side down on the
plate for two weeks, with media changes every two days. After 14
days, calvariae were stained using a Live/Dead Kit (Sigma-
Aldrich, 04511), Alizarin Red (ARS), and Alkaline Phosphatase
(ALP).

4.8 Mineralization assays

Cells and tissue were fixed with 4% paraformaldehyde (PFA) for
20 minutes. After rinsing the wells with distilled water, 2% ARS
PH 4.2 solution was added and incubated at room temperature
for 3 minutes - protected from light. Following the staining, the
wells were rinsed with distilled water until no excess dye was
visible. ALP staining was performed according to the manu-
facturer's protocols.

4.9 Statistical analysis

All experimental results are presented as mean =+ standard
deviation (SD) or standard error of the mean (SEM), as specified
in each figure legend. Statistical analysis was performed using
GraphPad Prism version 8.0.2 (GraphPad Software, San Diego,
CA, USA). Comparative analyses for porosity and mechanical
properties were conducted using one-way ANOVA. Viability and
mineralization assays were also analyzed using one-way ANOVA,
while swelling ratio, cumulative release, and degradation data
were evaluated using two-way ANOVA. Tukey's post-hoc test was
applied to determine statistically significant differences, with p
< 0.05 considered significant. In all figures, asterisks denote
significance levels as follows: * for p < 0.05, ** for p < 0.01, and
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*** for p < 0.001. Non-significant differences between groups
are not shown.

5. Conclusions

We developed and characterized gelatin methacrylate-chitosan
methacrylate (GC) hydrogels with NAC and PAMP using UV-
induced polymerization. NAC played a dual role by modifying
the porous structure during crosslinking and later becoming
bioactive as the hydrogel degraded. Its radical-scavenging
activity promoted additional crosslinking points, increasing
hydration and forming a more interconnected network. The
incorporation of NAC enhanced not only pore size and swelling
but also mechanical strength, improving compressive resis-
tance without compromising stability—key for applications in
bone tissue engineering. GCNP hydrogels showed excellent
biocompatibility and promoted osteoblast viability and miner-
alization both in vitro and ex vivo, likely due to the combined
action of NAC and PAMP. Their release profile offers both initial
and sustained delivery, supporting dynamic bone healing
processes. These results suggest that GCNP hydrogels are
promising candidates for bone regeneration, combining
mechanical robustness with biological functionality. However,
further in vivo studies are needed to confirm their osteogenic
and angiogenic potential.
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