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Large bone defects remain a major clinical challenge, as traditional grafts and
implants often fail to provide both long-term stability and biological integration.
Three-dimensional (3D) printing offers unique advantages in fabricating patient-
specific scaffolds with controlled architectures, enabling precise modulation of
mechanics, degradation, and biological function. Natural and synthetic polymers,
ceramics, and their composites have been widely explored, while strategies such
as nanofiller reinforcement, surface modification, and growth-factor delivery
further enhance osteogenesis, angiogenesis, immunomodulation, and anti-
infection performance. This review systematically summarizes recent progress
in 3D-printed biomaterial scaffolds for bone defect repair, focusing on their
mechanical properties, degradation behavior, bioactivity, infection resistance,
and vascularization. Current advances highlight how multifunctional design and
material—biological coupling can bridge the gap between laboratory research
and translational applications. Future directions emphasize material innovation,
hierarchical scaffold design, and clinical standardization to accelerate the safe
and effective application of 3D-printed scaffolds in bone regeneration.

KEYWORDS

3D printing, bone tissue engineering, polymer—ceramic composites, mechanical
properties, degradation, clinical translation

1 Introduction

Bone defects caused by trauma, tumor resection, infection, or congenital conditions
remain a major clinical challenge (Hoveidaei et al., 2025). Critical-sized segmental defects
frequently progress to delayed union or nonunion and remain difficult to reconstruct
effectively with current interventions, severely compromising patients’ quality of life and
functional recovery (Koons et al, 2020). Although autografts and allografts are widely
employed, their utility is limited by donor-site morbidity, restricted availability,
immunological complications, and inconsistent long-term outcomes (Collon et al., 2021).
These limitations underscore the need for materials and strategies that deliver immediate
mechanical stability while supporting subsequent vascularized bone regeneration and
remodeling (Zhu et al, 2021). An overview of the 3D printing technologies and
polymeric materials used in bone tissue engineering is illustrated in Figure 1.

Bone tissue engineering (BTE) provides a framework that integrates scaffolds, cells,
and biochemical cues to recapitulate key features of the bone microenvironment
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FIGURE 1

Overview of the 3D Printing Technologies and Polymeric Materials for Bone Tissue Engineering. This figure was drawn using Biorender (https://

www.biorender.com/).

(Seunghun et al, 2022). Advances in three-dimensional (3D)
printing (additive manufacturing) now enable defect-matched,
patient-specific ~ architectures with prescribed pore size,
interconnectivity, and anisotropy (Qu et al., 2021). By coupling
geometry with material selection, structural and transport
properties can be engineered with greater precision and
reproducibility than conventional methods, thereby improving
guidance of cell migration, vascular ingrowth, and load transfer
(Giannitelli et al., 2015; Hussey et al., 2018; Picado-Tejero et al.,
2025). In translational contexts, architecture should also be
matched to a printable processing window and sterilization

route to preserve fidelity and function (Del-Mazo-Barbara et al.,
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2024; Schwab et al., 2020). The evolution of 3D printing in bone
tissue engineering from early porous scaffold design to smart 4D
and Al-driven strategies is summarized in Figure 2.

The selection of suitable biomaterials is a pivotal aspect of
BTE. Materials that mimic the structural and biological
characteristics of natural bone must exhibit biocompatibility,
bioactivity, biodegradability, and appropriate mechanical
properties (Bandyopadhyay et al., 2023). Polymeric materials,
in particular, have gained widespread application in bone
regeneration due to their tunable physicochemical properties,
excellent processability, and favorable biocompatibility

(Pourhajrezaei et al., 2024). In parallel, bioactive ceramics and
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FIGURE 2

Timeline of 3D printing evolution in bone tissue engineering (2000-2025). Four stages are outlined: porous scaffold design (Hollister, 2005;
Zadpoor and Malda, 2017), additive manufacturing and bioprinting (Do et al., 2015; Murphy and Atala, 2014), composite and bioceramic functionalization
(Maetal, 2018; Wang et al., 2020), and the emergence of smart 4D and Al-driven strategies (Wang et al., 2024; Yuan Y. et al., 2024). This figure was drawn

using Biorender (https://www.biorender.com/).

metallic biomaterials are often incorporated—as reinforcing or

functional ~ phases  within  composites—to  reconcile
osteoconductivity with load-bearing requirements and to
better manage degradation and integration.

Each type of polymer has inherent advantages and limitations.
Natural polymers offer superior biocompatibility, bioactivity, and
biodegradability, yet they often lack mechanical strength and
exhibit inconsistent degradation profiles, limiting their ability to
provide sustained structural support and controlled release of
bioactive cues (Janmohammadi et al, 2023; Kravanja and
Finggar, 2022; Tiwari et al, 2023). Conversely, synthetic
polymers possess adjustable mechanical and degradation
properties through molecular design and exhibit excellent
processability, but they typically fall short in terms of intrinsic
bioactivity (Abbasi et al., 2020; Swarupa and Thareja, 2024). To
address these limitations, surface modification and composite
material strategies have been employed, enabling fine-tuning of
material properties and

integration of complementary

functionalities to meet the complex demands of bone
regeneration (Acharjee et al., 2024; Sanjarnia et al., 2024).

In addition to structural design and material selection,
controlled delivery of bioactive ions or small molecules has been
explored to regulate immune response, angiogenesis, osteogenesis,
and antimicrobial activity at different healing stages. Bioactive ions
play essential roles in modulating cellular behaviors during bone
regeneration, including proliferation, differentiation, and matrix
mineralization (Lin et al., 2019; Lin et al,, 2021). In recent years,
considerable progress has been made in developing ion delivery
systems, particularly those based on polymer matrices for controlled
ion release, which have shown great promise in enhancing
osteogenesis and improving bone quality (Luo et al., 2024; Mao
et al.,, 2024; Wei et al., 2023; Xu et al., 2022; Zhou et al., 2024).
Furthermore, ions such as calcium, phosphate, and silicon have
demonstrated potent osteoinductive effects, accelerating bone
formation and contributing to long-term regenerative outcomes
(Zheng et al, 2021). Therefore, engineering polymeric scaffolds
with tailored ion release capabilities represents a powerful
strategy to enhance both the efficacy and stability of bone

defect repair.
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Given that systematic evaluations of polymer-based 3D-printed
scaffolds for bone defect repair remain insufficient, this review
focuses on recent advances in this field. Particular attention is
devoted to the interplay among structural design, mechanical
and microenvironmental

performance, degradation kinetics,

regulation, with an emphasis on how these factors act
synergistically to achieve bioadaptive bone regeneration. In
particular, this review highlights an integrative perspective that
considers mechanical reinforcement, controlled degradation,
immunomodulation, and angiogenesis in the unified context of
3D printing strategies. Specifically, the review focuses on recent
progress in material design strategies for 3D-printed scaffolds and
their effects on biological performance in bone regeneration.
Furthermore, translational challenges and potential clinical
applications are briefly discussed to provide a comprehensive
overview from material innovation to clinical implementation,
while also outlining future trends such as 4D printing, bio-inks
containing living cells, and Al-assisted scaffold design, which
underscore the importance of interdisciplinary integration across
materials science, biology, and clinical medicine in driving the next-

generation of adaptive bone repair systems.

2 3D printing technology

Three-dimensional (3D) printing has rapidly developed as a key
enabling technology in bone tissue engineering, enabling patient-
specific scaffolds with complex geometries and tunable porosity
(MacDonald and Wicker, 2016; Wickramasinghe et al., 2020).
Compared with traditional fabrication routes, it provides precise
control over architecture and internal connectivity to better match
biological and mechanical requirements (MacDonald and Wicker,
2016; Prendergast and Burdick, 2020). This capability is particularly
relevant for bone repair, where early stability, nutrient transport,
and vascularization are all essential (Guzzi and Tibbitt, 2020).
Various printing techniques have therefore been developed, each
characterized by distinct processing principles, material
compatibility, and structural performance (Bandyopadhyay et al.,

2020; Du X et al., 2019).
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“Performance depends on material-process fit (printability window) and post-
processing; resolution and throughput are material- and platform-dependent.”

FIGURE 3

Various 3D printing process schematics and their advantages and disadvantages. (a) Fused deposition modeling. (b) Direct ink writing. (c)
Stereolithography/Digital light processing. (d) Selective laser sintering. (e) Low-temperature Deposition Manufacturing. (f) Bioprinting. This figure was

drawn using Biorender. (https://www.biorender.com/).

2.1 Extrusion-based printing

Extrusion-based platforms dispense a melt, slurry, or viscoelastic
ink through a nozzle and solidify filaments layer by layer to build
lattice architectures (Chen et al., 2020; Tan et al., 2022). They are
widely used for bone-regeneration scaffolds because strand spacing
and layer height can be directly mapped onto target structures with
relatively accessible hardware (Babilotte et al., 2019). The principal
modes are fused deposition modeling (FDM) for thermoplastics and
direct ink writing (DIW) for viscoelastic pastes or hydrogel inks
(Awasthi and Banerjee, 2021). In FDM, nozzle diameter and raster
spacing determine strut size and pore anisotropy, whereas layer
height and thermal history govern interlayer bonding and
crystallinity (Figure 3a) (Winarso et al., 2022; Zhang et al., 2023).

In DIW, print fidelity depends strongly on rheological behavior,
requiring shear-thinning flow inside the nozzle together with rapid
elastic recovery after deposition (Ma et al., 2021; Saadi et al., 2022) If
recovery is insufficient, filaments spread or sag and structural
accuracy deteriorates (Ma et al, 2021; Zandi et al, 2021). By
contrast, well-balanced viscoelastic properties promote shape
retention and enable accurate reproduction of the designed
architecture (Figure 3b) (Jamee et al., 2021; Parodi et al., 2023).
Common thermoplastics (PLA, PCL, PLGA) and their ceramic-
filled blends are frequently employed in bone defect repair (Kirillova
et al.,, 2021). Such filament-controlled microarchitectures promote
osteoblast adhesion and accelerate interfacial mineralization,
facilitating early osteointegration and stable mechanical load
transfer at the defect site (Bin et al., 2025; Turnbull et al., 2018).

2.2 Laser-based printing

Stereolithography (SLA) scans a UV/visible beam to polymerize
photocurable resins voxel by voxel, while digital light processing
(DLP) projects entire layer images for higher throughput (Figures
3c,d) (Daly et al., 2021). These techniques provide high resolution
and enable fabrication of complex microarchitectures, such as
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vascular-like channels, but material options are limited and
photoinitiator cytotoxicity must be considered (Quan et al,
2020). Cure depth and feature fidelity are influenced by energy
dose and initiator/inhibitor kinetics, with staged post-curing
enhancing modulus at the cost of brittleness. Selective laser
sintering (SLS) processes polymer, ceramic, and composite
powders without support structures, making it attractive for load-
bearing repair (Awad et al., 2020). For example, hydroxyapatite/
polymer composites fabricated by SLS show improved compressive
strength and osseointegration (Bauer et al., 2016). Moreover, the fine
microfeatures achievable by SLA and DLP support endothelial cell
alignment and vessel sprouting, thereby enhancing angiogenic
coupling and integration with surrounding tissue (Alparslan and
Bayraktar, 2025; Tao et al., 2022).

2.3 Low-temperature deposition
manufacturing

LDM extrudes inks onto a chilled platform and then employs
vacuum freeze-drying or solvent sublimation to generate highly
porous constructs (Liu et al., 2017; Sun et al., 2023). Because printing
and phase separation occur concurrently, LDM yields hierarchical
porosity from micro- to nanoscale that supports cell adhesion and
tissue ingrowth while preserving intrinsic bioactivity by avoiding
thermal load (Xiong et al., 2002). The method also facilitates multi-
material builds for bone-defect repair by co-optimizing composition
and architecture (Zafeiris et al., 2021). Inadequate solvent exchange
or non-ideal freezing trajectories can lead to residual solvent,
shrinkage, or pore collapse; these issues are mitigated by
optimizing solvent ratios and cooling rates and by using
secondary crosslinking or post-infiltration to restore mechanics
without sacrificing transport pathways (Figure 3e) (Tan et al,
2023).
channels that facilitate nutrient diffusion, ion exchange, and

The resulting hierarchical pores provide multiscale

vascular ingrowth, collectively promoting osteogenesis and
accelerated defect bridging (Sun et al,, 2023; Wang et al., 2021).
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An additional trajectory of technological evolution is 4D

printing, where stimuli-responsive materials impart time-
dependent functionality to printed constructs. Incorporating such
dynamic behaviors into scaffold design offers the potential to better
mimic bone remodeling and adapt scaffold mechanics during
different healing stages, and thus may inform future choices of
printable chemistries and multi-phase architectures (Gladman et al.,

20165 Lai et al., 2024; Rahimnejad et al., 2024).

2.4 Bioprinting

Bioprinting deposits cell-laden hydrogel inks—via extrusion or
laser-assisted methods—to create living constructs that deliver cells,
growth factors, and functional ions (Maresca et al., 2023; Zhou X.
et al, 2021). Extrusion-based platforms (micro-extrusion/DIW)
accommodate hydrogel inks and polymer/ceramic pastes but
impose shear stresses that may reduce viability, motivating
careful matching of ink rheology and print speed to cellular
tolerance (Figure 3f) (Zhang et al, 2021). While DIW-style
routes are cost-effective and high-throughput for low-viscosity
inks, they often suffer from limited feature fidelity and weak
initial mechanics; staged or orthogonal crosslinking can mitigate
these deficits (Verma et al., 2023). Laser-assisted bioprinting offers
high precision and single-cell patterning but at higher cost and lower
throughput, constraining broader adoption unless micron-scale
accuracy is essential (Zandrini et al., 2023).

Importantly, recent advances push bioprinting beyond static cell-
laden constructs toward more physiologically faithful biofabrication.
Contemporary bio-inks increasingly incorporate living cells, tailored
extracellular matrices, and controlled-release factors to create spatially
organized microenvironments that concurrently support osteogenesis
and angiogenesis. These developments emphasize the merging of
materials engineering with cellular biology and motivate design
cell viability,
printability, and staged crosslinking strategies (Chen Z. et al., 2023;
Heid and Boccaccini, 2020; Li et al., 2020). In particular, cell-laden
bio-inks enable the co-delivery of osteogenic and angiogenic cues

choices that account for rheology-compatible

while mitigating early inflammatory responses, providing a
biologically active platform for coordinated bone regeneration
(Freeman et al., 2022; Yang et al., 2022).

Overall, the main FDM techniques each demonstrate unique
advantages and limitations, reflecting trade-offs between resolution,
mechanical properties, material versatility, and biological function.
Their success in bone repair ultimately depends on whether the
chosen process can be matched with suitable biomaterials to achieve
both printability and long-term regenerative performance. These
fabrication biology correlations further clarify how process
parameters determine microstructural outcomes that, in turn,
dictate cellular behavior and functional bone regeneration.

3 3D printing materials
3.1 Bioceramics

Bioceramics are widely applied in bone tissue engineering
because of their chemical similarity to the mineral phase of bone
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and their excellent osteoconductivity (Jiang et al., 2020). Among
them, hydroxyapatite (HAp) and f-tricalcium phosphate (B-TCP)
are the most representative. HAp provides high stability and long-
term integration but degrades slowly, which may hinder timely
replacement by new bone (Wei et al, 2022). In contrast, p-TCP
resorbs more rapidly, aligning better with the time window of bone
remodeling, although it exhibits lower initial mechanical strength.
Combining HAp and B-TCP into biphasic calcium phosphate (BCP)
achieves a balance between stability and resorption.

Bioactive glass (BG) represents another important class,
releasing soluble silica species that induce a surface HAp-like
layer and promote osteogenic recruitment (Baino et al., 2016; Wu
et al., 2020). However, its brittleness and slow degradation restrict
structural applications. Modified formulations, such as Sr-doped or
CaP-BG hybrids, improve osteogenic signaling and adjust
dissolution kinetics to extend processing latitude and healing
windows (Demir-Oguz et al., 2023; Silva et al., 2023).

Other ceramics such as alumina (Al,O3) and zirconia (ZrO,)
exhibit excellent hardness, wear resistance, and long-term
biocompatibility, making them useful in joint and dental
applications. Yet their limited bioactivity and lack of controlled
degradability confine their role in scaffolds requiring both load-
bearing and regeneration (Kamboj et al., 2023; Punj et al., 2021).
(CaPs) are their
osteoconductivity and resorbability. 3D printing techniques allow

Calcium  phosphates attractive for
fabrication of CaP-based scaffolds, and combining them with
polymers (PLA, PLGA, PCL) or nanofillers such as Mg and
graphene enhances mechanics while tuning degradation toward
an 8-12 weeks window (Golzar et al., 2020; Li et al., 2024; Zarei
et al,, 2024). B-TCP is more readily resorbed and clinically favored
over o-TCP, and both benefit from pore sizes in the hundred-
micrometer range to balance transport and stability (Han et al.,
2024; Jasser et al., 2021; Wang et al., 2024). Clinically, phase fraction
and pore geometry should be adjusted to remodeling rates, with
monetite and related phases considered when faster substitution is
required (Garimella et al., 2024; Wang et al, 2024; Zhou H.
et al., 2021).

Bioceramics such as HAp, B-TCP/BCP, BG, and CaPs provide
excellent osteoconductivity and chemical resemblance to bone
minerals, while AL,O; and ZrO, ensure durability in specific
contexts. However, their intrinsic brittleness and limited control
over degradation constrain their independent use in complex
defects. These limitations have directed increasing attention
toward polymer—ceramic hybrids and, more recently, to bioactive
metals and ions that can complement ceramics by offering tunable
mechanical and biological functions.

Recent studies have extended ceramic incorporation from
micro- to nano-scale, significantly enhancing interfacial bonding,
mechanical reinforcement, and biological signaling (Piatti et al.,
2024).
nanocomposites

Nano-structured  ceramics and  polymer-ceramic

provide osteoinductive topographies and
modulate local ion exchange at the scaffold-tissue interface,
promoting osteogenesis and angiogenesis (Ellermann et al., 2023).
In parallel, gradient and multi-material ceramic scaffolds enable
spatial control of composition, stiffness, and degradation, better
matching the hierarchical and site-specific demands of native bone
(Peng et al., 2023). Furthermore, ion-substituted bioactive glasses

(e.g., Li*, Cu**, Co®") impart pro-osteogenic, pro-angiogenic, and
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antibacterial properties, broadening the therapeutic scope of
polymer—ceramic composites for bone regeneration (Zhang et al.,
2023). Collectively, these strategies represent cutting-edge directions
toward multifunctional and clinically oriented scaffold design.

3.2 Biometal

Biometals and their released ions play pivotal roles in bone
activity,
angiogenesis, and immune responses (Fan et al., 2024). They are

regeneration by regulating osteogenesis, osteoclast
commonly incorporated into 3D-printed scaffolds through alloying,
surface modification, or ion-doped composites, providing tunable
mechanical properties and bioactivity.

Phosphate ions are indispensable for mineralization and HAp
formation, participating in cellular energy metabolism while directly
contributing to the inorganic phase of bone (Wang J. et al., 2024; Yu
et al, 2023). Magnesium enhances osteoblast proliferation,
suppresses osteoclast differentiation, and stimulates angiogenesis;
it is introduced via degradable Mg alloys or incorporated into CaP
cements and hydrogel systems for sustained release (Wang et al.,
2020; Zhou H. et al., 2021). Manganese functions as a cofactor for
antioxidant enzymes and modulates immune signaling, while Mn-
doped CaP or BG scaffolds exhibit improved osteogenesis and
vascularization in vivo (Li et al., 2024; Shan et al., 2025; Ye et al.,
2023; Zhang et al., 2022). Zinc simultaneously promotes osteoblast
activity, inhibits osteoclastogenesis, and provides antibacterial and
antioxidative benefits; Zn alloys or Zn-doped ceramics/polymers are
frequently employed for bone-regenerative scaffolds (Huang et al.,
2024; Xu et al., 2024; Zhao et al., 2024).

Silicate ions derived from bioactive glasses or silicate-incorporated
hydrogels stimulate collagen synthesis, matrix mineralization, and
angiogenesis, supporting both early and long-term bone healing
(Jugdaohsingh et al, 2008; Liu et al, 2025 Nielsen, 2009).
Strontium exerts dual regulation by enhancing osteogenesis and
suppressing bone resorption, while also polarizing macrophages
toward a pro-healing phenotype; Sr-doped CaPs, BGs, and
polymer coatings are widely explored to synchronize mechanical
support with immunomodulation (Guo et al.,, 2020; Huang et al.,
2020; Huang et al., 2024; Miao et al,, 2023; Zhou et al., 2023).

Overall, biometals and their ionic species complement ceramics
and polymers by offering dynamic regulation of bone remodeling
and vascularization, making them integral components of
multifunctional 3D-printed scaffolds.

3.3 Natural polymers

Natural polymers are widely applied in bone regeneration because
of their excellent biocompatibility, biodegradability, and abundance
(Asadi et al., 2020). They provide a favorable matrix for osteogenic
adhesion, proliferation, and differentiation, yet their low mechanical
strength restricts independent use in load-bearing sites (Islam et al.,
2020; Yuan X. et al,, 2024). Crosslinking and composite approaches
are therefore commonly employed to enhance stiffness and to match
degradation with tissue remodeling (Reddy et al., 2021).

Chitosan, derived from crustacean shells, supports adhesion,
proliferation, and cartilage-bone repair, while also providing
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antibacterial properties (Hu et al., 2024; Ma et al, 2024; Wen
et al, 2021). Its poor mechanics are often addressed by
crosslinking or blending with gelatin and collagen (He W. et al,
2024; Li et al,, 2025; Wang et al., 2025).

Collagen, the major extracellular matrix (ECM) protein in bone,
provides abundant binding sites for integrins and releases non-toxic
degradation products that facilitate osteoblast adhesion and
proliferation (Kikuchi et al, 2004; Sorushanova et al, 2019). In
addition, its fibrillar architecture allows incorporation of bioactive
molecules such as growth factors, which further promote osteogenic
differentiation and matrix deposition (Lee et al,, 2021). Printed collagen
lattices are usually reinforced with CaP or synthetic polymers to
improve mechanical strength while retaining permeability (Zhu
et al,, 2024).

Gelatin, a collagen derivative, retains many of these cell-
recognition motifs and thus supports cell adhesion and spreading
(Kuttappan et al,, 2016; Ma et al., 2024). It can be processed into
hydrogels with tunable degradation rates, making it attractive for
controlled drug or ion delivery (Li et al., 2024). However, due to its
inherently weak mechanical properties, gelatin-based scaffolds
generally require additional crosslinking or compositing with
ceramics or synthetic polymers to maintain structural stability
during in vivo implantation (Chuang et al., 2024; Li et al., 2024).

Hyaluronic acid (HA), naturally present in cartilage and
synovial fluid, enhances hydration, reduces inflammation, and
yet needs
reinforcement due to weak mechanics (Cui et al., 2021; Hwang
et al., 2023; Zhang et al.,, 2024; Zheng et al., 2023).

Cellulose, after chemical modification, exhibits improved
rigidity and controlled degradability (Abourehab et al, 2022;
Tang et al, 2024). It has been employed as a reinforcing

promotes mesenchymal stem cell migration,

component in hydrogel or polymer matrices, where its high
aspect-ratio fibrils contribute to mechanical stability (Cui et al.,
2023; Yang J. et al., 2024). Nevertheless, its intrinsic osteoinductive
capacity is limited, so cellulose is often combined with bioactive ions
or growth factors to enhance biological performance (Cui et al.,
2023; Yang S. Y. et al., 2024).

Alginate, from brown algae, forms hydrogels upon Ca**
crosslinking and serves as a carrier for cells and factors, though
its low strength necessitates blending with ceramics or polymers
(Abasalizadeh et al., 2020; Ahmad et al., 2021; Sarker et al., 2018; Yu
et al., 2023).

Overall, natural polymers such as chitosan, collagen, gelatin,
HA, cellulose, and alginate play crucial roles in creating bioactive,
cell-supportive matrices, but their poor mechanics and variable
degradation confine their standalone use. Integration with
synthetic polymers or ceramics remains essential to provide both
structural integrity and biological functionality in 3D-printed
scaffolds. Notably, differences in molecular weight, degradation
profiles, and mechanical performance among these polymers
further emphasize the importance of material selection and
design optimization (Table 1; Figure 4).

3.4 Synthetic polymers

Synthetic polymers are widely applied in bone regeneration

because of their controllable degradation rates, favorable
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TABLE 1 Comparison of typical natural polymers.

10.3389/fbioe.2025.1707406

Performance Chitosan Collagen Gelatin Hyaluronic Cellulose Alginate
acid
Polymer
MW (Da) 5.0E+04 3.0E+05 1.0E+05 5.0E+04 1.0E+05 3.2E+04
~2.0E+06 ~4.0E+05 ~3.0E+05 ~3.0E+06 ~2.0E+06 ~4.0E+05
IP (pH) 6.2-7.0 7.6-9.3 4.7-9.0 —_ — —
GS No Standard Bloom No Standard Bloom 200-300 No Standard Bloom | No Standard Bloom 50-300 (Ionic
(Bloom or g/cm?) Value Value Value Value Crosslinking)
(weak gel) (weak gel) (Cross-linking (Cross-linking
Required) Required)
GT (°C) No Definite Gel Points 30-37 25-30 No fixed gel points No Natural Gel 25 (Room
Points Temperature)
CM (kPa) 100-400 100-800 100-500 50-300 200-600 100-400
DT (days) 14-56 7-21 7-21 7-28 90-365+ 7-28
DC (%) 20-70 30-80 30-80 10-60 20-70 20-60
WA (%) 400-1,200 500-1,000 300-800 1,000-3,000 500-2000 500-1,000
Ref Dash et al. (2011), Ferreira et al. (2012), Yousefi-Mashouf et al. Jeon et al. (2007) Klemm et al. (2011) Lee and Mooney

Rinaudo (2006)

Gelse et al. (2003)

(2022)

(2012)

MW, molecular weight; IP, isoelectric point; GS, gel strength; GT, gelation temperature; CM, compressive modulus; DT, degradation time; DC, degree of crosslinking; WA, water absorption.
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Radar chart depicting the fundamental properties of representative natural polymers used in bone tissue engineering. The relative scales of different

parameters were normalized to ensure visual coherence in the chart.

mechanical properties, and excellent processability. They provide
stable structural support for bone defect repair but lack the intrinsic
bioactivity of natural polymers, necessitating surface modification,
incorporation of bioactive factors, or compositing with inorganic
phases to enhance osteoinductive potential.

(lactic-co-glycolic  acid) (PLGA) exhibits good
biocompatibility and undergoes hydrolytic degradation into lactic

Poly

and glycolic acids that are cleared through endogenous metabolism.
Local acidity may accumulate, so calcium phosphate (CaP) is often
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incorporated into buffer pH and sustain osteogenesis (Cheng et al.,
2024). Although PLGA lacks inherent osteoinductive activity, it is an
effective carrier for drugs or growth factors (He P. et al.,, 2024). With
moderate mechanical strength, it is frequently combined with
ceramics or bioactive glasses to improve structural performance
(Annaji et al.,, 2024; Ke et al,, 2024).
(PCL)

biocompatibility without provoking inflammatory responses but

Polycaprolactone demonstrates excellent

shows low intrinsic osteogenic activity, which can be improved
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TABLE 2 Comparison of typical synthetic polymers.

10.3389/fbioe.2025.1707406

Polymer Density TS ™ Tg Crystallinity DR (months/ TDT
(g/cm?) (MPa) (GPa) ° (%) years) (°C)
PLGA 1.25-1.35 50-80 1.5-3.0 40-60 Amorphous 1-6 months 280-300 Wubneh et al.
(2018)
PCL 11-12 20-42 03-0.6 | —60~-54  58-63 40-60 >24 months 350-400 Farah et al.
(2016)
PLA 1.24-1.30 50-70 2.0-35 50-60 150-180 30-40 6-24 months 280-300 Farah et al.
(2016)
PVA 1.19-1.31 30-60 1.5-2.5 30-50 180-228 30-40 Slow 230-270 Acar et al.
(2014)
PGA 14-15 60-98 5.0-7.0 35-45 | 220-230 45-55 2-6 months 280-300 Farah et al.
(2016)

TS, tensile strength; TM, tensile modulus; Tg, glass transition temperature; Tm, melting temperature; DR, degradation rate; TDT, thermal degradation temperature.

by surface modifications or ceramic incorporation (Daliri et al.,
2024). PCL has favorable flexibility and printability (Afza et al,
2025), with a slow degradation rate (~2-4 years) that allows long-
term support and sustained release of loaded factors or cells
(Hashemi et al., 2024; Li C. et al., 2023).

Polylactic acid (PLA) degrades in vivo into non-toxic byproducts
over periods ranging from 6 months to several years (Stepankova
etal., 2024). It provides high stiffness but is relatively brittle, limiting
load-bearing applications. Compositing with calcium phosphate or
hydroxyapatite improves its osteoinductive potential (Sakarya et al.,
2024). PLA is widely used in fixation devices and printed scaffolds,
with copolymerization approaches further balancing stiffness and
osteogenic performance (Guo et al, 2024; Rahatuzzaman
et al., 2024).

Polyvinyl alcohol (PVA) is biocompatible but degrades slowly
unless chemically crosslinked or enzymatically treated (Rivera-
Hernandez et al, 2021). It is commonly used as a hydrogel
matrix or delivery vehicle (Chahal et al, 2016). In printed
constructs, PVA is often combined with ceramics or polymers to
enhance toughness and maintain pore stability during culture (Cui
et al., 2020).

Polyglycolic acid (PGA) is biocompatible and degrades rapidly
into glycolic acid, later metabolized to carbon dioxide and water
(Feng et al,, 2023). Although it offers high initial rigidity, rapid
degradation and brittleness limit its long-term use. Reinforcement
with fillers or layered structures can improve stability while
preserving transport pathways (Li et al., 2022).

Overall, PLGA, PCL, PLA, PVA, and PGA complement each
other in balancing degradation tempo, mechanical retention, and
printability for bone repair. Their molecular weights, degradation
profiles, and mechanical characteristics highlight the importance of
coordinating material selection with processing parameters to
optimize scaffold performance (Table 2; Figure 5).

In addition to the polymeric, ceramic, and composite systems
discussed above, recent studies have extended 3D printing to high-
performance structural materials such as polyetheretherketone
(PEEK) and titanium (Ti) lattices. Through surface engineering
and hierarchical design, these materials offer exceptional mechanical
reliability while exhibiting tunable biological potential, thereby
bridging load-bearing stability with biofunctional integration.

Frontiers in Bioengineering and Biotechnology

4 Key functional attributes of 3D-
printed bone scaffolds

The clinical success of 3D-printed bone scaffolds depends on
their ability to integrate robust mechanical support, predictable
degradation, and bioactivity within complex tissue environments.
Beyond basic load bearing, scaffolds are now expected to actively
coordinate their physical, chemical, and biological properties to
guide new bone formation, resist infection, and promote
vascularization. These interrelated functions—physical strength,
degradation behavior, biological performance, antimicrobial
properties, and angiogenic capacity—form the
evaluating and optimizing next-generation constructs. This

basis for

review summarizes recent progress in materials, fabrication
strategies, and functional optimization of 3D-printed scaffolds,
with a particular emphasis on the interplay among these core
performance criteria.

4.1 Physical strength

Mechanical performance is essential for 3D-printed bone
scaffolds: they must provide early fixation under physiological
loading while preserving interconnected porosity for nutrient
transport and tissue ingrowth. Target properties depend on
defect location and load-sharing requirements; therefore, material
selection (polymer, ceramic, composite, or advanced systems such as
PEEK and Ti) and architectural design (pore size, strut thickness,
lattice topology) must be carefully coordinated within the printable
processing window to avoid trade-offs between structural fidelity
and biological function.

Current strategies to enhance the mechanical strength of 3D-
printed biomaterials can be broadly classified into four categories: (i)
nanofiller reinforcement, (ii) polymer-ceramic hybridization, (iii)
structural topology optimization, and (iv) interfacial cross-linking,
which together encompass the principal approaches reported in
recent studies. Figure 6 summarizes four representative
strengthening methods, each illustrating a distinct approach to
enhancing the physical and biological strength of 3D-

printed scaffolds.
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Reinforcement strategies preserving printability have therefore
been widely investigated, such as the following representative
examples. Yang SY et al. introduced xonotlite nanofibers into
silk-gelatin hydrogels, increasing the compressive modulus from
3.4 kPa to 57 kPa while preserving 600 um pores and >65% porosity;
these mechanics coincided with pro-osteogenic, pro-angiogenic, and
osteoimmune benefits (Figure 6a) (Yang S. Y. etal., 2024). Liu B et al.
enhanced the mechanical robustness of hydrogel inks by
incorporating nanosilicates. This increased compressive strength
and reduced creep, while maintaining lattice fidelity in cell-laden
constructs, thereby accelerating calvarial defect healing in vivo
(Figure 6b) (Liu et al, 2020). By incorporating ceramic
nanoparticles into bdECM-MA, Liu et al. achieved MPa-level
compressive strength without loss of extrusion fidelity and
demonstrated sequential immunomodulation that promoted bone
bridging (Figure 6¢) (Liu et al, 2024). Wu et al. fabricated
CDHA-PLGA bilayers that distributed loads, retained toughness
and fatigue resistance for partial load-bearing repair, and supported
in vivo osteogenesis in rabbit cortical-defect models (Figure 6d) (Wu
et al.,, 2021).

These representative studies illustrate different routes toward
scaffolds.
reinforcement provides a scalable means to increase stiffness
high filler
Polymer—ceramic hybridization achieves a balance between

reinforcing printable Comparatively, nanofiller

but may compromise diffusion at content.
strength and biological compatibility but often requires
delicate interfacial design. Structural topology optimization
enhances load distribution through geometric design, although
its success depends on printing precision and scale fidelity.
Interfacial cross-linking improves stress transfer and fatigue
resistance, yet excessive crosslinking can reduce elasticity.
Overall, combining these strategies can yield multi-scale
that couples with
biological functionality.

reinforcement mechanical robustness

Frontiers in Bioengineering and Biotechnology

Beyond  polymer-ceramic  systems,  material-specific

strengthening pathways have also gained prominence in recent
studies. For high-performance polymers such as PEEK, surface
and hierarchical

activation porosity engineering

effective strategies to enhance interfacial load transfer and

represent

osseointegration while preserving the polymer’s intrinsic fatigue
resistance and radiolucency. Notably, magnesium surface-activated
3D-printed porous PEEK scaffolds have shown markedly improved
fixation and in vivo bone integration (Wei et al., 2023). In parallel,
topology-optimized Ti lattices offer a metallic route to mechanical
strengthening. By tailoring lattice architecture and porosity
gradients, Ti scaffolds achieve tunable effective modulus and
MPa-level load-bearing capacity while mitigating stress shielding,
thus providing a biomimetic mechanical environment conducive to
osseointegration (Wang et al.,, 2022).

Collectively, these PEEK and Ti-based pathways complement
the four generic strengthening strategies, expanding the design
framework for achieving a balance between mechanical reliability
and biological performance in 3D-printed bone scaffolds.

4.2 Degradation behavior

Controlled degradation is critical for 3D-printed bone scaffolds:
they must maintain structural integrity during early fixation yet
gradually resorb in concert with tissue regeneration to avoid long-
term residue or mismatch with remodeling rates. The tempo of
degradation depends on both material chemistry and scaffold
architecture, requiring careful synchronization with biological
milestones.

Recent strategies for regulating scaffold degradation can be
broadly categorized into five major approaches: (i) compositional
modification through bioactive fillers or polymer blending, (ii)

surface coating and interfacial cross-linking to modulate
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nanocomposite hydrogels (Liu et al,, 2020). (c) Construction and investigation schematic of the DLP 3D-bioprinted bdECM-MA/Si-CaP/BMSC tissue-
engineered bone with exceptional mechanical strength (Liu et al., 2024). (d) Macrostructure and microstructure of the CDHA/PLGA bilayer scaffold in

photographs and SEM images (Wu et al., 2021).

dissolution kinetics, (iii) ion incorporation for biochemical
regulation, (iv) growth-factor-assisted degradation coupling, and
(v)  hybrid components for
spatiotemporal control. Representative studies for each approach

systems integrating hydrogel
are summarized in Figure 7.

Based on these approaches, researchers have developed
representative composite and surface-modification strategies as
follows. Chen T et al. incorporated hydroxyapatite (HAp),
carboxymethyl chitosan (CMCS), and polydopamine (PDA) into
printed scaffolds, stabilizing degradation and creating a bioactive
microenvironment that fostered osteoconduction (Figure 7a) (Chen
et al,, 2020). Zhang Y et al. designed porous magnesium scaffolds
coated with calcium phosphate, regulating rapid Mg corrosion and
aligning degradation with new bone formation; this in turn
enhanced in vivo osteointegration (Figure 7b) (Zhang et al,
2022). Li C et al. fabricated PLGA/B-TCP scaffolds doped with

Frontiers in Bioengineering and Biotechnology

10

Zn*" ions, achieving sustained release that simultaneously promoted
osteoinduction and attenuated inflammatory responses, thus
extending the functional healing window (Figure 7¢) (Li X. et al,,
2023). Lee S et al. constructed PCL/B-TCP scaffolds with
polydopamine coatings and alginate microbeads encapsulating
BMP-2, facilitating delivery  while
improving surface wettability and cell affinity (Figure 7d) (Lee
et al, 2024). Dong R et al. integrated low-polymer-content
hydrogels into PLGA scaffolds, allowing local and sustained
BMP-2 release that accelerated large defect repair without
compromising scaffold stability (Figure 7e) (Dong et al., 2025).

sustained  growth-factor

These representative studies illustrate distinct pathways for
synchronizing scaffold degradation with bone regeneration.
Compositional modifications allow broad tunability but may
cause unpredictable by-products. Surface coatings and interfacial
cross-linking provide precise control of degradation rates, yet can
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loaded with BMP-2/4armPEG-OPA/gelatin hydrogels (Dong et al., 2025).

delaminate under dynamic loading. Ion incorporation modulates
chemical dissolution and cell signaling but requires strict
concentration Growth-factor-assisted ~ coupling
offers spatiotemporal coordination between biochemical signaling

optimization.

and scaffold resorption, whereas hydrogel-polymer hybrids further
enable local degradation control and biological integration.
Together, these approaches highlight complementary strengths
and limitations, emphasizing the need for multi-mechanistic
degradation design to sustain long-term bone regeneration.

4.3 Biological performance

Biological performance is fundamental to the regenerative

success of 3D-printed bone scaffolds. Beyond providing
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mechanical stability, scaffolds must regulate  cell

adhesion, differentiation, angiogenesis, and immunomodulation

actively

to guide host responses and promote bone remodeling. These
biological outcomes are governed by scaffold chemistry, ion
release, architecture, and incorporated signaling molecules.
Recent advances further demonstrate that even high-performance
materials such as PEEK and Ti can be bioactivated through
interfacial engineering and hierarchical micro/nanostructuring to
thereby
beyond conventional

enhance cellular interactions and osseointegration,

extending Dbiological design strategies
polymer-ceramic systems.

Current strategies to enhance the biological performance of 3D-

printed scaffolds can be broadly categorized into seven
representative ~ approaches: (i)  osteoimmunomodulatory
regulation, (ii) microenvironmental reprogramming,  (iii)
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(a) Osteogenic differentiation assessment of 3D-printed hydrogel scaffolds (Zhou et al., 2024). (b) PLGA/BP scaffolds promote osteogenic
differentiation and mineralization by activating PI3K-AKT signaling pathway (Long et al,, 2023). (c) In vitro osteogenesis evaluations of MC3T3 cells
stimulated by each group of scaffold extracts (Yang et al., 2021). (d) Cell viability and osteogenic differentiation on high-precision 3D-printed PCL/B-TCP
hierarchical fiber scaffolds (Wang et al., 2021). (e) 3D-printed BMP2/PLA bio-coated scaffolds and their effects on bone regeneration (Garot et al.,
2023). (f) Bidirectional regulation of bone homeostasis by 3D-printed PMBG/TCP/PTH scaffolds (Ren et al., 2023). (g) The proliferation and migration of
MC3T3-E1 cells on 3D printed frameworks and composite scaffolds (Guo et al.,, 2023).

structural and architectural

(iv)

optimization, (v) macroscopic design for translational repair, (vi)

bioactive-ion substitution,
biochemical cue delivery, and (vii) extracellular-matrix-mimetic
functionalization. These strategies collectively target immune
biochemical and  architectural

modulation, activation,

optimization. Representative studies for each category are
summarized in Figure 8.
Building on this foundation, researchers have investigated

diverse strategies to enhance scaffold bioactivity. Zhou L et al.

Frontiers in Bioengineering and Biotechnology

12

to recruit bone
(BMSCs) through
osteoimmunomodulation,

functionalized GelMA/Laponite
marrow-derived mesenchymal stem cells
AMPK/mTOR-mediated
osteogenesis (Figure 8a) (Zhou et al, 2024). Similarly, Long J
et al. demonstrated that PLAG/black phosphorus scaffolds could
reshape the osteoimmune microenvironment and promote in vivo

hydrogels

enhancing

bone formation (Figure 8b) (Long et al., 2023). Beyond immune
regulation, Yang L et al. introduced Sr**/Fe’* co-substituted
hydroxyapatite into cryogenically printed scaffolds, leveraging
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bioactive ions to stimulate osteogenesis (Figure 8c) (Yang et al.,
2021). Structural precision also contributes: Wang Q et al. produced
cross-scale PCL/B-TCP scaffolds with high-fidelity fibers that
supported robust cell ingrowth and intrapore bone formation
(Figure 8d) (Wang et al, 2021). Translating to large-animal
models, Garot C et al. designed osteoinductive polymeric
scaffolds with optimized architecture that successfully repaired
sheep metatarsal critical-size defects (Figure 8e) (Garot et al,
2023). Bioactivity can be further tuned through biochemical cues:
Ren Y et al. integrated PTH(1-34) into photocurable PMBG/TCP
scaffolds, enabling bidirectional regulation of bone homeostasis and
8f) (Ren 2023).
Complementarily, Guo L et al. incorporated chondroitin sulfate

accelerating regeneration (Figure et al,
microspheres into printed frameworks, improving ECM mimicry
and facilitating bone repair (Figure 8g) (Guo et al., 2023).
Beyond polymer-ceramic scaffolds, material-specific bioactivation
strategies have been developed for high-performance polymers and
metallic systems to enhance cellular interactions and tissue
integration. For PEEK-based scaffolds, surface modification and
applied
improving protein adsorption and osteogenic

micro/nanostructuring are commonly to overcome
bioinertness,
differentiation while preserving mechanical durability (Xu et al,
2024). For Ti lattices, bioactive coating deposition and gradient
topology optimization synergistically promote osteoconduction and
vascularized bone ingrowth, supporting stable osseointegration
(Deering et al, 2023). Together, these polymeric and metallic

bioactivation approaches expand the biological design space of 3D-

printed  scaffolds, integrating surface engineering  with

immunoregulatory and biochemical modulation frameworks.
Comparatively, osteoimmunomodulatory and

microenvironment-reprogramming strategies modulate

inflammatory cascades to create pro-healing niches but often
involve complex cytokine dynamics. Ion substitution offers
durable stimulation of osteogenesis yet requires strict dose
control. Structural and architectural optimization enhances
spatial guidance for tissue ingrowth but depends on printing
precision. Macroscopic design facilitates clinical translation by
bridging laboratory and animal-scale defects, though fabrication
reproducibility remains challenging. Biochemical cue delivery
provides targeted signaling yet demands stable release kinetics,
while ECM-mimetic functionalization reproduces native matrix
interactions but increases fabrication complexity. Collectively,
these
emphasizing that synergistic integration of immunoregulatory,

seven strategies demonstrate complementary roles,

biochemical, and structural cues is essential for achieving robust
and coordinated  biological in  3D-printed

bone scaffolds.

performance

4.4 Antimicrobial properties

Postoperative infection and biofilm formation are major causes
of failure in bone repair, particularly in large defects requiring
prolonged fixation. Beyond providing mechanical support and
osteoconductivity, 3D-printed scaffolds increasingly need built-in
anti-infective functions that deliver high local efficacy with minimal
systemic toxicity. Effective designs combine bactericidal/anti-
adhesive cues (e.g., silver or

magnesium-based  systems,
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polyphenols), controlled spatiotemporal release, and architectures
that preserve porosity for nutrient transport while limiting microbial
colonization without compromising osteogenesis.

Recent anti-infective strategies for 3D-printed bone scaffolds
can be broadly categorized into five major approaches:(i) locally
deployable antibacterial nanoparticles, (ii) bioactive surface coatings
(e.g., polyphenols or bactericidal ions), (iii) load-bearing composite
Ag-doped (iv)
spatiotemporally programmed dual-release systems, and (v) time-

frameworks incorporating ceramics,
sequenced oxygen-releasing platforms with potential adjunct
antitumor activity. Representative studies for each category are
summarized in Figure 9.
this

anti-infective

Building on rationale, researchers have developed

complementary strategies ~ within  printable
architectures. Hu et al. integrated TP-Mg nanoparticles into
biomimetic scaffolds, achieving potent antibacterial activity and,
concomitantly, enhanced osteogenesis in infectious bone-defect
models (Figure 9a) (Hu et al.,, 2024). Zhang et al. produced PCLA
scaffolds with nHA coatings doped with EGCG; the constructs
supported bone growth and simultaneously inhibited colonization
by multidrug-resistant bacteria (Figure 9b) (Zhang et al, 2022).
Genoud et

al. reinforced collagen/Ag-HA  with 3D-printed

frameworks to yield load-bearing constructs that prevented
infection and improved repair outcomes in vivo (Figure 9c)
(Genoud et al,, 2025). Using coaxial printing, Wang et al. fabricated
Sr@Ag scaffolds that delivered stepwise antimicrobial and osteogenic
cues, showing efficacy against chronic osteomyelitis while supporting
bone regeneration (Figure 9d) (Wang et al., 2025). In addition to direct
antimicrobial action, Li et al. designed time-sequential MgO,/PLGA
scaffolds that supported bone healing and suppressed postsurgical
osteosarcoma, illustrating how anti-infective designs can be coupled
with adjunct antitumor therapy (Figure 9¢) (Li et al,, 2024).
Comparatively, locally deployable antibacterial nanoparticles
deliver high local potency with minimal systemic exposure, but
dispersion stability and long-term persistence require control.
Bioactive surface coatings provide contact-killing and anti-
adhesive effects, yet durability and potential delamination under
dynamic loading remain concerns. Ag-doped ceramic composite
frameworks enable load-bearing infection control, but silver dosage
must be balanced to avoid cytotoxicity while maintaining
osteoconductivity. Spatiotemporally programmed dual-release
systems synchronize early antibacterial action with later
osteogenesis, though manufacturing complexity and release-
profile calibration are non-trivial. Time-sequenced oxygen-
releasing platforms expand from anti-infection to adjunct
antitumor potential, but reactive-oxygen species management and
tissue safety windows require careful optimization. Together, these
approaches demonstrate complementary strengths and limitations,
underscoring that integrating local bactericidal cues with controlled
release and osteoconductive architectures is essential for durable

infection suppression without compromising bone regeneration.

4.5 Angiogenic capacity

Vascularization plays a decisive role in the clinical success of 3D-
printed bone scaffolds. Newly formed vessels not only provide
oxygen and nutrients but also remove metabolic waste and
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(a) In vitro antibacterial study of biomimetic a/B-TCP scaffolds loaded with TP-Mg nanoparticles fabricated by low-temperature 3D printing (Hu
etal, 2024). (b) Antimicrobial activity of the coated scaffolds (Zhang et al., 2022). (c) Antibacterial properties of collagen-AgHA scaffolds in vitro (Genoud
etal, 2025). (d) In vitro anti-bacterial effect of different scaffolds (Wang et al., 2025). (e) In vitro and in vivo antibacterial properties of low-temperature 3D-

printed MgO,/PLGA porous nanoscaffolds (Li et al., 2024).

deliver progenitor cells and signaling molecules, thereby tightly
coupling angiogenesis with osteogenesis. Insufficient or delayed
vascularization often results in poor tissue integration, necrosis in
large defects, or long-term implant failure, underscoring the
necessity of incorporating angiogenic regulation into scaffold
design. Recent advances further highlight that even high-
performance materials such as PEEK and Ti can be tailored
through  hierarchical architecture and bioactive surface
modification to promote vascularization, extending angiogenic

design principles beyond conventional polymer-ceramic scaffolds.

Frontiers in Bioengineering and Biotechnology

14

Recent pro-angiogenic strategies for 3D-printed bone scaffolds
can be broadly organized into four representative approaches: (i) ion
doping to stimulate pro-angiogenic signaling, (ii) hydrogel/bioink
engineering with double-crosslinking to create endothelial-
permissive microenvironments, (iii) stage-regulative designs that
coordinate early immunomodulation, mid-stage angiogenesis, and
(iv)
optimization to support vascular infiltration. Representative
studies for each approach are summarized in Figure 10. Scaffold

late-stage osteogenesis, and compositional-architectural

design must therefore integrate pro-angiogenic cues into both
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FIGURE 10

(a) Proangiogenic capacity of 3D-printed SITCP highly interconnected porous scaffolds (Miao et al., 2023). (b) In vitro angiogenesis behaviors of
HUVECs cultured in the extracts of Si-doped BCP scaffolds (Lu et al., 2024). (c) Schematic illustration for the construction process by 3D bioprinting Eth-
DFO@GelMA/GGMA scaffold and its in vitro angiogenic capacity (Li et al., 2022). (d) Schematic illustration of a novel 3D-printed PLGA/DBM-MPs/MH-
NPs scaffold for the enhancement of endogenous bone regeneration and in vitro angiogenic capacity of the four PLGA hybrid scaffolds (Yuan X.

et al,, 2024).

material chemistry and structural architecture, as illustrated by the
following representative studies.

Miao et al. developed Sr-doped CaP ceramics that polarized
macrophages toward pro-angiogenic phenotypes, enhanced early
vascularization, and accelerated bone repair in vivo (Figure 10a)
(Miao et al., 2023). Lu et al. optimized Si doping in BCP scaffolds
and observed dose-dependent gains in osteogenic and angiogenic
with
neovascularization (Figure 10b) (Lu et al,
constructed  gelatin/gellan-gum  bioprinted

in vivo validation confirming superior
2024). Li et al
scaffolds

performance,

with a
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that
conducive

stability and
established  microenvironments endothelial
recruitment and vascularized bone regeneration (Figure 10c) (Li
et al,, 2022). Yuan et al. designed a stage-regulative scaffold that
sequentially modulated early osteo-immunomodulation, mid-stage

double-crosslinking  network improved

to

angiogenesis, and late-stage osteogenesis, integrating vascularization
across the healing timeline (Figure 10d) (Yuan X. et al., 2024).
Beyond conventional ceramic and hydrogel systems, PEEK and
Ti scaffolds have also been explored for promoting vascularization
in load-bearing contexts. For PEEK-based scaffolds, introducing
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FIGURE 11

Challenges and Prospects of 3D-Printed Scaffolds for Bone Defect Repair. This figure was drawn using Biorender (https://www.biorender.com/).

hierarchical porosity and bioactive coatings facilitates endothelial
adhesion and migration while maintaining structural integrity and
fatigue resistance; hierarchically porous 3D-printed PEEK scaffolds
have been shown to support neovascularization and enhance
osseointegration in vivo (Chen X. B. et al,, 2023). For Ti lattices,
architectural optimization combined with bioactive
modification creates interconnected

surface
channels that promote
perfusion and vessel ingrowth under physiological loading, with
recent studies using additively manufactured Ti-6Al-4V lattices
demonstrating mature vascular penetration and
cortical-cancellous bone integration in large animal models
(Feldman 2024). Together, these
approaches highlight that vascularization can be engineered not

only through chemical cues but also through mechanical and

et al, material-specific

architectural regulation in high-performance scaffold systems.
Comparatively, ion-doped ceramics provide robust pro-
angiogenic cues that can accelerate early vessel formation, yet
their efficacy depends on a narrow dosage window and
controlled release profiles. Hydrogel/bioink systems with double-
crosslinking establish endothelial-permissive microenvironments
and improve structural stability, although diffusion paths and
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degradation rates must be carefully tuned to sustain perfusable
Stage-regulative  scaffolds
resolution, neovascularization, and subsequent osteogenesis, but

networks. synchronize ~immune
the design and validation of temporally sequenced cues increase

manufacturing complexity. Compositional-architectural — co-
optimization supports vascular infiltration while maintaining
printability; however, achieving reproducible architectures across
scales remains challenging. Taken together, these strategies present
complementary advantages and limitations, indicating that
integrating ionic, biochemical, and architectural cues is pivotal
for achieving durable and clinically relevant angiogenesis in 3D-

printed bone scaffolds.

5 Challenges and future perspectives

5.1 Balancing material innovation and
biofunctionality

Although bioactive ceramics, functionalized polymers, and
biodegradable metals offer promising cues for osteogenesis,
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angiogenesis, and immune regulation, challenges remain in
achieving a balance between mechanical reliability, degradation
control, and biological signaling. Future directions emphasize ion
doping strategies (e.g., Sr, Mg, Zn) and advanced functionalization
to optimize this balance.

5.2 Integrating composite and multi-
functional design

While composite scaffolds can combine structural support with
osteoinduction, angiogenesis, and antibacterial functions, it remains
challenging to integrate these features without compromising
printability or stability. Future work should refine synergistic
designs that maintain multifunctionality under physiological
conditions. Beyond traditional polymer-ceramic  systems,
emerging high-performance and load-bearing materials are being
adapted for 3D printing. Their integration through hierarchical
architecture and surface functionalization opens new avenues for
coupling mechanical endurance with long-term biological activity in

clinical bone repair.

5.3 Refining 3D printing strategies for
clinical needs

Low-temperature deposition, multi-nozzle systems, and in
situ bioprinting have enabled spatially controlled architectures,
yet reproducibility and scalability remain hurdles. Next-
generation printing must reconcile gradient and hierarchical
designs with clinical feasibility, ensuring structures better
bone  microenvironments  while

replicate remaining

manufacturable.

5.4 Synchronizing
mechanical—biological coupling

A persistent limitation is the mismatch between scaffold
mechanics, porosity, and degradation with dynamic tissue
regeneration. Designing scaffolds that maintain early fixation but
progressively transfer load to new bone represents both a challenge
and a future priority to ensure durable repair and functional
remodeling.

5.5 Ensuring clinical translation and
standardization

Despite rapid laboratory advances, clinical translation is

constrained by manufacturing reproducibility, large-scale
production, and regulatory requirements. Overcoming these
barriers will require standardized evaluation protocols, long-term
in vivo studies, and coordinated efforts between academia, industry,
and regulators to accelerate clinical adoption. Translational
frameworks should also embrace high-performance structural
systems that reconcile durability with vascularized integration,
ensuring

reliable performance in mechanically demanding
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defects. A schematic summary of the key challenges and future
directions for 3D-printed scaffolds in bone defect repair is presented
in Figure 11.

Finally, emerging trends highlight that Al-assisted scaffold
design and deeper interdisciplinary integration are poised to
accelerate clinical translation. Data-driven algorithms can
optimize scaffold architecture, porosity gradients, and composite
formulations to meet patient-specific mechanical and biological
targets. Coupled with advances in bio-inks, dynamic (4D)
materials, and multimodal imaging feedback, convergence across
materials science, cellular biology, and clinical medicine will be
essential to realize adaptive, personalized, and clinically translatable

scaffold systems.

6 Conclusion

In summary, this review delineates how polymer-based, 3D-
printed scaffolds can be rationally engineered by coupling material

design with architectural control to achieve coordinated

mechanical ~ stability, programmed degradation, immune

modulation, and angiogenic support. Across extrusion-, laser-

assisted, and low-temperature routes, advances in pore

geometry, interconnectivity, and anisotropy translate into
improved osteoconductivity, early load transfer, and vascular
strategies

bioactivity without sacrificing printability. Conceptually, this

ingrowth, while polymer-ceramic/ion broaden
synergistic design framework clarifies how process parameters
and composition determine microstructure and transport,
which

regeneration—providing a

and functional
map from materials

in turn dictate cellular behavior
practical
innovation to translational performance.
Looking forward, priorities include 4D printing for time-
dependent mechanics and remodeling, cell-inclusive bio-inks
that
rheology, gradients,

architectures, and composite formulations for patient-specific

co-deliver osteogenic/angiogenic cues under viable

and Al-assisted design to optimize
targets. Convergence among materials science, biology, and

clinical medicine will be pivotal to convert laboratory

prototypes into adaptive, personalized, and clinically

translatable scaffold systems.

Author contributions

XT: Writing - original draft, Conceptualization, Methodology,
Software. HX: Writing - original draft, Writing - review and editing,
Validation, Funding acquisition. XL: Writing - review and editing,
Validation. YY: Writing - review and editing, Conceptualization,
Validation, Supervision, Funding acquisition. ZL: Writing — review
and editing, Conceptualization, Validation, Supervision, Funding
acquisition.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was funded by

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1707406

Tang et al.

the Scientific Research Project of Health Commission of Hubei
Province (No.WJ2023ZH0025); Natural Science Foundation of
Hubei (N0.2025AFD655);  14th
Advantageous and Characteristic Disciplines (Groups) of Colleges

Province Five-Year-Plan

and Universities in Hubei Province.

Acknowledgements

The authors have reviewed and edited the output and take full
responsibility for the content of this publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Abasalizadeh, F., Moghaddam, S. V., Alizadeh, E., Akbari, E., Kashani, E., Fazljou, S.
M. B, et al. (2020). Alginate-based hydrogels as drug delivery vehicles in cancer
treatment and their applications in wound dressing and 3D bioprinting. J. Biol. Eng. 14,
8. doi:10.1186/s13036-020-0227-7

Abbasi, N., Hamlet, S., Love, R. M., and Nguyen, N. (2020). Porous scaffolds for
bone regeneration. J. Sci. Adv. Mater. Devices 5 (1), 1-9. doi:10.1016/j.jsamd.2020.
01.007

Abourehab, M. A. S, Pramanik, S., Abdelgawad, M. A., Abualsoud, B. M., Kadi, A.,
Ansari, M. ], et al. (2022). Recent advances of chitosan formulations in biomedical
applications. Int. J. Mol. Sci. 23 (18), 10975. d0i:10.3390/ijms231810975

Acar, H,, Cmnar, S., Thunga, M., Kessler, M. R., Hashemi, N., and Montazami, R.
(2014). Study of physically transient insulating materials as a potential platform for
transient electronics and bioelectronics. Adv. Funct. Mater. 24 (26), 4135-4143. doi:10.
1002/adfm.201304186

Acharjee, S. A., Gogoi, B., Bharali, P., Sorhie, V., and Alemtoshi, B. W. (2024). Recent
trends in the development of polyhydroxyalkanoates (PHAs) based biocomposites by
blending with different bio-based polymers. J. Polym. Res. 31 (4), 98. doi:10.1007/
510965-024-03947-z

Afza, S., Esfahani, H., Hassanzadeh, C. T., and Sharifi, E. (2025). The role of BSA
protein on the skin regeneration ability of electrospun PCL/HA scaffolds, kinetics of
release and essential in vitro tests. J. Text. Inst. 116 (2), 263-275. d0i:10.1080/00405000.
2024.2329433

Ahmad, R. R,, Wan, N. W. M. F,, and Nasaruddin, R. R. (2021). Alginate and alginate
composites for biomedical applications. Asian J. Pharm. Sci. 16 (3), 280-306. doi:10.
1016/j.ajps.2020.10.001

Alparslan, C., and Bayraktar, S. (2025). Advances in digital light processing (DLP)
bioprinting: a review of biomaterials and its applications, innovations, challenges, and
future perspectives. Polym. (Basel) 17 (9), 1287. doi:10.3390/polym17091287

Annaji, M., Mita, N., Poudel, I, Boddu, S., Fasina, O., and Babu, R. J. (2024). Three-
dimensional printing of drug-eluting implantable PLGA scaffolds for bone
regeneration. Bioeng. (Basel) 11 (3), 259. doi:10.3390/bioengineering11030259

Asadi, N., Del Bakhshayesh, A. R, Davaran, S., and Akbarzadeh, A. (2020). Common
biocompatible polymeric materials for tissue engineering and regenerative medicine.
Mater. Chem. Phys. 242, 122528. doi:10.1016/j.matchemphys.2019.122528

Awad, A, Fina, F., Goyanes, A., Gaisford, S., and Basit, A. W. (2020). 3D printing:
principles and pharmaceutical applications of selective laser sintering. Int. J. Pharm.
586, 119594. doi:10.1016/j.ijpharm.2020.119594

Awasthi, P., and Banerjee, S. S. (2021). Fused deposition modeling of thermoplastic
elastomeric materials: challenges and opportunities. Addit. Manuf. 46, 102177. doi:10.
1016/j.addma.2021.102177

Babilotte, J., Guduric, V., Le Nihouannen, D., Naveau, A., Fricain, J. C., and Catros, S.
(2019). 3D printed polymer-mineral composite biomaterials for bone tissue
engineering: fabrication and characterization. J. Biomed. Mater Res. B Appl.
Biomater. 107 (8), 2579-2595. doi:10.1002/jbm.b.34348

Baino, F,, Fiorilli, S., and Vitale-Brovarone, C. (2016). Bioactive glass-based materials
with hierarchical porosity for medical applications: review of recent advances. Acta
Biomater. 42, 18-32. doi:10.1016/j.actbio.2016.06.033

Frontiers in Bioengineering and Biotechnology

18

10.3389/fbioe.2025.1707406

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Bandynpadhyay, A, Mitra, I, and Bose, S. (2020). 3D printing for bone regeneration.
Curr. Osteoporos. Rep. 18 (5), 505-514. doi:10.1007/s11914-020-00606-2

Bandyopadhyay, A., Mitra, I, Goodman, S. B., Kumar, M., and Bose, S. (2023).
Improving biocompatibility for next generation of metallic implants. Prog. Mater. Sci.
133, 101053. doi:10.1016/j.pmatsci.2022.101053

Bauer, J.,, Schroer, A., Schwaiger, R., and Kraft, O. (2016). Approaching theoretical
strength in glassy carbon nanolattices. Nat. Mater 15 (4), 438-443. doi:10.1038/nmat456 1

Bin, W, Jialuo, Y., Jing, Y., Wei, C,, Xianglin, Z., William, W., et al. (2025). Extrusion-
based 3D printing of cross-scale porous bone scaffolds and their micro-topological
structures for bone repair. Biomater. Adv., 214540. doi:10.1016/j.bioadv.2025.214540

Chabhal, S., Hussain, F. S. J., Kumar, A., Rasad, M. S. B. A, and Yusoff, M. M. (2016).
Fabrication, characterization and in vitro biocompatibility of electrospun hydroxyethyl
cellulose/poly (vinyl) alcohol nanofibrous composite biomaterial for bone tissue
engineering. Chem. Eng. Sci. 144, 17-29. doi:10.1016/j.ces.2015.12.030

Chen, Y., Li, W., Zhang, C., Wu, Z, and Liu, J. (2020). Recent developments of
biomaterials for additive manufacturing of bone scaffolds. Adv. Healthc. Mater 9 (23),
€2000724. doi:10.1002/adhm.202000724

Chen, T., Zou, Q,, Du, C,, Wang, C,, Li, Y., and Fu, B. (2020). Biodegradable 3D
printed HA/CMCS/PDA scaffold for repairing lacunar bone defect. Mater Sci. Eng. C
Mater Biol. Appl. 116, 111148. doi:10.1016/j.msec.2020.111148

Chen, X. B, X. B,, Fazel, A. A,, Duan, X,, Zimmerling, A., Gharraei, R., Sharma, N. K.,
etal. (2023). Biomaterials/bioinks and extrusion bioprinting. Bioact. Mater 28, 511-536.
doi:10.1016/j.bioactmat.2023.06.006

Chen, Z., Chen, Y., Wang, Y., Deng, ], Wang, X, Wang, Q. et al. (2023).
Polyetheretherketone implants with hierarchical porous structure for boosted
osseointegration. Biomaterials Res. 27 (1), 61. doi:10.1186/s40824-023-00407-5

Cheng, Y., Li, X., Gu, P., Mao, R,, Zou, Y., Tong, L., et al. (2024). Hierarchical scaffold
with directional microchannels promotes cell ingrowth for bone regeneration. Adv.
Healthc. Mater 13 (12), €2303600. doi:10.1002/adhm.202303600

Chuang, E. Y., Lin, Y. C,, Huang, Y. M., Chen, C. H,, Yeh, Y. Y., Rethi, L., et al. (2024).
Biofunctionalized hydrogel composed of genipin-crosslinked gelatin/hyaluronic acid
incorporated with lyophilized platelet-rich fibrin for segmental bone defect repair.
Carbohydr. Polym. 339, 122174. doi:10.1016/j.carbpol.2024.122174

Collon, K., Gallo, M. C,, and Lieberman, J. R. (2021). Musculoskeletal tissue
engineering: regional gene therapy for bone repair. Biomaterials 275, 120901. doi:10.
1016/j.biomaterials.2021.120901

Cui, L., Zhang, J., Zou, J., Yang, X., Guo, H., Tian, H., et al. (2020). Electroactive
composite scaffold with locally expressed osteoinductive factor for synergistic bone

repair upon electrical stimulation. Biomaterials 230, 119617. doi:10.1016/j.biomaterials.
2019.119617

Cui, X,, Huang, C., Chen, Z., Zhang, M., Liu, C., Su, K, et al. (2021). Hyaluronic acid
facilitates bone repair effects of calcium phosphate cement by accelerating osteogenic
expression. Bioact. Mater 6 (11), 3801-3811. doi:10.1016/j.bioactmat.2021.03.028

Cui, S., Zhang, S., and Coseri, S. (2023). An injectable and self-healing cellulose
nanofiber-reinforced alginate hydrogel for bone repair. Carbohydr. Polym. 300, 120243.
doi:10.1016/j.carbpol.2022.120243

frontiersin.org


https://doi.org/10.1186/s13036-020-0227-7
https://doi.org/10.1016/j.jsamd.2020.01.007
https://doi.org/10.1016/j.jsamd.2020.01.007
https://doi.org/10.3390/ijms231810975
https://doi.org/10.1002/adfm.201304186
https://doi.org/10.1002/adfm.201304186
https://doi.org/10.1007/s10965-024-03947-z
https://doi.org/10.1007/s10965-024-03947-z
https://doi.org/10.1080/00405000.2024.2329433
https://doi.org/10.1080/00405000.2024.2329433
https://doi.org/10.1016/j.ajps.2020.10.001
https://doi.org/10.1016/j.ajps.2020.10.001
https://doi.org/10.3390/polym17091287
https://doi.org/10.3390/bioengineering11030259
https://doi.org/10.1016/j.matchemphys.2019.122528
https://doi.org/10.1016/j.ijpharm.2020.119594
https://doi.org/10.1016/j.addma.2021.102177
https://doi.org/10.1016/j.addma.2021.102177
https://doi.org/10.1002/jbm.b.34348
https://doi.org/10.1016/j.actbio.2016.06.033
https://doi.org/10.1007/s11914-020-00606-2
https://doi.org/10.1016/j.pmatsci.2022.101053
https://doi.org/10.1038/nmat4561
https://doi.org/10.1016/j.bioadv.2025.214540
https://doi.org/10.1016/j.ces.2015.12.030
https://doi.org/10.1002/adhm.202000724
https://doi.org/10.1016/j.msec.2020.111148
https://doi.org/10.1016/j.bioactmat.2023.06.006
https://doi.org/10.1186/s40824-023-00407-5
https://doi.org/10.1002/adhm.202303600
https://doi.org/10.1016/j.carbpol.2024.122174
https://doi.org/10.1016/j.biomaterials.2021.120901
https://doi.org/10.1016/j.biomaterials.2021.120901
https://doi.org/10.1016/j.biomaterials.2019.119617
https://doi.org/10.1016/j.biomaterials.2019.119617
https://doi.org/10.1016/j.bioactmat.2021.03.028
https://doi.org/10.1016/j.carbpol.2022.120243
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1707406

Tang et al.

Daliri, S. F., Karimi, E., and Saburi, E. (2024). Electrospun PCL/Fibrin scaffold as a
bone implant improved the differentiation of human adipose-derived mesenchymal
stem cells into osteo-like cells. Int. J. Polym. Mater. 73 (1), 71-78. d0i:10.1080/00914037.
2022.2124253

Daly, A. C,, Prendergast, M. E., Hughes, A. ], and Burdick, J. A. (2021). Bioprinting
for the biologist. Cell 184 (1), 18-32. doi:10.1016/j.cell.2020.12.002

Dash, M., Chiellini, F., Ottenbrite, R. M., and Chiellini, E. (2011). Chitosan—A
versatile semi-synthetic polymer in biomedical applications. Prog. Polym. Sci. 36 (8),
981-1014. doi:10.1016/j.progpolymsci.2011.02.001

Deering, J., Mahmoud, D., Rier, E,, Lin, Y., Do Nascimento Pereira, A. C,, Titotto, S.,
et al. (2023). Osseointegration of functionally graded Ti6Al4V porous implants:
histology of the pore network. Biomater. Adv. 155, 213697. doi:10.1016/j.bioadv.
2023.213697

Del-Mazo-Barbara, L., Gomez-Cuyas, J., Martinez-Orozco, L., Santana, P. O., Bou-
Petit, E., and Ginebra, M. (2024). In vitro degradation of 3D-printed
polycaprolactone\biomimetic hydroxyapatite scaffolds: Imiact of the sterilization
method. Polym. Test. 139, 108566. doi:10.1016/j.polymertesting.2024.108566

Demir-Oguz, O., Boccaccini, A. R, and Loca, D. (2023). Injectable bone cements:
what benefits the combination of calcium phosphates and bioactive glasses could bring?
Bioact. Mater 19, 217-236. doi:10.1016/j.bioactmat.2022.04.007

Do, A. V., Khorsand, B., Geary, S. M., and Salem, A. K. (2015). 3D printing of scaffolds
for tissue regeneration applications. Adv. Healthc. Mater 4 (12), 1742-1762. doi:10.
1002/adhm.201500168

Dong, R., Kang, M., Qu, Y., Hou, T., Zhao, J., and Cheng, X. (2025). Incorporating
hydrogel (with low polymeric content) into 3D-Printed PLGA scaffolds for local and
sustained release of BMP2 in repairing large segmental bone defects. Adv. Healthc.
Mater 14 (2), €2403613. doi:10.1002/adhm.202403613

Du, X., Wei, D., Huang, L., Zhu, M., Zhang, Y., and Zhu, Y. (2019). 3D printing of
mesoporous bioactive glass/silk fibroin composite scaffolds for bone tissue engineering.
Mater Sci. Eng. C Mater Biol. Appl. 103, 109731. doi:10.1016/j.msec.2019.05.016

Ellermann, E., Meyer, N., Cameron, R. E., and Best, S. M. (2023). In vitro angiogenesis
in response to biomaterial properties for bone tissue engineering: a review of the state of
the art. Regen. Biomater. 10, rbad027. doi:10.1093/rb/rbad027

Fan, L., Chen, S., Yang, M., Liu, Y., and Liu, J. (2024). Metallic materials for bone
repair. Adv. Healthc. Mater 13 (3), €2302132. doi:10.1002/adhm.202302132

Farah, S., Anderson, D. G., and Langer, R. (2016). Physical and mechanical properties
of PLA, and their functions in widespread applications - a comprehensive review. Adv.
Drug Deliv. Rev. 107, 367-392. doi:10.1016/j.addr.2016.06.012

Feldman, A., Assad, M., Davies, M. B., Mangwani, J., Alabort, E., and Tuncer, M.
(2024). Cortico-cancellous osseointegration into additively manufactured titanium
implants using a load-bearing femoral ovine model. Front. Bioeng. Biotechnol. 12,
1371693. doi:10.3389/fbioe.2024.1371693

Feng, P., Shen, S., Shuai, Y., Peng, S., Shuai, C., and Chen, S. (2023). PLLA grafting
draws GO from PGA phase to the interface in PLLA/PGA bone scaffold owing
enhanced interfacial interaction. Sustain. Mater. Technol. 35, €00566. doi:10.1016/j.
susmat.2023.e00566

Ferreira, A. M., Gentile, P., Chiono, V., and Ciardelli, G. (2012). Collagen for bone
tissue regeneration. Acta Biomater. 8 (9), 3191-3200. doi:10.1016/j.actbio.2012.06.014

Freeman, S., Calabro, S., Williams, R., Jin, S., and Ye, K. (2022). Bioink formulation
and machine learning-empowered bioprinting optimization. Front. Bioeng. Biotechnol.
10, 913579. doi:10.3389/fbioe.2022.913579

Garimella, A., Ghosh, S. B., and Bandyopadhyay-Ghosh, S. (2024). Biomaterials for
bone tissue engineering: achievements to date and future directions. Biomed. Mater.
(Bristol) 20 (1), 012001. doi:10.1088/1748-605X/ad967¢

Garot, C,, Schoffit, S., Monfoulet, C., Machillot, P., Deroy, C., Roques, S., et al. (2023).
3D-Printed osteoinductive polymeric scaffolds with optimized architecture to repair a
sheep metatarsal critical-size bone defect. Adv. Healthc. Mater 12 (30), €2301692. doi:10.
1002/adhm.202301692

Gelse, K., Poschl, E., and Aigner, T. (2003). Collagens--structure, function, and
biosynthesis. Adv. Drug Deliv. Rev. 55 (12), 1531-1546. doi:10.1016/j.addr.2003.08.002

Genoud, K. J., Sadowska, J. M., Power, R. N, Costard, L. S., Ryan, E. J., Matherson, A.
R, et al. (2025). Collagen silver-doped hydroxyapatite scaffolds reinforced with 3D
printed frameworks for infection prevention and enhanced repair of load-bearing bone
defects. Biofabrication 17 (2), 025010. doi:10.1088/1758-5090/adaf59

Giannitelli, S. M., Mozetic, P., Trombetta, M., and Rainer, A. (2015). Combined
additive manufacturing approaches in tissue engineering. Acta Biomater. 24, 1-11.
doi:10.1016/j.actbio.2015.06.032

Gladman, A. S., Matsumoto, E. A., Nuzzo, R. G., Mahadevan, L., and Lewis, J. A.
(2016). Biomimetic 4D printing. Nat. Mater 15 (4), 413-418. doi:10.1038/nmat4544

Golzar, H., Mohammadrezaei, D., Yadegari, A., Rasoulianboroujeni, M., Hashemi,
M., Omidi, M., et al. (2020). Incorporation of functionalized reduced graphene oxide/
magnesium nanohybrid to enhance the osteoinductivity capability of 3D printed
calcium phosphate-based scaffolds. Compos. Part B Eng. 185, 107749. doi:10.1016/j.
compositesb.2020.107749

Frontiers in Bioengineering and Biotechnology

19

10.3389/fbioe.2025.1707406

Guo, S., Yu, D,, Xiao, X,, Liu, W.,, Wu, Z,, Shi, L., et al. (2020). A vessel subtype
beneficial for osteogenesis enhanced by strontium-doped sodium titanate nanorods by
modulating macrophage polarization. J. Mater Chem. B 8 (28), 6048-6058. doi:10.1039/
dotb00282h

Guo, L., Chen, H,, Li, Y., Zhou, J., and Chen, J. (2023). Biocompatible scaffolds
constructed by chondroitin sulfate microspheres conjugated 3D-printed frameworks for
bone repair. Carbohydr. Polym. 299, 120188. doi:10.1016/j.carbpol.2022.120188

Guo, W, Bu, W,, Mao, Y., Wang, E,, Yang, Y., Liu, C, et al. (2024). Magnesium
hydroxide as a versatile nanofiller for 3D-Printed PLA bone scaffolds. Polym. (Basel) 16
(2), 198. doi:10.3390/polym16020198

Guzzi, E. A, and Tibbitt, M. W. (2020). Additive manufacturing of precision
biomaterials. Adv. Mater 32 (13), €1901994. doi:10.1002/adma.201901994

Han, Y., Dal-Fabbro, R., Mahmoud, A. H,, Rahimnejad, M., Xu, J., Castilho, M., et al.
(2024). GeMA/TCP nanocomposite scaffold for vital pulp therapy. Acta Biomater. 173,
495-508. doi:10.1016/j.actbio.2023.11.005

Hashemi, S., Enderami, S. E., Barzegar, A., and Mansour, R. N. (2024). Differentiation
of Wharton’s jelly-derived mesenchymal stem cells into insulin-producing beta cells
with the enhanced functional level on electrospun PRP-PVP-PCL/PCL fiber scaffold.
Tissue Cell 87, 102318. doi:10.1016/j.tice.2024.102318

He, P., Zhao, Y., Wang, B, Liu, G., Zhang, L., Li, M,, et al. (2024). A biodegradable
magnesium phosphate cement incorporating chitosan and rhBMP-2 designed for bone
defect repair. J. Orthop. Transl. 49, 167-180. doi:10.1016/j.jot.2024.08.004

He, W,, Li, C, Zhao, S., Li, Z, Wu, J,, Li, J,, et al. (2024). Integrating coaxial
electrospinning and 3D printing technologies for the development of biphasic porous
scaffolds enabling spatiotemporal control in tumor ablation and osteochondral
regeneration. Bioact. Mater 34, 338-353. doi:10.1016/j.bioactmat.2023.124020

Heid, S., and Boccaccini, A. R. (2020). Advancing bioinks for 3D bioprinting using
reactive fillers: a review. Acta Biomater. 113, 1-22. doi:10.1016/j.actbio.2020.06.040

Hollister, S. J. (2005). Porous scaffold design for tissue engineering. Nat. Mater 4 (7),
518-524. doi:10.1038/nmat1421

Hoveidaei, A. H., Sadat-Shojai, M., Nabavizadeh, S. S., Niakan, R., Shirinezhad, A.,
MosalamiAghili, S., et al. (2025). Clinical challenges in bone tissue engineering - a
narrative review. Bone 192, 117363. doi:10.1016/j.bone.2024.117363

Hu, X, Su, Y., Ma, H,, Zhu, J.,, Cheng, Y. Y., Li, W,, et al. (2024). Culturing 3D
chitosan/gelatin/nano-hydroxyapatite and bone-derived scaffolds in a dynamic
environment enhances osteochondral reconstruction. Int. J. Biol. Macromol. 283 (4),
137892. doi:10.1016/j.ijbiomac.2024.137892

Hu, X, Chen, J., Yang, S., Zhang, Z., Wu, H., He, J., et al. (2024). 3D printed
multifunctional biomimetic bone scaffold combined with TP-Mg nanoparticles for the
infectious bone defects repair. Small 20 (40), €2403681. doi:10.1002/smll.202403681

Huang, D., Zhao, F., Gao, W., Chen, X,, Guo, Z., and Zhang, W. (2020). Strontium-
substituted sub-micron bioactive glasses inhibit ostoclastogenesis through suppression
of RANKL-Induced signaling pathway. Regen. Biomater. 7 (3), 303-311. doi:10.1093/rb/
rbaa004

Huang, H., Qiang, L., Fan, M., Liu, Y., Yang, A., Chang, D, et al. (2024). 3D-printed
tri-element-doped  hydroxyapatite/polycaprolactone  composite ~ scaffolds ~ with
antibacterial potential for osteosarcoma therapy and bone regeneration. Bioact.
Mater 31, 18-37. doi:10.1016/j.bioactmat.2023.07.004

Huang, B, Li, S., Dai, S., Lu, X., Wang, P., Li, X,, et al. (2024). Ti(3)C(2)T(x) MXene-
Decorated 3D-Printed ceramic scaffolds for enhancing osteogenesis by
spatiotemporally orchestrating inflammatory and bone repair responses. Adv. Sci.
(Weinh) 11 (34), €2400229. doi:10.1002/advs.202400229

Hussey, G. S., Dziki, J. L., and Badylak, S. F. (2018). Extracellular matrix-based
materials for regenerative medicine. Nat. Rev. Mater. 3 (7), 159-173. doi:10.1038/
s41578-018-0023-x

Hwang, H. S., and Lee, C. S. (2023). Recent progress in hyaluronic-acid-based
hydrogels for bone tissue engineering. Gels 9 (7), 588. doi:10.3390/gels9070588

Islam, M. M., Shahruzzaman, M., Biswas, S., Nurus, S. M., and Rashid, T. U. (2020).
Chitosan based bioactive materials in tissue engineering applications-A review. Bioact.
Mater 5 (1), 164-183. doi:10.1016/j.bioactmat.2020.01.012

Jamee, R., Araf, Y., Naser, I. B., and Promon, S. K. (2021). The promising rise of
bioprinting in revolutionalizing medical science: advances and possibilities. Regen. Ther.
18, 133-145. doi:10.1016/j.reth.2021.05.006

Janmohammadi, M., Nazemi, Z., Salehi, A., Seyfoori, A., John, J. V., Nourbakhsh, M.
S., et al. (2023). Cellulose-based composite scaffolds for bone tissue engineering and
localized drug delivery. Bioact. Mater 20, 137-163. doi:10.1016/j.bioactmat.2022.05.018

Jasser, R. A., AlSubaie, A., and AlShehri, F. (2021). Effectiveness of beta-tricalcium
phosphate in comparison with other materials in treating periodontal infra-bony defects
around natural teeth: a systematic review and meta-analysis. BMC Oral Health 21 (1),
219. doi:10.1186/s12903-021-01570-8

Jeon, O, Song, S.]., Lee, K., Park, M. H,, Lee, S., Hahn, S. K,, et al. (2007). Mechanical
properties and degradation behaviors of hyaluronic acid hydrogels cross-linked at
various cross-linking densities. Carbohydr. Polym. 70 (3), 251-257. doi:10.1016/j.
carbpol.2007.04.002

frontiersin.org


https://doi.org/10.1080/00914037.2022.2124253
https://doi.org/10.1080/00914037.2022.2124253
https://doi.org/10.1016/j.cell.2020.12.002
https://doi.org/10.1016/j.progpolymsci.2011.02.001
https://doi.org/10.1016/j.bioadv.2023.213697
https://doi.org/10.1016/j.bioadv.2023.213697
https://doi.org/10.1016/j.polymertesting.2024.108566
https://doi.org/10.1016/j.bioactmat.2022.04.007
https://doi.org/10.1002/adhm.201500168
https://doi.org/10.1002/adhm.201500168
https://doi.org/10.1002/adhm.202403613
https://doi.org/10.1016/j.msec.2019.05.016
https://doi.org/10.1093/rb/rbad027
https://doi.org/10.1002/adhm.202302132
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.3389/fbioe.2024.1371693
https://doi.org/10.1016/j.susmat.2023.e00566
https://doi.org/10.1016/j.susmat.2023.e00566
https://doi.org/10.1016/j.actbio.2012.06.014
https://doi.org/10.3389/fbioe.2022.913579
https://doi.org/10.1088/1748-605X/ad967c
https://doi.org/10.1002/adhm.202301692
https://doi.org/10.1002/adhm.202301692
https://doi.org/10.1016/j.addr.2003.08.002
https://doi.org/10.1088/1758-5090/adaf59
https://doi.org/10.1016/j.actbio.2015.06.032
https://doi.org/10.1038/nmat4544
https://doi.org/10.1016/j.compositesb.2020.107749
https://doi.org/10.1016/j.compositesb.2020.107749
https://doi.org/10.1039/d0tb00282h
https://doi.org/10.1039/d0tb00282h
https://doi.org/10.1016/j.carbpol.2022.120188
https://doi.org/10.3390/polym16020198
https://doi.org/10.1002/adma.201901994
https://doi.org/10.1016/j.actbio.2023.11.005
https://doi.org/10.1016/j.tice.2024.102318
https://doi.org/10.1016/j.jot.2024.08.004
https://doi.org/10.1016/j.bioactmat.2023.12.020
https://doi.org/10.1016/j.actbio.2020.06.040
https://doi.org/10.1038/nmat1421
https://doi.org/10.1016/j.bone.2024.117363
https://doi.org/10.1016/j.ijbiomac.2024.137892
https://doi.org/10.1002/smll.202403681
https://doi.org/10.1093/rb/rbaa004
https://doi.org/10.1093/rb/rbaa004
https://doi.org/10.1016/j.bioactmat.2023.07.004
https://doi.org/10.1002/advs.202400229
https://doi.org/10.1038/s41578-018-0023-x
https://doi.org/10.1038/s41578-018-0023-x
https://doi.org/10.3390/gels9070588
https://doi.org/10.1016/j.bioactmat.2020.01.012
https://doi.org/10.1016/j.reth.2021.05.006
https://doi.org/10.1016/j.bioactmat.2022.05.018
https://doi.org/10.1186/s12903-021-01570-8
https://doi.org/10.1016/j.carbpol.2007.04.002
https://doi.org/10.1016/j.carbpol.2007.04.002
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1707406

Tang et al.

Jiang, Y., Yuan, Z., and Huang, J. (2020). Substituted hydroxyapatite: a recent
development. Mater. Technol. (New York, N.Y.) 35 (11-12), 785-796. doi:10.1080/
10667857.2019.1664096

Jugdaohsingh, R., Calomme, M. R., Robinson, K., Nielsen, F., Anderson, S. H.,
D’Haese, P., et al. (2008). Increased longitudinal growth in rats on a silicon-depleted
diet. Bone 43 (3), 596-606. doi:10.1016/j.bone.2008.04.014

Kamboj, N, Piili, H., Ganvir, A., Gopaluni, A., Nayak, C., Moritz, N., et al. (2023).
Bioinert ceramics scaffolds for bone tissue engineering by laser-based powder bed
fusion: a preliminary review. IOP Conf. Ser. Mater. Sci. Eng. 1296 (1), 012022. doi:10.
1088/1757-899X/1296/1/012022

Ke, R. M. A,, Liang, Z. L., Chen, L., Tu, X. A, A, B.L. K. M., and Wu, Y. Q. (2024). 3D
printed PLGA scaffold with nano-hydroxyapatite carrying linezolid for treatment of
infected bone defects. Biomed. Pharmacother. 172, 116228. doi:10.1016/j.biopha.2024.
116228

Kikuchi, M., Ikoma, T., Itoh, S., Matsumoto, H. N., Koyama, Y., Takakuda, K., et al.
(2004). Biomimetic synthesis of bone-like nanocomposites using the self-organization
mechanism of hydroxyapatite and collagen. Compos. Sci. Technol. 64 (6), 819-825.
doi:10.1016/j.compscitech.2003.09.002

Kirillova, A., Yeazel, T. R, Asheghali, D., Petersen, S. R,, Dort, S., Gall, K., et al. (2021).
Fabrication of biomedical scaffolds using biodegradable polymers. Chem. Rev. 121 (18),
11238-11304. doi:10.1021/acs.chemrev.0c01200

Klemm, D., Kramer, F., Moritz, S., Lindstrom, T., Ankerfors, M., Gray, D., et al.
(2011). Nanocelluloses: a new family of nature-based materials. Angew. Chem. Int. Ed.
Engl. 50 (24), 5438-5466. doi:10.1002/anie.201001273

Koons, G. L., Diba, M., and Mikos, A. G. (2020). Materials design for bone-tissue
engineering. Nat. Rev. Mater. 5 (8), 584-603. d0i:10.1038/s41578-020-0204-2

Kravanja, K. A., and Finggar, M. (2022). A review of techniques for the application of
bioactive coatings on metal-based implants to achieve controlled release of active
ingredients. Mater. & Des. 217, 110653. doi:10.1016/j.matdes.2022.110653

Kuttappan, S., Mathew, D., and Nair, M. B. (2016). Biomimetic composite scaffolds
containing bioceramics and collagen/gelatin for bone tissue engineering - a mini review.
Int. J. Biol. Macromol. 93 (1), 1390-1401. doi:10.1016/j.ijbiomac.2016.06.043

Lai, J., Liu, Y., Lu, G, Yung, P., Wang, X, Tuan, R. S, et al. (2024). 4D bioprinting of
programmed dynamic tissues. Bioact. Mater 37, 348-377. doi:10.1016/j.bioactmat.2024.
03.033

Lee, K. Y., and Mooney, D. J. (2012). Alginate: properties and biomedical applications.
Prog. Polym. Sci. 37 (1), 106-126. doi:10.1016/j.progpolymsci.2011.06.003

Lee, D. K, Ki, M. R, Kim, E. H,, Park, C. J,, Ryu, J. J,, Jang, H. S,, et al. (2021).
Biosilicated collagen/beta-tricalcium phosphate composites as a BMP-2-delivering
bone-graft substitute for accelerated craniofacial bone regeneration. Biomater Res.
25 (01), 13. doi:10.1186/s40824-021-00214-w

Lee, S., Kim, J. H,, Kim, Y. H., Hong, J., Kim, W. K,, Jin, S., et al. (2024). Sustained
BMP-2 delivery via alginate microbeads and polydopamine-coated 3D-Printed PCL/B-
TCP scaffold enhances bone regeneration in long bone segmental defects.
J. Orthop. Transl. 49, 11-22. doi:10.1016/j.jot.2024.08.013

Li, C, Sun, F., Tian, J,, Li, J., Sun, H., Zhang, Y, et al. (2023). Continuously released
Zn2+ in 3D-printed PLGA/B-TCP/Zn scaffolds for bone defect repair by improving
osteoinductive and anti-inflammatory properties. Bioact. Mater. 24, 361-375. doi:10.
1016/j.bioactmat.2022.12.015

Li, J., Wu, C,, Chu, P. K., and Gelinsky, M. (2020). 3D printing of hydrogels: rational
design strategies and emerging biomedical applications. Mater. Sci. Eng. R Rep. 140,
100543. doi:10.1016/j.mser.2020.100543

Li, ], Wang, C,, Gao, G,, Yin, X, Pu, X,, Shi, B, et al. (2022). MBG/PGA-PCL
composite scaffolds provide highly tunable degradation and osteogenic features. Bioact.
Mater 15, 53-67. doi:10.1016/j.bioactmat.2021.11.034

Li, Z, 14, S, Yang, J.,, Ha, Y., Zhang, Q., Zhou, X, et al. (2022). 3D bioprinted gelatin/
gellan gum-based scaffold with double-crosslinking network for vascularized bone
regeneration. Carbohydr. Polym. 290, 119469. doi:10.1016/j.carbpol.2022.119469

Li, Z., Ur, R. L, Shepherd, R,, and Douglas, T. (2024). Generation of pearl/calcium
phosphate composite particles and their integration into porous chitosan scaffolds for
bone regeneration. J. Funct. Biomater. 15 (3), 55. doi:10.3390/jfb15030055

Li, R, Zhu, Z., Zhang, B., Jiang, T., Zhu, C., Mei, P., et al. (2024). Manganese enhances
the osteogenic effect of silicon-hydroxyapatite nanowires by targeting T lymphocyte
polarization. Adv. Sci. (Weinh) 11 (4), €2305890. doi:10.1002/advs.202305890

Li, G, Gao, F, Yang, D,, Lin, L., Yu, W., Tang, J., et al. (2024). ECM-Mimicking
composite hydrogel for accelerated vascularized bone regeneration. Bioact. Mater 42,
241-256. doi:10.1016/j.bioactmat.2024.08.035

Li, X, Si, Y., Liang, J., Li, M., Wang, Z., Qin, Y., et al. (2024). Enhancing bone
regeneration and immunomodulation via gelatin methacryloyl hydrogel-encapsulated
exosomes from osteogenic pre-differentiated mesenchymal stem cells. J. Colloid
Interface Sci. 672, 179-199. doi:10.1016/j.jcis.2024.05.209

Li, C., Zhang, W., Nie, Y., Du, X, Huang, C,, Li, L., et al. (2024). Time-sequential and
multi-functional 3D printed MgO(2)/PLGA scaffold developed as a novel biodegradable
and bioactive bone substitute for challenging postsurgical osteosarcoma treatment. Adv.
Mater 36 (34), €2308875. doi:10.1002/adma.202308875

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2025.1707406

Li, Y., Li, X, Zhuy, L,, Liu, T., and Huang, L. (2025). Chitosan-based biomaterials for
bone tissue engineering. Int. J. Biol. Macromol. 304 (2), 140923. doi:10.1016/j.ijbiomac.
2025.140923

Li, X,, Sun, S., Wang, X., and Dong, W. (2023). Polyester polymer scaffold-based
therapeutics for osteochondral repair. J. Drug Deliv. Sci. Technol. 90, 105116. doi:10.
1016/j.jddst.2023.105116

Lin, S., Yang, G,, Jiang, F., Zhou, M., Yin, S., Tang, Y., et al. (2019). A magnesium-
enriched 3D culture system that mimics the bone development microenvironment for
vascularized bone regeneration. Adv. Sci. (Weinh) 6 (12), 1900209. doi:10.1002/advs.
201900209

Lin, Z., Shen, D., Zhou, W., Zheng, Y., Kong, T, Liu, X,, et al. (2021). Regulation of
extracellular bioactive cations in bone tissue microenvironment induces favorable
osteoimmune conditions to accelerate in situ bone regeneration. Bioact. Mater 6 (8),
2315-2330. doi:10.1016/j.bioactmat.2021.01.018

Liu, W., Wang, D., Huang, J., Wei, Y., Xiong, J., Zhu, W,, et al. (2017). Low-
temperature deposition manufacturing: a novel and promising rapid prototyping
technology for the fabrication of tissue-engineered scaffold. Mater Sci. Eng. C Mater
Biol. Appl. 70 (2), 976-982. doi:10.1016/j.msec.2016.04.014

Liu, B, Li, J., Lei, X., Cheng, P., Song, Y., Gao, Y., et al. (2020). 3D-bioprinted
functional and biomimetic hydrogel scaffolds incorporated with nanosilicates to
promote bone healing in rat calvarial defect model. Mater Sci. Eng. C Mater Biol.
Appl. 112, 110905. doi:10.1016/j.msec.2020.110905

Liu, D,, Liu, J., Zhao, P., Peng, Z., Geng, Z., Zhang, J., et al. (2024). 3D bioprinted
tissue-engineered bone with enhanced mechanical strength and bioactivities:
accelerating bone defect repair through sequential immunomodulatory properties.
Adv. Healthc. Mater 13 (30), €2401919. doi:10.1002/adhm.202401919

Liu, X,, Hu, H,, Ma, J., and Wang, B. (2025). Mineralized cellulose nanofibers
reinforced  bioactive hydrogel remodels the osteogenic and angiogenic
microenvironment for enhancing bone regeneration. Carbohydr. Polym. 357,
123480. doi:10.1016/j.carbpol.2025.123480

Long, J., Yao, Z., Zhang, W, Liu, B., Chen, K, Li, L., et al. (2023). Regulation of
osteoimmune microenvironment and osteogenesis by 3D-Printed PLAG/black
phosphorus scaffolds for bone regeneration. Adv. Sci. (Weinh) 10 (28), €2302539.
doi:10.1002/advs.202302539

Lu, T, Li, G., Zhang, L., Yuan, X., Wu, T., and Ye, J. (2024). Optimizing silicon doping
levels for enhanced osteogenic and angiogenic properties of 3D-printed biphasic
calcium phosphate scaffolds: an in vitro screening and in vivo validation study.
Mater. Today Bio 28, 101203. doi:10.1016/j.mtbi0.2024.101203

Luo, Q,, Yang, Y., Ho, C,, Li, Z.,, Chiu, W,, Li, A,, et al. (2024). Dynamic hydrogel-
metal-organic framework system promotes bone regeneration in periodontitis through
controlled drug delivery. J. Nanobiotechnology 22 (1), 287. doi:10.1186/s12951-024-
02555-9

Ma, H,, Feng, C., Chang, J., and Wu, C. (2018). 3D-printed bioceramic scaffolds: from
bone tissue engineering to tumor therapy. Acta Biomater. 79, 37-59. doi:10.1016/j.
actbio.2018.08.026

Ma, Y., Zhang, C., Wang, Y., Zhang, L., Zhang, J., Shi, J., et al. (2021). Direct three-
dimensional printing of a highly customized freestanding hyperelastic bioscaffold for
complex craniomaxillofacial reconstruction. Chem. Eng. J. 411, 128541. doi:10.1016/j.
cej.2021.128541

Ma, T., Guan, Y., Zhang, Y., Feng, J., Yang, Y., Chen, J,, et al. (2024). Repairing effect
of magnesium oxychloride cement modified by gamma-polyglutamic acid and chitosan
in osteoporotic bone defect. Int. J. Biol. Macromol. 283 (1), 137426. doi:10.1016/).
ijbiomac.2024.137426

Ma, Y., Su, H,, Li, W., Mao, S., Feng, Z., Qiu, Y., et al. (2024). The hyaluronic acid-

gelatin hierarchical hydrogel for osteoporotic bone defect repairment. Int. J. Biol.
Macromol. 276 (1), 133821. doi:10.1016/j.ijbiomac.2024.133821

MacDonald, E., and Wicker, R. (2016). Multiprocess 3D printing for increasing
component functionality. Science 353 (6307), aaf2093. doi:10.1126/science.aaf2093

Mao, J., Sun, Z., Wang, S., Bi, ], Xue, L., Wang, L., et al. (2024). Multifunctional bionic
periosteum with ion sustained-release for bone regeneration. Adv. Sci. (Weinh) 11 (39),
€2403976. doi:10.1002/advs.202403976

Maresca, J. A., DeMel, D. C., Wagner, G. A., Haase, C., and Geibel, J. P. (2023). Three-
dimensional bioprinting applications for bone tissue engineering. Cells 12 (9), 1230.
doi:10.3390/cells12091230

Miao, Q., Yang, X,, Diao, J., Ding, H., Wu, Y., Ren, X,, et al. (2023). 3D printed
strontium-doped calcium phosphate ceramic scaffold enhances early angiogenesis and

promotes bone repair through the regulation of macrophage polarization. Mater Today
Bio 23, 100871. doi:10.1016/j.mtbio.2023.100871

Murphy, S. V., and Atala, A. (2014). 3D bioprinting of tissues and organs. Nat.
Biotechnol. 32 (8), 773-785. doi:10.1038/nbt.2958

Nielsen, F. H. (2009). Micronutrients in parenteral nutrition: boron, silicon, and
fluoride. Gastroenterology 137 (5), S55-S60. doi:10.1053/j.gastro.2009.07.072

Parodi, I, Di Lisa, D., Pastorino, L., Scaglione, S., and Fato, M. M. (2023). 3D
bioprinting as a powerful technique for recreating the tumor microenvironment. Gels 9
(6), 482. doi:10.3390/gels9060482

frontiersin.org


https://doi.org/10.1080/10667857.2019.1664096
https://doi.org/10.1080/10667857.2019.1664096
https://doi.org/10.1016/j.bone.2008.04.014
https://doi.org/10.1088/1757-899X/1296/1/012022
https://doi.org/10.1088/1757-899X/1296/1/012022
https://doi.org/10.1016/j.biopha.2024.116228
https://doi.org/10.1016/j.biopha.2024.116228
https://doi.org/10.1016/j.compscitech.2003.09.002
https://doi.org/10.1021/acs.chemrev.0c01200
https://doi.org/10.1002/anie.201001273
https://doi.org/10.1038/s41578-020-0204-2
https://doi.org/10.1016/j.matdes.2022.110653
https://doi.org/10.1016/j.ijbiomac.2016.06.043
https://doi.org/10.1016/j.bioactmat.2024.03.033
https://doi.org/10.1016/j.bioactmat.2024.03.033
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1186/s40824-021-00214-w
https://doi.org/10.1016/j.jot.2024.08.013
https://doi.org/10.1016/j.bioactmat.2022.12.015
https://doi.org/10.1016/j.bioactmat.2022.12.015
https://doi.org/10.1016/j.mser.2020.100543
https://doi.org/10.1016/j.bioactmat.2021.11.034
https://doi.org/10.1016/j.carbpol.2022.119469
https://doi.org/10.3390/jfb15030055
https://doi.org/10.1002/advs.202305890
https://doi.org/10.1016/j.bioactmat.2024.08.035
https://doi.org/10.1016/j.jcis.2024.05.209
https://doi.org/10.1002/adma.202308875
https://doi.org/10.1016/j.ijbiomac.2025.140923
https://doi.org/10.1016/j.ijbiomac.2025.140923
https://doi.org/10.1016/j.jddst.2023.105116
https://doi.org/10.1016/j.jddst.2023.105116
https://doi.org/10.1002/advs.201900209
https://doi.org/10.1002/advs.201900209
https://doi.org/10.1016/j.bioactmat.2021.01.018
https://doi.org/10.1016/j.msec.2016.04.014
https://doi.org/10.1016/j.msec.2020.110905
https://doi.org/10.1002/adhm.202401919
https://doi.org/10.1016/j.carbpol.2025.123480
https://doi.org/10.1002/advs.202302539
https://doi.org/10.1016/j.mtbio.2024.101203
https://doi.org/10.1186/s12951-024-02555-9
https://doi.org/10.1186/s12951-024-02555-9
https://doi.org/10.1016/j.actbio.2018.08.026
https://doi.org/10.1016/j.actbio.2018.08.026
https://doi.org/10.1016/j.cej.2021.128541
https://doi.org/10.1016/j.cej.2021.128541
https://doi.org/10.1016/j.ijbiomac.2024.137426
https://doi.org/10.1016/j.ijbiomac.2024.137426
https://doi.org/10.1016/j.ijbiomac.2024.133821
https://doi.org/10.1126/science.aaf2093
https://doi.org/10.1002/advs.202403976
https://doi.org/10.3390/cells12091230
https://doi.org/10.1016/j.mtbio.2023.100871
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1053/j.gastro.2009.07.072
https://doi.org/10.3390/gels9060482
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1707406

Tang et al.

Peng, Y., Zhuang, Y., Liu, Y., Le, H,, Li, D., Zhang, M., et al. (2023). Bioinspired
gradient scaffolds for osteochondral tissue engineering. Explor. (Beijing) 3 (4),
20210043. doi:10.1002/EXP.20210043

Piatti, E., Miola, M., and Verne, E. (2024). Tailoring of bioactive glass and glass-
ceramics properties for in vitro and in vivo response optimization: a review. Biomater.
Sci. 12 (18), 4546-4589. doi:10.1039/d3bm01574b

Picado-Tejero, D., Mendoza-Cerezo, L., Rodriguez-Rego, J. M., Carrasco-Amador,
J. P., and Marcos-Romero, A. C. (2025). Recent advances in 3D bioprinting of porous
scaffolds for tissue engineering: a narrative and critical review. J. Funct. Biomater. 16 (9),
328. doi:10.3390/jfb16090328

Pourhajrezaei, S., Abbas, Z., Khalili, M. A., Madineh, H., Jooya, H., Babaeizad, A., et al.
(2024). Bioactive polymers: a comprehensive review on bone grafting biomaterials. Int.
J. Biol. Macromol. 278 (Pt 2), 134615. doi:10.1016/j.ijbiomac.2024.134615

Prendergast, M. E., and Burdick, J. A. (2020). Recent advances in enabling
technologies in 3D printing for precision medicine. Adv. Mater 32 (13), e1902516.
doi:10.1002/adma.201902516

Punj, S., Singh, J., and Singh, K. (2021). Ceramic biomaterials: properties, state of the
art and future prospectives. Ceram. Int. 47 (20), 28059-28074. doi:10.1016/j.ceramint.
2021.06.238

Qu, M., Wang, C., Zhou, X,, Libanori, A., Jiang, X., Xu, W., et al. (2021). Multi-
dimensional printing for bone tissue engineering. Adv. Healthc. Mater 10 (11),
€2001986. doi:10.1002/adhm.202001986

Quan, H., Zhang, T., Xu, H,, Luo, S., Nie, J., and Zhu, X. (2020). Photo-curing 3D
printing technique and its challenges. Bioact. Mater 5 (1), 110-115. doi:10.1016/j.
bioactmat.2019.12.003

Rahatuzzaman, M., Mahmud, M., Rahman, S., and Hoque, M. E. (2024). Design,
fabrication, and characterization of 3D-printed ABS and PLA scaffolds potentially for
tissue engineering. Results Eng. 21, 101685. doi:10.1016/j.rineng.2023.101685

Rahimnejad, M., Jahangiri, S., Zirak, H. K. S., Rezvaninejad, S., Ahmadi, Z., Ahmadi,
S., et al. (2024). Stimuli-responsive biomaterials: smart avenue toward 4D bioprinting.
Crit. Rev. Biotechnol. 44 (5), 860-891. doi:10.1080/07388551.2023.2213398

Reddy, M., Ponnamma, D., Choudhary, R., and Sadasivuni, K. K. (2021). A
comparative review of natural and synthetic biopolymer composite scaffolds. Polym.
(Basel) 13 (7), 1105. doi:10.3390/polym13071105

Ren, Y., Kong, W,, Liu, Y., Yang, X., Xu, X,, Qiang, L., et al. (2023). Photocurable 3D-
Printed PMBG/TCP scaffold coordinated with PTH (1-34) bidirectionally regulates
bone homeostasis to accelerate bone regeneration. Adv. Healthc. Mater 12 (25),
€2300292. doi:10.1002/adhm.202300292

Rinaudo, M. (2006). Chitin and chitosan: properties and applications. Prog. Polym.
Sci. 31 (7), 603-632. doi:10.1016/j.progpolymsci.2006.06.001

Rivera-Hernandez, G., Antunes-Ricardo, M., Martinez-Morales, P., and Sanchez, M.
L. (2021). Polyvinyl alcohol based-drug delivery systems for cancer treatment. Int.
J. Pharm. 600, 120478. doi:10.1016/j.ijpharm.2021.120478

Saadi, M., Maguire, A., Pottackal, N. T., Thakur, M., Ikram, M. M., Hart, A. ], et al.
(2022). Direct ink writing: a 3D printing technology for diverse materials. Adv. Mater.
34 (28), €2108855. doi:10.1002/adma.202108855

Sakarya, D., Zorlu, T., Yucel, S., Sahin, Y. M., and Ozarslan, A. C. (2024). Advanced
bioresin formulation for 3D-Printed bone scaffolds: PCLDMA and p-PLA integration.
Polym. (Basel) 16 (4), 534. doi:10.3390/polym16040534

Sanjarnia, P., Picchio, M. L., Polegre, S. A., Schuhladen, K., Fliss, P. M., Politakos, N.,
et al. (2024). Bringing innovative wound care polymer materials to the market:
challenges, developments, and new trends. Adv. Drug Deliv. Rev. 207, 115217.
doi:10.1016/j.addr.2024.115217

Sarker, M., Izadifar, M., Schreyer, D., and Chen, X. (2018). Influence of ionic
crosslinkers (Ca(2+)/Ba(2+)/Zn(2+)) on the mechanical and biological properties of
3D bioplotted hydrogel scaffolds. J. Biomater. Sci. Polym. Ed. 29 (10), 1126-1154. doi:10.
1080/09205063.2018.1433420

Schwab, A., Levato, R, D’Este, M., Piluso, S., Eglin, D., and Malda, J. (2020).
Printability and shape fidelity of bioinks in 3D bioprinting. Chem. Rev. 120 (19),
11028-11055. doi:10.1021/acs.chemrev.0c00084

Seunghun, L., Xiaoyu, D., Inseon, K., and Stephen, F. (2022). Scaffolds for bone-tissue
engineering. Matter 5 (9), 2722-2759. doi:10.1016/j.matt.2022.06.003

Shan, J., Cheng, L., Li, X,, Liu, W, Liu, Z,, Chai, Y., et al. (2025). End-tail soaking
strategy toward robust and biomimetic sandwich-layered hydrogels for full-thickness
bone regeneration. Bioact. Mater 49, 486-501. doi:10.1016/j.bioactmat.2025.02.045

Silva, A. V., Gomes, D., Victor, R. S., Santana, L., Neves, G. A., and Menezes, R. R.
(2023). Influence of strontium on the biological behavior of bioactive glasses for bone
regeneration. Mater. (Basel) 16 (24), 7654. doi:10.3390/ma16247654

Sorushanova, A., Delgado, L. M., Wu, Z., Shologu, N., Kshirsagar, A., Raghunath, R.,
et al. (2019). The collagen suprafamily: from biosynthesis to advanced biomaterial
development. Adv. Mater 31 (1), e1801651. doi:10.1002/adma.201801651

Stepankova, K., Ozaltin, K., Saha, P., Vargun, E., Domincova-Bergerova, E., Vesel, A.,
et al. (2024). Carboxymethylated and sulfated furcellaran from Furcellaria lumbricalis
and its immobilization on PLA scaffolds. Polym. (Basel) 16 (5), 720. doi:10.3390/
polym16050720

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2025.1707406

Sun, T., Wang, J., Huang, H.,, Liu, X., Zhang, J., Zhang, W, et al. (2023). Low-
temperature deposition manufacturing technology: a novel 3D printing method for
bone scaffolds. Front. Bioeng. Biotechnol. 11, 1222102. doi:10.3389/fbioe.2023.1222102

Swarupa, S., and Thareja, P. (2024). Techniques, applications and prospects of
polysaccharide and protein based biopolymer coatings: a review. Int. J. Biol.
Macromol. 266 (Pt 2), 131104. doi:10.1016/j.ijbiomac.2024.131104

Tan, H. W,, Choong, Y. Y. C, Kuo, C. N, Low, H. Y., and Chua, C. K. (2022). 3D
printed electronics: processes, materials and future trends. Prog. Mater. Sci. 127, 100945.
doi:10.1016/j.pmatsci.2022.100945

Tan, L, Ye, Z,, Zhuang, W., Mao, B,, Li, H,, Li, X,, et al. (2023). 3D printed PLGA/MgO/
PDA composite scaffold by low-temperature deposition manufacturing for bone tissue
engineering applications. Regen. Ther. 24, 617-629. doi:10.1016/j.reth.2023.09.015

Tang, L., Wu, T, Li, ], Yu, Y., Ma, Z,, Sun, L,, et al. (2024). Study on synergistic effects
of Nanohydroxyapatite/high-viscosity carboxymethyl cellulose scaffolds stimulated by
LIPUS for bone defect repair of rats. ACS Biomaterials Sci. ¢ Eng. 10 (2), 1018-1030.
doi:10.1021/acsbiomaterials.3c01381

Tao, J., Zhu, S., Liao, X,, Wang, Y., Zhou, N,, Li, Z., et al. (2022). DLP-Based
bioprinting of void-forming hydrogels for enhanced stem-cell-mediated bone
regeneration. Mater Today Bio 17, 100487. doi:10.1016/j.mtbio.2022.100487

Tiwari, N., Kumar, D., Priyadarshani, A,, Jain, G. K., Mittal, G., Kesharwani, P., et al.
(2023). Recent progress in polymeric biomaterials and their potential applications in
skin regeneration and wound care management. J. Drug Deliv. Sci. Technol. 82, 104319.
doi:10.1016/j.jddst.2023.104319

Turnbull, G., Clarke, ., Picard, F., Riches, P, Jia, L., Han, F., et al. (2018). 3D bioactive
composite scaffolds for bone tissue engineering. Bioact. Mater 3 (3), 278-314. doi:10.
1016/j.bioactmat.2017.10.001

Verma, A., Kapil, A., Klobcar, D., and Sharma, A. (2023). A review on multiplicity in
multi-material additive manufacturing: process, capability, scale, and structure. Mater.
(Basel) 16 (15), 5246. doi:10.3390/mal6155246

Wang, C., Huang, W., Zhou, Y., He, L., He, Z., Chen, Z, et al. (2020). 3D printing of
bone tissue engineering scaffolds. Bioact. Mater 5 (1), 82-91. doi:10.1016/j.bioactmat.
2020.01.004

Wang, J. L., Xu, J. K, Hopkins, C., Chow, D. H., and Qin, L. (2020). Biodegradable
magnesium-based implants in Orthopedics-A general review and perspectives. Adv. Sci.
(Weinh) 7 (8), 1902443. doi:10.1002/advs.201902443

Wang, C, Lai, J., Li, K, Zhu, S,, Lu, B,, Liu, J,, et al. (2021). Cryogenic 3D printing of
dual-delivery scaffolds for improved bone regeneration with enhanced vascularization.
Bioact. Mater 6 (1), 137-145. doi:10.1016/j.bioactmat.2020.07.007

Wang, Q., Ye, W., Ma, Z,, Xie, W., Zhong, L., Wang, Y., et al. (2021). 3D printed PCL/
B-TCP cross-scale scaffold with high-precision fiber for providing cell growth and
forming bones in the pores. Mater Sci. Eng. C Mater Biol. Appl. 127, 112197. doi:10.
1016/j.msec.2021.112197

Wang, Z., Zhang, M., Liu, Z., Wang, Y., Dong, W., Zhao, S., et al. (2022). Biomimetic
design strategy of complex porous structure based on 3D printing Ti-6Al-4V scaffolds
for enhanced osseointegration. Mater. & Des. 218, 110721. doi:10.1016/j.matdes.2022.
110721

Wang, Z., Sun, Y., and Li, C. (2024). Advances in 3D printing technology for
preparing bone tissue engineering scaffolds from biodegradable materials. Front.
Bioeng. Biotechnol. 12, 1483547. doi:10.3389/fbioe.2024.1483547

Wang, B, Ye, X, Chen, G., Zhang, Y., Zeng, Z., Liu, C,, et al. (2024). Fabrication and
properties of PLA/B-TCP scaffolds using liquid crystal display (LCD) photocuring 3D
printing for bone tissue engineering. Front. Bioeng. Biotechnol. 12, 1273541. doi:10.
3389/fbioe.2024.1273541

Wang, W., Zhou, X., Wang, H., Zhou, G., and Yu, X. (2024). Fabrication and
evaluation of PCL/PLGA/B-TCP spiral-structured scaffolds for bone tissue engineering.
Bioeng. (Basel) 11 (7), 732. doi:10.3390/bioengineering11070732

Wang, Y., Zhou, X,, Jiang, J., Zhao, T., Dang, J., Hu, R,, et al. (2025). Carboxymethyl

chitosan-enhanced multi-level microstructured composite hydrogel scaffolds for bone
defect repair. Carbohydr. Polym. 348, 122847. doi:10.1016/j.carbpol.2024.122847

Wang, J., Zhang, Q., Wang, H,, Liu, C,, Jiang, L., Liu, W., et al. (2025). A Sr@Ag-based
spatiotemporal and step-release scaffold against chronic osteomyelitis, fabricated by
coaxial 3D-printing. Biomaterials 314, 122899. doi:10.1016/j.biomaterials.2024.122899

Wang, J., Wu, Y, Li, G., Zhou, F., Wu, X,, Wang, M., et al. (2024). Engineering large-

scale self-mineralizing bone organoids with bone matrix-inspired hydroxyapatite
hybrid bioinks. Adv. Mater 36 (30), €2309875. doi:10.1002/adma.202309875

Wei, J., Yan, Y., Gao, J., Li, Y., Wang, R, Wang, J., et al. (2022). 3D-printed
hydroxyapatite microspheres reinforced PLGA scaffolds for bone regeneration.
Biomater. Adv. 133, 112618. doi:10.1016/j.msec.2021.112618

Wei, X, Zhou, W., Tang, Z., Wu, H,, Liu, Y., Dong, H., et al. (2023). Magnesium
surface-activated 3D printed porous PEEK scaffolds for in vivo osseointegration by
promoting angiogenesis and osteogenesis. Bioact. Mater. 20, 16-28. doi:10.1016/j.
bioactmat.2022.05.011

Wen, J., Liao, J., Ying, Q., Li, H., Mao, Y., Han, S,, et al. (2021). Improvement of
in vitro degradation of magnesium oxychloride cement for bone repair by chitosan.
J. Mater. Sci. 56 (1), 706-717. d0i:10.1007/s10853-020-05292-0

frontiersin.org


https://doi.org/10.1002/EXP.20210043
https://doi.org/10.1039/d3bm01574b
https://doi.org/10.3390/jfb16090328
https://doi.org/10.1016/j.ijbiomac.2024.134615
https://doi.org/10.1002/adma.201902516
https://doi.org/10.1016/j.ceramint.2021.06.238
https://doi.org/10.1016/j.ceramint.2021.06.238
https://doi.org/10.1002/adhm.202001986
https://doi.org/10.1016/j.bioactmat.2019.12.003
https://doi.org/10.1016/j.bioactmat.2019.12.003
https://doi.org/10.1016/j.rineng.2023.101685
https://doi.org/10.1080/07388551.2023.2213398
https://doi.org/10.3390/polym13071105
https://doi.org/10.1002/adhm.202300292
https://doi.org/10.1016/j.progpolymsci.2006.06.001
https://doi.org/10.1016/j.ijpharm.2021.120478
https://doi.org/10.1002/adma.202108855
https://doi.org/10.3390/polym16040534
https://doi.org/10.1016/j.addr.2024.115217
https://doi.org/10.1080/09205063.2018.1433420
https://doi.org/10.1080/09205063.2018.1433420
https://doi.org/10.1021/acs.chemrev.0c00084
https://doi.org/10.1016/j.matt.2022.06.003
https://doi.org/10.1016/j.bioactmat.2025.02.045
https://doi.org/10.3390/ma16247654
https://doi.org/10.1002/adma.201801651
https://doi.org/10.3390/polym16050720
https://doi.org/10.3390/polym16050720
https://doi.org/10.3389/fbioe.2023.1222102
https://doi.org/10.1016/j.ijbiomac.2024.131104
https://doi.org/10.1016/j.pmatsci.2022.100945
https://doi.org/10.1016/j.reth.2023.09.015
https://doi.org/10.1021/acsbiomaterials.3c01381
https://doi.org/10.1016/j.mtbio.2022.100487
https://doi.org/10.1016/j.jddst.2023.104319
https://doi.org/10.1016/j.bioactmat.2017.10.001
https://doi.org/10.1016/j.bioactmat.2017.10.001
https://doi.org/10.3390/ma16155246
https://doi.org/10.1016/j.bioactmat.2020.01.004
https://doi.org/10.1016/j.bioactmat.2020.01.004
https://doi.org/10.1002/advs.201902443
https://doi.org/10.1016/j.bioactmat.2020.07.007
https://doi.org/10.1016/j.msec.2021.112197
https://doi.org/10.1016/j.msec.2021.112197
https://doi.org/10.1016/j.matdes.2022.110721
https://doi.org/10.1016/j.matdes.2022.110721
https://doi.org/10.3389/fbioe.2024.1483547
https://doi.org/10.3389/fbioe.2024.1273541
https://doi.org/10.3389/fbioe.2024.1273541
https://doi.org/10.3390/bioengineering11070732
https://doi.org/10.1016/j.carbpol.2024.122847
https://doi.org/10.1016/j.biomaterials.2024.122899
https://doi.org/10.1002/adma.202309875
https://doi.org/10.1016/j.msec.2021.112618
https://doi.org/10.1016/j.bioactmat.2022.05.011
https://doi.org/10.1016/j.bioactmat.2022.05.011
https://doi.org/10.1007/s10853-020-05292-0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1707406

Tang et al.

Wickramasinghe, S., Do, T., and Tran, P. (2020). FDM-based 3D printing of polymer
and associated composite: a review on mechanical properties, defects and treatments.
Polym. (Basel) 12 (7), 1529. doi:10.3390/polym12071529

Winarso, R.,, Anggoro, P. W, Ismail, R., Jamari, J., and Bayuseno, A. P. (2022).
Application of fused deposition modeling (FDM) on bone scaffold manufacturing
process: a review. Heliyon 8 (11), e11701. doi:10.1016/j.heliyon.2022.e11701

Wu, Z., Lin, Z,, Yao, A, Ye, S., Pan, H,, Cui, X,, et al. (2020). Influence of particle size
distribution on the rheological properties and mathematical model fitting of injectable
borosilicate bioactive glass bone cement. Ceram. Int. 46 (15), 24395-24406. doi:10.1016/
j.ceramint.2020.06.222

Wu, N, Liy, J., Ma, W,, Dong, X., Wang, F., Yang, D., et al. (2021). Degradable
calcium deficient hydroxyapatite/poly(lactic-glycolic acid copolymer) bilayer scaffold
through integral molding 3D printing for bone defect repair. Biofabrication 13 (2),
025005. doi:10.1088/1758-5090/abcb48

Wubneh, A., Tsekoura, E. K., Ayranci, C., and Uludag, H. (2018). Current state of
fabrication technologies and materials for bone tissue engineering. Acta Biomater. 80,
1-30. doi:10.1016/j.actbio.2018.09.031

Xiong, Z., Yan, Y., Wang, S., Zhang, R., and Zhang, C. (2002). Fabrication of porous
scaffolds for bone tissue engineering via low-temperature deposition. Scr. Mater. 46
(11), 771-776. doi:10.1016/S1359-6462(02)00071-4

Xu, Y., Xu, C, He, L, Zhou, J., Chen, T., Ouyang, L., et al. (2022). Stratified-structural
hydrogel incorporated with magnesium-ion-modified Black phosphorus nanosheets for
promoting neuro-vascularized bone regeneration. Bioact. Mater 16, 271-284. doi:10.
1016/j.bioactmat.2022.02.024

Xu, J., Bao, G, Jia, B., Wang, M., Wen, P, Kan, T., et al. (2024). An adaptive
biodegradable zinc alloy with bidirectional regulation of bone homeostasis for treating
fractures and aged bone defects. Bioact. Mater 38, 207-224. doi:10.1016/j.bioactmat.
2024.04.027

Xu, X,, Zuo, J., Zeng, H., Zhao, Y., and Fan, Z. (2024). Improving osseointegration
potential of 3D printed PEEK implants with biomimetic periodontal ligament fiber
hydrogel surface modifications. Adv. Funct. Mater. 34 (14), 2308811. doi:10.1002/adfm.
202308811

Yang, L., Ullah, L, Yu, K., Zhang, W., Zhou, J., Sun, T, et al. (2021). Bioactive Sr(2+)/
Fe(3+)co-substituted hydroxyapatite in cryogenically 3D printed porous scaffolds for
bone tissue engineering. Biofabrication 13 (3), 035007. doi:10.1088/1758-5090/abcf8d

Yang, Z., Yi, P., Liu, Z., Zhang, W., Mei, L., Feng, C,, et al. (2022). Stem cell-laden
hydrogel-based 3D bioprinting for bone and cartilage tissue engineering. Front. Bioeng.
Biotechnol. 10, 865770. doi:10.3389/fbioe.2022.865770

Yang, J., Han, Y., Zhang, L., Ding, Q., Sun, S., Zhang, S., et al. (2024). Taxifolin-loaded
cellulose/l-arginine-chitosan hydrogel promoting bone defect repair through
osteogenesis and angiogenesis. Int. J. Biol. Macromol. 283, 137843. doi:10.1016/j.
ijbiomac.2024.137843

Yang, S. Y., Zhou, Y. N, Yu, X. G, Fu, Z. Y., Zhao, C. C, Hu, Y,, et al. (2024). A
xonotlite nanofiber bioactive 3D-printed hydrogel scaffold based on osteo-/
angiogenesis and osteoimmune microenvironment remodeling accelerates
vascularized bone regeneration. J. Nanobiotechnology 22 (1), 59. doi:10.1186/s12951-
024-02323-9

Ye, K., Zhang, X., Shangguan, L., Liu, X,, Nie, X., and Qiao, Y. (2023). Manganese-
implanted titanium modulates the crosstalk between bone marrow mesenchymal stem
cells and macrophages to improve osteogenesis. J. Funct. Biomater. 14 (9), 456. doi:10.
3390/jfb14090456

Yousefi-Mashouf, H., Bailly, L., Orgeas, L., and Henrich, B. N. (2022). Mechanics of
gelatin-based hydrogels during finite strain tension, compression and shear. Front.
Bioeng. Biotechnol. 10, 1094197. doi:10.3389/fbioe.2022.1094197

Yu, L, Gao, T, Li, W,, Yang, J.,, Liu, Y., Zhao, Y., et al. (2023). Carboxymethyl
chitosan-alginate enhances bone repair effects of magnesium phosphate bone cement
by activating the FAK-wnt pathway. Bioact. Mater 20, 598-609. do0i:10.1016/j.
bioactmat.2022.06.017

Yuan, X,, Zhu, W., Yang, Z., He, N., Chen, F., Han, X,, et al. (2024). Recent advances in
3D printing of smart scaffolds for bone tissue engineering and regeneration. Adv. Mater
36 (34), €2403641. doi:10.1002/adma.202403641

Yuan, Y., Xu, Y., Mao, Y., Liu, H., Ou, M., Lin, Z., et al. (2024). Three birds, one stone:
an osteo-microenvironment stage-regulative scaffold for bone defect repair through
modulating early osteo-immunomodulation, middle neovascularization, and later
osteogenesis. Adv. Sci. 11 (6), 2306428. doi:10.1002/advs.202306428

Zadpoor, A. A., and Malda, J. (2017). Additive manufacturing of biomaterials, tissues,
and organs. Ann. Biomed. Eng. 45 (1), 1-11. doi:10.1007/s10439-016-1719-y

Zafeiris, K., Brasinika, D., Karatza, A., Koumoulos, E., Karoussis, I. K., Kyriakidou, K.,
et al. (2021). Additive manufacturing of hydroxyapatite-chitosan-genipin composite
scaffolds for bone tissue engineering applications. Mater Sci. Eng. C Mater Biol. Appl.
119, 111639. doi:10.1016/j.msec.2020.111639

Frontiers in Bioengineering and Biotechnology

22

10.3389/fbioe.2025.1707406

Zandi, N, Sani, E. S., Mostafavi, E., Ibrahim, D. M., Saleh, B., Shokrgozar, M. A, et al.
(2021). Nanoengineered shear-thinning and bioprintable hydrogel as a versatile
platform for biomedical applications. Biomaterials 267, 120476. doi:10.1016/j.
biomaterials.2020.120476

Zandrini, T., Florczak, S., Levato, R., and Ovsianikov, A. (2023). Breaking the
resolution limits of 3D bioprinting: future opportunities and present challenges.
Trends Biotechnol. 41 (5), 604-614. doi:10.1016/j.tibtech.2022.10.009

Zarei, M., Hasanzadeh, A. M., Sayedain, S. S., Shabani, D. M., Alizadeh, R., Arab, M.,
et al. (2024). Material extrusion additive manufacturing of poly(lactic acid)/Ti6Al4V@
calcium phosphate core-shell nanocomposite scaffolds for bone tissue applications. Int.
J. Biol. Macromol. 255, 128040. doi:10.1016/j.ijbiomac.2023.128040

Zhang, Y. S., Haghiashtiani, G., Hiibscher, T., Kelly, D. J., Lee, J. M., Lutolf, M., et al.
(2021). 3D extrusion bioprinting. Nat. Rev. Methods Prim. 1 (1), 75. doi:10.1038/
$43586-021-00073-8

Zhang, J., Tong, D., Song, H., Ruan, R,, Sun, Y., Lin, Y., et al. (2022). Osteoimmunity-
regulating biomimetically hierarchical scaffold for augmented bone regeneration. Adv.
Mater 34 (36), €2202044. doi:10.1002/adma.202202044

Zhang, Y., Lin, T., Meng, H., Wang, X., Peng, H., Liu, G., et al. (2022). 3D gel-printed
porous magnesium scaffold coated with dibasic calcium phosphate dihydrate for bone
repair in vivo. J. Orthop. Transl. 33, 13-23. doi:10.1016/j.jot.2021.11.005

Zhang, X., He, J., Qiao, L., Wang, Z., Zheng, Q., Xiong, C,, et al. (2022). 3D printed
PCLA scaffold with nano-hydroxyapatite coating doped green tea EGCG promotes
bone growth and inhibits multidrug-resistant bacteria colonization. Cell Prolif. 55 (10),
€13289. doi:10.1111/cpr.13289

Zhang, Q., Zhou, J., Zhi, P., Liu, L., Liu, C., Fang, A, et al. (2023). “3D printing method
for bone tissue engineering scaffold,”, Med. Nov. Technol. Devices. 17. 100205. doi:10.
1016/j.medntd.2022.100205

Zhang, X., Nan, K., Zhang, Y., Song, K., Geng, Z., Shang, D., et al. (2023). Lithium and
cobalt co-doped mesoporous bioactive glass nanoparticles promote osteogenesis and
angiogenesis in bone regeneration. Front. Bioeng. Biotechnol. 11, 1288393. doi:10.3389/
fbioe.2023.1288393

Zhang, Y., Fang, M., Zhu, J,, Li, T,, Li, N, Su, B, et al. (2024). Exosome-loaded
hyaluronic acid hydrogel composite with oxygen-producing 3D printed polylactic acid
scaffolds for bone tissue repair and regeneration. Int. J. Biol. Macromol. 274 (1), 132970.
doi:10.1016/j.ijbiomac.2024.132970

Zhao, Q., Ni, Y., Wei, H,, Duan, Y., Chen, J., Xiao, Q., et al. (2024). Ion incorporation
into bone grafting materials. Periodontol 94 (1), 213-230. doi:10.1111/prd.12533

Zheng, Z., Chen, Y., Hong, H., Shen, Y., Wang, Y., Sun, J., et al. (2021). The “Yin and
Yang” of immunomodulatory magnesium-enriched Graphene oxide nanoscrolls
decorated biomimetic scaffolds in promoting bone regeneration. Adv. Healthc.
Mater. 10 (2), 2000631. doi:10.1002/adhm.202000631

Zheng, J., Wang, Y., Wang, Y., Duan, R., and Liu, L. (2023). Gelatin/hyaluronic
acid photocrosslinked double network hydrogel with nano-hydroxyapatite
composite for potential application in bone repair. Gels 9 (9), 742. doi:10.3390/
gels9090742

Zhou, X, Qian, Y., Chen, L., Li, T., Sun, X., Ma, X,, et al. (2023). Flowerbed-inspired
biomimetic scaffold with rapid internal tissue infiltration and vascularization capacity
for bone repair. ACS Nano 17 (5), 5140-5156. doi:10.1021/acsnano.3c00598

Zhou, H., He, Z., Cao, Y., Chu, L, Liang, B, Yu, K,, et al. (2024). An injectable
magnesium-loaded hydrogel releases hydrogen to promote osteoporotic bone repair via
ROS scavenging and immunomodulation. Theranostics 14 (9), 3739-3759. doi:10.7150/
thno.97412

Zhou, L., Zhang, C,, Shi, T., Wu, D., Chen, H., Han, ], et al. (2024). Functionalized
3D-printed GelMA/Laponite hydrogel scaffold promotes BMSCs recruitment through
osteoimmunomodulatory enhance osteogenic via AMPK/mTOR signaling pathway.
Mater Today Bio 29, 101261. doi:10.1016/j.mtbio.2024.101261

Zhou, H., Liang, B., Jiang, H., Deng, Z., and Yu, K. (2021). Magnesium-based
biomaterials as emerging agents for bone repair and regeneration: from
mechanism to application. J. Magnesium Alloys 9 (3), 779-804. doi:10.1016/j.
jma.2021.03.004

Zhou, X,, Zhou, G., Junka, R., Chang, N., Anwar, A, Wang, H.,, et al. (2021).
Fabrication of polylactic acid (PLA)-Based porous scaffold through the combination of
traditional bio-fabrication and 3D printing technology for bone regeneration. Colloids
Surf. B Biointerfaces 197, 111420. doi:10.1016/j.colsurfb.2020.111420

Zhu, G., Zhang, T., Chen, M., Yao, K., Huang, X., Zhang, B., et al. (2021). Bone
physiological microenvironment and healing mechanism: basis for future bone-tissue
engineering scaffolds. Bioact. Mater 6 (11), 4110-4140. doi:10.1016/j.bioactmat.2021.
03.043

Zhu, Y., Gu, H,, Yang, |, Li, A., Hou, L., Zhou, M., et al. (2024). An injectable silk-
based hydrogel as a novel biomineralization seedbed for critical-sized bone defect
regeneration. Bioact. Mater 35, 274-290. doi:10.1016/j.bioactmat.2024.01.024

frontiersin.org


https://doi.org/10.3390/polym12071529
https://doi.org/10.1016/j.heliyon.2022.e11701
https://doi.org/10.1016/j.ceramint.2020.06.222
https://doi.org/10.1016/j.ceramint.2020.06.222
https://doi.org/10.1088/1758-5090/abcb48
https://doi.org/10.1016/j.actbio.2018.09.031
https://doi.org/10.1016/S1359-6462(02)00071-4
https://doi.org/10.1016/j.bioactmat.2022.02.024
https://doi.org/10.1016/j.bioactmat.2022.02.024
https://doi.org/10.1016/j.bioactmat.2024.04.027
https://doi.org/10.1016/j.bioactmat.2024.04.027
https://doi.org/10.1002/adfm.202308811
https://doi.org/10.1002/adfm.202308811
https://doi.org/10.1088/1758-5090/abcf8d
https://doi.org/10.3389/fbioe.2022.865770
https://doi.org/10.1016/j.ijbiomac.2024.137843
https://doi.org/10.1016/j.ijbiomac.2024.137843
https://doi.org/10.1186/s12951-024-02323-9
https://doi.org/10.1186/s12951-024-02323-9
https://doi.org/10.3390/jfb14090456
https://doi.org/10.3390/jfb14090456
https://doi.org/10.3389/fbioe.2022.1094197
https://doi.org/10.1016/j.bioactmat.2022.06.017
https://doi.org/10.1016/j.bioactmat.2022.06.017
https://doi.org/10.1002/adma.202403641
https://doi.org/10.1002/advs.202306428
https://doi.org/10.1007/s10439-016-1719-y
https://doi.org/10.1016/j.msec.2020.111639
https://doi.org/10.1016/j.biomaterials.2020.120476
https://doi.org/10.1016/j.biomaterials.2020.120476
https://doi.org/10.1016/j.tibtech.2022.10.009
https://doi.org/10.1016/j.ijbiomac.2023.128040
https://doi.org/10.1038/s43586-021-00073-8
https://doi.org/10.1038/s43586-021-00073-8
https://doi.org/10.1002/adma.202202044
https://doi.org/10.1016/j.jot.2021.11.005
https://doi.org/10.1111/cpr.13289
https://doi.org/10.1016/j.medntd.2022.100205
https://doi.org/10.1016/j.medntd.2022.100205
https://doi.org/10.3389/fbioe.2023.1288393
https://doi.org/10.3389/fbioe.2023.1288393
https://doi.org/10.1016/j.ijbiomac.2024.132970
https://doi.org/10.1111/prd.12533
https://doi.org/10.1002/adhm.202000631
https://doi.org/10.3390/gels9090742
https://doi.org/10.3390/gels9090742
https://doi.org/10.1021/acsnano.3c00598
https://doi.org/10.7150/thno.97412
https://doi.org/10.7150/thno.97412
https://doi.org/10.1016/j.mtbio.2024.101261
https://doi.org/10.1016/j.jma.2021.03.004
https://doi.org/10.1016/j.jma.2021.03.004
https://doi.org/10.1016/j.colsurfb.2020.111420
https://doi.org/10.1016/j.bioactmat.2021.03.043
https://doi.org/10.1016/j.bioactmat.2021.03.043
https://doi.org/10.1016/j.bioactmat.2024.01.024
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1707406

	Advances in 3D-Printed scaffolds for bone defect repair: material strategies and synergistic functional performance
	1 Introduction
	2 3D printing technology
	2.1 Extrusion-based printing
	2.2 Laser-based printing
	2.3 Low-temperature deposition manufacturing
	2.4 Bioprinting

	3 3D printing materials
	3.1 Bioceramics
	3.2 Biometal
	3.3 Natural polymers
	3.4 Synthetic polymers

	4 Key functional attributes of 3D-printed bone scaffolds
	4.1 Physical strength
	4.2 Degradation behavior
	4.3 Biological performance
	4.4 Antimicrobial properties
	4.5 Angiogenic capacity

	5 Challenges and future perspectives
	5.1 Balancing material innovation and biofunctionality
	5.2 Integrating composite and multi-functional design
	5.3 Refining 3D printing strategies for clinical needs
	5.4 Synchronizing mechanical–biological coupling
	5.5 Ensuring clinical translation and standardization

	6 Conclusion
	Author contributions
	Author contributionsXT: Writing – original draft, Conceptualization, Methodology, Software. HX: Writing – original draft, W ...
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


