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Abstract

Mandibular reconstruction remains a significant clinical challenge due to irregular
defect geometries, high functional restoration requirements, and complex oral
environments. Traditional vascularized bone grafts, while effective, are limited by
donor site complications and poor osseointegration. Hydrogel-based materials have
emerged as promising alternatives due to their biocompatibility, tunable mechanical
properties, and capacity to mimic the extracellular matrix for osteogenesis and
angiogenesis. This review highlights recent advances in hydrogel design strategies
tailored for mandibular regeneration. Key considerations include mechanical
reinforcement through nanocomposites and dual-network architectures, which
enhance compressive strength and toughness to withstand masticatory loads.
Injectable hydrogels demonstrate minimally invasive delivery and shape adaptability
forirregular defects, while biomimetic wet adhesives achieve robust tissue integration
through covalent and coordination bonding mechanisms. Functionalization with
bioactive factors and stem cells promotes spatiotemporal regulation of osteogenesis
and angiogenesis, as evidenced by successful mandibular regeneration in preclinical
models. Antibacterial strategies integrating metal ions, antibacterial agents, or
peptides can contribute to addressing oral microbial challenges. This review
underscores the potential of multifunctional hydrogels to bridge structural and
functional regeneration in craniofacial reconstruction while identifying critical
research gaps for future innovation.

Keywords: Polymer materials; Hydrogel biomaterials; Mandibular reconstruction;
Nanocomposite reinforcement; Injectable hydrogel systems; Bioinspired wet-adhesive
interfaces; Oral antibacterial strategies; 3D Printing
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1. Introduction

The mandible, as a crucial load-bearing structure in
the craniofacial complex, not only maintains facial
contours but also supports vital physiological functions
such as mastication, swallowing, and speech. Clinically,
mandibular defects primarily arise from pathological
processes including head and neck tumor resection,
traumatic fractures, osteoradionecrosis, and medication-
related osteonecrosis of the jaw,'? often resulting in
maxillofacial deformities and functional impairments
of mastication and swallowing. However, mandibular
regeneration remains challenging due to irregular defect
geometry, high functional restoration requirements, and
complex healing environments. While small-sized bone
defects demonstrate self-healing capacity, critical-sized
defects necessitate clinical intervention. Ideal mandibular
reconstruction requires both morphological continuity and
functional rehabilitation. At present, vascularized bone
grafts remain one of the optimal approaches for mandibular
defect repair and quality-of-life improvement. Vascularized
fibula flaps with over 95% success rates are considered
the gold standard for jaw reconstruction.’ Nevertheless,
complications such as donor site infections, chronic pain,
and poor osseointegration continue to constrain clinical
outcomes. Thus, there is a pressing clinical demand for
the innovative development of bioactive materials as
alternatives that can precisely fill bone defects, as well as
enhance bone regeneration and functional recovery,* to
achieve integrated structural and functional regeneration.
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Recent years have witnessed remarkable progress in
bioactive materials. Hydrogels have garnered particular
attention due to their exceptional biocompatibility,
tunable properties, and potential to mimic the natural
extracellular matrix (ECM) of mandibular bone. Through
incorporation of bioactive factors (bone morphogenetic
protein 2 [BMP-%, vascular endothelial growth factor
[VEGF]) and mesenchymal stem cells, hydrogels can
create biomimetic microenvironments conducive to
osteoblast migration and ordered differentiation of bone
progenitor cells.** Compared to traditional implants,
their minimally invasive injectability effectively avoids
secondary surgery risks, while adjustable crosslinking
density enables spatiotemporal control of degradation
kinetics aligned with bone regeneration processes. This
adaptability ensures seamless integration with existing
bone while providing stable mechanical support.”
Furthermore, their tunable mechanical properties allow
customization of stiffness and degradation rates to meet
mandibular reconstruction requirements. Taking gelatin
methacryloyl (GelMA) hydrogel as an example, due to its
excellent biocompatibility, tunable mechanical properties,
and potential for functionalization, it has shown great
applications in the repair of different types of bone defects.
When combined with other bioactive materials, they offer
highly customized and effective treatment strategies for
bone tissue regeneration, meeting the needs for treating
various bone defects (Figure 1). Given the oral cavity’s
dynamic environment characterized by high mobility,
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Figure 1. Schematic diagram of the application of GelMA-based hydrogels in repairing different bone defects. Created with BioRender.com
Abbreviations: AMBGN: Amino-modified mesoporous bioactive glass nanoparticles; BG: Bioactive glass; BMSCS: Bone marrow mesenchymal stem cells;
GelMA: Gelatin methacryloyl; hUC-MSCs: Human umbilical cord mesenchymal stem cells; oDex: Oxidized dextran; UV: Ultraviolet; ZIF-8NPs: Zinc

imidazole framework-8 nanoparticles
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humidity, microbial diversity, and complex mandibular
stress patterns (including axial and cantilever loads),*®
hydrogel design considerations for mandibular repair
typically include: (1) superior biocompatibility and
biodegradability for seamless tissue integration without
foreign body reactions; (2) adequate mechanical strength
matching mandibular stress characteristics to withstand
masticatory loads; (3) excellent injectability to adapt to
irregular defects; and (4) antibacterial properties against
oral bacterial infections.

Considering  the  complexity —of mandibular
reconstruction, this review focuses on hydrogel
design strategies and their applications in mandibular
regeneration. In addition, we discuss common pathways
by which hydrogel materials promote osteogenesis.
Figure 2 illustrates hydrogel applications in bone defect
repair, highlighting functions such as osteoconduction,
angiogenesis, and osteoinduction.
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2. Hydrogels-based scaffolds

Hydrogels have gained significant attention as a leading
candidate for scaffold-driven mandibular repair, due to
their biocompatibility and structural similarity to the
body’s natural ECM. These characteristics make hydrogels
suitable for promoting cell adhesion, proliferation, and
differentiation, which are essential for effective tissue
regeneration in mandibular defects. Hydrogel-based
scaffolds can be designed to deliver growth factors, stem
cells, or bioactive molecules, thereby enhancing bone
regeneration and functional recovery. Furthermore, their
adaptable mechanical properties allow for the adjustment
of stiffness and degradation rates to align with the
specific needs of mandibular reconstruction. Advances
in 3D printing technology allow for precise control over
the shape and internal structure of hydrogel scaffolds,
facilitating the creation of scaffolds that accurately mimic
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Figure 2. Illustration of hydrogel-based materials for bone regeneration, with a specific focus on three pivotal aspects: osteoconduction, angiogenesis, and
osteoinduction. Some fabrication methods are shown as examples. Created with BioRender.com
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the mandible’s intricate anatomical structure. This high
level of customization provides an effective treatment
strategy for bone tissue regeneration, as the scaffolds can
be designed for patient-specific defects with remarkable
precision, offering a highly personalized and efficient
solution for clinical applications.

2.1. Natural and synthetic hydrogels

Hydrogels can be categorized into natural and synthetic
types based on polymer substrate origins.” Natural
hydrogels include polysaccharides (chitosan, agarose,
hyaluronic acid, alginate, cellulose, efc.) and polypeptides
(gelatin, collagen, poly-L-glutamic acid, poly-L-lysine,
etc.).” Their composition resembles the ECM, granting
them superior biocompatibility and bioactivity. For
instance, chitosan exhibits antibacterial properties, while
collagen’s RGD sequences enhance osteoblast adhesion.
Their non-toxic degradation byproducts make them
suitable for carrying stem cells or growth factors to
promote localized regeneration. However, low mechanical
strength and unpredictable degradation rates limit their
use in large-scale defects (like post-tumor resection),
often necessitating reinforcement with hydroxyapatite or
crosslinking modifications.

Synthetic hydrogels (polyethylene glycol [PEG],
polyacrylic acid, poly [lactic-co-glycolic acid], etc.)
allow precise control over mechanical properties, pore
structures, and degradation timelines through molecular
design. Photocurable PEG hydrogels adapt to complex
defect geometries, while thermosensitive poly(N-
isopropylacrylamide) gels enable minimally invasive filling
of irregular defect areas with robust enzymatic resistance
for long-term support. Nevertheless, their inherent
bioinertia requires modification with bioactive peptides
to enhance cellular interaction, and residual monomers or
acidic degradation products may trigger inflammation.

2.2. Physically, chemically, and multi-crosslinked
hydrogels

The crosslinking mechanism of hydrogels is a pivotal factor
in regulating their network structures and functional
properties. Based on crosslinking mechanism, hydrogels
can be categorized into physically crosslinked, chemically
crosslinked, and multi-crosslinked systems (Figure 3A).'%!

Physically crosslinked hydrogels form reversible
networks through dynamic non-covalent interactions
such as ionic interactions, complementary base pairing,
hydrogen bonding, or hydrophobic associations. These
hydrogels exhibit environmental responsiveness, making
them suitable for minimally invasive injection and
controlled drug release. However, their inherent instability

- due to reversible state changes under altered physical
conditions - limits their application in high mechanical
load scenarios.

In contrast, chemically crosslinked hydrogels rely on
irreversible covalent bonds formed through mechanisms
such as Schiff base crosslinking, Diels-Alder (DA)
reactions, or radical polymerization.'” These hydrogels
achieve mechanical strength on the order of MPa,
meeting the mechanical demands of bone tissue repair.
Nevertheless, challenges such as residual crosslinking
agents or overly dense networks may lead to cytotoxicity.

Hydrogels with greater complexity can be synthesized
through the integration of multiple crosslinking
techniques.” Even when composed of identical materials,
hydrogels produced through distinct crosslinking
approaches develop varied network architectures,
ultimately leading to differences in their physical and
chemical properties.'*'¢ For instance, double-network
hydrogels utilize covalent crosslinking to provide
mechanical support, combined with physical crosslinking
to enable self-healing capabilities. Alternatively, they
may employ dynamic covalent bonds to balance
reconfigurability and stability, significantly enhancing the
material’s strength and toughness. In addition, Chuang
et al'’ analyzed collagen hydrogels with comparable
chemical compositions and physical attributes but
prepared using distinct crosslinking techniques. Their
study revealed that variations in crosslinking bonds
between the two hydrogel types resulted in disparities in
permeability, microstructure, and mechanical strength.
Specifically, covalently bonded hydrogels exhibited lower
permeability, higher density, and enhanced mechanical
stability due to their tightly interconnected networks.

2.3. Stimulus-responsive hydrogel

Smart hydrogels are fabricated by incorporating specific
chemical structures and additives during or after the
polymerization process, enabling them to exhibit stimuli-
responsive properties.'® These hydrogels can dynamically
respond to external triggers such as pH levels, magnet,
temperature, light, or electricity (Figure 3B). By leveraging
mechanisms like controlled drug release, they adapt to the
unique microenvironments of diseased tissues, thereby
enhancing therapeutic efficacy.

Bone tissue, as a mechanosensitive tissue, relies on
mechanical stimulation to maintain its structure and
function. This is particularly evident in the jawbone,
which experiences frequent occlusal forces, resulting in a
significantly higher metabolic rate and bone remodeling
activity compared to other skeletal regions. To enhance bone
regeneration, researchers have developed mechanically
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Figure 3. Hydrogel crosslinking strategies and stimuli-responsive mechanisms. (A) Crosslinked network structure in hydrogels. (B) Schematic diagram of
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tunable, high-strength hydrogels by incorporating
nanoparticles or nanosheets into gel networks through
multi-crosslinking strategies or hybridizing hydrogels
with 3D-printed or electrospun scaffolds.”” Rauner
et al® fabricated the ultra-robust hydrogels through
enzyme-induced mineralization. Their dual-crosslinking
system, centered on cage-like polyhedral oligomeric
silsesquioxane (POSS), integrates high-strength hydrogen
bonds and dynamic disulfide bonds to form a core/shell
star-shaped architecture. Quadruple hydrogen bonds act
as physical crosslinking points to optimize the network’s
local mechanical reinforcement, while reversible hydrogen
bond breakage dissipates energy, markedly improving
mechanical strength and toughness.**

Bone tissue functions not only as a mechanical load-
bearing system but also exhibits piezoelectric properties
that regulate bone metabolism and growth through
electromagnetic  signals.  Piezoelectric ~ biomaterials
(polylactic acid, collagen, potassium sodium niobate, efc.)
generate intrinsic electrical charges under mechanical
deformation, mimicking the natural bioelectrical
microenvironment ofbone. This enables drug-free electrical
stimulation strategies for bone defect repair. For example,
Wau et al.*? incorporated polydopamine-modified barium

titanate and hydroxyapatite nanoparticles into a chitosan/
gelatin hydrogel, constructing a piezoelectric scaffold
with self-powered electrical activity, pro-angiogenic, and
osteogenic capabilities. This scaffold accelerates cranial
bone regeneration by activating cellular voltage-gated
calcium channels and integrin-related signaling pathways
through endogenous electrical signals, while promoting
secretion of growth factors. Current studies suggest
piezoelectric materials enhance osteogenesis through
multiple pathways, including improved local blood flow
and immunomodulation, though their precise molecular
mechanisms remain unclear. Furthermore, balancing
the mechanical strength and electrophysiological
activity of hydrogels to match the dynamic electrical
microenvironment of bone remains a core challenge in
optimizing material design for clinical applications.

3. Considerations in hydrogel design for
mandibular regeneration

Hydrogel-based mandibular regeneration strategies require
careful optimization of multifunctional properties to meet
complex anatomical and physiological needs (Figure 4).
Mechanical properties must mimic natural bone to
withstand chewing forces while promoting bone formation.
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Considerations in hydrogel design for mandibular regeneration
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Figure 4. Considerations in hydrogel design for mandibular regeneration. Created with BioRender.com

Antimicrobial properties are key to preventing infection in
the oral microenvironment, often achieved through ion/
metal-polymer networks. Strong tissue adhesion ensures
stable integration with irregularly defective surfaces.
Controlled biodegradability balances the structural
support that is gradually absorbed during the healing
process to avoid secondary intervention. Injectability
enables minimally invasive delivery, adapting to complex
geometries, while 3D printing technology allows precise
fabrication of patient-specific anatomical structures to
achieve personalized mandibular regeneration.

3.1. Considerations in physical properties
3.1.1. Mechanical properties

Theoretically, hydrogels intended for bone repair should
possess mechanical properties matching the implantation
site tissues to ensure adequate support and functionality.”®
However, the mandible’s complex anatomy, combined with
high axial and non-axial (cantilever) stress loads, along
with the humidity and warmth of the oral environment,
compromises hydrogel mechanical strength, making
it challenging to maintain structural and functional
stability in bone defect regions. To address this technical
bottleneck, researchers have significantly enhanced
hydrogel mechanical performance through strategies
such as nanocomposite (NC) modifications and network
structural optimization.

NC hydrogels achieve tailored mechanical properties
by incorporating nanoreinforcement phases (nanoparticles
or nanostructures). Hydrogel matrices can incorporate
varijous nanoparticles — including ceramic-based materials
such as hydroxyapatite,** carbon-based structures such
as graphene oxide,* and metallic nanoparticles (gold,
silver)?*® — through methods like in situ polymerization
or direct nanoparticle synthesis within the matrix. This
approach produces NC with precisely engineered physical
properties and functional capabilities.” The hydrogel
network structure gains strength through hydrogen
bonding or van der Waals forces between nanoparticles
and polymer chains, enhancing its stability and structural
integrity. For instance, hydrogels reinforced with nano-
hydroxyapatite (nHAp) demonstrate tensile stress values
between 0.21 and 0.86 MPa and compressive strengths
reaching up to 35.8 MPa - well beyond the compressive
strength range of human mandibular trabecular bone
(0.22 - 10.44 MPa).*® These mechanically enhanced
hydrogels, while maintaining excellent bioactivity and
injectability, have been successfully applied in minimally
invasive mandibular augmentation in rats (Figure 5),
demonstrating broad clinical potential in oral implantology.
Guo et al’' developed a magnesium NC hydrogel where
magnesium oxide nanoparticles modulated the gelation
kinetics between N-hydroxysuccinimide-functionalized
hyperbranched poly (ethylene glycol) and proteins. The
optimized hydrogel not only showed markedly improved
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Abbreviations: ADA: Alginate dialdehyde; nHA: Nano-sized hydroxyapatite

mechanical properties after instantaneous curing but also
exhibited robust gel stability in simulated physiological
environments (moisture and bleeding). It induced H-type
angiogenesis, activated Osterix + osteoprogenitor cells,
and created an anti-inflammatory microenvironment,
achieving successful mandibular regeneration in an
MRON] rat model.

Dual-network ~ (DN)  hydrogels, formed by
interpenetrating and independently crosslinked natural or
synthetic polymers, combine the advantageous properties of
both components.* Compared to traditional single-network
hydrogels, DN hydrogels significantly enhance strength and
toughness through an interpenetrating network of rigid
polyelectrolytes and flexible neutral polymers, utilizing
a “sacrificial bond” mechanism for stress dispersion.
This makes them more suitable for maxillofacial tissue
engineering under high mechanical loads. Zhang et al.**
developed a DN hydrogel using polyvinyl alcohol (PVA)
and sodium alginate (SA) through freeze-thaw cycling and
ionic crosslinking, followed by enzymatic mineralization.
The results revealed synergistic effects between the PVA-SA

dual network and enzymatic mineralization in enhancing
mechanical properties: Young’s modulus reached 1.03 MPa
(20408% higher than pure PVA), storage modulus 103
kPa (697% higher), and equilibrium swelling ratio 132%
(47% higher). Notably, the mineralized PVA-SA hydrogel
retained high toughness (1.86 MJ/m?®) and demonstrated
osteogenic potential. Li et al.** designed a biomimetic DN
composite hydrogel (GelMA/DNA/Apt19S/AptV, GDSV)
mimicking the bone ECM. By integrating a covalent GelMA
network with an aptamer-functionalized DNA physical
network, the hydrogel achieved hierarchical regulation
of vascularized bone regeneration. The GelMA network
provided mechanical and biological stability, while the DNA
network enabled dynamic capabilities like stress relaxation.
Functionalized aptamers (Apt19S and AptV) mediated
bone marrow stromal cell (BMSC) recruitment and VEGF-
controlled release, establishing a dual bio-regulatory
mechanism in a cell-free scaffold: The DNA network’s
dynamic mechanical microenvironment synergized with
GelMASs rigid support and time-dependent VEGF release
to accelerate bone repair. Traditional GelMA -exhibits
good biocompatibility, but its mechanical strength and
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stability need to be improved. A double-network hydrogel
containing magnesium ions was synthesized using in situ
radical polymerization and crosslinking via magnesium
ion coordination. The introduction of magnesium ions
not only increased the crosslinking density of the hydrogel
but also enhanced its mechanical strength and stability.
The hydrogel, enhanced by integrating a double-network
architecture and POSS-Mg composites, achieved a six-fold
increase in peak compressive strength. This improvement
highlights its suitability for applications such as bone
regeneration and promoting blood vessel formation in rat
cranial defect models.®

Furthermore, adjusting parameters such as hydrogel
component concentrations or molecular weights can
markedly improve mechanical properties such as elastic
modulus and tensile strength. However, mechanical
enhancement inevitably introduces challenges, including
fabrication complexity, altered degradation kinetics,
and potential component toxicity. Therefore, to meet the
unique demands of mandibular defect repair, current
research must focus on optimizing synthesis protocols,
degradation parameters, and biosafety evaluation systems
to synergistically enhance mechanical compatibility, tissue
induction, and clinical translatability. Table 1 summarizes
recent advances in mechanically reinforced hydrogels for
mandibular defect repair.

3.1.2. Adhesion

An ideal hydrogel for maxillofacial repair must exhibit
strong adhesiveness to resist washing by blood and tissue

fluids, ensuring stable adhesion to physiological tissue
surfaces. However, hydration barriers often hinder effective
tissue-hydrogel integration.

In recent years, researchers have developed novel
hydrogel systems integrating wet adhesion and mechanical
reinforcement through biomimetic design and multi-scale
composite strategies. Inspired by marine mussel adhesive
proteins, chemical modifications based on L-DOPA or
catechol groups can endow hydrogels with robust wet
adhesion at tissue interfaces.”” These systems overcome
hydration barriers through covalent crosslinking between
catechol groups and tissue surface amino/thiol groups,
coupled with metal coordination. For example, Hu et al.*!
developed an L-DOPA-PVA-ZIF-8 hydrogel (L-DPZ) that
integrates multiple functionalities through a biomimetic
approach: a biocompatible PVA polymer matrix was
covalently grafted with L-DOPA to provide catechol
active groups, while ZIF-8 nanoparticles formed a metal-
catecholamine coordination network. This system achieved
a shear strength of 10 MPa through amino/thiol covalent
bonds and metal coordination. In addition, the high
porosity of ZIF-8 enabled controlled Zn** release, promoting
osteogenic differentiation of rat BMSCs. Simultaneously,
nano-scale bonding between ZIF-8 and catechol groups
significantly enhanced mechanical strength, ensuring
that hydrogel degradation kinetics matched new bone
regeneration. This strategy demonstrates potential for
resolving clinical challenges such as stabilizing comminuted
fractures, reconstructing bone defects, and replanting teeth,
offering promising solutions in complex medical scenarios.

Table 1. Applications of mechanically enhanced hydrogels for the repair of mandibular defects

Composite Cell type Animal model Outcome achieved References
hydrogels
nHA@ADA/Gel MC3T3-E1, ATCC SD rats critical-sized « Increased mechanical strength 36
mandibular defects « Antioxidant capacity
» Promoted mandibular bone regeneration
BPDAH-GPEGD BMSC, macrophage  SD rat cranial defect « Excellent injectability, self-healing property and 37
shape adaptability
« Increased mechanical strength
« Repaired critical-sized skull bone defect
SIM@ZIE-8/ BMSC SD rats cranial and « Excellent injectability and mechanical strength 38
PEGDA/SA premaxillary defect » Promoted osteogenesis and suppress adipogenesis
POSS-UPy PDLSCs Cranial bone defect o Increased mechanical strength 21
» Promoted osteogenesis
SF/MBG/SA BMSC Rabbit maxillary sinus « Great injectability and shapeability 39

elevation

o Increased mechanical strength
» Promoted osteogenesis

Abbreviations: ADA: Alginate dialdehyde; BMSC: Bone marrow stromal cell; BPDAH: BMP-2 loaded polydopamine/heparin nanoparticles;
GPEGD: Gelatin/polyethylene glycol diacrylate/2-(dimethylamino) ethyl methacrylate; MBG: Bioactive mesoporous glass; nHA: Nano-sized
hydroxyapatite; PDLSCs: Periodontal ligament stem cells; PEGDA: Polyethylene glycol diacrylate; POSS-UPy: Polyhedral oligomeric silsesquioxane
2-ureido-4[1H]-pyrimidinone; SA: Sodium alginate; SD: Sprague-Dawley; SF: Silk fibroin; SIM@ZIF-8: simvastatin-laden zeolitic imidazolate

framework-8.
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Inspired by the composition of natural bone hydroxyapatite
(HAp) and collagen matrices, Yang et al.** fabricated an
nHAp-reinforced degradable bone adhesive (O-BDSG)
through in situ free radical ring-opening polymerization.
nHAp acted as a non-covalent crosslinker between polymer
chains and increased the molecular weight of the polymer
matrix, significantly enhancing mechanical performance
and bone adhesion for rapid fracture fixation. The adhesive
exhibited a bending adhesion strength of 9.79 MPa on
bone - 4.7 times higher than nHAp-free formulations
and far surpassing commercial cyanoacrylate adhesives
(0.64 MPa). Yang et al.” also developed an injectable dual-
crosslinked hydrogel (A-O hydrogel) based on dynamic
Schift base covalent networks and multi-hydrogen bonding.
The system utilized amino-rich polyhydroxy polymers and
oxidized methylcellulose as core components. The former
enhanced gel cohesion through a tertiary hydrogen-bond
network, while hydroxyl-rich sites facilitated interfacial
bonding, achieving exceptional underwater adhesion with
a peek adhesion strength of 2.32 MPa. The natural origin
of oxidized methylcellulose ensured biocompatibility and
biosafety. Functioning as a porous interfacial layer, the
hydrogel not only promoted cell proliferation and migration
but also created pathways for nutrient transport and the
infiltration of osteogenesis-related cells. In rat skull in situ
bone fixation and onlay bone grafting models, this hydrogel
outperformed commercial bioadhesives, ensuring graft
survival and integration while maintaining stable retention.
This offers a robust and effective strategy for clinical bone
adhesion applications.

3.1.3. Injectability

Mandibular defects often involve complex and narrow
anatomical regions, making it difficult to fabricate grafts
that precisely adapt to small, irregular-shaped defects.
Injectable hydrogels address this challenge by enabling
minimally invasive delivery and conforming to intricate
anatomical geometries through flexible shape adaptation,
ensuring optimal defect filling.* Ideal injectable scaffolds
should possess appropriate porosity and pore sizes to serve
as effective carriers for osteogenic growth factors, coupled
with tunable release kinetics to maximize osteoblast
adhesion, proliferation, and differentiation. Post-injection,
hydrogels must tightly integrate with surrounding tissues
while maintaining sufficient mechanical strength to
withstand frequent oral movements such as mastication
and swallowing. Recent advances in mechanically
reinforced injectable hydrogels have focused on enhancing
mechanical properties without compromising injectability,
primarily through DN hydrogels combining physical and
chemical crosslinking, or incorporation of nanoparticles/
nanofibers as reinforcing components.*

Bioactive functional nanomaterials have been integrated
into injectable hydrogel scaffolds to enhance mechanical
performance while adding multifunctionality.* Zhou et al.*’
developed a gelatin/oxidized chondroitin sulfate hydrogel
loaded with mesoporous bioactive glass nanoparticles
(MBGNSs), which act as bioactive additives to enhance
functionality. MBGNSs accelerated hydrogel crosslinking
and improved mechanical properties, especially in storage
modulus and compressive strength, while retaining its
injectable capability. Zhao et al.*® designed a self-expanding
dual-crosslinked gelatin-hyaluronic acid hydrogel (GH)
with niobium-doped bioactive glass (NbBG), where
NbBG dispersion enhanced mechanical performance
while transforming the hydrogel's inherent expansion
limitation into an advantage for bone augmentation.
Bai et al® created a self-reinforced injectable hydrogel
combining non-covalent crosslinking and DA chemical
dual-crosslinking, achieving 25 MPa mechanical strength
while effectively promoting bone repair.

To maintain facial esthetics and carrying important
physiological functions such as chewing and swallowing,
jaw bone’s irregular shape, adjacent neurovascular bundles,
and dynamic load environment are considered reference
factors for the reconstruction of mandibular regenerated
materials. Hydrogel can accurately fill complex defect areas
through minimally invasive injection, avoiding the damage
to surrounding tissues caused by traditional open surgery,
and its environmental responsiveness (such as temperature
sensitivity, pH, or ion-triggered gelation) enables it to adapt
to the defect shape after injection, achieving personalized
shaping and reducing the risk of microleakage. In addition,
hydrogels can support stem cells, growth factors and
antibacterial components, promote bone-soft-tissue
cooperative regeneration, and match jaw mechanical
gradient through mechanical property regulation, taking
into account functional reconstruction and esthetic repair.

3.2. Considerations in biological properties
3.2.1. Antibacterial property

The oral cavity is one of the most complex microbial
ecosystems in the human body, hosting over 700
microbial species that form a dynamically balanced
microenvironment.” During mandibular defect repair,
the surgical site is exposed to a protein-rich, moist
environment,” and food residues provide organic
substrates,” creating ideal conditions for microbial
proliferation. Notably, post-operative infection has
emerged as a critical clinical challenge hindering bone
defect repair, as persistent inflammatory responses
not only impair osteoblast differentiation but also lead
to osseointegration failure. Current clinical strategies
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primarily focus on passive defense measures, including
antimicrobial dressings,” localized growth factor release,™
and hyperbaric oxygen therapy.®® However, limitations
imposed by the unique oral environment - continuous
saliva washing, mechanical stress from mastication,
and temperature/humidity fluctuations — result in short
residence times and low bioavailability for conventional
therapies. To address these challenges, functionalized
hydrogel systems with environmental adaptability offer
unique advantages. Their 3D network structures enable
precise loading of diverse active components (antibacterial
peptides, metal ions, and exosomes), enhancing drug
delivery efficiency and stability, thereby providing more
effective solutions for oral tissue repair and antimicrobial
therapy.

Researchers have developed hydrogels crosslinked
with antibiotics® or antibacterial peptides® to effectively
inhibit bacterial growth. However, prolonged use of
antibiotics and antimicrobial agents risks drug resistance
and disrupts oral microbial homeostasis. To overcome this,
Chen et al*® innovatively incorporated polyamidoamine
dendrimers (PAMAM-G3) into polymer backbones
to capture negatively charged microbial-associated
molecular patterns, creating cationic hydrogels that
alleviate bacterial-induced inflammation while preserving
oral microbial balance. Furthermore, incorporating
inorganic antibacterial components into hydrogels not
only strengthens their antimicrobial performance and
durability but also mitigates the likelihood of triggering
bacterial resistance, offering a sustainable strategy for
infection control. Leveraging synergistic crosslinking
between SH-PEG and Ag*, researchers embedded viscous
liposomes into PEG hydrogels to construct an injectable,
antibacterial, and self-healing drug delivery system,”
offering innovative solutions for bone tissue engineering
and anti-infection therapy. Antibiotic-loaded hydrogels are
widely applied in mandibular reconstruction. Preclinical
studies focus on local delivery of antibiotics (gentamicin
and vancomycin) through hydrogels to enhance anti-
infective capacity and promote bone regeneration.** In a
rabbit mandibular osteomyelitis model, local injection
of gentamicin-loaded collagen hydrogel significantly
increased bone area in infected regions after 4 weeks,
demonstrating superior antibacterial and osteogenic
effects.* This strategy not only improves drug stability
and delivery efficiency but also reduces systemic side
effects, supporting optimization and clinical translation of
mandibular substitutes. Xu et al.* designed a novel peptide-
based polymer with excellent antibacterial properties,
capable of killing bacteria, releasing growth factors,
and promoting bone regeneration. This polymer carries
BMP-2 and gentamicin-loaded microspheres, effectively

inhibiting Escherichia coli, Staphylococcus aureus, and oral
bacteria through sustained gentamicin release.

Beyond metal ions, antibacterial agents, and peptides,
photothermal therapy is widely explored in antibacterial
hydrogel research. When localized temperatures exceed
48°C, irreversible thermal ablation directly eliminates
pathogens, while hydrogel carriers optimize heat
distribution to minimize collateral tissue damage. In the 41
- 47°C range, hyperthermia synergizes with chemotherapy
or photodynamic therapy by accelerating oxidative
stress responses. Mild hyperthermia (<41°C) enhances
antibacterial effects through physical microenvironment
modulation. Miao et al.®® integrated black phosphorus
(BP) nanosheets into hydrogels to construct BP/Gel NC
hydrogels, which exhibited excellent near-infrared (NIR)
photothermal performance both in vitro and in vivo.
When exposed to NIR irradiation, the hydrogel exhibited
potent antibacterial properties. Furthermore, the BP
nanosheet-hydrogel matrix promoted osteogenesis in vitro
without exogenous osteoinductive factors and stimulated
significant new bone formation in a rat cranial defect
model.

3.2.2. Biodegradability

Hydrogels can provide essential support during bone
healing while gradually degrading in sync with bone
remodeling, thereby avoiding potential inflammation
caused by long-term retention. The mandible exhibits
faster remodeling rates compared to other bones,*
particularly during alveolar bone formation, which
necessitates that hydrogel degradation rates synchronize
with rapid mandibular ingrowth while eliminating the
trauma associated with secondary surgical removal
of traditional materials. Excessively slow degradation
may hinder timely replacement by nascent bone tissue
during repair, delaying mandibular healing. Conversely,
overly rapid degradation could compromise mechanical
support and impair bone repair efficacy. Zheng et al.*
innovatively incorporated inorganic mesoporous bioactive
glass (MBG) nanoparticles as in situ sustained-release
crosslinkers, overcoming the challenges in controlling
gelation rates inherent to traditional divalent ion-
alginate systems. This approach stimulated Ca?*-release
in weakly acidic microenvironments, accelerating MBG
degradation and generating enhanced porous structures
in situ. Concurrently, the increasing porosity from MBG
degradation facilitates cellular infiltration into hydrogels,
ensuring rapid tissue regeneration. However, excessively
high degradation rates may cause wound collapse,
preventing effective filling of defect areas by new tissue.
To address this, Parsaee et al.® successfully developed
a stable chitosan/collagen composite hydrogel system
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through innovative incorporation of high-concentration
B-tricalcium phosphate (8-TCP). Their research revealed
that positive charges on B-TCP particles form dense
electrostatic networks with negative charge groups in
the chitosan/collagen matrix, significantly enhancing
interpolymer chain cohesion and delaying hydrogel
swelling/degradation.

Hydrogel  degradation  characteristics  directly
determine bone regeneration efficiency. Given the
accelerated remodeling of mandible,* hydrogels require
faster degradation rates to accommodate osteogenesis
needs. Excessive degradation risks premature scaffold
collapse and loss of structural support, while insufficient
degradation impedes bone ingrowth and delays healing.
Ideal degradable hydrogels achieve precise degradation
rate control through optimized crosslinking density,
natural/synthetic polymer composites, or responsiveness
to external stimuli (enzymatic action, pH), thereby
creating spatial accommodation for new bone formation
during degradation.

3.3.Three-dimensional bioprinted hydrogels

The optimal scaffold mimics the structural and biochemical
properties of natural bone, delivering nutrients to grafted
cells, releasing bioactive signaling molecules, and allowing
for vascularized tubular structures. These advantages can
positively impact the success of bone grafts. However,
constructing a vascularized structure that simulates
natural tissue remains a major challenge. Thus, advanced
micropatterning methods - such as 3D printing - have
emerged, enabling the design of 3D frameworks that boost
blood vessel formation while maintaining optimal porosity
to support cellular integration and growth.*®®” Through 3D
bioprinting technology, it is possible to precisely construct
hydrogel scaffolds that match the anatomical structure of
a patients mandible. These scaffolds can be loaded with
osteogenic cells and growth factors, providing an ideal
microenvironment for bone tissue regeneration (Figure 6A).
When these 3D-bioprinted hydrogel scaffolds are implanted
into mandibular defect sites, they can promote the
regeneration and vascularization of bone tissue, effectively
restoring the structure and function of the mandible. The
porous structure and high water content of the hydrogel
facilitate the exchange of nutrients and waste, further
promoting cell growth and differentiation. In addition,
3D bioprinting technology allows for the personalized
customization of hydrogel scaffolds tailored to the specific
mandibular defect of each patient, based on their facial
anatomical data, thereby achieving personalized treatment.

3D printing technologies used for various hydrogel
applications include laser printing, inkjet printing, and

extrusion printing® (Figure 6B-D). These three printing
techniques can also effectively print hydrogels of desired
shapes or structures using other mixed materials,
including cells, growth factors, and more. A variety of
hydrogel materials - such as gelatin, collagen, alginate,
and PEG diacrylate - are commonly utilized in the
development of laser-assisted 3D-printed scaffolds.®*”
This printing technology allows for the precise production
of complex 3D structures based on computer-aided design
and computer-aided manufacturing models, printing the
desired hydrogel scaffolds with micrometer-level resolution
while effectively avoiding damage to the cells.”””* Gruene
et al.’”? used alginate hydrogel-coated donor strips for the
laser printing of mesenchymal stem cells and confirmed
that the laser printing technology can effectively reduce
cell damage during the printing process, which is crucial
for cell viability and subsequent tissue regeneration. The
printed bone grafts demonstrated good osteogenic and
chondrogenic differentiation in vivo, which proves the
effectiveness of this technology in bone and cartilage tissue
engineering. Inkjet printing technology can precisely
construct customized bone repair implants by layer-by-
layer deposition of biomaterials. This technology is suitable
for both on-demand and continuous jetting systems, where
liquid biomaterials are jetted layer by layer onto a substrate
for 3D-printing hydrogel-based scaffolds. Inkjet-based
printing methods offer excellent precision and resolution
(50 - 500 um) for manufacturing complex 3D structures.*
In thermosensitive inkjet printers, acrylated PEG can
be combined with acrylated peptides” or GelMA,™
enabling the fabrication of hydrogel-based scaffolds
through in situ photopolymerization during the printing
procedure. Human mesenchymal stem cells (hMSCs) have
been encapsulated within these hydrogels and directly
printed alongside them, resulting in enhanced capabilities
for osteogenic (bone-forming) and chondrogenic
(cartilage-forming) differentiation. Extrusion-driven 3D
bioprinting is commonly employed in tissue engineering
and regenerative medicine due to its adaptability with
diverse biomaterials and crosslinking approaches. This
technology is particularly suitable for shear-thinning
materials, such as alginate, PEG-based hybrid hydrogels,
and GelMA hybrids.”>”® In bone and cartilage tissue
engineering, alginate, polycaprolactone, and GelMA are
the main materials for extrusion bioprinting.”” Extrusion
bioprinting is regarded as viable for fabricating hydrogels
that incorporate alginate or Lutrol F127 (a poly(ethylene
oxide)-poly(propylene oxide) copolymer) alongside
BMSCs, maintaining compatibility and functionality in
bioprinting applications. Cells printed through extrusion
bioprinting not only remain viable throughout the process
but also express osteogenic markers such as alkaline
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Figure 6. Application of 3D-bioprinted scaffolds integrating stem cells and growth factors in mandibular regeneration. (A) The 3D-printed scaffold is
loaded with growth factors and osteoblasts, providing an ideal microenvironment for bone regeneration. (B-D) Schematic diagram of laser printing,
inkjet printing, and extrusion printing. (E) Dual-molecules-loaded 3D-printed bone scaffolds offer benefits by enhancing angiogenesis while suppressing
osteoclast activity, synergistically stimulating the osteogenic differentiation of MSCs. The scaffold also markedly enhanced in vivo bone regeneration after

8-week implantation.®!

(F) Bone morphogenetic protein-2 (BMP-2) and CPO were blended into a GelMA precursor to develop a biomimetic scaffold

replicating the mandible’s structural complexity. Fabricated through projection-based 3D printing, this scaffold facilitated accelerated vascular network
formation and bone regeneration in rabbit models with mandibular defects, demonstrating its potential for clinical bone repair applications.* Created

with BioRender.com

Abbreviations: BMP-2: Bone morphogenetic protein 2; BMSC: Bone marrow stromal cell; CPO: Calcium phosphate oligomers; GelMA: Gelatin
methacryloyl; GF: Growth factors; HUVECs: Human umbilical vein endothelial cells; MSCs: Mesenchymal stem cells; rBMSC: Rat bone marrow stromal
cell; RUVEC: Rat umbilical vein endothelial cell; TGF-f: Transforming growth factor beta; VEGF: Vascular endothelial growth factor

phosphatase, confirming their functional potential in
bone-related applications.”

3D bioprinting technology enables the precise
placement and intricate embedding of various cell types,
allowing different cell types to be arranged as needed to
mimic the complex structure of natural bone tissue, opening
new possibilities for mandibular reconstruction.””® This
technology permits the application of bio-hydrogels
in combination with different polymers and can also
incorporate controlled release of small molecules, thereby
providing multi-level biological activity support to meet
complex biological and mechanical requirements. Small
molecules such as resveratrol (RVS) and strontium
ranelate play several roles in promoting bone regeneration.
By integrating these small molecules with PCL/hydrogel

composite materials through 3D printing technology,
it is possible to achieve controlled dual-drug release,
further enhancing bone regeneration effects. The scaffolds
significantly promote the formation of mandible in vivo
after 8 weeks of implantation® (Figure 6E). Inspired
by the process of bone healing, Shi et al® developed
a hybrid organic-inorganic nano-ink by integrating
nanoscale calcium phosphate oligomers and BMP-2 to
enable spatially controlled guidance of bone regeneration.
Utilizing projection-based 3D printing, they fabricated a
biomimetic graft comprising a Haversian system-inspired
cortical layer and a cancellous layer structured with a triply
periodic minimal surface macro-architecture (Figure 6F).

3D bioprinting can accurately construct a 3D model of
the mandibular defect based on the patient’s facial computed
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tomography (CT) or magnetic resonance imaging (MRI)
data, so that the hydrogel scaffold perfectly matches the shape
of the defect, achieving a highly personalized treatment
plan. This technique overcomes the difficulty of accurately
replicating complex anatomical structures with traditional
restorative materials. The unique rheological properties of
the hydrogel, especially the shear thinning behavior, make it
easy to flow when printing and quickly recover the viscosity
after deposition, ensuring high printing accuracy and
structural stability of the scaffold. In addition, 3D bioprinting
technology optimizes the porosity and microstructure
of the scaffold by adjusting printing parameters such as
layer thickness and printing path, helping to promote
cell migration and angiogenesis, thus providing an ideal
environment for bone tissue regeneration. Hydrogels can
also be loaded with growth factors or stem cells to provide
bioactive support and speed up the repair process of the
mandible. In mandibular defect models in rats and New
Zealand rabbits, 3D-printed scaffolds not only integrate
well with host tissues but also stimulated the growth of new
bone tissue and vascular networks and successfully restored
both the structural integrity and functional capacity of the
mandible. These results show the great potential of effluent
gels in mandibular repair, representing a breakthrough
in the field of oral and maxillofacial surgery. The research
progress of 3D-bioprinted hydrogels used for the repair of
mandibular defects is summarized in Table 2.

4. Mechanisms of hydrogels promoting
bone defect repair

Bone defect repair is a complicated pathophysiological
process that requires the dynamic balance between

osteoblasts and osteoclasts. Its molecular mechanisms
involve coordinated regulation of multiple signaling
pathways including Hypoxia-inducible factor 1-alpha
(HIF-0.), Wnt/p-catenin, Mitogen-activated protein kinases
(MAPK), and PI3K/AKT/mTOR. These pathways not only
regulate the directional differentiation of osteoprogenitor
cells and functional expression of mature bone cells but
also promote the balance between bone matrix anabolism
and mineralization through activation of transcription
factors such as RunX2 and Osterix.

4.1. Hydrogels promote bone defect repair by
regulating HIF-a signaling

HIF-o, a hypoxia-sensitive transcriptional regulator,
exhibits significantly upregulated expression levels under
hypoxic microenvironments. This pathway participates
in bone development and remodeling through a dual
regulatory mechanism. On the onehand, it transcriptionally
activates pro-angiogenic factors such as VEGE fibroblast
growth factor 2, and platelet-derived growth factor to
drive neovascular network formation (Figure 7A); on the
other hand, it promotes osteogenic differentiation of MSCs
and boosts bone matrix deposition.*** The mechanism
by which the HIF-a signaling pathway facilitates bone
growth is illustrated in Figure 7A. The activity of HIF-a
is tightly regulated by cellular oxygen concentrations.
Hypoxic microenvironments created by specific
hydrogel components such as deferoxamine (DFO) and
dimethyloxallyl glycine can effectively stimulate HIF-a
pathway activation. DFO, an iron-chelating compound
and hypoxia-inducing agent, upregulates VEGF expression
in hMSCs and human umbilical vein endothelial cells.

Table 2. Applications of 3D-bioprinted hydrogels for the repair of mandibular defects

Composite hydrogels Cell type Animal model Outcome achieved References
3D-printed PCL/hydrogel composite MSCs, HUVECs Rat critical-sized Promoted mandibular bone formation after 81
with RVS and SrRn sustained releasing mandibular defect 8-week implantation
3D organic-inorganic nanoink with HUVECs Rabbit mandibular « Exceptional potential for osteogenesis and 82
BMP-2 and ultrasmall CPO incorporated defect angiogenesis in vitro
into GeIMA precursor « Accelerated revascularization and

reconstructed neo-bone in vivo
3D-bioprinted multicellular GelMA/ Osteoblasts and In vitro Effective bioprinting of a mandibular 83
PEGDA scaffold endothelial cells structure
3D-printed bone frameworks of PCL/ MSC, EC In vitro « Effective blood vessel generation in vitro 84
HA and SVF-derived cell (SVFC) loaded and in vivo
bioink « Significant potential for craniofacial

skeletal defects
Coaxial 3D printing of HIM@HSA MC3T3-E1, BMSC  Rat/Rabbit mandibular e« Inhibited infection and inflammation 85
scaffold defect » Promoted osteogenesis and angiogenesis

Abbreviations: BMP-2: Bone morphogenetic protein 2; BMSC: Bone marrow stromal cell; CPO: Calcium phosphate oligomers; GelMA:
Gelatin methacryloyl; HA: Hydroxyapatite; HUVECs: Human umbilical vein endothelial cells; HSA: Hydroxyapatite-sodium alginate-antler
powders (HA-SA-APs); HSM: Hydroxyapatite-sodium alginate-minocycline hydrochloride (HA-SA-MINO); MSCs: Mesenchymal stem cells;
PCL: Polycaprolactone; PEGDA: Polyethylene glycol diacrylate; RVS: Resveratrol; SrRn: Strontium ranelate; SVF: Stromal vascular fraction.
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Figure 7. Schematic diagram of the hypoxia-inducible factor 1-alpha (A), Wnt/p-Catenin (B) and Mitogen-activated protein kinases (C) osteogenic

signaling pathway. Created with BioRender.com

This activation of intrinsic hypoxia-driven angiogenesis
enhances osteogenesis, fostering new bone formation.”
In the BG-XLS/GelMA-DFO scaffold developed by Wang
et al,”! DFO functioned as a hypoxia mimetic to activate
HIF-a, significantly boosting VEGF expression. This
approach accelerated bone defect repair through synergistic
effects of hypoxia simulation and angiogenesis. Zhang et
al.> demonstrated that DFO-loaded bone grafts effectively
enhanced healing in rabbit radial defects. Stewart et al.”®
proved that DFO incorporation in biomaterials for rat
femoral segmental defect repair improved vascularization
and biomechanical properties during bone healing.
HIF-a has been identified as a critical regulatory factor
in bone defect repair, not only promoting angiogenesis
and osteoblast differentiation but also enabling cellular
adaptation to hypoxic environments, thereby facilitating
bone regeneration. Consequently, research on the HIF-1o
pathway may provide crucial molecular targets for
developing novel bone repair strategies.

4.2, Hydrogels promote bone defect repair by
regulating Wnt/B-catenin signaling

The Wnt/p-catenin signaling pathway, recognized as the
primary pathway regulating BMSCs differentiation, has
emerged as a critical therapeutic target for bone disorders
such as osteoporosis. On Wnt pathway activation, Wnt
ligands bind to lipoprotein receptor-related protein 5
(LRP5)/6 receptors, leading to inhibition of GSK-3f activity
and subsequent [-catenin activation. Activated (-catenin
migrates into the nucleus and binds to transcription factors,
upregulating osteogenesis-related genes in BMSCs. Key
targets include Runx2 and Osterix (Osx), a transcription
factor critical for osteoblast differentiation, as depicted in
Figure 7B. Ning et al.** developed a porous GelMA hydrogel-
based delivery system for abaloparatide, which significantly
upregulated key Wnt pathway-related genes such as
low-density LRP5, B-catenin, and Runx2. These genetic
upregulations are essential for osteocyte proliferation,

differentiation, and mineralization. In this study,
abaloparatide-treated cells exhibited markedly enhanced
mineralization, indicating Wnt  pathway-mediated
promotion of bone matrix deposition and hardening. This
suggests that abaloparatide may activate Wnt signaling-
associated genes and facilitate bone anabolism.

4.3. Hydrogels promote bone defect repair by
regulating MAPK signaling

The MAPK pathway is widely regarded as one of the most
vital pathways in mammals. Studies have shown that
MAPK activation is influenced by various stimuli, including
neurotransmitters, inflammatory cytokines, and hormones.
Activated MAPK participates in multiple physiological
processes such as cell proliferation, differentiation, and
apoptosis, particularly in osteoblast proliferation and
differentiation.”>*® Focal adhesion kinase (FAK), a tyrosine
kinase, is involved in various signaling pathways in
organisms, including the MAPK pathway.”” The MAPK
pathway primarily comprises three subfamilies: ERK, p38,
and JNK.*® Among these, ERK and p38 are recognized for
their roles in regulating cell proliferation, differentiation,”
and apoptosis.'® Research has demonstrated that strontium
ions (Sr**) stimulate the Ras/MAPK signaling cascade,
thereby enhancing the osteogenic differentiation potential
of MSCs and driving bone-forming cellular activity."”"
Wang et al.'”” developed a GelMA/Sr-CSH NC hydrogel
for in situ bone regeneration. Through Western blot
analysis, they demonstrated that this hydrogel stimulates
FAK phosphorylation in BMSCs, activating ERK and p38
pathways to enhance osteogenic differentiation. Figure 7C
provides a schematic illustration of the pathways involved.

5. Conclusion and future perspectives

The innovation in biomaterial fabrication and continuous
advancements in regenerative medicine have driven
the transition from simple wound healing to complex
bone tissue regeneration. Hydrogels are undergoing a
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transformative shift from fundamental research to clinical
translation in mandibular defect repair. Addressing the
unique anatomical complexity, dynamic mechanical
loading, and functional integration requirements of the
mandible, this review examines the design considerations
and applications of hydrogels in mandibular regeneration.
By synthesizing current achievements in this field, we aim
to deepen understanding and motivate future research.

Regarding hydrogel design, ideal hydrogels for
mandibular regeneration should combine exceptional
physical properties - including adequate mechanical
strength,adhesiveproperties,andinjectability—withsuperior
biological performance, encompassing antibacterial activity
and controlled biodegradability. Although numerous
studies demonstrate the therapeutic potential of hydrogels
in mandibular defects, clinical translation remains
hindered by limitations such as functional constraints,
procedural complexities, and insufficient comprehensive
safety evaluations. Therefore, intensified fundamental
research and high-quality clinical trials are urgently needed
to accelerate material development. Future research should
prioritize the following directions: (1) developing hydrogel
materials with enhanced biocompatibility and mechanical
strength through advanced crosslinking strategies and
composite formulations; (2) exploring novel antimicrobial
mechanisms and components to optimize hydrogel
performance in the complex oral microenvironment;
(3) utilizing 4D bioprinting technology to enable printed
structures to dynamically alter their contours, properties,
and functionalities in response to external stimuli over time,
achieving personalized mandibular reconstruction; and
(4) establishing standardized animal models and clinical
validation systems to rigorously assess hydrogel efficacy
and biosafety. Through multidisciplinary collaboration and
technological innovation, we anticipate overcoming current
technical barriers and elevating mandibular repair to
unprecedented levels of precision and clinical applicability.

Acknowledgments

All authors have read and agreed to the published version.
The authors thank all the participants for their efforts and
dedication to the writing of this manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (No. 82170923) and the Fundamental
Research Funds for the Central Universities, China (No.
YG2023LCO06).

Conflicts of interest

The authors declare that they have no competing interests.

Authors’ contributions

Conceptualization: All authors

Visualization: Yiwen Zhang, Yilan Sun
Writing-original draft: Yiwen Zhang, Yilan Sun
Writing-review and editing: All authors

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References

1. Hayden RE, Mullin DP, Patel AK. Reconstruction of the
segmental mandibular defect: Current state of the art. Curr
Opin Otolaryngol Head Neck Surg. 2012;20(4):231-236.

doi: 10.1097/MOO.0b013e328355d0f3

2.  Paré A, Bossard A, Laure B, Weiss P, Gauthier O, Corre P.
Reconstruction of segmental mandibular defects: Current
procedures and perspectives. Laryngoscope Investig
Otolaryngol. 2019;4(6):587-596.

doi: 10.1002/1i02.325

3. AlMaruf DSA, Ghosh YA, Xin H, et al. Hydrogel: A potential
material for bone tissue engineering repairing the segmental
mandibular defect. Polymers (Basel). 2022;14(19):4186.

doi: 10.3390/polym14194186

4. Zhou B, Jiang X, Zhou X, et al. GelMA-based bioactive
hydrogel scaffolds with multiple bone defect repair functions:
therapeutic strategies and recent advances. Biomater Res.
2023;27(1):86.

doi: 10.1186/540824-023-00422-6

5. Kumar A, Rao KM, Han SS. Synthesis of mechanically stiff
and bioactive hybrid hydrogels for bone tissue engineering
applications. Chem Eng J. 2017;317:119-131.

doi: 10.1016/j.cej.2017.02.065

6. Bai X, Gao M, Syed S, Zhuang J, Xu X, Zhang XQ.
Bioactive hydrogels for bone regeneration. Bioact Mater.
2018;3(4):401-417.

doi: 10.1016/j.bioactmat.2018.05.006

7. Yue S, He H, Li B, Hou T. Hydrogel as a biomaterial for
bone tissue engineering: A review. Nanomaterials (Basel).
2020;10(8):1511.

doi: 10.3390/nan010081511

8. Al Maruf DSA, Parthasarathi K, Cheng K, et al. Current and
future perspectives on biomaterials for segmental mandibular

Volume 4 Issue 2 (2025)

15

doi: 10.36922/MSAM025070006


https://dx.doi.org/10.36922/MSAM025070006
http://dx.doi.org/10.1097/MOO.0b013e328355d0f3
http://dx.doi.org/10.1002/lio2.325
http://dx.doi.org/10.3390/polym14194186
http://dx.doi.org/10.1186/s40824-023-00422-6
http://dx.doi.org/10.1016/j.cej.2017.02.065
http://dx.doi.org/10.1016/j.bioactmat.2018.05.006
http://dx.doi.org/10.3390/nano10081511

Materials Science in Additive Manufacturing

Hydrogels in mandibular reconstruction

10.

11.

12.

13.

14.

15.

16.

17.

18.

defect repair. Int J Polym Mater. 2022;72(9):725-737.
doi: 10.1080/00914037.2022.2052729

Spiller KL, Maher SA, Lowman AM. Hydrogels for the
repair of articular cartilage defects. Tissue Eng Part B Rev.
2011;17(4):281-299.

doi: 10.1089/ten. TEB.2011.0077

Bashir S, Hina M, Igbal J, et al. Fundamental concepts of
hydrogels: Synthesis, properties, and their applications.
Polymers (Basel). 2020;12(11):2702.

doi: 10.3390/polym12112702

Cheng C, Sun Q, Wang X, He B, Jiang T. Enzyme-
manipulated hydrogelation of small molecules for
biomedical applications. Acta Biomater. 2022;151:88-105.

doi: 10.1016/j.actbio.2022.08.016

Li Y, Wang X, Han Y, Sun HY, Hilborn J, Shi L. Click
chemistry-based biopolymeric hydrogels for regenerative
medicine. Biomed Mater. 2021;16(2):022003.

doi: 10.1088/1748-605X/abc0b3

Zhang Y, Wang S, Tian Y, et al. Multi-physically cross-linked
hydrogels for flexible sensors with high strength and self-
healing properties. Polymers (Basel). 2023;15(18):3748.

doi: 10.3390/polym15183748

Hu W, Wang Z, Xiao Y, Zhang S, Wang J. Advances in
crosslinking strategies of biomedical hydrogels. Biomater
Sci. 2019;7(3):843-855.

doi: 10.1039/c8bm01246f

Salma-Ancane K, Sceglovs A, Tracuma E, et al. Effect
of crosslinking strategy on the biological, antibacterial
and physicochemical performance of hyaluronic acid
and e-polylysine based hydrogels. Int ] Biol Macromol.
2022;208:995-1008.

doi: 10.1016/j.ijbiomac.2022.03.207

Niewiadomski K, Szopa D, Pstrowska K, Wrobel P, Witek-
Krowiak A. Comparative analysis of crosslinking methods
and their impact on the physicochemical properties of SA/
PVA hydrogels. Materials (Basel). 2024;17(8):1816.

doi: 10.3390/mal7081816

Chuang CH, Lin RZ, Melero-Martin JM, Chen YC.
Comparison of covalently and physically cross-linked
collagen hydrogels on mediating vascular network
formation for engineering adipose tissue. Artif Cells
Nanomed Biotechnol. 2018;46(sup3):S434-S447.

doi: 10.1080/21691401.2018.1499660

El-Husseiny HM, Mady EA, El-Dakroury WA, Doghish AS,
Tanaka R. Stimuli-responsive hydrogels: Smart state of-the-
art platforms for cardiac tissue engineering. Front Bioeng
Biotechnol. 2023;11:1174075.

doi: 10.3389/fbioe.2023.1174075

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Aghajanzadeh MS, Imani R, Nazarpak MH, McInnes SJP.
Augmented  physical, mechanical, and  cellular
responsiveness of gelatin-aldehyde modified xanthan
hydrogel through incorporation of silicon nanoparticles for
bone tissue engineering. Int J Biol Macromol. 2024;259(Pt
2):129231.

doi: 10.1016/j.ijbiomac.2024.129231

Rauner N, Meuris M, Zoric M, Tiller JC. Enzymatic
mineralization generates ultrastiff and tough hydrogels with
tunable mechanics. Nature. 2017;543(7645):407-410.

doi: 10.1038/nature21392

Yu T, Zhang L, Dou X, et al. Mechanically robust hydrogels
facilitating  bone  regeneration through epigenetic
modulation. Adv Sci (Weinh). 2022;9(32):¢2203734.

doi: 10.1002/advs.202203734

Wu P, Shen L, Liu HE et al. The marriage of
immunomodulatory, angiogenic, and osteogenic capabilities
in a piezoelectric hydrogel tissue engineering scaffold for
military medicine. Mil Med Res. 2023;10(1):35.

doi: 10.1186/540779-023-00469-5

Li W, Wang C, Wang Z, et al. Physically cross-linked DNA
hydrogel-based sustained cytokine delivery for in situ
diabetic alveolar bone rebuilding. ACS Appl Mater Interfaces.
2022;14(22):25173-25182.

doi: 10.1021/acsami.2c04769

Takallu S, Mirzaei E, Azadi A, Karimizade A, Tavakol S. Plate-
shape carbonated hydroxyapatite/collagen nanocomposite
hydrogel via in situ mineralization of hydroxyapatite
concurrent with gelation of collagen at pH = 7.4 and 37°C.
J Biomed Mater Res B Appl Biomater. 2019;107(6):1920-1929.

doi: 10.1002/jbm.b.34284

Gwak GH, Choi AJ, Bae YS, Choi HJ, Oh JM.
Electrophoretically ~prepared hybrid materials for
biopolymer hydrogel and layered ceramic nanoparticles.
Biomater Res. 2016;20:1.

doi: 10.1186/540824-016-0048-4

Shin SR, Jung SM, Zalabany M, et al. Carbon-nanotube-
embedded hydrogel sheets for engineering cardiac constructs
and bioactuators. ACS Nano. 2013;7(3):2369-2380.

doi: 10.1021/n1n305559j

Kayalvizhy E, Pazhanisamy P. Swelling behavior of
poly(N-cyclohexylacrylamide-co-acrylamide/ AMPSNa)
gold nanocomposite hydrogels. Int J Biol Macromol.
2016;86:721-727.

doi: 10.1016/j.ijbiomac.2016.01.047

Kumar A, Jaiswal M. Design and in vitro investigation of
nanocomposite hydrogel based in situ spray dressing for
chronic wounds and synthesis of silver nanoparticles using
green chemistry. ] Appl Polym Sci. 2015;133(14):43260.

Volume 4 Issue 2 (2025)

doi: 10.36922/MSAM025070006


https://dx.doi.org/10.36922/MSAM025070006
http://dx.doi.org/10.1080/00914037.2022.2052729
http://dx.doi.org/10.1089/ten.TEB.2011.0077
http://dx.doi.org/10.3390/polym12112702
http://dx.doi.org/10.1016/j.actbio.2022.08.016
http://dx.doi.org/10.1088/1748-605X/abc0b3
http://dx.doi.org/10.3390/polym15183748
http://dx.doi.org/10.1039/c8bm01246f
http://dx.doi.org/10.1016/j.ijbiomac.2022.03.207
http://dx.doi.org/10.3390/ma17081816
http://dx.doi.org/10.1080/21691401.2018.1499660
http://dx.doi.org/10.3389/fbioe.2023.1174075
http://dx.doi.org/10.1016/j.ijbiomac.2024.129231
http://dx.doi.org/10.1038/nature21392
http://dx.doi.org/10.1002/advs.202203734
http://dx.doi.org/10.1186/s40779-023-00469-5
http://dx.doi.org/10.1021/acsami.2c04769
http://dx.doi.org/10.1002/jbm.b.34284
http://dx.doi.org/10.1186/s40824-016-0048-4
http://dx.doi.org/10.1021/nn305559j
http://dx.doi.org/10.1016/j.ijbiomac.2016.01.047

Materials Science in Additive Manufacturing

Hydrogels in mandibular reconstruction

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

doi: 10.1002/app.43260

Thoniyot P, Tan M]J, Karim AA, Young DJ, Loh XJ.
Nanoparticle-hydrogel composites: Concept, design, and
applications of these promising, multi-functional materials.
Ady Sci (Weinh). 2015;2(1-2):1400010.

doi: 10.1002/advs.201400010

Li Z, Mi W, Wang H, Su Y, He C. Nano-hydroxyapatite/
polyacrylamide composite hydrogels with high mechanical
strengths and cell adhesion properties. Colloids Surf B
Biointerfaces. 2014;123:959-964.

doi: 10.1016/j.colsurfb.2014.10.050

Guo J, Yao H, Chang L, et al. Magnesium nanocomposite
hydrogel reverses the pathologies to enhance mandible
regeneration. Adv Mater. 2025;37(2):€2312920.

doi: 10.1002/adma.202312920

Matricardi P, Di Meo C, Coviello T, Hennink WE, Alhaique E
Interpenetrating ~ polymer networks  polysaccharide
hydrogels for drug delivery and tissue engineering. Adv
Drug Deliv Rev. 2013;65(9):1172-1187.

doi: 10.1016/j.addr.2013.04.002

Zhang G, Wang X, Meng G, et al. Enzyme-mineralized
PVASA hydrogels with combined toughness and strength
for bone tissue engineering. ACS Appl Mater Interfaces.
2024;16(1):178-189.

doi: 10.1021/acsami.3c14006

Li G, Gao E Yang D, et al. ECM-mimicking composite
hydrogel for accelerated vascularized bone regeneration.
Bioact Mater. 2024;42:241-256.

doi: 10.1016/j.bioactmat.2024.08.035

Zhang X, Huang P, Jiang G, et al. A novel magnesium ion-
incorporating dual-crosslinked hydrogel to improve bone
scaffold-mediated osteogenesis and angiogenesis. Mater Sci
Eng C Mater Biol Appl. 2021;121:111868.

doi: 10.1016/j.msec.2021.111868

Zhou X, Sun J, Wo K, et al. nHA-loaded gelatin/
alginate hydrogel with combined physical and bioactive
features for maxillofacial bone repair. Carbohydr Polym.
2022;298:120127.

doi: 10.1016/j.carbpol.2022.120127

WuY, LiX, Sun, et al. Multiscale design of stiffening and ROS
scavenging hydrogels for the augmentation of mandibular
bone regeneration. Bioact Mater. 2023;20:111-125.

doi: 10.1016/j.bioactmat.2022.05.021

Qiao M, Xu Z, Pei X, et al. Nano SIM@ZIF-8 modified
injectable High-intensity biohydrogel with bidirectional
regulation of osteogenesis and Anti-adipogenesis for bone
repair. Chem Eng J. 2022;434:134583.

doi: 10.1016/j.cej.2022.134583

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Zheng A, Wang X, Xin X, et al. Promoting lacunar bone
regeneration with an injectable hydrogel adaptive to the
microenvironment. Bioact Mater. 2023;21:403-421.

doi: 10.1016/j.bioactmat.2022.08.031

Tang Z, Zhao M, Wang Y, et al. Mussel-inspired cellulose-
based adhesive with biocompatibility and strong mechanical
strength via metal coordination. Int J Biol Macromol.
2020;144:127-134.

doi: 10.1016/j.ijbiomac.2019.12.076

Hu S, Wang S, He Q, et al. A mechanically reinforced super
bone glue makes a leap in hard tissue strong adhesion
and augmented bone regeneration. Adv Sci (Weinh).
2023;10(11):2206450.

doi: 10.1002/advs.202206450

Yang R, Chen B, Zhang X, Bao Z, Yan Q, Luan S.
Degradable  nanohydroxyapatite-reinforced  superglue
for rapid bone fixation and promoted osteogenesis. ACS
Nano. 2024;18(11):8517-8530.

doi: 10.1021/acsnano.4c01214

Yang G, Li Y, Zhang S, et al. Double-cross-linked hydrogel
with long-lasting underwater adhesion: Enhancement of
maxillofacial in situ and onlay bone retention. ACS Appl
Mater Interfaces. 2023;15(40):46639-46654.

doi: 10.1021/acsami.3c09117

Deng H, Dong A, Song ], Chen X. Injectable thermosensitive
hydrogel systems based on functional PEG/PCL block
polymer for local drug delivery. ] Control Release.
2019;297:60-70.

doi: 10.1016/j.jconrel.2019.01.026

Wang W, Shi Y, Lin G, et al. Advances in mechanical
properties of hydrogels for cartilage tissue defect repair.
Macromol Biosci. 2023;23(7):e2200539.

doi: 10.1002/mabi.202200539

Ghandforoushan P, Alehosseini M, Golafshan N, et al.
Injectable hydrogels for cartilage and bone tissue
regeneration: A review. Int ] Biol Macromol. 2023;246:125674.

doi: 10.1016/j.ijbiomac.2023.125674

Zhou L, Fan L, Zhang FM, et al. Hybrid gelatin/oxidized
chondroitin sulfate hydrogels incorporating bioactive
glass nanoparticles with enhanced mechanical properties,
mineralization, and osteogenic differentiation. Bioact Mater.
2021;6(3):890-904.

doi: 10.1016/j.bioactmat.2020.09.012

Zhao F, Yang Z, Xiong H, Yan Y, Chen X, Shao L. A bioactive
glass functional hydrogel enhances bone augmentation via
synergistic angiogenesis, self-swelling and osteogenesis.
Bioact Mater. 2023;22:201-210.

doi: 10.1016/j.bioactmat.2022.09.007

Volume 4 Issue 2 (2025)

doi: 10.36922/MSAM025070006


https://dx.doi.org/10.36922/MSAM025070006
http://dx.doi.org/10.1002/app.43260
http://dx.doi.org/10.1002/advs.201400010
http://dx.doi.org/10.1016/j.colsurfb.2014.10.050
http://dx.doi.org/10.1002/adma.202312920
http://dx.doi.org/10.1016/j.addr.2013.04.002
http://dx.doi.org/10.1021/acsami.3c14006
http://dx.doi.org/10.1016/j.bioactmat.2024.08.035
http://dx.doi.org/10.1016/j.msec.2021.111868
http://dx.doi.org/10.1016/j.carbpol.2022.120127
http://dx.doi.org/10.1016/j.bioactmat.2022.05.021
http://dx.doi.org/10.1016/j.cej.2022.134583
http://dx.doi.org/10.1016/j.bioactmat.2022.08.031
http://dx.doi.org/10.1016/j.ijbiomac.2019.12.076
http://dx.doi.org/10.1002/advs.202206450
http://dx.doi.org/10.1021/acsnano.4c01214
http://dx.doi.org/10.1021/acsami.3c09117
http://dx.doi.org/10.1016/j.jconrel.2019.01.026
http://dx.doi.org/10.1002/mabi.202200539
http://dx.doi.org/10.1016/j.ijbiomac.2023.125674
http://dx.doi.org/10.1016/j.bioactmat.2020.09.012
http://dx.doi.org/10.1016/j.bioactmat.2022.09.007

Materials Science in Additive Manufacturing

Hydrogels in mandibular reconstruction

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bai X, Lii S, Cao Z, et al. Self-reinforcing injectable hydrogel
with both high water content and mechanical strength for
bone repair. Chem Eng J. 2016;288:546-556.

doi: 10.1016/j.c¢j.2015.12.021

Baker JL, Mark Welch JL, Kauffman KM, McLean JS, He X.
The oral microbiome: Diversity, biogeography and human
health. Nat Rev Microbiol. 2024;22(2):89-104.

doi: 10.1038/s41579-023-00963-6

Dewhirst FE, Chen T, Izard J, et al. The human oral
microbiome. ] Bacteriol. 2010;192(19):5002-5017.

doi: 10.1128/jb.00542-10

Belibasakis GN, Manoil D. Microbial community-
driven etiopathogenesis of peri-implantitis. ] Dent Res.
2021;100(1):21-28.

doi: 10.1177/0022034520949851

Fonder MA, Lazarus GS, Cowan DA, Aronson-Cook B,
Kohli AR, Mamelak AJ. Treating the chronic wound:
A practical approach to the care of nonhealing wounds
and wound care dressings. | Am Acad Dermatol.
2008;58(2):185-206.

doi: 10.1016/j.jaad.2007.08.048

Werner S, Grose R. Regulation of wound healing by growth
factors and cytokines. Physiol Rev. 2003;83(3):835-870.

doi: 10.1152/physrev.2003.83.3.835

Schreml S, Szeimies RM, Prantl L, Karrer S, Landthaler M,
Babilas P. Oxygen in acute and chronic wound healing. Br |
Dermatol. 2010;163(2):257-268.

doi: 10.1111/j.1365-2133.2010.09804.x

Bako J, Toth F, Gall ], et al. Combined release of antiseptic
and antibiotic drugs from visible light polymerized
biodegradable nanocomposite hydrogels for periodontitis
treatment. Pharmaceutics. 2022;14(5):957.

doi: 10.3390/pharmaceutics14050957

HuZ, ZhouY, Wu H, et al. An injectable photopolymerizable
chitosan hydrogel doped anti-inflammatory peptide for
long-lasting periodontal pocket delivery and periodontitis
therapy. Int J Biol Macromol. 2023;252:126060.

doi: 10.1016/j.ijbiomac.2023.126060

Chen X, Huang H, Guo C, et al. Controlling alveolar bone
loss by hydrogel-based mitigation of oral dysbiosis and
bacteria-triggered proinflammatory immune response. Adv
Funct Mater. 2024;35(3):2409121.

doi: 10.1002/adfm.202409121

Liu L, Xiang Y, Wang Z, et al. Adhesive liposomes loaded
onto an injectable, self-healing and antibacterial hydrogel
for promoting bone reconstruction. NPG Asia Mater.
2019;11(1):81.

doi: 10.1038/s41427-019-0185-2

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Yang K, Han Q, Chen B, et al. Antimicrobial hydrogels:
Promising materials for medical application. Int ]
Nanomedicine. 2018;13:2217-2263.

doi: 10.2147/IJN.S154748

Eltawila AM, Hassan MN, Safaan SM, et al. Local treatment
of experimental mandibular osteomyelitis with an injectable
biomimetic gentamicin hydrogel using a new rabbit model.
J Biomed Mater Res B Appl Biomater. 2021;109(11):1677-1688.

doi: 10.1002/jbm.b.34824

Xu C, Cao Y, Lei C, et al. Polymer-mesoporous silica
nanoparticle core-shell nanofibers as a dual-drug-delivery
system for guided tissue regeneration. ACS Appl Nano
Mater. 2020;3(2):1457-1467.

doi: 10.1021/acsanm.9b02298

Miao Y, Shi X, Li Q, et al. Engineering natural matrices with
black phosphorus nanosheets to generate multi-functional
therapeutic nanocomposite hydrogels. Biomater Sci.
2019;7(10):4046-4059.

doi: 10.1039/c9bm01072f

Huja SS, Fernandez SA, Hill KJ, Li Y. Remodeling dynamics
in the alveolar process in skeletally mature dogs. Anat Rec A
Discov Mol Cell Evol Biol. 2006;288(12):1243-1249.

doi: 10.1002/ar.a.20396

Parsaece F, Alizadeh A, Rezaee M, Alavi O, Alipour H.
Evaluation of the osteoconductive properties of scaffold
containing platete-enriched-fibrin (PRF) with three
calcium phosphate (TCP) in the alveolar socket repair
after tooth extraction: An animal study. ] Biomater Appl.
2023;37(10):1789-1800.

doi: 10.1177/08853282231170346

Vedadghavami A, Minooei F Mohammadi MH, et al
Manufacturing of hydrogel biomaterials with controlled
mechanical properties for tissue engineering applications.
Acta Biomater. 2017;62:42-63.

doi: 10.1016/j.actbio.2017.07.028

Yanagawa F Sugiura S, Kanamori T. Hydrogel
microfabrication technology toward three dimensional
tissue engineering. Regen Ther. 2016;3:45-57.

doi: 10.1016/j.reth.2016.02.007

Li J, Wu C, Chu PK, Gelinsky M. 3D printing of hydrogels:
Rational design strategies and emerging biomedical
applications. Mater Sci Eng R Rep. 2020;140:100543.

doi: 10.1016/j.mser.2020.100543

Bittner SM, Guo JL, Melchiorri A, Mikos AG. Three-
dimensional printing of multilayered tissue engineering
scaffolds. Mater Today (Kidlington). 2018;21(8):861-874.

doi: 10.1016/j.matt0d.2018.02.006
Du M, Chen B, Meng Q, et al. 3D bioprinting of BMSC-

Volume 4 Issue 2 (2025)

doi: 10.36922/MSAM025070006


https://dx.doi.org/10.36922/MSAM025070006
http://dx.doi.org/10.1016/j.cej.2015.12.021
http://dx.doi.org/10.1038/s41579-023-00963-6
http://dx.doi.org/10.1128/jb.00542-10
http://dx.doi.org/10.1177/0022034520949851
http://dx.doi.org/10.1016/j.jaad.2007.08.048
http://dx.doi.org/10.1152/physrev.2003.83.3.835
http://dx.doi.org/10.1111/j.1365-2133.2010.09804.x
http://dx.doi.org/10.3390/pharmaceutics14050957
http://dx.doi.org/10.1016/j.ijbiomac.2023.126060
http://dx.doi.org/10.1002/adfm.202409121
http://dx.doi.org/10.1038/s41427-019-0185-z
http://dx.doi.org/10.2147/IJN.S154748
http://dx.doi.org/10.1002/jbm.b.34824
http://dx.doi.org/10.1021/acsanm.9b02298
http://dx.doi.org/10.1039/c9bm01072f
http://dx.doi.org/10.1002/ar.a.20396
http://dx.doi.org/10.1177/08853282231170346
http://dx.doi.org/10.1016/j.actbio.2017.07.028
http://dx.doi.org/10.1016/j.reth.2016.02.007
http://dx.doi.org/10.1016/j.mser.2020.100543
http://dx.doi.org/10.1016/j.mattod.2018.02.006

Materials Science in Additive Manufacturing

Hydrogels in mandibular reconstruction

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

laden methacrylamide gelatin scaffolds with CBD-BMP2-
collagen microfibers. Biofabrication. 2015;7(4):044104.

doi: 10.1088/1758-5090/7/4/044104

Catros S, Guillemot F, Nandakumar A, et al. Layer-by-layer
tissue microfabrication supports cell proliferation in vitro
and in vivo. Tissue Eng Part C Methods. 2012;18(1):62-70.

doi: 10.1089/ten.TEC.2011.0382

Gruene M, Deiwick A, Koch L, et al. Laser printing of stem
cells for biofabrication of scaffold-free autologous grafts.
Tissue Eng Part C Methods. 2011;17(1):79-87.

doi: 10.1089/ten.TEC.2010.0359

Gao G, Yonezawa T, Hubbell K, Dai G, Cui X. Inkjet-
bioprinted acrylated peptides and PEG hydrogel with human
mesenchymal stem cells promote robust bone and cartilage
formation with minimal printhead clogging. Biotechnol J.
2015;10(10):1568-1577.

doi: 10.1002/biot.201400635

Gao G, Schilling AF, Hubbell K, et al. Improved properties
of bone and cartilage tissue from 3D inkjet-bioprinted
human mesenchymal stem cells by simultaneous deposition
and photocrosslinking in PEG-GelMA. Biotechnol Lett.
2015;37(11):2349-2355.

doi: 10.1007/s10529-015-1921-2

Schuurman W, Levett PA, Pot MW, et al. Gelatin-
methacrylamide hydrogels as potential biomaterials for
fabrication of tissue-engineered cartilage constructs.
Macromol Biosci. 2013;13(5):551-561.

doi: 10.1002/mabi.201200471

Levato R, Visser ], Planell JA, Engel E, Malda ], Mateos-
Timoneda MA. Biofabrication of tissue constructs by 3D
bioprinting of cell-laden microcarriers. Biofabrication.
2014;6(3):035020.

doi: 10.1088/1758-5082/6/3/035020

Tarassoli SP, Jessop ZM, Jovic T, Hawkins K, Whitaker IS.
Candidate bioinks for extrusion 3D bioprinting-a systematic
review of the literature. Front Bioeng Biotechnol.
2021;9:616753.

doi: 10.3389/tbioe.2021.616753

Fedorovich NE, De Wijn JR, Verbout A]J, Alblas ], Dhert WJ.
Three-dimensional fiber deposition of cell-laden, viable,
patterned constructs for bone tissue printing. Tissue Eng
Part A. 2008;14(1):127-133.

doi: 10.1089/ten.a.2007.0158

Gaspar VM, Lavrador P, Borges J, Oliveira MB, Mano JE
Advanced bottom-up engineering of living architectures.
Adv Mater. 2020;32(6):€1903975.

doi: 10.1002/adma.201903975
Zheng F, Xiao Y, Liu H, Fan Y, Dao M. Patient-specific

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

organoid and organ-on-a-chip: 3D cell-culture meets 3D
printing and numerical simulation. Adv Biol (Weinh).
2021;5(6):€2000024.

doi: 10.1002/adbi.202000024

Zhang W, Shi W, Wu S, et al. 3D printed composite scaffolds
with dual small molecule delivery for mandibular bone
regeneration. Biofabrication. 2020;12(3):035020.

doi: 10.1088/1758-5090/ab906e

ShiY, ShiJ, Sun'Y, et al. A hierarchical 3D graft printed with
nanoink for functional craniofacial bone restoration. Adv
Funct Mater. 2023;33(40):2301099.

doi: 10.1002/adfm.202301099

Amler AK, Thomas A, Tuzuner S, et al. 3D bioprinting of
tissue-specific osteoblasts and endothelial cells to model the
human jawbone. Sci Rep. 2021;11(1):4876.

doi: 10.1038/s41598-021-84483-4

Kuss MA, Harms R, Wu S, et al. Short-term hypoxic
preconditioning promotes prevascularization in 3D
bioprinted bone constructs with stromal vascular fraction
derived cells. RSC Adv. 2017;7(47):29312-29320.

doi: 10.1039/c7ra04372d

Zhang H, Sun H, ZhangL, et al. Coaxial 3D printing scaffolds
with sequential antibacterial and osteogenic functions to
effectively repair infected mandibular defects. Adv Funct
Mater. 2024;34:2407483.

doi: 10.1002/adfm.202407483

Wu C, Zhou Y, Chang J, Xiao Y. Delivery of dimethyloxallyl
glycine in mesoporous bioactive glass scaffolds to improve
angiogenesis and osteogenesis of human bone marrow
stromal cells. Acta Biomater. 2013;9(11):9159-9168.

doi: 10.1016/j.actbio.2013.06.026

Ding H, Gao YS, Wang Y, Hu C, Sun Y, Zhang C.
Dimethyloxaloylglycine increases the bone healing capacity
of adipose-derived stem cells by promoting osteogenic
differentiation and angiogenic potential. Stem Cells Dev.
2014;23(9):990-1000.

doi: 10.1089/s¢d.2013.0486

Genetos DC, Toupadakis CA, Raheja LE et al. Hypoxia
decreases sclerostin expression and increases Wnt signaling
in osteoblasts. J Cell Biochem. 2010;110(2):457-467.

doi: 10.1002/jcb.22559

Qu ZH, Zhang XL, Tang TT, Dai KR. Promotion
of osteogenesis through beta-catenin signaling by
desferrioxamine. Biochem Biophys Res Commun. 2008;
370(2):332-337.

doi: 10.1016/j.bbrc.2008.03.092

Yao Q, Liu Y, Tao J, Baumgarten KM, Sun H. Hypoxia-
mimicking nanofibrous scaffolds promote endogenous

Volume 4 Issue 2 (2025)

doi: 10.36922/MSAM025070006


https://dx.doi.org/10.36922/MSAM025070006
http://dx.doi.org/10.1088/1758-5090/7/4/044104
http://dx.doi.org/10.1089/ten.TEC.2011.0382
http://dx.doi.org/10.1089/ten.TEC.2010.0359
http://dx.doi.org/10.1002/biot.201400635
http://dx.doi.org/10.1007/s10529-015-1921-2
http://dx.doi.org/10.1002/mabi.201200471
http://dx.doi.org/10.1088/1758-5082/6/3/035020
http://dx.doi.org/10.3389/fbioe.2021.616753
http://dx.doi.org/10.1089/ten.a.2007.0158
http://dx.doi.org/10.1002/adma.201903975
http://dx.doi.org/10.1002/adbi.202000024
http://dx.doi.org/10.1088/1758-5090/ab906e
http://dx.doi.org/10.1002/adfm.202301099
http://dx.doi.org/10.1038/s41598-021-84483-4
http://dx.doi.org/10.1039/c7ra04372d
http://dx.doi.org/10.1002/adfm.202407483
http://dx.doi.org/10.1016/j.actbio.2013.06.026
http://dx.doi.org/10.1089/scd.2013.0486
http://dx.doi.org/10.1002/jcb.22559
http://dx.doi.org/10.1016/j.bbrc.2008.03.092

Materials Science in Additive Manufacturing

Hydrogels in mandibular reconstruction

91.

92.

93.

94.

95.

96.

bone regeneration. ACS Appl Mater Interfaces. 2016;
8(47):32450-32459.

doi: 10.1021/acsami.6b10538

Zheng X, Zhang X, Wang Y, et al. Hypoxia-mimicking 3D
bioglass-nanoclay scaffolds promote endogenous bone
regeneration. Bioact Mater. 2021;6(10):3485-3495.

doi: 10.1016/j.bioactmat.2021.03.011

Zhang W, Li G, Deng R, Deng L, Qiu S. New bone formation
in a true bone ceramic scaffold loaded with desferrioxamine
in the treatment of segmental bone defect: A preliminary
study. J Orthop Sci. 2012;17(3):289-298.

doi: 10.1007/s00776-012-0206-2z

Stewart R, Goldstein J, Eberhardt A, Chu GT, Gilbert S.
Increasing vascularity to improve healing of a segmental
defect of the rat femur. ] Orthop Trauma. 2011;25(8):472-476.

doi: 10.1097/BOT.0b013e31822588d8

Ning Z, Tan B, Chen B, et al. Precisely controlled delivery of
abaloparatide through injectable hydrogel to promote bone
regeneration. Macromol Biosci. 2019;19(6):e1900020.

doi: 10.1002/mabi.201900020

Greenblatt MB, Shim JH, Bok S, Kim JM. The extracellular
signal-regulated kinase mitogen-activated protein kinase
pathway in osteoblasts. ] Bone Metab. 2022;29(1):1-15.

doi: 10.11005/jbm.2022.29.1.1

Greenblatt MB, Shim JH, Glimcher LH. Mitogen-activated
protein kinase pathways in osteoblasts. Annu Rev Cell Dev
Biol. 2013;29:63-79.

97.

98.

99.

100.

101.

102.

doi: 10.1146/annurev-cellbio-101512-122347

Zheng W, Gu X, Sun X, Wu Q, Dan H. FAK mediates BMP9-
induced osteogenic differentiation via Wnt and MAPK
signaling pathway in synovial mesenchymal stem cells. Artif
Cells Nanomed Biotechnol. 2019;47(1):2641-2649.

doi: 10.1080/21691401.2019.1631838

Gehart H, Kumpf S, Ittner A, Ricci R. MAPK signalling
in cellular metabolism: Stress or wellness? EMBO
Rep. 2010;11(11):834-840.

doi: 10.1038/embor.2010.160

Sun Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HE Signaling
pathway of MAPK/ERK in cell proliferation, differentiation,
migration, senescence and apoptosis. J Recept Signal
Transduct Res. 2015;35(6):600-604.

doi: 10.3109/10799893.2015.1030412

Yue J, Lopez JM. Understanding MAPK signaling pathways
in apoptosis. Int ] Mol Sci. 2020;21(7):2346.

doi: 10.3390/ijms21072346

Peng S, Zhou G, Luk KD, et al. Strontium promotes
osteogenic differentiation of mesenchymal stem cells
through the Ras/MAPK signaling pathway. Cell Physiol
Biochem. 2009;23(1-3):165-174.

doi: 10.1159/000204105

Yu X, Wang X, Li D, et al. Mechanically reinforced injectable
bioactive nanocomposite hydrogels for in-situ bone
regeneration. Chem Eng J. 2022;433:132799.

doi: 10.1016/j.cej.2021.132799

Volume 4 Issue 2 (2025)

20

doi: 10.36922/MSAM025070006


https://dx.doi.org/10.36922/MSAM025070006
http://dx.doi.org/10.1021/acsami.6b10538
http://dx.doi.org/10.1016/j.bioactmat.2021.03.011
http://dx.doi.org/10.1007/s00776-012-0206-z
http://dx.doi.org/10.1097/BOT.0b013e31822588d8
http://dx.doi.org/10.1002/mabi.201900020
http://dx.doi.org/10.11005/jbm.2022.29.1.1
http://dx.doi.org/10.1146/annurev-cellbio-101512-122347
http://dx.doi.org/10.1080/21691401.2019.1631838
http://dx.doi.org/10.1038/embor.2010.160
http://dx.doi.org/10.3109/10799893.2015.1030412
http://dx.doi.org/10.3390/ijms21072346
http://dx.doi.org/10.1159/000204105
http://dx.doi.org/10.1016/j.cej.2021.132799



