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Abstract | Effort invested in the development of new drugs often fails to be translated into
meaningful clinical benefits for patients with cancer. The development of more effective
anticancer therapeutics and accurate prediction of their clinical merit remain urgent unmet
medical needs. As solid cancers have complex and heterogeneous structures composed of
different cell types and extracellular matrices, three-dimensional (3D) cancer models hold
great potential for advancing our understanding of cancer biology, which has been historically
investigated in tumour cell cultures on rigid plastic plates. Advanced 3D bioprinted cancer
models have the potential to revolutionize the way we discover therapeutic targets, develop new
drugs and personalize anticancer therapies in an accurate, reproducible, clinically translatable
and robust manner. These ex vivo cancer models are already replacing existing in vitro systems and
could, in the future, diminish or even replace the use of animal models. Therefore, profound
understanding of the differences in tumorigenesis between 2D, 3D and animal models of cancer
is essential. This Review presents the state of the art of 3D bioprinted cancer modelling, focusing
on the biological processes that underlie the molecular mechanisms involved in cancer
progression and treatment response as well as on proteomic and genomic signatures.
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In 2020, pharmaceutical research and development costs
were estimated at ~US$ 53.83 billion worldwide (they are
expected to reach US$ 66.66 billion by 2026) and 30%
of drug pipeline expenditures were spent on anticancer treatments1. Development of each new medication
is estimated to cost an average of US$ 1.3 billion2 and
to take about 12 years. Furthermore, in the oncology
field, only 5.3% of drugs that enter phase I clinical trials
obtain approval3. In this context, 3D bioprinted cancer
models might facilitate therapeutic target discovery,
help to reduce animal experimentation and potentially also decrease spending on cancer care worldwide
(US$ 167 billion in 2020)4.
Traditionally, cancer cells were (and still are) cultured on two-dimensional (2D) plastic dishes. However,
during the past decade, considerable evidence has
accumulated indicating that the same cancer cells can
behave differently in 2D cultures, in animal models
and in patients5. The complex tumour–host interactions seen in animal models and patients are not replicated in the conventional 2D in vitro cultures used
in research, which limits the predictive value of these
models6. The absence of a perfusable vasculature, 3D
tumour architecture, and multiple stromal and immune
cell types within the 2D microenvironment all contribute to the failure to translate promising preclinical and
basic research into the clinic7. Indeed, interactions of
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tumour cells with cellular and non-cellular components
of the tumour microenvironment (TME) promote cancer progression and determine the patient’s response to
therapy8.
Models involving transplantation of tumour tissue
from a specific patient into immunodeficient mice,
known as patient-derived xenograft (PDX) models,
have shown great promise. However, the human stroma
within the transplanted tumour material is rapidly
replaced by mouse stroma9 and the lack of an immune
cell compartment in immunodeficient mice hinders the
use of PDX models for immunotherapy development.
The partial reconstitution of immunodeficient mice
with a human immune system and subsequent PDX
engraftment (so-called humanized PDX mouse models) facilitates the study of the human tumour immune
microenvironment; however, humanized mice still
do not have a fully human immune system as not all
immune cell lineages can be reconstituted10. Moreover,
both conventional and humanized PDX models are
time-consuming, expensive to establish and necessitate
the use of live animals. Therefore, preclinical platforms
that closely recapitulate the human tumour microenvironment are required to discover physiologically
relevant therapeutic targets, develop effective treatments for a specific target or indication, identify previously unknown cancer biomarkers, screen various cell
volume 22 | December 2022 | 679
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Box 1 | Guidelines for fabrication of 3D bioprinted tissue model
The creation of ex vivo 3D bioprinted tumour models involves the following steps:

Selection of an appropriate printing technology
Inkjet, acoustic, digital light processing, stereolithography, magnetic levitation or
extrusion. Select according to the proposed model design (on glass, co-axial, in a
crosslinked matrix or support bath). Commercially available 3D bioprinters are
summarized elsewhere82.
Creation of the printer files
Design or scan the tissue using µ-magnetic resonance imaging or µ-computed
tomography; convert DICOM (Digital Imaging and Communications in Medicine)
image files to STL files (a common format for 3D models); generate STL files for support
structures; convert STL files to the G-code files required for 3D manufacturing.
Selection of appropriate bioinks
Important bioink properties include the following: shear thinning, biocompatibility
with live cells, oxygen permeability, gelation mechanism, optical transparency, capacity
to transport nutrients and metabolic waste, viscoelasticity, biodegradation, and
controllable stiffness. The bioink viscosity determines the printing resolution — low
viscosity bioinks can cause shape smearing, whereas high viscosity bioinks could cause
clogging or poor cell viability due to high extrusion pressures. Examples of bioinks and
crosslinking methods are detailed in Box 3.
Set up of printing conditions and printing
The following printing parameters control bioink deposition: STL slicing density;
calibration position; crosslinking method; photo-initiator type and concentration;
ultraviolet light exposure time and density; extrusion pressure and speed; needle form,
size and length; cartridge temperature; stage temperature; post-flow and pre-flow
contour and distance from contour; and inner fill structure and density.

Shear thinning
A reduction in viscosity caused
by shear stress — the physical
forces created by liquid flow
parallel to the surface of a
material.

Perfusable channels
Directional fluid flow can
be applied via artificial vessels,
in which it is possible to
control the speed, rate and
composition of the circulating
fluid.

Bioink
A composition of materials
that can be deposited by a 3D
bioprinter to produce a tissue
that supports living cells in a
3D manner.

populations to identify biomarker-positive subsets, and
provide accurate predictions of treatment response.
In the past 15 years, a variety of non-printed 3D cancer organoid models have been developed11 and used to
evaluate the cellular and extracellular interactions that
maintain the structural components of tumour tissues.
Cancer cells grown in such 3D models behave differently to those grown in traditional 2D cultures and the
differences include distinct growth kinetics, cell morphology, drug responses and molecular signatures12.
However, current cancer organoid models include, at
most, only a few cell types and do not enable researchers
to accurately control the organization of cells within the
model. Moreover, these models usually lack an extracellular matrix (ECM)-like environment and thus do not
recapitulate tissue plasticity or stromal cell epigenetic
modifications induced by the tumour13. To overcome
some of these obstacles, tumour assembloid models were
developed, which consist of patient-derived tumour cells
seeded into a 3D multi-layered construct of various
stromal and immune cells and grown in a bioreactor.
These assembloids contain essential components of both
tumour and normal tissue, such as muscle and epithelial
layers, that recapitulate the structural organization of the
native mature tissue and have been used to investigate
the epigenetic control of tumour plasticity14. However,
both organoid and assembloid cancer models lack a
functional vasculature.
Non- p rinted microfluidic tumour- o n- a - c hip
systems15 have also led to important advances in cancer research. In these systems, cancer cells are grown
within perfusable channels moulded or etched into glass,
silicon or polymeric membranes and lined by normal
human cells derived from the in vivo lesion site. These
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microfluidic systems provide platforms to study the
interactions between cancer cells and healthy cell subpopulations (such as endothelial cells) occurring within
the TME. They are also used to study the enhanced
permeability and retention effect, which causes
non-targeted, high molecular weight drugs to accumulate in tissues that have increased vascular permeability16,
and therefore might model treatment responses in
a physiologically relevant manner 15. Additionally,
non-printed 3D models designed to mimic the TME
have provided versatile applications, from basic biology
to drug screening. Interactions between cancer cells
and endothelial cells are known to induce structural and
functional modifications (such as ECM remodelling
and angiogenesis) that are mediated by the secretion and
expression of various factors, including matrix metalloproteinases (MMPs) and vascular endothelial growth
factor (VEGF)17. Although this dynamic and tuneable
crosstalk within the organ-specific environment is yet to
be fully elucidated, the incorporation of additional tissue
components, such as the ECM, into 3D tumour models
could lead to improved understanding of the biological
mechanisms related to angiogenesis, cell invasion, and
tissue and/or ECM remodelling.
3D bioprinting is a powerful tool in tissue engineering that has been leveraged to create sophisticated and
dynamic models of a variety of cancer types. Initially,
cancer cells were bioprinted onto the surface of natural
hydrogels consisting of soya, agar, collagen18 or Matrigel
(a solubilized basement membrane matrix secreted
by mouse sarcoma cells)19. 3D inkjet bioprinting of
mammalian cells suspended in hydrogels now offers
unprecedented opportunities to study the dynamic
interactions between tumour and stromal cells over time
and enables a haemodynamic and diverse ECM to be
intercalated into the 3D bioprinted cancer model that
mimics the complex tensegrity and intricate cellular and
non-cellular networks of the native tissue. In the past
decade, a plethora of 3D bioprinting technologies have
been employed to study cancer behaviour (Box 1) and
an array of complementary inventions and follow-up
processes are being used to evaluate anticancer therapies in 3D bioprinted models (Fig. 1). This nascent field
is expected to benefit cancer research as well as the
translation of new therapies into the clinic.
This Review outlines advances in cancer modelling
related to 3D bioprinting. We discuss the advantages
of 3D bioprinted cancer models over both traditional
2D methods and 3D organoids in the investigation of
tumorigenic mechanisms, interactions between tumour,
stromal and immune cells, and cancer cell-intrinsic
properties. Future preclinical and clinical applications of
3D bioprinted cancer models are also discussed (Fig. 2).

3D bioprinted tumour models
An ideal 3D bioprinted cancer model must closely recapitulate the in vivo environment of a specific tumour,
including its perfused vasculature12. Some 3D bioprinting technologies offer the possibility to include a structural ECM and to separately print different cell types,
each of which might require a unique bioink20. Models
that closely resemble the properties of the original tissue
www.nature.com/nrc
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in terms of in vivo-like cancer and stromal cell behaviour are likely to be advantageous for drug response
prediction21,22. Accordingly, determining the most suitable 3D printing technique, bioink composition and substrate crosslinking method is crucial for the modelling of
cancer tissues (Box 1).
Extrusion bioprinting has been used to generate homogeneous organoids consisting of up to 2,000
patient-derived cells. The cancer cells were suspended in
Matrigel and 3D bioprinted as droplets with a reproducible and controlled size distribution that reflect the transcriptomic profile and morphological characteristics of
the patient’s tumour. This model captured inter-patient
heterogeneity, which can be used to personalize cancer
treatment and to study patient-to-patient variations in
tumour biology23.
Other 3D bioprinted cancer models enable multiple
biochemical assessments of tumour cell behaviour to be
conducted in an environment that mimics in vivo settings
(Box 2). Indeed, gene expression analysis indicates that,
when compared to 2D cultures, 3D bioprinted cancer
models show increases in immunoglobulin production,
pro-inflammatory molecule expression, and activation
of cytokines and/or chemokines as well as upregulation of
cell–cell adhesion pathways and decreased production
of proteins involved in DNA replication and cell
division24. These differences offer insights into how the
3D environment affects cancer cell growth, migration,
invasion, stemness and gene expression. Moreover,
the elasticity, plasticity and mechanical properties of the
original tumour ECM can be modelled by using specific
matrix materials. For instance, liver-derived decellularized
ECM25 and mammary-derived decellularized ECM26

Crosslinking
Formation of permanent or
reversible bonds between
neighbouring polymer chains
creating a network structure.

Decellularized

Academic work

Natural scaffolds derived from
tissues or organs, in which the
cellular and nuclear contents
are eliminated but the 3D
structure and composition of
the extracellular matrix are
preserved.

3D bioprinting of
cancer cells on top
of hydrogels

Technologies

2009

2010

Inkjet
3D bioprinting

3D bioprinting
of cancer cells
as a grid

2011
Stereolithography
3D bioprinting

3D bioprinting
of cancer cells
surrounded by
cells of the
microenvironment

2013

2014

have a preserved microarchitecture and ultrastructure25
that, together with growth factors bound and sequestered within the matrix, control both cell location and
orientation 26. Decellularized ECM-b ased scaffolds
printed by a digital light processing (DLP) technique that
enabled accurate spatial cell deposition preserved these
tissue-specific growth factors27. A DLP-based model
has also been exploited to investigate the initial stages
of pancreatic ductal adenocarcinoma development28.
Unlike cells grown in 2D culture, 3D bioprinted exocrine
pancreatic acinar cells underwent acinar-to-ductal metaplasia associated with increased production of the ductal
phenotypic markers cytokeratin 7 and cytokeratin 19.
Moreover, this transition occurred in conjunction with a
marked increase in cell proliferation (as assessed by Ki67
index) that recapitulated the in vivo behaviour of this
highly invasive cancer subtype. These findings suggest
that transdifferentiated acinar cells might be the cell of
origin in pancreatic ductal adenocarcinoma28.
Blood vessels have critically important roles in
tumour proliferation, oxygen diffusion, angiogenesis,
intravasation and extravasation. Therefore, achieving
a functional vascular network in a biomimetic tumour
model is essential for maintaining cell viability and for
unravelling the intimate relationship between tumours
and blood vessels. Flow through the printed vasculature
enables the study of this dynamic environment, including how circulating cancer cells interact with stromal and
infiltrated immune cells, the exchange of secreted factors
between the different cell types, their response to external stimuli, and the behavioural adaptations of cancer
cells to a metastasis-permissive microenvironment12,29,30.
In one study, coaxial 3D bioprinting was used to deposit

3D bioprinting of two
gelatin-based linear
blood vessels with a
cancer cell spheroid
between them

2015

Extrusion-based
3D bioprinting

2017
Co-axial
3D bioprinting

Digital light processing
3D bioprinting

3D bioprinting of
Pluronic-F127-based
branched perfusable
blood vessels printed
within hydrogel
containing cancer
cells and cells of the
microenvironment

2018

2019

2020

3D bioprinting of
PVA-based
hyper-branched
perfusable blood
vessels placed
between hydrogelcontaining cancer
cells and cells of the
microenvironment

2021

2022

Sacriﬁcial writing into functional
tissue 3D printing

Freeform reversible embeddding of
suspended hydrogels 3D printing

Fig. 1 | A timeline showing the development of 3D bioprinted cancer
models. Initial reports described the 3D printing of cancer cell suspensions
onto a Matrigel substrate, using an in-house cell patterning system19. The
next step in the development of 3D bioprinted cancer models occurred
when cancer cells were mixed with a fibrinogen–gelatin–alginate bioink
and 3D bioprinted in a simple grid pattern, using a self-designed printing
system45. Subsequently, enhanced technological progress and access to
NATure RevIewS | CAncER

commercial 3D bioprinters enabled bioprinting of more complex and
heterogeneous patterns, such as a tri-regional model that included tumour
cells, acellular extracellular matrix and endothelium20. Many publications
describe models that include a 3D bioprinted perfusable vasculature,
either constructed from sacrificial bioinks inside the perfusion chip12,29
or printed separately and afterwards inserted into the perfusion chip30.
PVA, poly(vinyl alcohol).
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NK cell

TCR MHC I

Dendritic cell
Stromal cell

T cell

Neutrophil
Cell bioinks

Cell extravasation
and migration
Migratory cancer
cells

Cancer cell

Fibroblast

ECM scaﬀolds

Cell proliferation and death

Chemokines and
growth factors
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Endothelial
cells
Tumour initiation, establishment
and metastasis

Gene expression

E-cadherin ↓
EMT

E-cadherin ↑

Vimentin

↑

Vimentin

↓

αSMA

↑

αSMA

↓

Fig. 2 | 3D bioprinted models of cancer cell growth, migration, invasion, stemness and gene expression. The
c omplexity and heterogeneity of tumours and their microenvironment are recapitulated in 3D bioprinted tumour models.
These models can incorporate self-assembled constructs, including perfusable vessels generated using different cell-based
bioinks and a tissue-like extracellular matrix (ECM). They can be used to study behavioural and phenotypic changes in
tumour cells, such as proliferation, tumour microenvironment (TME) interactions, gene expression, cell extravasation and
metastasis. αSMA, α-smooth muscle actin; EMT, epithelial-to-mesenchymal transition; MHC I, major histocompatibility
complex class I; NK, natural killer; TCR, T cell receptor.

Sacrificial bioink
Bioink materials that can be
printed and embedded into
other materials while forming a
solid gel structure and can later
be dissolved to create hollow
parts, such as microfluidic
channels or vascular networks.

a cell-laden bioink composed of fibrin, alginate and
genipin along with a crosslinking bioink (composed of
chitosan, calcium chloride and thrombin) that induced
polymerization of the cell-laden bioink while leaving
the printhead nozzle. The 3D bioprinted glioblastoma
cells in this microfluidic chip exhibited higher levels
of the cancer stem cell marker CD133 and the metastatic invasiveness marker doublecortin than did their
counterparts in 2D culture31. Coaxial 3D bioprinting
has also been used to create vascularized constructs
of a human MDA-MB-231 breast cancer cell line and
a mouse MC3T3-E1 osteoblast cell line. In this technique, the cells of interest were suspended, along with
endothelial cells, in bioinks of different compositions
and simultaneously printed from the central and outer
exits, respectively, of a coaxial nozzle. This technique
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enabled the printing of gelatin fibres containing cancer or osteoblast cells, sheathed within a gelatin methacrylate (GelMA)-based outer layer of endothelial cells.
Dissolution of the sacrificial bioink (in this case gelatin) resulted in the formation of functional epithelial
cell-lined channels that were able to exchange nutrients
and oxygen through the entire model32.
3D bioprinted cancer cells cultured under perfusion show increased proliferation levels and different
genetic profiles compared with those cultured under
static conditions30. Channels formed via 3D bioprinting
and subsequent dissolution of sacrificial bioink within a
hydrogel have been used in an advanced computational
simulation of vascular flow developed to understand
the complex biophysical events involved in metastasis33.
Moreover, given that the vascular–endothelial barrier
www.nature.com/nrc
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Rheology
The science of deformation of
materials.

regulates the extravasation of molecular factors to contiguous interstitial channels, the capacity of 3D bioprinting to alter the characteristics of this barrier provides a
useful tool to evaluate the efficacy and accumulation of
therapeutic agents in solid tumours under reproducible
and robust conditions. This concept is nicely demonstrated by a 3D bioprinted perfusable tumour model
used to evaluate the treatment response of glioblastoma
spheroids29.
Each cancer has a unique TME that includes various
healthy functional cell types such as stromal cells, vascular cells and immune cells34. However, 3D cancer spheroid models containing malignant and TME cells created
by conventional (that is, non-bioprinted) methods, such
as hydrogel constructs, polymeric scaffolds, microcarrier beads and hanging drops, can contain only a limited
range of cell types and do not enable the spatiotemporal
control of tissue organization nor permit the observation
of dynamic changes over long periods. 3D bioprinted
models could overcome these restrictions by recreating
the entire TME, including its functional and structural
hierarchies, thereby faithfully mimicking the complex
and intricate in vivo tumour tissue architectures with
high resolution35–38 as well as maintaining the vitality
and function of patient-derived tissues39–41. For instance,
the high intertumour and intratumour heterogeneity of
breast cancers influences both disease progression and
patient prognosis. Multi-cartridge dispensing modules
and a three-axis stage have been used to control the
tumour architecture of 3D bioprinted models of solid
and ductal breast cancers42. These models recapitulated
the clinical morphological features of each breast cancer
subtype using several different cancer cell lines (MCF7,
SKBR3 and MDA-MB-231)42. The models faithfully
recapitulated the human clinical scenario, in which
hypoxia and expression of mesenchymal and invasive
markers are increased in solid breast cancers versus
ductal breast cancers42. Moreover, co-printing of both
subtypes enabled these models to be used to investigate
different disease stages42.
The characterization of dynamic changes in the
TME, such as alterations in ECM stiffness according to tumour type and disease stage, could provide
insights into how cancer cells manipulate the TME to
lose tumour-suppressive features and acquire tumour-
supportive functions. For instance, 3D bioprinted

Box 2 | Follow-up processes after the creation of 3D bioprinted tumour models
Several techniques can be used to
evaluate the condition and function of
bioprinted cells. Some have been adapted
from other research disciplines; however,
many assays are designed specifically
to enable prolonged and continuous
growth of cells within 3D bioprinted
constructs.

Continuous measurements
• Live imaging confocal microscopy
• Metabolic activity
• High resolution tomography
• Connection to microfluidic system

• Drug or cell perfusion
• Computational flow
• Metastatic formation analysis
• Proteomics

End point measurements
• Histology and immunostaining
• Rheology
• Cell viability (live/dead) assays
Post-degradation measurements
• Genetic profiling by RNA sequencing
• Cell clustering by flow cytometry
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glioblastoma models created using a stiff hyaluronic
acid-based ECM showed increased expression of genes
associated with mesenchymal and proneural glioblastoma subtypes, whereas use of a soft ECM led to enrichment of a gene signature associated with the classical
glioblastoma subtype. The stiff ECM promoted tumour
hypoxia, stemness and angiogenic potential, features
that sustained the invasiveness of the mesenchymal
glioblastoma subtype43.
The degradability (as well as the stiffness) of the ECM
in 3D bioprinted solid tumour models should be considered as these tissues undergo phenotypic modifications
(including ECM deposition and degradation, cellular differentiation, and alterations in gene expression)
that are involved in tissue remodelling, invasion, cell
metabolism and TME interactions44–46. Several MMPs,
in particular MMP2 and MMP9, enable cancer cells to
penetrate the ECM, and expression of these enzymes
is strongly related to metastasis. Indeed, increased
secretion of MMP2 and MMP9 has been observed in
HeLa cervical cancer cells suspended in 3D bioprinted
fibrinogen–gelatin–alginate bioinks45.
The contributions of 3D bioprinted models to understanding important aspects of cancer are discussed in the
following sections.
The metastatic niche. An important challenge in cancer research is the engineering of in vitro models that
recapitulate features of the native metastatic niche. In
addition to differences in ECM properties between different metastatic locations, interactions between invading cancer cells and the TME within the metastatic
niche are crucial in mediating the metastatic cascade47.
In a stereolithographic 3D bioprinted model of the bone
metastatic niche, MDA-MB-231 breast cancer cells were
co-cultured with osteoblasts and human bone marrow
mesenchymal stem cells (MSCs) to mimic the bone
TME48. Nanocrystalline hydroxyapatite (an inorganic
and osteoconductive bone component) in the GelMA
bioink maintained the proliferation of both MSCs and
osteoblasts in the bioprinted model. The proliferation
rate of MSCs and osteoblasts reduced within the 5 days
after incorporation of cancer cells, an observation consistent with previous reports showing that breast cancer cells induce osteolysis in tumour-bearing bones49.
Moreover, breast cancer cells in this model showed
increased secretion of the pro-angiogenic factor VEGF
and decreased activity of alkaline phosphatase, a marker
of new bone formation48.
Similarly, a 3D bioprinted bone-biomimetic scaffold
with a trabecular architecture containing osteoblast-like
cells, a collagen matrix and mineralized calcium efficiently hosted metastatic breast cancer cells derived from
a PDX model. The cells adapted to the bone-biomimetic
microenvironment and proliferated as shown by their
similar levels of epithelial cell adhesion molecule
(EpCAM) positivity and Ki67 staining to those of breast
cancer bone metastases that developed in situ50.
The tumour endothelium. Improved understanding of
tumour cell–endothelial cell interactions could reveal
important mechanisms in tumour metastasis and
volume 22 | December 2022 | 683
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Epithelial-to-mesenchymal
transition
(EMT). A process of phenotypic
and transcriptomic change
in which epithelial-like cells
acquire mesenchymal-like
properties, such as the ability
to detach from their neighbours
and migrate to distant sites.

angiogenesis15. Coaxial 3D bioprinting has been used
to generate breast cancer mini-spheroids that encapsulate microfibres containing human umbilical vein
endothelial cells (HUVECs)51. Cancer cell-laden GelMA
extruded from the outer nozzle was piezoelectrically separated into droplets to form the spheroids, while sodium
alginate-bearing GelMA extruded from the inner nozzle
formed fibres inside these spheroids. Fibre morphology
could be controlled by the ratio of extrusion flow rates
in the inner and outer nozzles51. When co-cultured with
breast cancer cells, HUVECs elongated towards the
cancer cells outside the fibres, whereas in HUVEC-only
spheroids these cells were retained inside the fibres and
created vessel-like cavities within them51. This finding
reveals the potential of co-cultured 3D bioprinted cancer
models to recapitulate interactions between cancer cells
and endothelial cells.
Stromal cells in the TME, and cancer-associated
fibroblasts in particular, have long been known to
participate in ECM remodelling and induction of
angiogenesis in solid tumours. Cancer-a ssociated
fibroblasts can directly facilitate angiogenesis, cancer
cell proliferation and invasion through their secretion
of MMPs, growth factors and chemokines; these cells
also mediate anticancer immune responses through
their secretion of pro-inflammatory cytokines52; these
processes are thought to facilitate tumour spreading
and metastasis53. In an axial 3D bioprinted breast cancer model that incorporated fibroblasts and endothelial
cells, an alginate-based cancer cell bioink was printed
via the inner nozzle while another alginate bioink containing HUVECs and human mammary fibroblasts was
printed via the outer nozzle44. The printed HUVECs
self-organized into a vascular network that incorporated several other cell types (including adipocytes and
MSCs) and resembled the complexity of the original tissue. After complete removal of both hydrogels using alginate lyase, the remaining purely cellular structure was
successfully implanted and grown as a tumour xenograft
in immunodeficient mice, which confirmed the tumorigenicity of the 3D bioprinted mass44. This 3D bioprinted
model showed increased resistance to chemotherapeutic
treatments compared to 2D cultures consisting of the
same cell types44. These studies demonstrated that 3D
bioprinted tumour models can replicate the structure
and intrinsic properties of patient-derived tissues44.
Although these models contained endothelial cells
that created tube-like structures, they lacked a functional vasculature44. The addition of a perfusable microfluidic system offers improved modelling of the tumour
vasculature and tumour–endothelial cell interactions.
Vascular malfunction, epithelial-to-mesenchymal transition
(EMT) and monocyte recruitment are induced when
cancer cells are 3D bioprinted in close proximity to a
perfusable vascular endothelium, perhaps owing to the
activation of paracrine signalling54.
3D bioprinted cancer models can also be used to
study interactions between cells according to their
specific orientation within the tumour tissue. One
such model enabled both the size of metastatic melanoma spheroids and the distance between metastatic
melanoma cells and vascular endothelial cells to be
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precisely controlled54. Metastasis-associated changes in
tumour cells occurred following their interactions with a
self-assembled perfusable vascular channel54. Moreover,
in a 3D bioprinted perfusable model of metastatic breast
cancer, endothelial cell-lined vessels had a superior ability to facilitate vessel wall attachment, extravasation and
matrix colonization of circulating tumour cells (CTCs)
compared with acellular vessels33. This behaviour represents a fundamental biological phenomenon involving
interactions between CTCs and endothelial cells that
cannot be explained by hydrodynamic forces alone33.
Another 3D bioprinted microfluidic device is composed of a perfusable HUVEC-coated vessel embedded
in a fibroblast-containing fibrin bioink55. When droplets containing lung cancer cells were 3D bioprinted into
the hydrogel surrounding these vessels, the cancer cells
intravasated into the vessel, mimicking the behaviour
of CTCs55. Capsules loaded with either VEGF or epidermal growth factor (EGF) were also printed into the
surrounding hydrogel. Upon laser irradiation, these capsules released their cargo, which caused vessels to sprout
towards the VEGF-containing capsules and cancer cells
to migrate along EGF gradients55. When EGF4KDEL (an
anti-EGFR agent comprising EGF bound to interleukin
4 and a truncated Pseudomonas exotoxin) was perfused
into the vessel, cancer cell migration and proliferation
were both inhibited, indicating the clinical relevance
of this model to investigate the metastatic cascade and
evaluate the efficacy of potential treatments55.
Interestingly, a 3D bioprinted cancer model showed
that cancer cells induce angiogenesis via the activation of other cells in the TME56. This model consisted
of a perfused microvascular tumour chip containing patient-d erived neuroblastoma cells, endothelial cells and other TME cell types, including both
adipocyte-derived MSCs and induced pluripotent stem
cell-derived MSCs 56. The GelMA and fibrin-b ased
matrix used in this model spontaneously formed
micro-vessels that grew into the co-printed tumour
spheroids, which promoted cancer cell invasion56. Vessel
sprouting was induced by both adipocyte-derived stem
cells and induced pluripotent stem cell-derived MSCs
that differentiated into pericytes and smooth muscle cells and supported endothelial cell growth and
viability56. Thus, this model can be used to study the
complex interactions between cancer cells, stromal cells
and endothelial cells. In another model, neuroblastoma
spheroids showed aggressive behaviour when cultured
within endothelial cell-lined 3D bioprinted vessels17. The
study authors attributed this behaviour to the increased
expression of genes (such as VIM and SNAI2) that are
related to EMT, which is associated with an aggressive
phenotype17.
The studies discussed above demonstrate that
advanced 3D bioprinted cancer models could lead to an
improved understanding of angiogenesis mechanisms in
solid tumours and facilitate the rational development of
new anti-angiogenesis treatments.
Antitumour immunity. Incorporation of peripheral
immune cells and immune cells from the TME into
3D bioprinted models could provide a reproducible
www.nature.com/nrc
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platform to investigate human anticancer immune
responses, thereby generating tumour models suitable
for understanding tumour biology and drug testing57,58.
As an example, in a 3D bioprinted microfluidic chamber
consisting of bladder cancer cells, fibroblasts, HUVECs
and monocytes, treatment with bacillus Calmette–
Guérin (BCG, the standard-of-care immunotherapy for
bladder cancer) resulted in increased monocyte secretion of pro-inflammatory cytokines and reduced cancer
cell growth50.
Several 3D bioprinted models have been developed to
rapidly and reliably assess the efficacy of immunomodulatory agents and cell-based cancer immunotherapies.
For instance, a stereolithographic 3D bioprinted model
has been used to evaluate a chimeric antigen receptor
(CAR) T cell therapy for neuroblastoma59. The function and activation of anti-L1 cell adhesion molecule
(L1CAM) CAR T cells, which are currently under investigation in a clinical trial (NCT02311621), were evaluated by immunophenotyping and functional analyses
when cultured in both a 3D bioprinted model and traditional 2D culture59. Activation of CAR T cells, as shown
by cell surface markers and production of cytokines
including interferon-γ (IFNγ), was stronger in the 3D
model than in 2D culture but cancer cell lysis was lower
in the 3D model59. In another 3D bioprinted model,
tumour cells and HUVECs were printed into hydrogel
using an alternating viscous and inertial force jetting
technique that produced droplets containing either a
single T cell or a single dendritic cell and also enabled
precise control of the location of each droplet60. As interactions between different immune cells in a tumour are
often location dependent, controlling the spatial organization of single cells within a 3D bioprinted tumour
model could reveal important mechanisms in anticancer immunity. For instance, such models could be used
to investigate the activation of T cells by dendritic cells
in the presence of different tumour-associated antigens
and at distinct locations of the immune c ompartments
within the tumour.
Brain malignancies present a considerable therapeutic challenge in part due to the unique brain TME,
which facilitates tumour progression61. A DLP-based 3D
bioprinted glioblastoma model that mimics the brain
TME has been developed, containing glioma stem cells,
astrocytes, neural precursor cells and macrophages62.
Next-generation RNA sequencing revealed increased
expression of a glioma stem cell gene signature in the multicellular printed model compared to levels of its expression in non-printed glioma stem cell spheroids containing
only cancer cells62. In addition to the ability to test existing chemotherapies and targeted therapies, this model
enables the analysis of macrophage phenotypes, glioma
stem cell differentiation into distinct glioblastoma subtypes and detection of multiple transcriptional changes
occurring as a result of cancer cell–TME interactions62.
A 3D bioprinted glioblastoma ‘mini brain’ consisting of
mouse glioblastoma cells and mouse macrophages has
been developed specifically to investigate glioblastoma
cell–macrophage interactions. In this model, macrophages
recruited by cancer cells acquired a glioma-associated
phenotype that facilitated tumorigenesis63.
NATure RevIewS | CAncER

By combining different technologies and adjusting the desired tissue-like properties and cellular
components, 3D bioprinted models could serve as
valuable tools for research into the TME and cancer
immunology (Fig. 3).

Evaluation of cancer therapies
3D bioprinting enables the assembly of cells and ECM
to form a 3D construct that recapitulates the complexity
of cancer tissues and could serve as a robust and reproducible platform for the discovery of novel therapeutic
targets, preclinical testing of anticancer drugs and development of personalized cancer treatments (Table 1).
ECM properties (such as density and composition) affect
drug diffusion and tumour penetration, and several 3D
bioprinted tumour models consider these factors. In
an iterative 3D bioprinting approach, MDA-MB-231
breast cancer cells and GP-118 patient-derived gastric
adenocarcinoma cells suspended in a gelatin–alginate–
Matrigel bioink were used to expand patient-derived
cancer spheroid cultures for extended periods40. The
researchers successfully copied the printed models by
digesting the matrix, creating single-cell suspensions and
reprinting the suspensions. Repeating this process for up
to three rounds did not affect cell viability, change cell
division rates nor disrupt the reorganization of cancer
cells into spheroids40. Furthermore, the 3D bioprinted
models of gastric adenocarcinoma were chemo-resistant
to docetaxel, 5-fluorouracil and cisplatin, which recapitulated the donor patient’s lack of response to these
three drugs40. Indeed, many chemotherapeutic agents
(including cisplatin, paclitaxel, docetaxel, 5-fluorouracil,
camptothecin and temozolomide) that are highly
effective against cancer cells grown in 2D cultures
demonstrate chemoresistance in PDX or 3D models of
cancer40,64–67. This discrepancy could be explained by
the enhanced expression of genes associated with drug
resistance or the modulation of a signature comprising
CD44hiCD24loALDH1hi and increased levels of GRP78
chaperone and ABCG2 transporter proteins previously
identified in breast cancer spheroids 3D bioprinted
in a gelatin–alginate bioink66. Another study used a
Matrigel–gelatin–alginate bioink to create personalized
tumour models for the evaluation of drug resistance in
patient-derived samples of primary intrahepatic cholangiocarcinoma. Compared to 2D culture models, the
3D bioprinted models showed elevated levels of tumorigenesis and cancer stemness markers68; the enriched
CSC population showed resistance to sorafenib, cisplatin
and 5-fluorouracil68.
Clinically advanced tumours differ from early-stage
tumours in size, oxygen supply to the tumour and gene
expression, all of which affect treatment response. In
size-controlled 3D bioprinted cancer models that mimicked two different clinical stages of breast cancer, the
‘late-stage’ large microtumours (>600 μm) exhibited
several characteristics of clinically advanced tumours,
such as hypoxia, increased production of reactive oxygen
species, upregulation of mesenchymal markers and collective cell migration, that were not observed in the ‘early
stage’ small microtumours (<150 μm)69. Furthermore,
large microtumours showed downregulation of ESR1
volume 22 | December 2022 | 685
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Fig. 3 | Use of 3D bioprinted models to investigate drug efficacy. 3D bioprinted models could serve as platforms to
identify novel molecular targets, aid in the design of personalized treatment strategies and for high-throughput screening
of approved medications to investigate their repurposing as anticancer agents. In addition, 3D bioprinted models could
be exploited to improve the delivery of current immunological or anticancer drugs. IFNγ, interferon-γ; TNF, tumour
necrosis factor; TCR, T cell receptor; MHC I, major histocompatibility complex class I.

(the gene encoding oestrogen receptor-α) and were
consequently more resistant to 4-hydroxytamoxifen than
were small tumours69. Moreover, the hypoxic conditions
prevalent in large tumours led to increased production
of VEGF and enhanced growth inhibition after treatment with an anti-VEGF antibody compared with small
tumours69. Interestingly, both sizes of tumour responded
similarly to treatment with the EGFR inhibitor gefitinib,
indicating that differential responses to this agent were
related to differences in target gene expression and not
to size-related limitations on drug diffusion69.
Another 3D bioprinted model used a laser direct-
write technique to achieve precise control of the initial
number of cells deposited, spheroid size and spatial
patterning of MDA-MB-231 breast cancer cell-laden
microbeads used to investigate the effect of tumour
spheroid size on transferrin uptake70. Transferrin receptors 1 and 2 (TFR1 and TFR2) are often overproduced
by cancer cells and widely targeted by anticancer drug
686 | December 2022 | volume 22

delivery systems71. Treatment of tumour spheroids with
fluorescence-labelled transferrin showed that large-sized
tumour spheroids exhibited greater spatial heterogeneity in ligand uptake than did small-sized spheroids70.
Although TFR1 and TFR2 are upregulated by hypoxia
and the density of these receptors might therefore be
expected to be higher in cells within the spheroid core,
the researchers did not observe elevated uptake of
fluorescence-labelled transferrin in the cores of large
cancer spheroids, possibly owing to low diffusion rates70.
The examples discussed above show that 3D bioprinted
cancer models could help predict the efficacy of therapies
and targeted drug delivery systems. Treatment responses
vary according to patient-specific characteristics as well as
tumour size and clinical disease stage.
Drug screening platforms. Cells in the TME also influence the treatment response of cancer cells. The addition of endothelial cells to 3D bioprinted breast cancer
www.nature.com/nrc
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Table 1 | Drug screening and discovery in 3D bioprinted models
Model

Cell types

Drugs tested

Conclusions

Alginate–gelatin–Matrigel
bioink

MDA-MB-231 triple-negative breast
cancer; patient-derived gastric
adenocarcinoma

Docetaxel, 5-fluorouracil,
doxorubicin, cisplatin

Breast cancer cells were less sensitive
to docetaxel in the 3D model than in
2D culture; the model recapitulated
patient-specific characteristics of drug
resistance

40

Gelatin–alginate bioink

MCF-7 breast cancer; CD44+
CSCs isolated from bulk MCF-7
cells

Camptothecin, paclitaxel

CSC spheroids were more treatment
resistant than were bulk spheroids
within the 3D bioprinted model

66

Gelatin–alginate–fibrinogen
bioink

HeLa cervical cancer

Paclitaxel

Increased proliferation, MMP
expression and drug resistance were
observed in the 3D model versus 2D
culture

45

Matrigel–gelatin–alginate
bioink in a predesigned grid
architecture

Patient-derived intrahepatic
cholangiocarcinoma

Sorafenib, cisplatin,
5-fluorouracil

Upregulation of EMT-related genes and
increased drug resistance in CSCs

68

PEGDMA microwell arrays
containing non-adherent
tumour spheroids of differing
sizes

T47D breast cancer

4-Hydroxytamoxifen,
anti-VEGF antibody,
gefitinib

Spheroids of different sizes exhibited
differential gene expression and drug
responses

69

Decellularized ECM-based
cancer cell bioink surrounded
by vascular bioink in an
oxygen-gradient device

U87MG glioblastoma;
patient-derived glioblastomas;
HUVECs

Temozolomide,
cisplatin, KU60019,
O6-benzylguanine,
methoxyamine, irradiation

The model recapitulates
patient-specific drug response

20

Fibrin, alginate, genipin and
chitosan

U87MG glioblastoma

A cocktail of forskolin,
isoxazole-9, laduviglusib,
I-BET151 and DAPT
(γ-secretase inhibitor)

The drug cocktail efficiently
reprogrammed glioblastoma cells to
early neurons

31

Collagen-based bioink with
perfusable, endothelial
cell-coated blood vessels
produced using sacrificial
gelatin bioink

Patient-derived glioblastoma;
HUVECs

Temozolomide

The model provides longitudinal live
imaging that facilitates volumetric and
molecular assessments

29

Microfluidic device composed MCF-7 human breast cancer;
HUVECs; HLECs
of a pair of blood and lymph
vessels in GelMA-based bioink

Doxorubicin

The addition of lymphatic vessels
increased drug clearance and reduced
treatment efficacy

73

Gelatin and sodium alginate
bioink

Six patient-derived HCC cells

Sorafenib, lenvatinib,
regorafenib, apatinib

Drug sensitivity of the patient-derived
cells correlated with patient-specific
mutations

41

HPCH-based bioink printed
into a microfluidic chip
consisting of collagen-coated
channels

SMMC-7721 HCC; HUVECs; human
PBMCs

Metuzumab (anti-CD174
antibody)

Higher drug doses were required to
inhibit proliferation and invasion in 3D
versus 2D cultures; adding a perfusable
vasculature increased ADCC efficacy

80

Perfusable vessels within
fibrin-based bioink

Mouse GL261 glioblastoma;
U87MG, T98G and U373
glioblastoma; several
patient-derived glioblastomas;
primary human brain endothelial
cells, pericytes, astrocytes and
microglia

Temozolomide, KF38789
(P-selectin inhibitor)

Increased sensitivity to P-selectin
inhibitor was observed in the 3D
model versus 2D culture; 3D models
recapitulated patient-specific drug
response

12

Alginate–gelatin bioink

MCF-7, SKBR3, HCC1143 and
Doxorubicin, paclitaxel,
MDA-MB-231 breast cancer;
dactolisib, sunitinib
primary human mammary
fibroblasts; HUVECs; primary human
subcutaneous preadipocytes;
MSCs; patient-derived PDAC
(OPTR3099C); primary pancreatic
stellate cells

Increased drug resistance observed in
3D models versus 2D culture; sunitinib
inhibited the formation of a vascular
network

44

GelMA-based microfluidic
device

T24 and 5637 bladder cancer;
MRC-5 fibroblasts; THP-1
monocytes; HUVECs

BCG immunotherapy

BCG treatment reduced tumour cell
viability and increased both migration
and secretion of pro-inflammatory
cytokines by monocytes

50

GelMA-based bioink
using stereolithographic
bioprinting

SK-N-BE neuroblastoma

Several types of
anti-L1CAM CAR T cells

Increased T cell activation and reduced
cancer cell lysis were observed in 3D
versus 2D cultures

59
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Table 1 (cont.) | Drug screening and discovery in 3D bioprinted models
Model

Cell types

Drugs tested

Conclusions

Ref.

GelMA and GMHA bioinks

GSC23 and CW468 human
glioblastoma stem cells;
M2-activated THP-1 monocytes;
hNP1 neural progenitor cells;
human astrocytes

Erlotinib, gefitinib,
temozolomide,
abiraterone, vemurafenib,
ifosfamide

M2-like macrophages induced
resistance to erlotinib and gefitinib
in GSC23 cells and increased CSC
sensitivity to abiraterone and
ifosfamide; increased drug resistance
was observed in 3D models versus 2D
cultures

62

GelMA-based bioink

Mouse GL261 glioblastoma;
RAW264.7 macrophages

Carmustine, AS1517499
(STAT6 inhibitor),
sotuletinib (CSF1R
inhibitor)

Cancer cells were more resistant
to carmustine in 3D versus 2D
cultures; 3D cultures became more
sensitive to drugs following inclusion
of macrophages; AS1517499 and
sotuletinib altered macrophage
phenotypes towards M1 activation

63

ADCC, antibody-dependent cell-mediated cytotoxicity; BCG, bacillus Calmette–Guérin; CAR, chimeric antigen receptor; CSC, cancer stem cell; DAPT,
(2S)-N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine 1,1-dimethylethyl ester; ECM, extracellular matrix; EMT, epithelial-to-mesenchymal transition;
GelMA, gelatin methacrylate; GMHA, glycidyl methacrylate hyaluronic acid; HCC, hepatocellular carcinoma; HLEC, human lymphatic endothelial cell; HPCH,
hydroxypropyl chitin; HUVEC, human umbilical vein endothelial cell; L1CAM, neural cell adhesion molecule L1; MSC, mesenchymal stem cell; MMP, matrix
metalloproteinase; PBMC, peripheral blood mononuclear cell; PDAC, pancreatic ductal adenocarcinoma; PEGDMA, polyethylene glycol dimethacrylate;
VEGF, vascular endothelial growth factor.

spheroids sensitized these structures to paclitaxel by
decreasing the metabolic activity of cancer cells65. A
3D bioprinted cancer-on-a-chip model consisting of
patient-derived glioblastoma cells, vascular bioink and
decellularized ECM in an oxygen-supplied microenvironment was shown to reflect important clinical properties of glioblastoma such as tumour heterogeneity,
necrotic regions and a vascular architecture20. Simple
monolayer or 3D spheroid systems did not recapitulate
patient-specific drug responses whereas, in the cancer-
on-a-chip model, each pool of patient-derived cells
responded in line with the clinically observed outcomes
of treatment20. Moreover, the study authors conducted
gene-set enrichment analyses that robustly and reproducibly identified the optimal treatment combinations
for each individual patient. For instance, some patient-
derived pools exhibited enriched expression of cell-cycle
checkpoint-related genes. The efficacy of a combination
treatment consisting of cisplatin plus the chemosensitizing agents KU60019 and O6-benzylguanine (which
inhibits DNA-d amage response pathways) correlated positively with expression of this cell-cycle gene
signature20.
The addition of a perfusable vasculature to multicellular 3D bioprinted models might further improve drug
screening platforms. For example, our group developed
a 3D bioprinted micro-engineered glioblastoma model
that incorporates perfusable capillaries lined with
endothelial cells and pericytes and connected to a peristatic pump12. These capillaries are embedded in a 3D
bioprinted fibrin–gelatin bioink containing glioblastoma
cells, astrocytes and microglia. Our 3D models reflected
the heterogeneity of the patient-derived glioblastoma
samples used to create them, whereas the corresponding
2D cultures of these tumour cells all showed similar proliferation profiles and drug responses12. RNA sequencing
experiments showed that tumour cells in our 3D models
were transcriptionally more similar to the in vivo glioblastoma tumour cells than were 2D cultures derived
from the same cells12. Remarkably, our models revealed
upregulation of P-selectin, which we have previously
688 | December 2022 | volume 22

shown is a novel immune checkpoint that controls the
interactions between glioblastoma cells and microglia61.
The glioblastoma cells growing in 2D cultures did not
express P-selectin and were not affected by P-selectin
inhibitors, showing that the use of 3D bioprinted tumour
models might lead to the discovery of therapeutic targets
that cannot be detected using traditional 2D cultures12.
Moreover, a 3D bioprinted vascular model containing glioblastoma spheroids enabled long-term
exposure of the tumour cells to circulating therapeutic
agents29. In this study, the authors used a non-invasive,
high-r esolution 3D imaging platform based on
second-generation mesoscopic fluorescence molecular
tomography to monitor their patient-derived glioblastoma tumour models during the pre-treatment and
post-treatment periods29. One of the main challenges
in the field of 3D bioprinted models is the technological
limitations of the methods used to assess printed constructs, especially those related to imaging of thick samples. Typically, confocal Z-stack imaging is harnessed to
evaluate the condition of bioprinted cells; however, scan
times are extremely lengthy and data quality is restricted
by its short-penetration focal plane. The use of advanced
modalities, such as second-generation mesoscopic
fluorescence molecular tomography, could substantially
improve the imaging of thick 3D bioprinted models.
Tumour-draining lymphatic vessels can also affect
drug transport in solid tumours72. One 3D bioprinted
microfluidic device consists of a pair of blood and
lymphatic vessels embedded in GelMA-based bioink
containing breast cancer cells73. Administration of doxycycline through the perfusable blood vessel of this model
resulted in increased cell viability compared to a blood
vessel-only model, probably because of increased drug
clearance through the lymphatic vessel73. Cell viability
further increased when both the blood and lymphatic
vessels were lined with endothelial cells, which are
linked by tight junctions that limit drug diffusion and
extravasation73.
Ultimately, personalized drug screening using 3D
bioprinted cancer models could assist clinicians to
www.nature.com/nrc
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determine the optimal treatment regimen for a particular patient, thereby saving valuable time, reducing
treatment costs and improving patient outcomes.

discovery and personalized therapy. Most such trials
are investigating the use of non-printed 3D organoids
to evaluate patient-specific responses to targeted and/or
chemotherapeutic agents and to reveal new progTarget discovery. Besides evaluating tumour responses nostic biomarkers (NCT04859166, NCT04342286,
to standard-of-care treatments, 3D bioprinting plat- NCT03925233, NCT03300102 and NCT04986748).
forms can facilitate the high-throughput screening of These trials illustrate the potential of 3D models to reach
commercially available investigational compounds (such routine clinical use in the near future. Interestingly, one
as p53 activator in glioblastoma74) and drugs approved ongoing clinical trial is evaluating the ability of 3D biofor a different disease or indication, a process known printed hepatocellular carcinoma models to predict
as repurposing75. Whole-exome sequencing (WES) the response to chemotherapy of colorectal cancer and
can identify the mutational profiles of patient-derived colorectal liver metastases (NCT04755907). An addicancer samples and predict drug sensitivities by corre- tional trial describes the use of 3D bioprinting with a
lating these profiles with specific drugs that target the hyaluronic acid–gelatin bioink to automate the fabrimutation76. For example, cancer cells bearing mutations cation of a myeloma organoid model (NCT03890614).
in platelet-derived growth factor receptor-α (encoded This trial aims to establish patient-specific bioprinted
by PDGFRA) and VEGF receptor family members are models to study myeloma tumour biology and chemsensitive to sorafenib and lenvatinib, respectively77,78. 3D osensitivity. These clinical studies serve as a proof of
bioprinted models could be used for personalized drug concept for the feasibility of using 3D bioprinted cancer
screening of tumours lacking such clear correlations41 models to accurately mimic a patient’s tumour and its
or to validate drug candidates identified via WES20. dynamic m
 icroenvironment and to predict treatment
Alternatively, WES could be performed on the patient- outcome.
derived 3D bioprinted models that correlate most closely
Conclusions and future perspectives
with the patient’s transcriptomic profile.
Therapeutic antibodies are used for a variety of clini- The various bioprinting technologies presented in this
cal applications, including cancer-targeted therapies and Review can be combined to precisely adjust the chemimmunotherapies. A 3D bioprinted model has been used ical, structural and cellular properties of a 3D cancer
to evaluate the effects of metuzumab, an anti-CD174 model to match the needs of a specific research quesantibody used to treat several cancers, including hepa- tion or the characteristics of a particular cancer type or
tocellular carcinoma. The researchers used thermo- specific patient-derived tumour. However, the complex
sensitive bioinks to 3D bioprint a microfluidic device architectures of 3D bioprinted cancer models require
composed of SMMC-7721 hepatocellular carcinoma expensive equipment and highly trained interdisciplicells and HUVECs. Consistent with findings in animal nary teams of individuals. A few companies are now
models, higher doses of metuzumab were required to providing standardized as well as custom-made 3D
inhibit cancer cell migration and proliferation in the 3D bioprinted models for use in research laboratories that
model than in 2D culture79. Inclusion of human periph- lack expertise in bioprinting82. In addition, commereral blood mononuclear cells in the 3D bioprinted model cially produced organ-specific hydrogels are already
enabled the authors to evaluate metuzumab-induced, available for researchers lacking expertise in materials
antibody-dependent, cell-mediated cytotoxicity, which and chemical engineering who would nonetheless like
is an important aspect of therapeutic antibodies80.
to use bioinks of their own composition and cell types82.
Bioprinting techniques also enable the investigation On that note, artificial intelligence and machine learning
of biological, physiological and behavioural responses of might aid in the development of new hydrogel formulanon-cancerous tissues to pharmacological compounds81. tions and prediction of their mechanical, physiological
A perfused 3D bioprinted model of breast cancer has and biological properties. Moreover, further research to
been used to assess the effectiveness of various drugs investigate the behaviour of various cell types in different
approved for the treatment of a specific tumour. By per- scaffolds as well as to elucidate the most suitable bioink
forming CRISPR–Cas9-mediated knockout of genes cor- for each tumour type is expected to assist in establishrelated with different approved treatments, the model ing the optimal bioprinting protocol for a specific study.
could be used to personalize treatment beyond the Such efforts could lead to the creation of universal guidestandard of care30.
lines and specifications for 3D bioprinting manufactures
To conclude, 3D bioprinted tumour models have and materials to both meet the high standards of the
been proven to reflect tumour heterogeneity, TME com- pharmaceutical industry and improve the biological relplexity, cancer cell behaviour, gene expression signatures evance of ex vivo cancer models compared with that of
and drug responses more closely than do traditional 2D gold-standard animal models.
culture methods. These models also provide platforms to
Advances in bioink formulation are likely to further
study the parameters of cancer therapeutics that cannot improve the accessibility of 3D bioprinting technolobe adequately investigated using traditional 2D culture gies. Low viscosity bioinks enable cell reorganization
methods or simple 3D models (Fig. 3).
and assembly within the 3D bioprinted construct;
therefore, special attention should be given to adapt
Ongoing clinical trials. A variety of ongoing clin- the physicochemical and rheological characteristics of
ical trials are evaluating the predictive capabili- bioinks to the requirements of bioprinting technoloties of 3D cancer models for drug screening, target gies, particularly when crosslinking is required (Box 3).
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Box 3 | Bioinks and crosslinking methods
Cancer cell bioinks
• Natural polymers: agarose, alginate, carrageenan, cellulose, chitosan, collagen, decellularized tissues, fibrinogen, fibronectin, gelatin, gellan gum, glycosaminoglycans,
guar gum, heparan sulfate, heparin, hyaluronic acid, laminin, locust bean gum,
Matrigel, nanocellulose, pectin, polypeptides, pullulan, shellac, silk fibroin, starch,
tropoelastin and xanthan gum. Bioinks based on modified (including methacrylated,
polyethylene glycol (PEG)ylated or thiolated) natural polymers are of interest because
their properties can be manipulated to match those of the tissue of interest.
• Synthetic polymers: dextran, poly(2-hydroxyethyl methacrylate), poly(acrylic acid),
polycaprolactone, poly(ethylene glycol) diacrylate, poly(lactic-co-glycolic acid),
poly(N-isopropylacrylamide) and poly(vinyl alcohol).
Vessel wall bioinks
Carbohydrates, gelatin, glass, Pluronic F-127 (a thermo-responsive material that
undergoes a reversible gel–liquid phase transition) and poly(vinyl alcohol).
Support bath bioinks
Agarose, alginate, carbopol, gelatin particles, gellan gum, hyaluronic acid, Pluronic
F-127, poly(ethylene glycol) diacrylate and xanthan gum.
Crosslinking methods (for use before, during or after printing)
• Covalent bonding induced by enzymes (for example, thrombin or transglutaminases)
or chemicals (for example, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide,
N-hydroxysuccinimide or tripolyphosphate).
• pH driven.
• UV radical polymerization with a photo-initiator such as Irgacure 2959 or lithium
phenyl-2,4,6-trimethylbenzoylphosphinate.
• Electrostatic interactions (via divalent ions such as calcium chloride), ‘Click chemistry’
(a class of biocompatible small-molecule reactions commonly used in bio-conjugation)
and thermally induced hydrogen bonds.

Support bath
A platform that supports low
viscosity bioinks extruded
within its volume, until they are
crosslinked into complex
structures.

Isotropic
Mechanical and physical
properties that are not affected
by the orientation of the atoms
when organized in their crystal
structure. Isotropic behaviour
is observed in pathological
remodelling of the extracellular
matrix, which facilitates tumour
cell invasion.

Anisotropic
Mechanical and physical
properties that are affected by
the orientation of the atoms
when organized in their crystal
structure.

Low-viscosity materials are challenging to print with
commercially available extrusion-based bioprinters
since these materials require very low pressures, especially when conical needles are used. Furthermore,
low-viscosity bioinks can spread on the printing bed,
leading to architectures with a reduced resolution or
inadequate model thickness. Although several solutions already exist for these problems, such as the use
of metallic needles with moderate-pressure values
or printheads equipped with piezoelectric control of
droplet size, these can harm cell viability or are limited
to specific bioprinter models. The challenges further
intensify when crosslinking is required, as it prolongs
the time over which the bioprinted model can deform.
In these cases, 3D bioprinting of structures inside a
support bath can be useful, although it is a more complex
technique. Development of bioinks that alter their characteristics in response to biological and physical cues
(such as changes in temperature, pH, magnetic field,
hypoxia, electrical pulses, enzymatic cleavage, light
wavelength or other stimuli) could broaden the applications of 3D bioprinted models. Constructs made from
stimuli-responsive materials can change their characteristics over time, similarly to complex biological tissues.
Polymers can also be chemically modified to incorporate functional groups on their surface or to bind
to bioactive factors that interact with the surrounding
tissue83. In addition, the dynamic isotropic or anisotropic
behaviour of a matrix can be manipulated by incorporating nanoparticles or fibrils into the bioink84. Further
development of products based on decellularized ECM
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is expected to produce bioinks that more closely reflect
the properties of the tissue of origin.
Several technical and biological issues need further
optimization before 3D bioprinting can be translated to
the clinic. One major ongoing challenge is printing fidelity, which limits the capacity of existing modalities to
achieve accurately printed 3D constructs. Furthermore,
100 μm is the resolution limit of most current extrusion
bioprinters, which presents a challenge for the 3D bioprinting of smaller structures (capillaries, for example,
have diameters of 8–10 μm). Nonetheless, the simplicity
and cost-effectiveness of extrusion-based bioprinting
make this the most popular methodology for creating
cancer models owing to its tissue reproducibility and
precise control of organoid size and cell composition.
Another challenge is the need to incorporate multiple
patient-derived cell types into 3D bioprinted tumour
models, which requires cell-specific isolation and expansion as well as knowledge of the cellular composition
and cell ratios in a specific tumour. Moreover, creation
of a personalized 3D bioprinted cancer model always
requires a biopsy or surgical intervention. Under most
circumstances, only a limited time frame is available for
the use of patient-derived tissue specimens, which presents a challenge for the development of a sterile procedure that provides highly accurate and reliable results.
High-speed printing technologies that maintain cell
viability are required.
The future of 3D bioprinted cancer models for personalized therapy might therefore reside in the creation of ever more complex ex vivo cancer models and
one-of-a-kind, state-of-the-art models. However, at the
same time, simplified 3D bioprinted cancer models for
use in high-throughput drug screening and answering
simple research questions remain extremely necessary.
The large numbers of cells needed in these models
mandates the development of new technologies, such
as mini-bioreactors, that can greatly expand cell populations without having to first grow them in 2D cultures. The evaluation of findings from such models is
complicated and requires extensive validation to ensure
that accurate information is obtained. Integration of
sensors that enable continuous data analysis could
enhance the readouts from such printed constructs in
the near future. Liver-on-a-chip or kidney-on-a-chip
devices could also be incorporated into 3D bioprinted
cancer models to evaluate drug metabolism, clearance
and toxicity.
3D bioprinted cancer models have the potential to
revolutionize the way we study, diagnose, prevent and
treat cancer. The commercialization of such models
specifically in the drug development and testing industries is predicted to generate € 592.25 million by 2026
(growing from € 192.93 million in 2019)85. Advanced 3D
bioprinting technologies, combined with omics methods based on machine learning and artificial intelligence,
might lead to the discovery of fundamental mechanisms in cancer biology, reveal novel biomarkers and
drug targets, and advance the development of effective
personalized cancer therapy.
Published online 24 October 2022
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