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3D Biomimetic Models to Reconstitute Tumor
Microenvironment In Vitro: Spheroids, Organoids, and
Tumor-on-a-Chip

Wenxiu Li, Zhihang Zhou, Xiaoyu Zhou, Bee Luan Khoo, Renardi Gunawan,
Y. Rebecca Chin, Liang Zhang, Changqing Yi, Xinyuan Guan, and Mengsu Yang*

Decades of efforts in engineering in vitro cancer models have advanced drug
discovery and the insight into cancer biology. However, the establishment of
preclinical models that enable fully recapitulating the tumor
microenvironment remains challenging owing to its intrinsic complexity.
Recent progress in engineering techniques has allowed the development of a
new generation of in vitro preclinical models that can recreate complex in vivo
tumor microenvironments and accurately predict drug responses, including
spheroids, organoids, and tumor-on-a-chip. These biomimetic 3D tumor
models are of particular interest as they pave the way for better understanding
of cancer biology and accelerating the development of new anticancer
therapeutics with reducing animal use. Here, the recent advances in
developing these in vitro platforms for cancer modeling and preclinical drug
screening, focusing on incorporating hydrogels are reviewed to reconstitute
physiologically relevant microenvironments. The combination of
spheroids/organoids with microfluidic technologies is also highlighted to
better mimic in vivo tumors and discuss the challenges and future directions
in the clinical translation of such models for drug screening and personalized
medicine.
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1. Introduction

Cancer is one of the major causes of
death worldwide and seriously threatens the
health of human beings. In 2020, an esti-
mated 19.3 million new cancer cases and
around 10 million cancer-related deaths
were reported across the globe.[1] The high
incidence and mortality of cancer make
it urgent to develop more effective cancer
therapeutics. The success rate of anticancer
drug candidates during clinical screening
is extremely low, with less than 4% pass-
ing through clinical trials to obtain FDA
approval, mainly due to their side effects
and deficiency in efficacy.[2] A vital cause be-
hind the high attrition rates of most candi-
date therapeutics is the lack of preclinical
models that enable comprehensively mim-
icking tumor inherent complexity and het-
erogeneity. This problem raises a high de-
mand to design more reliable and predic-
tive preclinical models for improving the ef-
ficiency of drug development and decipher-
ing the mechanism of cancer biology.

The 2D monolayer culture models have been widely utilized as
prescreening tools to evaluate the efficacy and safety of potential
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anticancer drugs for over 100 years.[3] Although 2D models
are easy to use, high throughput, and cost-effective, they can-
not recreate the complex interactions between tumor cells and
the surrounding microenvironment within human bodies. Such
is particularly evidenced by cancer cells cultured in 2D con-
ditions undergoing different phenotypes,[4] gene and protein
expressions,[5] and drug responses[6] from those in vivo. There-
fore, animal models remain a gold standard for drug screen-
ing and cancer research by offering a more complex and actual
physiological microenvironment. Nevertheless, they provide only
a murine physiology microenvironment for implanted human
cells, lacking key characteristics of the human native organs, and
biosystem functionalities. Moreover, the immune system of mice
is generally compromised, which might influence cancer pro-
gression and reduce their reliability in drug testing.[7] To address
these issues, humanized mouse models have been recently cre-
ated to investigate the crosstalk between cancer and human im-
mune system through gene editing technology.[8] However, such
models are still unable to faithfully capture key aspects of the
human tumor microenvironment (TME).[9] In addition, animal
models are cost-intensive, low throughput, and time-consuming.
The high number of animals employed in laboratory research
also raises ethical disputes. Thus, alternative approaches are re-
quired to better recapitulate in vivo TME in a more precise and
clinical relevance manner.

To this end, 3D cell culture models such as spheroids are sub-
sequently developed to replicate physiological microenvironment
configurations partially. Furthermore, more complex organotypic
cultures are proposed where self-assembled cellular organoids
may capture the nature of tumors at an organ level.[10] These
static 3D models have provided a deeper insight into the mech-
anisms governing tumor progression and exhibited great poten-
tial in anticancer drug screening. However, owing to the lack of
tissue-tissue interface, vasculature, and mechanical factors in the
microenvironment (e.g., dynamic fluid flow), these 3D models
are limited in capturing the cancer metastasis cascade, which are
important cues in tumor control and progression.[11] Addition-
ally, the lack of a pre-existing matrix hinders their applications
in mimicking the TME. In this regard, tissue engineering tech-
niques are introduced to design more advanced and pathologi-
cally representative 3D in vitro models for studying the complex-
ity of native TME and predicting clinical responses to anticancer
therapeutics.

TME is a highly complex system comprising various func-
tional components. An engineered system should enable precise
spatiotemporal control of biophysical and biochemical factors
such as stiffness change of extracellular matrix (ECM), intersti-
tial fluid pressure, chemotaxis, and oxygen gradient. It should
also include multiple cell types to mimic the tissue organization
and cell–cell interactions. Both aspects are meaningful in tumor
angiogenesis, cancer metastasis, and drug testing. Importantly,
due to the remarkable advantages of engineering control, de-
sign versatility, and small sample consumption, microfluidic
platforms are more suitable for establishing patient-derived
personalized models than other approaches, which also offer the
possibility to mimic the physiological flow via precise control of
fluid flow speed and direction, or by incorporation of perfusable
vasculature. On the other hand, engineering techniques can
design a system that integrates spheroids or organoids into

microfluidic devices to meet the need for high-throughput drug
screening.

Several previous reviews have focused on the development
of spheroids,[12] organoids,[13] and tumor-on-a-chip,[11,14] respec-
tively. However, there is a lack of systematic and comprehensive
evaluation of these three kinds of tumor models, especially on
the inclusion of ECM in cancer modeling. Here, we outline the
latest development of three types of advanced 3D tumor mod-
els in vitro, including spheroids, organoids, and tumor-on-chips,
from a biomedical engineering perspective (Figure 1). We start
with a brief overview of the components of TME and their roles
in tumor progression. Subsequently, we describe how these en-
gineering models can be used for modeling human cancer initia-
tion, progression, and responses to therapies. Finally, we discuss
the challenges and future perspectives in establishing 3D cancer
models for industrial and clinical applications.

2. Overview of TME

TME is a complex and continuously evolving system compris-
ing cellular components (heterogeneous cancer cells, endothe-
lial cells, fibroblasts, mesenchymal stem cells, immune cells,
etc.) and noncellular components (the supporting ECM, solu-
ble factors, interstitial pressure, hypoxia, etc.) (Figure 2). TME
not merely plays a critical role in tumorigenesis, progression,
and metastasis but also significantly affects therapeutic efficacy.
For example, environment-mediated drug resistance is a conse-
quence of continuous interactions between cancer cells and their
neighboring environment. As such, it is crucial to create 3D in
vitro models for better capturing the complex TME with dynamic
interactions between tumors and their surrounding stroma.

2.1. Cellular Components

2.1.1. Vascular Endothelial Cells

Vasculature lined with endothelial cells is essential for cancer
growth and metastasis.[15] To facilitate the supply of oxygen and
nutrients, cancer cells, along with stromal cells within the TME,
secrete various growth factors (e.g., vascular endothelial growth
factor (VEGF), platelet-derived growth factors (PDGFs), fibrob-
last growth factor (FGF), etc.) to stimulate the formation of new
blood vessels from the existing vasculature. This phenomenon
is called angiogenesis and is considered a hallmark of cancer.
With the help of the newly formed vessels, tumors could grow
over 2–3 mm in diameter.[16] However, compared with normal
vasculature, tumor vasculature exhibits abnormal morphologi-
cal and functional properties, such as disorganized vascular net-
works, leakiness, and heterogeneous blood flow. Such variations
in vascular networks lead to increased interstitial fluid pressure
(IFP) and areas of hypoxia, which in turn facilitate tumor sur-
vival and metastasis.[16–17] In addition, the aberrant vasculature
also restricts the access of recruited immune cells and anticancer
therapeutics to tumors, resulting in reduced outcomes of cancer
treatments.[18] Thereby, considering vasculature is very necessary
to mimic the TME in vitro.
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Figure 1. Schematic overview showing the in vitro strategies to simulate human TME in a 3D manner, including spheroids, organoids, and tumor-on-
a-chip, and their applications in basic cancer research, clinical use, and drug development. Created with BioRender.com.

Figure 2. Schematic illustration of key components of the TME. TME is a highly complex system comprising cellular components and noncellular compo-
nents, playing a critical role in cancer progression and evaluating therapy efficacy. Cellular components include heterogenous cancer cells, stromal cells
(e.g., fibroblast, cancer-associated fibroblast, etc.), endothelial cells, and diverse immune cells (macrophage, neutrophil, dendritic cell, etc.). Noncellular
components include extracellular matrix, biochemical cues, and biophysical cues. Created with BioRender.com.
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2.1.2. Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) are the most abundant cell
types within the TME and are identified as large spindle-like
stromal cells expressing 𝛼-smooth muscle actin, a phenotypic
marker of activated fibroblasts. Lineage tracing studies in mice
found that the origins of CAFs are highly heterogeneous. Most
CAFs arise from normal local fibroblasts recruited and activated
by cancer-secreted growth factors and cytokines in the TME.[19]

CAFs may also originate from bone marrow-derived mesenchy-
mal stem cells,[20] epithelial-mesenchymal transition (EMT) of
epithelial cells,[21] and endothelial cells that undergo endothelial-
to-mesenchymal transition.[22] However, these origins remain
controversial. For example, the origin of CAFs from cholangio-
cyte EMT has been ruled out in cholangiocarcinoma.[23]

CAFs contribute to tumor progression in multiple aspects. It
has been shown that the high number of CAFs dwelling in the
stroma correlates with poor clinical outcomes among patients
with lung, breast, and pancreatic cancer.[19,24] Once activated,
CAFs start to produce abundant paracrine molecules, includ-
ing transforming growth factor 𝛽1 (TGF-𝛽1), stromal cell-derived
factor-1 (SDF-1), hepatocyte growth factor (HGF), epidermal
growth factor (EGF), PDGF, and VEGF. These molecules pro-
mote cancer growth, angiogenesis, and drug resistance. Despite
the overwhelming evidence that CAFs are tumor-promoting, re-
cent studies have suggested that CAFs might also serve as a nega-
tive regulator in cancer progression.[25] On the other hand, CAFs
can also secrete ECM components and release various proteolytic
enzymes to remodel ECM, which can shape the TME to become
more permissive to cancer growth and invasion.

2.1.3. Immune Cells

Generally, the immune cells within TME can be categorized
into two main types: tumor-supporting and tumor-suppressive
immune cells. Tumor-supporting immune cells mainly include
M2-polarized macrophages, myeloid-derived suppressor cells,
and regulatory T cells. In contrast, tumor-suppressive immune
cells contain natural killer cells, effector T cells, M1-polarized
macrophages, dendritic cells, and N1-polarized neutrophils. Both
immune cells can shape the tumor behaviors and mediate ther-
apy efficacy through direct contact or paracrine signaling. Among
them, tumor-associated macrophages (TAMs) originating from
circulating monocytes are the most abundant immune cells and
are considered critical regulators of therapeutic response in the
TME.[26] Therefore, we mainly focus on the categories and func-
tions of TAMs below. TAMs are generally classified into clas-
sically activated macrophages (M1) and alternatively activated
macrophages (M2) according to their polarization status.[27] M1-
polarized macrophages are activated by exposure to Th1 cytokine
interferon 𝛾 and microbial products. They are considered to sup-
press cancer growth through the secretion of pro-inflammatory
cytokines.

In contrast, M2 macrophages differentiate in the presence of
cytokines, such as IL-4, IL-10, IL-13, or TGF-𝛽, and generally pro-
mote tumorigenesis through anti-inflammatory cytokines. M2
subsets can also facilitate angiogenesis and matrix remodeling
during cancer development. Furthermore, high infiltration of M2

macrophages in tumor tissues is associated with poor clinical
prognosis.[28] Given the tumor-supporting role of TAMs, there
is significant interest in reprogramming TAMs from tumor-
promoting to tumor-suppressing cells.[29]

2.2. Extracellular Components

2.2.1. Extracellular Matrix

The composition and microarchitecture of ECM vary depending
on cancer type and stage of progression.[30] ECM is a 3D pro-
tein network involving collagen, fibronectin, laminin, and gly-
cosaminoglycans, which account for up to 60% of the TME.[31] In
tumor tissues, the ECM offers a mechanical supporting scaffold
and cell-adhesive proteins for cellular components and serves as
a reservoir for growth factors essential to cancer growth, invasion,
and metastasis.[32] During cancer development, tumor cells and
tumor-associated stromal cells continuously change the compo-
sition and organization of ECM through deposition/degradation
cycles and extensive crosslinking, shaping it more supportive for
tumor growth.[33] The increased deposition/crosslinking of ECM
leads to a higher stiffness in the tumor-associated stroma than
in normal tissues, promoting tumor invasiveness, and angiogen-
esis. In addition, the remodeled ECM synergizes with cell–cell
crosstalk and the ECM architecture to pose a physical barrier to
the penetration of immune cells, drugs, and antibodies to tu-
mor sites. For example, Grantab et al. revealed that tumors with
aligned collagen networks have lower drug penetration.[34] There-
fore, it is extremely important to reproduce the biochemical and
biophysical properties of ECM when engineering 3D models in
vitro.

2.2.2. Hypoxic Niche

Hypoxia, a hallmark of TME,[35] presents in nearly all cancers.
It is defined as a region with less than 2% oxygen levels, which
arises from an imbalance between the rapid growth of tumor
cells and the unmatched blood oxygen supply. The presence
of hypoxia could trigger a variety of biological alterations in
cancer cells, including altered gene expression and metabolic
changes. As a result, cancer cells become more aggressive and
resistant to chemotherapeutics.[36] On the other hand, hypoxia
also results in the enrichment of cancer stem cells.[37] The afore-
mentioned hypoxia-driven effects are related to the upregulation
of hypoxia-inducible factors (HIFs). HIF proteins will rapidly
accumulate in response to hypoxia as they cannot be degraded
by the von-Hippel–Lindau tumor suppressor protein under
hypoxic conditions. As HIF-1 has been recognized to be a key
regulator of the response of mammalian cells to hypoxia, HIF-
1-targeting therapies have attracted extensive attention in recent
years.[38]

2.2.3. Interstitial Fluid Pressure

Interstitial flow is a fluid flow through the stroma of tissues. In
tumors, abnormal tumor-associated angiogenesis leads to an

Adv. Healthcare Mater. 2023, 12, 2202609 2202609 (4 of 23) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2023, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202202609, W
iley O

nline L
ibrary on [21/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadhm.202202609&mode=


www.advancedsciencenews.com www.advhealthmat.de

increased influx of fluids into the tumor. However, the lymphatic
system cannot efficiently drain out the increased influx of these
fluids. This imbalanced flow results in a net interstitial fluid
pressure (IFP) between the tumor mass and the surround-
ing stroma, which could increase to 30 mmHg at the tumor
center.[39] Besides vessel abnormalities, fibrosis, and contraction
of the interstitial matrix may also involve increased tumor IFP.
The elevated IFP in tumors forms a barrier to anticancer drug
delivery, which is an obstacle in cancer treatment.[40] Recently,
high IFP in the tumor was found to have a good correlation
with poor clinical outcomes.[41] In addition, the interstitial flow
was also demonstrated to promote angiogenic and lymphatic
sprouting.[42] Therefore, decreasing the tumor IFP is consid-
ered an attractive approach to improving drug uptake and
efficacy.

3. Strategies for Physiologically Relevant 3D
Models

This section illustrates different engineered approaches to recon-
stituting the TME, including spheroids, organoids, and tumor-
on-a-chip. The characteristics, fabrication methods, and applica-
tions of each strategy are reviewed. Meanwhile, combining these
approaches for better emulating the TME complexity is high-
lighted, which could largely help reveal the mechanism of cancer
progression and develop new anticancer drugs.

3.1. Spheroids

3D tumor spheroids are microsized cancer cell aggregates
formed by 3D cell culture in vitro, which can be categorized as
homotypic spheroids (monoculture) and heterotypic spheroids
(coculture of tumor cells and stromal cells).[43] If grown larger
than 400 μm, these tumor spheroids can generate in vivo-like
oxygen and nutrient gradients with a necrotic core, a quiescent
intermediate region, and a thick proliferating outer shell due
to limited molecular transport, which create unique opportuni-
ties for studying the impact of hypoxia on tumorigenesis, an-
giogenesis, and drug efficacy.[44] In addition, spheroids can also
replicate cell–cell interactions,[45] growth kinetics,[46] and de novo
ECM deposition of solid human tumors.[47] Furthermore, grow-
ing evidence showed that the strong cell–cell contacts of tumor
spheroids in combination with dense ECM deposition is respon-
sible for chemoresistance by posing a physical barrier to the pen-
etration of chemotherapeutics and immune cells similar to in
vivo.[48] Given their tumor-like properties, tumor spheroids have
been used as routine drug screening models to reduce drug de-
velopment costs and unnecessary animal experiments.[49]

Nowadays, 3D tumor spheroid production approaches can be
categorized into two main types: scaffold-free or scaffold-based
approaches. Each method possesses certain advantages and dis-
advantages, as summarized in Table 1. More detailed descrip-
tions of the principle and features of these techniques can be
found in the previous reviews.[50] An important point to consider
is spheroid size and heterogeneity may influence the robustness
of endpoint assays, so the choice of the production method relies
on the application desired.

3.1.1. Scaffold-Free Approaches

Scaffold-free methods typically include spinner flasks, magnetic
levitation, hanging drop technique, and ultralow attachment
plates.[51] Generally, these methods promote cell–cell interactions
by inhibiting cell–substrate interactions, thus rapidly facilitating
cells to self-assemble into multicellular aggregates. Scaffold-free
methods are relatively simple and able to obtain high-throughput
capabilities with the flexibility to combine multiple cell types.[52]

They have thereby been utilized in spheroid culture for funda-
mental biology studies and drug screening.

Recently, liquid marbles coated with hydrophobic silica
particles[53] were developed to culture tumor spheroids for
drug screening. They allow real-time in situ imaging and
motility control compared to conventional hanging drops.
However, these well-established and routine methods are
based on the macroscale culture systems. They require large
consumption of cells and compounds, hindering their appli-
cations in the screening of rare cell-derived spheroids, such
as patient tumor biopsy samples. To address this limitation,
Popova et al. presented a miniaturized droplet microarray
based on hydrophilic–superhydrophobic patterning for fast and
high-throughput production of tumor spheroids in nanoliter
droplets.[54] Due to their robust experimental process and pre-
cise control of spheroid size, this system could be exploited
with high-throughput screening (HTS) platforms for drug
screening. For example, tumor spheroids derived from five
colorectal cancer patients were formed within 36 h for testing
the efficacy of three common chemotherapeutics (5-fluorouracil,
cetuximab, and panitumumab).[55] It was demonstrated that
these tumor spheroids could resemble in vivo drug response,
suggesting the potential use of this platform in precision
medicine.

As another highly miniaturized culture method, microwell ar-
rays are developed to generate spheroids with well-defined sizes
and shapes. In general, microwell arrays are engineered into a
concave shape with a nonadherent surface (e.g., poly (2-hydroxy-
ethyl-methacrylate), agarose coatings, etc.) so that cells sediment
to the bottom of microwells by gravity and thereby generate
spheroids via close cell–cell interactions. One example was the
fabrication of a polydimethylsiloxane (PDMS)-based microwell
array with tapered bottom by soft lithography to efficiently
culture patient-derived circulating tumor cell (CTC) clusters.[56]

It was shown that the custom tapered microwells allowed
the robust formation of CTC clusters without pre-enrichment
and rapid drug sensitivity feedback within two weeks, over-
coming the deficiency of conventional cylindrical microwells,
with automated readouts facilitating routine screening for
clinical utility.[57]

Similarly, Jiang and colleagues designed a PDMS-based mi-
crowell array with conical bottom by 3D printing for MDA-MB-
231 breast cancer spheroid culture (Figure 3a).[58] In this study,
the tumor spheroids formed in microwells displayed compa-
rable viability to those in 2D cultures, indicating that microw-
ells offer a suitable environment for spheroid culture. By cocul-
ture of tumor spheroids with Jurkat T cells, this system allowed
for high-throughput assessing immune checkpoint inhibitor-
based therapy. Despite their ease of use, PDMS-based microw-
ells suffer from nonspecific absorption of compounds and fail
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Table 1. Advantages and disadvantages of different techniques used for tumor spheroid production.

Methods Advantages Disadvantages

Spinner flasks • Simple to use
• Easy to set up
• Mass production of tumor spheroids
• Long-term culture

• Poor control of spheroid morphology and size
• High shear stress
• High variability in size
• Need transfer spheroids for downstream analysis

Hanging drop • Simple to use
• Easy to set up
• Low shear stress
• Good size/shape control
• Compatible with standard liquid handling robotics

• Labor intensive
• Difficult to produce large spheroids and change medium
• Short-term culture
• Not compatible with in situ imaging

Magnetic levitation • Enable in situ imaging and analysis • A limited number of spheroids can be generated
• Cells require to be pretreated with magnetic beads
• High concentration of beads may be toxic to cells

Ultra-low attachment plates • Large number of spheroids can be produced
• Can be multiplexed with imaging and other bio-

chemical assays
• Long-term culture

• Poor size/shape homogeneity
• Needs plate-coating procedure

Microwells • Good size/shape control
• High throughput/reproducibility
• Reduced medium consumption
• Allows the incorporation of mechanical properties

• Involves lithographic or printing processes
• Difficult to maintain microwell integrity

Macroscopic 3D matrix • High throughput
• Allows the incorporation of mechanical properties

• Difficult to retrieve cells without damage
• Poor size/shape homogeneity

Microgels • Precise control over size/shape
• High throughput
• Small sample consumption
• Allows the incorporation of mechanical properties

• Limited biomaterials available
• Fabrication process may decrease cell viability

3D bioprinting • Enable spatial control of biomaterials and cell
components

• Easy to scale up
• Can be multiplexed with imaging and other bio-

chemical assays
• Compatible with microfluidic devices

• Needs to optimize the bioinks
• Printing process may decrease cell viability

to provide a broad spectrum of biochemical and mechanical
properties for spheroid growth. To address these challenges,
the microwells are subsequently fabricated from micropattern-
ing hydrogels such as agarose[59] and methacrylated gelatin
(GelMA).[60] In one study, Luan et al. produced lung tumor
spheroids with uniform size and high viability using U-shaped
agarose microwells.[61] Spheroids from three lung cancer cell
lines (H1975, A549, HCC4006) were used to screen two epider-
mal growth factor receptor tyrosine kinase inhibitors (gefitinib
and osimertinib), and the therapeutic efficacy exhibited clinical
relevance. They also demonstrated the ability of their platform
to culture patient-derived spheroids. The produced spheroids
had high viability of 89% ± 7.1% even after being cultured for
7 days, highlighting their potential for application in patient-
derived organoid culture. To mimic the native TME, hydrogel-
based microwells with tunable components and stiffness were
developed to efficiently generate HCC1806 multicellular struc-
tures (Figure 3b).[60a] Two distinct hydrogels, polyethylene glycol-
diacrylate (PEGDA) and methacrylated gelatin (GelMA), were uti-
lized to microfabricate the microwells. They found that HCC1806

cells formed larger spheroids in GelMA microwells than in PEG
microwells, and high stiffness caused a significant difference
in spheroid proliferation/metabolic activity, suggesting the ef-
fect of tumor-ECM crosstalk on cancer spheroid size. Another
merit of hydrogel-based microwells is that stromal cells or addi-
tional ECM components can be incorporated into the system. A
follow-up study from the same group presented a stromal cell-
laden hydrogel-based microwell system with low or high stiff-
ness, mimicking normal and tumor-associated stroma, where
the crosstalk of tumor spheroids with stromal cells highly de-
pended on ECM stiffness.[60b] Although 3D tumor spheroids
prepared from scaffold-free approaches have been widely em-
ployed for HTS owing to similar drug response and gene expres-
sion to that of in vivo solid tumors,[6b] they are intrinsically lim-
ited in the lack of pre-existing ECM during spheroids assembly.
Emerging evidence has demonstrated that the inclusion of
spheroids within ECM contributes to better reproducing of
tumor-specific hallmarks.[62] Therefore, scaffold-based platforms
may present alternative approaches to generating more physio-
mimetic tumor spheroids.
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Figure 3. Spheroid models. a) PDMS-based microwell arrays for culturing tumor spheroids to monitor the interactions among tumor spheroids, immune
cells, and immune checkpoint inhibitors. Reproduced with permission.[58] Copyright 2021, Wiley-VCH GmbH. b) Schematic illustration of the fabrication
of hydrogel-based microwell arrays for studying the effect of substrate composition and stiffness on tumor formation. Reproduced with permission.[60a]

Copyright 2017, IOP Publishing. c) Spheroids generated in a droplet-based microfluidic platform for drug-based cytotoxicity screening (p < 0.05). Repro-
duced with permission.[67] Copyright 2016, Royal Society of Chemistry. d) Hybrid hydrogel of collagen and alginate for fabrication of tumor spheroids for
drug screening. Reproduced with permission.[72] Copyright 2017, American Chemical Society. e) Decellularized matrix for preparation of tumor spheroids
for high-throughput drug screening. Scalebars = 400 μm. Reproduced with permission.[78] Copyright 2021, Elsevier. f) Spheroids-on-a-chip for studying
the role of vascular perfusion in drug efficacy. Reproduced with permission.[81] Copyright 2020, Elsevier.

3.1.2. Scaffold-Based Approaches

In scaffold-based approaches, tumor cells proliferate in/on a
tumor ECM-mimetic matrix. Such scaffolds not only support
cell growth but also provide the in vivo-like biophysical and

biochemical cues that are essential to regulate tumor cell
functions.[63] To date, the scaffolds for in vitro cancer model-
ing have been engineered from natural hydrogels (e.g., pro-
teins, polysaccharides), synthetic hydrogels (e.g., PEG, peptides,
etc.), and their hybrids given their high water content, tissue-like

Adv. Healthcare Mater. 2023, 12, 2202609 2202609 (7 of 23) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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bioactivity, viscoelasticity, and mechanical properties. In re-
cent years, the advances in microfabrication technologies have
enabled the generation of more accurate and sophisticated
hydrogel-based platforms that capture key features of the TME
compared to standard macroscopic 3D hydrogels. These include
microgel-based and 3D bioprinting-based platforms. Their ad-
vantages and drawbacks are shown in Table 1.

Currently, various tumor spheroids have been fabricated by
embedding cancer cells into protein-based hydrogels such as
Matrigel,[64] fibrin,[65] and collagen[66] as they incorporate specific
cell-adhesive motifs and enzymatic-mediated matrix degradation
which are beneficial to cell proliferation. Nonetheless, high batch-
to-batch variability and poor mechanical properties remain the
bottlenecks of such hydrogels for tumor spheroid culture. To ad-
dress these issues, polysaccharides and synthetic hydrogels with
beneficial mechanical properties are extensively utilized to gen-
erate 3D tumor spheroids, such as alginate, hyaluronic acid, chi-
tosan, etc. For instance, Sabhachandani et al. generated breast
cancer monoculture and coculture spheroids in cell-laden algi-
nate microgels via droplet-based microfluidic platforms and ex-
plored their potential in therapeutic efficiency screening (Fig-
ure 3c).[67] Their results showed that monoculture and coculture
spheroids displayed higher drug resistance than 2D monolay-
ers. To more closely recapitulate the native TME, further stud-
ies from the same group also incorporated an oxygen gradi-
ent generator and immune cells into their spheroid systems to
study the role of hypoxia and immune cells in spheroid growth
and drug response, respectively.[68] Recent groups have also ex-
plored the implications of immune cells on tumor response and
progression.[69]

Although natural polysaccharides recapitulate structural
aspects of the ECM, batch variability still limits their extensive
use in cancer modeling. As such, considerable efforts have been
focused on developing synthetic hydrogels, such as PEG and
peptides, in the culture of tumor spheroids due to their high
reproducibility as well as controllable and stable mechanical
properties. Loessner et al. synthesized a PEG-based hydrogel
functionalized with integrin ligands and matrix metallopro-
teinase (MMP)-sensitive sites to culture tumor spheroids.[70]

The authors demonstrated that OV-MZ-6 and SKOV-3 ovarian
cancer cells generated compact spheroids within these synthetic
hydrogels. Moreover, the inclusion of arginine-glycine-aspartate
peptides in such hydrogels significantly enhanced the prolif-
eration of spheroids, indicating that integrin activation plays a
critical role in tumor spheroid growth. Studies on drug testing
showed that ovarian cancer cell spheroids were more resistant to
paclitaxel treatment than 2D culture, highlighting the potential
of spheroid culture in mimicking in vivo-like chemoresistance.
To mimic the nanofibrous network of native ECM, peptide-based
self-assembling hydrogels were designed to incorporate rele-
vant proteins of the ovarian TME for ovarian tumor spheroid
culture.[71] The results demonstrated that the self-assembling
platforms enabled modeling the TME of ovarian cancer to a com-
parable level, yet more controlled than that offered by Matrigel.
However, such hydrogels require additional modifications with
cell adhesion moieties and MMP degradable sites, and the prepa-
ration and purification procedures are labor- and cost-intensive.
Therefore, a combination of natural proteins with synthetic poly-
mers or polysaccharides is a simple yet effective method for offer-

ing cell adhesion ligands as well as tunable mechanical properties
of the hydrogel, which facilitate spheroid growth. For example,
composite collagen-alginate microcapsules laden with breast
cancer cells (MCF-7) were reported to create 3D vascularized tu-
mor spheroids by suspending these core–shell microbeads inside
an external stromal cell-laden collagen matrix (Figure 3d).[72] The
microcapsules were assembled with the surrounding endothelial
cells and human adipose-derived stem cells, allowing for direct
observation of vasculature formation and further use of the sys-
tem in the drug efficacy evaluation. Moreover, the cells cultured
in this system showed higher in vivo tumorigenicity than in 2D
culture.

In addition, hybrid hydrogels have been commonly used as
bioinks to fabricate scaffolds for tumor spheroid culture since
3D bioprinting emerged. Due to its precision in the spatial con-
trol of cells and biomaterials within complex 3D architectures,
the 3D bioprinting technique enables construction of biomimetic
models with functional complexity, well-defined components,
and tunable mechanical properties.[73] In addition, its capability
of rapid prototyping also provides an opportunity for the mass
production of 3D tumor spheroids. As an example, colorectal
cancer spheroids were formed by high-throughput bioprinting
into 96-well plates, which allowed scalable spheroid culture and
automated imaging with high-content microscopes.[74] Tumor
spheroids from freshly isolated human intrahepatic cholangio-
carcinoma biopsy samples were also prepared by this platform,
indicating its potential in the development of personalized tumor
models.[75]

Polysaccharide and synthetic hydrogels also allow for flexi-
bly changing their mechanical properties by controlling hydro-
gel concentration, crosslinking density, and crosslinking man-
ner, which facilitates the study of the role of hydrogel stiffness
in growth, invasion, and drug resistance of tumor spheroids. For
example, a fibrillar alginate-collagen hydrogel was used to evalu-
ate how stiffness affected the growth of MCF-7 cancer spheroids
without a noticeable change in its pore size and fibrillar archi-
tecture. The results revealed that MCF-7 tumor spheroids in
soft hydrogels grew larger and displayed higher resistance to
doxorubicin.[76] In another study, tumor spheroids grown in soft
hydrogels demonstrated increased invasiveness in vitro and high
tumorigenicity when implanted in vivo.[77]

Recently, tissue-derived decellularized ECM (dECM) has been
leveraged as a biomaterial for 3D spheroid assembly owing
to its ability to emulate native tissue ECM faithfully. For in-
stance, to replicate pre-existing ECM presence in the in vivo
setting, Ferreira and co-workers reported using breast tissue-
specific ECM isolated from porcine to culture tumor spheroids
(Figure 3e). They found that the incorporation of decellular-
ized microfibrillar fragments contributed to the spheroids ex-
hibiting higher necrotic core formation compared with standard
spheroids,[78] highlighting the importance of ECM in recapit-
ulating this hallmark of native tumors. Moreover, the dECM-
enriched heterotypic spheroids captured the in vivo invasive pro-
file and exometabolomic signatures. In a different approach,
liver tumor spheroids were generated from 3D printed liver
dECM-based scaffolds with tunable mechanical properties, facil-
itating the study of how the clinically relevant 3D matrix stiffness
affecting hepatocellular carcinoma progression.[79] The authors
observed that HepG2 cells demonstrated a smaller spheroid size
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and increased invasion potential in stiff scaffolds compared to
those in soft scaffolds.

With the advances in microfluidic technologies, spheroids-
on-chip models have achieved growing interest in studying the
role of blood flow in the growth and drug delivery of tumor
spheroids.[72,80] Nashimoto et al. incorporated tumor spheroids
with perfusable vascular networks to assess the tumor activities
under intraluminal flow.[81] In this model, the perfusion via the
engineered vascular networks could be maintained for more than
24 h (Figure 3f), which markedly enhanced the proliferation activ-
ities of tumor spheroids. Interestingly, the dose-dependent effect
of antitumor drugs on tumor activities was not observed under
perfusion conditions in contrast to static conditions, highlight-
ing the significance of recapitulating vascular flow in assessing
tumor activities in drug screening.

3.2. Organoids

Although tumor spheroids from cell lines have been widely ex-
plored to investigate cancer growth, invasion, and drug screen-
ing, they fail to replicate the complex biological and clinical
features of primary tumor tissues, limiting their use in pre-
cisely predicting patient-specific responses to chemotherapeutic
agents. To overcome this limitation, organoids have emerged as
excellent tools in disease modeling, drug screening, and the de-
velopment of personalized medicine. Unlike spheroids, tumor
organoids are self-organizing, 3D multicellular structures gener-
ated from primary patient samples in a 3D matrix.[82] Most im-
portantly, tumor organoids preserve critical structural and func-
tional features of their in vivo counterparts,[82] which may pro-
vide a correlative in vitro platform with unprecedented predictive-
ness for clinical decision-making. Thus, this versatile technology
has been considered as the next-generation tumor surrogate and
has contributed to the development of various new human tumor
models, including lung,[83] breast,[84] pancreatic,[85] colorectal,[86]

ovarian,[87] prostate,[88] and stomach cancer.[89]

Unlike spheroid cultures that have adopted a variety of bio-
materials, tumor organoids were conventionally generated in
animal-derived proteinaceous ECM gels, most prominently the
basement membrane extract (BME) Matrigel, which is a “gold
standard” hydrogel for 3D culture. By embedded in commercially
available Matrigel, organoids derived from gastrointestinal tu-
mor have been presented by Vlachogiannis et al.[90] In this pa-
per, the patient-derive organoids (PDOs) exhibited a high de-
gree of similarity to the original patient tumors in phenotype
and genotype. Further drug testing revealed that these PDOs
could capture patient responses in the clinic. However, current
organoid culture protocols are nonstandardized and ill-defined
across cancer types. To address this issue, Larsen et al. recently
developed a robust pan-cancer organoid platform with chemically
defined minimal media, which supported tumor organoid cul-
ture from over 1000 patients.[91] Apart from bulk matrix encapsu-
lation, droplet emulsion microfluidics (e.g., microgels)[92] and 3D
bioprinting[93] are also applied to fabricate Matrigel-based PDOs,
which are similar to the scaffold-based approaches for spheroid
generation. These two platforms both allowed for rapid PDO gen-
eration (< 2 weeks) in high throughput as well as compatibility

with automation dispensers, facilitating their application in per-
sonalized drug screening.

Matrigel is a mouse tumor BME comprising laminin, col-
lagen IV, and proteoglycans, as well as nidogen and growth
factors.[84–87] Although it has exhibited to be suitable for
supporting organoid culture, the ill-defined composition, im-
munogenicity, and batch-to-batch variability in Matrigel resulted
in its reduced reliability as a matrix for PDO culture.[84,87–89]

Additionally, the mechanical properties of BME cannot be
tailored, rendering it unable to study mechanotransduction
during organogenesis.[64,65] Thus, there is a strong need to
develop alternative biomimetic hydrogels in the use of organoid
cultures.

Several biomimetic hydrogels, such as proteins, polysaccha-
rides, and synthetic hydrogels, have been to date developed
as alternative matrices for organoid growth. For example, Ng
et al. fabricated enzymatically crosslinked gelatin with inde-
pendent tuning stiffness and composition to grow patient-
derived xenograft colorectal cancer organoids (Figure 4a).[94]

They demonstrated that these gelatin-based hydrogels could sup-
port colorectal cancer organoid growth and metabolism compa-
rably to those cultured in Geltrex. In another study, a fully syn-
thetic PEG-based hydrogel was designed for cancerous pancre-
atic organoid growth.[95] This microenvironment-inspired ma-
trix was fabricated by eight-arm PEG, MMP-sensitive crosslinker,
and three adhesion-mimetic peptides. The authors found that the
organoids matured and developed on this artificial hydrogel with
similar growth and architecture as on Matrigel. Aiming to em-
ulate the filamentous architecture of the breast cancer ECM, a
nanofibrillar hydrogel consisting of cellulose nanocrystals and
gelatin (EKGel) was proposed.[96] This hybrid hydrogel could ini-
tiate and grow multiple breast cancer PDOs (Figure 4b). Inter-
estingly, PDOs grown in this matrix exhibited similar growth,
histopathologic features, gene expression, and drug response to
in vivo and PDOs generated in BME. The results showed that
EKGel had the potential to replace BME in the breast cancer PDO
culture.

Another example is using hybrid collagen-hyaluronic acid
hydrogels to support the growth of lung adenocarcinoma
organoids.[97] The authors found that the organoids grown in this
composite hydrogel maintained a similar phenotype to the in vivo
scenario. Moreover, the in vitro organoids exhibited higher resis-
tance to chemotherapeutic agents than that generated in conven-
tional 2D culture, further indicating the significance of 3D cell
culture and the incorporation of ECM-mimetic matrix. To im-
prove tumor organoids correlation with the in vivo setting, tumor
organoids were recently cocultured with patient-derived CAFs
and immune cells.[98] In addition, tissue-derived dECM hydro-
gels have also been extensively explored for culturing PDOs [99]

due to their biomimicry of native tissue ECM. Tienderen and col-
leagues exploited tumor tissue-derived dECM to culture cholan-
giocarcinoma organoids and found that the tumor ECM induced
a transcriptome profile more closely resembling patient tumor
tissue than BME or normal tissue ECM.[100] Notably, hydrogel-
based microwell arrays with a U shape were engineered by Lu-
tolf group[101] for high throughput generation of patient-derived
colorectal cancer organoids as they are superior in standardiza-
tion and reproducibility compared to the traditional 3D-culture
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Figure 4. Organoid models. a) Schematic illustration of PDX-derived tumor organoid encapsulated in enzymatically crosslinked HA-Ph, gelatin-Ph, or
gelatin-Ph/HA-Ph hybrid hydrogels with tunable stiffness. Scale bars:100 μm. Reproduced with permission.[94] Copyright 2019, Elsevier. b) Schematics
of ECM-mimetic EKGel for growth of breast PDOs. Reproduced with permission.[96] Copyright 2022, Springer Nature. c) Microfluidic-based organoid
culture for drug sensitivity testing. Reproduced with permission.[103] Copyright 2019, Royal Society of Chemistry. d) Vascularized organoids chips for
mimicking physiological delivery of drug to tumor sites. Scale bars:100 μm. Reproduced with permission.[104] Copyright 2019, Royal Society of Chemistry.

setting. To confirm the potential of their approach in high-
content phenotypic drug testing, 80 anticancer compounds were
tested to determine their efficacy.

In static 3D culture, organoids rely on passive diffusion to ex-
change nutrients and wastes. Nonetheless, diffusive transport be-
comes insufficient when organoids grow larger to support their
growth and maturation. In this context, organoids-on-a-chip plat-
forms that combine microfluidic technology and organoids be-
come a promising approach to overcoming these challenges due
to their capacity to provide a dynamic supply of nutrients in
a physiological flow.[102] For instance, Jung et al. engineered a
lung cancer organoids-on-a-chip platform consisting of 29 mi-
crowells and a flow microchannel that supports PDOs culture
and drug sensitivity test under a continuous flow condition (Fig-
ure 4c).[103] 3D lung cancer organoids formed in this platform re-

tained the morphological and genetic characteristics of the orig-
inal patient tumor. They demonstrated higher sensitivity to cis-
platin and etoposide than those under static culture conditions
due to the increased drug penetration in the microfluidic plat-
form. These results suggested that their platform offered a more
physiologically relevant 3D TME to predict drug responses. In
another study, to closely simulate the pathological flow environ-
ment of blood vessels, vascularized tumor organoids-on-a-chip
was designed by Shirure et al. (Figure 4d).[104] This model was
created by coculture of tumor organoids with a perfused 3D mi-
crovascular network in a 5-channel microfluidic device, which
allowed vascularization of tumoroids and their perfusion under
in vivo-like physiological flow that captured transport features of
the in vivo TME. Furthermore, the vascularization of tumoroids
can be maintained for 22 days. By showing a dramatic reduction
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of tumor proliferation after vascular perfusion with paclitaxel,
this study also indicated the potential use of this model for as-
sessing patient-specific responses to chemotherapy in clinical
trials.

Additionally, these miniaturized versions of organs are highly
suitable for high throughput screening preclinical drugs when
combined with microfluidic chips. As demonstrated by Schus-
ter and co-workers, an automated microfluidic platform incorpo-
rated with human-derived pancreatic tumor organoids was de-
signed for dynamic personalized therapies.[105] With the aid of
a real-time imaging system, the researchers observed big differ-
ences in the responses of individual PDOs to specific drug treat-
ments and found that dynamic drug treatment was more effec-
tive than constant-dose administration methods. More recently,
by integrating a concentration gradient generator with microw-
ell arrays of organoid culture, Prince et al.[106] engineered a mi-
crofluidic platform that enabled both in situ culturing of large
arrays of breast cancer PDOs within a biomimetic hydrogel and
high-throughput screening anticancer drugs under dynamic flow
conditions. It was found that drug sensitivity of breast cancer
PDOs in this platform recapitulated in vivo drug sensitivity af-
ter perfusion for 5 days, suggesting the potential of this pro-
posed platform to be used as an in vitro preclinical approach for
developing personalized cancer therapies and effectively screen-
ing novel antitumor drugs. Importantly, due to small sample
consumption, tumor chips show promise in culturing scarce
cancer slices that retain the original TME relatively intact for
multiplexed drug testing.[107] As an example, cuboid-shaped mi-
crodissected glioma tissues with well-preserved native TME were
trapped on a 3D-printed multiwell microfluidic platform for di-
rect drug testing.[108]

Although organoids replicate the structural and functional fea-
tures of patient TME and are envisioned to be the next generation
of 3D in vitro models for drug screening and basic cancer biology
studies,[109] human clinical trials on PDOs for drug screening are
currently ongoing. To accelerate this process, some challenges
still need to be addressed, including optimizing the culture con-
ditions required for organoid generation, reducing the time and
cost of organoid cultures, and incorporating stromal cells, espe-
cially immune cells, into organoids.

3.3. Tumor-on-a-Chip

Over the past decades, advances in microfluidic technology and
tissue engineering have made hydrogel-based microfluidic plat-
forms promising candidates to replace conventional experimen-
tal models in recapitulating some key features of the TME (e.g.,
the cancer metastasis cascade, dynamical blood flow, cell–cell
and cell–ECM interactions) and accurately predicting patient re-
sponses. This is because microfluidic systems have the capabil-
ity to accurately control multiple microenvironmental factors and
incorporate distinct cell types in vitro. Importantly, microfluidic
models only require a low number of cells, rendering them su-
perior to patient biopsy samples. In this section, we will intro-
duce the state-of-the-art applications of tumor chips in modeling
cancer metastasis, therapeutic response, and blood–brain barrier
(BBB) in brain cancer, mainly focusing on hydrogel-based mi-
crofluidic devices.

3.3.1. Microfluidic Modeling Metastatic Cascade

Metastasis is responsible for 90% of cancer-related deaths. How-
ever, the underlying cellular and molecular mechanisms that
drive this process remain poorly understood. Most conventional
models fail to replicate the highly complex metastasis process
fully. Furthermore, recent studies have revealed that the number
of CTCs in blood samples correlates with early recurrence and
poor prognosis.[110] As such, many microfluidic metastatic mod-
els have been engineered to dissect the cellular and molecular
players in the tumor metastasis cascade, which is pivotal to de-
ciphering new opportunities for therapeutic intervention during
early metastatic dissemination.

Modeling Tumor Angiogenesis: Angiogenesis is a critical step
in cancer progression as its initiation represents the progression
from hyperplasia toward neoplasia[111] and has become an essen-
tial factor in controlling cancer growth and progression. Multi-
ple hydrogel-based microfluidic devices have been engineered
to study the angiogenesis induction by tumor cells. Kim et al.
cocultured human umbilical vein endothelial cells (HUVECs)
with malignant human glioma cells (U87MG) in a fibrin-based
microfluidic device with micropillar partitions (Figure 5a).[112]

It was observed that the endothelial cells invaded the adjacent
matrix and generated angiogenic sprouts. Moreover, the sprouts
fused with neighboring vessels rather than growing direction-
ally toward the cancer cells, which corresponds to in vivo obser-
vations. Apart from mimicking the angiogenic sprouting from
a 2D monolayer, artificial vessels with a 3D tubular structure
are engineered by template-based micromolding for modeling
tumor-induced angiogenesis. Such an example was reported by
Miller et al. They modeled the crosstalk between endothelial cells
(HUVECs) and primary patient cancer cells in a lumen-based
microfluidic device where patient-derived renal cell carcinoma
(RCC) tumor clusters were embedded in the matrix surrounding
artificial blood vessels.[113] The results showed that these primary
tumor clusters significantly triggered the angiogenic sprouting of
HUVECs.

On the other hand, angiogenic sprouting can also be induced
by angiogenic stimulators (e.g., VEGF, HGF, 𝛽-FGF, etc.).[114]

The work by Nguyen and colleagues presented an organotypic
microfluidic platform recapitulating angiogenic sprouting and
new microvessel formation in vitro through artificial engineering
vessels in a collagen matrix (Figure 5b).[114c] Using this model,
the authors observed that capillary sprouts invaded the surround-
ing matrix, eventually linking to functional neovessels after the
perfusion of proangiogenic factors through the adjacent lumen.
Additionally, tumor-associated angiogenesis is also affected by
the interstitial flow. A multichannel microfluidic device contain-
ing endothelial cells and normal human lung fibroblasts was
used to investigate the role of interstitial flow in angiogenesis.
The results showed that angiogenic sprouting was facilitated only
when the direction of flow and sprout was opposite. Further-
more, in the presence of proangiogenic factors, interstitial flow
against the direction of sprouts significantly promoted the ini-
tiation and outgrowth of angiogenic sprouts.[42a] Similar results
were observed by studying the role of interstitial flow in lym-
phatic sprouting.[42b]

Due to its ability to provide a physiologically relevant mi-
croenvironment, the microfluidic angiogenesis model has also
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Figure 5. Microfluidic modeling of tumor metastasis. a) A microfluidic-based platform for capturing vasculogenic and angiogenic vessel formation.
Scale bars:100 μm. Reproduced with permission.[112] Copyright 2013, Royal Society of Chemistry. b) Microfluidic lumen-based system for reconstituting
angiogenesis in response to different proangiogenic factors. Scale bars:100 μm. Reproduced with permission.[114c] Copyright 2013, National Academy
of Sciences. c) Organotypic microfluidic device for investigating tumor invasion in the presence of CAFs. Reproduced with permission.[117] Copyright
2019, American Association for Cancer Research. d) Schematics of tumor-immune microenvironment in vitro: tumor spheroids are cocultured with
neutrophils separated by porous membrane. Reproduced with permission.[123]Copyright 2021, IOP Publishing. e) Hydrogel-based microfluidic platform
modeling tumor intravasation. Reproduced with permission.[127] Copyright 2012, National Academy of Sciences. f) A 3D vascularized microfluidic device
replicating the effect of monocytes on tumor cell extravasation. Reproduced with permission.[128] Copyright 2018, Elsevier.

gained increasing interest in multiplex screening of antiangio-
genic drugs. Jeong et al. revealed that microRNA-497 exosome
had the ability to significantly suppress the angiogenic sprout-
ing of endothelial cells induced by a VEGF-A gradient in a mi-
crofluidic angiogenesis model.[115] Similarly, the angiogenesis-
on-a-chip was also employed for rapid and accurate assessment of
RNA interference-based antiangiogenic nanomedicine.[116] Over-
all, the microfluidic angiogenesis models can be utilized as valu-
able platforms for fundamental studies of tumor angiogenesis
and for drug screening in kinetic analysis and clinical responses
with physiological relevance.

Modeling Tumor Cell Invasion: To metastasize, cancer cells
must degrade the surrounding ECM and then invade and migrate
through the stroma. In this process, cancer cells will communi-
cate with all components within the TME (e.g., endothelial cells,
stromal cells, immune cells, hypoxia, chemokines, ECM compo-
sition, etc.) that regulate metastatic outcome. To date, microflu-
idic technology has been extensively used to reveal the roles of
various cell types in tumor cell migration and invasiveness. In
one study, a microfluidic device integrated with 3D hydrogel ma-
trices was employed to determine the paracrine loop between hu-

man SUM159 breast carcinoma cells and patient-derived CAFs
(Figure 5c).[117] CAFs remarkably promoted breast tumor migra-
tion speed in a 3D matrix by inducing glycoprotein nonmetastatic
B (GPNMB) expression in breast cancer cells. In another study,
Lugo-Cintrón and co-workers incorporated normal breast fibrob-
lasts and a fibronectin-rich matrix within a 3D microfluidic co-
culture system to investigate the combined influence of fibrob-
lasts and different ECM compositions on breast cancer (MDA-
MB-231) migration.[118] The results illustrated that in the pres-
ence of normal breast fibroblasts, the number of migrating breast
cancer cells within a fibronectin-rich matrix was significantly in-
creased through the increased secretion of MMPs. In addition,
noncancerous cells were also cocultured with corresponding can-
cer cells to study their role in cancer cell migration.[119] It was
shown that the presence of normal cells (MCF-10A or HDF-n)
significantly increased the migration of MDA-MB-231 cells by in-
creasing the expression level of IL-6 protein.

Apart from stromal cells, endothelial and immune cells also
affected cancer cell invasion. An example was reported by Na-
garaju et al., who developed a three-layer microfluidic device
to coculture breast cancer cells (MDA-MB-231) and endothelial
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cells (HUVECs) in different channels. Their findings demon-
strated that the invasiveness of tumor cells was enhanced in the
presence of spontaneously formed vasculature. Moreover, tumor
cells’ presence led to thinner and more permeable vessels form-
ing, comparable to in vivo studies.[120] In a more extensive study,
Truong et al. leveraged the same microfluidic platform to inves-
tigate the crosstalk between glioma stem cells and endothelial
cells.[121] They observed that endothelial cells increased glioma
stem cell invasion in 3D hydrogel via the CXCL12-CXCR4 sig-
naling pathway. They compared this in vitro platform to in vivo
mice model and found similar invasive behaviors, suggesting
that their microfluidic platform presented a native-like microen-
vironment. Through coculturing macrophages with MDA-MB-
231 cancer cells in a 3D microfluidic chip, Hebert et al. reported
that macrophages could speed up cancer cell migration through
secreting TGF-𝛽1.[122] A similar finding was reported with the co-
culture of neutrophils with ovarian tumor cells in a microfluidic
device (Figure 5d).[123] Neutrophils promoted ovarian tumor cell
invasion by generating neutrophil extracellular traps.

The biochemical and biophysical cues of TME also influence
cancer cell invasion. Because of laminar flow and limited mass
transport within 3D hydrogel, a microfluidic platform integrated
with a 3D hydrogel matrix can establish stable chemical gradi-
ents for studying 3D chemotactic invasion. Sun et al. employed
chemical reagents to generate an oxygen gradient for studying
the effect of hypoxia on cancer cell migration in 3D culture. It
was well recognized that hypoxia and fibroblasts jointly enhanced
cancer cell migration.[124] Using a novel microfluidic chip per-
mitting side-by-side positioning of 3D hydrogel-based matrices,
Truong et al. demonstrated that a transient gradient of epidermal
growth factor significantly enhanced SUM159 breast cancer cell
invasion.[125] In a separate study, interstitial fluid pressure was
found to promote collective tumor cell invasion in an engineered
chip by increasing the expressions of Snail, E-cadherin, and Vi-
mentin involved in EMT.[126] These findings emphasize the im-
portance of the chemical and physical cues in the dynamic mod-
eling of in vivo TME for investigating tumor invasion.

Modeling Tumor Cell Intravasation and Extravasation: Dur-
ing metastasis, the steps involved in the transmigration of tu-
mor cells across the endothelium have been defined as essential
and possibly rate-limiting steps of the metastatic cascade. There-
fore, various microfluidic tumor-vascular models have been de-
veloped to study cancer cell intravasation and extravasation. In
one study, an intravasation model on a chip was developed to vi-
sualize the interaction between endothelial cells and invasive fi-
brosarcoma cells (HT1080) (Figure 5e). It was observed that car-
cinoma cell intravasation was significantly increased in the pres-
ence of macrophages due to the endothelial barrier impairment
by macrophage-secreted TNF-a.[127] Using a similar 3D vascular-
ized microfluidic model, Boussommier-Calleja et al. investigated
the impact of human monocytes on cancer cell extravasation (Fig-
ure 5f).[128] Their results demonstrated that human monocytes di-
rectly decreased the extravasation of tumor cells in a noncontact-
dependent manner. However, once monocytes transmigrated
through the vasculature and became macrophage-like, they had
little influence on tumor cell extravasation. This finding could be
useful for exploring new antimetastatic therapeutic methods by
targeting the crosstalk between monocytes and cancer cells.

The effect of other immune cells in facilitating tumor cell ex-
travasation has also been presented in the microfluidic tumor-
vascular models. In one study by Crippa et al., a human early
metastatic niche-on-a-chip model was developed to study how
neutrophils and platelets affected cancer cell extravasation. It was
found that the presence of neutrophils and platelets dramatically
enhanced the trans-endothelial migration of cancer cells.[129] Re-
cently, luminal and trans-endothelial fluid flows were also incor-
porated into a 3D microvascular platform to investigate their role
in cancer cell extravasation. The authors found that luminal flow
enhanced tumor cell extravasation via increased intravascular mi-
gration speed.[130] In a different approach, a microfluidic lumen-
based platform was developed to investigate the impact of cancer-
vascular signaling cues on cancer extravasation.[131] Their results
demonstrated that the extravasation of breast cancer cells was
promoted by the upregulation of several secreted factors such as
IL-6, IL-8, and MMP-3.

Metastasis organ specificity and extravasation appear to be
tightly coupled because specific chemo-attractant molecules are
secreted by organ-specific stromal cells.[132] To unveil the un-
derlying mechanism of organ-specific metastasis, organ-specific
human 3D microfluidic models have been established. For ex-
ample, a three-channel microfluidic platform containing a mi-
crovascular network embedded in a bone-like or muscle-like
microenvironment was used to study organ-specific cancer cell
extravasation.[132] The bone environment was created by co-
culturing primary human bone marrow-derived mesenchymal
stem cells (BM-MSCs) and osteoblasts with endothelial cells in
ECM. By contrast, the ECM gel of the muscle microenviron-
ment was seeded with C2C12 myoblasts and HUVECs. It was
found that the extravasation rate and vessel permeability were
much higher in the bone-mimicking microenvironment than in
the muscle-mimicking microenvironment. A deeper analysis re-
vealed that the presence of C2C12-secreted adenosine signifi-
cantly decreased the extravasation of cancer cells within the bone
microenvironment. Similarly, Kwak and Lee modeled organ-
otypic bone and lung metastasis in breast cancer on a microflu-
idic tumor-lumen device where subpopulations of MDA-MB-
231 were introduced into a blood vessel surrounded by organ-
specific parenchymal cells.[133] Their results showed that the
lung-mimicking microenvironment enhanced lung-tropic breast
cancer extravasation, while the bone microenvironment with os-
teoblasts and BM-MSCs promoted the bone-tropic breast cancer
extravasation. In addition, the Kamm group developed a brain-
metastasis microvascular microfluidic model to understand the
mechanisms of breast cancer extravasation through the BBB.[134]

They observed that astrocytes directly enhanced tumor cell ex-
travasation across the BBB via C-C motif chemokine ligand 2
(CCL2) secretion, which was similar to in vivo observations.
These findings indicate that this microfluidic metastatic platform
has the potential to act as a robust, complementary approach to
in vivo experiments.

Various microfluidic metastatic models have been developed
to understand the cellular and molecular players in the complex
metastasis cascade. However, the limitation is that most of them
only captured one step of metastasis. More comprehensive mi-
crofluidic devices are needed to mimic in vivo metastasis process,
especially multiorgan chips.
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3.3.2. Microfluidic Modeling Response to Cancer Treatments

In the last decades, many microfluidic 3D tumor models have
been developed to investigate how microenvironmental cues
(e.g., stromal fibroblasts, vasculature, hypoxia) affect cancer cell
responses to anticancer drugs. One 3D microfluidic invasion
platform that compartmentalizes SUM159 breast cancer cells
and stromal fibroblasts in a 3D gel was reported for assessing
the efficacy of suberoylanilide hydroxamic acid (SAHA) in the
treatment of solid tumors (Figure 6a).[135] Using this model, the
authors demonstrated that SAHA significantly reduced the mi-
gration of SUM159 breast cancer cells even in the presence of
CAFs, suggesting that CAFs had no effect on drug resistance.
Another microfluidic model integrating cancer cells with fibrob-
lasts in proximity within a hydrogel matrix revealed that com-
pared to monoculture, cancer cells cocultured with fibroblasts
had a higher level of fibronectin expression with reduced drug
uptake.[136]

Apart from stromal fibroblasts, vasculature in the TME is also
crucial for drug delivery and cancer cell survival because anti-
cancer therapeutics need transport across the endothelial barrier
to tumor sites. Furthermore, microvascular dysfunction resulting
from anticancer drug treatment in turn reduces treatment effi-
cacy. Therefore, the development of 3D vascularized tumor mod-
els on a chip for testing drug response has been attracting more
attention in recent years. For example, Agarwal et al. engineered
a 3D vascularized tumor model by integrating modular avascu-
lar microtumors and stromal cells (endothelial cells and human
adipose mesenchymal/stromal stem cells) into a microfluidic
device.[72] This platform was utilized for testing the anticancer ef-
ficacy of free doxorubicin and doxorubicin-encapsulated NPs. It
was demonstrated that the vascularized 3D tumors were more re-
sistant to free doxorubicin than 2D-cultured cancer cells and avas-
cular microtumors, while this effect was significantly diminished
by nanoparticle-mediated drug delivery (Figure 3d). These results
proved the importance of replicating the TME in evaluating treat-
ment efficacy. Another similar study by Nashimoto et al.[81] also
revealed that the perfusable vascular network significantly en-
hanced tumor cell survival at a low dose of paclitaxel compared to
that without vasculature, further demonstrating the importance
of the stroma in drug delivery. In addition, a microfluidic device
coupling 3D tumor spheroids with an oxygen gradient was devel-
oped to study how oxygen levels influence the cytotoxicity of two
chemotherapeutic drugs (doxorubicin (Dox) and tirapazamine
(TPZ)) in breast tumor spheroids (Figure 6b).[68a] It was found
that tumor cell survival in Dox treatment remarkably increased
under low oxygen conditions, while TPZ showed higher cytotoxi-
city under hypoxia, which was consistent with in vivo data. These
findings indicated that this platform might provide a better pre-
diction of drug cytotoxicity under different oxygen levels.

Organoid-on-a-chip platforms have also been developed to
evaluate the efficacy of anticancer therapeutics.[103,137] An
automated high-throughput microfluidic device was devel-
oped for drug screening on patient-derived pancreatic tumor
organoids.[105] Using this system, the authors observed that sig-
nificant differences in the response of individual PDOs to specific
drug treatments and dynamic drug treatments could be more ef-
fective than constant-dose therapy in vitro, indicating that this
platform holds great potential to make clinical decisions for per-

sonalized therapy. Similarly, another microfluidic chip integrat-
ing organoid-culturing arrays and a concentration gradient gen-
erator was developed by Prince et al. for multiplexed anticancer
drug testing (Figure 6c).[106] Using this device, massive arrays of
breast cancer organoids from two patients could be efficiently
generated in a biomimetic hydrogel (within 72 h) and the drug
sensitivity of patient-derived organoids in this platform captured
in vitro and in vivo drug efficacy. These results demonstrated that
this microfluidic platform could be utilized for antitumor drug
screening and the development of personalized cancer therapies.

The variability of patient response to specific drugs poses a
challenge in cancer treatments due to inter-patient tumor het-
erogeneity. To overcome this problem, patient-specific organ-
otypic models in vitro also emerge for drug screening. For ex-
ample, Jiménez-Torres et al. reported an organotypic blood ves-
sel model from patient-derived normal endothelial cells and tu-
mor endothelial cells for testing antiangiogenic drugs in RCC
(Figure 6d).[138] In this work, vessels were treated with two pop-
ular antiangiogenic agents (e.g., pazopanib and sunitinib) for
RCC. They found that vessels from individual patients showed
a highly variable response and dose dependence to these two
drugs, highlighting the importance of creating a more person-
alized model for predicting drug efficacy. In another study from
the same group, the authors further demonstrated the ability of
their model to replicate phenotypic differences between normal
and tumor-associated blood vessels.[139] They identified two alter-
native therapeutics (nintedanib and sirolimus) with the potential
to target tumor-associated vessels.

In another example, combination therapies were evaluated
by engineering a microfluidic organotypic model that incorpo-
rated tumor spheroids isolated from patient-derived xenograft
(PDX) models of HER2-mutant nonsmall cell lung cancer in a
3D collagen environment.[140] This system could rapidly iden-
tify the efficacy of neratinib-based drug combinations (e.g., ner-
atinib/trastuzumab and neratinib/temsirolimus), and the find-
ings correlated well with HER2-mutated PDX models, suggest-
ing that this in vitro system potentially predicts in vivo drug effi-
cacy.

Although these models provide a powerful platform for screen-
ing anticancer therapeutics and facilitating individual treatment
decisions, other microenvironmental factors of TME, such as
CAFs, are not incorporated into these models. Most recently,
Beebe group developed a microfluidic organotypic coculture
model with lymphatic endothelial cells and CAFs isolated from
head and neck cancer patients.[141] Using this device, they found
that IGF-1, a lymphangiogenic gene, was upregulated among all
patients, while the anti-IGF-1 treatment was ineffective at reduc-
ing lymphangiogenesis or permeability across different patients,
suggesting that personalized treatment for individual patients is
required.

Despite the massive advancements in chemotherapies in the
last decades, the efficacy is far from satisfactory due to poor
accumulation in tumor sites, nonspecific toxicity, and drug
resistance.[142] To address these therapeutic issues, nanoparticles
(NPs) for chemotherapeutic agent delivery are applied to cancer
treatments due to their remarkable advantages in increasing drug
solubility, improving the bioavailability of drugs, reducing non-
specific toxicity, and prolonging circulation time.[143] Various 3D
microfluidic chip-based in vitro models have also been reported
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Figure 6. Microfluidic modeling of tumor response to therapeutics. a) Microfluidic invasion model that captures the crosstalk between tumor cells and
CAFs for anticancer drug studies. Scale bar is 125 μm. Reproduced with permission.[135] Copyright 2017, Royal Society of Chemistry. b) Schematics of
oxygen gradient-array microfluidic device for studying the effect of oxygen levels on drug cytotoxicity in tumor spheroids. Reproduced with permission.[68a]

Copyright 2021, IOP Publishing. c) Illustration of microfluidic arrays to generate PDOs for developing personalized cancer therapies. Reproduced with
permission.[106] Copyright 2021, Wiley-VCH GmbH. d) Microfluidic lumen-based system for evaluating anti-angiogenesis treatment in RCC patients.
Reproduced with permission.[138] Copyright 2019, Elsevier. e) Tumor-vasculature-on a-chip for drug-loaded nanoparticles evaluation. Reproduced with
permission.[144] Copyright 2018, American Chemical Society. f) 3D microfluidic cancer angiogenesis-on-a-chip for RNAi-based nanomedicine evaluation.
Scale bar is 200 μm. Reproduced with permission.[116] Copyright 2021, American Chemical Society.

to assess the efficacy and safety of anticancer drug-loaded
nanoparticles in a more physiological environment. For example,
a tumor-vasculature-on-a-chip model containing ovarian tumor
spheroids embedded in the bottom gel channel and endothelial
cells seeded in the top channel was developed to study NP extrava-

sation and tumor accumulation (Figure 6e).[144] This setup cap-
tured the key biological barriers involved in NP delivery in vivo,
including the leaky tumor vasculature and dense extracellular
matrix. Using this device, the authors found that the presence of
these two barriers significantly decreased the permeability of NPs

Adv. Healthcare Mater. 2023, 12, 2202609 2202609 (15 of 23) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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compared to the individual barrier of leaky vasculature and dense
tumor ECM. Furthermore, the cellular uptake of targeted and un-
targeted NPs in tumor spheroids exhibited no significant differ-
ences in this model, which was in line with findings in animal
models. In another study, a microfluidic tumor vascular model
was engineered by Jeon group for the accurate evaluation of RNA
interference-based antiangiogenic nanomedicine (Figure 6f).[116]

It was demonstrated that the siVEGFR-loaded nanoparticles ef-
fectively inhibited the angiogenic sprouting without affecting the
viability of endothelial cells.

Taken together, all these results suggested that 3D microflu-
idic tumor models can serve as a reliable and predictive platform
for assessing anticancer therapeutics (e.g., molecular, NP-based,
and cellular therapies.), investigating combinatorial drug ther-
apy, and developing personalized treatments in an in vivo-like
TME. Moreover, given the excellent control of fluid flow, the vas-
cularized tumor chips are particularly helpful in studying how
tumors respond to drugs in a physiological blood flow condition.

3.3.3. Microfluidic Modeling Blood–Brain Barrier

Glioblastoma (GBM) remains the most aggressive primary brain
cancer, with a median survival of 12–15 months.[145] The stan-
dard of care for GBM is surgical resection followed by radiation
therapy and chemotherapy, but only limited success has been
achieved. One major reason is the presence of the highly selec-
tive, semipermeable blood–brain barrier in the central nervous
system (CNS). The BBB is a physiological barrier between pe-
ripheral blood circulation and the CNS to protect the brain from
pathogens and toxins, enabling retain the brain homeostasis.
Compared to the typical blood vessels in other human organs, the
BBB is more complex and composed of endothelial cells (ECs),
pericytes (PCs), supporting glial cells (astrocytes (ACs) and mi-
croglia), basement membranes, and the ECM, which are indis-
pensable for retaining the BBB integrity. The BBB restricts the
delivery of most substances to the brain and thereby limits the
therapeutic efficacy of most chemotherapies. To explore efficient
therapeutic strategies that can penetrate the BBB, a deeper un-
derstanding of this multicellular and complex barrier is needed.
Current BBB studies prominently depend on in vitro cell-based
models and in vivo animal models. However, these approaches
suffer from low throughput, ethics concerns, or lack of physio-
logical relevance, respectively. Thereby, developing a 3D in vitro
BBB model that could faithfully emulate the structure and func-
tion of the BBB is urgent.

Design of 3D BBB Microfluidic Models: In terms of structural
design, current 3D BBB-on-a-chip platforms can be divided into
four types:[145] 1) sandwiched design with an upper vascular and
a lower brain layer separated by a porous membrane; 2) parallel
design with aligned channels connected by PDMS microchan-
nels or micropillars; 3) tubular design with circular cross-section
lumens in a 3D matrix, and 4) vasculogenesis designs with neo-
vascular network formation within gels. Although sandwiched
and parallel designs are the two most commonly used models
to recreate the human brain physiology, most of the microchan-
nels are rectangular, resulting in nonuniform shear stress pro-
files along the vascular endothelium. An improved strategy is de-
veloping gel-based 3D BBB devices with cylindrical microchan-

nels by using microneedles as templates or viscous finger pat-
terning. Such tubular vascular structure enables constant flow
along the lumen. In addition, the vasculogenesis strategy has also
been explored to reconstruct 3D neurovascular networks. In this
approach, endothelial cells self-organize into in vivo-like capillary
networks in gel-filled channels.

As mentioned above, all cell types involved in the neurovas-
cular unit are indispensable for maintaining the BBB integrity.
Therefore, to design an appropriate BBB model, the selection
of cell types and sources should be taken into consideration.
Initially, ECs and ACs isolated from rat, bovine, and porcine
were utilized to construct functional BBB.[146] In one study, Adri-
ani and coworkers engineered a 3D neurovascular microfluidic
model by incorporating a compartmentalized 3D monolayer of
human ECs in coculture with primary rat ACs and neurons (Fig-
ure 7a).[147] As a result, a structural in vitro BBB model with size-
selective permeability was generated, but this platform lacked in
vivo-like direct interfaces between vascular networks and astro-
cytes. As such, a novel 3D BBB-on-a-chip model with direct con-
tact between astrocytes and a perusable vascular network was pro-
posed by embedding HUVECs in a fibrin hydrogel and cocultur-
ing rat neural cells (ACs and neurons) in an adjacent channel
(Figure 7b).[148] It was observed that direct interaction with rat
neural cells was responsible for low permeability. However, these
models have some drawbacks. First, HUVECs form a leakier bar-
rier than brain endothelial cells.[147,149] Second, using rat neural
cells in these models may pose cross-species compatibility. Third,
PCs are not considered in these models while they are recognized
as a critical component of the BBB.[150]

To address these limitations, Jeon group proposed a microflu-
idic in vitro BBB system with primary human cells (brain ECs,
hPCs, and hACs) through angiogenesis (Figure 7c).[151] It was
confirmed that tri-culture of brain ECs with pericytes and as-
trocytes was essential for maintaining BBB phenotypes such
as narrow vascular morphology, low vascular permeability, and
functional efflux transporter. Human primary cells are ideal but
expensive and difficult to obtain. Alternatively, human-induced
pluripotent stem cell-derived endothelial cells (iPSC-ECs) with
self-renewal capability hold great potential in constructing BBB
models in vitro. A 3D BBB microvascular network model was en-
gineered with the coculture of human iPSC-ECs, brain ACs, and
PCs in a 3D fibrin hydrogel (Figure 7d),[152] which showed that
a perfusable and well-connected microvascular network (μVN)
was formed via the self-organization of all cell types. Moreover,
direct interaction of the μVN with human neural cells has ren-
dered the microvasculature with low permeability, comparable to
that present in rat brains. Taken together, the authors provided
a robust and reliable method to establish more physiologically
relevant BBB models.

Applications in Modeling Brain Tumors And Metastasis: Ini-
tially, most studies rely only upon coculturing of glioma stem
cells (GSCs) with ECs to mimic the glioma microenvironment.
As a way to study GSCs-vascular crosstalk, Truong et al. designed
a 3D organotypic microfluidic model by coculturing patient-
derived GSCs and HUVECs in hydrogel-filled chambers.[153]

They demonstrated that the well-established microvascular net-
work boosted GSC invasion as well as maintained GSC prolif-
eration ability and stemness phenotype. Importantly, GSC in-
vasion in this microfluidic platform was consistent with those
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Figure 7. Microfluidic modeling of blood–brain barrier. a) A 3D neurovascular microfluidic model consisting of HUVECs, rat neurons and astrocytes.
Reproduced with permission.[147] Copyright 2017, Royal Society of Chemistry. b) A low permeability microfluidic BBB platform incorporating vascular
networks and rat neural cells (neurons and astrocytes). Reproduced with permission.[148] Copyright 2017, Springer Nature. c) Schematic representation
of a microfluidic brain angiogenesis model containing human brain endothelial cells and human neural cells. Scale bar = 100 μm. Reproduced with
permission.[151] Copyright 2019, Wiley. d) Schematic view of 3D BBB microvascular network model mimicking the microvascular structure present in
the brain environment. Scale bars:100 μm. Reproduced with permission.[152] Copyright 2018, Elsevier. e) Schematics of a 3D in vitro BBB microvascular
model to study brain metastasis. Reproduced with permission.[134] Copyright 2021, American Association for the Advancement of Science. f) Microfluidic
lumen-based BBB model to evaluate drug response of GBM spheroids. Reproduced with permission.[159]Copyright 2021, Wiley-VCH GmbH.

observed in vivo, suggesting this system could represent a phys-
iologically relevant in vitro microenvironment. Lin et al. sought
to design a GBM-on-a-chip for mimicking the glioma immune
niche through incorporating glioma cells, endothelial cells, and
macrophages in hydrogel-based biomaterials.[154] Using the de-
vice, the authors were able to separately observe the morphol-

ogy change and migration of glioma cells in the presence of
macrophages. It is worth noting that the majority of these studies
did not include other supporting niche-specific cell types, such
as ACs, and PCs. To create a realistic and complex microenvi-
ronment model, Adjei-Sowah et al. proposed an organotypic tri-
culture microfluidic model containing ECs, ACs, and GSCs.[155]
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Using single-cell RNA sequencing, 15 ligand–receptor pairs were
identified to be related to the chemotactic invasion of GSCs to-
ward the perivascular niche.

The BBB models have also been utilized to advance our insight
into the mechanisms involving brain metastases of malignant
cancer cells. For example, by using a sandwiched design, Altemus
et al. observed the whole process of breast tumor metastasis to the
brain and found that the integrity of BBB could be compromised
by invading cancer cells.[156] However, the use of sandwiched de-
sign comes with some drawbacks-its difficulty to achieve high-
resolution images due to the cell seeding configuration and low-
throughput screening. To overcome these drawbacks, Xu et al.
designed a BBB-on-a-chip using the parallel design.[146] In this
study, several cancer cell types were introduced into the vascu-
lar compartment to mimic the procedure of tumor cell extravasa-
tion across the BBB. It was demonstrated that lung cancer, breast
cancer, and melanoma cells could cross the BBB while liver can-
cer did not.[146] Further advancement in microfluidic modeling
brain metastases is by designing a 3D in vitro BBB microvascular
model through coculture of all relevant cell types in the BBB to ex-
plore cancer extravasation at the brain (Figure 7e).[134] Using this
triculture BBB model, the researchers found that the presence of
astrocytes in the microvascular networks directly promoted tu-
mor cell transmigration into the brain tissue through their secre-
tion of CCL2.

Applications in Evaluating GBM Therapies: Owing to re-
stricted transport of therapeutics across the BBB, developing
new drugs for effectively targeting brain tumors is a current
research hotspot. Kamm group designed and fabricated a mi-
crofluidic 3D in vitro human BBB model composed of self-
assembled human ECs, ACs, and PCs to quantify nanoparti-
cle delivery across the human BBB.[157] It was found that this
platform allowed for a more rapid assessment of PEG-coated
nanoparticle transport to the brain than using a 2D transwell
setup (5 min vs 3 h). Furthermore, surface modification of NPs
with holo-transferrin enhanced NP accumulation in brain tis-
sue, suggesting its potential to screen preclinical nanotherapeu-
tics To precisely predict the performance of drugs in human pa-
tients, the same group recently engineered an in vitro vascular-
ized GBM-on-a-chip featuring GBM spheroids embedded in a
self-assembled BBB vasculature.[158] Using this model, the au-
thors observed close-to-physiology brain tumor vasculature with
low permeability and enhanced junction and transport protein
expression. More importantly, this model allowed assessing the
GBM-targeting ability of surface-functionalized nanomedicines
in a realistic setting. It was demonstrated that these function-
alized nanoparticles improved efficacy and targeted delivery of
encapsulated cisplatin both in vitro and in vivo. Another dif-
ferent GBM model was designed by incorporating brain tumor
spheroids into a lumen-based BBB chip (Figure 7f).[159] Using
this model, the authors studied the effect of the human GBM en-
vironment on tumor behaviors and drug response. They found
that the brain tumor spheroids (T98G) cocultured with BBB-
composing cells displayed more aggressiveness, higher drug re-
sistance, and produced higher concentrations of inflammatory
cytokines. Moreover, the transport of BBB-nonpenetrating drugs
could be enhanced via chemically opened BBB. All these results
indicated that advanced 3D GBM models might be used as ro-
bust in vitro platforms to investigate the mechanism of GBM

and monitor drug responses under the crosstalk of the BBB
with brain tumor. In addition, the efficacy of programmed cell
death protein-1 (PD-1) checkpoint immunotherapy was also eval-
uated on a patient-derived GBM-on-a-chip model, which con-
sisted of two peripheral regions for vascular growth and middle
regions for GBM growth.[160] Using this platform, the researchers
dissected macrophage-mediated angiogenesis and immunosup-
pression involved in regulating resistance to immunotherapy.

4. Challenges and Future Perspectives

Over the past decade, tremendous efforts have been focused
on developing and validating various biomimetic in vitro 3D
tumor models ranging from homotypic spheroids to heteroge-
neous organoids and complex perfusable tumor-on-a-chip. The
advancement in biofabrication technologies allows these 3D tu-
mor models to exhibit physiologically similar features to in vivo
tumors in terms of tissue-specific ECM and biomimetic tumor
microstructure. Although these models have deepened our in-
sight into cancer biology and accelerated anticancer drug devel-
opment, some limitations still need to be addressed before they
find widespread applications.

First, tumor vasculature should be incorporated to predict drug
efficacy as it plays an instrumental role in tumor growth and
metastasis. Fortunately, with the development of biofabrication
techniques, microfluidic and 3D bioprinting technologies have
been employed to create more in vivo-like perfusable 3D tumor
models in the biomimetic matrix.[72,161] Nonetheless, these ap-
proaches are still in the initial stages and should be further ex-
plored in the field of vascularized cancer modeling. Meanwhile,
other key aspects, including reproducibility, long-term culture,
and scalability into high-throughput screening, should also be
considered for establishing spheroids/organoids with functional
and perfusable vascular systems.

Second, the native TME with tissue-specific ECM composi-
tion and dynamically tunable mechanical properties should be
taken into consideration. To date, various natural and synthetic
hydrogels have been adopted for engineered tumor tissues, in-
cluding Matrigel, collagen, fibrin, alginate, PEG, etc. However,
these compositions are inherently distinct from that of the na-
tive TME. A creative solution to this challenge is using decellu-
larized matrix isolated from patient tumor issues.[99b,162] Notably,
the mechanical stiffness of the surrounding ECM is constantly
increasing during tumor progression. Increasing matrix stiffness
has been demonstrated to be correlated with tumor proliferation
and chemotherapeutic resistance.[163] More recently, another in-
teresting mechanical property, stress relaxation, was also shown
to affect cell fate and drug response.[164] As such, the supporting
matrix for 3D culture should mimic both biochemical and bio-
physical cues of the native TME.

Third, in vitro models that are based on patient-derived
cancer cells are urgently needed. The high inter- and intra-
patient heterogeneity leads to a large variability in patients’ re-
sponses to cancer treatments. This calls for a need to model
the TME using patient-derived cells or iPSC-derived cells. How-
ever, developing such models is still challenging because dif-
ferent cell types require specific isolation protocols and cul-
ture conditions to maintain their functions. A recent study for
breast cancer demonstrated that this could be improved through
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medium optimization.[84] However, it is still uncertain whether
this method may be expanded to other cancer types and how
the efficiency of organoid formation is. In addition, CTC-derived
tumors also attracted increasing attention as they share histo-
logical and immunohistochemical features of the donor patient
tumor,[165] but their culture conditions remain to be optimized.

Fourth, the standardization of the models raises another im-
portant point. To adequately reflect the human TME, the mod-
els are required to contain the most necessary components and
biochemical/biophysical factors, which would generally sacrifice
fidelity and throughput and pose another challenge for drug dis-
covery and testing. As such, it is necessary to find a balance be-
tween automation and complexity for diverse applications. Addi-
tionally, current cancer on-a-chip platforms rely much on PDMS,
while it suffers from nonspecific absorption of drugs and pro-
teins, driving its use away from drug screening. Further innova-
tion on novel materials and robust rapid prototyping techniques
continues to be required. In addition to scalability, the integration
of functional biosensors or standard equipment with these sys-
tems is necessary, which will speed up the automation and boost
their potential for clinical translation.

Finally, another critical concern in engineering more robust
tumor chips is by creating multiorgan-on-a-chip. By using this
type of model, the side effects of anticancer drugs can be
examined.[166] This system has also provided a promising tool
for studying the crosstalk between tumor metastasis and distant
organs,[167] but the development of a universal culture medium
that sustains cell viability and functionality across different types
of organ chips for a long time remains a considerable challenge.

5. Conclusions

In this review, we have summarized recent advances in the es-
tablishment of 3D in vitro cancer models. Various cancer mod-
els have been engineered to mimic the complexity of TME, in-
cluding ECM composition, hypoxia, interstitial flow, and cell–cell
interactions. Although there are still many barriers on the road
to engineering pathologically relevant in vitro models, the mod-
els reported so far have already advanced fundamental cancer re-
search and paved the way for preclinical studies and drug discov-
ery. With the development of next-generation biomaterials and
microfabrication technologies, we envision that more physiolog-
ically representative 3D tumor models could be created in the fu-
ture by coupling multiple technologies, including microfluidics,
3D bioprinting, hydrogel engineering, and spheroid/organoid
techniques.
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