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A B S T R A C T

Bioprinting is a groundbreaking technology that enables precise distribution of cell-containing bioinks to
construct organoid models that accurately reflect the characteristics of tumors in vivo. By incorporating different
types of tumor cells into the bioink, the heterogeneity of tumors can be replicated, enabling studies to simulate
real-life situations closely. Precise reproduction of the arrangement and interactions of tumor cells using bio-
printing methods provides a more realistic representation of the tumor microenvironment. By mimicking the
complexity of the tumor microenvironment, the growth patterns and diffusion of tumors can be demonstrated.
This approach can also be used to evaluate the response of tumors to drugs, including drug permeability and
cytotoxicity, and other characteristics. Therefore, organoid models can provide a more accurate oncology
research and treatment simulation platform. This review summarizes the latest advancements in bioprinting to
construct tumor organoid models. First, we describe the bioink used for tumor organoid model construction,
followed by an introduction to various bioprinting methods for tumor model formation. Subsequently, we
provide an overview of existing bioprinted tumor organoid models.

1. Introduction

Malignant tumors are a significant public health problem and one of
the leading causes of mortality globally [1]. It was estimated that tumors
will impact approximately 28.4 million people globally in 2024, posing
a significant risk to human health [2,3]. Owing to the complex hetero-
geneity of tumors and insufficient understanding of tumor development
and invasion mechanisms [4,5], it is essential to increase the knowledge
of tumor development and explore effective treatment methods.

Various in vivo and in vitro complex tumor models have been devel-
oped to advance the study of tumor pathology and promote progress in
anti-tumor therapy. The 2D cell culture model provides hypothetical
results related to the pathogenesis of tumors. However, the in vivo
microenvironment is far more complex than that in 2Dmodel, where the
behavior of tumor cells is regulated by interactions between cells, cell-
extracellular matrix interactions, and chemotaxis [6]. This can some-
times lead to contradictory results [7,8]. A large body of evidence sug-
gests that three-dimensional cell culture models (3D models) are more
physiologically relevant than 2D cell culture models. This has led to
widespread adoption of 3D culture techniques to establish more reliable

and complex tumor models [8,9]. 3D models allow for the replication of
tumor migration and proliferation in vivo [10], and more accurately
reflect tumor responses to anti-tumor drugs [11–14]. Conversely,
xenograft models in mice exhibit significant potential but fall short in
simulating tumor-specific microenvironments as the tumor stroma is
typically replaced by host stroma. Additionally, tumor model con-
structed in immune-deficient mice cannot simulate interactions between
tumors and immune cells, and issues such as ethical concerns, high costs,
and technical differences make it a great challenge [15]. The extensive
use of in vitromodels has demonstrated their potential for application in
medical tissue engineering [16–18].

Traditional 3D printing technology, also known as additive
manufacturing or rapid prototyping, forms 3D geometric shapes by
depositing inert materials layer by layer using computer-aided design
[6,19]. The materials typically used in traditional 3D printing are geared
towards non-biological substances such as plastics, metals, and ce-
ramics. High temperatures and pressures are required during the
printing process for material modification, catering to the needs of in-
dustries within the engineering and design sectors. As an extension of
tradition 3D printing, bioprinting offers many advantages over
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traditional 3D printing [20,21]. Bioprinting is the process of manipu-
lating cell-containing bioinks to create living structures [22–24]. By
selecting appropriate printing methods, biologically active materials are
printed layer by layer onto a receiving substrate or liquid reservoir. This
enables efficient, cost-effective, consistent, and high-throughput crea-
tion of tumor organoid models containing complex geometric structures
[25–27]. As bioprinting technology continues to mature, 3D scaffolds
produced through bioprinting allow for the precise distribution and
positioning of cells, active molecules, and biomaterials, enabling control
over the shape and size of tumor organoids constructed using bioinks
[28]. Furthermore, the complex structures created through bioprinting
simulate the heterogeneous characteristics of the complex 3D tumor
microenvironment, including cell arrangement, morphology, migration,
and invasion, as well as cell-cell and cell-matrix interactions [29,30].
Consequently, tumor organoid models with different configurations and
complexities have been studied for oncology research and drug discov-
ery. Hence, bioprinting has become an ideal method for constructing in
vitro tumor organoid models with batch-to-batch consistency and
replicability [7,31] (Fig. 1).

The bioactive substances used for bioprinting can be called "bioink,"
and is composed of biomaterials and biological units [32]. Bioinks are
crucial for developing functional tissue or organoid structures via bio-
printing [33]. Bioinks have the following characteristics: printability,
biocompatibility, favorable mechanical properties, and biological sta-
bility [34–36]. Therefore, to successfully construct tumor organoid
models, an appropriate bioink should be selected based on the structure
of the tumor tissue to be printed and the specific tumor biology be-
haviors intended to be investigated.

Although bioprinting for constructing in vitro tumor organoid models
encompasses various methods, it is mainly based on three core tech-
niques: extrusion, inkjet, and light-curing bioprinting. Extrusion-based
bioprinting is the most commonly used printing method [37]. This
method forms continuous filaments through extrusion and stacking
[38], whereas inkjet-based bioprinting forms tumor organoid structures
by printing discrete droplets [39]. Light-curing bioprinting can enhance
the resolution of printed structures by solidifying them layer by layer
[40]. Appropriate biomaterials, referred to as bioinks, are selected based
on the tumor tissue structure and the expected printing method. The
precursor structures of tumor organs can be established through
layer-by-layer stacking, and stable 3D scaffolds can be created using
suitable crosslinking methods. As each printing method has specific

applications, the desired hardness, spatial structure, and cellular
composition of the tumor model should be considered when selecting
the appropriate printing method.

Bioprinting is deemed as a novel and promising technology in con-
structing tumor organoids [41]. Due to the precise and controlling
character of bioprinting, a variety of cell types and ECM can be set at
pre-designed location. This technology enables the construction of
organoid models with cellular diversity and complexity, allowing for
more realistic organoid model development by controlling the layers
and composition of bioprinting. Additionally, bioprinting technology
can build 3D structures by layer-by-layer stacking cells and scaffold
materials, thus enhancing the long-term stability and manipulability of
organoid models. Most importantly, bioprinting technology enables the
customized construction of organoid models such as utilizing patient’s
autologous cells to build individual organoid that can recurrent personal
disease mechanisms and, drug response. In conclusion, researchers can
leverage bioprinting technology to construct intricate organoid models,
leading to a better understanding of the structure and function of bio-
logical systems and advancing the development of biomedical research
and applications [42].

In general, 3D bioprinting is an innovative technology that is leading
the way for conventional in vitro and in vivo cultivation models. Unlike
2D cell culture models, 3D bioprinting can precisely construct structures
composed of cells and biological materials in a three-dimensional space,
allowing for a more realistic simulation of the biological environment.
Unlike traditional 3D models that typically use non-biological materials
like plastics or metals, bioprinting technology utilizes biological mate-
rials and cells to create models, resulting in more biologically similar
tissue structures and thus a more realistic biological environment. Bio-
printing technology can avoid animal experiments, reduce the use of
animals and related ethical issues, and provide a more sustainable,
stable, and controllable experimental environment. Compared to tradi-
tional co-culture organ models where tumor cells are directly co-
cultured with other cell types, bioprinting allows for precise control of
cell positioning and distribution during the model construction process.
The advantages of traditional co-culture models lie in their simplicity
and cost-effectiveness, requiring no special equipment or complex op-
erations. However, the unpredictable cell interactions lead to variability
in experimental results. Additionally, for biological entities with com-
plex geometric shapes and microstructures, the inability to control in-
teractions limits their ability to simulate real biological scenarios,

Fig. 1. Schematic illustration of the characteristics and applications of bioprinting to construct tumor organoid models. (A) Deposition of bioink using different
bioprinting methods. (B) Prominent advantages of bioprinting methods in constructing tumor organoid models. (C) Potential application value of tumor orga-
noid models.
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highlighting the advantages of 3D bioprinting [43,44].
In this review, we summarize the research on constructing tumor

organoid models using bioprinting technology over the years. Literature
on the construction of in vitro tumor organoid models by bioprinting is
listed in Table 1. Finally, we provide prospects for the future develop-
ment of bioprinting technology to motivate further oncology research.

2. Materials and strategies for bioprinting

2.1. Bioinks

2.1.1. Alginate-based bioinks
Alginate is a polysaccharide mainly derived from brown algae and

bacteria and is, widely used in bioprinting because of its excellent
biocompatibility, low cost, rapid gelation, good printability, and
versatility [84,85]. Alginate-based bioinks typically refer to bioinks
containing alginate, which can be prepared by adding components such
as alginate, crosslinkers, and cell suspensions. This type of bioink is
commonly used in 3D printing systems. During the preparation process,
alginate can serve as the scaffold material for the bioink, providing
structural support and a conducive environment for cell growth. A low
concentration of alginate-based bioink promotes cell activity and pro-
liferation, but significantly reduces the mechanical strength of the 3D
printed structure, leading to structural collapse. Conversely, a high
concentration of alginate-based bioink decreases cell viability [86],
limiting its application in simulating tumor organ formation. Moreover,
alginate forms chemical crosslinks with divalent cations such as calcium
(Ca2+), strontium (Sr2+), and barium (Ba2+), resulting in immediate
gelation, with the sol-gel transition temperature being below 0 ◦C.
Therefore, using alginate as a standalone bioactive material for bio-
printing is difficult. Typically, substances such as gelatin are added as
physical crosslinking agents to enhance the stability of printed struc-
tures. Bioinks that form a fixed structural network through crosslinking
to enhance stability and shape retention prior to printing are referred to
as pre-crosslinked bioinks. Pre-crosslinked bioinks form a structurally
stable scaffold during the printing process and provide a conducive
environment for cell growth [49].

Owing to their excellent biocompatibility, rapid biodegradability,
and chemical gelation properties, pre-crosslinked alginate-based bioinks
can be bioprinted using extrusion-based methods to construct soft-tissue
tumor organoid models, such as breast tumors, glioblastomas, and lung
tumors. Alternatively, 3D vascularized tissue models with controllable
vessel wall thicknesses can be printed using coaxial nozzle-assisted
crosslinking [87,88].

2.1.2. Gelatin-based bioinks
Gelatin is a biologically sourced material obtained through the acidic

or alkaline hydrolysis of collagen. It is a readily available water-soluble
and highly biodegradable polypeptide that exhibits good biocompati-
bility [89]. At 28 ◦C, gelatin demonstrates unique thermally reversible
gelation behavior, enabling the temperature or concentration of
cell-loaded gelatin solutions to be conveniently adjusted to achieve the
desired 3D printing structure [90,91], making it particularly attractive
as a bioink. Therefore, gelatin-based hydrogels with specific
thermo-responsive properties enable cells and bioactive substances to be
extruded through the nozzle or needle of a 3D bioprinter. In this way,
they can be stacked into layers in a relatively mild environment to form
predefined 3D structures that support cell growth while maintaining
extremely high cell viability. The versatility, biocompatibility, and high
bioactivity of gelatin-based bioinks are widely utilized in
high-throughput drug screening and the creation of organotypic tumor
models with specific tissue structures.

However, the poor mechanical properties of gelatin limit its appli-
cation as a bioink. The stability of printed structures can be improved by
adding alginate and fibronectin and forming chemical crosslinks in
gelatin-based bioinks [92]. By adding modifiers, gelatin-based bioinks

can serve as both a support structure and a source of RGD peptides [93,
94], providing the necessary biological signals for tumor cell migration.
As a cell adhesion sequence, RGD peptide can bind with integrins on the
cell surface, thereby enhancing cell adhesion and interactions within the
biological scaffold. This simulated cell-matrix interaction contributes to
better understanding and studying the mechanisms of tumor cell
migration and invasion, providing crucial guidance and insights to un-
ravel the process of tumor metastasis [95,96].

The amino groups in gelatin can be chemically modified with
methacrylamide groups (such as chloro-methacrylate, glycerol meth-
acrylate, and methacrylic anhydride) to form a hybrid gelatin-
methacrylate hydrogel [97], which enhances the adhesion and print-
ability of bioinks under physiological conditions [98]. Owing to the
presence of an Arg-Gly-Asp (RGD) sequence and matrix metal-
loproteinase (MMP) degradable motifs in the polymer chain, GelMA
demonstrates strong cell adhesion and migration capabilities. The
cross-linking of functional groups added to the gelatin backbone by
photocrosslinking or enzymatic cross-linking, along with temporal and
spatial control of the cross-linking process, enables the manipulation of
the GelMA-based bioink design and properties. This significantly im-
proves the mechanical performance and shape fidelity of 3D-printed
structures [99,100]. The GelMA bioink is often combined with
photopolymerization-based bioprinting methods such that is rapidly
solidify into finely structured microchannels with high shape fidelity in
specific regions [101].

2.1.3. Collagen-based bioinks
Collagen is an abundant component in animals and a primary

component of connective tissue with a triple helix structure. Various
types of collagens, including Types I, II, III, IV, and V, are used in tissue
engineering research. Type I collagen is widely used in bioprinting
because of its ability to self-assemble. However, Type I collagen cross-
links slowly at 37 ◦C, which may result in insufficient structural stabil-
ity in the later stages of bioprinting and lead to uneven cell distribution.
In addition, the low viscosity and rapid degradation of pure collagen
bioinks severely limit their application as "bioinks" in bioprinting tumor
organoid models. Other compounds, such as alginate and hyaluronic
acid, have been incorporated into collagen hydrogels to enhance vis-
cosity, reduce degradation rate, and improve the printability of natural
collagen.

Natural collagen molecules contain the same RGD peptide domain as
gelatin [102], contributing to cell adhesion, proliferation, and differ-
entiation. In addition, tumor-related modifications and remodeling of
collagen proteins are key factors that enhance tumor invasion and
metastasis [103,104]. Therefore, Type I collagen is typically used as an
internal cell carrier. In contrast, compounds, such as alginate, are used
as external support structures or combined with different polymers
through extrusion to create consistent, high-throughput tumor organoid
models [105].

2.1.4. Hyaluronic acid-based bioinks (HA)
HA is a polysaccharide present in organisms. As an important ECM

component, hyaluronic acid possesses excellent rheological properties,
biocompatibility, and biodegradability [106]. Furthermore, HA can
promote cell proliferation and angiogenesis, mediate receptor in-
teractions [107], and modulate cell behavior and function through
physical or chemical cross-linking. These unique properties make it an
ideal polymer for creating a 3D microenvironment that supports tumor
cell growth. In addition, it is a lubricious hydrophilic polymer that can
form highly viscous gels at low concentrations. It is commonly used as an
additive to enhance the viscosity of gelatin and collagen-based bioinks,
to maintain the stability of the printing structure.

However, the drawback of HA is its low shape fidelity during the
bioprinting process. This can be addressed by utilizing photo-
crosslinking-based bioprinting methods with methacrylate to form
methacrylated hyaluronic acid (HAMA) [108,109], or further
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Table 1
Summary of methods and materials for constructing in vitro tumor models using 3D bioprinting.

Tumor type 3D bioprinting methods Cell type Hydrogel type Research summary Refs

Breast tumor 3D bioprinting based on
light

MDA-MB-231,
MCF7

GelMA hydrogel The developed micro-patterned breast tumor microenvironment
model can analyze different patterns of breast tumor cell migration
and cytoskeletal organization within various regions

[45]

3D bioprinting based on
light

MDA-MB-231 PEGDA hydrogel The interaction between breast tumor cells and osteoblasts in a novel
3D-printed bone matrix was investigated regarding proliferation,
morphology, and cytokine secretion.

[46]

3D bioprinting based on
light

MDA-MB-231,
MCF-7

Hydroxyapatite
nanoparticles suspended in
hydrogel

The interaction between human bone marrowmesenchymal stem cells
and breast tumor cells was investigated within the biomimetic 3D
bone matrix.

[47]

3D bioprinting based on
extrusion

MDA-MB-231 Alginate-gelatin hydrogel A biomimetic in vitro model was created by co-culturing breast tumor
cells with fibroblasts, resulting in multicellular tumor spheroids
(MCTS) that could be maintained for several weeks.

[48]

3D bioprinting based on
extrusion

MDA-MB-231 Alginate-gelatin hydrogel By optimizing the ratio of salt and gelatin bioinks, multicellular tumor
spheroids (MCTS) were generated with controlled growth rates,
frequencies, and sizes.

[49]

3D bioprinting based on
extrusion

MCF-7 GelMA hydrogel Successful generation of high-fidelity ductal-like structures in an
extracellular matrix (ECM) -like microenvironment was achieved,
with tumor cells exhibiting similar characteristics to ductal
carcinoma.

[50]

3D bioprinting based on
extrusion

MDA-MB-231,
MCF-7

GelMA-collagen hydrogel A hybrid hydrogel system composed of GelMA and hydrolyzed
collagen simulated the tumor microenvironment and exhibited
potential as an alternative to Matrigel for studying tumor
invasiveness.

[51]

3D bioprinting based on
extrusion

MDA-MB-231 LAM-PBA-alginate
hydrogel

A dual-network polysaccharide-based hydrogel bioink was designed
for cell encapsulation and long-term cultivation.

[52]

3D bioprinting based on
extrusion

MDA-MB-231 Alginate-gelatin-Matrigel
hydrogels

A hydrogel bioink composed of alginate (A), gelatin (G), and Matrigel
(M) (AxGyMz) was used to successfully recover tumor spheroids,
enabling cell expansion and the development of multi-generational
tumor models.

[53]

3D bioprinting based on
extrusion

MDA-MB-231 Hyaluronic acid-based
hydrogels

Co-culturing adipospheres with breast tumor cells led to decreased
lipid content and alterations in ECM deposition within the adipose
tissue, demonstrating the heterotypic interaction between breast
tumor cells and adipose tissue.

[54]

3D bioprinting based on
inkjet

MDA-MB-231,
MCF-7

PEG-4MAL bioink A real-time monitoring, tracking, and measurement platform for cell
movement within 3D structures was developed, which can be used for
high-throughput screening of anti-tumor drugs.

[55]

Tumor type 3D bioprinting methods Cell type Hydrogel type Research summary Refs
3D bioprinting based on
extrusion

MCF-7 Alginate-gelatin hydrogel Heterogeneous photodynamic therapy (PDT) responses of individual
MCF-7 tumor cells within single tumor spheroids were observed
through 3D imaging of irregular cell apoptosis within individual
spheroids.

[56]

3D bioprinting based on
extrusion

MCF-7 Alginate-gelatin hydrogel The growth of drug-resistant tumor spheroids was successfully
maintained, and the EC50 values of the drug-resistant spheroids
against anti-tumor drugs were measured based on in situ fluorescence
within the embedded hydrogel.

[57]

Glioblastoma 3D bioprinting based on
extrusion

U87MG Alginate hydrogel A glioma model was constructed using alginate hydrogels. The
crosslinked alginate hydrogel maintained its structure and high cell
viability for 11 days.

[58]

3D bioprinting based on
light

U87MG PEGDA-hydrogel Applying 3D micropatterning systems to glioblastoma cells using
photolithography techniques enabled the formation of uniform GBM
spheroids in 3D. The shape, size, and thickness of the cell spheroids
could be controlled by adjusting the dimensions of the micropores.

[59]

3D bioprinting based on
extrusion

SU3, U87MG Gelatin-alginate-fibrinogen
(GAF) hydrogel

The 3D bioprinting glioblastoma stem cell model provided a novel
platform, successfully mimicking the brain tumor microenvironment
with high cell viability and intrinsic features.

[60]

3D bioprinting based on
extrusion

GSC23 Alginate-gelatin hydrogel A self-assembled multicellular heterogeneous brain tumor fiber was
manufactured using a coaxial extrusion 3D bioprinting system,
providing an effective 3D model for in vitro research of the tumor
microenvironment, particularly tumor-stroma interactions.

[61]

3D bioprinting based on
extrusion

U87MG Fibrin-based hydrogel A novel 3D-printed fibroblast-based glioblastoma model was
generated using the RX1 bioprinter. It allowed a unique microfluidic
printing head to print fragile neural tissue, making it an ideal choice
for glioblastoma modeling.

[62]

3D bioprinting based on
extrusion

U118 Gelatin-alginate-fibrinogen
(GAF) hydrogel

A gelatin-alginate-fibrinogen (GAF) hydrogel scaffold loaded with the
U118 glioblastoma cell line successfully enriched GSCs, providing a
new method for studying CSCs in tumor recurrence and other aspects.

[63]

3D bioprinting based on
extrusion

GL261 GelMA-gelatin hydrogel The created 3D mini-brain could reproduce the phenotypic
characteristics of in vivo GBM cells, and tumor cells could attract
macrophages to their location and educate them on how to support
their own survival and growth.

[64]

3D bioprinting based on
extrusion

U118, GSC23 Alginate-gelatin hydrogel Both 3D-U118 and 3D-GSC23 were involved in in vivo tumor
angiogenesis; however, 3D-GSC23 cells exhibited a stronger ability to
form cell spheroids, secrete VEGFA, form tubular structures, and
exhibited a higher cell proliferation rate in vitro.

[65]

(continued on next page)
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Table 1 (continued )

Tumor type 3D bioprinting methods Cell type Hydrogel type Research summary Refs

Tumor type 3D bioprinting methods Cell type Hydrogel type Research summary Refs
3D bioprinting based on
extrusion

patient-derived
GBM

Coll-MA-HA hydrogel A method of immersion bioprinting is described, which enables the
consistent and high-throughput manufacturing of PTO and provides a
valuable in vitro model.

[66]

FRESH 3D-printing SH-SY5Y Alginate-gelatin hydrogel The newly developed conductive bioink promoted the differentiation
and maturation of glioma cells and facilitated the generation of neural
networks.

[67]

3D bioprinting based on
extrusion

SU3 Gelatin-alginate-fibrinogen
(GAF) hydrogel

Cell fusion of GSCs and MSCs was achieved in the 3D bioprinting
glioma model. The fused cells co-expressed biological markers of both
GSCs andMSCs, demonstrating stronger proliferation, clonogenic, and
invasive capabilities compared to GSCs and MSCs.

[68]

3D bioprinting based on
inkjet

STA-NB15 GelMA hydrogel A vascularized tumor microenvironment was designed by combining
3D bioprinting and microfluidic chip technology. Patient-derived
neuroblastoma spheroids attracted micro-vessels, thereby simulating
in vitro tumor angiogenesis.

[69]

Lung tumor 3D bioprinting based on
extrusion

A549,95-D Alginate-gelatin hydrogel The invasive and migratory abilities of lung tumor cells in a 3D in vitro
model constructed with gelatin-alginate hydrogel were evaluated,
supporting the feasibility of using 3D bioprinting to construct tumor-
like lung tumor models.

[70]

3D bioprinting based on
extrusion

patient-derived
xenograft

Alginate-gelatin hydrogel An in vitro tumor co-culture spheroid was developed by co-culturing
fibroblasts and patient-derived lung tumor cells to simulate the tumor
microenvironment by mimicking tumor-stroma interactions.

[71]

3D bioprinting based on
extrusion

A549 Hphil-CNF hydrogel An open culture platform was developed to observe cell morphology,
response to external stimuli, and chemical flow within channels. This
open platform was utilized to assess the impact of cisplatin on lung
tumor cell death and determine the lethal dose of anti-tumor drugs.

[72]

3D bioprinting based on
extrusion

NCI–H23 GelMA-collagen hydrogel A mixed hydrogel system composed of GelMA and hydrolyzed
collagen simulated the tumor microenvironment and demonstrated
potential as an alternative to Matrigel in studying tumor invasiveness.

[51]

3D bioprinting based on
extrusion

A549 Alginate-gelatin hydrogel A 3D lung tumor in vitro model was constructed for screening eight
anti-tumor drugs. The results indicated that this 3D-printed in vitro
model could further be used for tissue-level anti-tumor drug screening.

[73]

3D bioprinting based on
extrusion

NSCLC-PDX,
HCC-827,
A549,

Ink H4, Ink H4-RGD A tumor scaffold with in vivo matrix characteristics was developed
using H4-RGD bioink. The scaffold maintained good stability, and the
loaded NSCLC PDX cells exhibited spheroid formation within seven
days.

[74]

Stereolithography-
based 3D printing

A549，PC9
NCI–H1395,
NCI–H1650,

GelMA-PEGDA Various rigid and hydrogel-based 3D scaffolds were successfully
printed and used for the in vitro growth of lung CSCs. In addition, the
hydrogel-based scaffolds appeared to be most suitable for the 3D
culture of NSCLC primary cultures.

[75]

Tumor type 3D bioprinting methods Cell type Hydrogel type Research summary Refs
Cervical tumor Stereolithography-

based 3D printing
HeLa PEGDA A 3D in vitro microfluidic chip mimicking vascular morphology was

constructed. It was observed that the migration of HeLa tumor cells
increased as the channel width decreased, indicating that the size of
the blood vessels influences the metastatic and invasive properties of
tumor cells.

[76]

3D bioprinting based on
extrusion

HeLa Gelatin-alginate-Matrigel
hydrogel

An in vitro cervical tumor model was established by 3D printing HeLa
cells, which rapidly formed spheroids representing tumorigenic
features. The induction of TGF-β successfully achieved and tracked the
EMT process within the HeLa/hydrogel 3D constructs.

[77]

Liver tumor 3D bioprinting based on
extrusion

patient-derived
ICC

Gelatin-alginate-Matrigel
hydrogel

A personalized in vitro tumor model was developed using a bioink
composite hydrogel system. The ICC cells from patients maintained
continuous cell proliferation and colony-forming ability and exhibited
stem cell-like characteristics.

[78]

Ovarian tumor 3D bioprinting based on
inkjet

OVCAR-5 Matrigel™ Micro-patterning of ovarian tumor cells and fibroblasts was achieved
through spatial control, co-cultivating to form 3D follicle-like
structures, and similarly recapitulating the characteristics of in vivo
ovarian tumor micro-nodules.

[79]

Melanoma 3D bioprinting based on
light

A375 GelMA-PEGDA A hydrogel scaffold mimicking the melanoma cell growth
microenvironment was prepared using 3D bioprinting with
appropriate concentrations of GelMA and PEGDA as materials.
Compared to the 2D culture, the 3D bioprinting hydrogel scaffold was
more suitable for the proliferation and differentiation of tumor cells.

[80]

Multiple myeloma 3D bioprinting based on
extrusion

MM1S,
RPMI-8226

GelMA-alginate
PEGDA-nHA

A multiple myeloma (MM) model that simulates the human bone
marrow niche was established. Co-culturing stromal cells with
multiple myeloma cells promoted the proliferation and aggregation of
MM cells.

[81]

Osteosarcoma 3D bioprinting based on
inkjet

U–2OS,
U2OS/CDDP

Collagen-Based hydrogel A novel collagen-based hydrogel was used to construct osteosarcoma
(OS) 3D in vitro model, which better mimicked the biological
characteristics and chemical sensitivity of OS cells compared to 2D
platforms, making it a promising tool for studying the biology of
osteosarcoma cells.

[82]

Chronic
lymphocytic
leukemia

3D bioprinting based on
extrusion

MEC1 CELLINK Bioink hydrogel The first long-term 3D culture model of leukemia cells was
established, which can better simulate the physiological 3D in vivo
environment of leukemia cells and a wider range of immune cells.

[83]
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incorporating GelMA to form HAMA-GelMA "bioink" for constructing
highly authentic vascularized tissues and neural networks [110].

2.1.5. Polyethylene glycol-based bioinks (PEG)
PEG is a widely used biomaterial in the construction of biomimetic

scaffolds in vitro [111]. PEG exhibits excellent mechanical properties, is
non-cytotoxic within a specific molecular weight range, and is
non-immunogenic as a biomaterial [112]. However, unlike natural
polymers, PEG cannot form hydrogel structures with temperature vari-
ations or ionic cross-linking properties. In addition, PEG cannot promote
cell adhesion and interaction. Therefore, PEG must be coupled with
functional groups (such as methacrylates) or other functional polymer
materials to achieve these cellular activities [113].

Polyethylene glycol diacrylate (PEGDA) is a polymer that undergoes
copolymerization with acrylate. Compared with PEG, PEGDA possesses
cross-linking properties, making it a biologically active material for
preparing bioinks. Using photocrosslinking methods, PEGDA is
commonly used to fabricate finely structured or controllable tumor
models, such as lung tumors, glioblastomas, and multiple myelomas.
Pluronic® F127 (PF127), composed of PEG and polypropylene glycol
(PPG), is often used in extrusion-based bioprinting to serve as a sacri-
ficial layer for observing the biological behavior of tumor cells by dis-
solving PF127 [114].

We have summarized and expanded upon the information regarding
the advantages, disadvantages, and potential applications of the six
bioinks in Table 2 for a more intuitive comparison.

2.2. Bioprinting techniques

2.2.1. Extrusion-based bioprinting
Extrusion-based bioprinting is the most commonly used method

whcih consists of three parts: a lifting platform, a nozzle, and an outlet
structure [20]. With computer-assisted control, the mixed bioink is
extruded from the nozzle under continuous squeezing pressure along the
x-axis [115]. Simultaneously, the lifting platformmoves along the y- and
z-axes, depositing the material in a 2D pattern, sequentially stacking to
form a 3D scaffold [116]. This method has a wide range of applications.
It demonstrates good compatibility with biomaterials of different vis-
cosities and cells of various concentrations and types [117], which en-
ables the construction of tumor organoids with sufficient mechanical
strength for building tumor microenvironments in hard tissues such as
bone. Furthermore, it allows multiple nozzles to deposit different bio-
inks, which is suitable for constructing co-culture models to study the
interactions between tumor cells and other cells. However, low resolu-
tion of hydrogel model is the key limitation of extrusion-based bio-
printing [118]. The second limitation is the material nature of the
bioink, which requires precise control of the nozzle temperature to
prevent liquefaction and nozzle blockage, which can lead to material
deformation and collapse [119,120] (Fig. 2A).

Coaxial bioprinting is an extension of the extrusion-based printing
method, where the coaxial circular structure of the nozzle has the
advantage of simultaneously controlling the internal and external hier-
archical structures, thereby enabling the printing of hollow tubular
structures, particularly in the field of vascularization [123,124]. The
core-shell structure allows the co-extrusion of two different bioinks,
addressing the problem of insufficient mechanical strength of a single
bioink and making the printing of tubular structures more convenient.
The combination of extrusion-based bioprinting with sacrificial material
can also be employed to construct functional vascular networks in tumor
models, creating specifically shaped tumor models such as breast ductal
carcinomas [50], vascularized tumor models, and microtumor micro-
arrays [51]. This is crucial for revealing the close relationship between
blood vessels and tumors including the interaction of circulating tumor
cells with stromal and infiltrating immune cells, the exchange of
secreted factors between different cells, the response to external stimuli,
and the adaptive behavior of the tumor to the metastatic

microenvironment [112,125].

2.2.2. Inkjet-based bioprinting
Inkjet bioprinting is the first bioprinting technology and is a non-

contact droplet-based bioprinter [126]. The inkjet printer consists of a
liquid binder cartridge, a nozzle that moves along the x- and y-axes, and
a platform along the z-axis. By electrically heating the nozzle head or
inducing acoustic waves using piezoelectric crystals inside the print
head [127], liquid droplets were ejected onto the substrate, adhering
adjacent hydrogel inks together, forming a single layer of 2D patterns,
subsequently lowering the layer and printing 3D structures layer by
layer (Fig. 2B). By controlling the droplet size, deposition speed, and
nozzle orientation, the bioink consisting of cells, scaffold material, and
growth factors can be precisely deposited at high resolution (approxi-
mately 50 μm) and high printing speed (up to 10,000 drops per second)
[128] (Fig. 2C). However, inkjet-printed models typically require long
drying periods at high temperatures, which can lead to decreased uti-
lization of bioinks. Similar to extrusion-based bioprinting, higher cell
densities can lead to a high-viscosity of the bioink and nozzle clogging
[129]; thus, only allowing the printing of low-viscosity bioinks. Addi-
tional crosslinking is required to ensure the stability of the printed
structure [130].

Through inkjet printing, different types of cells and biomaterials can
be printed at predetermined locations [18,122], simulating the complex
structures and microenvironments of real tumor tissues such as osteo-
sarcoma and ovarian tumors. This technology can also be customized
according to the specific conditions of the patient, helping to simulate
different types of tumor tissues better and providing more realistic and
reliable in vitro models for drug development and treatment research.

2.2.3. Stereolithography-based bioprinting
Stereolithography can also be used to manufacture 3D printed

models. It is based on the photopolymerization of photosensitive poly-
mers [122]. Furthermore, the method uses light of specific wavelengths
and intensities to scan from a point to a line focused on the surface of a
liquid hydrogel in a container, resulting in a single layer of 2D cured
patterns in the container. Subsequently, as the platform descends or rises
to the designed single-layer thickness, the next layer continues to so-
lidify using the abovementioned process to completely recover the
previously generated 2D pattern with fresh bioink on the prefabricated
structure until the 3D structure is completed [131]. Photolithography is
not constrained by the viscosity of the bioink, whichmeans that multiple
bioinks with different viscosities can be used for printing, thereby
enabling a more diverse range of applications for various biomaterials.
Laser-assisted printing precents direct contact between dispensers and
bioinks, enabling non-contact printing [132]. This method does not
subject cells to mechanical stress, which is beneficial for maintaining
cell viability, and provides the highest resolution among the three
printing methods [133] (Fig. 3).

Bioinks based on GelMA [135] and PEGDA [136] are commonly used
in photolithography technology to create scaffolds with precise struc-
tures and controllable mechanical strength [137]. These scaffolds are
subsequently used to simulate tumor tissues and provide valuable tools
for oncology research. Scaffolds with precise structures and controllable
mechanical strengths have been used in oncology research.

2.3. Emerging 3D bioprinting technology

Laser-Induced Forward Transfer (LIFT) utilizes high-energy laser
pulses to irradiate biological precursor materials, inducing instanta-
neous vaporization and gas formation, thereby transferring the biolog-
ical precursor material from one substrate to another with rapid and
precise micrometer or nanometer-level deposition. This technique is
suitable for constructing intricate biological tissue structures and
microscale biological chips. In the field of biomedicine, Laser-Induced
Forward Transfer technology can be employed to build biomimetic
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Table 2
Summary of the advantages, disadvantages, and applications of bioinks used in 3D bioprinting.

Benefit Constraint Applications

Alginates
Hydrogel

1. Excellent cell compatibility:It can mimic
the natural extracellular matrix, promoting
the directional growth of cells and tissue
regeneration.

2. Tunable physical properties:The
concentration, crosslinking density, and
other process parameters can be adjusted to
meet the requirements of different
biomedical applications.

3. Good biodegradability:It can be gradually
degraded by enzymes in the body, enabling
controlled tissue reconstruction.

4. Injectability:The good flowability allows
precise positioning and shaping through
injection, avoiding damage to the cells.

5. Compositing enhancement:It can be
compounded with other biomaterials to
further enhance the bioactivity and
mechanical properties.

1. Limited mechanical properties: Alginate
lacks sufficient mechanical strength and
stability in certain aspects, making it prone
to deformation or fracture when bearing
weight or subjected to external forces.

2. Low precision and resolution: Issues with
resolution and printing precision limit the
fineness and accuracy of the printed
structures.

3. Unstable degradation performance: The
unstable degradability of alginate leads to
either too rapid or too slow degradation of
the printed structures in vivo, affecting the
functionality and stability of the material.

4. Controllability and reproducibility:
Variations in the properties of bioinks from
different batches or formulations affect the
stability and reproducibility of print quality.

1. Cell culture models: Printing cell culture
models with complex structures and
microenvironments to study cellular
behavior, drug screening, and disease
modeling.

2. Drug delivery systems: Utilized as drug
carriers or release systems for targeted and
sustained drug delivery, enabling
personalized therapeutic applications.

3. Scaffolds and tissue engineering: Precise
printing of scaffolds with specific structures
and shapes to facilitate the advancement of
tissue engineering.

4. Practical medical devices: The plasticity and
deformability of alginate hydrogels can be
used to fabricate personalized medical
devices or assistive tools.

5. Biorestorative materials: Bioactive tissue
repair materials for the treatment of tissue
damage, injury, or disease, driving the
development of tissue repair and
regenerative medicine.

Gelatin
Hydrogel

1. Excellent biocompatibility and bioactivity:
It provides biological signals that are
favorable for cell attachment, growth, and
differentiation, enhancing the bioactivity of
bioinks.

2. Good plasticity and printability: With
superior mechanical properties and
plasticity, it facilitates the support and
shaping during the 3D bioprinting process.
The viscosity and flowability of the bioink
can be designed by adjusting the
concentration and crosslinking degree.

3. Controllable degradability: The
degradation rate of gelatin can be regulated
through enzymatic or chemical
crosslinking, enabling precise control over
the tissue repair process.

4. Outstanding carrier function: Gelatin can
serve as a carrier for cells and growth
factors, achieving slow and controlled
release of cells or bioactive molecules.

1. Relatively weak mechanical properties:
Gelatin itself has relatively weak mechanical
properties, with limited elasticity and
strength. It may lack sufficient stability and
durability for certain applications.

2. Low strength and susceptibility to
deformation: The mechanical strength of
gelatin hydrogels is relatively low, making
them prone to deformation or fracture,
which is unfavorable for maintaining the
shape stability of printed constructs.

3. Insufficient cell adhesion: As a natural
biomaterial, gelatin requires further
modification or the addition of auxiliary
materials to improve cell adhesion.

4. Rapid in vivo degradation: The degradation
time of gelatin in vivo is sometimes too short,
necessitating modification or the addition of
crosslinking agents to adjust the degradation
characteristics.

5. Significant batch-to-batch variability: As a
natural product, the performance of gelatin
can be influenced by factors such as source
and manufacturing process, leading to
considerable batch-to-batch differences.

1. Cell culture and tissue engineering: Gelatin
hydrogels can be used to print three-
dimensional artificial tissues, such as skin,
cartilage, and muscle.

2. Biosensors and medical devices: Gelatin
hydrogels can be used to fabricate complex
biosensor structures for the detection of
physiological parameters, such as blood
glucose and pH.

3. Tissue and organ models: By using gelatin
hydrogels as a matrix, combined with cells
and other biomaterials, organ-like models
can be constructed for disease mechanism
research and drug screening.

4. Personalized medical devices: Leveraging the
plasticity and biocompatibility of gelatin
hydrogels, customized medical devices, such
as prosthetics and artificial joints, can be
fabricated.

Collagen
Hydrogel

1. Good biocompatibility: Collagen is a
naturally occurring component of human
body structure, exhibiting excellent
biocompatibility and low immunogenicity,
which is beneficial for cell adhesion,
proliferation, and differentiation.

2. Tunable mechanical properties: By
adjusting the collagen concentration and
crosslinking degree, the mechanical
strength, elastic modulus, and other
properties of the hydrogel can be
modulated.

3. Superior mechanical performance:
Compounding with other biomaterials can
enhance the mechanical strength and
toughness of the material, meeting the
requirements for both strength and
ductility.

4. Capability of complex structure fabrication:
Complex three-dimensional structures,
such as microvasculature and biosensors,
can be achieved through 3D bioprinting.
This provides a broad development space
for the construction of bionic tissues.

1. Rapid gelation and uneven crosslinking: The
rapid gelation and uneven crosslinking of
collagen hydrogels during the 3D bioprinting
process may affect the printing accuracy and
structural stability.

2. Insufficient plasticity: Collagen hydrogels
have relatively low plasticity, which poses
challenges in constructing complex
structures or tissues with fine features

3. Tissue-specific limitations: The source and
type of collagen can influence its specific
tissue adhesion and bioactive response to
cells.

4. Risk of cross-contamination: Collagen
extracted from animal sources may carry a
risk of cross-contamination, requiring
careful sterilization of the material.

5. Higher cost: Compared to synthetic
polymers, the extraction and purification of
natural collagen are often more complex and
expensive, limiting its large-scale utilization.

1. Mimicking physiological environments:
Collagen can construct more natural tissue-
like structures during the 3D printing process,
promoting cell adhesion, proliferation, and
differentiation.

2. Supporting cell growth: Collagen hydrogels
contain cell-adhesive peptide sequences,
such as the RGD motif, which can effectively
promote cell attachment and growth.

3. Carrier for bioactive agents: Collagen
hydrogels have strong adsorption and
affinity, enabling precise drug release or
modulation of cell signaling pathways.

4. Bioprinting support materials: Collagen can
assist in the printing of complex suspended or
hollow structures, improving printing
accuracy and enabling the achievement of
desired 3D tissue constructs.

Hyaluronic
Acid
Hydrogel

1. Excellent water-retaining property:
Hyaluronic acid has outstanding water-
retaining capability, which helps maintain

1. Difficulty in controlling degradation rate:
The degradation rate of hyaluronic acid
hydrogels is challenging to control precisely,

1. Tissue engineering scaffolds: The excellent
biocompatibility and biodegradability of
hyaluronic acid make it suitable for the

(continued on next page)
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tissue structures, biosensors, artificial bones, and provide essential tools
for tissue engineering, drug development, disease diagnosis, and more
[138,139].

The technology of volumetric bioprinting through tomographic
scanning is an innovative approach that combines medical imaging
techniques with 3D bioprinting. It leverages tomographic scanning (CT)
or magnetic resonance imaging (MRI) to acquire three-dimensional
biological structural information of specific parts of a patient’s body,
and then uses bioprinting to deposit or stack biological materials ac-
cording to this model, enabling precise replication and reproduction of
complex biological tissues. This technology can provide more person-
alized and customized solutions for tissue regeneration, transplantation,
and disease treatment in the medical field. It holds potential for signif-
icant breakthroughs and innovations in medical research and treatment
[140–142].

Electrospray bioprinting technology is an innovative method that
utilizes the principle of electrospray to perform biological printing. The
nozzle, loaded with bio-ink or cell suspension, is activated by a high
electric field voltage, creating tiny sprayed droplets. These droplets then
deposit onto a substrate in a controlled manner, forming the desired
biological tissue structure. Electrospray bioprinting can be used to
construct complex biological tissue engineering structures, such as
neural tissues, vascular networks, and more. Additionally, it can be
applied in areas like cell microarray preparation, biosensor
manufacturing, and beyond. However, constraints such as the viscosity
of biological materials and surface tension need further research and
optimization before clinical application [143,144].

Plasma-enhanced bioprinting is a method that combines plasma

technology with bioprinting technology. In this technique, plasma is
used to modify the chemical properties of biological materials such as
extracellular matrix and hyaluronic acid, altering factors like cross-
linking degree and surface charge to enhance adhesion, biocompati-
bility, andmechanical performance. By activating the surface of printing
substrates or support materials, enhancing their wettability and affinity,
it promotes cell and biomaterial adhesion, thereby improving the suc-
cess rate and forming quality of bioprinting. This method strengthens
and optimizes the bioprinting process, showcasing innovation and
cutting-edge advancements [145].

Magnetic-assisted printing technology is an advanced printing
method that utilizes magnetic materials and an external magnetic field
to assist in positioning and printing. It typically involves introducing
magnetic particles or magnetic liquid into the printing material or
support structures, and controlling the positioning and shape of these
magnetic components by applying an external magnetic field. The
magnetic stimulation can help overcome factors such as gravity and
surface tension, induce the oriented alignment of cells, activate cell
signaling pathways, enhance cell proliferation and differentiation, and
achieve a flexible, efficient, and controllable printing process. Magnetic-
assisted 3D bioprinting technology has brought new breakthroughs to
tissue regeneration and organ repair in the biomedical field, offering
new possibilities and development opportunities [146,147].

Acoustic bioprinting technology utilizes sound waves as a driving
force to achieve precise positioning and organization of bio-materials.
By using special piezoelectric elements or acoustic lenses to convert
electrical signals into high-frequency sound waves and focusing them on
specific areas, a high-energy density sound wave beam is formed. This

Table 2 (continued )

Benefit Constraint Applications

the water balance of cells and tissues,
promoting cell survival and functional
expression.

2. Promotion of cell proliferation and
migration: Hyaluronic acid can provide a
scaffold structure and signaling molecules,
which helps regulate cell behavior and
accelerate the integration and repair
process of tissue engineering.

3. Good mechanical properties and
processability: Hyaluronic acid hydrogels
have tunable mechanical properties that
can meet the mechanical requirements of
different tissue engineering applications.

4. Carrier function: The excellent adsorption
and retention capability of hyaluronic acid
enables the controlled release of bioactive
substances, enhancing the efficacy of tissue
repair and regeneration.

which can lead to issues with the support
scaffold material degrading too quickly or
too slowly.

2. Limited customizability: The properties and
characteristics of hyaluronic acid hydrogels
are relatively fixed, making it difficult to
achieve extensive customization through
simple parameter adjustments.

3. Challenges in modeling and printing: Due to
the rheological characteristics of the
hydrogels, there may be technical challenges
in the 3D modeling and printing process,
such as maintaining printing accuracy and
stabilizing the printed structure.

4. Weak cell adhesion: Hyaluronic acid
hydrogels have limited support for cell
adhesion, which can affect cell attachment,
proliferation, and infiltration.

fabrication of tissue engineering scaffolds for
soft tissues, such as cartilage and skin.

2. Bioink enhancement: Hyaluronic acid
hydrogels can be combined with other
biomaterials, such as collagen and cellulose,
to develop bioinks with superior bioactivity
and mechanical properties.

3. Bioinspired organs and regenerative
medicine applications: Hyaluronic acid can
be used to print bioinspired organ models
with specific structures and functions, such as
liver and kidney, for drug screening,
pathological research, and personalized
healthcare.

PEG Hydrogel 1. Tunability: The physicochemical properties
of PEG hydrogels can be customized by
adjusting parameters such as crosslinking
degree, morphology, and degradation rate.

2. High transparency: PEG hydrogels have a
relatively high transparency, making them
suitable for printing transparent or semi-
transparent biological tissue structures,
such as cornea and blood vessels.

3. Compositing enhancement: PEG hydrogels
can be chemically modified to introduce
specific functional groups, such as cell
adhesion sites and enzyme recognition
sites, further expanding their bioactivity.

4. Excellent printability and plasticity: PEG
hydrogels exhibit good processability and
printability, facilitating their application in
3D bioprinting equipment for the
fabrication of complex biological tissue
structures.

1. Potential impact on bioactive stability: PEG
hydrogels may interact with and negatively
affect the stability of incorporated cells or
bioactive agents, leading to their
deactivation.

2. Lack of standardization: The standardized
preparation protocols for PEG-based bioinks
are not yet fully established, which can
impact the consistency and comparability of
printing outcomes.

3. Limited cell-directing capabilities: PEG
hydrogels have limitations in their ability to
induce directed cell growth, which can affect
the reconstruction of some structurally
complex tissues.

4. Absence of natural extracellular matrix
components: PEG hydrogels lack the natural
extracellular matrix components, limiting
their ability to fully mimic the native
microenvironment and thereby affecting the
functional performance of cells.

1. Cell culture and model development: PEG
hydrogels can be utilized to create cell culture
models, such as tumor models and organ-on-
a-chip systems, which facilitate the study of
disease mechanisms, drug screening, and
personalized medicine.

2. Drug delivery systems: Using PEG hydrogels
as a bioink, scaffolds with microstructures
can be constructed to achieve targeted and
controlled drug delivery.

3. Biosensing and diagnostics: PEG hydrogels
can be integrated with biosensors to fabricate
3D-printed biosensing devices for the
detection of biomarkers, metabolites, and
other relevant analytes.
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beam can generate thrust and tension on bio-materials, avoiding me-
chanical damage to cells, while achieving precise positioning and
arrangement of cells, bio-inks, or other biological components with a
resolution down to the micrometer or even submicron level. The accu-
racy, efficiency, and controllability of acoustic bioprinting technology
contribute significantly to innovation in the fields of tissue engineering
and regenerative medicine in the biomedical field [148–150].

3. Tumor organoids model for bioprinting

3.1. Breast tumor organoid bioprinting

Breast tumors are among the most common tumors in women and a
leading cause of female mortality [151]. Breast tumors are characterized
by the uncontrolled proliferation of breast epithelial cells in response to
various carcinogenic factors. Symptoms such as breast lumps, nipple
discharge, and axillary lymphadenopathy occur in the early stages of the
disease. In the late stages, distant metastasis of tumor cells may lead to
multi-organ damage, directly threatening the patient’s life. Breast tissue
has a unique structure comprising mammary glands (lobules and ducts)
and adipose tissue [152]. The tumor microenvironment plays a crucial
role in tumor progression. Traditional 2D in vitro cell cultures lack
spatial heterogeneity and exhibit overly simple structures [153].
Establishing physiologically relevant in vitro tumor models through
bioprinting, including interactions between tumor cells and the extra-
cellular matrix of the breast microenvironment, as well as simulating
hollow ductal channels of the mammary gland, is essential for a better
understanding of the biological behavior of tumor cells in a natural
breast tumor microenvironment [154].

Invasive proliferation and migration are key features of tumors in
vivo. Tumor cell metastasis is significantly influenced by the biophysical

properties of the tumor microenvironment. The stiffness of in vitro bio-
mimetic organoid models is one of key issues that influences the
behavior of tumor cells. GELMA hydrogel is a photosensitive hydrogel
that has proven to be a candidate material for basic biological research
[155] and is used to construct biologically relevant tissue structures. In
an organoid tumor model constructed using photolithography Nitish
et al. [45] observed that MDAMB231 cells moved slowly andmaintained
stable migration in the central region with high hardness (748 ± 90 Pa)
based on the photosensitive properties of GELMA. In contrast, the
opposite behavior is observed in the surrounding region with low
hardness (313± 89 Pa). Similarly, the alginate-gelatin composite bioink
with low hardness (A1G5 and A1G7) facilitated the formation of tumor
spheroids and the migration of tumor cells in a 3D environment.
Conversely, materials with high hardness (A3Gy and A5Gy) inhibited
the formation of tumor spheroids [49]. Therefore, the stiffness of ECM
can significantly influence biological behaviors such as tumor cell
migration, invasion, and metastatic potential, providing new strategies
and targets for tumor treatment and prevention, which warrants further
in-depth research and exploration. By adding Matrigel, iterative
culturing of MDAMB231 tumor spheroids was achieved in the AxGyMz
composite bioink [53]. Matrigel is the basement membrane (BM) extract
most commonly used for 3D organoid cultures. Matrigel is the most
commonly used basement membrane (BM) extract for
three-dimensional organoid culture, but it is extracted from mouse tu-
mors and cannot fully replicate the specific microenvironment of human
tumors. Additionally, the composition and mechanical properties of
Matrigel vary between batches, affecting the reproducibility of experi-
ments. In a composite bioink of 5 % GelMA +0.5 % collagen,
MDAMB231 exhibited similar invasive behavior to that of Matrigel,
suggesting that this stiffness-adjustable, cost-effective, and novel
hydrogel has potential as an alternative to Matrigel [51]. Researching

Fig. 2. Schematic diagram illustrating the principle of tumor model formation based on extrusion-based and inkjet-based bioprinting methods with deposition of
bioink. (A) Cellink 3D bioprinter. (B) Extrusion-based bioprinting method, and inkjet-based bioprinting method. Reproduced with permission [121]. Copyright 2021,
Wiley-VCH. (C) By increasing the number of layers and decreasing the thickness, the resolution of the printed structure is improved, resulting in a tumor organoid
model with a smooth surface appearance [122]. Reproduced with permission. Copyright 2018, Company Biologists.
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new hydrogel materials as alternatives to Matrigel is of great signifi-
cance. It helps improve and optimize the performance of materials,
broaden the functional range of materials, achieve consistency between
batches, and further drive innovation and advancement in tissue engi-
neering and disease modeling technologies. However, MDAMB231 cells
exhibited the opposite biological behavior in the novel PEG-4MAL bio-
ink, which has highly tunable mechanical and biological functional
properties. Compared to softer hydrogel systems (0.7 kPa + RGD), sig-
nificant migratory behavior was observed in MDAMB231 cells within
the harder hydrogel (1.1 kPa + RGD), likely because of the modification
with cell adhesion peptide (RGD) [55]. Similarly, interaction with RGD
promotes the migration of MCF-7 cells [50]. Therefore, future research
should focus on precisely controlling the stiffness factor of the tumor
microenvironment by adding different extracellular matrix components
in hydrogel systems, including temporal and spatial control. Multi-level,
multi-component hydrogel structures can help researchers better un-
derstand how tumor cells respond to different mechanical microenvi-
ronments, potentially providing new perspectives and methods for
revealing the mechanisms of tumor initiation and development. This
could contribute to the development of more effective strategies for
tumor treatment and prevention. In recent years, bioprinting using
dynamically cross-linked hydrogel networks has attracted significant
attention because they can better mimic the mechanical properties of
the ECM and respond to biological stimuli. A dual cross-linked dynamic
hydrogel network based on the boronic acid motifs of laminarin
(LAM-PBA) and alginate exhibited excellent cell compatibility (cell
viability exceeded 90%). By controlling the cross-linking process of both
types, the processability, mechanical behavior, and stability of the bio-
ink can be further improved [52]. This study ingeniously combines
dynamic covalent crosslinking and ion crosslinking to form a double
network structure, providing a new tool and perspective for the field of
tissue engineering. However, detailed mechanical property data of this

double network structure bioink, such as tensile strength and modulus,
were not provided in the study. These data are crucial for evaluating the
performance of the bioink in the 3D printing process and for further
optimizing the material formulation.

Interactions among tumor, immune, and mesenchymal cells within
the tumor microenvironment significantly affect tumor growth and
behavior. Understanding these interactions is crucial for a deeper
comprehension of breast tumor cellular characteristics and behavioral
changes. In breast tumors, adipocytes are important agents that play
roles in promoting tumor progression within the tumor microenviron-
ment. They can induce inflammatory responses, influence the metabolic
reprogramming of tumor cells, and provide the necessary nutrients and
growth signals for tumor growth and dissemination. Hence, under-
standing the regulatory role of adipocytes in the breast tumor micro-
environment helps deepen our understanding of the pathogenic
mechanisms of breast tumors [156]. Hannes et al. [54] constructed a
co-culture model of adipose tissue with breast tumor cells. After nine
days of co-culturing, they observed that tumor cells induced a decrease
in the lipid content of the adipose tissue and remodeling of the extra-
cellular matrix (with a significant increase in the expression of collagens
I, VI and fibronectin). This integrated 3D breast cancer-adipose tissue
model illustrated the pro-tumorigenic effects of the adipose in breast
cancer. In the future, the introduction of other key cell types such as
immune cells, vascular endothelial cells, etc., can further elucidate the
specific regulatory roles of factors secreted by adipose cells in tumor
development. The bone is one of the most common sites of metastasis in
advanced breast tumors [157]. To better understand bone metastasis in
breast tumors, a bionic bone-specific microenvironment was created by
incorporating hydroxyapatite-containing nanoparticles into a PEG/-
PEGDA hydrogel, the presence of MSC increased the number of
MDAMB231 cell spheroids compared to culturing tumor cells alone
[47]. Similarly, in a co-culture of osteoblasts with MDAMB231 cells,

Fig. 3. Schematic diagram illustrating the principle of constructing organoid models using light-based bioprinting method. (A) Schematic representation of a liver
organoid model constructed by light-based bioprinting. (B) Grayscale digital mask corresponding to the vascular structures of the liver lobules. (C, D) Images taken
under fluorescence and bright field channels (5 × ) of fluorescently labeled hiPSC-HPC in GelMA [134]. Reproduced with permission. Copyright 2016, National
Academy of Sciences.
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osteoblasts promoted tumor cell proliferation and tumor sphere forma-
tion, whereas MDAMB231 cells inhibited osteoblast proliferation [46].
Overall, the addition of helper cells enhanced the bionic nature of the
tumor model, which is more valuable in studying the interactions of the
tumor microenvironment. In the future, it may be considered to incor-
porate other cell types, such as inflammatory cells, to comprehensively
simulate the impact of multiple factors on bone metastasis. Alterna-
tively, integrating the 3D printing model with clinical case data for
comparison of research outcomes with actual patient conditions can
provide better validation of experimental results.

Resistance to anti-tumor drugs is another important characteristic of
malignant tumors [64]. Using bioprinting in vitro organoid tumor
models can prevent the false positive behavior of tumor cells exposed to
anti-tumor drugs in 2D cultures. Therefore, bioprinting in vitro organoid
tumor models can serve as a better preclinical platform for drug
screening and personalized drug development. Song et al. [57] suc-
cessfully maintained the growth of drug-resistant MCF-7 breast tumor
spheroids in a gelatin-sodium alginate hydrogel, preserving the CD44
high/CD24 low/ALDH1 high phenotype (Fig. 4). At the same time, the
EC50 values for apoptosis and necrosis concurrently induced by PTX in
the resistant spheroids were 124 nM and 131 nM, respectively. In

contrast, the EC50 values for PTX-induced apoptotic and necrotic cell
death in larger spheroids were 59 nM and 54 nM, respectively. In the
same year, the team further achieved a novel in situ assessment of the
efficacy of PDT on tumor spheroids, with significantly higher IC50
values for the photosensitizers sTPP and Ce6 in 3D spheroids than in 2D
cultures (7-fold difference) at the same radiant power. Interestingly,
heterogeneous responses of individual tumor cells within a single tumor
sphere to photodynamic therapy were observed suing 3D imaging.
Furthermore, individual drug-resistant cells within the spheres were
suggested to be responsible for the emergence of drug resistance in the
tumor spheres. However, the main shortcoming of these experiments is
the lack of in-depth research on the mechanisms of PDT. The analysis
was conducted merely from the perspective of overall cell death. In the
next step, other cell death detection methods (such as apoptosis markers
and cell cycle analysis) could be combined to further explore the
mechanisms of cell death induced by PDT. Similarly, in other experi-
ments inducing tumor apoptosis with PDT, 3D tumor spheroids over-
expressed the ABCG2 transporter protein, which expelled an excess of
the photosensitizer PPIX from the tumor cells, thereby reducing the
therapeutic effect of PDT compared to 2D models [158]. Unfortunately,
this experiment did not compare the genetic changes in in vivo tumor

Fig. 4. Schematic representation of the construction of breast cancer organoid models for drug screening using bioprinting. (A) Confocal microscopy images showing
the expression of CD44, ALDH1, and CD24 in drug-resistant spheroids. (B) Methodology for quantitative cell viability measurement in embedded MCF-7 spheroids.
3D spheroid images based on their respective intensity profiles under white light and fluorescent modes for 7-AAD [57]. Reproduced with permission. Copyright
2022, Elsevier.
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models with 3D spheroids, making it unable to further demonstrate the
persuasiveness of the 3D tumor model. Similarly, upon establishing a 3D
culture model with a spontaneously generated hypoxia and drug resis-
tance central core, the generation of the central core in tumors may be
one of the most critical factors limiting the effectiveness of PDT in
clinical practice [159]. 3D models provide a visual representation of the
interaction between tumor spheroids and drugs in vitro. This demon-
strates the ability of 3D models to effectively mimic the tumor micro-
environment in vivo, which is crucial for understanding the response to
PDT treatment and the process of hypoxic core formation [56]. In the
future, patient-derived tumor cells or organ samples can be extracted for
model construction with high clinical relevance to reflect the response of
tumors in patients to PDT. Additionally, by combining higher resolution
imaging techniques (such as multiphoton microscopy) to monitor
microenvironmental oxygen levels and metabolic changes, in-depth
research on the mechanism of action of PDT can be conducted.

3.2. Glioblastoma organoid bioprinting

Glioblastomas, or gliomas, are the most common primary malignant
tumors of the central nervous system in adults [160]. Owing to its high
malignancy rate, rapid progression, and diffuse infiltration, glioblas-
tomas typically cannot be completely removed through surgery and tend
to recur after surgery [161]. In addition, glioblastomas exist within a
complex tumor microenvironment (TME) containing various cell types,
including glioblastoma cells, glioblastoma stem cells (GSCs), mesen-
chymal stem cells (MSCs), and immune cells [162]. In addition, there are
differences in cell characteristics and gene expression patterns in
different regions. Traditional 2D cultures cannot simulate cell

interactions and tumor microenvironment interactions. Therefore,
studies of glioblastomas are limited. Bioprinting has facilitated the
construction of clinically relevant brain tissue organoid models, by
accurately placing tumor cells to replicate the natural tumor microen-
vironment. It is becoming a promising tool for creating simulated GBM
structures and cell compositions and studying tumor biology.

In recent years, various laboratories have advanced the bioprinting
of glioblastoma models by developing new bioprinting methods, leading
to in-depth research on in vitro glioblastoma models. Shu et al. [58] first
constructed a U87MG glioblastoma model on a sodium alginate hydro-
gel using extrusion bioprinting. After 11 days of printing, the cell
viability remained at 88 ± 4.3 %. By utilizing photolithography and
adjusting the shape of the PEGDA microcavities, they further controlled
the shape, size, and thickness of U87MG glioma spheroids [59]. Simi-
larly, in a bioink composed of fibronectin, alginate, and laminin, U87MG
formed tumor spheroids, with high CD133 and DCX expression, indi-
cating the maintenance of glioblastoma stem cell-like characteristics
[62]. Erin et al. [66] utilized an immersion bioprinting method to
construct a high-throughput in vitro glioblastoma organoid model using
patient-derived tumor cells in a 96-well plate. This technology retains
the heterogeneity of patient-derived tumors but requires further
research to improve and expand the consistency of patient tumor
organoids (PTOs). Further optimize 3D printing techniques to enhance
the stability and complexity of tumor organoids, better simulating the
biological characteristics of primary tumors. This high-throughput
modeling method can be combined with artificial intelligence technol-
ogy to achieve a more intelligent process for tumor organoid construc-
tion and drug screening. Interestingly, Matteo et al. [67] utilized FRESH
3D bioprinting to construct a glioblastoma organoid model of human

Fig. 5. Schematic representation of the construction of a glioma organoid model using bioprinting. (A) Workflow of FRESH bioprinting technology and brain-like
scaffolds obtained by bioprinting with cellulose-based bioinks [67]. Reproduced with permission. Copyright 2020, MDPI. (B) Schematic representation of the
bioprinting process and bioprinting mini-brains, as well as a schematic representation of the crosstalk between glioblastoma cells and macrophages [64]. Reproduced
with permission. Copyright 2019, Wiley-VCH.
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neuroblastoma (SH-SY5Y cell line) using conductive bioink based on
cellulose nanofibers (CNF), alginate, and single-walled carbon nano-
tubes (SWCNTs). This model promotes the mature differentiation of
SH-SY5Y cells into mature neurons and facilitates the formation of
neural networks (Fig. 5A). Furthermore, this innovative experiment
provides a tool for better understanding the pathophysiological mech-
anisms of brain tumor-related neurological disorders. However, this
study did not delve into the mechanisms by which the conductive
nanocellulose scaffold induces neuroblastoma cell differentiation.
Future works are suggested to focus on attempting to implant the scaf-
fold into animal models for in vivo validation to observe its impact on
neural function restoration, thereby assessing its feasibility for clinical
applications. Combined with high-throughput technologies such as
transcriptomics and proteomics, a systematic analysis of the molecular
mechanisms by which the scaffold promotes neuroblastoma cell differ-
entiation can provide a deeper theoretical foundation for related drug
development.

Glioblastoma is an intracranial tumor with a poor prognosis, char-
acterized by an extensive abnormal vascular network. Furthermore,
glioblastomas often use the microvasculature to guide migration. Un-
derstanding the cellular interactions between vascular and GBM cells
may lead to new therapeutic strategies. By co-culturing primary adipose-
derived stem cells with human umbilical vein endothelial cells
(HUVECs) in a composite hydrogel of 5 % GelMA and 2.5 mg ml− 1
fibronectin at a ratio of 1:0.75, a successful simulation of a vascularized
tumor microenvironment was achieved. Patient-derived STA-NB1 neu-
roblastomas attract microvessels to approach and migrate within them
[69]. To further explore the angiogenic potential of glioma cells, an in
vitro model using neuroglioma U118 cells and glioma stem cells GSC23
cells was established. Both 3D-U118 and 3D-GSC23 cells demonstrated
the ability to form blood vessels. 3D-GSC23 cells exhibit strong capa-
bilities to form cell spheroids, secret VEGFA, and form tubular structures
in vitro [65]. In summary, the experimental results above suggest that
the glioma microenvironment model exerts a promoting effect on the
vascularization process of glioma cells. Glioma cells can stimulate the
proliferation of endothelial cells and the formation of luminal structures,
thereby promoting the growth and dissemination of gliomas. Xu et al.
conducted a series of studies on glioma stem cells. Firstly, they suc-
cessfully enriched glioma stem cells using a gelatin-alginate-fibrinogen
(GAF) hydrogel scaffold, and the enriched glioma stem cells retained
the inherent characteristics of tumor stem cells [63]. They also showed
the potential to differentiate into glial, neuronal, and vascular endo-
thelial cells [60]. To observe the crosstalk between tumor microenvi-
ronment cells, glioma stem cells (GSC) and mesenchymal stem cells
(MSC) were co-cultured using coaxial bioprinting. The interactions be-
tween GSC and MSC and their roles in tumor progression were observed.
The results showed that GSC and MSC fused, and the fused cells
co-expressed biological markers of both GSCs and MSCs, and exhibited
stronger proliferation, clonogenicity, and invasive capabilities than
GSCs and MSCs. Furthermore, the fused cells showed stronger tumori-
genicity in nude mice, exhibiting pathological features of malignant
tumors [61,68]. This cell fusion may be an important mechanism lead-
ing to the poor prognosis of gliomas. The newly formed hybrid cell lines
resulting from cell fusion exhibit more aggressive and hypoxia-tolerant
malignant phenotypes, providing insights into further understanding
tumor heterogeneity and treatment resistance. Blocking cell fusion or
disrupting the key signaling pathways of fused cells could potentially
become a new therapeutic strategy. Similarly, during co-culture with
glioblastoma cells, glioma-associated macrophages (GAM) are recruited
by glioma cells and polarized into a GAM-specific phenotype. They
actively secreted growth factors to promote tumor cell proliferation [64]
(Fig. 5B). Therefore, by disrupting the interactions between glioma cells
and GAMs, or altering the polarization state of GAMs, an important
strategy for future glioblastoma treatment may be developed.

3.3. Lung tumor organoid bioprinting

Lung tumors originate from the bronchial mucosa or glands in the
lungs. Lung tumors are one of the most common and deadliest malignant
tumors worldwide, posing a significant problem health issue and a
substantial burden [163]. The treatment options for lung tumors include
surgery, radiation therapy, chemotherapy, and targeted drug therapy.
The development of drug resistance often contributes to the recurrence
of lung tumors, as lung tumor cells have demonstrated the ability to
develop resistance to chemotherapy [163,164]. In addition, the tumor
microenvironment plays a crucial role in drug resistance. Inflammatory
cells and factors within the tumor inflammatory microenvironment
promote tumor angiogenesis, epithelial-mesenchymal transition, cell
apoptosis, and the activation of inflammatory pathways, leading to the
occurrence, development, metastasis, and drug resistance of lung tumors
[165,166]. Moreover, most studies on tumor occurrence, progression,
and the assessment of anti-tumor drugs are based on 2D tumor models,
which may lead to the loss or alteration of some original features and
functions. Bioprinting offers a reliable, biomimetic 3D tumor model
replicating the actual in vivo environment, aiding in the study of tumor
development and drug screening.

Gelatin-alginate hydrogels are commonly used to construct in vitro
models of lung tumors by simulating the in vivo tumor microenviron-
ment (TME) to aid in the study of tumor growth, invasion, and drug
screening. Xu et al. [70] maintained continuous proliferation of A549
cells in gelatin-alginate hydrogels for up to 28 days. Arindam et al. [71]
observed upregulation of vimentin, α-SMA, and loss of E-cadherin dur-
ing co-culturing of non-small cell lung tumor (NSCLC) patient-derived
xenograft (PDX) cells and lung CAFs, confirming the feasibility of
using gelatin-alginate hydrogel for studying cell-cell crosstalk.
Furthermore, drug sensitivity testing of eight traditional anti-tumor
Chinese medicines showed that, compared to 2D models, 3D models
exhibited higher drug resistance [73]. This validates the practicality of
using a gelatin-sodium alginate hydrogel as a 3D bioprinting lung
organoid tumor model for drug screening.

In recent years, the emergence of many novel composite bio-inks has
deepened our understanding of lung tumor organoidmodels. By printing
the Hphil-CNF hydrogel on the surface of the Hphob-CNF hydrogel,
hollow 3D channels were formed, allowing the real-time observation of
cell morphology, cellular responses to drug stimuli, and chemical flow
within the channels [72]. It provides an innovative and promising
experimental platform for cell culture and biomedical research. Simi-
larly, in GelMA-PEGDA hydrogels, the high upregulation of lung
CSC-specific marker genes indicates that this model promotes the
expression of lung CSC-specific markers in non-small cell lung tumor
(NSCLC) cells [75]. It revealed the biological behavior of lung cancer
stem cells under different conditions. Likewise, patient-derived NSCLC
cells form 3D spheroids in the polysaccharide-based ink H4-RGD,
showing stronger resistance than 2D monolayer cells to NSCLCPDX
cells [74]. This suggests a role for the tumor microenvironment created
by Ink H4-RGD in determining the variability of chemotherapeutic re-
sponses in three-dimensional spheroids.

3.4. Cervical tumor organoid bioprinting

Cervical tumors are the most common malignant tumors of the fe-
male reproductive tract, and human papillomavirus (HPV) is a primary
risk factor for the development of this disease [167]. Early cervical tu-
mors often have no obvious symptoms or signs, and in advanced stages,
they can present with systemic symptoms such as anemia and cachexia.
Furthermore, early-stage cervical tumors are prone to lymphatic
metastasis, leading to a relatively poor prognosis, while late-stage
metastasis results in poor prognosis and a high mortality rate [168].
However, the potential mechanisms underlying metastasis remain un-
clear [169]. Therefore, establishing biologically relevant organoid
models to elucidate the mechanisms of cervical tumor cell migration and
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invasion is crucial for providing a platform for in vitro mechanistic
studies and personalized treatment of HPV-related cervical diseases
[170].

Chen et al. [76] used photolithography-based bioprinting technology
to construct a 3D in vitro microchip with a honeycomb-like branched
blood vessel structure in a PEGDA hydrogel. The migration speed of
HeLa cells increased as the width of the microvascular channels
decreased, revealing a close correlation between tumor cell migration
and blood vessel diameter. Although this 3D model provides a rapid and
cost-effective tool for studying tumor migration, it does not elucidate the
mechanisms of tumor cell migration. To further investigate the crucial
stage of epithelial-mesenchymal transition (EMT) in cervical tumor cell
metastasis, Sun et al. added the main inducer of EMT, TGF-β [171,172].
They observed the disintegration of 3D HeLa cell spheroids formed in
collagen-sodium alginate-Matrigel, with immunohistochemistry
showing activation of the Smad2/3 pathway, promotion of the tran-
scription factor Snail, and suppression of E-cadherin, indicating
achievement of the EMT process [77]. By further combining gene editing
technologies (such as CRISPR-Cas9) and single-cell RNA sequencing, it is
possible to study in greater detail the changes in gene expression and
signaling pathways during the TGF-β-induced EMT process. Therefore,
establishing an effective environmental stimulus as a regulatory sign in a
3D tumor model can help us better understand the occurrence and
development of cervical tumors and subsequently regulate tumor
metastasis by modulating the tumor microenvironment. Overall, this
study provides new methodological tools for EMT research in cervical
cancer, which is of significant importance. Further optimization and
application of this model are expected to bring more discoveries
regarding EMT and tumor progression mechanisms.

3.5. Ovarian tumor organoid bioprinting

Among all gynecological malignancies, ovarian tumors have the
highest mortality rate [173]. Early ovarian tumors lack symptoms, and
when symptoms appear, they are nonspecific, leading to a poor overall
prognosis and propensity for metastasis and recurrence [174]. Tradi-
tional 2D cell culture systems have led to significant medical advance-
ments in oncology research; however, the progression of ovarian tumors
remains unclear. Organoid models constructed based on bioprinting can
recreate the unique glandular structure of ovarian tissue in vitro and,
through temporal and spatial control of the tumor microenvironment,
simulate the interactions between different cell types in a
high-throughput and reproducible manner. This allows for a systematic
study of the various unknown regulatory feedback mechanisms between
tumor and stromal cells and provides a tool for researching tumor
biology [175,176].

Fibroblasts play a crucial role in the malignant progression of
ovarian tumors [175]. An in vitro ovarian tumor model was constructed
by co-culturing OVCAR-5 cells and MRC-5 cells on Matrigel™. Through
the use of a 150 μm micro-nozzle, precise cell positioning and assembly
were achieved, and it was observed that tumor cells spontaneously
formed glandular structures resembling ovarian tumor micro-nodules in
vivo. Where tumor cells spontaneously formed glandular structures
resembling micro-nodules of ovarian tumor in vivo [79]. In future
studies, various stromal cells could be introduced into this 3D ovarian
tumor in vitro model to systematically study many unknown regulatory
feedback mechanisms between cells, facilitating high-throughput drug
screening and therapeutic interventions.

3.6. Liver tumor organoid bioprinting

Intrahepatic cholangiocarcinoma (ICC) cells are the second most
common primary liver tumor cells within the liver [177]. The incidence
and prevalence of ICC have been increasing every decade, and most
patients with ICC present with advanced or refractory metastatic disease
[178]. Moreover, treatment options for ICC are limited, with only

approximately 20–30 % of patients qualifying for surgical resection,
which is considered the only potentially curative treatment [179].
However, drug therapy has shown limited effectiveness. Mouse models
are a crucial tool for drug screening in ICC, but they are associated with
ethical controversies, time-consuming processes, high costs, and com-
plex operations [180,181]. The bioprinted ICC tumor model exhibits
higher resistance to anti-tumor drugs than 2D cultures, highlighting the
potential role of patient-derived tumor models created through bio-
printing in oncology research and the development of personalized
treatments.

Patient-derived ICC cells are likely to have more clinical significance
compared to ICC cell lines, as the cell lines have already lost their het-
erogeneity. Mao et al. [78] employed patient-derived primary ICC cells
in a gelatin-alginate-MatrigelTM composite hydrogel system to
construct an in vitro tumor model. Compared to 2D culture, the tumor
markers CA19-9 and CEA, cancer stem cell markers CD133 and EpCAM,
and liver damage-related liver function markers ALT, AST, and ALB
were upregulated by 1.9, 5.7, 3.7, 9.7, 3.7, 1.9, and 2.0 times, respec-
tively, in 3D bioprinting models. Therefore, the 3D in vitro culture model
can more accurately mimic in vivo tumor phenotypes and thus can more
precisely simulate treatment responses.

3.7. Osteosarcoma organoid bioprinting

Osteosarcoma is the most common primary malignant bone tumor in
adolescents [182], characterized by the direct production of bone-like
tissue from tumor cells. The development of drug resistance and
metastasis is closely associated with poor prognosis. In addition, the
osteosarcoma microenvironment is now recognized as essential for its
growth and spread [183]. To identify new therapeutic targets, a better
understanding of the mechanisms underlying tumor drug resistance and
metastasis is urgently needed. Therefore, it is crucial to elucidate the
interactions between osteosarcoma cells and the complex bone and bone
marrow microenvironments [184]. Bioprinting technology can manu-
facture novel bone tissue engineering scaffolds with customized shapes
[185], mechanical strength, and cellular composition, providing accu-
rate in vitro migration and drug screening experiments [186].

Pellegrini et al. [82] constructed a 3D in vitro osteosarcoma model by
embedding U2-OS cells and their drug-resistant strain U–2OS/CDDP 1
μg in collagen hydrogel. The cells grew uniformly within the scaffold,
and the tumor cell clusters degraded the collagen matrix, creating
lacunae through which they migrated, similar to acellular scaffolds. This
invasion behavior is akin to that of tumors in vivo. This osteosarcoma
model successfully maintained the biological characteristics of OS cells
in their natural microenvironment, making it a promising tool for drug
screening and OS cell biology research.

3.8. Melanoma organoid bioprinting

Melanoma is one of the most aggressive and progressive forms of skin
tumor [187]. It primarily occurs in the skin but can also develop in
various locations and tissues such as the mucous membranes and
meninges. As the disease progresses, melanoma exhibits regional and
distant metastases, leading to a poor prognosis, with a 5-year survival
rate of less than 5 %. Although several new drugs have been developed
in recent years, most patients do not show a lasting response to these
treatments [188]. Therefore, new biomarkers and drug targets are
required to improve the accuracy of melanoma diagnosis and treatment
[189]. 3D bioprinting based on in vitro cell culture is a novel and creative
method for creating a simulated microenvironment for the growth of
malignant melanoma cells that mimics the human body environment.

A 3D scaffold composed of GelMA-PEGDA composite hydrogel was
fabricated to construct an in vitro tumor model simulating the growth
microenvironment of human malignant melanoma cells (A375) [80].
The melanoma cells on the 3D scaffold exhibited higher proliferation
rates, elevated MMP-9 secretion levels, and increased invasiveness
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compared to those in a 2D environment. Conducting longer-term culti-
vation experiments to observe the long-term behavior of tumor cells
within the scaffold could further advance this technology’s application
in cancer research and drug development.

3.9. Multiple myeloma organoid bioprinting

Multiple myeloma (MM) is a malignant proliferative disease of
plasma cells that accounts for approximately 12 % of malignant tumors
of the hematopoietic system. A characteristic feature of this disease is
the uncontrolled proliferation of plasma cells in the bone marrow,
leading to organ or tissue damage [190]. MM is characterized by the
following four main features: bone destruction, renal dysfunction, hy-
percalcemia, and anemia. MM occurs almost exclusively within the bone
marrow microenvironment, which provides the necessary signals and
stimuli to induce cell proliferation and/or prevent apoptosis, promoting
the development of drug resistance [191]. Therefore, reproducing the
specific bone marrow microenvironment of MM cells is crucial for

understanding the molecular mechanisms driving MM progression and
treatment

resistance (Fig. 6).
Using coaxial bioprinting, a composite bioink simulating the outer

cortical bone composed of GelMA, alginate, PEGDA, and nHA, as well as
the inner bone marrow-like microenvironment composed of GelMA and
MM cells, was printed simultaneously to mimic the human bone marrow
niche [81]. With this method, a 3D core-sheath model was employed for
the first time to achieve co-culturing of MM and HS-5 stromal cells.
Moreover, it was observed that IL-6 secreted by HS-5 promotes the
proliferation and aggregation of MM cells, demonstrating this co-culture
model held significant implications for guiding combination drug ther-
apy in tumors.

3.10. Chronic lymphocytic leukemia organoid bioprinting

Chronic lymphocytic leukemia (CLL) is a complex and heterogeneous
hematologic malignancy of the blood system [192], and it is the most

Fig. 6. Schematic representation of an osteosarcoma organoid model constructed using coaxial bioprinting. (A) Schematic of the coaxial nozzle used for bioprinting.
MM cells filled with a low concentration of GelMA represent the inner core of the cartilage marrow, the sheath used to mimic the surrounding cortical bone. (B) The
inner/outer diameter of bioprinting nucleus-sheath structures positively correlates to the supply rate of core bioinks [81]. Reproduced with permission. Copyright
2022, Wiley.
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common adult leukemia inWestern countries [193]. Studies have shown
that CLL pathogenesis is closely related to the tumor-supportive
microenvironment and immune system dysfunction. The disease ex-
hibits significant clinical variability and remains incurable [194,195]. In
addition, culturing primary CLL cells in vitro is challenging, and tradi-
tional two-dimensional in vitro models lack the cellular and spatial
complexity present in vivo, leading to an incomplete understanding of
the actual events occurring at these sites. Francesca et al. [83] estab-
lished the first long-term 3D culture model for CLL by embedding CLL
cells in a fibronectin 411 hydrogel matrix, maintaining the growth of
primary CLL cells for up to 28 days while preserving the expression of
the characteristic surface markers CD19 and CD5. This represents a
groundbreaking advancement and provides a reference for simulating
the physiological settings of other non-solid tumors (Fig. 7).

4. Conclusion

This study detailed the construction of in vitro organoid tumor
models using various bioinks combined with different printing methods.
The emergence of 3D bioprinting technology has led to significant
breakthroughs in developing various in vitro organoid tumor models and
hydrogel tissue engineering. Using bioprinting technology, significant
technological innovations have been achieved in material selection and
overall construction. Multiple printing techniques and bio-materials are
being used to address the limitations of traditional tumor organoid
modeling. In vitro organoid tumor models modify the heterogeneity of

the microenvironment, including the presence of non-tumor cells and
their functions, the signaling of soluble cell factors, and changes in
extracellular matrix components.

Tumor treatments are increasingly shifting towards personalized
therapies targeting individuals with unique and heterogeneous diseases.
Some studies have linked in vitro model responses to drugs with patient
outcomes. The use of in vitromodels for high-throughput drug screening
is widely applied in oncology research and holds promise as a potential
tool for screening effective drugs for patients with tumors. The main
limitations of functional precision medicine are the establishment of
physiological culture models, the development of high-throughput sys-
tems, and difficulties in measuring tumor heterogeneity. Bioprinting
overcomes these barriers, with 3D in vitro tumor models being promising
for precision medicine, allowing for rapid in vitro modeling using tumor
cells sourced from patients to accurately simulate patient responses to
treatment. They are physiologically relevant, personalized tumor
models that are highly suitable for drug development and clinical ap-
plications and facilitate individual tumor response analysis.

Although bioprinting organoid tumor models are continuously
advancing and providing innovative biomedical and clinical trans-
lational research approaches, some obstacles remain to be addressed.
First, current tumor models only simulate a single type of tumor and
cannot simultaneously simulate the development of multiple tumors. In
the future, the various advantages of bioprinting will make it suitable for
developing human tumor microchip models, and microchip technology
is expected to achieve connectivity and communication between

Fig. 7. Schematic representation of the construction of a chronic leukemia organoid model using bioprinting. (A) Schematic representation of the bioprinting
strategy using the CLL cell line MEC1 or CLL primary B cells. (B, a) Representative H&E staining of 5 μm cryosections of 3D bioprinting CLL progenitor cells showing
their distribution in the scaffold. (B, b) Representative images of bioprinting CLL progenitor cells acquired using Axio Observer Zeiss fluorescence microscopy for
live/dead assay at day 28 [83]. Reproduced with permission Copyright 2021, Frontiers Media.
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multiple tumor models, treating various organs/tissues as one model.
Using this multi-organ microchip model, complex drug metabolism that
single-organ tumor models cannot simulate can be achieved, similar to
the human body environment.

Second, limited reproducibility is a significant barrier to generating
organoid tumor models and maintaining their functionality. The pri-
mary factors affecting the reproducibility of tumor models include
batch-to-batch variability, production scalability, cell composition, and
tumor model structure. Future material research should focus on
developing and designing bioinks with better biological performance or
composite bioactive factors to functionalize bioinks continually, thus
mimicking in vivo growth factors or other mechanical and chemical
stimuli to functionalize and maintain the reproducibility of printed
structures. By improving the standards of bioprinting materials, the
reproducibility of tumor models will continue to improve, ultimately
leading to significant progress in clinical trials.

Further expansion of bioprinting technology is needed to elucidate
the interactions between multiple cells and build organoid tumor
models that better reflect physiological states, thereby increasing their
usefulness in clinical trials. Meanwhile, 4D printing, a promising tech-
nology platform with highly tunable material selection, allows bio-
materials to respond to external stimuli, enabling the development of
bio-folding hydrogel scaffolds with self-folding behavior and allowing
pre-printed 3D configurations to change over time, advancing the
manufacture of functional 3D tissues significantly. 4D printing tech-
nology is also attractive for drug delivery systems, allowing the pro-
grammable release of drugs or cells, reducing drug leakage, and
improving drug delivery efficiency. So far, existing self-assembly or self-
folding 4D printing systems have been limited to macroscopic de-
formations, restricting the precise spatial manipulation of 4D printed
structures. Therefore, the exact construction of organoid tumor models
requires the integration of advanced technologies from various fields.

CRediT authorship contribution statement

Xiangran Cui: Writing – original draft, Visualization, Validation,
Resources, Methodology, Formal analysis. Jianhang Jiao: Validation,
Resources, Methodology, Funding acquisition. Lili Yang: Writing – re-
view & editing, Validation, Resources. Yang Wang: Writing – review &
editing, Supervision. Weibo Jiang: Writing – review & editing, Super-
vision. Tong Yu: Writing – review & editing, Validation, Resources.
Mufeng Li: Writing – review & editing, Supervision. Han Zhang:
Writing – review & editing, Validation, Resources. Bo Chao: Writing –
review & editing, Validation, Resources. Zhonghan Wang: Writing –
review & editing, Supervision, Resources, Conceptualization. Minfei
Wu: Writing – review & editing, Supervision, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgments

This study was supported by the Department of Science and Tech-
nology of Jilin Province (20210204104YY, YDZJ202201ZYTS281,
YDZJ202201ZYTS135, YDZJ202301ZYTS031, YDZJ202301ZYTS032)
and Scientific Development Program of Jilin Province (20240402016
GH, 20240602083RC) and Bethune Plan of Jilin University (2023B08,
2023B10) and project of the Department of Science and Technology of

Jilin Province, with the project identifier YDZJ202401434ZYTS.

References

[1] C. Xia, X. Dong, H. Li, M. Cao, D. Sun, S. He, F. Yang, X. Yan, S. Zhang, N. Li,
W. Chen, Cancer statistics in China and United States, 2022: profiles, trends, and
determinants, Chin. Med. J. 135 (2022) 584–590, https://doi.org/10.1097/
CM9.0000000000002108.

[2] F. Bray, M. Laversanne, E. Weiderpass, I. Soerjomataram, The ever-increasing
importance of cancer as a leading cause of premature death worldwide, Cancer
127 (2021) 3029–3030, https://doi.org/10.1002/cncr.33587.

[3] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal,
F. Bray, Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries, CA A Cancer J. Clin. 71
(2021) 209–249, https://doi.org/10.3322/caac.21660.

[4] A. Marusyk, K. Polyak, Tumor heterogeneity: causes and consequences, Biochim.
Biophys. Acta Rev. Canc 1805 (2010) 105–117, https://doi.org/10.1016/j.
bbcan.2009.11.002.

[5] Y. Zhao, R. Yao, L. Ouyang, H. Ding, T. Zhang, K. Zhang, S. Cheng, W. Sun, Three-
dimensional printing of Hela cells for cervical tumor model in vitro,
Biofabrication 6 (2014) 035001, https://doi.org/10.1088/1758-5082/6/3/
035001.

[6] S. Knowlton, S. Onal, C.H. Yu, J.J. Zhao, S. Tasoglu, Bioprinting for cancer
research, Trends Biotechnol. 33 (2015) 504–513, https://doi.org/10.1016/j.
tibtech.2015.06.007.

[7] Z. Gu, J. Fu, H. Lin, Y. He, Development of 3D bioprinting: from printing methods
to biomedical applications, Asian J. Pharm. Sci. 15 (2020) 529–557, https://doi.
org/10.1016/j.ajps.2019.11.003.

[8] K.M. Park, S. Gerecht, Polymeric hydrogels as artificial extracellular
microenvironments for cancer research, Eur. Polym. J. 72 (2015) 507–513,
https://doi.org/10.1016/j.eurpolymj.2015.06.030.

[9] K. Duval, H. Grover, L.-H. Han, Y. Mou, A.F. Pegoraro, J. Fredberg, Z. Chen,
Modeling physiological events in 2D vs. 3D cell culture, Physiology 32 (2017)
266–277, https://doi.org/10.1152/physiol.00036.2016.

[10] P. Friedl, K. Wolf, Plasticity of cell migration: a multiscale tuning model, J. Cell
Biol. 188 (2010) 11–19, https://doi.org/10.1083/jcb.200909003.

[11] G. Rijal, W. Li, A versatile 3D tissue matrix scaffold system for tumor modeling
and drug screening, Sci. Adv. 3 (2017) e1700764, https://doi.org/10.1126/
sciadv.1700764.

[12] K. Stock, M.F. Estrada, S. Vidic, K. Gjerde, A. Rudisch, V.E. Santo, M. Barbier,
S. Blom, S.C. Arundkar, I. Selvam, A. Osswald, Y. Stein, S. Gruenewald, C. Brito,
W. van Weerden, V. Rotter, E. Boghaert, M. Oren, W. Sommergruber, Y. Chong,
R. de Hoogt, R. Graeser, Capturing tumor complexity in vitro : comparative
analysis of 2D and 3D tumor models for drug discovery, Sci. Rep. 6 (2016) 28951,
https://doi.org/10.1038/srep28951.

[13] S. Ghosh, G.C. Spagnoli, I. Martin, S. Ploegert, P. Demougin, M. Heberer,
A. Reschner, Three-dimensional culture of melanoma cells profoundly affects
gene expression profile: a high density oligonucleotide array study, J. Cell.
Physiol. 204 (2005) 522–531, https://doi.org/10.1002/jcp.20320.

[14] T.W. Ridky, J.M. Chow, D.J. Wong, P.A. Khavari, Invasive three-dimensional
organotypic neoplasia from multiple normal human epithelia, Nat. Med. 16
(2010), https://doi.org/10.1038/nm.2265, 1450-U1137.

[15] P. Zhuang, Y.-H. Chiang, M.S. Fernanda, M. He, Using spheroids as building
blocks towards 3D bioprinting of tumor microenvironment, International Journal
of Bioprinting 7 (2021) 1–26, https://doi.org/10.18063/ijb.v7i4.444.

[16] H.-G. Yi, H. Lee, D.-W. Cho, 3D printing of organs-on-chips, Bioeng. Transl. Med.
4 (2017), https://doi.org/10.3390/bioengineering4010010.

[17] N.K. Singh, W. Han, S.A. Nam, J.W. Kim, J.Y. Kim, Y.K. Kim, D.-W. Cho, Three-
dimensional cell-printing of advanced renal tubular tissue analogue, Biomaterials
232 (2020) 119734, https://doi.org/10.1016/j.biomaterials.2019.119734.

[18] Y.-J. Choi, H. Park, D.-H. Ha, H.-S. Yun, H.-G. Yi, H. Lee, 3D bioprinting of in vitro
models using hydrogel-based bioinks, Polymers 13 (2021) 366, https://doi.org/
10.3390/polym13030366.

[19] A.M. Blanco, L. Krauel, F.F. Artés, Development of a patients-specific 3D-printed
preoperative planning and training tool, with functionalized internal surfaces, for
complex oncologic cases, Rapid Prototyp. J. 25 (2019) 363–377, https://doi.org/
10.1108/rpj-03-2018-0063.

[20] S. Vijayavenkataraman, W.-C. Yan, W.F. Lu, C.-H. Wang, J.Y.H. Fuh, 3D
bioprinting of tissues and organs for regenerative medicine, Adv. Drug Delivery
Rev. 132 (2018) 296–332, https://doi.org/10.1016/j.addr.2018.07.004.

[21] S. Vijayavenkataraman, A perspective on bioprinting ethics, Artif. Organs 40
(2016) 1033–1038, https://doi.org/10.1111/aor.12873.

[22] I.T. Ozbolat, M. Hospodiuk, Current advances and future perspectives in
extrusion-based bioprinting, Biomaterials 76 (2016) 321–343, https://doi.org/
10.1016/j.biomaterials.2015.10.076.

[23] I.T. Ozbolat, Bioprinting scale-up tissue and organ constructs for transplantation,
Trends Biotechnol. 33 (2015) 395–400, https://doi.org/10.1016/j.
tibtech.2015.04.005.

[24] S. Moon, S.K. Hasan, Y.S. Song, F. Xu, H.O. Keles, F. Manzur, S. Mikkilineni, J.
W. Hong, J. Nagatomi, E. Haeggstrom, A. Khademhosseini, U. Demirci, Layer by
layer three-dimensional tissue epitaxy by cell-laden hydrogel droplets, Tissue
Eng. C Methods 16 (2010) 157–166, https://doi.org/10.1089/ten.tec.2009.0179.

[25] Q. Hamid, J. Snyder, C. Wang, M. Timmer, J. Hammer, S. Guceri, W. Sun,
Fabrication of three-dimensional scaffolds using precision extrusion deposition

X. Cui et al. Materials Today Bio 28 (2024) 101198 

17 

https://doi.org/10.1097/CM9.0000000000002108
https://doi.org/10.1097/CM9.0000000000002108
https://doi.org/10.1002/cncr.33587
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.bbcan.2009.11.002
https://doi.org/10.1016/j.bbcan.2009.11.002
https://doi.org/10.1088/1758-5082/6/3/035001
https://doi.org/10.1088/1758-5082/6/3/035001
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.1016/j.ajps.2019.11.003
https://doi.org/10.1016/j.ajps.2019.11.003
https://doi.org/10.1016/j.eurpolymj.2015.06.030
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1083/jcb.200909003
https://doi.org/10.1126/sciadv.1700764
https://doi.org/10.1126/sciadv.1700764
https://doi.org/10.1038/srep28951
https://doi.org/10.1002/jcp.20320
https://doi.org/10.1038/nm.2265
https://doi.org/10.18063/ijb.v7i4.444
https://doi.org/10.3390/bioengineering4010010
https://doi.org/10.1016/j.biomaterials.2019.119734
https://doi.org/10.3390/polym13030366
https://doi.org/10.3390/polym13030366
https://doi.org/10.1108/rpj-03-2018-0063
https://doi.org/10.1108/rpj-03-2018-0063
https://doi.org/10.1016/j.addr.2018.07.004
https://doi.org/10.1111/aor.12873
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1016/j.tibtech.2015.04.005
https://doi.org/10.1016/j.tibtech.2015.04.005
https://doi.org/10.1089/ten.tec.2009.0179


with an assisted cooling device, Biofabrication 3 (2011) 034109, https://doi.org/
10.1088/1758-5082/3/3/034109.

[26] S. Tasoglu, U. Demirci, Bioprinting for stem cell research, Trends Biotechnol. 31
(2013) 10–19, https://doi.org/10.1016/j.tibtech.2012.10.005.

[27] I. Matai, G. Kaur, A. Seyedsalehi, A. McClinton, C.T. Laurencin, Progress in 3D
bioprinting technology for tissue/organ regenerative engineering, Biomaterials
226 (2020) 119536, https://doi.org/10.1016/j.biomaterials.2019.119536.

[28] Y.S. Zhang, K. Yue, J. Aleman, K. Mollazadeh-Moghaddam, S.M. Bakht, J. Yang,
W. Jia, V. Dell’Erba, P. Assawes, S.R. Shin, M.R. Dokmeci, R. Oklu,
A. Khademhosseini, 3D bioprinting for tissue and organ fabrication, Ann. Biomed.
Eng. 45 (2017) 148–163, https://doi.org/10.1007/s10439-016-1612-8.

[29] W. Asghar, R. El Assal, H. Shafiee, S. Pitteri, R. Paulmurugan, U. Demirci,
Engineering cancer microenvironments for in vitro 3-D tumor models, Mater.
Today 18 (2015) 539–553, https://doi.org/10.1016/j.mattod.2015.05.002.

[30] L.C. Bahlmann, L.J. Smith, M.S. Shoichet, Designer biomaterials to model cancer
cell invasion in vitro: predictive tools or just pretty pictures? Adv. Funct. Mater.
30 (2020) 1909032 https://doi.org/10.1002/adfm.201909032.

[31] L.P. Ferreira, V.M. Gaspar, J.F. Mano, Design of spherically structured 3D in vitro
tumor models -Advances and prospects, Acta Biomater. 75 (2018) 11–34, https://
doi.org/10.1016/j.actbio.2018.05.034.

[32] A.M. Duraj-Thatte, A. Manjula-Basavanna, J. Rutledge, J. Xia, S. Hassan,
A. Sourlis, A.G. Rubio, A. Lesha, M. Zenkl, A. Kan, D.A. Weitz, Y.S. Zhang, N.
S. Joshi, Programmable microbial ink for 3D printing of living materials produced
from genetically engineered protein nanofibers, Nat. Commun. 12 (2021) 6600,
https://doi.org/10.1038/s41467-021-26791-x.

[33] P.S. Gungor-Ozkerim, I. Inci, Y.S. Zhang, A. Khademhosseini, M.R. Dokmeci,
Bioinks for 3D bioprinting: an overview, Biomater. Sci. 6 (2018) 915–946,
https://doi.org/10.1039/c7bm00765e.

[34] J. Groll, J.A. Burdick, D.W. Cho, B. Derby, M. Gelinsky, S.C. Heilshorn, T. Jungst,
J. Malda, V.A. Mironov, K. Nakayama, A. Ovsianikov, W. Sun, S. Takeuchi, J.
J. Yoo, T.B.F. Woodfield, A definition of bioinks and their distinction from
biomaterial inks, Biofabrication 11 (2019) 013001, https://doi.org/10.1088/
1758-5090/aaec52.

[35] D. Chimene, R. Kaunas, A.K. Gaharwar, Hydrogel bioink reinforcement for
additive manufacturing: a focused review of emerging strategies, Adv. Mater. 32
(2020) e1902026, https://doi.org/10.1002/adma.201902026.

[36] A. Elosegui-Artola, A. Gupta, A.J. Najibi, B.R. Seo, R. Garry, C.M. Tringides, I. de
Lazaro, M. Darnell, W. Gu, Q. Zhou, D.A. Weitz, L. Mahadevan, D.J. Mooney,
Matrix viscoelasticity controls spatiotemporal tissue organization, Nat. Mater. 22
(2023) 117–127, https://doi.org/10.1038/s41563-022-01400-4.

[37] D.M. Kirchmajer, R. Gorkin, M.I.H. Panhuis, An overview of the suitability of
hydrogel-forming polymers for extrusion-based 3D-printing, J. Mater. Chem. B 3
(2015) 4105–4117, https://doi.org/10.1039/c5tb00393h.

[38] K. Hoelzl, S. Lin, L. Tytgat, S. Van Vlierberghe, L. Gu, A. Ovsianikov, Bioink
properties before, during and after 3D bioprinting, Biofabrication 8 (2016)
032002, https://doi.org/10.1088/1758-5090/8/3/032002.

[39] R.E. Saunders, B. Derby, Inkjet printing biomaterials for tissue engineering:
bioprinting, Int. Mater. Rev. 59 (2014) 430–448, https://doi.org/10.1179/
1743280414y.0000000040.

[40] J.H. Park, J. Jang, J.-S. Lee, D.-W. Cho, Three-dimensional printing of tissue/
organ analogues containing living cells, Ann. Biomed. Eng. 45 (2017) 180–194,
https://doi.org/10.1007/s10439-016-1611-9.

[41] S. Maharjan, C.S. Ma, B. Singh, H.M. Kang, G. Orive, J.J. Yao, Y.S. Zhang,
Advanced 3D imaging and organoid bioprinting for biomedical research and
therapeutic applications, Adv. Drug Delivery Rev. 208 (2024) 115237, https://
doi.org/10.1016/j.addr.2024.115237.

[42] R. Dai, W. Chen, Y. Chen, J.L. Jin, S.W. Zhang, C.H. Zhang, J. Liu, 3D bioprinting
platform development for high-throughput cancer organoid models construction
and drug evaluation, Biofabrication 16 (2024) 035026, https://doi.org/10.1088/
1758-5090/ad51a6.

[43] W.J. Peng, P. Datta, Y. Wu, M. Dey, B. Ayan, A. Dababneh, I.T. Ozbolat, Cell
biology and translational medicine, in: K. Turksen (Ed.), Stem Cells, Bio-Materials
and Tissue Engineering Vol. 1107 Advances in Experimental Medicine and
Biology, 2018, pp. 53–71, 3.

[44] M. Cabral, K. Cheng, D.H. Zhu, Three-dimensional bioprinting of organoids: past,
present, and prospective, Tissue Eng. 30 (2024) 314–321, https://doi.org/
10.1089/ten.tea.2023.0209.

[45] N. Peela, F.S. Sam, W. Christenson, D. Truong, A.W. Watson, G. Mouneimne,
R. Ros, M. Nikkhah, A three dimensional micropatterned tumor model for breast
cancer cell migration studies, Biomaterials 81 (2016) 72–83, https://doi.org/
10.1016/j.biomaterials.2015.11.039.

[46] W. Zhu, N.J. Castro, H.T. Cui, X. Zhou, B. Boualam, R. McGrane, R.I. Glazer, L.
G. Zhang, A 3D printed nano bone matrix for characterization of breast cancer
cell and osteoblast interactions, Nanotechnology 27 (2016) 315103, https://doi.
org/10.1088/0957-4484/27/31/315103.

[47] W. Zhu, B. Holmes, R.I. Glazer, L.G. Zhang, 3D printed nanocomposite matrix for
the study of breast cancer bone metastasis, Nanomed. Nanotechnol. Biol. Med. 12
(2016) 69–79, https://doi.org/10.1016/j.nano.2015.09.010.

[48] T. Jiang, J.G. Munguia-Lopez, S. Flores-Torres, J. Grant, S. Vijayakumar, A. De
Leon-Rodriguez, J.M. Kinsella, Directing the self-assembly of tumour spheroids by
bioprinting cellular heterogeneous models within alginate/gelatin hydrogels, Sci.
Rep. 7 (2017) 4575, https://doi.org/10.1038/s41598-017-04691-9.

[49] T. Jiang, J.G. Munguia-Lopez, K. Gu, M.M. Bavoux, S. Flores-Torres, J. Kort-
Mascort, J. Grant, S. Vijayakumar, A. De Leon-Rodriguez, A.J. Ehrlicher, J.
M. Kinsella, Engineering bioprintable alginate/gelatin composite hydrogels with
tunable mechanical and cell adhesive properties to modulate tumor spheroid

growth kinetics, Biofabrication 12 (2020) 015024, https://doi.org/10.1088/
1758-5090/ab3a5c.

[50] M. Duchamp, T. Liu, A.M. van Genderen, V. Kappings, R. Oklu, L.W. Ellisen, Y.
S. Zhang, Sacrificial bioprinting of a mammary ductal carcinoma model,
Biotechnol. J. 14 (2019) e1700703, https://doi.org/10.1002/biot.201700703.

[51] Z. Chen, F. Wang, J. Zhang, X. Sun, Y. Yan, Y. Wang, J. Ouyang, J. Zhang,
T. Honore, J. Ge, Z. Gu, Study on development of composite hydrogels with
tunable structures and properties for tumor-on-a-chip research, Front. Bioeng.
Biotechnol. 8 (2020) 611796, https://doi.org/10.3389/fbioe.2020.611796.

[52] A.J.R. Amaral, V.M. Gaspar, P. Lavrador, J.F. Mano, Double network laminarin-
boronic/alginate dynamic bioink for 3D bioprinting cell-laden constructs,
Biofabrication 13 (2021) 035045, https://doi.org/10.1088/1758-5090/abfd79.

[53] S. Flores-Torres, O. Peza-Chavez, H. Kuasne, J.G. Munguia-Lopez, J. Kort-
Mascort, L. Ferri, T. Jiang, C.V. Rajadurai, M. Park, V. Sangwan, J.M. Kinsella,
Alginate-gelatin-Matrigel hydrogels enable the development and
multigenerational passaging of patient-derived 3D bioprinted cancer spheroid
models, Biofabrication 13 (2021) 025001, https://doi.org/10.1088/1758-5090/
abdb87.

[54] H. Horder, M.G. Lasheras, N. Grummel, A. Nadernezhad, J. Herbig, S. Ergun,
J. Tessmar, J. Groll, B. Fabry, P. Bauer-Kreisel, T. Blunk, Bioprinting and
differentiation of adipose-derived stromal cell spheroids for a 3D breast cancer-
adipose tissue model, Cells 10 (2021) 803, https://doi.org/10.3390/
cells10040803.

[55] M. Jung, J.N. Skhinas, E.Y. Du, M.A.K. Tolentino, R.H. Utama, M. Engel,
A. Volkerling, A. Sexton, A.P. O’Mahony, J.C.C. Ribeiro, J.J. Gooding,
M. Kavallaris, A high-throughput 3D bioprinted cancer cell migration and
invasion model with versatile and broad biological applicability, Biomater. Sci.
10 (2022) 5876–5887, https://doi.org/10.1039/d2bm00651k.

[56] A.A. Abdelrahim, S.R. Hong, J.M. Song, Integrative in situ photodynamic therapy-
induced cell death measurement of 3D-bioprinted MCF-7 tumor spheroids, Anal.
Chem. (2022), https://doi.org/10.1021/acs.analchem.2c03022.

[57] S. Hong, J.M. Song, 3D bioprinted drug-resistant breast cancer spheroids for
quantitative in situ evaluation of drug resistance, Acta Biomater. 138 (2022)
228–239, https://doi.org/10.1016/j.actbio.2021.10.031.

[58] A.G. Tabriz, M.A. Hermida, N.R. Leslie, W. Shu, Three-dimensional bioprinting of
complex cell laden alginate hydrogel structures, Biofabrication 7 (2015) 045012,
https://doi.org/10.1088/1758-5090/7/4/045012.

[59] Y. Fan, N.G. Avci, D.T. Nguyen, A. Dragomir, Y.M. Akay, F. Xu, M. Akay,
Engineering a high-throughput 3-D in vitro glioblastoma model, IEEE J. Transl.
Eng. Health Med. 3 (2015) 4300108, https://doi.org/10.1109/
JTEHM.2015.2410277.

[60] X. Dai, C. Ma, Q. Lan, T. Xu, 3D bioprinted glioma stem cells for brain tumor
model and applications of drug susceptibility, Biofabrication 8 (2016) 045005,
https://doi.org/10.1088/1758-5090/8/4/045005.

[61] X. Dai, L. Liu, J. Ouyang, X. Li, X. Zhang, Q. Lan, T. Xu, Coaxial 3D bioprinting of
self-assembled multicellular heterogeneous tumor fibers, Sci. Rep. 7 (2017) 1457,
https://doi.org/10.1038/s41598-017-01581-y.

[62] C. Lee, E. Abelseth, L. de la Vega, S.M. Willerth, Bioprinting a novel glioblastoma
tumor model using a fibrin-based bioink for drug screening, Mater. Today Chem.
12 (2019) 78–84, https://doi.org/10.1016/j.mtchem.2018.12.005.

[63] X. Wang, X. Dai, X. Zhang, C. Ma, X. Li, T. Xu, Q. Lan, 3D bioprinted glioma cell-
laden scaffolds enriching glioma stem cells via epithelial-mesenchymal transition,
J. Biomed. Mater. Res. 107 (2019) 383–391, https://doi.org/10.1002/jbm.
a.36549.

[64] M.A. Heinrich, R. Bansal, T. Lammers, Y.S. Zhang, R. Michel Schiffelers,
J. Prakash, 3D-Bioprinted mini-brain: a glioblastoma model to study cellular
interactions and therapeutics, Adv. Mater. 31 (2019) e1806590, https://doi.org/
10.1002/adma.201806590.

[65] X. Wang, X. Li, J. Ding, X. Long, H. Zhang, X. Zhang, X. Jiang, T. Xu, 3D
bioprinted glioma microenvironment for glioma vascularization, J. Biomed.
Mater. Res. 109 (2021) 915–925, https://doi.org/10.1002/jbm.a.37082.

[66] E. Maloney, C. Clark, H. Sivakumar, K. Yoo, J. Aleman, S.A.P. Rajan, S. Forsythe,
A. Mazzocchi, A.W. Laxton, S.B. Tatter, R.E. Strowd, K.I. Votanopoulos,
A. Skardal, Immersion bioprinting of tumor organoids in multi-well plates for
increasing chemotherapy screening throughput, Micromachines 11 (2020) 208,
https://doi.org/10.3390/mi11020208.

[67] M. Bordoni, E. Karabulut, V. Kuzmenko, V. Fantini, O. Pansarasa, C. Cereda,
P. Gatenholm, 3D printed conductive nanocellulose scaffolds for the
differentiation of human neuroblastoma cells, Cells 9 (2020) 682, https://doi.
org/10.3390/cells9030682.

[68] X.L. Dai, Y.X. Shao, X.F. Tian, X.Y. Cao, L. Ye, P. Gao, H.W. Cheng, X.W. Wang,
Fusion between glioma stem cells and mesenchymal stem cells promotes
malignant progression in 3D-bioprinted models, ACS Appl. Mater. Interfaces 14
(2022) 35344–35356, https://doi.org/10.1021/acsami.2c06658.

[69] D. Nothdurfter, C. Ploner, D.C. Coraca-Huber, D. Wilflingseder, T. Muller,
M. Hermann, J. Hagenbuchner, M.J. Ausserlechner, 3D bioprinted, vascularized
neuroblastoma tumor environment in fluidic chip devices for precision medicine
drug testing, Biofabrication 14 (2022) 035002, https://doi.org/10.1088/1758-
5090/ac5fb7.

[70] X. Wang, X. Zhang, X. Dai, X. Wang, X. Li, J. Diao, T. Xu, Tumor-like lung cancer
model based on 3D bioprinting, 3 Biotech 8 (2018) 501, https://doi.org/
10.1007/s13205-018-1519-1.

[71] A. Mondal, A. Gebeyehu, M. Miranda, D. Bahadur, N. Patel, S. Ramakrishnan, A.
K. Rishi, M. Singh, Author Correction: characterization and printability of Sodium
alginate -Gelatin hydrogel for bioprinting NSCLC co-culture, Sci. Rep. 10 (2020)
1732, https://doi.org/10.1038/s41598-020-58952-1.

X. Cui et al. Materials Today Bio 28 (2024) 101198 

18 

https://doi.org/10.1088/1758-5082/3/3/034109
https://doi.org/10.1088/1758-5082/3/3/034109
https://doi.org/10.1016/j.tibtech.2012.10.005
https://doi.org/10.1016/j.biomaterials.2019.119536
https://doi.org/10.1007/s10439-016-1612-8
https://doi.org/10.1016/j.mattod.2015.05.002
https://doi.org/10.1002/adfm.201909032
https://doi.org/10.1016/j.actbio.2018.05.034
https://doi.org/10.1016/j.actbio.2018.05.034
https://doi.org/10.1038/s41467-021-26791-x
https://doi.org/10.1039/c7bm00765e
https://doi.org/10.1088/1758-5090/aaec52
https://doi.org/10.1088/1758-5090/aaec52
https://doi.org/10.1002/adma.201902026
https://doi.org/10.1038/s41563-022-01400-4
https://doi.org/10.1039/c5tb00393h
https://doi.org/10.1088/1758-5090/8/3/032002
https://doi.org/10.1179/1743280414y.0000000040
https://doi.org/10.1179/1743280414y.0000000040
https://doi.org/10.1007/s10439-016-1611-9
https://doi.org/10.1016/j.addr.2024.115237
https://doi.org/10.1016/j.addr.2024.115237
https://doi.org/10.1088/1758-5090/ad51a6
https://doi.org/10.1088/1758-5090/ad51a6
http://refhub.elsevier.com/S2590-0064(24)00259-X/sref43
http://refhub.elsevier.com/S2590-0064(24)00259-X/sref43
http://refhub.elsevier.com/S2590-0064(24)00259-X/sref43
http://refhub.elsevier.com/S2590-0064(24)00259-X/sref43
https://doi.org/10.1089/ten.tea.2023.0209
https://doi.org/10.1089/ten.tea.2023.0209
https://doi.org/10.1016/j.biomaterials.2015.11.039
https://doi.org/10.1016/j.biomaterials.2015.11.039
https://doi.org/10.1088/0957-4484/27/31/315103
https://doi.org/10.1088/0957-4484/27/31/315103
https://doi.org/10.1016/j.nano.2015.09.010
https://doi.org/10.1038/s41598-017-04691-9
https://doi.org/10.1088/1758-5090/ab3a5c
https://doi.org/10.1088/1758-5090/ab3a5c
https://doi.org/10.1002/biot.201700703
https://doi.org/10.3389/fbioe.2020.611796
https://doi.org/10.1088/1758-5090/abfd79
https://doi.org/10.1088/1758-5090/abdb87
https://doi.org/10.1088/1758-5090/abdb87
https://doi.org/10.3390/cells10040803
https://doi.org/10.3390/cells10040803
https://doi.org/10.1039/d2bm00651k
https://doi.org/10.1021/acs.analchem.2c03022
https://doi.org/10.1016/j.actbio.2021.10.031
https://doi.org/10.1088/1758-5090/7/4/045012
https://doi.org/10.1109/JTEHM.2015.2410277
https://doi.org/10.1109/JTEHM.2015.2410277
https://doi.org/10.1088/1758-5090/8/4/045005
https://doi.org/10.1038/s41598-017-01581-y
https://doi.org/10.1016/j.mtchem.2018.12.005
https://doi.org/10.1002/jbm.a.36549
https://doi.org/10.1002/jbm.a.36549
https://doi.org/10.1002/adma.201806590
https://doi.org/10.1002/adma.201806590
https://doi.org/10.1002/jbm.a.37082
https://doi.org/10.3390/mi11020208
https://doi.org/10.3390/cells9030682
https://doi.org/10.3390/cells9030682
https://doi.org/10.1021/acsami.2c06658
https://doi.org/10.1088/1758-5090/ac5fb7
https://doi.org/10.1088/1758-5090/ac5fb7
https://doi.org/10.1007/s13205-018-1519-1
https://doi.org/10.1007/s13205-018-1519-1
https://doi.org/10.1038/s41598-020-58952-1


[72] S. Shin, H. Kwak, J. Hyun, Transparent cellulose nanofiber based open cell culture
platform using matrix-assisted 3D printing, Carbohydr. Polym. 225 (2019)
115235, https://doi.org/10.1016/j.carbpol.2019.115235.

[73] Y.D. Yang, G. Yang, X.Z. Liu, Y.M. Xu, S.Y. Zhao, W.Y. Zhang, M.J. Xu,
Construction of lung tumor model for drug screening based on 3D bio-printing
technology, Journal of Biomaterials and Tissue Engineering 11 (2021)
1213–1226, https://doi.org/10.1166/jbt.2021.2706.

[74] A. Gebeyehu, S.K. Surapaneni, J. Huang, A. Mondal, V.Z. Wang, N.F. Haruna,
A. Bagde, P. Arthur, S. Kutlehria, N. Patel, A.K. Rishi, M. Singh, Polysaccharide
hydrogel based 3D printed tumor models for chemotherapeutic drug screening,
Sci. Rep. 11 (2021) 372, https://doi.org/10.1038/s41598-020-79325-8.

[75] A. Herreros-Pomares, X. Zhou, S. Calabuig-Farinas, S.J. Lee, S. Torres,
T. Esworthy, S.Y. Hann, E. Jantus-Lewintre, C. Camps, L.G. Zhang, 3D printing
novel in vitro cancer cell culture model systems for lung cancer stem cell study,
Mater. Sci. Eng., C 122 (2021) 111914, https://doi.org/10.1016/j.
msec.2021.111914.

[76] T.Q. Huang, X. Qu, J. Liu, S. Chen, 3D printing of biomimetic microstructures for
cancer cell migration, Biomed. Microdevices 16 (2014) 127–132, https://doi.org/
10.1007/s10544-013-9812-6.

[77] Y. Pang, S.S. Mao, R. Yao, J.Y. He, Z.Z. Zhou, L. Feng, K.T. Zhang, S.J. Cheng,
W. Sun, TGF-β induced epithelial-mesenchymal transition in an advanced cervical
tumor model by 3D printing, Biofabrication 10 (2018) 044102, https://doi.org/
10.1088/1758-5090/aadbde.

[78] S. Mao, J. He, Y. Zhao, T. Liu, F. Xie, H. Yang, Y. Mao, Y. Pang, W. Sun,
Bioprinting of patient-derived in vitro intrahepatic cholangiocarcinoma tumor
model: establishment, evaluation and anti-cancer drug testing, Biofabrication 12
(2020) 045014, https://doi.org/10.1088/1758-5090/aba0c3.

[79] F. Xu, J. Celli, I. Rizvi, S. Moon, T. Hasan, U. Demirci, A three-dimensional in
vitro ovarian cancer coculture model using a high-throughput cell patterning
platform, Biotechnol. J. 6 (2011) 204–212, https://doi.org/10.1002/
biot.201000340.

[80] J. Duan, Y. Cao, Z. Shen, Y. Cheng, Z. Ma, L. Wang, Y. Zhang, Y. An, S. Sang, 3D
bioprinted GelMA/PEGDA hybrid scaffold for establishing an in vitro model of
melanoma, J. Microbiol. Biotechnol. 32 (2022) 531–540, https://doi.org/
10.4014/jmb.2111.11003.

[81] D. Wu, Z. Wang, J. Li, Y. Song, M.E.M. Perez, Z. Wang, X. Cao, C. Cao,
S. Maharjan, K.C. Anderson, D. Chauhan, Y.S. Zhang, A 3D-bioprinted multiple
myeloma model, Adv Healthc Mater 11 (2022) e2100884, https://doi.org/
10.1002/adhm.202100884.

[82] E. Pellegrini, G. Desando, M. Petretta, A. Cellamare, C. Cristalli, M. Pasello, M.
C. Manara, B. Grigolo, K. Scotlandi, A 3D collagen-based bioprinted model to
study osteosarcoma invasiveness and drug response, Polymers 14 (2022) 4070,
https://doi.org/10.3390/polym14194070.

[83] F.V. Sbrana, R. Pinos, F. Barbaglio, D. Ribezzi, F. Scagnoli, L. Scarfo, I.N. Redwan,
H. Martinez, S. Fare, P. Ghia, C. Scielzo, 3D bioprinting allows the establishment
of long-term 3D culture model for chronic lymphocytic leukemia cells, Front.
Immunol. 12 (2021) 639572, https://doi.org/10.3389/fimmu.2021.639572.

[84] K.Y. Lee, D.J. Mooney, Alginate: properties and biomedical applications, Prog.
Polym. Sci. 37 (2012) 106–126, https://doi.org/10.1016/j.
progpolymsci.2011.06.003.

[85] H. Gudapati, M. Dey, I. Ozbolat, A comprehensive review on droplet-based
bioprinting: past, present and future, Biomaterials 102 (2016) 20–42, https://doi.
org/10.1016/j.biomaterials.2016.06.012.

[86] C. Colosi, S.R. Shin, V. Manoharan, S. Massa, M. Costantini, A. Barbetta, M.
R. Dokmeci, M. Dentini, A. Khademhosseini, Microfl uidic bioprinting of
heterogeneous 3D tissue constructs using low-viscosity bioink, Adv. Mater. 28
(2016) 677–684, https://doi.org/10.1002/adma.201503310.

[87] A.K. Miri, A. Khalilpour, B. Cecen, S. Maharjan, S.R. Shin, A. Khademhosseini,
Multiscale bioprinting of vascularized models, Biomaterials 198 (2019) 204–216,
https://doi.org/10.1016/j.biomaterials.2018.08.006.

[88] Y. Zhang, Y. Yu, H. Chen, I.T. Ozbolat, Characterization of printable cellular
micro-fluidic channels for tissue engineering, Biofabrication 5 (2013) 025004,
https://doi.org/10.1088/1758-5082/5/2/025004.

[89] T. Li, M. Sun, S. Wu, State-of-the-Art review of electrospun gelatin-based
nanofiber dressings for wound healing applications, Nanomaterials 12 (2022)
784, https://doi.org/10.3390/nano12050784.

[90] X. Xu, J. Zhou, Y. Jiang, Q. Zhang, H. Shi, D. Liu, 3D printing process of oxidized
nanocellulose and gelatin scaffold, Journal of Biomaterials Science 29 (2018)
1498–1513, https://doi.org/10.1080/09205063.2018.1472450. -Polymer
Edition.

[91] A. Tijore, S.A. Irvine, U. Sarig, P. Mhaisalkar, V. Baisane, S. Venkatraman,
Contact guidance for cardiac tissue engineering using 3D bioprinted gelatin
patterned hydrogel, Biofabrication 10 (2018) 025003, https://doi.org/10.1088/
1758-5090/aaa15d.

[92] T. Pan, W. Song, X. Cao, Y. Wang, 3D bioplotting of gelatin/alginate scaffolds for
tissue engineering: influence of crosslinking degree and pore architecture on
physicochemical properties, J. Mater. Sci. Technol. 32 (2016) 889–900, https://
doi.org/10.1016/j.jmst.2016.01.007.

[93] N. Davidenko, C.F. Schuster, D.V. Bax, R.W. Farndale, S. Hamaia, S.M. Best, R.
E. Cameron, Evaluation of cell binding to collagen and gelatin: a study of the
effect of 2D and 3D architecture and surface chemistry, J. Mater. Sci. Mater. Med.
27 (2016) 148, https://doi.org/10.1007/s10856-016-5763-9.

[94] A. Grigore, B. Sarker, B. Fabry, A.R. Boccaccini, R. Detsch, Behavior of
encapsulated MG-63 cells in RGD and gelatine-modified alginate hydrogels,
Tissue Eng. 20 (2014) 2140–2150, https://doi.org/10.1089/ten.tea.2013.0416.

[95] S. Piluso, G.A. Skvortsov, M. Altunbek, F. Afghah, N. Khani, B. Koç, J. Patterson,
3D bioprinting of molecularly engineered PEG-based hydrogels utilizing gelatin
fragments, Biofabrication 13 (2021) 045008, https://doi.org/10.1088/1758-
5090/ac0ff0.

[96] S.K. Schmidt, R. Schmid, A. Arkudas, A. Kengelbach-Weigand, A.K. Bosserhoff,
Tumor cells develop defined cellular phenotypes after 3D-bioprinting in different
bioinks, Cells 8 (2019) 1295, https://doi.org/10.3390/cells8101295.

[97] A.G. Kurian, R.K. Singh, K.D. Patel, J.-H. Lee, H.-W. Kim, Multifunctional GelMA
platforms with nanomaterials for advanced tissue therapeutics, Bioact. Mater. 8
(2022) 267–295, https://doi.org/10.1016/j.bioactmat.2021.06.027.

[98] K. Yue, G. Trujillo-de Santiago, M. Moises Alvarez, A. Tamayol, N. Annabi,
A. Khademhosseini, Synthesis, properties, and biomedical applications of gelatin
methacryloyl (GelMA) hydrogels, Biomaterials 73 (2015) 254–271, https://doi.
org/10.1016/j.biomaterials.2015.08.045.

[99] B.J. Klotz, D. Gawlitta, A.J.W.P. Rosenberg, J. Malda, F.P.W. Melchels, Gelatin-
Methacryloyl hydrogels: towards biofabrication-based tissue repair, Trends
Biotechnol. 34 (2016) 394–407, https://doi.org/10.1016/j.tibtech.2016.01.002.

[100] H. Rastin, R.T. Ormsby, G.J. Atkins, D. Losic, 3D bioprinting of methylcellulose/
gelatin-methacryloyl (MC/GelMA) bioink with high shape integrity, ACS Appl.
Bio Mater. 3 (2020) 1815–1826, https://doi.org/10.1021/acsabm.0c00169.

[101] F. Zhou, Y. Hong, R. Liang, X. Zhang, Y. Liao, D. Jiang, J. Zhang, Z. Sheng, C. Xie,
Z. Peng, X. Zhuang, V. Bunpetch, Y. Zou, W. Huang, Q. Zhang, E.V. Alakpa,
S. Zhang, H. Ouyang, Rapid printing of bio-inspired 3D tissue constructs for skin
regeneration, Biomaterials 258 (2020) 120287, https://doi.org/10.1016/j.
biomaterials.2020.120287.

[102] F. Liu, Q. Chen, C. Liu, Q. Ao, X. Tian, J. Fan, H. Tong, X. Wang, Natural polymers
for organ 3D bioprinting, Polymers 10 (2018) 1278, https://doi.org/10.3390/
polym10111278.

[103] V. Seewaldt, ECM stiffness paves the way for tumor cells, Nat. Med. 20 (2014)
332–333, https://doi.org/10.1038/nm.3523.

[104] T.S.K. Eisinger-Mathason, M. Zhang, Q. Qiu, N. Skuli, M.S. Nakazawa,
T. Karakasheva, V. Mucaj, J.E.S. Shay, L. Stangenberg, N. Sadri, E. Pure, S.
S. Yoon, D.G. Kirsch, M.C. Simon, Hypoxia-dependent modification of collagen
networks promotes sarcoma metastasis, Cancer Discov. 3 (2013) 1190–1205,
https://doi.org/10.1158/2159-8290.Cd-13-0118.

[105] M. Yeo, J.-S. Lee, W. Chun, G.H. Kim, An innovative collagen-based cell-printing
method for obtaining human adipose stem cell-laden structures consisting of core
sheath structures for tissue engineering, Biomacromolecules 17 (2016)
1365–1375, https://doi.org/10.1021/acs.biomac.5b01764.

[106] M.N. Collins, C. Birkinshaw, Hyaluronic acid based scaffolds for tissue
engineering-A review, Carbohydr. Polym. 92 (2013) 1262–1279, https://doi.org/
10.1016/j.carbpol.2012.10.028.

[107] B.P. Toole, Hyaluronan: from extracellular glue to pericellular cue, Nat. Rev.
Cancer 4 (2004) 528–539, https://doi.org/10.1038/nrc1391.

[108] A. Abbadessa, V.H.M. Mouser, M.M. Blokzijl, D. Gawlitta, W.J.A. Dhert, W.
E. Hennink, J. Malda, T. Vermonden, A synthetic thermosensitive hydrogel for
cartilage bioprinting and its biofunctionalization with polysaccharides,
Biomacromolecules 17 (2016) 2137–2147, https://doi.org/10.1021/acs.
biomac.6b00366.

[109] L. Tytgat, A. Dobos, M. Markovic, L. Van Damme, J. Van Hoorick, F. Bray,
H. Thienpont, H. Ottevaere, P. Dubruel, A. Ovsianikov, S. Van Vlierberghe, High-
resolution 3D bioprinting of photo-cross-linkable recombinant collagen to serve
tissue engineering applications, Biomacromolecules 21 (2020) 3997–4007,
https://doi.org/10.1021/acs.biomac.0c00386.

[110] C. Helary, I. Bataille, A. Abed, C. Illoul, A. Anglo, L. Louedec, D. Letourneur,
A. Meddahi-Pelle, M.M. Giraud-Guille, Concentrated collagen hydrogels as
dermal substitutes, Biomaterials 31 (2010) 481–490, https://doi.org/10.1016/j.
biomaterials.2009.09.073.

[111] S.P. Zustiak, J.B. Leach, Hydrolytically degradable poly(ethylene glycol) hydrogel
scaffolds with tunable degradation and mechanical properties,
Biomacromolecules 11 (2010) 1348–1357, https://doi.org/10.1021/bm100137q.

[112] J.M. Unagolla, A.C. Jayasuriya, Hydrogel-based 3D bioprinting: a comprehensive
review on cell-laden hydrogels, bioink formulations, and future perspectives,
Appl. Mater. Today 18 (2020) 100479, https://doi.org/10.1016/j.
apmt.2019.100479.

[113] W. Jia, P.S. Gungor-Ozkerim, Y.S. Zhang, K. Yue, K. Zhu, W. Liu, Q. Pi,
B. Byambaa, M.R. Dokmeci, S.R. Shin, A. Khademhosseini, Direct 3D bioprinting
of perfusable vascular constructs using a blend bioink, Biomaterials 106 (2016)
58–68, https://doi.org/10.1016/j.biomaterials.2016.07.038.

[114] A.C. Daly, P. Pitacco, J. Nulty, G.M. Cunniffe, D.J. Kelly, 3D printed microchannel
networks to direct vascularisation during endochondral bone repair, Biomaterials
162 (2018) 34–46, https://doi.org/10.1016/j.biomaterials.2018.01.057.

[115] X. Zhao, L. Liu, J. Wang, Y. Xu, W. Zhang, G. Khang, X. Wang, In vitro
vascularization of a combined system based on a 3D printing technique, J. Tissue
Eng. Regener. Med. 10 (2016) 833–842, https://doi.org/10.1002/term.1863.

[116] M. Xu, X. Wang, Y. Yan, R. Yao, Y. Ge, An cell-assembly derived physiological 3D
model of the metabolic syndrome, based on adipose-derived stromal cells and a
gelatin/alginate/fibrinogen matrix, Biomaterials 31 (2010) 3868–3877, https://
doi.org/10.1016/j.biomaterials.2010.01.111.

[117] V. Mironov, Printing technology to produce living tissue, Expert Opin, Biol. Ther.
3 (2003) 701–704, https://doi.org/10.1517/14712598.3.5.701.

[118] B. Duan, L.A. Hockaday, K.H. Kang, J.T. Butcher, 3D Bioprinting of heterogeneous
aortic valve conduits with alginate/gelatin hydrogels, J. Biomed. Mater. Res., Part
A 101 (2013) 1255–1264, https://doi.org/10.1002/jbm.a.34420.

[119] J. Malda, J. Visser, F.P. Melchels, T. Juengst, W.E. Hennink, W.J.A. Dhert,
J. Groll, D.W. Hutmacher, 25th anniversary article: engineering hydrogels for

X. Cui et al. Materials Today Bio 28 (2024) 101198 

19 

https://doi.org/10.1016/j.carbpol.2019.115235
https://doi.org/10.1166/jbt.2021.2706
https://doi.org/10.1038/s41598-020-79325-8
https://doi.org/10.1016/j.msec.2021.111914
https://doi.org/10.1016/j.msec.2021.111914
https://doi.org/10.1007/s10544-013-9812-6
https://doi.org/10.1007/s10544-013-9812-6
https://doi.org/10.1088/1758-5090/aadbde
https://doi.org/10.1088/1758-5090/aadbde
https://doi.org/10.1088/1758-5090/aba0c3
https://doi.org/10.1002/biot.201000340
https://doi.org/10.1002/biot.201000340
https://doi.org/10.4014/jmb.2111.11003
https://doi.org/10.4014/jmb.2111.11003
https://doi.org/10.1002/adhm.202100884
https://doi.org/10.1002/adhm.202100884
https://doi.org/10.3390/polym14194070
https://doi.org/10.3389/fimmu.2021.639572
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1002/adma.201503310
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1088/1758-5082/5/2/025004
https://doi.org/10.3390/nano12050784
https://doi.org/10.1080/09205063.2018.1472450
https://doi.org/10.1088/1758-5090/aaa15d
https://doi.org/10.1088/1758-5090/aaa15d
https://doi.org/10.1016/j.jmst.2016.01.007
https://doi.org/10.1016/j.jmst.2016.01.007
https://doi.org/10.1007/s10856-016-5763-9
https://doi.org/10.1089/ten.tea.2013.0416
https://doi.org/10.1088/1758-5090/ac0ff0
https://doi.org/10.1088/1758-5090/ac0ff0
https://doi.org/10.3390/cells8101295
https://doi.org/10.1016/j.bioactmat.2021.06.027
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1021/acsabm.0c00169
https://doi.org/10.1016/j.biomaterials.2020.120287
https://doi.org/10.1016/j.biomaterials.2020.120287
https://doi.org/10.3390/polym10111278
https://doi.org/10.3390/polym10111278
https://doi.org/10.1038/nm.3523
https://doi.org/10.1158/2159-8290.Cd-13-0118
https://doi.org/10.1021/acs.biomac.5b01764
https://doi.org/10.1016/j.carbpol.2012.10.028
https://doi.org/10.1016/j.carbpol.2012.10.028
https://doi.org/10.1038/nrc1391
https://doi.org/10.1021/acs.biomac.6b00366
https://doi.org/10.1021/acs.biomac.6b00366
https://doi.org/10.1021/acs.biomac.0c00386
https://doi.org/10.1016/j.biomaterials.2009.09.073
https://doi.org/10.1016/j.biomaterials.2009.09.073
https://doi.org/10.1021/bm100137q
https://doi.org/10.1016/j.apmt.2019.100479
https://doi.org/10.1016/j.apmt.2019.100479
https://doi.org/10.1016/j.biomaterials.2016.07.038
https://doi.org/10.1016/j.biomaterials.2018.01.057
https://doi.org/10.1002/term.1863
https://doi.org/10.1016/j.biomaterials.2010.01.111
https://doi.org/10.1016/j.biomaterials.2010.01.111
https://doi.org/10.1517/14712598.3.5.701
https://doi.org/10.1002/jbm.a.34420


biofabrication, Adv. Mater. 25 (2013) 5011–5028, https://doi.org/10.1002/
adma.201302042.

[120] R. Chang, W. Sun, Effects of dispensing pressure and nozzle diameter on cell
survival from solid freeform fabrication-based direct cell writing, Tissue Eng. 14
(2008) 41–48, https://doi.org/10.1089/ten.a.2007.0004.

[121] M. Tang, J.N. Rich, S. Chen, Biomaterials and 3D bioprinting strategies to model
glioblastoma and the blood-brain barrier, Adv. Mater. 33 (2021), https://doi.org/
10.1002/adma.202004776.

[122] J.L. Albritton, J.S. Miller, 3D bioprinting: improving in vitro models of metastasis
with heterogeneous tumor microenvironments, Dis Model Mech 10 (2017) 3–14,
https://doi.org/10.1242/dmm.025049.

[123] Q. Gao, Z. Liu, Z. Lin, J. Qiu, Y. Liu, A. Liu, Y. Wang, M. Xiang, B. Chen, J. Fu,
Y. He, 3D bioprinting of vessel-like structures with multilevel fluidic channels,
ACS Biomater. Sci. Eng. 3 (2017) 399–408, https://doi.org/10.1021/
acsbiomaterials.6b00643.

[124] Q. Pi, S. Maharjan, X. Yan, X. Liu, B. Singh, A.M. van Genderen, F. Robledo-
Padilla, R. Parra-Saldivar, N. Hu, W. Jia, C. Xu, J. Kang, S. Hassan, H. Cheng,
X. Hou, A. Khademhosseini, Y.S. Zhang, Digitally tunable microfluidic bioprinting
of multilayered cannular tissues, Adv. Mater. 30 (2018) 1706913, https://doi.
org/10.1002/adma.201706913.

[125] L. Gu, D.J. Mooney, Biomaterials and emerging anticancer therapeutics:
engineering the microenvironment, Nat. Rev. Cancer 16 (2016) 56–66, https://
doi.org/10.1038/nrc.2015.3.

[126] R.S. Tuan, G. Boland, R. Tuli, Adult mesenchymal stem cells and cell-based tissue
engineering, Arthritis Res. Ther. 5 (2003) 32–45, https://doi.org/10.1186/ar614.

[127] J.D. Kim, J.S. Choi, B.S. Kim, Y.C. Choi, Y.W. Cho, Piezoelectric inkjet printing of
polymers: stem cell patterning on polymer substrates, Polymer 51 (2010)
2147–2154, https://doi.org/10.1016/j.polymer.2010.03.038.

[128] J.A. Phillippi, E. Miller, L. Weiss, J. Huard, A. Waggoner, P. Campbell,
Microenvironments engineered by inkjet bioprinting spatially direct adult stem
cells toward muscle- and bone-like subpopulations, Stem Cell. 26 (2008)
127–134, https://doi.org/10.1634/stemcells.2007-0520.

[129] R.D. Pedde, B. Mirani, A. Navaei, T. Styan, S. Wong, M. Mehrali, A. Thakur, N.
K. Mohtaram, A. Bayati, A. Dolatshahi-Pirouz, M. Nikkhah, S.M. Willerth,
M. Akbari, Emerging biofabrication strategies for engineering complex tissue
constructs, Adv. Mater. 29 (2017) 1606061, https://doi.org/10.1002/
adma.201606061.

[130] K. Pataky, T. Braschler, A. Negro, P. Renaud, M.P. Lutolf, J. Brugger, Microdrop
printing of hydrogel bioinks into 3D tissue-like geometries, Adv. Mater. 24 (2012)
391, https://doi.org/10.1002/adma.201102800. +.

[131] T. Billiet, M. Vandenhaute, J. Schelfhout, S. Van Vlierberghe, P. Dubruel,
A review of trends and limitations in hydrogel-rapid prototyping for tissue
engineering, Biomaterials 33 (2012) 6020–6041, https://doi.org/10.1016/j.
biomaterials.2012.04.050.

[132] C. Mandrycky, Z. Wang, K. Kim, D.-H. Kim, 3D bioprinting for engineering
complex tissues, Biotechnol. Adv. 34 (2016) 422–434, https://doi.org/10.1016/j.
biotechadv.2015.12.011.

[133] R. Gauvin, Y.-C. Chen, J.W. Lee, P. Soman, P. Zorlutuna, J.W. Nichol, H. Bae,
S. Chen, A. Khademhosseini, Microfabrication of complex porous tissue
engineering scaffolds using 3D projection stereolithography, Biomaterials 33
(2012) 3824–3834, https://doi.org/10.1016/j.biomaterials.2012.01.048.

[134] X.Y. Ma, X. Qu, W. Zhu, Y.S. Li, S.L. Yuan, H. Zhang, J. Liu, P.R. Wang, C.S.E. Lai,
F. Zanella, G.S. Feng, F. Sheikh, S. Chien, S.C. Chen, Deterministically patterned
biomimetic human iPSC-derived hepatic model via rapid 3D bioprinting, Proc.
Natl. Acad. Sci. U.S.A. 113 (2016) 2206–2211, https://doi.org/10.1073/
pnas.1524510113.

[135] Z. Wang, R. Abdulla, B. Parker, R. Samanipour, S. Ghosh, K. Kim, A simple and
high-resolution stereolithography-based 3D bioprinting system using visible light
crosslinkable bioinks, Biofabrication 7 (2015) 045009, https://doi.org/10.1088/
1758-5090/7/4/045009.

[136] V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, Three-dimensional
photopatterning of hydrogels using stereolithography for long-term cell
encapsulation, Lab Chip 10 (2010) 2062–2070, https://doi.org/10.1039/
c004285d.

[137] F. Liu, C. Liu, Q. Chen, Q. Ao, X. Tian, J. Fan, H. Tong, X. Wang, Progress in organ
3D bioprinting, International Journal of Bioprinting 4 (2018), https://doi.org/
10.18063/IJB.v4i1.128.

[138] A. Sorkio, L. Koch, L. Koivusalo, A. Deiwick, S. Miettinen, B. Chichkov,
H. Skottman, Human stem cell based corneal tissue mimicking structures using
laser-assisted 3D bioprinting and functional bioinks, Biomaterials 171 (2018)
57–71, https://doi.org/10.1016/j.biomaterials.2018.04.034.

[139] M.S. Arman, B. Xu, A. Tsin, J.Z. Li, Laser-induced forward transfer (LIFT) based
bioprinting of the collagen I with retina photoreceptor cells, Manuf. Lett. 35
(2023) 477–484, https://doi.org/10.1016/j.mfglet.2023.07.005.

[140] A. Behre, J.W. Tashman, C. Dikyol, D.J. Shiwarski, R.J. Crum, S.A. Johnson,
R. Kommeri, G.S. Hussey, S.F. Badylak, A.W. Feinberg, 3D bioprinted patient-
specific extracellular matrix scaffolds for soft tissue defects, Adv. Healthcare
Mater. 11 (2022) 2200866, https://doi.org/10.1002/adhm.202200866.

[141] S.D. Newby, C. Forsynth, A.J. Bow, S.E. Bourdo, M. Hung, J. Cheever, R. Moffat,
A.J. Gross, F.W. Licari, M.S. Dhar, Xenogenic implantation of human
mesenchymal stromal cells using a novel 3D-printed scaffold of PLGA and
graphene leads to a significant increase in bone mineralization in a rat segmental
femoral bone defect, Nanomaterials 13 (2023) 1149, https://doi.org/10.3390/
nano13071149.

[142] D. Bao, L. Wang, X.F. Zhou, S.S. Yang, K.X. He, M.E. Xu, Automated detection and
growth tracking of 3D bio-printed organoid clusters using optical coherence

tomography with deep convolutional neural networks, Front. Bioeng. Biotechnol.
11 (2023) 1133090, https://doi.org/10.3389/fbioe.2023.1133090.

[143] V. Jayarajan, J.O. Auguste, K.A. Gene, L. Auguste, C. Nunez, B. Marcinowski, S.
N. Jayasinghe, Bio-electrospraying 3-D organotypic human skin cultures, Small
20 (2024), https://doi.org/10.1002/smll.202304940.

[144] J. Shen, Y.L. Ji, M.J. Xie, H.M. Zhao, W.L. Xuan, L. Yin, X.H. Yu, F.F. Xu, S.A. Su,
J. Nie, Y. Xie, Q. Gao, H. Ma, X.Y. Ke, Z.Y. Shi, J.Z. Fu, Z.J. Liu, Y. He, M.X. Xiang,
Cell-modified bioprinted microspheres for vascular regeneration, Mater. Sci. Eng.,
C 112 (2020) 110896, https://doi.org/10.1016/j.msec.2020.110896.

[145] M. Zhianmanesh, A. Gilmour, M.M.M. Bilek, B. Akhavan, Plasma surface
functionalization: a comprehensive review of advances in the quest for
bioinstructive materials and interfaces, Appl. Phys. Rev. 10 (2023) 021301,
https://doi.org/10.1063/5.0130829.

[146] E. Ergene, G. Liman, P. Yilgor, G. Demirel, Magnetically actuated GelMA-based
scaffolds as a strategy to generate complex bioprinted tissues, Adv. Mater.
Technol. (2024), https://doi.org/10.1002/admt.202400119.

[147] P. Baillargeon, J. Shumate, S.R. Hou, V. Fernandez-Vega, N. Marques, G. Souza,
J. Seldin, T.P. Spicer, L. Scampavia, Automating a magnetic 3D spheroid model
technology for high-throughput screening, SLAS Technol 24 (2019) 420–428,
https://doi.org/10.1177/2472630319854337.

[148] K.K. Chen, E.H. Jiang, X.Y. Wei, Y. Xia, Z.Z. Wu, Z.Y. Gong, Z.J. Shang, S.S. Guo,
The acoustic droplet printing of functional tumor microenvironments, Lab Chip
21 (2021) 1604–1612, https://doi.org/10.1039/d1lc00003a.

[149] F. Safir, N. Vu, L.F. Tadesse, K. Firouzi, N. Banaei, S.S. Jeffrey, A.A.E. Saleh, B.
T. Khuri-Yakub, J.A. Dionne, Combining acoustic bioprinting with AI-assisted
Raman spectroscopy for high-throughput identification of bacteria in blood, Nano
Lett. 23 (2023) 2065–2073, https://doi.org/10.1021/acs.nanolett.2c03015.

[150] H. Chen, L. Du, J. Li, Z.H. Wu, Z.Y. Gong, Y. Xia, Z. Fan, Q. Qian, Z. Ding, H. Hu,
S.S. Guo, Modeling cancer metastasis using acoustically bio-printed patient-
derived 3D tumor microtissues, J. Mater. Chem. B 10 (2022) 1843–1852, https://
doi.org/10.1039/d1tb02789a.

[151] P.J. Lee, J.R. Jhuang, Y.C. Chen, S.Y. Su, C.J. Chiang, Y.W. Yang, P.C. Hsieh, M.
J. Chen, W.C. Lee, Urban-rural disparity in birth cohort effects on breast cancer
incidence, Journal of Urban Health-Bulletin of the New York Academy of
Medicine 100 (2023) 341–354, https://doi.org/10.1007/s11524-023-00718-x.

[152] N. Thakkar, Y.B. Shin, H.K. Sung, Nutritional regulation of mammary tumor
microenvironment, Front. Cell Dev. Biol. 10 (2022) 803280, https://doi.org/
10.3389/fcell.2022.803280.

[153] L.S. Costard, R.R. Hosn, H. Ramanayake, F.J. O’Brien, C.M. Curtin, Influences of
the 3D microenvironment on cancer cell behaviour and treatment responsiveness:
a recent update on lung, breast and prostate cancer models, Acta Biomater. 132
(2021) 360–378, https://doi.org/10.1016/j.actbio.2021.01.023.

[154] A. Bhattacharya, K. Alam, N.S. Roy, K. Kaur, S. Kaity, V. Ravichandiran, S. Roy,
Exploring the interaction between extracellular matrix components in a 3D
organoid disease model to replicate the pathophysiology of breast cancer, J. Exp.
Clin. Cancer Res. 42 (2023) 343, https://doi.org/10.1186/s13046-023-02926-4.

[155] J.W. Nichol, S.T. Koshy, H. Bae, C.M. Hwang, S. Yamanlar, A. Khademhosseini,
Cell-laden microengineered gelatin methacrylate hydrogels, Biomaterials 31
(2010) 5536–5544, https://doi.org/10.1016/j.biomaterials.2010.03.064.

[156] J. Choi, Y.J. Cha, J.S. Koo, Adipocyte biology in breast cancer: from silent
bystander to active facilitator, Prog. Lipid Res. 69 (2018) 11–20, https://doi.org/
10.1016/j.plipres.2017.11.002.

[157] K.J. Curtis, C. Mai, H. Martin, A.G. Oberman, L. Alderfer, R. Romero-Moreno,
M. Walsh, S.F. Mitros, S.G. Thomas, J.A. Dynako, D.I. Zimmer, L.M. McNamara, L.
E. Littlepage, G.L. Niebur, The effect of marrow secretome and culture
environment on the rate of metastatic breast cancer cell migration in two and
three dimensions, Mol. Biol. Cell 32 (2021) 1009–1019, https://doi.org/10.1091/
mbc.E19-12-0682.

[158] S. Lin, U. Ota, H. Imazato, K. Takahashi, M. Ishizuka, T. Osaki, In vitro evaluation
of the efficacy of photodynamic therapy using 5-ALA on homologous feline
mammary tumors in 2D and 3D culture conditions and a mouse subcutaneous
model with 3D cultured cells, Photodiagn. Photodyn. Ther. 45 (2024) 103993,
https://doi.org/10.1016/j.pdpdt.2024.103993.

[159] M. Alemany-Ribes, M. García-Díaz, M. Busom, S. Nonell, C.E. Semino, Toward a
3D cellular model for studying in vitro the outcome of photodynamic treatments:
accounting for the effects of tissue complexity, Tissue Eng. 19 (2013) 1665–1674,
https://doi.org/10.1089/ten.tea.2012.0661.

[160] S. Osuka, E.G. Van Meir, Overcoming therapeutic resistance in glioblastoma: the
way forward, J. Clin. Invest. 127 (2017) 415–426, https://doi.org/10.1172/
jci89587.

[161] C. Birzu, P. French, M. Caccese, G. Cerretti, A. Idbaih, V. Zagonel, G. Lombardi,
Recurrent glioblastoma: from molecular landscape to new treatment perspectives,
Cancers 13 (2021) 47, https://doi.org/10.3390/cancers13010047.

[162] J.I. Erices, C. Bizama, I. Niechi, D. Uribe, A. Rosales, K. Fabres, G. Navarro-
Martínez, A. Torres, R. San Martín, J.C. Roa, C. Quezada-Monrás, Glioblastoma
microenvironment and invasiveness: new insights and therapeutic targets, Int. J.
Mol. Sci. 24 (2023) 7047, https://doi.org/10.3390/ijms24087047.

[163] A.A. Thai, B.J. Solomon, L. Sequist, J.F. Gainor, R.S. Heist, Lung cancer, Lancet
398 (2021) 535–554, https://doi.org/10.1016/s0140-6736(21)00312-3.

[164] M. Ramirez, S. Rajaram, R.J. Steininger, D. Osipchuk, M.A. Roth, L.S. Morinishi,
L. Evans, W.Y. Ji, C.H. Hsu, K. Thurley, S.G. Wei, A.W. Zhou, P.R. Koduru, B.
A. Posner, L.F. Wu, S.J. Altschuler, Diverse drug-resistance mechanisms can
emerge from drug-tolerant cancer persister cells, Nat. Commun. 7 (2016) 10690,
https://doi.org/10.1038/ncomms10690.

X. Cui et al. Materials Today Bio 28 (2024) 101198 

20 

https://doi.org/10.1002/adma.201302042
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1089/ten.a.2007.0004
https://doi.org/10.1002/adma.202004776
https://doi.org/10.1002/adma.202004776
https://doi.org/10.1242/dmm.025049
https://doi.org/10.1021/acsbiomaterials.6b00643
https://doi.org/10.1021/acsbiomaterials.6b00643
https://doi.org/10.1002/adma.201706913
https://doi.org/10.1002/adma.201706913
https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1186/ar614
https://doi.org/10.1016/j.polymer.2010.03.038
https://doi.org/10.1634/stemcells.2007-0520
https://doi.org/10.1002/adma.201606061
https://doi.org/10.1002/adma.201606061
https://doi.org/10.1002/adma.201102800
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1016/j.biotechadv.2015.12.011
https://doi.org/10.1016/j.biotechadv.2015.12.011
https://doi.org/10.1016/j.biomaterials.2012.01.048
https://doi.org/10.1073/pnas.1524510113
https://doi.org/10.1073/pnas.1524510113
https://doi.org/10.1088/1758-5090/7/4/045009
https://doi.org/10.1088/1758-5090/7/4/045009
https://doi.org/10.1039/c004285d
https://doi.org/10.1039/c004285d
https://doi.org/10.18063/IJB.v4i1.128
https://doi.org/10.18063/IJB.v4i1.128
https://doi.org/10.1016/j.biomaterials.2018.04.034
https://doi.org/10.1016/j.mfglet.2023.07.005
https://doi.org/10.1002/adhm.202200866
https://doi.org/10.3390/nano13071149
https://doi.org/10.3390/nano13071149
https://doi.org/10.3389/fbioe.2023.1133090
https://doi.org/10.1002/smll.202304940
https://doi.org/10.1016/j.msec.2020.110896
https://doi.org/10.1063/5.0130829
https://doi.org/10.1002/admt.202400119
https://doi.org/10.1177/2472630319854337
https://doi.org/10.1039/d1lc00003a
https://doi.org/10.1021/acs.nanolett.2c03015
https://doi.org/10.1039/d1tb02789a
https://doi.org/10.1039/d1tb02789a
https://doi.org/10.1007/s11524-023-00718-x
https://doi.org/10.3389/fcell.2022.803280
https://doi.org/10.3389/fcell.2022.803280
https://doi.org/10.1016/j.actbio.2021.01.023
https://doi.org/10.1186/s13046-023-02926-4
https://doi.org/10.1016/j.biomaterials.2010.03.064
https://doi.org/10.1016/j.plipres.2017.11.002
https://doi.org/10.1016/j.plipres.2017.11.002
https://doi.org/10.1091/mbc.E19-12-0682
https://doi.org/10.1091/mbc.E19-12-0682
https://doi.org/10.1016/j.pdpdt.2024.103993
https://doi.org/10.1089/ten.tea.2012.0661
https://doi.org/10.1172/jci89587
https://doi.org/10.1172/jci89587
https://doi.org/10.3390/cancers13010047
https://doi.org/10.3390/ijms24087047
https://doi.org/10.1016/s0140-6736(21)00312-3
https://doi.org/10.1038/ncomms10690


[165] H.Z. Li, L.H. Zhou, J. Zhou, Q. Li, Q. Ji, Underlying mechanisms and drug
intervention strategies for the tumour microenvironment, J. Exp. Clin. Cancer
Res. 40 (2021) 97, https://doi.org/10.1186/s13046-021-01893-y.

[166] W. Ye, M.Y. Li, K.W. Luo, Therapies targeting immune cells in tumor
microenvironment for non-small cell lung cancer, Pharmaceutics 15 (2023) 1788,
https://doi.org/10.3390/pharmaceutics15071788.

[167] M. Arbyn, E. Weiderpass, L. Bruni, S. de Sanjose, M. Saraiya, J. Ferlay, F. Bray,
Estimates of incidence and mortality of cervical cancer in 2018: a worldwide
analysis, Lancet Global Health 8 (2020) E191–E203, https://doi.org/10.1016/
s2214-109x(19)30482-6.

[168] Y.T. Li, X.F. Gao, Y.B. Huang, X.R. Zhu, Y.Y. Chen, L.R. Xue, Q.Q. Zhu, B. Wang,
M.F. Wu, Tumor microenvironment promotes lymphatic metastasis of cervical
cancer: its mechanisms and clinical implications, Front. Oncol. 13 (2023)
1114042, https://doi.org/10.3389/fonc.2023.1114042.

[169] T.C. Cheng, S.G. Huang, Roles of non-coding RNAs in cervical cancer metastasis,
Front. Oncol. 11 (2021) 646192, https://doi.org/10.3389/fonc.2021.646192.

[170] B. Hu, R.J. Wang, D. Wu, R. Long, J.P. Fan, Z. Hu, X.Y. Hu, D. Ma, F. Li, C.Y. Sun,
S.J. Liao, A promising new model: establishment of patient-derived organoid
models covering HPV-related cervical pre-cancerous lesions and their cancers,
Adv. Sci. (2024), https://doi.org/10.1002/advs.202302340.

[171] Y. Katsuno, S. Lamouille, R. Derynck, TGF-β signaling and epithelial-
mesenchymal transition in cancer progression, Curr. Opin. Oncol. 25 (2013)
76–84, https://doi.org/10.1097/CCO.0b013e32835b6371.

[172] M.K. Wendt, M. Tian, W.P. Schiemann, Deconstructing the mechanisms and
consequences of TGF-β-induced EMT during cancer progression, Cell Tissue Res.
347 (2012) 85–101, https://doi.org/10.1007/s00441-011-1199-1.

[173] A.N. Stephens, S.J. Hobbs, S.W. Kang, M. Bilandzic, A. Rainczuk, M.K. Oehler, T.
W. Jobling, M. Plebanski, R. Allman, A novel predictive multi-marker test for the
pre-surgical identification of ovarian cancer, Cancers 15 (2023) 5267, https://doi.
org/10.3390/cancers15215267.

[174] W.J. Zhang, C. Torres-Rojas, J.M. Yue, B.M. Zhu, Adipose-derived stem cells in
ovarian cancer progression, metastasis, and chemoresistance, Exp. Biol. Med. 246
(2021) 1810–1815, https://doi.org/10.1177/15353702211023846.

[175] S. Braccini, C. Tacchini, F. Chiellini, D. Puppi, Polymeric hydrogels for in vitro 3D
ovarian cancer modeling, Int. J. Mol. Sci. 23 (2022) 3265, https://doi.org/
10.3390/ijms23063265.

[176] P. Gupta, A. Miller, A. Olayanju, T.K. Madhuri, E. Velliou, A systematic
comparative assessment of the response of ovarian cancer cells to the
chemotherapeutic cisplatin in 3D models of various structural and biochemical
configurations-does one model type fit all? Cancers 14 (2022) 1274, https://doi.
org/10.3390/cancers14051274.

[177] T.F. Greten, R. Schwabe, N. Bardeesy, L.C. Ma, L. Goyal, R.K. Kelley, X.W. Wang,
Immunology and immunotherapy of cholangiocarcinoma, Nat. Rev.
Gastroenterol. Hepatol. 20 (2023) 349–365, https://doi.org/10.1038/s41575-
022-00741-4.

[178] J.W. Valle, R.K. Kelley, B. Nervi, D.Y. Oh, A.X. Zhu, Biliary tract cancer, Lancet
397 (2021) 428–444, https://doi.org/10.1016/S0140-6736(21)00153-7.

[179] D. Moris, M. Palta, C. Kim, P.J. Allen, M.A. Morse, M.E. Lidsky, Advances in the
treatment of intrahepatic cholangiocarcinoma: an overview of the current and
future therapeutic landscape for clinicians, Ca-Cancer J. Clin. 73 (2023) 198–222,
https://doi.org/10.3322/caac.21759.

[180] I.W.Y. Mak, N. Evaniew, M. Ghert, Lost in translation: animal models and clinical
trials in cancer treatment, Am. J. Tourism Res. 6 (2014) 114–118.

[181] P. McGonigle, B. Ruggeri, Animal models of human disease: challenges in
enabling translation, Biochem. Pharmacol. 87 (2014) 162–171, https://doi.org/
10.1016/j.bcp.2013.08.006.

[182] H.C. Beird, S.S. Bielack, A.M. Flanagan, J. Gill, D. Heymann, K.A. Janeway, J.
A. Livingston, R.D. Roberts, S.J. Strauss, R. Gorlick, A. Osteosarcoma, Nat. Rev.
Dis. Prim. 8 (2022) 77, https://doi.org/10.1038/s41572-022-00409-y.

[183] I. Corre, F. Verrecchia, V. Crenn, F. Redini, V. Trichet, The osteosarcoma
microenvironment: a complex but targetable ecosystem, Cells 9 (2020) 976,
https://doi.org/10.3390/cells9040976.

[184] H. Tian, J. Cao, B. Li, E.C. Nice, H. Mao, Y. Zhang, C. Huang, Managing the
immune microenvironment of osteosarcoma: the outlook for osteosarcoma
treatment, Bone Res 11 (2023) 11, https://doi.org/10.1038/s41413-023-00246-
z.

[185] Y.X. Lin, Y.Q. Yang, K. Yuan, S.B. Yang, S.H. Zhang, H.J. Li, T.T. Tang, Multi-
omics analysis based on 3D-bioprinted models innovates therapeutic target
discovery of osteosarcoma, Bioact. Mater. 18 (2022) 459–470, https://doi.org/
10.1016/j.bioactmat.2022.03.029.

[186] M. Jung, S. Ghamrawi, E.Y. Du, J.J. Gooding, M. Kavallaris, Advances in 3D
bioprinting for cancer biology and precision medicine: from matrix design to
application, Adv. Healthcare Mater. 11 (2022) 2200690, https://doi.org/
10.1002/adhm.202200690.

[187] A. Poniewierska-Baran, S. Sluczanowska-Glabowska, P. Malkowska, O. Sierawska,
L. Zadroga, A. Pawlik, P. Niedzwiedzka-Rystwej, Role of miRNA in melanoma
development and progression, Int. J. Mol. Sci. 24 (2023) 201, https://doi.org/
10.3390/ijms24010201.

[188] R.N. Amaria, A.M. Menzies, E.M. Burton, R.A. Scolyer, M.T. Tetzlaff,
R. Antdbacka, C. Ariyan, R. Bassett, B. Carter, A. Daud, M. Faries, L.A. Fecher, K.
T. Flaherty, J.E. Gershenwald, O. Hamid, A. Hong, J.M. Kirkwood, S. Lo,
K. Margolin, J. Messina, M.A. Postow, H. Rizos, M.I. Ross, E.A. Rozeman, R.P.
M. Saw, V. Sondak, R.J. Sullivan, J.M. Taube, J.F. Thompson, B.A. van de Wiel, A.
M. Eggermont, M.A. Davies, P.A. Ascierto, A.J. Spillane, A.C.J. van Akkooi, J.
A. Wargo, C.U. Blank, H.A. Tawbi, G.V. Long, M. Int Neoadjuvant, Neoadjuvant
systemic therapy in melanoma: recommendations of the international
neoadjuvant melanoma consortium, Lancet Oncol. 20 (2019) E378–E389,
https://doi.org/10.1016/s1470-2045(19)30332-8.

[189] L.E. Davis, S.C. Shalin, A.J. Tackett, Current state of melanoma diagnosis and
treatment, Cancer Biol. Ther. 20 (2019) 1366–1379, https://doi.org/10.1080/
15384047.2019.1640032.

[190] S.K. Kumar, V. Rajkumar, R.A. Kyle, M. van Duin, P. Sonneveld, M.V. Mateos,
F. Gay, K.C. Anderson, Multiple myeloma, Nat. Rev. Dis. Prim. 3 (2017) 17046,
https://doi.org/10.1038/nrdp.2017.46.
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