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Abstract

Bone tumors are malignant diseases that pose a serious threat to human health,
with an increasing incidence rate. Traditional two-dimensional cell cultures and
mouse xenograft models have limitations in replicating the complexity of the tumor
microenvironment and in accurately mimicking in vivo physiological conditions.
Three-dimensional bioprinting technology, as an advanced biofabrication technique,
can efficiently, economically, and consistently construct tumor models with complex
geometric structures by precisely controlling the spatial distribution of cells, growth
factors, and biomaterials. Three-dimensional printed bone tumor models based on
bioinks possess higher biological fidelity and physiological relevance, realistically
recreating the complex structure and function of the tumor microenvironment and
accurately simulating tumor heterogeneity, cell migration, proliferation, invasion,
and intercellular interactions. This technology can not only effectively simulate key
biological processes of tumor development and progression but also accurately
evaluate the response of tumor cells to novel anticancer drugs, supporting the
realization of personalized precision medicine. Therefore, three-dimensional
bioprinting technology provides a powerful scientific tool and new research ideas for
the mechanistic study of bone tumors, the screening and optimization of anticancer
drugs, and the development of personalized treatment plans.

Keywords: 3D bioprinting; Tumor microenvironment; Bone tumors; In vitro models;
Precision medicine

1. Introduction

Bone tumors are malignant diseases that seriously threaten human health. In recent years,
their incidence has been rising, and primary malignant bone tumors are particularly
common in adolescents and middle-aged adults, including osteosarcoma, Ewing
sarcoma, and chondrosarcoma."? Bone tumors can cause severe pain and pathological
fractures, and may even lead to nerve compression and impaired motor function, greatly
affecting patients’ quality of life.>* In addition, bone is a common site of metastasis for
malignant tumors; this not only indicates disease progression and poor prognosis but
can also trigger pathological fractures and skeletal instability, leading to spinal cord
compression and related events, further increasing patient suffering. Therefore, in-depth
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study of the molecular biology of bone tumors, especially
the interactions and metastatic mechanisms between bone
tumors and other organ malignancies (such as breast
cancer and prostate cancer), is of great significance for
developing new diagnostic and therapeutic approaches
and improving patient outcomes.”” To deepen research
in tumor pathology and facilitate the development of
novel anti-tumor therapeutic strategies, researchers have
constructed various in vitro and in vivo tumor model
systems.®’

While traditional two-dimensional (2D) cell culture
can provide preliminary insights into tumor pathogenesis,
its limitations lie in its inability to accurately replicate
the complexity of the in vivo microenvironment. The
biological behavior of tumor cells in vivo is regulated
by multiple factors, including cell-cell communication,
cell-extracellular matrix interactions, and chemotaxis,
leading to significant discrepancies between results from
2D models and the in vivo situation.’®!! In recent years,
numerous studies have confirmed that three-dimensional
(3D) systems have distinct advantages in terms of
physiological relevance, as they can more realistically
simulate the migration and proliferation of tumor cells in
vivo. They also demonstrate higher accuracy in assessing
tumor drug sensitivity, making 3D culture technology an
important tool for constructing complex tumor models.*>**
In contrast, although murine xenograft models have certain
application value, they have shortcomings in replicating
specific tumor microenvironments due to the tendency
of the tumor matrix to be replaced by the host matrix.'*
Tumor models established in immunodeficient mice, in
particular, cannot accurately represent the tumor immune
microenvironment and also face multiple constraints,
including ethical considerations, high economic costs,
and differences in technical operations.'®"” Therefore, the
widespread application of in vitro model systems fully
demonstrates their enormous potential in medical tissue
engineering.

Supported by computer-aided design, 3D bioprinting
technology, as an innovative development of traditional
additive manufacturing, has opened new avenues for the
development and in-depth exploration of novel diagnostic
and therapeutic strategies for bone tumors.'*" Compared
with conventional 3D printing, this technology employs
multiple bioprinting methods, such as extrusion, inkjet,
and photopolymerization, to precisely deposit material
layer by layer. Centered on bioinks (active substances
composed of biomaterials and biological units), it
accurately controls the spatial distribution of cells, growth
factors, and biomaterials to construct living structures.?**

Bioinks should possess printability, biocompatibility,
appropriate mechanical properties, and biological stability,
and their selection must be customized according to the
specific structure of the tumor tissue and the intended
biological behavior. This enables efficient, economical,
consistent, and high-throughput creation of tumor models
with complex geometries.?**

Bone tumor models constructed by 3D bioprinting
exhibit greater biomimicry and physiological relevance.
These models can faithfully reproduce the complex
structure and functions of the tumor microenvironment,
simulating the heterogeneity of tumors, including cell
arrangement, morphology, migration, invasion, and cell-
cell and cell-matrix interactions.®* Their advantages
lie not only in effectively modeling key biological
processes such as tumor cell migration, proliferation,
and invasion, but also in more accurately assessing tumor
cell responses to novel anticancer drugs.?”** At the same
time, bioprinting enhances the long-term stability and
manipulability of tumor models by layer-by-layer stacking
of cells and scaffold materials, and supports customized
construction—particularly reproducing individualized
disease mechanisms and drug responses using patient-
derived cells. Therefore, 3D bioprinting technology
provides a solid scientific foundation for elucidating the
mechanisms of bone tumor development and progression,
systematically screening and optimizing anticancer drugs,
and formulating personalized treatment plans. As an ideal
method for constructing in vitro tumor organ models
with batch-to-batch consistency and reproducibility, it
offers powerful tools and new approaches for oncology
research.?!

This review systematically summarizes contemporary
studies that employ advanced bioprinting technologies
to construct bone tumor organoid models. Distinct from
previous literature, this review provides a critical evaluation
of how specific bioprinting modalities and bioink
formulations influence the biomimicry of the bone tumor
microenvironment. Table 1 offers a detailed compilation
of existing models, while Tables 2 and 3 provide a rigorous
comparison of printing techniques and material properties,
offering a practical roadmap for researchers to select optimal
platforms for their specific oncological studies. By bridging
the gap between technological capabilities and biological
requirements, this review clarifies the limitations of current
models and provides forward-looking insights into the
implementation of 4D bioprinting for bone oncology.
Ultimately, this work serves as a comprehensive resource to
stimulate innovation in drug screening and the development
of personalized therapeutic strategies (Figure 1).
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Table 1. Bioprinting preparation of in vitro bone tumor models

Cell

Tumor type Method species Cell type Bioink Summary Reference
3D bioprinting SBAW-assisted patterning achieves
based on Human MG63 Alginate-GelMA controllable anisotropic cellular 32
extrusion patterns with high viability.
3D bioprinting Composite hydrogel bioink with good
based on Human MG63 GG-SA/TMP-BG printability, biocompatibility, and »
extrusion osteochondral repair potential.
3D bioprinting HOS. 143B Multi-omics and drug screening
based on Human Ua- 6 S ’ GelMA/HAMA platform mimicking the native tumor i
extrusion microenvironment.
3D bioprinting U-208/ Collagen-based Physplogmally relevant platform .fo.r . .
based on Human studying invasion and chemosensitivity,
. CDDP1 hydrogel . o . .
extrusion including cisplatin resistance.
3D bioprinting Investigated mechanical stiffness
based on Human MG-63 PLA/MBG effects on MG-63 be}}av19r; conflr@ed 1
. support for osteogenic differentiation
extrusion .
(ALP expression).
3D bioprintin HA-enriched scaffolds promoted
based (Fn 8 Human, MG63, ST2, ADA-GEL/ spheroid formation; effectively used for ~ ,,
. mouse BMSCs Cu-MBGNs evaluating cisplatin and doxorubicin
extrusion
efficacy.
5 g Delpel sl i e s
based on Rat UMR-106  GE-CH/PEG-MA - g ke »
) reliable 3D model for osteosarcoma
extrusion
research.
Osteosarcoma N High-viscosity bioink with enhanced
3D bioprinting mechanical strength (125-245 kPa);
based on Human MG-63 GelMA/8-PEGTA 8 . ’ »
. promoted both osteogenesis and
extrusion . .
angiogenesis.
3D bioprintin Created hollow microfibers to
p & 143B-luc- simulate cell invasion and tubule-like
based on Human GelMA . 40
. RFP structure formation in the tumor
extrusion . .
microenvironment.
3D bioprinting Human iixocce(ilrilntalt)i%rifits t'nsllirar;l: I;jr both
based on ’ SAOS-2 GelMA/MeCFO patiblitys . E
. SD rats tumor modeling and bone tissue
extrusion . . o
engineering applications.
Pneumatic Gelatin-sodium Optimized protocol for 3D-bioprinted
extrusion-based Rat UMR-106 . osteosarcoma model for BNCT 2
L alginate s
3D bioprinter applications.
3D bioprinting U-208/ 1% sodium Demonsfrated CVDK4/6 inhibitor i
based on Human . . efficacy in reducing sarcoma cell “
. MG-63 alginate/6% gelatin -
extrusion viability and stemness.
3D bioprinting A silica nanoparticle-enhanced bioink
based on Human MG-63 ADA-GE/SPPs with improved printability and cell “
extrusion viability.
3D bioprintin An antibacterial and antioxidant
based (fn & Human, MC3T3-El, ADA-GEL-FA hydrogel supporting osteoblast -
. SD rats MG-63 proliferation while inhibiting tumor
extrusion
cells.
(contd...)
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Table 1. (Continued)

Cell

Tumor type Method species Cell type Bioink Summary Reference
3D bioprinting Human Nanofibrous polyelectrolyte
based on D rats’ MG63, 1929 BSA-alginate/PEC-GC  complex bioink; >90% viability 46
extrusion and osteogenic potential.
3D bioprinting Peptide-functionalized bioink
based on Human  SaOS-2 QeSI-tIiiiCZelQSH/Pl 14 with enhanced mineralization for ¥
extrusion pep dental tissue engineering.
L Microfluidic osteosarcoma-
3D bioprinting on-a-chip; enhanced dru
based on Human ~ MG-63, HUVECs ~ GelMA-HA - e e
. sensitivity in a dynamic
extrusion ”
environment.
Embedded Gra;hlen(t1 blon.leCh.an%C;ltSIinal
bioprinting Human  MG-63 AlgMA/GelMA modelacvancing INSIEHS ko #
tumor development and drug
technology .
screening.
3D bioprinting 7 5% GelMA/0.2% Osteomlmetl? %nks mlrr.nckmg
based on Human  Saos-2 nHA bone composition for disease 50
extrusion mechanism and drug screening.
3D bioprinting PRF-enriched bioinks
based on Human  SaOS-2 Alginate-PRP significantly improve cell 51
extrusion viability and scaffold integrity.
3D bioprintin Osteosarcoma spheroids in
printing GelMA-MC-ALG/ dECM-enriched bioink for
based on Human  MG-63 . . z
. dECM simulating chemotherapy
extrusion .
resistance.
3D bioprinting Two»compa;trlnfent l;o(rile.
based on Human  OPM2, 1363 0-MSC-CPC fmarrow mocet for Stucylng &
. myeloma cell interactions and
extrusion )
Multiple myeloma drug screening.
Con oy WSRO S oz ool
I 8226 w/v PI, nHA/PEGDA gamg =
bioprinting drug responses in myeloma.
3D bioprinting Established in vitro model for
based on Human  BrCa cell, MSCs GelMA-nHA studying breast cancer bone 5
light invasion and metastasis.
3D bioprinting Developed a tumor-vessel-bone
based on Human MDA-MB-231, GelMA/PEGDA/HAP co-culture model for l')reast »
. HUVECs cancer bone metastasis and drug
extrusion ;
evaluation.
3D bioprinting De_velﬁped tun:lolr»fstronlla ;
based on Human  MDA-MB-231 1% alginate/7% gelatin co-euture moderfor seiective 5
Breast cancer : CAP therapy in bone
extrusion
metastases.
3D bioprintin Microfluidic platform
b é p: ng Human MDA-MB-231, ColMA-HAMA/ simulating bone metastasis; %
ase .0 uma MCE-7 GelMA-nHA studies proliferation, migration,
extrusion . .
and invasion.
3D bioprintin Gelatin ribbon microgel bioink
oP g MDA-MB-231, for anisotropic constructs;
based on Human uRB . . 57
) MCE-7 applied to a bone metastasis
extrusion
model.
(contd...)
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Table 1. (Continued)

Cell
Tumor type Method . Cell type Bioink Summary Reference
species
N Biomimetic bone niche
Carcinoma of the 3D bioprinting reconstructing enzalutamide
based on Human  C4-2B,PC-3 dECM-CPC . & 8
prostate . resistant prostate cancer bone
extrusion .
metastasis.
Acute myeloid Eﬁ?lblztclecllular KG1la, HL-60, 3D bone marrow niche AML
it L Human  MV4-11, Primary  Ac/-Lys-NH2 model for studying drug >
leukemia bioprinting . .
AML samples resistance and disease relapse.
system
9 ° . based on Human MSCs, Tul67 DeepFreeze-3D ? oft-the-she 'a ge-scaie »
microenvironment o tissue analogs with stem cell

differentiation.

Abbreviations: 8-PEGTA: 8-arm polyethylene glycol tetraacrylate; ADA: Alginate dialdehyde; AGA-GE/SPP: Agarose-gelatin/sodium polyphosphate;
AlgMA: Alginate methacrylate; ALP: Alkaline phosphatase; AML: Acute myeloid leukemia; BMSC: Bone marrow mesenchymal stem cell; BNCT:
Boron neutron capture therapy; BSA: Bovine serum albumin; BTZ: Bortezomib; CAP: Cold atmospheric plasma; CDK: Cyclin-dependent kinase;
ColMA: Collagen methacrylate; CPC: Calcium phosphate cement; Cu-MBGN: Copper-doped mesoporous bioactive glass nanoparticles; dECM:
Decellularized extracellular matrix; GE-CH: Gelatin—chitosan; GEL: Gelatin; GEL-FA: Gelatin functionalized with folic acid; GelMA: Gelatin
methacryloyl; GeIMA-MC-ALG: Gelatin methacryloyl-methylcellulose-alginate; GG-SA: Gellan gum-sodium alginate; HA: Hyaluronic acid; HAMA:
Hyaluronic acid methacrylate; HAP: Hydroxyapatite; HUVEC: Human umbilical vein endothelial cell; MBG: Mesoporous bioactive glass; MeCFO:
Methacrylated fish collagen; MSC: Mesenchymal stem cell; nHA: Nanohydroxyapatite; O-MSC-CPC: Osteogenic mesenchymal stem cell-calcium
phosphate cement; PEC-GC: Polyelectrolyte complex—glycol chitosan; PEG-MA: Polyethylene glycol methacrylate; PEGDA: Polyethylene glycol
diacrylate; PI: Photoinitiator; PLA: Polylactic acid; PRF: Platelet-rich fibrin; PRP: Platelet-rich plasma; SBAW: Standing bulk acoustic wave; TMP-BG:
Trimetaphosphate bioactive glass; TOC: Total organic carbon; uRB: Microribbon.

A B C

Figure 1. Schematic diagram of 3D-bioprinted bone tumor model. (A) In vitro bone tumor models are built using various 3D bioprinting technologies
in conjunction with specific bioinks. (B) Significant advantages of the bone tumor models: They possess a high degree of biomimicry (high fidelity) and
support high-throughput drug screening. (C) Future trend. In the future, 3D bioprinting will evolve into 4D bioprinting by introducing complex vascular
systems to further simulate and restore the authentic tumor microenvironment.

Abbreviations: GelMA: Gelatin methacryloyl; HA: Hyaluronic acid.
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Table 2. Comparison of 3D bioprinting techniques for bone tumor models

Method

Principle/Key features

Advantages

Limitations

Applications

Inkjet-based
bioprinting

Thermal/piezoelectric actuation
ejects low- to moderate-
viscosity bioink droplets layer
by layer.

Low cost, high speed, high
viability, low shear stress;
supports multi-material
printing and microvasculature.

Sensitive to ink viscosity/
surface tension; prone to
nozzle clogging; difficult
for high-viscosity or
multi-component
materials.

High-viability models
for early metastasis;
multi-material tumor
composites; high-
throughput drug
screening.

Extrusion-based

Continuous mechanical
pressure extrudes bioink
filaments; compatible with

Wide viscosity range, high cell
density, strong mechanical
integrity; advanced variants

Shear stress at the
nozzle reduces viability;
resolution is limited by

Large bone tumor models/
resection scaffolds;
vascularized tumor

bioprintin
P & high-viscosity hydrogels and (coaxial, FRESH) enable nozzle diameter, limiting  models; compositional
dECM. tubular networks and gradients. micron-scale precision.  gradient TMEs.
High-resolution bone
o High resolution (~10 um); Requires low-viscosity &
UV/visible light > R architecture models;
. . L rapid speed; nozzle-free (no photocrosslinkable .
Stereolithography photocrosslinks low-viscosity . . ) stiffness-controlled
. shear); precise mechanical inks; UV may damage .
apparatus (SLA/DLP)  bioinks layer by layer (or . degradation models;
. control; complex internal cells; two-photon e
volumetrically). N constructs with intricate
channels. polymerization is slow. .
nutrient channels.
. . . . Dynamic tumor models
Smart, responsive materials Dynamic/adaptive tumor . el . . X
. . Material compatibility responsive to stimuli;
enable printed constructs to models; customizable . L . . .
. . . issues; limited long-term  studying stimuli-
4D bioprinting evolve in response to external microstructures; enables o . ° .
L . oo . stability; complex design  responsive drug delivery;
stimuli (e.g., temperature, light, ~ vascularization and cell-matrix . . .
. . and fabrication. adaptive post-resection
pH). interactions. .
regeneration scaffolds.
Non-uniform shear Models where cell
Microfluidic shear fields guide ~ Mimics native mechanical . s alignment and
. K .9 . . fields; biocompatibility i
S cell adhesion, differentiation, microenvironment; enhances - mechanotransduction
NEAT bioprinting under shear; scalability

and matrix remodeling during

tissue self-assembly and

challenges for large

are critical (e.g., tumor

Scaffold-free spherical

printing. vascularization. invasion along the
constructs.
vasculature).
Stable intercellular networks Biocompatibility Tumor spheroids/

Self-assembly and volume-
driven geometric adaptation

and microvascularized
channels; no scaffold boundary

constraints; assembly
speed/scale control;

organoids for high-
throughput screening;

bioprinting without external scaffold s o .
support effects; enhances natural cell stability optimization early metastatic cluster
pport: migration. needed post-printing. models.
Precise gradient
. Promotes differential . . .

. L Creates fine-grained . - control required; High-fidelity TME models

Microphysiological S . differentiation; encourages . e . .
. . physiological gradients o . biocompatibility in with oxygen/nutrient/pH

gradient-driven : > vascularization; multi- . . L

. (stiffness, nutrients, growth . gradient systems; gradients; tumor invasion
printing scale structural/mechanical

factors) within constructs.

matching.

scalable production
challenges.

across stiffness gradients.

Laser-induced forward
transfer (LIFT)

Laser-induced deposition of
minute material droplets for
high-resolution multi-material
assembly.

Ultra-high resolution; multi-
material/level assembly;
minimal cell damage; enables
microvascular networks.

Strict thermal control
needed; material
compatibility limitations;
large-scale coordination
challenging.

Customized tumor models
with intricate cellular
patterns; localized multi-
cell-type/drug placement;
precision reconstruction
post-resection.

Abbreviations: dECM: Decellularized extracellular matrix; DLP: Digital light processing; NEAT: Non-equilibrium assembling and trapping; TME:

Tumor microenvironment.
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Table 3. Comparison of bioinks for 3D bioprinting of bone tumor models

Bioink type Source/Composition Key properties Advantages Limitations Applications
L - . Low mechanical
Brown algae; natural High biocompatibility, ~Fast gelation,
. . . strength; poor cell TME models; drug
. linear polysaccharide;  low toxicity; porous low cost, easy _ . .
Alginate L . . . adhesion without RGD screening platforms;
ionically crosslinked structure; tunable modification; mimics i . .
5 . . modification; slow cell encapsulation.
(Ca™). viscosity. tumor ECM porosity. .
degradation.
Excellent native-like
Most abundant Hich cell affinit microenvironment Low thermal stability High-fidelity in vitro
mammalian ECM ,g . K ¥ ? (denatures >37 °C); poor  tumor models; bone
. mimics native promotes . .
Collagen protein (Type I); . mechanical strength; repair scaffolds post-
o bone ECM; good osteogenesis and . N b
thermo-sensitive ) T S slow gelation, needs resection; invasion/
. biodegradability. cell migration; good . -
gelation. . - crosslinking. migration assays.
printability.
Biodegradable, .
- . . L . . Tumor resection
Deacetylated Intrinsic antibacterial;  antimicrobial; Low mechanical
" scaffolds; targeted
. chitin (crustacean excellent promotes bone strength; pH-dependent ,
Chitosan L . . . O . drug delivery systems
shells); cationic osteoinductivity; good  regeneration; solubility; limited print

polysaccharide. cell adhesion.

abundant and low-
cost.

fidelity alone.

(pH-responsive); bone
regeneration matrices.

High hydration

Non-sulfated GAG; capacity; CD44

Actively participates
in tumor cell

Poor mechanical
properties alone; rapid

Tumor cell-ECM
interaction studies;

Hyaluronic acid ubiquitous in ECM receptor-mediated signaling; high water ~ degradation; requires drug response in
(HA) and TME; enzymatic eeept ghaing; hig' gradation; req TME-like hydrogels;
. signaling; excellent retention; easily crosslinking for . .
degradation. . o . . . s invasion and
biocompatibility. chemically modified.  printability. .
metastasis assays.
. High mechanical . Bone tumor modeling
Exceptional . Requires complex . .
.. . i strength; versatile . . . (mechanical mimicry);
Fibroin protein from mechanical toughness; Focessing: can serve extraction/purification; ost-resection bone
Silk fibroin (SF) silkworm cocoons; slow degradation; p & . limited cell adhesion P
) . as a drug carrier; . . defect scaffolds;
B-sheet structure. biocompatible; without modification;

supports osteogenesis.

supports long-term
culture.

slower degradation.

sustained drug/protein
delivery.

Abbreviations: ECM: Extracellular matrix; GAG: Glycosaminoglycan; TME: Tumor microenvironment.

2, Bioprinting materials and strategies
2.1. Bioprinting techniques
2.1.1. 3D bioprinting based on inkjet

Inkjet-based 3D bioprinting mimics the working principle
of ordinary inkjet printers, precisely ejecting ink solutions
containing living cells and biomaterials in the form of
droplets that accumulate layer by layer to form 3D tissue
structures.®*®! Nozzle driving is typically achieved through
mechanisms such as thermal, piezoelectric, and mechanical
micro-cavity actuation, with thermal and piezoelectric
methods being the most common: thermal actuation
generates microdroplets through transient localized
heating, while piezoelectric actuation achieves ejection

by altering the pressure inside the nozzle using electrical
signals.®>®* The bioinks used are often hydrogel systems
with controllable viscosity, commonly including gelatin,
hydroxyethyl cellulose, gelatin-hyaluronic acid (HA)
copolymers, and can encapsulate functional components
such as living cells, growth factors, or nanoparticles
within the droplets. An ideal bioink should possess low to
moderate viscosity, good shear stability, rapid solidification
or crosslinking, and good biocompatibility. The advantages
of this technology include relatively low cost, relatively high
printing speed, low shear stress exposure for microscopic
cells, and the ability to perform material deposition in
low-temperature environments, thereby improving cell
viability and functional maintenance.®*> However, it also
has limitations, such as sensitivity to ink viscosity, surface
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tension, and nozzle clogging; difficulty in achieving stable
ejection of high-viscosity or multi-component materials;
and challenges in controlling density and mechanical
properties during the layer-by-layer construction of highly
complex geometric structures® (Figure 2A).

With a deeper understanding of the chemical and
mechanical properties of bioinks, several specialized
variations of inkjet-based bioprinting have emerged. One
important direction is multi-material inkjet printing,
which utilizes parallel or staggered printheads to assemble
materials with different physical properties and cell types
within the same layer, thereby constructing composite
tissues with differentiated regions.**® Another trend is
the combination of self-assembly and embedded inkjet
printing, where a hydrogel scaffold is initially printed
to provide structural support, followed by subsequent
jetting to build microvasculature, channels, or gland-
like structures within the scaffold, aiming to enhance
connectivity between internal cavities and conductive
networks. Furthermore, the introduction of nanoparticles
and functional molecules is expanding the performance
of bioinks, for example, by using nanofibrillar cellulose
or hydroxyapatite to enhance the mechanical strength
of scaffolds or to guide cell behavior.®*”° These variations
aim to overcome the limitations of original inkjet printing
in terms of material diversity, mechanical matching,
and internal microstructure construction, thereby
promoting the application potential of inkjet bioprinting
in tissue regeneration, organ models, and drug screening
platforms.”

2.1.2. 3D bioprinting based on extrusion

Extrusion-based 3D bioprinting is currently one of the most
widely used techniques in the biomedical field. Its working
principle is to generate continuous mechanical pressure via
air pressure, a piston, or screw drive to extrude bioink from
a fine nozzle in the form of filaments, and to deposit it layer
by layer on a substrate along computer-prescribed paths to
ultimately build a 3D solid structure.”>” This technique has
strong compatibility with bioinks and can handle materials
across a wide viscosity range; it is particularly suitable for
high-viscosity hydrogels and decellularized extracellular
matrix (dECM), and can even directly print thermoplastic
polymer scaffolds. Its core advantages include the ability
to achieve very high cell densities and to produce tissue
constructs with good mechanical stability and structural
integrity, making it well suited for manufacturing medium-
to large-scale organ scaffolds.”*”> However, its limitations
are also notable: because it relies on physical extrusion,
shear stress at the nozzle can damage cell membranes and
affect cell viability, and its printing resolution is typically
constrained by nozzle diameter, making it difficult to reach

micron-scale precision.”*”” Overall, extrusion printing
shows strong application potential in tissue engineering,
soft tissue models, and organ scaffold fabrication.”

As tissue-engineering demands have become more
complex, extrusion-based bioprinting has evolved into
a variety of highly specialized techniques. The most
representative is coaxial extrusion printing, which
uses specially designed multilayer nested nozzles to
simultaneously extrude two or more different materials
and build core-shell structured biofibers in one step;
this is often used to mimic naturally occurring tubular
or multilayer composite structures such as blood vessels,
nerves, or muscles’®® (Figure 2B). Another breakthrough
is embedded bioprinting (e.g., the FRESH technique), in
which bioinks are extruded directly into a support bath
with shear-thinning properties. The support bath provides
buoyant support for uncrosslinked soft materials, effectively
preventing collapse under gravity during printing and
enabling the fabrication of complex overhanging structures
such as heart valves or microvascular networks.®*? In
addition, extrusion systems integrated with microfluidic
chips enable real-time mixing and switching of components
at the nozzle, making it possible to construct in vitro
tissue models with complex compositional gradients
and heterogeneity, greatly expanding the application
boundaries of extrusion printing.

2.1.3. 3D bioprinting based on stereolithography

Lithography-based bioprinting is a technology that
leverages photochemical reactions to precisely fabricate
biomaterials. Its working principle involves irradiating
photosensitive bioinks with ultraviolet or visible light,
exciting photoinitiators to generate free radicals, and
triggering photocrosslinking reactions, thereby solidifying
the liquid bioink layer by layer into a 3D structure.®™
This method is suitable for bioinks containing
photocrosslinkable functional groups, including naturally
derived gelatin methacryloyl (GelMA), hyaluronic acid
methacrylate (HAMA), dECM, and synthetic polyethylene
glycol diacrylate and polyvinyl alcohol methacrylate.®* The
main limitations of stereolithography include: photocuring
bioinks require low viscosity to remain liquid; some bioinks
exhibit oxygen-inhibition problems, leading to uneven
polymerization; ultraviolet light during manufacturing
may cause cell damage; and layer-by-layer manufacturing
limits the creation of true 3D volumetric structures. Its
unique advantages lie in high resolution (down to 10 um
or less), rapid printing speed (especially with digital light
processing technology), nozzle-free design avoiding shear
stress damage to cells, precise control over mechanical
properties and bioactivity, and the ability to construct
bioscaffolds with complex internal channels and intricate
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geometric features®®* (Figure 2C).

Based on the principles of photolithography, various
specialized bioprinting methods have been developed.
Volumetric bioprinting is the most groundbreaking
derivative technology, overcoming the limitations of
traditional layer-by-layer printing. It projects a series of 2D
light patterns within the volume of bioink, whichaccumulate
to form a 3D light dose distribution, simultaneously
solidifying the entire construct in seconds and eliminating
the need for layer-by-layer construction. This technique
utilizes the principle of computed tomography with
back-projection, making printing time independent of
the construct volume and enabling the fabrication of
centimeter-scale constructs in tens of seconds.®*% Two-
photon polymerization, on the other hand, utilizes the

nonlinear optical effect of infrared femtosecond lasers to
simultaneously excite photosensitive molecules via two
photons, achieving ultra-high-resolution fabrication at the
deep sub-micron level. This allows the creation of complex
microstructures, but the manufacturing speed is relatively
slow.”*! Furthermore, multi-material stereolithography
bioprinting achieves spatial distribution of multiple
materials and cell types in a single process by sequentially
changing or synchronously projecting different
photosensitive bioinks, better mimicking the heterogeneity
of biological tissues. These derivative technologies further
expand the application scope of photolithography-based
bioprinting, particularly holding significant promise for
manufacturing larger-scale, more functionally complex
tissue-engineering scaffolds.”>®

Figure 2. 3D bioprinting methods. (A) Strategies for bioprinting 3D cellular structures and some characteristic applications of inkjet cell printing.
Reprinted with permission from Li et al.®* Copyright 2020 AMER CHEMICAL SOC. (B) Coaxial nozzle-assisted 3D bioprinting system. Reprinted with
permission from Gao et al.®* Copyright 2015 ELSEVIER SCI LTD. (C) LAP-containing Sil-MA was printed layer-by-layer using a DLP printer. Reprinted
with permission from Kim et al.*®

Abbreviations: DLP: Digital light processing; DMD: Digital micromirror device; LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate; Sil-MA:
Silicate methacrylate.
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2.2, Other bioprinting technologies
2.2.1.4D Bioprinting

Four-dimensional bioprinting extends conventional 3D
bioprinting by incorporating a temporal dimension: after
initial printing, the construct undergoes programmed,
stimulus-triggered remodeling of its material properties,
structure, or biochemical function. In bone tumor
modeling, this capability is particularly important because
the tumor microenvironment is inherently dynamic,
evolving through changes in matrix stiffness, enzymatic
activity, pH, oxygen gradients, and drug penetration
profiles. Thus, 4D systems can bridge a critical gap between
static 3D models and the temporal complexity of actual
tumor progression and therapeutic response.”

Photo-responsive and thermo-responsive bioinks
represent the most mature 4D strategies currently being
integrated into bone tumor platforms. For example,
photoresponsive hydrogels—such as those based on
azobenzene-modified polymers, coumarins, or near-
infrared chromophores—can undergo light-triggered
crosslinking density changes, enabling researchers
to selectively harden or soften regions of a printed
osteosarcoma model post-fabrication. This is operationally
relevant: after printing a soft, cell-friendly construct,
spatial UV or visible-light exposure can increase local
stiffness in specific zones to simulate the desmoplastic
(fibrotic) regions adjacent to tumor cores, which are
known to exhibit higher mechanical resistance and
altered drug penetration. Temperature-responsive bioinks
(poly(N-isopropylacrylamide)-based or chitosan-gelatin
blends exhibiting reversible sol-gel transitions) have
been demonstrated in bone tissue engineering workflows;
such materials can be printed at elevated temperature
(where they remain liquid), then cooled to physiological
temperature to trigger gelation, and subsequently re-heated
in situ to induce controlled softening or pore enlargement-a
capability useful for mimicking temporal remodeling of
the extracellular matrix during tumor progression.*

Meanwhile, pH-responsive drug release is a near-
term, clinically motivated application for bone tumors.
Recent evidence shows that osteosarcomas and Ewing
tumors generate mildly acidic microenvironments (pH:
6.5-7.0) due to lactate secretion and hypoxic metabolic
reprogramming. 4D bioinks incorporating pH-sensitive
linkers (e.g., hydrazone or acetal bonds) or acid-labile
crosslinks can be engineered to progressively degrade or
release encapsulated chemotherapeutic agents (such as
methotrexate or doxorubicin) as they encounter acidic
zones, thereby enhancing local drug concentration while
reducing systemic toxicity. When integrated into extrusion-
or lithography-based bioprinting, such constructs enable

temporally controlled drug-dose escalation that mimics in
vivo pharmacokinetics more closely than static models-a
critical capability for evaluating both drug efficacy and
resistance emergence over multi-week culture periods.*»'®

Despite its promise, the practical implementation of
4D bioprinting in bone oncology is constrained by several
critical bottlenecks. These include the potential cytotoxicity
of responsive materials during repeated stimulation, the
challenge of synchronizing artificial response kinetics
with biological timescales, and the inherent lack of
reproducibility across complex material formulations.
Furthermore, technical limitations in real-time 3D
monitoring of internal remodeling and the difficulty of
scaling stimulus gradients (e.g., light or pH) to centimeter-
scale bone constructs remain significant hurdles that
currently limit the transition of these platforms from
proof-of-concept models to standardized, high-fidelity
research tools.

2.2.2. Next-generation bioprinting technologies

To move beyond simplified static models, several
emerging bioprinting modalities are being adopted to
capture the multi-scale complexity of the bone tumor
microenvironment. Precision-driven techniques, such as
microphysiological gradient-driven printing and laser-
induced forward transfer (LIFT), offer unparalleled
capabilities in recreating the spatial and biochemical
gradients inherent to bone malignancies. Bone tumors,
particularly osteosarcoma and metastatic lesions, thrive in
environments characterized by sharp gradients in oxygen
tension (hypoxia), mineral density, and growth factor
concentrations (e.g., transforming growth factor-beta
[TGF-P] and vascular endothelial growth factor [VEGF]).
Gradient-driven printing allows for the programmed
deposition of bioinks with varying stiffness and nutrient
profiles, effectively mimicking the transition from the
rigid, mineralized bone matrix to the softer, highly
proliferative tumor core.'"'® Complementing this, LIFT
bioprinting provides single-cell-level resolution, enabling
the point-to-point placement of tumor cells, stromal cells
(such as mesenchymal stem cells [MSCs] and osteoblasts),
and vascular components at the tumor-bone interface.
This high-precision arrangement is critical for studying
the vicious cycle of bone destruction, in which the spatial
proximity of heterogeneous cell types dictates the rate of
bone resorption and tumor expansion.'®1%

Furthermore, mechanobiological and scaffold-
free assembly approaches, including non-equilibrium
assembling and trapping (NEAT; shear-stress-driven)
bioprinting and scaffold-free spherical assembly,
address the dynamic and high-density nature of bone
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tumor masses. The pathophysiology of bone tumors
is heavily influenced by interstitial fluid pressure and
fluid shear stress, which modulate tumor cell migration
and epithelial-mesenchymal transition (EMT) through
mechanotransduction pathways. NEAT bioprinting
leverages controllable shear forces during the printing
process notjustasa fabrication parameter, but as a biological
trigger to align matrix fibers and pre-stress cells, thereby
better simulating the pressurized microenvironment of an
intraosseous tumor.'*!% In parallel, scaffold-free spherical
bioprinting addresses the limitations of synthetic or
natural hydrogel matrices, which can sometimes introduce
confounding boundary effects or dilute cell-cell signaling.
By utilizing cell spheroids as building blocks, this approach
achieves the high cell density characteristic of solid
tumor aggregates. These scaffold-free constructs promote
robust endogenous extracellular matrix production and
spontaneous microvascularization, providing a superior
platform for evaluating drug penetration kinetics and the
resistance mechanisms of dense tumor nests that are often
shielded from systemic therapy.'®!!!

2.3 bioinks
2.3.1. Alginate-based bioinks

Alginate bioinks hold a significant position in 3D
bioprinting due to their unique physicochemical properties
and biocompatibility. Their core features include excellent
biocompatibility, non-toxicity, and mild crosslinking
conditions.'? As a natural polymer extracted from brown
algae, alginate is inexpensive and highly water-soluble.
In the presence of divalent cations, it can rapidly form
hydrogels through ionic crosslinking, a process that is
gentle and harmless to cells, greatly ensuring cell viability.
Alginate is often used as a base component in composite
bioinks, in combination with other materials (such as
gelatin, collagen, and hydroxyapatite) to compensate for its
shortcomings while retaining its core advantages as a cell
carrier. Its suitable conditions primarily include scenarios
sensitive to cytotoxicity, systems requiring rapid and
gentle gelation, and as a matrix material for multi-material
bioprinting.'>'

In 3D bioprinting of bone tumors, alginate-based
bioinks exhibit a range of distinctive advantages. First, their
excellent biocompatibility and low immunogenicity provide
an ideal microenvironment for tumor cells, host cells, and
other bioactive components, ensuring high cell viability
and functionality within printed constructs. Second, the
mild ionic crosslinking process avoids factors that could
damage tumor cells or embedded therapeutics, such as
high temperatures, strong acids or bases, or UV irradiation,
making alginate suitable for building viable tumor

models and drug screening platforms.*** Additionally,
the porous structure and tunable degradation rate of
alginate hydrogels mimic the complex microenvironment
of bone tumors, promoting the diffusion of nutrients and
oxygen and allowing cell proliferation, migration, and the
secretion of metabolic products. By combining alginate
inks with bone materials such as nanohydroxyapatite
(nHA) or tricalcium phosphate, mechanical performance
and osteoinductive properties can be effectively enhanced,
offering great potential for developing in vitro models
that more closely reflect true bone tumor pathology or for
composite scaffolds used to repair bone defects after tumor
resection.''>!'¢

2.3.2. Collagen-based bioinks

Collagen, as the most abundant protein in mammals, is
the gold standard material for constructing biomimetic
bioinks. Its core features are outstanding bioactivity, very
high cell affinity, and natural sequence recognition sites
(such as the RGD sequence), which can directly induce
cell adhesion, migration, and phenotype maintenance,
perfectly mimicking the biochemical environment of the
native extracellular matrix.""”""® Collagen typically exists
as an acidic solution in vitro. Upon entering near-neutral
culture conditions, it readily forms a loosely arranged fiber
network, resulting in insufficient mechanical strength
and thermal/structural stability, making it difficult to
support and maintain complex 3D overhanging or long-
term culture structures required for bone tumor models.
Accordingly, collagen-based bioinks primarily achieve
printability and structural stability through process-level
temperature control, gelation timing management (to
avoid premature gelation), and shape fidelity enhancement.
Examples include increasing concentration, adjusting pH,
chemical modification (e.g., methacrylation to support
crosslinking and curing), or composite with synthetic
polymers (e.g., polycaprolactone) and bioceramics to
balance printing efficiency with the mechanical/interfacial
characteristics required for subsequent modeling.''*!*

In 3D bioprinting for bone tumors, collagen-based
bioinks offer unparalleled advantages in pathological
simulation and functional repair. First, they can highly
recapitulate the histological microenvironment of
bone tumor development; through their characteristic
triple-helix structure to bind to integrin receptors on
tumor cell surfaces, they activate relevant signaling
pathways, thereby faithfully reflecting tumor cell invasive
growth, angiogenesis, and biological responses to
chemotherapeutic drugs, making them an ideal matrix
for constructing high-fidelity in vitro tumor models.?>*
Second, in repairing bone defects after tumor resection,
collagen demonstrates excellent osteoinductive potential:
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it can recruit endogenous host mesenchymal stem cells
and promote their differentiation toward the osteogenic
lineage, accelerating the deposition and integration of new
bone. By precisely controlling the orientation of collagen
fibers and the crosslinking density, such bioinks not only
provide necessary physical support but also serve as
sustained-release carriers for bioactive factors, achieving
the dual clinical goals of inhibiting tumor recurrence and
promoting functional bone reconstruction.'?!

2.3.3. Chitosan-based bioinks

Chitosan-based bioinks, derived from the shells
of crustaceans and constituting a natural cationic
polysaccharide, exhibit intrinsic antibacterial activity and
structural similarity to native amino glycosaminoglycans.
Chitosan exhibits good film-forming and chelating abilities
and, through its positively charged amino groups, can
interact with negatively charged cell surfaces to effectively
promote cell adhesion and sustain metabolic activity.'*>'**
Researchers often employ chemical modification (e.g.,
carboxymethylation or the introduction of photo-
crosslinkable groups) or composite formulations with
other polymers (e.g., alginate or gelatin), using ionic
interactions to achieve rapid solidification.'**'? Its main
applications include settings that require an antimicrobial
microenvironment, pH-responsive controlled drug-release
systems, and as a bioactive scaffold material for bone tissue
engineering frameworks.'*®

In 3D bioprinting for bone tumors, chitosan-based
bioinks demonstrate unique biological and clinical
application potential. Their excellent osteoinductive
properties effectively promote the osteogenic differentiation
of BMSCs and accelerate mineral deposition, which is
critical for repairing bone defects after tumor resection.
Additionally, the amino groups of chitosan confer unique
pH-responsive release characteristics, enabling targeted
release of loaded antitumor drugs or bioactive factors in
the mildly acidic pathological microenvironment of bone
tumors, achieving integrated therapy and repair.!*"'¥
Furthermore, chitosan has excellent affinity for bioceramics
such as hydroxyapatite, and composite printing can
significantly enhance scaffold mechanical properties and
closely mimic the physicochemical structure of native bone
tissue. This biomimetic composite system not only provides
an ideal platform for studying the dynamic interactions
between tumor cells and bone matrix, but also offers an
advanced material solution for precise reconstruction of
bone tumors that combines antibacterial protection with
functional repair.'*®

2.3.4. Hyaluronic acid-based bioinks

Hyaluronic acid-based bioinks have garnered significant

attention in 3D bioprinting, particularly in simulating bone
tumor microenvironments, due to their unique biological
functions. Their core characteristics include excellent
viscoelastic properties, high hydration capacity, and
bioactivity as a key component of the native extracellular
matrix."”®* As a non-sulfated glycosaminoglycan, HA
plays a pivotal role in regulating cell adhesion, migration,
and signaling. However, native HA exists as a linear, high-
molecular-weight fluid under physiological conditions,
lacking sufficient mechanical strength and self-supporting
ability, resulting in poor direct printability. Consequently,
researchers often employ chemical modification (e.g.,
methacrylation to form HAMA) or utilize dynamic
covalent bonds (e.g., Schiff base reactions) to impart
photocrosslinking or self-healing properties.’***! Its
application is primarily suited for scenarios requiring the
simulation of high-water-content tissue environments,
demanding extremely high biocompatibility, and serving
as a functional regulator in composite inks to improve
shear-thinning characteristics during extrusion.

In 3D bioprinting for bone tumors, the advantages
of HA-based bioinks are mainly reflected in their high
fidelity in mimicking the pathological microenvironment
and their precise regulation of tumor behavior. Studies
have shown that CD44 receptors on the surface of bone
tumor cells (such as osteosarcoma) bind specifically to
HA; this interaction not only mediates tumor invasion
and metastasis but also significantly affects cancer cell
resistance to chemotherapeutic drugs.’*'** Therefore,
3D-printed models constructed with HA can reproduce
the biochemical context of tumor development more
realistically than traditional synthetic materials, providing
a high-fidelity platform for antitumor drug screening. In
addition, HA has the potential to promote angiogenesis
and osteogenic differentiation of mesenchymal stem cells
in bone regeneration.*>* By compositing HA-based
inks with hydroxyapatite or bioactive glass, HA bioinks
can fabricate integrated scaffolds that both mimic the
antitumor microenvironment and repair bone defects,
showing great translational potential for precise functional
reconstruction after tumor resection.

2.3.5. Silk fibroin-based bioink

Silk fibroin-based bioinks exhibit remarkable mechanical
toughness, excellent biocompatibility, and controllable
degradation rates in 3D bioprinting due to their unique
molecular structure. A key characteristic of silk fibroin is its
abundance of hydrophobic amino acids within its molecular
chains, which, by inducing a B-sheet structural transition,
allows for a phase change from a liquid to a stable hydrogel
without the addition of chemical crosslinkers. This confers
high structural integrity and mechanical strength to the
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printed constructs.”?>** Compared to alginate or collagen,
silk fibroin offers superior processing flexibility and
resistance to enzymatic degradation. However, silk fibroin
gelation is typically slow, and its pure solution viscosity is
relatively low. Consequently, its suitability for printing often
requires optimization through shear induction, sonication,
or compounding with high-viscosity polymers (such as
gelatin or polyethylene glycol)."”'* This type of ink is
particularly well-suited for tissue engineering applications
that require long-term structural support, high load-
bearing capacity, and extremely low immunogenicity.

In 3D bioprinting for bone tumors, the advantages of
silk fibroin-based bioinks mainly include dual support
for accurately mimicking complex pathomechanical
environments and for promoting bone regeneration. First,
the very high mechanical strength and toughness of silk
fibroin allow it to effectively mimic the physical properties
of bone tissue, providing a 3D microenvironment with
realistic mechanical cues for tumor cell growth, migration,
and drug response, which are crucial for studying tumor
invasion mechanisms in rigid matrices.'®!* Second, silk
fibroin has excellent mineralization-inducing capability,
promoting deposition of calcium phosphate and markedly
enhancing the osteogenic differentiation potential of
mesenchymal stem cells, which is highly advantageous for
filling bone defects after tumor resection. In addition, as
an excellent drug carrier, silk fibroin can achieve sustained
release of antitumor drugs by tuning its crystallinity,
thereby inhibiting tumor recurrence while promoting
new bone ingrowth. Its low inflammatory response and
capacity for personalized shaping provide a solid material
basis for developing engineered bone tumor models that
integrate diagnosis, therapy, and repair.!*"'4

3. Bone tumor model for bioprinting
3.1. Primary bone and marrow tumors
3.1.1. Osteosarcoma

Firstly, in the foundational research and development of
bioinks and manufacturing technologies, the research
focus is on balancing printability with bioactivity and on
introducing physical fields to enhance tissue anisotropy.
Traditional hydrogels such as GelMA and alginate have
successfully mimicked the mineralized components of bone
tissue and improved mechanical strength by incorporating
inorganic components like nHA or mesoporous bioactive
glass;*** Furthermore, to address cell damage caused by
extrusion printing, researchers have significantly improved
the survival rate of cells such as MG-63 by adding platelet-
rich fibrin or utilizing shear-thinning properties***!
(Figure 3C). More groundbreaking, standing bulk acoustic
wave technology has been introduced into the bioprinting

process, achieving directional alignment of cells within
viscous inks and reconstructing the anisotropic structure
of bone tissue from a physical perspective® (Figure 3A).
In addition, nanocomposite inks with dynamic covalent
chemistry,” self-assembling peptide-enhanced hybrid
materials,”” and interpenetrating network structures
formed by enzymatic secondary cross-linking® have
collectively addressed the contradiction between scaffold
stability and cell adhesion during long-term culture, laying
the material foundation for durable and highly biomimetic
bone tumor models.

Second, regarding the biological remodeling of the
tumor microenvironment, research has shifted from simple
cell seeding to deep integration of extracellular matrix
biochemical signals and physical-mechanical features.
Studies have confirmed that 3D-printed models better
recapitulate the transcriptome and methylation profiles of
osteosarcoma (OS) cells than 2D cultures* (Figure 3D and
3E), and introducing tumor cell-derived dECM can further
induce P-glycoprotein overexpression, modeling in vivo
drug-resistant phenotypes.” On the physical side, models
with varying stiffness gradients prepared by adjusting
GelMA density revealed that softer matrices more readily
promote OS cell migration and tumorigenicity," while
an integrated gradient biomechanical signal model
(IGBSTOM) successfully reproduced tumor nest structures
and stem-like features* (Figure 3F). To further mimic
dynamic microenvironments, microfluidic chip technology
combined with 3D printing uses continuous fluid shear to
induce higher invasiveness in OS cells*® (Figure 3B). These
multidimensional biomimetic strategies make in vitro
models functionally closer to real pathological tissues.

Finally, in clinical diagnosis/treatment and the
development and application of cutting-edge therapies, 3D
bioprinting platforms have demonstrated predictive value
and therapeutic potential that surpass those of traditional
animal models. This technology has been widely used
to evaluate the efficacy of CDK4/6 inhibitors (such as
lerociclib) against pediatric sarcomas* and to assess the
sustained-release effects and toxicity of chemotherapeutics,
such as cisplatin, within collagen scaffolds.* For refractory
osteosarcoma, researchers have developed printed
scaffolds loaded with magnetic cobalt ferrite nanoparticles
to achieve the dual functions of hyperthermia therapy and
bone repair,* and have used 3D models as experimental
platforms for boron neutron capture therapy, filling the
translational gap between 2D experiments and animal
studies.” In addition, by incorporating antitumor agents
such as ferulic acid® or silver-coated silica nanoparticles*
into the bioink, 3D-printed scaffolds not only serve as
carriers for tumor research but are themselves evolving
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Figure 3. 3D-bioprinted osteosarcoma model. (A) 3D bioprinting of a 3-layer gelatin methacryloyl (GelMA) structure with 0°-45°-90° cell orientations.
Reprinted with permission from Chansoria and Shirwaiker.* Copyright 2020 ELSEVIER. (B) Schematic of tumor and matrix bioink formulations for 3D
bioprinting of each compartment. Reprinted with permission from Jaiswal et al.*® Copyright 2025 ELSEVIER SCI LTD. (C) A digital model of the 10 x
10 x 3 mm construct with a 2 x 2 mm pore architecture. Reprinted with permission from Torres-Ambolumbet et al.*' (D) Transcriptomic data showed
that gene expression in 3D-cultured HOS cells differed from that in 2D and cancer stem-like cell (CSC) models. (E) Appearance of 2D monolayer cells
(phalloidin-FITC and DAPI staining), tumor spheroids (i.e., CSC), and 3D hydrogel model (HOS). (D-E) Reprinted with permission from Lin et al.** (F)
Immunofluorescence images showing the expression of CD133 and the migration marker VIM in tumor stem cells. Reprinted with permission from Mi et
al.*® Copyright 2025 SPRINGER HEIDELBERG.

Abbreviations: DAPI: 4',6-diamidino-2-phenylindole; FITC: Fluorescein isothiocyanate; HOS: Human osteosarcoma; PPP: Platelet-poor plasma; PRF:
Platelet-rich fibrin; PRP: Platelet-rich plasma; VIM: Vimentin.
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into multifunctional implants with antibacterial,
antioxidant, and tumor-growth-inhibiting properties,
heralding an integrated new stage of bone tumor treatment
characterized by precise modeling, real-time monitoring,
and targeted therapy.

3.1.2. Multiple myeloma

Three-dimensional bioprinting is being used in research on
the bone marrow microenvironment in multiple myeloma
to reveal the impact of precisely constructed disease-
related “niches” on tumor cell survival, proliferation,
and drug resistance. By integrating a calcium phosphate
cement-based osteogenic microenvironment with a
Matrigel-based vascular microenvironment, researchers
constructed a dual-subtype niche model, confirming
that the wvascular microenvironment has a more
dominant role than the osteogenic microenvironment
in supporting primary myeloma cell proliferation and
revealing the differential contributions of the niches to
tumor progression.”” Building on this, coaxial extrusion
bioprinting technology further achieved biomimetic
precision in structure. By constructing a marrow-like
structure with an outer mineralized sheath and an inner
soft-gel core, the technology successfully maintained the
viability of primary patient cells in vitro for extended
periods. This model was also used to validate the enhanced
chemosensitivity achieved by interleukin (IL)-6 receptor
blockade” (Figure 4A and 4C). This evolution from
multi-component co-culture to macroscopic structural
biomimicry not only provides a high-fidelity platform for
analyzing interactions among multiple myeloma cells and
the complex bone marrow microenvironment, but also
directly promotes the translational application of clinical,
individualized drug evaluation and precision therapy.

3.1.3. Acute myeloid leukemia

In the study of bone marrow microenvironment in acute
myeloid leukemia (AML), 3D bioprinting technology has
shown great potential in simulating disease complexity
and accelerating the development of new therapies. A
previous study successfully developed an automated
robotic bioprinting platform by utilizing a unique self-
assembling tetrameric peptide hydrogel® (Figure 4B and
4D). This platform, combined with a novel coaxial nozzle
technology, enabled the precise construction of an AML
3D bone marrow disease model, allowing controlled
deposition of leukemic cells along with bone marrow
stromal and endothelial cells, thereby mimicking the spatial
architecture of the bone marrow microenvironment. This
biomimetic bone marrow microenvironment not only
formed a porous structure with nanofiber networks and
mechanical properties similar to those of the bone marrow

extracellular matrix, but also provided a robust foundation
for the compatibility and functional studies of AML cells,
both in vitro and in vivo, especially in drug screening
and resistance mechanism research. By integrating RNA
sequencing and gene expression analysis, this model is
expected to provide deeper insights into the drug resistance
mechanisms in AML within a complex bone marrow
microenvironment and to accelerate the development of
novel therapeutic strategies targeting AML relapse and
drug resistance.

3.1.4. Bone marrow microenvironment

The application of 3D bioprinting in bone tumor
microenvironment research is advancing in two directions:
from precise structural reconstruction to functional
simulation and clinical translatability. Firstly, by finely
tuning the composite ratio of methylcellulose and alginate,
researchers have successfully reconstructed the rheological
and ultrastructural characteristics of perivascular bone
marrow. This platform can simultaneously maintain
the long-term survival of key microenvironmental cells
(mesenchymal stem cells and endothelial cells) and induce
spontaneous dedifferentiation of breast cancer cells to
acquire cancer stem cell characteristics, deeply revealing
the specific mechanisms by which the bone marrow
microenvironment drives tumor cell drug resistance and
recurrence.'” Building upon this, the novel DeepFreeze 3D
cryobioprinting technology has overcome the bottlenecks
of traditional 3D printing in thick-tissue manufacturing,
cell viability maintenance, and long-term storage. Through
layer-by-layer cryo-consolidation and dECM composite,
the printed bone-like constructs can achieve centimeter-
scale mass production, long-term cryopreservation, and
rapid functional recovery after thawing® (Figure 4F). This
transforms bone tumor microenvironment models from
“disposable research tools” in the laboratory into “off-
the-shelf medical models” that can be mass-produced,
inventoried, and repeatedly used.

3.2. Secondary bone tumors
3.2.1. Breast cancer

In the realm of microenvironment simulation, 3D
bioprinting has achieved a transition from single-
component modeling to the reproduction of complex
pathological processes. Early research focused on
establishing the interactive inhibitory and promotive
relationship between tumor cells and osteoblasts/
mesenchymal stem cells through a composite of GelMA
and nHA.* Subsequently, innovations in bio-inks
introduced anisotropic fibrous microgels (uRB), which
induced oriented cell alignment via physical topological
cues, simulating more realistic tissue heterogeneity*
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Figure 4. 3D bioprinting of multiple myeloma and bone marrow microenvironment models. (A) Multiple myeloma in vitro high-content modeling using
coaxial bioprinting. Reprinted with permission from Wu et al.** Copyright 2022 WILEY. (B) Robotic 3D bioprinting system with a novel quadruple coaxial
nozzle design and microfluidic syringe pump. Fluorescence-labeled multicellular printing. Reprinted with permission from Alhattab et al.* (C) Scanning
electron microscopy (top) and transmission electron microscopy (bottom) images of the nHA. Reprinted with permission from Wu et al.>* Copyright
2022, WILEY. (D). Effect of 3D cell culture conditions on KG1a cell proliferation and fluorescence-labeled multicellular printing. (E) In vivo fluorescence
imaging of mice after receiving DIR-stained KGl1a cells from 2D or 3D models. (D-E) Reprinted with permission from Alhattab et al.** (F) DeepFreeze
(DF)-3D bioink mixed with GFP Tu167 cells or red fluorescent dye-stained MSCs, followed by DF-3D bioprinting and storage at —80 °C for 24 h. Reprinted
with permission from Kumar et al.?

Abbreviations: DIR: 1,1'-dioctadecyl-3,3,3",3'-tetramethylindotricarbocyanine iodide; GelMA: Gelatin methacryloyl; nHA: Nanohydroxyapatite; PBS:
Phosphate-buffered saline; PEGDA: Polyethylene glycol diacrylate; PI: Photoinitiator.

(Figure 5B and 5C). Further development has evolved At the level of clinical diagnosis and treatment
into integrated platforms that use gradient-stiffness inks evaluation, bioprinting platforms have shifted from basic
such as collagen methacrylate and HAMA in conjunction theoretical validation to high-fidelity drug screening and
with microfluidic technology to construct a three-in-one novel therapy assessment. The tumor-vasculature-bone
model encompassing the primary tumor site, circulating co-culture scaffold constructed via one-step printing
vasculature, and bone colonization region. This model not only recreates the cancer cell invasion pathway but
successfully captured the dynamic evolution of cancer cells also confirms that the 3D microenvironment endows
from undergoing EMT to extravasation and colonization.” tumor cells with enhanced drug resistance, providing a

Volume 12 Issue 3 (2026) 16 doi: 10.36922/1JB026130115


https://doi.org/10.36922/IJB026130115

International Journal of Bioprinting

3D bioprinting for bone oncology

more physiologically relevant in vitro evaluation system
for developing precision anticancer drugs” (Figure 5D
and 5E). Furthermore, this highly biomimetic co-culture
model has also been used to evaluate cutting-edge
therapies. For instance, research has demonstrated that
cold atmospheric plasma can selectively kill breast cancer

cells within the printed scaffold through oxidative stress
while protecting surrounding healthy bone matrix cells®
(Figure 5A). This signifies that 3D bioprinting is not only a
key to understanding bone tumor biology but also a crucial
technology platform for achieving precise pre-assessment
of individualized, non-invasive treatment strategies.

Figure 5. 3D-bioprinted breast cancer bone metastasis model. (A) Schematic diagram of breast cancer metastasis on 3D-bioprinted cancer-on-a-chip.
Reprinted with permission from Chang et al.* (B) Computer-aided design (CAD) diagram and photograph of the co-culture model. (C) Representative
images of immunofluorescence staining for MDAMB-231, HUVEC, and OCN, and scanning electron microscopy images of 3D-bioprinted co-culture
scaffolds after 14 days of culture. Reprinted with permission from Cheng et al.?2 Copyright 2023 ELSEVIER SCIENCE SA. (D) Live/dead staining, alizarin
red S (ARS) staining, and aniline blue staining of mesenchymal stem cells (MSCs) after extrusion (day 0) or after 28 days of culture in osteogenic medium.
(E) Confocal images of F-actin staining of cell morphology and Vascular endothelial (VE)-cadherin staining of endothelial cell junctions, along with MSC
length distribution. Reprinted with permission from Lee et al.””

Abbreviations: HUVEC: Human umbilical vein endothelial cell; OCN: Osteocalcin.
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3.2.2. Prostate cancer

In biological research on prostate cancer bone metastasis,
3D bioprinting and biomimetic microenvironment
construction techniques are emerging as key approaches
to overcome therapeutic resistance. A previous study
successfully constructed a highly biomimetic 3D bone-
like microenvironment (a biomimetic bone niche) by
cleverly integrating calcium phosphate scaffolds, dECM,
and MSCs with osteoblasts® (Figure 6). This innovative
platform not only induced prostate cancer cells into a
clinically relevant state of suppressed proliferation but also
exhibited transcriptome characteristics highly consistent
with patient-derived single-cell RNA sequencing data,
significantly improving the physiological relevance of
the in vitro model. More importantly, tumor cells in this
biomimetic niche displayed resistance to enzalutamide,
accompanied by metabolic reprogramming and activation
of pro-survival signaling pathways. The work profoundly
revealed the driving role of the bone microenvironment in
prostate cancer resistance, providing a crucial and clinically
predictive research tool for developing novel therapies
targeting drug-resistant tumor states and marking a
significant step forward for 3D construction technology in
elucidating mechanisms of prostate cancer bone metastasis
and in drug screening.

4, Limitations and challenges

Despite rapid progress, current 3D-bioprinted bone
tumor models still face several technical and translational
bottlenecks that limit their robustness, generalizability,
and predictive value. First, reproducibility remains a
major concern because bioprinting outcomes are highly
sensitive to both material- and process-related variables.
Bioink composition (polymer type and concentration,
degree of functionalization, crosslinking kinetics), cell
handling (viability, density, aggregation state), printing
parameters (nozzle size, shear stress, extrusion rate), and
post-processing (crosslinking method, time, and intensity)
can all shift gelation behavior and cell microenvironments,
leading to inter-batch variability. Even when protocols are
well described, small deviations in viscosity, temperature,
pH, or ionic strength can change printing fidelity and
resulting mechanical/transport properties, making cross-
study comparisons difficult.

Second, scalability and manufacturability are
constrained by the throughput and complexity of living
constructs. Many models are produced as small benchtop
constructs with carefully optimized geometries; however,
translating to clinically relevant sizes requires overcoming
limitations in nutrient/oxygen diffusion, cell survival
during fabrication, and the ability to maintain desired

spatial gradients throughout thicker tissue volumes.
Multi-material printing further increases workflow
complexity and demands stable interfaces between inks
while preserving long-term structural and biological
stability. Additionally, long-term culture requirements
(media exchange, monitoring, and repeated readouts) can
introduce operational variability and can be challenging to
standardize for large-scale studies.

Third, vascularization and immune integration remain
difficult to recapitulate in a controlled and functional
manner. In most existing models, embedded cells rely on
diffusion for oxygen and nutrients, which restricts viable
tissue thickness and delays mature remodeling processes.
While strategies such as incorporating endothelial cells,
prevascular networks, or co-cultures have been explored,
achieving reliable perfusable vasculature with realistic
flow, permeability, and immune cell trafficking remains
uncommon. Without vascular and immune functionality,
model readouts may not fully reflect tumor progression
dynamics, treatment response, and the bidirectional
crosstalk between tumor, stromal compartments, and host
defenses.

Fourth, the gap between in vitro models and in vivo
complexity continues to limit translational confidence.
Bone tumor progression is shaped by systemic factors
(circulating  cytokines and immune mediators,
hormonal and metabolic influences) and a multi-
scale microenvironment involving bone remodeling,
mineralization, extracellular matrix turnover, and
mechanical loading. Many bioprinted models emphasize
one or a subset of these features-such as extracellular
matrix composition, tumor cell spatial organization, or
simplified immune/stromal components-while omitting
the broader physiological context. As a result, models may
capture certain phenotypes (e.g., invasion morphology or
chemosensitivity trends) yet fail to reproduce other critical
aspects such as metastatic niche formation, vascular-
immune coevolution, and long-term treatment-induced
remodeling.

Fifth, regulatory and translational hurdles pose
additional challenges for clinical translation. For
therapeutic-grade applications, materials must meet
stringent requirements for safety, purity, and consistency,
while manufacturing processes must demonstrate validated
control over critical quality attributes (e.g., mechanical
properties, crosslinking completeness, degradation
behavior, and residual reactants). Even for research
models, the increasing use of functionalized polymers
(e.g., photocrosslinkable or chemically modified networks)
raises concerns about batch consistency, potential
cytotoxicity, and the need for standardized characterization
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Figure 6. 3D-bioprinted prostate cancer bone metastasis model. (A) Tumor cells were classified into three subpopulations based on their anatomical
origin: distal sites, involved sites, and metastatic tumor sites. (B) Single-cell transcriptomic projections of primary tumor cells from 11 patients who
underwent radical prostatectomy (left) and a UMAP plot of epithelial cells from radical prostatectomy tissue (right). (C) BME model images at 7 and 28
days post-implantation. (D) GSEA showed downregulation of GO terms related to mitosis and proliferation in the BME. Reprinted with permission from
Chen et al.*®

Abbreviations: BME: Bone microenvironment; BP: Biological process; CC: Cellular component; DECM: Decellularized extracellular matrix; ECM:
Extracellular matrix; GSEA: Gene set enrichment analysis; H&E: Hemoxylin and eosin; HSC: Hematopoietic stem cell; MF: Molecular function; MSC:
Mesenchymal stem cell; OSX: Osterix; UMAP: Uniform manifold approximation and projection.

methods. Furthermore, the path from a promising in vitro their potential applications in tumor research. It begins
platform to an accepted clinical or decision-support tool by outlining the significant challenges in diagnosing
requires not only biological relevance but also standardized and treating bone tumors, particularly primary bone
performance criteria, validated endpoints, and evidence tumors and metastatic bone disease. Building upon
that the model meaningfully improves prediction over this foundation, we focused on how 3D bioprinting,
existing benchmarks. as an innovative technology, can construct highly

. biomimetic and physiologically relevant bone tumor
5. Conclusion models by precisely controlling the spatial distribution of

This article systematically reviews and deeply analyzes the biomat.erials apd l?iological un.its. We then summarized its
latest advancements in constructing bone tumor organoid potential applications in elucidating tumor development
models using advanced 3D bioprinting technology and mechanisms, drug screening and optimization, and the
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development of individualized treatment plans.

Three-dimensional bioprinting technology has shown
notable potential for constructing bone tumor models,
primarily due to its capability to achieve computer-aided,
layer-by-layer deposition of cells, growth factors, and
biomaterials in 3D. Under appropriately optimized bioink
formulations and printing parameters, this approach can
generate organoid-like constructs that may better capture
aspects of the in vivo tumor microenvironment than
conventional 2D models. Bioprinted bone tumor models
can be engineered to represent tumor heterogeneity,
including cell morphology, spatial arrangement, and
phenotypic behaviors such as proliferation, migration,
and invasion, as well as cell-cell and cell-extracellular
matrix interactions. In addition, compared with traditional
experimental systems, bioprinted platforms may provide
more relevant contexts for evaluating drug efficacy and
toxicity, potentially reducing some bias arising from
physiological differences. Moreover, features such as
scalability, batch-to-batch consistency, and the possibility
of constructing patient-derived models have been explored
for drug screening and precision medicine-oriented
research; however, these advantages are still largely
dependent on standardization of printing workflows,
validation of construct maturation, and systematic
assessment of reproducibility and physiological relevance.
Therefore, while bioprinting represents a promising
experimental route, it remains at an evolving stage, and
practical limitations (e.g., material availability, crosslinking
constraints, imaging/characterization requirements, and
translational scalability) need further resolution before
broad clinical translation.

To address the unique physiological complexity of
bone, future 3D bioprinting efforts must transition from
basic structural replication to the precise reconstruction
of the mineralized matrix and the “vicious cycle”
microenvironment. Specifically, the field should prioritize
the development of gradient bioinks incorporating
hydroxyapatite to mimic bone’s mechanical hierarchy,
alongside multi-cellular printing strategies that integrate
osteoclasts, osteoblasts, and sensory nerves to capture
bone-specific tumor progression and pain mechanisms.
Practically, the integration of dynamic perfusion
bioreactors to simulate bone marrow hemodynamics and
the use of patient-derived cells for high-throughput drug-
sensitivity screening will be pivotal. This targeted evolution
will transform 3D-bioprinted bone tumor models from
descriptive research tools into high-fidelity, predictive
platforms, providing clear guidance for personalized
therapy and mechanistic discovery in primary and
metastatic bone malignancies.
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