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Abstract
Bone–tissue interfaces—including anatomically defined structures (osteochondral, 
tendon-to-bone, ligament-to-bone interfaces) with characteristic compositional 
gradients and functional biological interactions (bone–immune, bone–vascular, and 
bone–nerve interactions) that regulate systemic regenerative processes—represent 
critical repair targets. Traditional strategies fail due to mechanical mismatch and poor 
integration. Three-dimensional (3D) bioprinting enables precise, patient-specific 
construction of scaffolds with multiple spatial gradients through co-deposition of 
diverse biomaterials and cell types, transcending structural mimicry to coordinate 
multilineage differentiation and microenvironmental regulation. This review 
synthesizes advances in six interface categories, moving beyond study-by-study 
description to comparative analysis. We distinguish structural approaches (pore 
regulation, fiber reinforcement, microchannels) that primarily improve biomimicry 
from bioactive strategies (growth factors, hypoxia, immunomodulation) that direct 
cell fate, clarify experimental validation levels (in vitro vs. animal models), and 
delineate appropriate clinical scenarios. Key bottlenecks include insufficient deep 
vascularization, temporal mismatches in immune regulation, and unpredictable 
mechanical integration. Future directions, including organ-on-chip integration, 
artificial intelligence-driven personalization, and organoid-inspired self-organization, 
are outlined. 3D bioprinting emerges as a unified platform for both anatomical 
interface reconstruction and functional biological orchestration in regenerative 
medicine.
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1. Introduction
Bone provides structural support for the human body and 
functions in close interaction with surrounding tissues, 
including blood vessels, nerves, tendons, cartilage, and 
ligaments.1-4 These bone–tissue interfaces are not simple 
boundaries, but rather complex transitional zones with 
distinct layered or gradient features, where structure, 
composition, and mechanical properties transition 
continuously along the interface to accommodate stress 
transfer and functional transitions between adjacent 
tissues.4-7 However, factors such as trauma, disease, infection, 
or tumor resection can readily damage these critical 
interfaces, and their intrinsic repair capacity is extremely 
limited, often failing to achieve complete functional 
regeneration and frequently ending in fibrous scar tissue 
formation.8,9 Millions of people worldwide suffer annually 
from bone–tissue interface-related conditions such as 
tendon tears, ligament ruptures, osteochondral defects, 
and peripheral nerve injuries.10,11 These injuries not only 
cause chronic pain, functional impairment, and reduced 
quality of life, but also impose substantial treatment and 
rehabilitation costs, placing a heavy economic and social 
burden on individuals and society.12,13 Current clinical 
treatments primarily include direct surgical repair, graft 
implantation, and microfracture surgery.14,15 However, 
these conventional approaches are broadly limited by 
issues such as donor site complications, poor graft-
host tissue integration, mechanical strength mismatch, 
high retear rates, and an inability to effectively promote 
vascularization and innervation. These shortcomings 
highlight the urgent need to develop innovative strategies 
and technologies for structural remodeling and functional 
reconstruction of bone–tissue interfaces.16,17 

Three-dimensional (3D) bioprinting technology, 
centered on additive manufacturing, offers unprecedented 
opportunities for addressing the challenge of repairing 
bone–tissue interfaces.18-20 In the context of this review, 
3D bioprinting is used in a functional sense: it includes 
printing workflows that are intended to deliver either (i) 
spatially organized cells (cell-laden/bioink printing) during 
fabrication, or (ii) biologically active microenvironments 
(e.g., immunomodulatory or angiogenic architectures) 
where the printed construct is explicitly designed as an 
“interactive” therapeutic platform for bone-associated 
interface regeneration.  Therefore, we further categorize 
the studies summarized here into three groups:  (i) 
direct bioprinting, i.e., cell-laden printing in which 
cells are embedded/co-printed or positioned during the 
printing process (e.g., extrusion/electrospinning/digital 
light processing [DLP]-based cell-containing bioinks, 
aspiration-assisted printing with cell spheroids);  (ii) 

conventional additive manufacturing, i.e., 3D-printed 
scaffold architectures that regulate cells in vivo primarily 
through structural/chemical cues (e.g., pore size–mediated 
osteoimmune modulation) without explicit cell dispensing 
as part of the printing step; and  (iii) post-printing cell 
seeding approaches, where the scaffold is fabricated first 
and cells are subsequently seeded to probe biological 
outcomes. Groups (ii) and (iii) are included only when 
the printed architecture provides mechanistic insight into 
interface regulation in vivo (e.g., immune polarization, 
angiogenic invasion, or long-term integration), rather than 
serving as a substitute for cell-laden printing as the central 
focus of the review.

This technology can precisely construct patient-
specific 3D scaffolds based on medical imaging data 
(such as computed tomography and magnetic resonance 
imaging), thereby overcoming the limitations in achieving 
structural complexity and patient-specific fabrication.21,22 
3D bioprinting demonstrates significant advantages in 
bone–tissue interface repair: it enables precise control over 
the scaffold’s macroscopic geometry and microscopic pore 
architecture, thereby accurately mimicking the hierarchical 
structure of natural interface gradients, including 
continuous transitions in material composition, porosity, 
and mechanical strength.23-25 Meanwhile, its multimaterial 
and multicellular printing capabilities allow the 
simultaneous deposition of different types of biomaterials 
(such as rigid bone-phase materials and flexible soft-tissue 
hydrogels) as well as multiple cell types (such as osteoblasts, 
chondrocytes, tenocytes, vascular endothelial cells, and 
neural cells) within a single construct, thereby recreating 
the complex heterogeneity of natural interfaces.26-28 This 
enables the construct to better guide tissue growth, promote 
cell differentiation, and form closer connections with host 
tissue. However, despite the tremendous breakthroughs 
3D bioprinting has achieved in structural biomimicry, 
mere structural replication is often insufficient to achieve 
complete functional regeneration and long-term interface 
integration.29-32 Current challenges lie primarily in how 
to further enhance the biological activity and biological 
functionality of bioprinted constructs, effectively promote 
cell survival and function, accelerate vascularization and 
nerve regeneration, and regulate the complex in vivo 
microenvironment to avoid adverse immune responses 
and fibrosis, ensuring seamless biological and mechanical 
integration between the construct and host tissue.33-35 These 
issues represent critical bottlenecks that 3D bioprinting 
technology urgently needs to overcome, necessitating the 
introduction of more bioinductive strategies.

To further enhance the capability of 3D bioprinting in 
bone–tissue interface repair, combining 3D bioprinting 
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technology with various bioactive materials (such 
as bioceramics, bioglass, bioactive polymers, natural 
macromolecules, as well as growth factors and cytokines) 
has become an active area of research in the field of 
biomedical engineering.36-38 These bioactive materials 
provide not only structural support but can also actively 
participate in tissue regeneration by releasing bioactive ions 
or inductive growth factors and by directly regulating cell 
behavior.39-41 Leveraging the precise positioning capability 
of 3D bioprinting, it is possible to construct intelligent 
biological scaffolds that can both simulate the mechanical 
gradients and structural characteristics of natural 
interfaces and provide continuous bioinductive signals.42-44 
This strategy can promote coordinated growth and 
differentiation of distinct cell types, including osteocytes, 
osteoblasts, chondrocytes, tenocytes, neuronal cells, and 
vascular endothelial cells, accelerating the formation of 
functional interfaces. For example, bioprinted scaffolds 
loaded with vascular endothelial growth factor can 
significantly promote vascular ingrowth, while scaffolds 
containing nerve growth factor effectively facilitate nerve 
regeneration.45-47 Furthermore, by carefully designing the 
composition of bioactive materials, it is even possible to 
regulate the local immune microenvironment, polarizing 
macrophages toward a pro-repair phenotype, thereby 
alleviating inflammatory responses and promoting tissue 
repair and integration.48-50 Integration of 3D bioprinting 
with bioactive materials establishes a novel pathway 
for achieving precise, efficient, and functional repair of 
complex bone and tissue interfaces.51,52

We searched the Web of Science database for relevant 
articles published in the past 11 years (2016–2026), using 
“bone,” “interface,” and “bioprinting” as keywords. We 
only retained original research articles, excluding reviews, 
conference papers, and other publication types. Table 1 
summarizes the original research articles identified using 
this search strategy.

In this review, we define “bone–tissue interfaces” 
as encompassing two distinct categories.  Anatomically 
defined interfaces  (bone–cartilage, bone–tendon, 
bone–ligament) are discrete transitional zones with 
characteristic gradients in composition, mechanics, and 
cell types, where the interface itself occupies a specific 
spatial region.  Functional biological interactions,  such 
as bone–immune and bone–vascular interactions in the 
context of physiological regulation rather than structural 
coupling, refer to dynamic crosstalk between bone and 
other tissues or cell types that influence regeneration 
without necessarily constituting a localized anatomical 
boundary. Both categories require spatial organization 
and temporal coordination but differ in design priorities: 

anatomically defined interfaces prioritize structural 
gradient reconstruction, while functional interactions 
emphasize microenvironmental regulation. This unified 
framework acknowledges that modern bone–tissue 
interface engineering must address both structural 
mimicry and dynamic biological control.

This review aims to provide a comparative and 
mechanistic synthesis of intelligent 3D bioprinting for 
bone-associated tissue interfaces, rather than serving as 
a simple catalog of interface-specific studies.  Although 
previous reviews have separately discussed osteochondral 
regeneration, tendon-to-bone healing, musculoskeletal 
interface engineering, and 3D bioprinting technologies, 
important questions remain insufficiently addressed 
across these topics: how interfacial gradients are rationally 
designed, how compositional transitions and spatial cell 
organization are coordinated, how vascular and neural 
integration can be synchronized with tissue maturation, 
and how immune responses are temporally modulated to 
support durable interface regeneration (Figure 1).

Accordingly, the rationale for discussing bone–cartilage, 
bone–vascular, bone–nerve, bone–tendon, bone–ligament, 
and bone–immune interfaces within the same review lies 
in their shared biological and engineering principles. These 
systems all require hierarchical transitions in composition, 
mechanics, and cellular microenvironment, and all face 
the same translational challenge of balancing structural 
mimicry with long-term functional adaptation. In this 
sense, the academic contribution of the present review is 
to move beyond a tissue-by-tissue description and instead 
summarize the common design logic of printed interfaces, 
including gradient architecture, multicellular spatial 
organization, bioactive signal delivery, vascular–neural 
coupling, osteoimmune regulation, and mechanically 
dynamic integration (Table 1).

By organizing the discussion around these shared 
scientific questions, this review highlights what has 
already been established in the existing literature and, 
more importantly, what remains unresolved for future 
research and clinical translation.  The comparative 
framework presented here is intended to distinguish this 
work from prior reviews that primarily focus on a single 
tissue interface or on printing methods alone, while 
providing a more unified perspective for the development 
of multifunctional bioprinted constructs.

2. Bioprinting methods
2.1. Extrusion-based bioprinting

Extrusion-based 3D bioprinting is one of the most widely 
used bioprinting technologies. It works by applying external 

https://doi.org/10.36922/IJB026350370


International Journal of BioprintingInternational Journal of Bioprinting Intelligent 3D bioprinting for bone interfaces

Volume 12 Issue 5 (2026)	 4� doi: 10.36922/IJB026350370

Table 1. 3D printing and bioprinting strategies for complex bone–tissue interface regeneration (including cell-laden bioprinting, 
structural 3D-printed scaffolds, and post-printing cell seeding)

Bone 
interface Species Cell type Bioprinting 

method Biomaterial Summary Reference

Bone–
cartilage

Human ADMSCs Extrusion-based 
printing Me-HA/HAp

HAp and hypoxia modulate ADMSC 
chondrogenesis/hypertrophy in 3D-bioprinted 
constructs, enhancing interface integration for 
orthopedic repair.

53

Equine ACPCs Extrusion-based 
printing P-CL-MA

Integrating extrusion and MEW creates a 
reinforced osteochondral plug with enhanced 
hydrogel–ceramic adhesion and biomimetic 
mechanical properties.

54

Human ADSCs
Aspiration-
assisted 
bioprinting

Alg-CaCl2

AAB fabricates scaffold-free, layered osteochondral 
interfaces using human ADSC spheroids for tissue 
engineering and disease modeling.

55

Porcine BMSCs/
Chondrocytes

Extrusion-based 
3D printing

PLA/PLGA/
RGD-γ Alg

3D-printed fiber-reinforced biphasic templates 
successfully regenerate subchondral bone and 
articular cartilage in caprine osteochondral defects.

56

Human ADSCs Hybrid 
bioprinting Alg-CaCl2

3D-bioprinted miR-transfected ADSC spheroids 
form layered, scaffold-free osteochondral interfaces 
with enhanced differentiation for regenerative 
medicine.

57

Human C28/I2 Extrusion-based 
bioprinting PLA/Alg

3D-bioprinted multi-zonal and gradient PLA 
scaffolds with concurrent cell-laden hydrogels 
provide biomimetic hierarchical structures for 
osteochondral regeneration.

21

Human ADSCs Embedded 
bioprinting GelMA/α-TCP

Freeform “bone-ink” printing within tunable 
microgel suspensions enables one-pot 
biofabrication of hierarchical, multiphasic 
osteochondral constructs.

58

Human hBMSCs
Aspiration-
assisted 
bioprinting

Alg-Tyr/CMC-
Tyr/gelatin

Aspiration-extrusion bioprinting using in situ 
crosslinked tyramine-modified hydrogels creates 
MSC-laden gradient structures for functional 
biomimetic osteochondral interface engineering.

26

Human Human 
chondrocytes

Extrusion-based 
bioprinting

PCL/HAp/
Alg/A

Biphasic 3D-bioprinted PCL/HAp/Alg/A 
composite scaffolds promote functional cartilage–
bone interface regeneration with enhanced stability 
and bioactivity.

59

Rabbit ACPCs
Two-channel 
extrusion-based 
bioprinting

GelMA/
AlgMA

Bioprinted anisotropic bicellular hydrogels 
achieve synchronized osteochondral regeneration 
by orchestrating spatial cell differentiation and 
harmonious tissue–vasculature crosstalk.

60

Rat BMSCs DLP bdECM-MA

3D-bioprinted graded scaffolds with tissue-specific 
dECM coatings promote functional tendon-
to-bone enthesis regeneration and enhance 
biomechanical healing.

61

Human BMSCs Extrusion-based 
bioprinting

GelMA-SA/
HA-EW

TCOS scaffolds bioprinted via MAPM-BPS 
promote osteochondral repair by coordinating 
subchondral angiogenesis and vascular-blocking 
interface layers.

30

(Cont’d...)
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Table 1. (Continued)

Bone 
interface Species Cell type Bioprinting 

method Biomaterial Summary Reference

Rat BMSCs DLP Col II MA/
HAMA/HAp

DLP-bioprinted BioGraOstO scaffolds with graded 
bioinks facilitate integrated osteochondral repair 
through region-specific differentiation in rat 
models.

62

Rat BMSCs Extrusion-based 
3D bioprinting

GelMA-Alg/
SA-CeMOF@
BTO

Biphasic scaffolds with CeMOF@BTO synergize 
piezoelectric stimulation and ROS modulation 
to enhance ultrasound-driven osteochondral 
regeneration and interface reconstruction.

63

Human hMSCs Extrusion-based 
3D bioprinting

GelMA/Alg/
SA-PCL

Dual-gradient 3D-printed scaffolds integrate 
mechanical and metabolic cues for osteochondral 
regeneration and osteoarthritis modeling using 
human MSC spheroids.

64

Bone–
vasculature

Human hMSCs Fused deposition 
modeling PLA/nHA

nHA-functionalized 3D-bioprinted scaffolds with 
interconnected microvascular channels enhance 
hMSC osteogenesis and HUVEC growth for 
vascularized bone regeneration.

65

Human hMSCs Direct-writing 
bioprinting

GelMA/
VEGF/silicate 
nanoplatelets

Bioprinted bone constructs with perfusable 
lumens and silicate-loaded GelMA promote 
hMSC osteogenesis and HUVEC-mediated 
vascularization.

66

Human WJMSCs Extrusion-based 
bioprinting

PCL/CS/
PDACS

3D-bioprinted PDACS/PCL scaffolds with 
WJMSCs and HUVEC-laden hydrogel promote 
coupled osteogenesis and angiogenesis for complex 
bone regeneration.

67

Human hMSCs/
HUVECs

Extrusion-based 
bioprinting

PCL/fibrin/
gelatin

3D-bioprinted osteon-like PCL/fibrin 
scaffolds with HUVECs and hMSCs enhance 
neovascularization and mechanical strength for 
bone regeneration.

68

Human ASCs DoD bioprinting
Fibrinogen/
gelatin-HA/
glycerol/HAp

Extrusion and DoD bioprinting of ASCs and 
HUVECs create prevascularized bone constructs 
that successfully form vessels and bone in vivo.

69

Human hMSCs Extrusion-based 
bioprinting

Gelatin/nHA/
genipin/
Pluronic F-127

3D-bioprinted gelatin-nHA scaffolds with hMSCs 
and HUVECs create vascularized bone models 
where endothelial cells enhance osteogenic 
maturation.

70

Human HUVECs Dual-ink 3D 
printing

CaP/Alg/
GelMA

Dual-ink bioprinting integrates CaP fibers and 
microchannels to support vascularization and 
hMSC differentiation into pericytes for bone 
regeneration.

70

Human hBMSCs, 
HUVECs

Extrusion-based 
bioprinting

GD-Alg/HA/
PCL-nHA

Bioprinted fibrin–hMSC–HUVEC scaffolds 
enhance vascularization and bone regeneration in 
rat femoral defects after in vitro maturation.

71

Rabbit BMSCs, EPCs xtrusion-based 
3D bioprinting

PCL/gelatin/
fibrinogen/
HA/glycerol/
Pluronic F-127

3D-bioprinted osteon-mimetic PCL scaffolds 
incorporating BMSCs and EPCs enhance 
vascularized bone regeneration through 
hierarchical biomimetic microchannels.

72

(Cont’d...)
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Table 1. (Continued)

Bone 
interface Species Cell type Bioprinting 

method Biomaterial Summary Reference

Human HUVECs, 
MC3T3-E1

Coaxial 
extrusion-based 
3D bioprinting

GelMA/Alg/
gelatin/HAp

Coaxial 3D-bioprinted osteon-like core–
shell scaffolds enhance vascularization and 
osteogenesis compared to homogeneous 
structures for bone regeneration.

73

Human NSCs，HUVECs, 
L6 cells 3D bioprinting Gelatin/

GelMA/LCS

Inorganic-biomaterial/NSC neural constructs 
promote versatile regeneration across CNS, bone, 
and muscle through enhanced neural induction 
and functional recovery.

74

Rat Human EPCs Coaxial 3D 
bioprinting

Atelocollagen/
Alg/Pluronic 
F-127/MSNs

3D-bioprinted SR1-loaded collagen-MSN 
scaffolds promote CD34+ cell-mediated 
angiogenesis and bone regeneration in critical-
sized defects.

28

Rabbit ACPCs, BMSCs Extrusion-based 
bioprinting

GelMA/
AlgMA

3D-bioprinted living cell-based bilayered 
hydrogels promote biomimetic osteochondral 
unit remodeling and repair through 
spatiotemporal tissue crosstalk.

60

BALB/c 
nude mice HUVECs DLP bioprinting GDMA/LAP/

tartrazine

NOVA bioprinting integrates modular assembly 
to create vascularized tubular bone organoids, 
coupling angiogenesis and osteogenesis for 
functional defect repair.

75

Bone–
nerve

Mouse MC3T3-E1, PC12 Extrusion 
bioprinting

OPF/gelatin/
PEGDA/
Irgacure 2959

Bioprinted OPF–gelatin bioinks support excellent 
viability and proliferation of bone and nerve cells 
for complex tissue restoration.

76

Rat
BMSCs, SNs/DRG 
neurons, Schwann 
cells

Air extrusion-
based 3D 
bioprinting

GelMA/
AlgMA/
Laponite/NGF

Bioprinted NGF@Lap constructs promote bone 
regeneration by mimicking the ossification center 
and enhancing neurovascular network-mediated 
osteogenesis.

77

Murine BMSCs, PC12 
cells

Additive-lathe 
3D bioprinting

GelMA/
PEGDA

Multi-nozzle additive-lathe bioprinting fabricates 
BMSC-laden bilayered conduits, balancing 
mechanical strength and biocompatibility for 
effective peripheral nerve repair.

78

Rat BMSCs, Schwann 
cells

Extrusion-based 
multichannel 3D 
bioprinting

GelMA/CS/
LAP

Bioprinted neural-bone constructs using calcium 
silicate nanowires enhance osteogenesis and 
innervation for biomimetic bone regeneration.

79

Rat PC12 cells, 
BMMCs

Extrusion-based 
3D bioprinting

GelMA/SA/
Lap/NP@Eth

Bioprinted nifedipine-loaded scaffolds promote 
bone regeneration by inhibiting sympathetic 
nerve-mediated catecholamine release and 
enhancing osteogenesis.

80

Rat BMSCs, Schwann 
cells, EPCs

Extrusion-based 
3D bioprinting

GelMA-
SilMA/
SC-exos

Bioprinted SC-exos-laden constructs enhance 
bone regeneration by promoting let-7c-5p-
mediated osteogenesis, vascularization, and 
innervation, simulating nerve–bone crosstalk.

81

Human BMSCs,HUVECs Extrusion-based 
3D bioprinting

GelMA/
PEGDA/
MSNs-PRN

Bioprinted scaffolds releasing CGRP and 
propranolol enhance bone repair by modulating 
nerve–bone crosstalk and promoting vascularized 
osteogenesis.

82

(Cont’d...)
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Table 1. (Continued)

Bone 
interface Species Cell type Bioprinting 

method Biomaterial Summary Reference

Human
HUVECs, 
hpMSCs, 
PC12 cells

Extrusion-based 
3D bioprinting

GelMA/LMS/
LAP

Bioprinted preangiogenic silicate scaffolds 
promote “vascular-innervated” bone regeneration 
by synergistically enhancing simultaneous 
vascularization, innervation, and osteogenesis.

83

Rat NSCs Extrusion-based 
3D bioprinting LCS/GelMA

3D-bioprinted LCS-NSC scaffolds promote 
CNS, bone, and muscle regeneration via PI3K–
AKT-mediated neuronal maturation and neural 
modulation.

74

Rat BMSCs, 
RSC96

Extrusion-based 
3D bioprinting

GelMA/
mPGA/
AC-PEG-BP/
AC-PEG-NP

3D-bioprinted neuro-bone constructs with 
mimetic peptides promote bone and nerve 
regeneration by modulating BMSC–RSC96 
crosstalk and signaling pathways.

84

Rat DRG neurons, 
EPCs

Extrusion-based 
3D bioprinting

GelMA/LAP/
PDLLA

Bioprinted piezoelectric DRG scaffolds enhance 
neurovascularized bone repair via ultrasound-
triggered CGRP secretion, establishing a functional 
“sensor–effector” interoception circuit.

85

Bone–
tendon

Human MSCs
Multihead tissue/
organ building 
system

PCL/PLGA/β-
TCP

3D-bioprinted MSC-seeded sleeves enhance 
tendon-to-bone healing in rabbit ACL 
reconstruction.

86

Rat
Endogenous 
progenitor 
cells

Extrusion-based 
3D printing PLGA/COL-I

3D-printed scaffolds with spatiotemporal growth 
factor delivery promote integrative tendon-to-
bone healing via endogenous progenitor cell 
recruitment.

87

Mouse BALB/3T3
Pneumatic 
extrusion-based 
bioprinting

eADF4(C16), 
fluorapatite

Biological 3D printing of stem cell constructs 
containing layered growth factors successfully 
repaired rabbit rotator cuff tears and achieved 
functional regeneration of the tendon-bone 
interface.

88

Human hUCMSCs
Microfluidic-
based 3D 
bioprinting

PLGA/RGD-
Alg/fibrinogen

Bioprinted constructs with layer-specific growth 
factors guide stem cell differentiation for 
functional rabbit rotator cuff enthesis regeneration.

89

Human hBMSCs Extrusion-based 
3D bioprinting

PCL/PLGA/
HAp/dECM

3D-bioprinted dECM-coated graded scaffolds 
promote functional tendon-to-bone enthesis 
regeneration via guided regional differentiation in 
a rabbit model.

90

Rabbit BMSCs, 
TSPCs

Multichannel 
extrusion-based 
3D bioprinting

GelMA/MS

3D-bioprinted multicellular scaffolds with 
Mo-silicate bioceramics mimic interface 
gradients to promote integrated tendon-to-bone 
regeneration via multi-lineage differentiation.

91

Human hASCs
3D bioprinting 
with a core–shell 
nozzle system

TdECMA/
BdECM/HAp/
PVA

Core–shell bioprinted dECM scaffolds with 
gradient bioinks guide stem cells for functional 
rotator cuff enthesis regeneration in rabbits.

92

Rabbit hASCs
Core–shell 
nozzle-assisted 
3D bioprinting

Collagen/
CMA-beads

Bioprinted graded constructs with BMP-2-loaded 
CMA-beads accelerate bone-to-tendon interface 
regeneration and functional healing in rabbit 
rotator cuff models.

93

(Cont’d...)
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Table 1. (Continued)

Bone 
interface Species Cell type Bioprinting 

method Biomaterial Summary Reference

Bone–
immunity

Rat BMMs Dual-channel 
bioprinting

GelMA/
HAMA/Alg/
GO

Dual-channel bioprinted scaffolds encapsulating 
BMSCs and BMMs promote bone repair by 
modulating early immune responses and late 
osteogenic differentiation.

50

Mouse RAW 264.7
Pneumatic 
extrusion 3D 
printing

PCL/PEG/
HAp

3D-printed PCL/PEG/HA scaffolds with 600 μm 
pores optimize bone repair by reducing foreign 
body response and modulating macrophage 
polarization.

94

Rat rBMSCs, 
BMDMs

Extrusion-based 
3D printing

GelMA/Lap/
Apt19s

3D-printed Apt19s-functionalized GelMA/
Laponite scaffolds promote in situ bone 
regeneration by recruiting BMSCs and modulating 
osteoimmunology via AMPK–mTOR signaling.

95

Mouse RAW 264.7, 
rBMSCs

Extrusion-based 
3D bioprinting

GelMA/LUT/
ZIF-8

3D-bioprinted LUT@ZIF-8/GelMA scaffolds 
promote bone repair by delivering BMSCs and 
modulating osteoimmunology via sustained 
luteolin and zinc release.

96

Bone–
ligament

Human hPDLFs, hOBs
Pneumatic 
extrusion 3D 
bioprinting

GelMA/HAp/
MNPs

3D-bioprinted multicellular PDL–AB microtissue 
models simulate human periodontal biointerfaces 
for studying disease pathogenesis and drug 
interactions under microfluidics.

97

Human Human ACL 
fibroblasts

Modular 
scaffold-free 
spheroid fusion

Scaffold-free

Fusion of human ACL and osteogenic hMSC 
spheroids creates scaffold-free, graded 
enthesis microtissues for repair modeling and 
mechanobiology studies.

98

Abbreviations: AAB: Aspiration-assisted bioprinting; ACL: Anterior cruciate ligament; ACPCs: Articular cartilage progenitor cells; AC-PEG-BP: 
Acrylate–poly(ethylene glycol)–bone morphogenetic protein 2 mimetic peptide; AC-PEG-NP: Acrylate–poly(ethylene glycol)–nerve growth 
factor mimetic peptide; ADMSCs: Adipose-derived mesenchymal stem cells; ADSCs: Adipose-derived stem cells; Alg: Alginate; AlgMA: Alginate 
methacryloyl; Alg-Tyr: Tyramine-modified alginate; AMPK: AMP-activated protein kinase; ASCs: Adipose-derived stem cells; BdECM: Bone-derived 
decellularized extracellular matrix; bdECM-MA: Bone decellularized extracellular matrix methacryloyl; BMDMs: Bone marrow-derived macrophages; 
BMMs: Bone marrow-derived macrophages; BMP-2: Bone morphogenetic protein 2; BMSCs: Bone marrow-derived mesenchymal stem cells; BTO: 
Barium titanate; CaP: Calcium phosphate; CeMOF: Cerium metal–organic framework; CGRP: Calcitonin gene-related peptide; CMC-Tyr: Tyramine-
modified carboxymethyl cellulose; CNS: Central nervous system; COL-I: Collagen type I; Col II MA: Methacrylated collagen II; CS: Calcium silicate; 
dECM: Decellularized extracellular matrix; DLP: Digital light processing; DoD: Drop-on-demand; DRG: Dorsal root ganglion; eADF4(C16): Engineered 
spider silk protein; EPCs: Endothelial progenitor cells; GD-alginate: Gelatin–dopamine alginate; GelMA: Gelatin methacryloyl; GO: Graphene oxide; 
HA: Hyaluronic acid; HAMA: Hyaluronic acid methacryloyl; HAp: Hydroxyapatite; hASCs: Human adipose-derived stem cells; hBMSCs: Human bone 
marrow-derived mesenchymal stem cells; hMSCs: Human mesenchymal stem cells; hOBs: Human osteoblasts; hPDLFs: Human periodontal ligament 
fibroblasts; hUCMSCs: Human umbilical cord-derived mesenchymal stem cells; HUVECs: Human umbilical vein endothelial cells; LAP: Lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate; LCS: Lithium–calcium–silicate; LMS: Lithium–magnesium–silicate; LUT: Luteolin; MAPM-BPS: Multi-
axis, multi-process, multimaterial 3D bioprinting system; Me-HA: Methacrylated hyaluronic acid; MEW: Melt electrowriting; miR: MicroRNA; MNPs: 
Magnetic iron oxide nanoparticles; mPGA: Methacrylated poly(γ-glutamic acid); MS: Molybdenum-containing silicate; MSCs: Mesenchymal stem cells; 
MSNs: Mesoporous silica nanoparticles; NGF: Nerve growth factor; nHA: Nano-hydroxyapatite; NOVA: Neo-Organoid Visualization and Assembly; 
NP@Eth: Nifedipine-loaded ethosome; NSCs: Neural stem cells; OPF: Oligo(poly(ethylene glycol) fumarate); P-CL-MA: Poloxamer modified with 
caprolactone oligomers and methacryloyl groups; PCL: Poly(ε-caprolactone); PDACS: Polydopamine-modified calcium silicate; PDL–AB: Periodontal 
ligament–alveolar bone; PDLLA: Poly(D,L-lactic acid); PEG: Poly(ethylene glycol); PEGDA: Poly(ethylene glycol) diacrylate; PI3K: Phosphoinositide 
3-kinase; PLA: Polylactic acid; PLGA: Poly(lactic-co-glycolic acid); PRN: Propranolol; PVA: Poly(vinyl alcohol); RGD: Arginine–glycine–aspartic acid; 
ROS: Reactive oxygen species; SA: Sodium alginate; SC-exos: Schwann cell-derived exosomes; SilMA: Silk fibroin methacryloyl; SNs: Sensory neurons; 
SR1: StemRegenin 1; TCOS: Triple-layer GelMA–alginate osteochondral scaffold; TdECMA: Methacrylated tendon-derived decellularized extracellular 
matrix; TSPCs: Tendon stem/progenitor cells; VEGF: Vascular endothelial growth factor; WJMSCs: Wharton’s jelly-derived mesenchymal stem cells; 
ZIF-8: Zeolitic imidazolate framework-8; α-TCP: Alpha-tricalcium phosphate; β-adrenergic: Beta-adrenergic.
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pressure (such as air pressure, piston, or screw drive) 
to extrude viscous bioinks from a fine nozzle, forming 
continuous fibrous structures that are then deposited 
layer by layer to construct a 3D object.99-101 This method 
is particularly suitable for printing bioinks with a wide 
range of viscosities, including composite hydrogels such as 
alginate, gelatin, collagen, hyaluronic acid, Pluronic, and 
decellularized extracellular matrix.102-104 These materials 
can carry exceptionally high cell densities (up to 108 cells/
mL) and can simultaneously incorporate microparticles, 
nanoparticles, or growth factors.105,106

The limitations of extrusion-based bioprinting include 
its relatively limited printing resolution, with nozzle 
diameters and print line widths typically ranging from 100 
μm to 500 μm, making it difficult to achieve submicron 
fine structures. Additionally, the printing speed is 
relatively slow, and cells may experience shear stress.107,108 

Conversely, its unique advantage lies in its ability to process 
diverse and highly viscous bioinks, printing macroscopic 
structures with good mechanical strength and dimensional 
stability, and achieving high cell viability (often over 90% 
after optimization). In bone–tissue interface bioprinting 
applications, extrusion-based technology demonstrates 
excellent compatibility. It can precisely co-print materials 
with different mechanical properties and biological 
activities, for example, accurately depositing hard bioinks 
containing hydroxyapatite (HAp; simulating bone) 
alongside cell-rich elastic hydrogels (simulating soft 
tissue) in a spatially controlled manner.109,110 This allows 
for the simulation of complex transitions in natural 
interfaces through gradient structures, thereby promoting 
effective integration and functional regeneration between 
tissues.111,112

Extrusion-based bioprinting technology is continuously 

Figure 1. Schematic illustration of 3D bioprinting for bone–tissue interfaces. (A) 3D bioprinting can be applied to bone–tissue interfaces, including 
anatomically defined interfaces (bone–cartilage, bone–tendon, and bone–ligament interfaces) and functional biological interactions (bone–immune, 
bone–vascular, and bone–nerve interactions). (B) The main advantages of 3D bioprinting include the ability to accurately mimic the gradient structures 
of natural tissue interfaces, regulate the local immune microenvironment, and construct patient-specific 3D scaffolds. (C) Future directions in this 
field include the integration of bioprinting with microfluidic organ-on-a-chip technology, artificial intelligence-driven personalized design, and in situ 
bioprinting using robot-assisted or handheld printing equipment.
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innovating, with various emerging derivative methods 
appearing to enhance its performance and application 
scope. Among these, microfluidic extrusion bioprinting 
integrates microfluidic channels within the printhead, 
enabling precise mixing of multiple bioink precursors or 
cell suspensions before extrusion.113,114 This enables the 
real-time generation of complex biological fibers with 
core–shell structures, hollow fibers, or multichannels, 
greatly enhancing control over the microscopic structure 
of printed materials.115,116 Melt electrowriting technology, 
although typically employed for thermoplastic polymers 
rather than direct cell encapsulation, combines the 
principles of extrusion and electrospinning.117,118 It can 
precisely deposit molten polymer fibers with submicron 
accuracy (down to a few hundred nanometers), offering 
considerable potential for constructing cell scaffolds with 
high porosity and mechanical strength, which can then be 
seeded with cells.119-121 Furthermore, in situ bioprinting is 
gaining increasing attention, with researchers developing 
portable or robotic arm-assisted extrusion systems for 
directly printing tissue patches inside patients during 
surgery, such as repairing cartilage or skin damage.122,123 
This approach requires bioinks to cure rapidly and maintain 
stability in a physiological environment. These innovative 
technologies, combined with the development of shear-
thinning bioinks with superior rheological properties, are 
driving extrusion-based bioprinting towards personalized, 
functional, and clinical applications124 (Figure 2A).

2.2. Inkjet-based bioprinting

Inkjet-based 3D bioprinting achieves rapid layer-by-
layer additive manufacturing by precisely controlling the 
ejection and deposition of microdroplets.125,126 Its working 
principle is categorized into two main approaches: thermal 
inkjet technology uses heating elements to generate 
bubbles that push liquid bioink out of the printhead, with 
printhead temperatures typically ranging from 100 °C–300 
°C; piezoelectric inkjet technology uses the mechanical 
deformation of piezoelectric ceramics to generate pressure 
pulses, ejecting droplets without heating, which is gentler 
on cells.127-129 Inkjet technology is suitable for low-viscosity 
bioinks, usually with viscosities between 1–30 mPa·s, 
commonly including: polysaccharide-based materials 
(sodium alginate, chitosan), protein-based materials 
(collagen, gelatin), synthetic polymers (polycaprolactone 
[PCL], polyethylene glycol [PEG]), and direct cell 
suspensions.130,131 The primary limitations include relatively 
low resolution, typically 100–200 μm, making microscopic 
structure design difficult; high-viscosity materials are 
prone to printhead clogging; and high temperatures and 
shear stress during thermal inkjet printing may affect 
cell viability (cell activity retention in thermal inkjet 

processes is usually 50–70%)132. However, its advantages 
are also prominent: fast printing speed (up to 1–10 cm3/
min) and low cost, especially piezoelectric inkjet printing, 
which does not require photoinitiators, thereby avoiding 
phototoxicity concerns.

In bone–tissue interface construction, inkjet technology 
can achieve precise organizational arrangement of multiple 
materials through the synchronous operation of multiple 
independent printheads, forming a gradient transition 
in mechanical properties; by combining synchronous 
ejection of calcium ions or other crosslinkers, different 
degrees of crosslinking and modulus changes can be 
achieved in different regions, seamlessly integrating hard 
bone regions (such as alginate incorporated with HAp or 
tricalcium phosphate) with soft tissue regions. Its high 
efficiency is particularly suitable for constructing large-
volume scaffolds.

Emerging derivative technologies of inkjet bioprinting 
are continuously expanding its application potential. 
Acoustic inkjet technology utilizes focused ultrasonic 
energy to drive liquid ejection, avoiding heating or pressure 
pulses, further reducing cell damage while simultaneously 
improving inkjet precision.133,134 Electro-jet technology 
drives conductive bioinks by applying an electric field, 
enabling precise control of individual droplets, with 
resolution improved to 50–100 μm, making it particularly 
suitable for high-precision cell pattern printing. In situ 
inkjet bioprinting integrates the inkjet system into surgical 
tools, allowing for real-time printing directly on a patient’s 
wound or defect site, enhancing clinical operability. 
Furthermore, multi-axis inkjet systems, combined with 
robotic arms or six-axis motion platforms, enable the 
print head to move along complex 3D paths, thereby 
transcending the limitations of planar layer-by-layer 
printing.135,136 Biomarker inkjet allows for the simultaneous 
ejection of multiple colors or fluorescently labeled bioinks, 
utilized for cell type differentiation and real-time tracking. 
The integration of these technologies is driving inkjet 
printing towards higher precision, greater efficiency, and 
more imminent clinical application.137

2.3. Lithography-based bioprinting

Lithography-based 3D bioprinting utilizes 
photopolymerization to construct complex biological tissue 
scaffolds with high precision.138-140 Its working principle 
involves irradiating bioinks containing photoinitiators 
with specific light (ultraviolet, visible, or near-infrared 
light). Technologies such as DLP or stereolithography 
project light patterns layer by layer or scan with lasers, 
causing photoinitiators in the bioink to undergo 
polymerization, thereby solidifying the liquid ink into 
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the desired 3D structure.141,142 This method is particularly 
suitable for hydrogel-based bioinks, such as gelatin 
methacryloyl (GelMA), hyaluronic acid methacryloyl, and 
polyethylene glycol diacrylate (PEGDA), which possess 
good biocompatibility and tunable mechanical properties, 
effectively encapsulating living cells.143,144 Although 
photoinitiators and light exposure can be cytotoxic, the 
risk can be significantly reduced by selecting low-toxicity 
photoinitiators and utilizing gentler visible light or two-
photon polymerization (2PP) techniques.

The advantage of this technology lies in its excellent 
resolution, with DLP achieving features in the tens of 
micrometers, and 2PP even reaching submicron (as low 
as approximately 100 nanometers) precision, coupled with 
fast printing speeds. This capability enables it to excel in 
constructing complex structures such as bone–tissue 
interfaces.145,146 For example, by precisely controlling 
porosity, material gradients, and mechanical strength, 
hard bone regions (e.g., rigid hydrogels incorporating 
HAp nanoparticles) can be seamlessly integrated with soft 
tissue regions (e.g., cell-rich elastic hydrogels), thereby 
replicating the biological and mechanical properties of 
natural interfaces and promoting effective inter-tissue 
integration.147,148

Lithography-based bioprinting technology is 
continuously evolving, giving rise to various emerging 
derivative methods to overcome existing limitations and 
expand application boundaries. Notably, tomographic 
volumetric additive manufacturing, also known as 
volumetric bioprinting, is a disruptive advancement. 
It no longer relies on layer-by-layer solidification but 
instead synchronously irradiates the entire bioink vat 
with dynamically adjusted light fields, forming a complete 
3D structure in seconds to minutes.149-151 This technique 
significantly increases printing speed, reduces shear 
stress on cells, and addresses the depth limitations of 
traditional layer-by-layer printing. 2PP is another cutting-
edge technique that uses focused femtosecond pulsed 
near-infrared lasers to initiate polymerization exclusively 
at the focal point, achieving ultra-high resolution as 
low as 100 nanometers.152,153 It is particularly well-
suited for constructing microscopic scaffolds, cellular 
microenvironments, and delicate vascular or neural 
networks, while near-infrared light also minimizes 
cell damage. Furthermore, combining microfluidic 
technology for multimaterial printing, high-throughput 
cell encapsulation, and developing portable lithography 
systems for in situ printing with handheld devices are 
current research hotspots. These emerging technologies, 
combined with next-generation bioinks and gentler 
photoinitiators, are collectively advancing bioprinting 

toward higher precision, faster speeds, and broader clinical 
applications (Figure 2B; Table 2).

3. 3D Bioprinting to repair bone–tissue 
interfaces
3.1. Bone and cartilage

The application of 3D bioprinting in osteochondral 
interface repair began with efforts to mimic the hierarchical 
structure of native tissues. Early studies achieved spatial 
separation of cartilage and bone layers through simple 
biphasic constructs, utilizing different hydrogel systems 
(such as alginate–gelatin mixtures) and ceramic fillers 
(such as HAp) to support cartilage matrix formation 
and bone formation, respectively.59 However, the key 
breakthrough was recognizing the unique biological 
function of the interface itself: it must simultaneously 
block vascular invasion (thereby preventing inappropriate 
endochondral ossification), maintain mechanical 
gradients, and facilitate signaling between adjacent tissues. 
This propelled researchers from passive structural design to 
active interface engineering, such as physically preventing 
vascular ingrowth through precise pore size control (<6 
μm),30 or achieving enhanced adhesion strength (>6.5-
fold)  through embedded fiber-reinforced networks.54

The regulation of cell differentiation has evolved from 
individual chemical inductive factors to multidimensional 
physical-metabolic coupling strategies. Traditional 
methods relied on spatially stratified nutrient gradients or 
cytokine diffusion, exhibiting limited efficiency.53 Current 
innovations include: inhibiting cartilage hypertrophy and 
promoting stable hyaline cartilage phenotype maintenance 
through hypoxic microenvironments; leveraging 
microRNAs to directionally program the osteogenic or 
chondrogenic differentiation potential of stem cells in 
specific regions57 (Figure 3E); and integrating mechanical 
stiffness gradients with metabolic activity gradients, 
allowing bone marrow-derived stem cells to form 
cartilage in soft and hypoxic regions and bone in hard and 
vascular-rich regions.64 The most cutting-edge strategies 
even introduce piezoelectric nanozymes responsive to 
ultrasound stimulation, achieving coupled regulation 
of mechanoelectric signals and reactive oxygen species 
scavenging on the same platform63 (Figure 3A–D).

The development of bioprinting technology itself 
has advanced the feasibility of osteochondral interface 
engineering. Integrated printing systems with multiple 
axes, processes, and materials (combining extrusion, 
electrospinning, and digital light processing) have made 
it possible to simultaneously obtain different mechanical 
gradients, pore structures, and cell densities in a single 
manufacturing run.30 The introduction of scaffold-free 
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bioprinting has further streamlined the manufacturing 
process—by precisely positioning and in situ fusing pre-
differentiated heterotypic cell spheroids, histologically 
relevant interface structures are directly constructed, 
avoiding stress transition mismatch during long-term 
scaffold degradation.55 DLP high-resolution printing 
enables precise programming of gradient interfaces, 
allowing for continuous transitions in mineral phase 
content and stiffness at the microscale, compatible with in 
situ crosslinking and high cell viability.62

Three dimensionally bioprinted osteochondral 
interfaces have demonstrated significant repair efficacy 

in large animal models (goats) and rat defect models. 
Biphasic fiber-reinforced cartilage templates achieved 
more hyaline-like cartilage regeneration in 6-month goat 
intra-articular cartilage defect repair,56 while DLP-printed 
collagen-based gradient scaffolds achieved near-complete 
recovery of cartilage and bone within 12 weeks.62 More 
significantly, these materials are being endowed with 
additional functional dimensions—immunomodulatory 
functions (achieving sequential pro-inflammatory to anti-
inflammatory conversion through the coupling of natural 
biomaterials and metal-organic frameworks),61 marking 
a shift from passive replacement to active treatment. 

Figure 2. Schematic of 3D bioprinting methods. (A) A schematic diagram illustrates a 3D bioprinting system equipped with a three-axis motion platform 
and a multi-nozzle dispensing unit. The accompanying photograph presents the dispensing module fitted with four printheads, along with the fabrication 
process using dECM-based bioink. Reprinted with permission from Cui et al.40 Copyright © 2026, The Authors. (B) LAP-functionalized Sil-MA was 
fabricated in a layer-by-layer manner using a digital light processing printer. Reprinted with permission from Wang et al.154 Copyright © 2026, The Authors. 
Abbreviations: dECM: Decellularized extracellular matrix; DMD: Digital micromirror device; LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate; 
Sil-MA: Silk fibroin methacryloyl. 
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Simultaneously, these constructs have begun to serve 
as physiologically relevant platforms for in situ disease 
modeling and drug screening,64 providing new possibilities 
for preclinical evaluation and personalized medicine.

Comparatively, osteochondral bioprinting has 
progressed through three distinct design logics. Pore-
size regulation and fiber-reinforced architectures mainly 
address  structural biomimicry and interface stability, 
because they improve mechanical continuity, strengthen 

hydrogel–ceramic bonding, and help reproduce the 
layered organization of cartilage and subchondral bone. 
In contrast, hypoxic microenvironments, microRNA 
programming, and mechanical–metabolic dual gradients 
are more biological instruction strategies, with their primary 
aim being to steer region-specific stem-cell differentiation 
and preserve a stable chondrogenic phenotype. 
Piezoelectric nanozyme-based systems represent a more 
advanced but also more complex approach, as they 
couple mechanotransduction with reactive oxygen species 

Table 2. Comparative summary of extrusion-, inkjet-, and lithography-based bioprinting for bone–tissue interface regeneration

Parameter Extrusion-based bioprinting Inkjet-based bioprinting Lithography-based bioprinting

Working 
principle

Pneumatic-, piston-, or screw-driven 
extrusion of viscous bioink through 
a nozzle, deposited layer by layer

Thermal (bubble-induced) or piezoelectric 
(pressure pulse-induced) ejection of 
microdroplets

Photopolymerization by UV/visible/
NIR light projection (DLP/SLA) or 
femtosecond laser (2PP)

Printing 
resolution

100–500 μm (nozzle/line width); 
MEW derivative reaches submicron 
(down to ~100 nm)

100–200 μm (thermal/piezoelectric); 
electrohydrodynamic jet printing improves to 
50–100 μm

DLP: tens of μm; 2PP: down to ~100 nm 
(submicron)

Compatible 
bioink viscosity

Broad range; suited for highly 
viscous composite hydrogels 
(alginate, gelatin, collagen, HA, 
Pluronic, dECM)

Primarily low-viscosity bioinks, typically 1–30 
mPa·s (polysaccharides, proteins, PCL, PEG, 
cell suspensions)

Low–moderate viscosity; needs 
photocurable hydrogels (GelMA, 
HAMA, PEGDA)

Achievable cell 
density Up to 10⁸ cells/mL Relatively low; direct cell suspension printing 

possible

Moderate; high-throughput 
encapsulation achievable via 
microfluidics

Printing speed Relatively slow Fast, up to 1–10 cm3/min Fast (DLP/SLA); TVAM completes 
constructs in seconds to minutes

Cell viability Often > 90% after optimization
Thermal inkjet: 50%–70%; piezoelectric 
printing is gentler and generally yields higher 
cell viability

High; phototoxicity minimized with 
low-toxicity initiators/visible light/2PP

Major 
advantages

Region-specific deposition of 
multiple materials (hard bone 
+ soft tissue); high cell density; 
good mechanical strength and 
dimensional stability; handles 
diverse viscous bioinks

Fast speed and low cost; no photoinitiator 
is required for droplet generation, thereby 
avoiding photoinitiator-associated 
phototoxicity; multihead synchronous printing 
for gradients

Excellent resolution and fast speed; 
precise continuous gradients in 
mineral/stiffness at microscale; ideal for 
vascular- and neural-scale structures

Limitations Relatively low resolution; slow speed; 
shear stress-induced cell damage

Low resolution; high-viscosity inks may clog 
the printhead; thermal heating (100 °C–300 
°C) reduces viability

Photoinitiator and light exposure can be 
cytotoxic; limited penetration depth in 
layer-by-layer printing

Suitability for 
bone–tissue 
interfaces

Best for co-depositing bone-phase 
materials (HAp ceramics) + soft-
tissue materials (cell-rich hydrogels) 
in regionalized gradients; ideal for 
bone–cartilage/bone–tendon

Efficient for large-volume scaffolds and 
gradient crosslinking using synchronous 
multihead printing; suitable for bone–cartilage 
and bone–vascular interfaces

Best for constructing microscale 
continuous gradients (mineral/stiffness); 
excellent for precise vascular/neural 
microstructures and complex interface 
geometries

Abbreviations: 2PP: Two-photon polymerization; dECM: Decellularized extracellular matrix; DLP: Digital light processing; GelMA: Gelatin 
methacryloyl; HA: Hyaluronic acid; HAMA: Hyaluronic acid methacryloyl; HAp: Hydroxyapatite; MEW: Melt electrowriting; NIR: Near-infrared; PCL: 
Polycaprolactone; PEG: Polyethylene glycol; PEGDA: Polyethylene glycol diacrylate; SLA: Stereolithography; TVAM: Tomographic volumetric additive 
manufacturing. 
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regulation and therefore extend beyond passive structure 
matching toward active microenvironment control.

In terms of validation, fiber-reinforced and gradient 
scaffolds have shown the strongest  in vivo evidence, 
including repair in rabbit, rat, and goat models; by 
comparison, spheroid-based and miRNA-engineered 
constructs are often more mature as  in vitro or proof-
of-concept platforms, although they provide valuable 
mechanistic insight. Overall, structural reinforcement 

is better suited for defects requiring immediate load-
bearing and interfacial integrity, whereas hypoxia-, gene-, 
and signal-responsive strategies are more appropriate 
when the goal is to direct cell fate and improve long-term 
biological maturation. The main unresolved issue is how 
to synchronize these functions temporally, since cartilage 
maintenance, subchondral bone formation, and vascular 
exclusion do not occur on the same timescale.

Figure 3. 3D bioprinting for bone–cartilage interface regeneration. (A) A biphasic osteochondral interface repair scaffold was designed and prepared using 
3D printing technology. The upper layer is GC-CeMOF@BTO for cartilage repair, and the lower layer is GB-tricalcium phosphate for bone repair. (B) 
Left: Transmission electron microscopy image of CeMOF@BTO. Right: STEM/EDS elemental mapping images of CeMOF@BTO. (C) Fourier-transform 
infrared spectrum of CeMOF@BTO. (D) Transcriptome analysis and functional enrichment of differentially expressed genes after GC-CeMOF@BTO 
treatment: circular genomic map. (A–D) Reprinted with permission from Ding et al.63 Copyright © 2026, WILEY-V C H VERLAG GMBH. (E) Staining of 
the bioprinted osteochondral interfaces with toluidine blue, Alizarin Red, H&E, and OsteoImage. Reprinted with permission from Celik et al.57 Copyright 
© 2022, IOP Publishing Ltd. 
Abbreviations: Alg: Alginate; BTO: Barium titanate; CeMOF: Cerium metal–organic framework; GA: GelMA–alginate; GelMA: Gelatin methacryloyl; 
H&E: Hematoxylin and eosin; β-TCP: Beta-tricalcium phosphate.
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3.2. Bone and blood vessels

The repair of large bone defects presents significant 
challenges in the field of tissue engineering, with the core 
issue being the absence of  an effective vascular network 
to supply oxygen and nutrients and remove metabolic 
waste, leading to central cellular necrosis and impaired 
tissue function. 3D bioprinting, as a technology capable 
of precisely controlling the spatial arrangement of cells 
and materials, offers unique advantages for constructing 
functional vascularized bone tissue. Early research 
primarily focused on co-culturing osteoblasts (such as 
human bone marrow mesenchymal stem cells or adipose-
derived stem cells) and vascular endothelial cells (such as 
human umbilical vein endothelial cells) to simulate the 
angiogenesis and osteogenesis processes of bone.66,69,155 By 
loading these cells into printable hydrogel bioinks (such 
as GelMA and fibrin) and designing scaffold structures 
containing interconnected microchannels, preliminary 
achievements included the in vitro growth, migration, and 
organization of vascular cells, as well as the proliferation 
and osteogenic differentiation of bone cells, thereby 
establishing a foundation for constructing perfusable 
tissues.65

Inspired by natural osteons (concentric circular 
structures composed of blood vessels and layers of 
osteocytes in compact bone), numerous studies have 
focused on 3D printing of scaffolds with osteon-mimicking 
structures. By precisely constructing hierarchical 
microchannels such as vertical central medullary canals, 
Haversian canals, and Volkmann’s canals, these scaffolds 
guide the distribution of vascular endothelial cells and 
the formation of vascular networks, thereby enhancing 
in vivo vascularization capacity.68,72 Simultaneously, the 
optimization and functionalization of bioinks have become 
crucial. By incorporating bioactive ceramic materials 
such as nanohydroxyapatite, silicate nanoplatelets, or 
polydopamine-modified calcium silicate, not only are 
the mechanical strength and osteoinductive capabilities 
of the scaffolds enhanced, but also the growth of vascular 
endothelial cells and the development of vascular networks 
are promoted.67,70 Additionally, the introduction of 
bioactive molecules such as vascular endothelial growth 
factor (VEGF) or CD34+ cell enhancing factors (e.g., 
StemRegenin 1 [SR1] nanoparticles) can specifically 
promote angiogenesis, further improving the regenerative 
potential of vascularized bone tissue.28,66

To achieve the construction of larger and more complex 
vascularized bone tissues, 3D bioprinting technology itself 
is continuously innovating. Dual-ink and coaxial 3D 
bioprinting technologies enable precise spatial separation 
of bioinks, encapsulating osteoblasts and vascular 

endothelial cells in different regions of the scaffold, 
creating a non-contact co-culture environment that 
optimizes intercellular signaling and thus more effectively 
promotes angiogenesis and bone formation70,73 (Figure 
4E). In addition, the in vitro pre-vascularization strategy is 
widely explored, where stable microvascular networks are 
induced to form in constructs during the in vitro culture 
phase before being implanted in vivo. Studies have shown 
that fibrin-based bioink constructs containing only human 
umbilical vein endothelial cells and supportive human bone 
marrow-derived mesenchymal stem cells, when matured in 
vitro and subsequently implanted into critical-sized bone 
defect models, significantly increase vascularization levels 
and promote new bone formation.71 Recently, research 
has proposed modular living assembled bone organoids, 
combined with in situ guided vascularization strategies, to 
achieve high-throughput modular bone organoid assembly 
through bioprinting and induce the formation of tubular 
structures with unidirectional guided vascularization. 
This approach offers possibilities for one-step surgical 
transplantation and rapid perfusion, potentially advancing 
vascularized bone tissue towards clinical translation75 
(Figure 4A–D). Some studies have even begun to explore 
bioprinting inorganic biomaterials with neural stem cells, 
promoting the synergistic regeneration and functional 
recovery of multiple tissues, including bone, blood vessels, 
and even nerves, from a neuro-inductive perspective,74 
which indicates the increasingly heightened complexity 
anticipated in future tissue engineering endeavors.

Among vascularized bone strategies, the main 
distinction lies between architectures that create space 
for perfusion and systems that actively induce vessel 
maturation.

Osteon-mimetic microchannels, interconnected 
pores, and scaffold architectures with predefined lumens 
primarily improve  structural transport efficiency  by 
enabling nutrient diffusion and guiding endothelial 
invasion. These designs are especially valuable in thick 
constructs or large defects, where mass transport is the 
first limiting factor. By contrast, cell co-culture systems, 
VEGF or SR1 delivery, and prevascularization strategies 
focus more on biological activation, aiming to accelerate 
endothelial network formation and improve the coupling 
between angiogenesis and osteogenesis.

In experimental terms, simple channel-based and 
osteon-like scaffolds have already shown robust  in vivo 
relevance, whereas modular organoid assembly and 
more elaborate guided vascularization systems remain 
comparatively early-stage, despite their translational 
promise. The advantage of prevascularized constructs 
is that they can shorten the host-implant lag phase after 
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implantation, but their limitation is the difficulty of 
maintaining lumen stability and perfusion after scaling up. 
Therefore, channel design is best used when the priority 
is rapid oxygen delivery and construct survival, whereas 
growth-factor- or cell-driven approaches are more suitable 
when mature vasculature and long-term osteogenesis are 
required. A central challenge remains the establishment of 
vessels that are not only present, but also stable, perfusable, 
and functionally integrated with bone remodeling.

3.3. Bone and nerves

Three-dimensional bioprinting technology, with its 
unique spatial precision control capabilities, provides 
an unprecedented tool for constructing complex 
microenvironments that support both bone and nerve 
regeneration. It enables the precise positioning of nerve cells 
and bone-related cells and simulates the simplified spatial 
distribution found in natural bone, thereby achieving 
intraosseous nerve regeneration. Early research has 
demonstrated that photocrosslinkable and biodegradable 

Figure 4. 3D bioprinting for bone–vascular interface regeneration. (A) Left: The synthesis of hydrogels and the modular printing, assembly, and 
vascularization process of bone organoids. GDMA hydrogel for the induction and culture of bone organoids. Right: ARS and ALP staining of printed 
bone organoid modules following in vitro osteogenic induction. (B) Evaluation of bone organ maturation and vascularization after implantation (2,4,8,12 
weeks): Fluorescence intensity analysis and 3D spatial quantification were performed on the cleared samples. (C) The overall transparency of the bone 
tissue-skin composite material, the double immunofluorescence of CD31/OCN, and the 3D imaging under the light sheet microscope. (D) A protein-
protein interaction network centered on Sox9. (A–D) Reprinted with permission from Ju et al.75 Copyright © 2026, The Authors. (E) The visualization 
and cell distribution of bioprinted structures under confocal microscopy: Representative 3D volume viewer of the core–shell structure on day 3 of culture. 
Reprinted with permission from Shahabipour et al.73 Copyright © 2022, WILEY Periodicals LLC. 
Abbreviations: AEMA: 2-Aminoethyl methacrylate; ALP: Alkaline phosphatase; ARS: Alizarin Red S; DLP: Digital light processing; EDC: 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide; GDMA: Gelatin–dopamine methacrylamide; HUVEC: Human umbilical vein endothelial cell; MA: Methacrylamide; 
NHS: N-Hydroxysuccinimide.
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polymers such as oligo(poly(ethylene glycol) fumarate) 
can serve as bioinks, supporting survival and proliferation 
of osteocytes and nerve cells, laying a material foundation 
for bone–nerve regeneration.76

To effectively promote bone–nerve interface repair, the 
research focus has shifted from the application of single 
cells or materials to the synergy of multidimensional 
bioactive factors and cellular strategies. By integrating 
nerve growth factor (NGF) into bioprinted structures, 
the microenvironment of the osteogenic center can be 
simulated, promoting axonal extension and inducing 
sensory neurons to secrete calcitonin gene-related 
peptide (CGRP), which in turn stimulates osteogenic 
differentiation and inhibits adipogenesis, ultimately 
improving bone regeneration in cranial defect models.77 
Similarly,   Schwann cells promote the proliferation and 
differentiation of bone marrow mesenchymal stem cells 
and the migration and tubule formation of endothelial 
progenitor cells through the secretion of Schwann cell-
derived exosomes, thereby mimicking Schwann cell-
mediated neuro-osseous crosstalk, optimizing the bone 
repair microenvironment, and promoting the synergistic 
regeneration of nerves, blood vessels, and bone.81 In 
addition, inorganic biomaterials also play a crucial role. 
For example, calcium silicate nanowires integrated into 
bioinks act as “bioactive factors,” significantly promoting 
the long-term survival, spreading, and osteogenic 
and neurogenic differentiation of encapsulated cells, 
thereby accelerating new bone formation and nerve fiber 
ingrowth.79 Some studies have even utilized bioprinted 
scaffolds to deliver neuromodulators, such as inhibiting 
sympathetic activation and catecholamine release through 
sustained-release calcium channel blocker nifedipine 
to promote bone defect repair,80 and enhancing bone 
regeneration through the synergistic effect of CGRP and 
β-adrenergic receptor antagonist propranolol82 (Figure 
5D). These strategies collectively emphasize the profound 
understanding of neuro-osseous interactions and the 
importance of multi-signal biological regulation.

With the continuous development of 3D bioprinting 
technology, researchers are able to construct increasingly 
complex and functional bone–nerve interface structures. 
Multicellular 3D bioprinting technology enables the 
layered printing of nerve cells (such as Schwann cells 
RSC96) and bone marrow mesenchymal stem cells, and 
functionalizes the neurogenic and osteogenic layers with 
covalently linked NGF and bone morphogenetic protein 
2 (BMP-2) mimetic peptides, thereby promoting the 
long-term survival and differentiation of both cell types 
in spatially heterogeneous constructs, and achieving 
synergistic enhancement of neurogenesis and osteogenesis 

both in vitro and in vivo.84 To address peripheral nerve 
injury, multi-nozzle pressurized 3D bioprinting technology 
has been used to fabricate bilayer nerve conduits. The 
combination of GelMA encapsulating bone marrow-
derived mesenchymal stem cells (BMSCs) in the inner layer 
and high mechanical strength GelMA/PEGDA in the outer 
layer not only supports high cell viability and extensive cell 
spreading but also effectively promotes the adhesion and 
proliferation of PC12 nerve cells.78 More forward-looking 
research has explored the combination of bio-inspired 
piezoelectric bioprinted scaffolds with neurons, utilizing 
piezoelectric polylactic acid to mediate mechano-electrical 
coupling under ultrasound stimulation, triggering Ca2+ 
influx within integrated dorsal root ganglion neurons, 
thereby enhancing CGRP secretion, further promoting 
osteogenesis and angiogenesis, and accelerating 
neurovascularized bone regeneration. This represents 
a new strategy for constructing functional interfaces 
with a functional sensor–effector interoception circuit85 
(Figure 5A–C). These advancements indicate the immense 
potential of 3D bioprinting in achieving highly integrated 
regeneration of nerves, blood vessels, and bone in complex 
tissues, laying the foundation for the future development 
of vascularized and innervated scaffolds.74,83

Compared with vascularized bone constructs, bone–
nerve strategies place greater emphasis on bioelectrical 
signaling and neuro-osteogenic crosstalk rather than 
on perfusion alone. Bioink formulations containing 
NGF, Schwann cells, neural stem cells, or conductive/
piezoelectric components mainly serve to  promote 
innervation and modulate osteogenesis indirectly through 
neurotrophic and mechanoelectrical pathways. These 
designs are particularly effective when the therapeutic 
goal is to restore sensory or sympathetic regulation, or 
to reproduce the neurovascular niche that supports bone 
healing. In contrast, scaffold designs with bilayer conduits 
or aligned architectures are more focused on  structural 
guidance and nerve regeneration, and therefore are closer 
to peripheral nerve engineering than to fully integrated 
bone repair.

The validation level also differs substantially among 
the reported approaches. Simple cell-supportive bioinks 
and bilayer conduits have clear in vitro and small-
animal validation, while systems that use Schwann cell 
exosomes, neurotransmitter modulation, or piezoelectric 
interoception circuits are conceptually more advanced 
but remain less extensively tested. In practical terms, the 
field is moving from “nerve-compatible bone scaffolds” 
toward “neuroactive regenerative scaffolds,” yet most 
studies still stop short of demonstrating durable functional 
restoration in large defects. Thus, the most realistic near-
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term application is in defects where impaired innervation 
contributes to delayed healing, while full sensorimotor 
reconstruction remains a longer-term goal.

3.4. Bone and tendons

The osteotendinous interface (enthesis) is a highly complex 
gradient tissue, whose primary function is to smoothly 

transfer mechanical loads from soft tissue (tendon) to hard 
tissue (bone), thereby preventing stress concentration. 
However, when tendon or ligament injuries occur, such 
as rotator cuff tears or anterior cruciate ligament injuries 
requiring reconstruction, this interface typically forms 
fibrous scar tissue rather than regenerating a normal 
enthesis with a mechanical gradient, leading to poor repair 

Figure 5. 3D bioprinting for bone–nerve interface regeneration. (A) A schematic diagram of the preparation of piezoelectric polylactic acid nanofibers. (B) 
Representative immunofluorescence images of endothelial progenitor cells showing CD31 (red; upper panels) and vWF (green; lower panels), with nuclei 
counterstained with DAPI (blue). (C) The bone regeneration effect of the neural-bioprinted piezoelectric scaffold after four weeks in vivo. Micro-computed 
tomography images, H&E, and Masson staining images of bone defect areas in different groups: control group, DRG@Control, DRG@Piezo, US-DRG@
Non-Piezo, and US-DRG@Piezo. (A–C) Reprinted from Su et al.85 Copyright © 2026, The Authors. (D) Immunofluorescence staining was used to evaluate 
the fluorescence images of CD31 (red), OCN (green), and OPN (green) at 10 weeks after stent implantation. The nuclei were stained with DAPI (blue). 
Reprinted with permission from Guo et al.82 Copyright © 2023, WILEY-VCH GMBH. 
Abbreviations: CGRP: Calcitonin gene-related peptide; CM: Conditioned medium; DAPI: 4′,6-Diamidino-2-phenylindole; DRG: Dorsal root ganglion; 
GP: Gelatin methacryloyl/polyethylene glycol diacrylate hydrogel; H&E: Hematoxylin and eosin; OCN: Osteocalcin; OPN: Osteopontin; PLLA: Poly(L-
lactide); PM: Propranolol-loaded mesoporous silica nanoparticles; US: Ultrasound; vWF: von Willebrand factor.
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outcomes and high retear rates. 3D bioprinting technology 
offers a new solution for this, as it can precisely control the 
spatial arrangement of cells and materials, with the goal 
of reconstructing this natural gradient structure. Early 
research focused on using bioprinted scaffolds loaded 
with mesenchymal stem cells to enhance osteointegration 
between the tendon and bone tunnel; for example, in a 
rabbit model of anterior cruciate ligament reconstruction, 
3D-bioprinted scaffold sleeves with mesenchymal stem 
cells (MSCs) significantly promoted osteointegration 
and fibrocartilage formation.86 Additionally, research has 
explored printing recombinant spider silk hydrogels with 
fluorapatite composite materials to generate biomaterial 
structures with mechanical gradient properties, 
mimicking the mechanical transition characteristics of 
natural enthuses.88 Multicellular bioprinting strategies 
have further been employed to develop biomimetic inks, 
combining tendon/bone-related cells and molybdenum-
containing silicate bioceramics to simulate the hierarchical 
structure and cellular composition of the interface, thereby 
achieving synchronous multi-tissue repair.91

To more effectively promote the regeneration of the 
osteotendinous interface, merely mimicking the structure 
is not enough; precise regulation of cell differentiation and 
tissue formation is equally essential. Current strategies 
emphasize the introduction of various bioactive factors 
and functional materials to direct stem-cell differentiation 
into tenocytes, chondrocytes, and osteoblasts within 
spatially distinct regions. Among these, spatiotemporally 
precise delivery of growth factors is a key strategy. For 
example, by embedding microspheres loaded with 
tenogenic, chondrogenic, and osteogenic growth factors 
in 3D-printed scaffolds, sustained and spatially controlled 
release of growth factors can be achieved, thereby guiding 
the differentiation of mesenchymal progenitor cells in vitro 
to form multiphasic tissues with tendon-like, cartilage-like, 
and bone-like regions, and promoting the formation of 
fibrocartilaginous interfaces and integrated healing in vivo 
by recruiting endogenous tendon progenitor cells87 (Figure 
6B and 6C). Furthermore, this layer-specific growth factor 
loading strategy has been applied to construct living tissues, 
substantially enhancing enthesis regeneration in rotator 
cuff tear models, including improved biomechanical 
properties, collagen deposition, and alignment89 (Figure 
6A, 6B, and 6E), by guiding the in situ differentiation 
of loaded stem cells. Additionally, research has further 
enhanced the ability to induce cell differentiation by 
coating specific decellularized extracellular matrix 
(dECM) onto 3D-printed gradient biomimetic scaffolds, 
achieving tendon–bone differentiation characteristics 
similar to natural enthesis and significantly improving 
biomechanical properties.90

With advancements in bioprinting technology, 
researchers are able to construct increasingly complex 
gradient tissues that more closely approximate natural 
enthesis structures. For example, using a coaxial nozzle 
system for 3D bioprinting can effectively and simultaneously 
fabricate aligned tendon tissue, a gradient tendon–bone 
interface, and mechanically enhanced bone regions, 
thereby mimicking the natural tendon–bone structure. 
This method not only improves mechanical properties 
and tissue integration but also promotes angiogenesis 
and extracellular matrix formation, demonstrating the 
potential for rapid regeneration of full-thickness tendon–
bone tissue in rabbit rotator cuff tear models.92 Similarly, 
by using a core–shell nozzle-assisted bioprinter, combined 
with collagen microbeads loaded with BMP-2, a multilayer 
scaffold was constructed, achieving a gradient decrease 
in BMP-2 content from the bone to the tendon region, 
accelerating the remodeling of full-layer osteotendinous 
tissue in rabbit rotator cuff tear models.93 These advanced 
bioprinting strategies, integrating sophisticated designs of 
materials, cells, and bioactive molecules, have achieved 
encouraging preclinical results in animal models, 
indicating the immense clinical translational potential 
of 3D bioprinting for the treatment of osteotendinous 
interface injuries, improving surgical success rates and 
enhancing the quality of patient recovery.

Tendon-to-bone bioprinting is distinguished by its 
focus on load transfer and enthesis remodeling, which 
makes mechanical matching more critical here than in 
most other bone-interface systems. Scaffolds based on 
MSC loading or endogenous progenitor recruitment 
mainly improve  cellular participation and interface 
healing capacity, but their structural mimicry is often 
relatively simple. By contrast, gradient printing, coaxial 
or core–shell systems, and dECM-coated constructs are 
designed to reproduce the native transition from tendon 
to fibrocartilage to bone, and therefore are better suited 
to  structural and compositional biomimicry. Layer-
specific growth factor delivery adds another level of 
control by directing region-specific differentiation, but it 
does not fully solve the problem of matching the evolving 
mechanical environment during healing.

Compared with osteochondral and vascularized 
bone studies, tendon-to-bone research has more clearly 
demonstrated functional improvement in animal models, 
including enhanced histology, collagen alignment, 
fibrocartilage formation, and biomechanical outcomes. 
However, the field still faces a major limitation: the 
degradation of the printed construct and the maturation 
of regenerated tissue are often not synchronized, which 
can compromise long-term repair. Therefore, simple 
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MSC-seeded sleeves may be suitable for proof-of-concept 
or adjunctive repair, whereas graded, growth factor-
patterned, and dECM-guided systems are more relevant 
for true enthesis reconstruction in load-bearing settings.

3.5. Bone and immunity

Bone tissue repair is a complex process in which the host 

immune response to implanted materials plays a crucial 
role in determining regenerative outcomes. Although not 
all studies discussed in this section involve direct cell-laden 
bioprinting, conventional 3D-printed scaffold studies are 
also included because scaffold architecture, pore geometry, 
and material composition are important upstream 
determinants of osteoimmune regulation and are therefore 

Figure 6. 3D bioprinting for bone–vascular and bone–tendon interface regeneration. (A) Schematic illustration of the implantation of bioprinted living 
tissue constructs containing layer-specific GF-loaded microspheres to promote tendon, cartilage, and bone formation during rotator cuff healing. (B) 
Fluorescent image of the bioprinted cell-laden construct. (C) Immunofluorescence staining showing that scaffolds incorporating a spatiotemporal 
GF-delivery system guide human bone marrow-derived mesenchymal stem cells toward formation of a fibrocartilage matrix gradient with a high tensile 
modulus. (D) 3D reconstructed micro-computed tomography images of the cortical and trabecular regions of the humeral head showing bone loss 
associated with supraspinatus tendon-to-bone repair and differences between the +GF and −GF groups. (E) Representative Picrosirius red-stained sections 
of the repaired tendon-to-bone interface at 4, 8, and 12 weeks after surgery. (F) Representative toluidine blue-stained sections of the repaired tendon-to-
bone interface at 4, 8, and 12 weeks after surgery. (A, B, E, F) Reprinted with permission from Bai et al.89 Copyright © 2022, Acta Materialia Inc. Published 
by Elsevier Ltd. (C, D) Reprinted with permission from Tarafder et al.87 Copyright © 2019, IOP Publishing Ltd. 
Abbreviations: AGC: Aggrecan; bFGF: Basic fibroblast growth factor; BMP-2: Bone morphogenetic protein 2; Col-I: Collagen type I; Col-II: Collagen type 
II; Ctl: Control; DAPI: 4′,6-Diamidino-2-phenylindole; GF: Growth factor; hUCMSCs: Human umbilical cord mesenchymal stem cells; OC: Osteocalcin; 
TGF-β: Transforming growth factor beta; μS: Microspheres.
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directly relevant to interface-oriented biofabrication.

Traditional bone repair strategies often overlook the 
critical importance of the immune microenvironment 
during the early stages of fracture healing. Through precise 
control over the spatial arrangement of cells and materials, 
3D bioprinting provides a means of actively modulating 
the bone–immune interactions. Previous studies have 
shown that dual-channel co-encapsulation bioprinting 
of bone marrow-derived macrophages and bone marrow 
mesenchymal stem cells can leverage paracrine effects 
between cells to promote M2-type (anti-inflammatory, 
pro-repair) polarization of macrophages in the early stages 
of bone defects, reducing excessive inflammatory responses 
and thus creating favorable conditions for subsequent 
bone formation, ultimately accelerating bone repair50. 
Beyond cellular-level regulation, the physical properties 
of biomaterials have also been shown to significantly 
affect the immune response. Studies have found that the 
pore size of 3D-printed scaffolds plays a decisive role in 
macrophage polarization and foreign body reaction. For 
example, PCL/PEG/HA scaffolds with larger pore sizes 
(e.g., P600 scaffolds with 582.1 ± 27.2 μm) can significantly 
reduce foreign body reactions, promote enhanced M2-type 
macrophage infiltration, blood vessel ingrowth, and new 
bone formation, revealing the direct regulatory role of 
scaffold physical structure on the immune response during 
bone regeneration94 (Figure 7D–E).

To achieve more precise and efficient repair of the 
bone–immune interface, 3D bioprinting strategies 
have further advanced to actively induce immune cell 
behavior through functionalized biomaterials and to 
mechanistically elucidate their molecular mechanisms. For 
example, chemically modifying Apt19s (an aptamer that 
specifically recruits BMSCs) on the surface of 3D-printed 
GelMA/Laponite hydrogel scaffolds not only enhances 
BMSC recruitment and adhesion but also promotes a shift 
in macrophage phenotype from M1 to M2. Further RNA 
sequencing analysis revealed that macrophages promote 
osteogenic differentiation of BMSCs by regulating the 
AMPK/mTOR signaling pathway, providing a profound 
mechanistic understanding for enhancing bone repair 
through the osteoimmune pathway.95 Furthermore, 
integrating metal–organic framework (MOF) nanoparticles 
(such as luteolin-loaded zeolitic imidazolate framework-8) 
into 3D-bioprinted GelMA hydrogel scaffolds can achieve 
sustained release of bioactive components (luteolin and 
zinc ions), thereby endowing the scaffolds with multiple 
functionalities including antibacterial, osteoinductive, and 
inflammation-modulating properties. Such functionalized 
scaffolds can regulate the immune microenvironment, 
promote osteogenic differentiation of BMSCs, and have 

demonstrated their osteoimmune regulation and osteogenic 
capabilities in in vivo experiments.96 Collectively, these 
studies underscore that 3D bioprinting, through ingenious 
material design and functionalization, can not only 
regulate immune responses at the bone–immune interface 
but also transform them into catalytic forces promoting 
bone regeneration, thereby achieving more efficient and 
targeted bone tissue engineering strategies.

Bone–immune interface studies differ from the 
other sections because their primary target is not tissue 
replacement itself, but the regulation of host response 
that determines whether repair can proceed successfully. 
Compared with osteochondral, vascular, or tendon-
to-bone constructs, these systems are less focused on 
reproducing a specific anatomical gradient and more 
focused on controlling macrophage behavior, foreign body 
response, and the timing of inflammatory resolution. Pore-
size regulation is the most direct structural approach and 
has the advantage of being simple, scalable, and compatible 
with conventional scaffolds, but it is relatively coarse in 
biological specificity. By contrast, aptamer functionalization 
and MOF-based ion/drug delivery provide more precise 
immunomodulation and can simultaneously recruit stem 
cells or enhance osteogenesis, yet they are more chemically 
complex and still require careful safety evaluation.

In terms of validation, pore-architecture studies and 
functionalized hydrogel scaffolds have already shown 
convincing  in vivo anti-inflammatory and osteogenic 
effects, but the field remains early in defining reproducible 
rules for timing, dose, and immune-state transitions. 
The strongest contribution of this section is therefore 
mechanistic: it shows that interface repair depends not 
only on biomimetic structure, but also on converting early 
immune responses into pro-regenerative signals. The best 
application scenario is in defects with high inflammatory 
burden, implant-associated irritation, or poor healing 
propensity, where immune modulation may be more 
decisive than simply adding more osteogenic cues.

3.6. Bone and ligaments

The osteoligamentous enthesis, a critical junction where 
tendons or ligaments connect to bone, possesses a unique 
gradient structure, composition, and mechanical properties, 
making it exceptionally challenging for functional tissue 
to regenerate spontaneously after injury. 3D bioprinting 
technology, with its precise control over the spatial 
arrangement of cells and materials, offers unprecedented 
opportunities for constructing and repairing this complex 
interface. On one hand, 3D bioprinting is employed to 
create highly biomimetic in vitro microtissue models to 
investigate the biological mechanisms and pathological 
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processes of the interface. For example, researchers have 
successfully constructed a multicellular periodontal 
ligament–alveolar bone biointerface microtissue model 
using 3D bioprinting technology. This model accurately 

recapitulates the connection between the periodontal 
ligament fibroblast layer and the mineralized bone 
layer, maintains high cell viability, and can be used for 
disease mechanism research and drug screening, thereby 

Figure 7. 3D bioprinting for bone–ligament and bone–immune interface regeneration. (A) Patient-derived hACL cells and hMSCs were co-assembled 
into ligament-like and osteogenic spheroids and fused within 10 days to form engineered microtissues with a core–shell structure and expression of early 
enthesis markers. (B) Confocal fluorescence images showing the distribution of extracellular matrix components in ACL spheroids on days 7 (upper 
panel) and 21 (lower panel). The spheroids were labeled with COL-III (red), DCN (purple), F-actin (yellow), and nuclei (blue). (C) Transmission electron 
microscopy images of L7-B15 and L7-B21 aggregates showing the overall morphology of the microtissues and collagen fibers (arrows) in the fusion 
region, with scale bars of 5 μm (overview) and 500 nm (higher magnification), respectively. (A–C) Reprinted from Giacomini et al.98 Copyright © 2026, 
The Authors. (D) Micro-computed tomography 3D reconstructions showing greater NB formation in the P600 group than in the P200 and P400 groups 
at 4 and 8 weeks. (E) Immunofluorescence staining showing fewer M1 pro-inflammatory macrophages and more M2 anti-inflammatory macrophages 
in the P600 group at 4 weeks, indicating that the large-pore scaffold promoted bone regeneration by modulating the immune microenvironment. (D, E) 
Reprinted with permission from Li et al.94 Copyright © 2022, American Chemical Society. 
Abbreviations: ACL: Anterior cruciate ligament; CCR7: C-C chemokine receptor type 7; COL-III: Collagen type III; DAPI: 4′,6-Diamidino-2-phenylindole; 
DCN: Decorin; hACLs: Human anterior cruciate ligament cells; hMSCs: Human mesenchymal stromal cells; NB: New bone.
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providing an important platform for personalized 
periodontal tissue engineering.97 On the other hand, 3D 
bioprinting is also advancing towards functional tissue 
construction and repair, even exploring scaffold-free 
strategies. By fusing spheroids derived from anterior 
cruciate ligament and bone-derived mesenchymal stem 
cells, modular multicellular microtissues were constructed. 
These microtissues spontaneously formed gradient-like 
ligamentous, fibrocartilaginous, and bone-like regions, 
achieving critical de novo fibrocartilage formation while 
supporting external mechanical stimulation. This scalable, 
scaffold-free platform of heterologous cell spheroids 
not only provides an in vitro model for studying the 
mechanobiology of entheses but also demonstrates 
immense translational potential for developing injectable 
or bioprintable building blocks for enthesis repair98 
(Figure 7A–C). Collectively, these advancements highlight 
the profound applications and expansive development 
prospects of 3D bioprinting in osteoligamentous enthesis 
research, spanning from precise modeling to constructing 
regenerative tissues.

Compared with the other interface types, bone–
ligament engineering is at an earlier translational stage and 
is more heterogeneous in purpose. Some studies mainly 
serve as in vitro disease or mechanobiology models, such 
as periodontal ligament–alveolar bone microtissues, 
and are therefore valuable for mechanistic analysis, drug 
testing, and personalized modeling rather than immediate 
implantation. Others, especially spheroid-fusion or 
scaffold-free enthesis systems, aim to provide  building 
blocks for future regenerative therapy, but they still require 
stronger evidence of mechanical durability and long-term 
integration before clinical use.

Structurally, ligament-related strategies overlap with 
tendon-to-bone approaches in their reliance on graded 
architecture and enthesis-like transitions; however, 
the ligament field has not yet achieved the same level 
of functional validation in animal repair models. This 
suggests that the current emphasis should remain on 
biomimetic modeling, early enthesis formation, and 
mechanical conditioning. For clinical translation, the most 
promising systems will likely be those that can combine 
regional differentiation with load-responsive maturation 
while retaining sufficient durability under cyclic stress.

3.7. Cross-interface comparison of design 
requirements in bone–tissue bioprinting

Although bone–cartilage, bone–tendon/ligament, bone–
vascular, and bone–nerve interfaces are all transitional 
tissues, their design requirements differ substantially 
because each interface serves a distinct biomechanical and 

biological function (Table 3). Bone–cartilage interfaces 
require a pronounced gradient in stiffness and mineral 
content, together with suppression of vascular invasion in 
the cartilaginous zone to preserve the avascular phenotype 
and prevent inappropriate endochondral ossification. 
Accordingly, osteochondral constructs often emphasize 
biphasic or zonal architectures, mineralized bone-facing 
regions, and cartilage-mimetic hydrogel compartments, 
with additional use of hypoxia, growth-factor patterning, 
or pore-size control to guide region-specific chondrogenic 
and osteogenic differentiation (Table S1).

In contrast, bone–tendon and bone–ligament interfaces 
must dissipate tensile load across a mechanically graded 
enthesis and avoid stress concentration at the insertion 
site. Therefore, these constructs prioritize composition 
and stiffness gradients, aligned fibrous architectures, and 
spatially controlled delivery of tenogenic, chondrogenic, 
and osteogenic cues. Compared with osteochondral 
interfaces, vascularization is still relevant but not usually 
the dominant design driver; instead, long-term mechanical 
integration and enthesis remodeling are central. Multilayer, 
coaxial, and core–shell printing strategies are particularly 
suitable for reproducing this hierarchical load-transfer 
zone.

Bone–vascular interfaces are fundamentally different 
because their key challenge is not simply interfacial 
matching but the creation of perfusable and stable 
microvascular networks that can sustain cell survival 
in large or thick bone constructs. Thus, these systems 
typically emphasize porosity control, interconnected 
channels, osteon-like architectures, and prevascularization 
with endothelial cells or vasculogenic co-cultures. Here, 
mechanical gradients are important but usually secondary 
to vascular continuity, lumen stability, and angiogenic 
maturation. Bioactive signals such as VEGF, silicate ions, 
and angiogenic cell–cell crosstalk are often integrated to 
accelerate vessel formation and coupling with osteogenesis.

Bone–nerve interfaces require yet another design logic. 
Their primary goal is to support neurogenic ingrowth and 
neuro-osteogenic crosstalk while maintaining sufficient 
mechanical stability for bone repair. As a result, these 
constructs frequently combine conductive or piezoelectric 
elements, neurotrophic factors such as NGF, Schwann cells, 
neural stem cells, or sensory neurons, and bioactive signals 
that regulate CGRP-mediated osteogenesis or sympathetic 
modulation. Compared with bone–vascular systems, 
the essential requirement is not perfusion alone but the 
coordinated regulation of innervation, vascularization, 
and osteogenesis. Overall, a major challenge across all 
interfaces is that the dominant design priority varies 
among mechanical matching, vascular supply, and neural 
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signaling according to the target tissue pair.

This cross-interface comparison highlights that no 
single bioprinting strategy is universally optimal. Instead, 
interface-specific design must integrate local mechanics, 
cell composition, transport requirements, and biochemical 
signaling to reproduce the native tissue hierarchy (Table 
S2).

4. Challenges and future perspectives
4.1. Outstanding biological and biomechanical 
challenges

Three fundamental scientific limitations currently 
constrain the clinical translation of bioprinted bone–tissue 
interfaces. The first is the insufficient depth and speed of 
vascularization and innervation within large constructs. 
Most published studies demonstrate vascular and neural 
ingrowth in vitro or in small animal defects, but in 
clinically relevant large defects, cells in the construct core 
remain beyond the effective diffusion limit and experience 
progressive hypoxia, and existing microchannel designs still 

fall far short of the perfusion efficiency of native Haversian 
canal networks. Moreover, most studies quantify vascular 
and neural presence through immunohistochemical 
markers rather than functional perfusion, barrier integrity, 
or sensorimotor recovery, which obscures whether 
documented ingrowth contributes meaningfully to tissue 
function. The second limitation concerns the temporal 
control of immune regulation. Although scaffold pore size 
and bioactive molecules such as aptamers or metal-organic 
frameworks can modulate macrophage polarization in 
vitro and in short-term animal studies, the in vivo immune 
response is a dynamically evolving spatiotemporal process, 
and achieving an orderly transition from early moderate 
pro-inflammatory to late anti-inflammatory states across 
different patient backgrounds and healing conditions 
still lacks a mature design paradigm, with most studies 
limited to observation windows of 4–12 weeks. The third 
limitation is the unpredictability of mechanical integration, 
particularly at tendon–bone and ligament–bone interfaces, 
where the degradation curve of the scaffold frequently 
mismatches the mechanical maturation curve of newly 

Table 3. Cross-interface comparison of major design requirements in 3D bioprinting for bone–tissue interface regeneration

Interface type Key mechanical 
requirement

Vascularization 
requirement

Typical cell 
composition

Key bioactive 
signaling

Representative 
design strategies

Main biological 
goal

Bone–cartilage

Pronounced 
stiffness and 
mineral gradients; 
the cartilage zone 
should remain 
compliant

Low in the 
cartilage zone; 
vascular invasion 
should be 
restricted

Chondrocytes, 
ACPCs, ADMSCs, 
BMSCs

Hypoxia, miRNA, 
HAp-related 
osteogenic cues

Biphasic, 
zonal, graded, 
or multilayer 
constructs

Maintain cartilage 
phenotype while 
enabling bone 
formation

Bone–tendon/
ligament

Smooth tensile 
load transfer; 
high enthesis 
toughness; 
composition and 
stiffness gradients

Moderate; 
supports healing 
but is not the 
primary driver

Tenocytes, ligament 
fibroblasts, MSCs, 
TSPCs, hUCMSCs

BMP-2, growth 
factor gradients, 
dECM cues

Coaxial, core–shell, 
multilayer, graded 
scaffolds

Regenerate 
functional enthesis 
and prevent stress 
concentration

Bone–vascular

Structural 
stability with 
open, perfusable 
channels

Very high; 
perfusion and 
microvascular 
maturation are 
central

hMSCs, ASCs, 
HUVECs, EPCs

VEGF, silicate 
ions, angiogenic 
coculture cues

Osteon-like, 
microchannel, 
dual-ink, coaxial, 
prevascularized 
constructs

Enable nutrient 
delivery and 
sustain thick bone 
regeneration

Bone–nerve

Mechanical 
stability with 
support for 
neural guidance

Moderate; often 
coupled with 
vascularization

BMSCs, Schwann 
cells, neural stem 
cells, DRG neurons, 
PC12 cells

NGF, CGRP-
related signaling, 
exosomes, 
piezoelectric or 
conductive cues

Multicellular, 
co-patterned nerve–
bone constructs, 
piezoelectric, in situ 
signaling systems

Promote innervation 
and neuro-
osteogenic crosstalk

Abbreviations: ACPCs: Articular cartilage progenitor cells; ADMSCs: Adipose-derived mesenchymal stem cells; ASCs: Adipose-derived stem cells; 
BMSCs: Bone marrow-derived mesenchymal stem cells; BMP-2: Bone morphogenetic protein 2; CGRP: Calcitonin gene-related peptide; dECM: 
Decellularized extracellular matrix; DRG: Dorsal root ganglion; EPCs: Endothelial progenitor cells; HAp: Hydroxyapatite; hMSCs: Human mesenchymal 
stem cells; hUCMSCs: Human umbilical cord-derived mesenchymal stem cells; HUVECs: Human umbilical vein endothelial cells; miRNA: MicroRNA; 
MSCs: Mesenchymal stem cells; NGF: Nerve growth factor; TSPCs: Tendon stem/progenitor cells; VEGF: Vascular endothelial growth factor.
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formed tissue, creating a vulnerability window in which 
load-bearing capacity declines before the regenerated 
tissue has reached sufficient strength; long-term studies 
beyond six months and testing under physiologically 
relevant cyclic loading are still scarce. These bottlenecks 
reflect the fact that structural mimicry alone is insufficient 
and that synchronizing structure, biology, and remodeling 
kinetics remains the central unresolved challenge.

4.2. Practical translational and manufacturing 
barriers

Beyond biological bottlenecks, the transition of bioprinted 
bone–tissue interface constructs toward clinical use is 
confronted by a series of practical, yet equally decisive, 
manufacturing and regulatory obstacles that are rarely 
addressed in the academic literature. Manufacturing 
reproducibility remains a major concern: most published 
constructs are produced in small laboratory batches, and 
batch-to-batch variations in bioink rheology, crosslinking 
efficiency, post-printing cell viability (typically 40–85% 
depending on the printing modality), and pore architecture 
are seldom quantified, while the absence of standardized 
printer calibration, nozzle maintenance, and process 
validation protocols makes multicenter reproducibility 
and regulatory-grade quality control difficult to achieve. 
Cell source standardization is another unresolved issue, as 
the field employs heterogeneous cell populations including 
bone marrow- and adipose-derived MSCs, induced 
pluripotent stem cells, and primary cells with divergent 
proliferation kinetics, differentiation propensities, 
and paracrine profiles, and there is no consensus on 
passage number, seeding density, viability thresholds, or 
cryopreservation conditions, nor a validated end-to-end 
workflow for autologous cell expansion within clinically 
feasible timeframes. Long-term safety data are equally 
limited: most biocompatibility assessments extend only 
to 12 weeks, and the chronic foreign body response, the 
leaching of unreacted photoinitiators, uncrosslinked 
oligomers, and degradation products, and the potential 
off-target systemic effects of embedded growth factors 
or nanoparticles (e.g., aberrant angiogenesis) have not 
been systematically evaluated, with ISO 10993-series 
testing rarely reported. Sterile production and storage 
pose additional constraints: constructs containing living 
cells cannot withstand conventional terminal sterilization 
methods such as ethylene oxide, gamma irradiation, 
or autoclaving, and the alternatives, including aseptic 
cleanroom manufacturing or terminal cold sterilization, 
are either costly or not yet validated for complex 3D 
structures; similarly, fresh cell-laden constructs have a shelf 
life of only hours to days, and validated cryopreservation 
protocols that preserve both scaffold architecture and 

post-thaw cell viability remain underdeveloped, raising 
unresolved questions about transport logistics, cold-
chain management, and quality control between the 
manufacturing site and the operating room. Together, these 
practical barriers—rather than biological efficacy alone—
will determine whether bioprinted interface constructs can 
progress from proof-of-concept to reproducible, safe, and 
economically viable clinical products.

4.3. Future directions

Looking forward, several directions hold promise for 
overcoming the challenges above, provided they are 
pursued with realistic expectations about validation 
levels. Integrating bioprinting with microfluidic organ-
on-chip technology can construct highly biomimetic 
bone–tissue interface models in vitro for high-throughput 
drug screening, disease mechanism research, and 
personalized therapeutic testing, thereby accelerating 
the transition from laboratory discovery to preclinical 
evaluation. Artificial intelligence and machine learning, 
trained on accumulated bioprinting datasets, may enable 
big data-driven optimization of bioink formulations, 
adaptive regulation of printing parameters, and “one-
click” personalized scaffold design based on patient 
imaging, potentially reducing the empirical trial-and-error 
burden of current fabrication. In situ bioprinting, using 
robot-assisted or handheld devices to deposit cell- and 
growth factor-laden materials directly at surgical defect 
sites, could eliminate prolonged in vitro culture periods, 
secondary transplantation injury, and storage-transport 
constraints, although its clinical implementation will 
require rigorous sterility assurance and real-time quality 
monitoring. Finally, drawing on developmental biology, 
organoid-inspired and self-organizing strategies aim to 
design constructs that contain sufficient mechanical, 
biochemical, and morphogenetic cues to self-organize 
and self-mature in vivo rather than relying on static pre-
designed architectures, which may improve robustness to 
manufacturing variability and patient heterogeneity. Each 
of these directions, however, will only contribute to clinical 
translation if pursued in parallel with standardized large 
animal validation, functional outcome assessment, and 
resolution of the manufacturing, safety, and regulatory 
issues outlined above. We anticipate that with sustained 
and coordinated effort, 3D bioprinting can transition from 
an intellectually compelling research platform toward 
clinically meaningful application in the coming decade.

5. Conclusion
This review synthesizes recent advancements in 3D 
bioprinting technology for bone–tissue interface 
regeneration, encompassing both anatomically defined 
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interfaces (bone–cartilage, bone–tendon, bone–ligament) 
and functional biological interactions (bone–immune, 
bone–vascular, bone–nerve). The comparative framework 
presented across Section 3 reveals that 3D bioprinting offers 
a unique capacity to construct hierarchical, multifunctional 
scaffolds that recapitulate the complex gradients of natural 
interfaces. While significant progress has been made 
in designing biomimetic structures and incorporating 
bioactive cues to direct cell fate, the clinical translatability 
of these strategies remains largely at the stage of preclinical 
investigation. Evidence from the literature indicates that 
osteochondral and tendon-to-bone interfaces have achieved 
the most substantial in vivo validation in small and some 
large animal models, supporting continued preclinical 
development. However, for bone–vascular, bone–nerve, 
bone–ligament, and bone–immune constructs, most 
findings remain at the in vitro or small animal proof-of-
concept stages, requiring extensive further research before 
clinical application can be considered. The successful 
translation of 3D bioprinting from laboratory promise to 
clinical reality will fundamentally depend on overcoming 
persistent biological bottlenecks, including insufficient 
vascularization and innervation in large constructs, 
inadequate temporal control of immune responses, and 
unpredictable mechanical integration.
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