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Recent advances in spheroid-based microfluidic
models to mimic the tumour microenvironment
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Three-dimensional (3D) multicellular spheroid models can recapitulate the human tumour microenvi-

ronment with more accuracy than conventional cell culture models, as they include complex architectural

structures and dynamic cellular interactions. Among the diverse platforms for spheroid formation, microfl-

uidic platforms have been extensively applied to study spheroids because they can mimic the in vivo

microenvironment. This review provides an overview of the advantages of 3D spheroid cultures with a

summary of the recent applications for tumour microenvironment-focused cellular interactions, as well

as the studies on spheroids and external stimuli. These 3D tumour spheroid-based microfluidic devices

will provide a platform for a better understanding of cellular and external interactions, as well as the dis-

covery of cancer therapeutics.

Introduction

As model platforms for human cancer and other diseases, two-
dimensional (2D) monolayer in vitro and in vivo models are
presently used for drug screening, basic biology studies, and
tissue engineering.1 Although 2D monolayer models are more
cost-effective and convenient, they cannot mimic the complex
physiological environment of the human body.2 In vivo animal
studies can emulate actual physiological conditions better
than 2D cultures. However, they still have several drawbacks,
such as ethical concerns, cost issues, and different immune
results compared to those for humans.3 Therefore, neither
approach is ideal for modelling diseases and routine appli-
cations in therapeutic studies. Considering the importance of
the tumour microenvironment in creating tumour models
in vitro, three-dimensional (3D) cell culture has emerged as an
alternative. 3D cultures can provide a physiologically relevant
microenvironment compared to 2D cultures and are more
cost-effective compared to in vivo cultures, with no associated
ethical issues. Thus, the use of 3D tumour models could help
overcome the limitations of 2D cultures and in vivo experi-
ments while providing results consistent with those of in vivo
studies (Fig. 1).

3D in vitro culture models have been widely used in tissue
engineering, biomedical engineering, disease studies, and
drug discovery.4 Spheroids are cellular aggregates with a small,
tightly-bound spherical shape grown in suspension or

embedded in a 3D matrix using 3D culture methods.5 Cancer
cell spheroids, also known as multicellular tumour spheroids,
exhibit avascular tumour nodules or micrometastasis.6 3D
tumour spheroids can mimic cell–cell and cell–matrix inter-
actions between tumour cells and the tumour microenvi-
ronment, as well as physiological transport characteristics.
Larger-sized spheroids are able to sustain oxygen and nutrient
gradients, leading to the formation of a necrotic core that can
be found in poorly vascularised tumours in vivo.7 Moreover, 3D
tumour spheroids better resemble clinical tumours in terms of
protein and gene expression profiles compared to 2D culture
models.8

Several 3D cell culture methods have been developed for
the formation of 3D spheroids. The most suitable technique
can be chosen depending on the type of cell, tissue origin, aim
of the study, and need for high-throughput capabilities.
Several culture tools are available for 3D spheroid formation,
including bioreactors, gel-embedded systems, hanging-drops,
droplet reactors, microfluidics, and 3D bioprinting.9

Along with the 3D cell culture techniques, well-established
techniques must be adapted to thoroughly characterise
these complex cellular aggregates. Such characterisation is
required to extract relevant biological data and standardise
techniques and protocols for spheroid validation in preclinical
assays.

This article reviews the 3D spheroid formation
methods and highlights their applications in studying cell–cell
interactions and external biophysical interactions in the
tumour microenvironment. Furthermore, the review also dis-
cusses the limitations of the current spheroid-based in vitro
microfluidic models and proposes future research
opportunities.

aDepartment of Biomedical Engineering, Ulsan National Institute of Science and

Technology (UNIST), Ulsan, Korea. E-mail: ykcho@unist.ac.kr
bCenter for Soft and Living Matter, Institute for Basic Science (IBS), Ulsan, Korea

This journal is © The Royal Society of Chemistry 2022 Analyst, 2022, 147, 2023–2034 | 2023

Pu
bl

is
he

d 
on

 2
1 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
9/

01
/2

02
6 

16
:4

6:
24

. 

View Article Online
View Journal  | View Issue

http://rsc.li/analyst
http://orcid.org/0000-0001-6423-1834
http://crossmark.crossref.org/dialog/?doi=10.1039/d2an00172a&domain=pdf&date_stamp=2022-05-11
https://doi.org/10.1039/d2an00172a
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN147010


Spheroid formation platforms
Bioreactors

Bioreactors are widely used to prepare spheroids with precise
control and reproducibility (Fig. 2A). Cells with optimal
density are placed in the bioreactor chamber under continuous
agitation using a pump system through a scaffold. Bioreactors
are equipped with systems to provide efficient nutrient circula-
tion, waste removal, and physical and chemical homogen-
eity.10 Bioreactor spheroid formation models are more suited
for large-scale spheroid production at an industrial level than
other spheroid formation methods.

Massai et al. developed a versatile bioreactor designed for a
dynamic suspension cell culture to study the effect of shear
stress conditions on tumour spheroids.11 They were able to
tune the shear stress of the bioreactor and demonstrated that
the ultralow shear suspension provided by the bioreactor was
beneficial for spheroid culturing. Additionally, Zhang et al.
used a microgravity bioreactor for developing biomaterial-free-
mediated spheroid formation to maintain the properties of
adipose-derived stem cells.12 They were able to form spheroids
with enhanced stemness properties using only the micrograv-
ity bioreactor, without any additional biomaterials. For encap-
sulation of human pluripotent stem cells (hPSCs) and for-
mation of spheroids in scale-up, Fattahi et al. developed a bio-
reactor model where microcapsules shield cell spheroids
against shear stress in the bioreactor.13 The use of hydrogel
microcapsules can prevent damage to the cells compared with

bare cells in the bioreactor. Moreover, the encapsulation did
not affect the pluripotency state and differential potential of
the hPSC spheroids.

Bioreactors are advantageous because they can produce a
large number of heterogeneous spheroids; however, the pro-
duced spheroids are randomly distributed in size and cell
population, which requires manual selection steps for spher-
oid placement onto a dish.

Gel-embedded platforms

The formation of spheroids in gel-embedded structures is a
widely used method (Fig. 2B). Hydrogels are commonly used
for cell culture because they can mimic the elements of the
native extracellular matrix (ECM), support cell adhesion, and
exhibit mechanical properties similar to those of soft tissues.14

The protein-based biocompatible hydrogels, such as collagen,
Matrigel, or fibrin, are most widely used for cell culture.15 The
gel-embedded spheroids are suitable for studying chemotaxis
and the metastatic behaviour of spheroids, as well as the co-
culture of stromal cells with spheroids.16

Charoen et al. described a simple method for embedding
spheroids within collagen gels followed by whole spheroid and
single-cell analysis to evaluate the efficacy of anticancer thera-
peutics.17 Spheroids were externally grown in agarose-coated
well plates and seeded into collagen gels. As the collagen-
based ECM structure surrounds the spheroids, spheroids
respond differently to chemotherapeutics and drug delivery
than 2D monolayer cultures, mirroring the results observed in

Fig. 1 Scheme of tumour cell engineering platforms and the development of tumour spheroids and their applications. Various methods for model-
ling tumour cell cultures are introduced depending on their throughput and physiological relevance (top). Overall introduction to the development
of tumour spheroids including what they look like, where they can be cultured, and how they can be used as an in vitro study model (bottom).
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a murine xenograft model. Similarly, Shin et al. reported a
microwell platform fabricated in a hydrogel scaffold for study-
ing chemotherapy using Matrigel-embedded 3D spheroids.18

Uniform-sized spheroids were grown in the microwells of the
hydrogel scaffold and directly used to study the therapeutic
efficiency of an anticancer drug. Morello et al. developed a
thermo-sensitive, natural polymer-based hydrogel consisting
of chitosan and pectin. The hydrogel exists in a gel state at
room temperature and in a liquid state at higher temperatures,
and supports the culture of tumour spheroids up to 44 days of
culture.19

These findings highlight the benefits of gel-embedded
spheroid formation, as covalently cross-linked hydrogels have
enabled advanced cancer research, providing a natural tumour
microenvironment for spheroid cultures. However, gel-
embedded spheroids have limitations such as high cost and
the need for manual operation.

Hanging drop plates

The hanging drop method for producing spheroids provides
simplicity and reproducibility in generating uniform-sized
spheroids (Fig. 2C). In this method, cells are placed in a
hanging drop culture plate and incubated until the cells form
3D spheroids.20 As the hanging drop method requires relatively
less specialised equipment compared with other spheroid
culture methods and can be adapted to general culture con-
ditions with high throughput, it is preferred as a simple
culture method for the formation of spheroids.21

While most hanging drop culture plates are made of
plastic materials, Michael et al. demonstrated a hanging
drop system for spheroid culture using surface-engineered

paper.22 They utilised the porous properties of papers, com-
bined with wax-patterned microfluidic channel networks,
and performed in situ analyses such as drug testing, time-
dependent detection of secreted proteins, and fluorescence
staining without disturbing the spheroids. Zhao et al. devel-
oped a 3D printed hanging drop dripper for efficient spher-
oid culture and analysis without retrieval.23 Utilising a
benchtop 3D printer, they printed an artefact that enables
hanging drop formation and avoids the tedious fabrication
process based on micromechanical systems. This system
allows the long-term culture of spheroids and subsequent
analysis as the spheroid drips from the array, eliminating the
need for retrieval.

Liu et al. developed a polydimethylsiloxane (PDMS) plat-
form for spheroid formation, culture, and drug response ana-
lysis.24 The platform was developed by punching holes on a
3 mm-thick PDMS layer with a flat needle. Due to PDMS defor-
mation, the punched holes had wide ends and a narrow
middle. Droplets were formed through the microholes, and
tumour spheroids were cultured in the droplets.

Cui et al. applied the hanging drop method to develop a
droplet microarray.25 This platform is based on a droplet
fusion technique, where individual cell spheroids are merged
into multicellular architectures. Fused multi-spheroids devel-
oped cell–cell interactions at the interface of the individual
spheroids and evolved into single 3D cell structures over time.
The complex spheroids formed with the fusion method can be
advantageous for studying cellular interactions and signalling
processes between the spheroids.

Although the hanging drop culture method is convenient
and straightforward, it suffers from spheroid instability. A

Fig. 2 Different formation platforms for 3D spheroids. (A) Spinner flask bioreactor, (B) hydrogel-embedded spheroids, (C) hanging drops, (D)
droplet generation and cell encapsulation, (E) microfluidic device, and (F) 3D bioprinting.
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slight disruption of the droplet can affect the formation and
structure of the spheroids, and maintaining the droplets for
an extended period is difficult.

Droplet reactors

Spheroids can also be formed when encapsulated within
single droplets prepared by single- and multi-phase flow
systems using aqueous hydrogel solutions and oil phases
(Fig. 2D). In this method, spheroids are first encapsulated in
an aqueous hydrogel solution that flows into the oil phase,
contacts calcium ions, and polymerises.26 The precursor
hydrogel solution is used as the inner phase to produce spher-
oid-encapsulated microgels, contributing to structural support
for 3D spheroid formation.27

Sart et al. developed a droplet-based microfluidic platform
in which the 3D spheroid culture, controlled stimulation, and
imaging are all available in a single chip.28 Liquid agarose dro-
plets containing cells were loaded into the microfluidic device
for spheroid formation and gelation, followed by further
testing with external stimuli and imaging. Lee et al. also
reported a microfluidic system that used a droplet-based
method for spheroid culture.29 To generate the homogenous
spheroids, they controlled droplet generation frequency. This
device can easily be automated, allowing minimal handling of
spheroids. In addition, they could analyse the photothermal
therapy of 3D spheroids and drug screening on a single device.

Chen et al. developed an acoustic droplet printing tech-
nique to form 3D tissues.30 When two leaky surface acoustic
waves converge at the liquid–air interface and interfere, they
result in an intense acoustic pressure profile, which overcomes
the surface tension of the sample to drop off the droplet con-
taining cells at the end of the jet. This method takes advantage
of gentle acoustic force to minimize pressure on the cells. Xia
et al. applied the concept to fabricate an acoustic drop-assisted
microarray platform for the culture and screening of 3D cell
spheroids.31 Initially, the spheroids were formed using
hanging drop method, and drugs were applied to the spher-
oids through the acoustic droplet ejection technology for drug
response testing.

As an application of the droplet technique, McMillan et al.
developed droplets enveloped in a biocompatible and non-
adherent oil–surfactant (polyethylglycol) interface.32 Droplets
containing a specific number of cells were formed and dis-
pensed into an oil–surfactant mixture; as the droplets floated
on the oil layer, they formed a spherical medium–oil interface.
Because the polyethylglycol-surfactant is biocompatible and
non-adherent, the medium–oil interface provided a suitable
condition for spheroid formation. This single emulsion
method of forming spheroids enabled long-term culture of
spheroids compared to the double emulsion methods for
droplet-based spheroid formation.

Such droplet-based methods are adequate for the spheroid
formation and can be easily integrated with microfluidic
technologies. However, sustaining the size and stability of the
droplets is a major difficulty that must be overcome for the
long-term culture of cell spheroids.

Microfluidic devices

3D spheroid culture using microfluidic devices is one of the
most widely applied methods and allows replication of the
dynamic tumour microenvironment (Fig. 2E). For the fabrica-
tion of microfluidic devices, PDMS is the most commonly used
material owing to its ease of use, long history, gas per-
meability, transparency, and relatively low cost.33 However,
other materials such as thermoplastics and glass are also used
for large-scale production.34

Hsiao et al. developed a two-layer microfluidic system to
culture 3D multi-cellular spheroids of prostate cancers, osteo-
blasts, and endothelial cells.35 This microfluidic platform
includes a side-chamber microchannel design, enabling the
formation of uniformly-sized spheroids that are kept stationary
during media exchange. They applied this platform to create
cancer niche-like microenvironments for chemotherapeutic
development. Frey et al. introduced a fluidically interconnected
hanging drop network.36 Multiple spheroids were cultured in
each drop, while the fluidic network enabled continuous nutri-
ent supply and intercellular metabolic communication. It con-
nected parallel-formed spheroids on the same chip for
complex multi-tissue experiments, a promising technology for
research related to body-on-a-chip.

Petreus et al. developed a platform that mimics the pharma-
cokinetic profile of compounds in tumour spheroids.37 This
platform can mimic various physiological scenarios of flow
rates by controlling the tilting angle of the device, corres-
ponding to the physiological relevant pharmacokinetic profile.
Prince et al. developed a device that is able to form tumour
spheroids uniformly under close-to-physiological flow con-
ditions within a microfluidic device.38 The use of flow in this
device provides longer culture durations of spheroid culture,
model of dynamic drug conditions, and sequential testing of
drugs, mimicking clinical pharmacokinetics.

A microfluidic platform with U-shaped barriers was devel-
oped by Barisam et al. to study the influence of the environ-
mental conditions on in vitro cultures.39 The U-shaped struc-
tures trap the cells and form spheroids, while the microfluidic
channel surrounds the spheroids. Using this platform, the
research team studied shear stress, hypoxia, glucose metab-
olism, and anoikis through gene expression from the spher-
oids. Dornhof et al. established a microfluidic device inte-
grated with electrochemical chemo- and biosensor arrays for
simultaneous monitoring of oxygen, lactate, and glucose.40

Depending on the sensor locations in the microfluidic chip,
they provided values of different parameters, yielding valuable
information for applying the platform in patient-specific
chemotherapy for personalized medicine. Soft lithography
using PDMS is the most frequently used methods for fabricat-
ing microfluidic devices for spheroids formation. However, Li
et al. fabricated an open microfluidic device with polymethyl
methacrylate and laser cutting.41 They were able to fabricate
different liquid guiding rails using laser cutting, and the open
microfluidic design of the device enabled direct medium and
spheroid access. Therefore, this microfluidic model could
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provide versatile designs, and proposes propose further spher-
oid-related studies.

Gao et al. developed a microfluidic device with acoustic
bubbles to isolate, collect, and culture spheroids with circulat-
ing tumour cells.42 In this device, flow rates were optimized to
capture the cells and form spheroids inside the bubbles.
Moreover, the formed spheroids were released into the sub-
channels in the devices for further culture and observation.

Microfluidic-based 3D spheroids provide significant advan-
tages when mimicking in vivo microenvironments and eluci-
dating cell–cell interactions. However, this method still needs
a reduction in manual handling and lower costs. Further
improvements are also required to meet the standards for com-
mercial and clinical use.

3D bioprinting

Recently, 3D printing technology has been widely applied in
various fields, including the formation of spheroids.10 The 3D
printing technique refers to the construction of customised 3D
structures under computational control where materials are
printed.43 For 3D bioprinting, cells are printed directly and
assembled into an organised structure, followed by in vitro
culture and detection of biological functions (Fig. 2F).44

Recently, researchers have also used microfluidic channels
and chambers as receiving plates for 3D printing on a chip.

Duarte Campos et al. used 3D bioprinting to capture the 3D
heterogeneity of tissues.45 Elastin-like protein engineered hydro-
gels were used as bioinks for constructing tissue models, which
can be directly dispensed onto endothelialised chip platforms,
establishing functional tissue models. Skylar-Scott et al. utilised
stem-cell-derived spheroids as organ building blocks, assem-
bling these blocks into living matrices where perfusable vascu-
lar channels were introduced by 3D bioprinting.46 Spheroids as
matrices provide the requisite cell density, function, and micro-
architecture of native tissues. With this technology, perfusable
organ-specific tissues can be created using embedded vascular
channels for therapeutic applications.

The 3D bioprinting technique receives significant attention
because it can generate geometric constructs containing viable
cells with high reproducibility. However, despite these advan-
tages, the main limitations are the requirement of an expen-
sive 3D bioprinting machine and the possible damage to the
cells during the printing process.

3D multicellular interaction in tumour
microenvironment

Among the several existing spheroid formation and culturing
methods, cell aggregation in microfluidic systems is the most
widely used method for studying multicellular spheroids and
their interactions. Microfluidic technology enables precise
control of small fluid volumes and can be applied to numer-
ous applications in diagnostics and chemotherapeutic
studies.1 Also, as microfluidic platforms can mimic the in vivo
microenvironment, many studies have been conducted to

study the cell–cell and cell–matrix interactions among spher-
oids and vascular endothelial cells, fibroblasts, and hepatic
stellate cells.

Spheroids and endothelial cells

Kwak et al. developed a microfluidic system to study tumour
angiogenesis via tumour spheroid interactions with perfused
blood vessels (Fig. 3A).47 Within the microfluidic platform,
they studied vascular sprouting and vessel lumen formation in
engineered blood vessels in a variety of ECM, tumour spher-
oids, and tumour stromal cells to demonstrate the crosstalk
between tumour spheroids and perfused blood vasculatures
in vitro. Among the different hydrogels, fibrin ECM was used
to embed endothelial cells, which exhibited active patterns
related to tumour angiogenesis and migration. Additionally,
spheroids containing fibroblasts within the microfluidic
device optimally mirrored the tumour–vascular interface in
terms of physiological environments and biochemical inter-
actions. This microfluidic model can mimic the tumour micro-
environment in vitro, facilitating detailed research on the
tumour microenvironment.

Similarly, Nashimoto et al. focused on vessel perfusion and
the corresponding effects on tumour spheroids.48 They devel-
oped a tumour-on-a-chip platform that enables the evaluation
of tumour activities in a microfluidic tumour vascular
network. The spheroids were co-cultured with fibroblasts to
induce angiogenic sprouts, establishing a perfusable vascular
network in a tumour spheroid that replicated the tumour
microenvironment. The perfusable endothelial network
enabled long-term perfusion culture of tumour spheroids, pro-
vided oxygen and nutrition, and enabled drug administration
under perfusion conditions. They compared static and per-
fusion conditions during drug administration, demonstrating
the importance of perfusion as the effects of the drug were
overcome by the media supply; additionally, dose-dependent
effects were minimal compared with static conditions.

Ko et al. also applied the microfluidic system to model
angiogenesis sprouting patterns and their cell–cell inter-
actions.49 They used polystyrene to fabricate the microfluidic
device, and the design was simple, incorporating a tapered
hole in the centre to pattern a spheroid with various cell types
and ECM. Fibroblast-laden hydrogels were located at the
centre rail channel, whereas human endothelial cells were
located at the side of the centre rail channel for studying
angiogenic sprouting. As the platform mediates open micro-
fluidics, it allows the implementation of spontaneous fluid
patterning with high repeatability and the modelling of spon-
taneous capillary flow. Using this platform, the research team
established a variety of tumour-endothelial models, including
a 3D perfusable blood vessel network, a spheroid-based inva-
sion assay, and a spheroid-mediated angiogenesis model.

To study the biology of cell–cell interaction of angiogenesis
with tumour spheroids, Lee et al. mimicked the in vivo tumour
microenvironment on a microfluidic chip with tumour spher-
oids located in the microwells and the endothelial cell layer in
the lumen of the channels.50 A pump was used to induce the
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flow of cell media consistently to the cells for long-term stabi-
lity. As this flow generates oxygen and nutrient gradients, it
can control the metabolic microenvironment to study the
corresponding effect on spheroid structure and metastasis.
They also studied the effects of matrix metalloproteinase
(MMP-1) on the collagen matrix, which exerts proangiogenic
functions, and observed shrinkage of the collagen matrix,
which contributes to the formation of the self-organising 3D
matrix surrounding the spheroids.

Shin et al. developed a platform to model the 3D vascular
networks of the brain-on-a-chip.51 Induced neural stem cells
(iNSC) were formed into spheroids and cultured with a vascu-
lar network. This model of iNSC spheroids and perfused blood

vessels was formed in a shape where the vascular network was
wrapped around the iNSC spheroid and performed perfusion,
and the brain neural stem cells were in direct contact with the
blood vessels in vivo. Overall, the co-culture model enhanced
differentiation and reduced apoptosis compared with mono-
layer culture. This platform represents the neurovascular
system in vitro, which can increase the understanding of brain
homeostasis and pathological conditions.

Spheroids and fibroblasts

Jeong et al. developed a microfluidic model to replicate the
tumour microenvironment with spheroids and cancer-associ-
ated fibroblasts (CAFs) within a hydrogel scaffold.52

Fig. 3 Interaction of tumour spheroids with other cell types within the tumour microenvironment in microfluidic platforms. (A) A microfluidic plat-
form was developed to study the cellular interaction and angiogenesis between tumour spheroids and perfused blood vessels induced by endo-
thelial cells.42 (B) Co-culture microfluidic platform for culturing tumour spheroids, fibroblasts, and macrophages. Behaviour of fibroblasts and
macrophages co-cultured with tumour spheroids is studied within the platform.51 (C) Microfluidic system recapitulating the tumour-immune micro-
environment, investigating the effects of neutrophils on invasion of tumour spheroids.54 NETs induce spheroid distortion, correlating with the
density of NETs in the stromal collagen region. (D) Microchannel plate-based system for co-culture of tumour spheroids and hepatic stellate cells.57

Activation of the hepatic stellate cells was observed with the changes in morphology (F-actin) and α-SMA expression levels, a marker of activated
stellate cells. Panel A is adapted with permission from ref. 42. Copyright 2020 Springer Nature. Panel B is adapted with permission from ref. 51.
Copyright 2021 MDPI. Panel C is adapted with permission from ref. 54. Copyright 2021 Institute of Physics. Panel D is adapted with permission from
ref. 57. Copyright 2019 Royal Society of Chemistry.
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Interactions between tumour spheroids and fibroblasts con-
tribute to the initiation, progression, and metastasis of
tumours, while paracrine signalling of fibroblasts and tumour
cells develops a mutual stimulation of cell proliferation and
drug resistance in tumours. Within the microfluidic chip, the
research team mimicked a microenvironmental condition that
could recapitulate the interactions between tumour spheroids
and fibroblasts without direct contact. Soluble factors are
transported through the medium channel. Co-culture of
tumour spheroids and fibroblasts induced changes in the mor-
phology and secretion factors of fibroblasts, as confirmed by
the growth rate, drug uptake, drug sensitivity, and ECM
expression, which increased migration and activation of fibro-
blasts. With this model, they demonstrated that the 3D archi-
tecture of tumours and fibroblasts allows simultaneous inter-
actions among the cells and increases the in vivo resemblance.

To investigate the effect of CAFs on cancer cell invasion, Liu
et al. developed a microfluidic-based co-culture device to
model the in vitro tumour microenvironment.53 This platform
consisted of six co-culture units, while communication
between the salivary gland adenoid cystic carcinoma (ACC)
spheroids and fibroblasts was established by the culture
medium diffused into the matrix. The ACC spheroids nested
in ECM mimicked the in vivo microenvironment in which
tumour spheroids were formed, further invading the adjacent
matrix when co-cultured with cancer-induced fibroblasts. The
research team also demonstrated that an MMP inhibitor sup-
pressed fibroblast-promoted spheroid invasion, confirming
the suitability of the microfluidic platform for elucidating the
tumour microenvironment.

Bender et al. established a digital microfluidic platform
that enables the formation of tumour spheroids, encapsulation
of spheroids in collagen, and exposure of spheroids to
migration-modulating agents within a single platform, and is
capable of automating the liquid handling steps.54 Applying
this liquid handling technique, the research team developed a
physiologically relevant invasion model with human colorectal
adenocarcinoma spheroids and fibroblasts, modelling the
tumour–stromal communication system in the in vitro micro-
environment. In this microfluidic system, human colon carci-
noma cells and fibroblasts are both formed into spheroids,
and secretions from carcinoma spheroids are delivered to
fibroblast spheroids, mimicking paracrine signalling.
Encapsulating the spheroids in an automated platform within
an ECM matrix allows the modelling of cell–ECM interactions
and signalling with ease and greater accessibility.

Hockemeyer et al. developed a microfluidic device suitable
for studying the cellular interactions between stromal cells
and tumour spheroids in the 3D microenvironment.55

Through this platform, they co-cultured tumour spheroids,
endothelial cells, and fibroblasts in a microenvironment that
recapitulated several cell parameters in vivo. Although fibro-
blasts and endothelial cells were co-cultured, fibroblasts were
studied, and the effects of normal tissue-associated fibroblasts
(NAFs) were compared with those of CAFs in tumour-spheroid
sprouting and secretion of stromal factors. The NAFs exhibited

minimal sprouting, while the addition of stromal cell-derived
factor-1 (SDF-1) and CAFs upregulated tumour cell sprouting
from the spheroids. Thus, this microfluidic device can be used
to evaluate the characteristics of stromal cells in tumour spher-
oids and to assess the chemotherapeutic effects of anticancer
drugs on tumour growth, migration, and apoptosis.

To study the pancreatic ductal adenocarcinoma (PDAC)
in vitro, Jang et al. established a culture model on a microflui-
dic platform consisting of PDAC tumour spheroids, cancer
associated fibroblasts, and tumour-associated macrophages
(Fig. 3B).56 With the microfluidic model, the research team
studied the epithelial–mesenchymal transition (EMT)-induced
effects, fibronectin remodelling around the tumour spheroids,
increased fibronectin alignment, thickness, and degradation
of cancer cells in co-culture conditions with fibroblasts and
macrophages. Therefore, this microfluidic culture model of
PDAC is effective in studying the activity of anticancer agents
against cancer and stromal cells.

Spheroids and immune cells

Ayuso et al. developed a microfluidic model to study natural
killer (NK) cell responses to solid tumours.57 In this model,
breast cancer spheroids were formed in the ECM matrix,
lumens with endothelial and NK cells, and antibodies
embedded in the matrix or perfused through lateral blood
vessels. The research team studied the movements of NK cells
through tumour cell–cell junctions and the cytotoxicity of NK
cells within solid tumours. Through this platform, they found
that NK cells can detect the presence of tumours several
hundred microns away. Additionally, the capability of NK cells
within the tumour spheroid to kill the cells was studied, which
suggested that NK cell exhaustion is a slow process. This micro-
fluidic system provides a platform for co-culturing various cell
types to study the complex cancer immunity process.

A microfluidic system recapitulating the tumour microenvi-
ronment by integrating tumour spheroids and human mono-
cyte-derived macrophages within a hydrogel scaffold in close
co-culture with endothelial cells was developed by Bai et al.58

The platform mimicking the microenvironment was utilised to
study the individual subtypes of macrophages in human lung
cancer spheroids. Among the macrophage subtypes, M1 and
M2b macrophages exhibited the strongest ability to induce
EMT, regardless of the distance from the tumour spheroids.
However, direct contact between the M2a macrophages and
tumour spheroid induced dispersion of the cells from the
spheroids. This indicates that M2a macrophages respond to
some soluble factors from tumour spheroids, such as colony
stimulating factor-1 (CSF-1) and chemokine (C-C motif ) ligand
2 (CCL2), which recruit monocytes and promote differentiation
to macrophages in the tumour microenvironment. In these
microfluidic devices, different hematopoietic cells in the
tumour microenvironment can also be studied for immu-
notherapeutic purposes.

Surendran et al. studied the interactions of neutrophils and
tumour spheroids through chemotaxis and generation of neu-
trophil extracellular traps (NETs) on a 3D bioprinted microflui-

Analyst Minireview

This journal is © The Royal Society of Chemistry 2022 Analyst, 2022, 147, 2023–2034 | 2029

Pu
bl

is
he

d 
on

 2
1 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
9/

01
/2

02
6 

16
:4

6:
24

. 
View Article Online

https://doi.org/10.1039/d2an00172a


dic system fabricated on a porous membrane with neutrophils
embedded in a collagen matrix (Fig. 3C).59 Activated neutro-
phils release NETs, forming protein web structures with cyto-
toxic enzymes as a host defence mechanism. NET formation
stimulated the tumour cells from the aggregated state to the
invasion state, where they invaded the surrounding collagen
matrix. When the number of neutrophils increased, the NET
structure in the collagen layer also increased as well, resulting
in a higher spheroid distortion.

Spheroids and hepatic stellate cells

Hepatic stellate cells (HSCs) contribute to liver damage during
inflammation or mechanical stimulation and are associated
with disease progression and chemoresistance.60 HSCs are one
of the typical co-culture components of hepatocytes as they are
natural companions of hepatocytes in vivo and play a signifi-
cant role in liver function and regeneration.

Lee et al. used microfluidics to study cell–cell interactions
between hepatocyte spheroids and hepatic stellate cells along
with their paracrine effects.61 They developed a liver-on-a-chip
in which primary 3D hepatocyte spheroids and HSCs were co-
cultured without any cell–cell contact. In the platform, an
osmotic pumping system was used for continuous flow of the
medium to the cells, requiring minimal handling and no exter-
nal power source. Using this platform, they studied the para-
crine effects of HSCs on hepatocyte spheroids, demonstrating
the cell–cell interaction of HSCs and hepatocyte spheroids in
the formation of tight cell–cell contacts, thus improving the
liver-specific function of the microfluidic chip.

Chen et al. developed a microchannel plate-based culture
model consisting of concave microwells for co-culturing
tumour spheroids with stellate cells (Fig. 3D).62 In this model,
the different cell lines were in direct contact with each other,
providing cancer cell–stellate interaction data under drug
stimulation. The microchannel plate is able to form concen-
tration gradients of the treated drugs, mimicking the in vivo
tumour microenvironmental interactions. The activated stel-
late cells expressed EMT-related factors and drug resistance in
cancer cells. This platform can be further utilized to study the
drug resistance induced by microenvironmental factors.

A liver-on-a-chip was developed by Meng et al., mimicking
the mass transfer and structure of the hepatic lobule with
hepatocellular carcinoma HepG2 cells and human hepatic stel-
late cell LX-2 to form spheroids with HUVEC cells in the inner
channel to mimic the capillary vessel.63 Nutrients for the
hepatic spheroids were delivered through the inner channel,
as the cells are able to interact and exchange nutrients and
metabolites through the permeable hydrogel. The cell culture
medium was perfused through the endothelial channel
through physiologically relevant interstitial flow rates.
Compared with static culture, the hepatic spheroids showed
higher performance in liver-specific functions, such as
albumin and urea secretion. Hepatic spheroids and shear flow
studies on the liver-mimicking chip indicate the importance of
mass transfer in replicating cellular functions of the liver
in vitro.

External stimuli in tumour
microenvironment

As 3D spheroids in microfluidic devices can mimic the human
microenvironment, researchers have applied these platforms
to study external biophysical interactions, such as interstitial
flow, fluid dynamics, and hypoxia, between spheroids and bio-
physical cues.

Spheroids and interstitial flow

A physiologically-realistic microfluidic platform using tumour
spheroids to model the interstitial flow present in in vivo
tissues was developed by Huang et al. (Fig. 4A).64 Interstitial
flow is the movement of fluids within the interstitial space, a
critical component for maintaining homeostasis in healthy
tissues and removing metabolic waste from tissues. Moreover,
interstitial flow in the tumour microenvironment can impact
tumour invasion or the direct application of external stress to
cells. The research team applied a 3D microfluidic platform
with tumour spheroids, which were embedded within 3D col-
lagen matrices, and studied the effect of interstitial flow on
cell–cell adhesion within spheroids during tumour invasion.
Through this platform, they demonstrated that interstitial flow
promoted tumour invasion by downregulating E-cadherin in
neighbouring non-tumourigenic cells, highlighting the impor-
tance of external biophysical forces.

The significance of fluid dynamics on the culture of 3D
spheroids and tissue maturation by developing a perfusable
microfluidic platform with computational fluid dynamics-based
simulation was demonstrated by Lopa et al.65 A perfusion
system combined with digital systems allowed the generation of
a model to predict cell trapping efficacy, flow rate, and seeding
time, demonstrating the possibility of controlling the size and
shape of spheroids through fluid flow. The effect of shear stress
on spheroid formation was also evaluated; lower shear stress to
the cells resulted in larger and less rounded spheroids, whereas
higher shear stress resulted in smaller and spherical spheroids.
This phenomenon was attributed to the fluid dynamics stimu-
lation of cells, which minimised the shear stress on the surface
of the cellular aggregates. This platform provides the advantage
of obtaining different forms of spheroids without manipulating
the geometry of the chip by tuning non-geometrical parameters.
This system holds great potential as a microfluidic platform, as
it can be used to develop in vitromodels for studying physiologi-
cal tissue maturation mechanisms.

Collins et al. developed a microfluidic device for a better
understanding of the relationship between interstitial flow and
cancer metastasis.66 In this device, only a single spheroid from
different cell lines was exposed to continuous perfusion
culture at a flow rate relevant to tumour interstitial fluid flow
in vivo. The spheroids were captured in a well inside through
an access port on the device, and flow was provided through
the microchannel. The impact of flow on metastatic character-
istics of the cancer models was investigated, including studies
of metastatic factors, vascular endothelial growth factor
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(VEGF), and interleukin-6 (IL-6) cytokine levels in the cell
culture media, stressing the importance of flow in the
microenvironment.

Spheroids and hypoxic environment

Grist et al. applied the microfluidic platform to study tumour
spheroid response to hypoxic and normoxic conditions
(Fig. 4B).67 They developed a platform capable of recreating
physiologically relevant cycling oxygen levels that are not
attainable in traditional cell culture environments. Using this
microfluidic device, they monitored spheroids during hypoxic
exposure and observed that spheroids swell and shrink in
response to oxygen concentrations over time; such swelling
behaviour was attributed to the individual cells forming the
spheroid. Additionally, the device was used to monitor tumour
spheroids during drug treatment under chronic and cycling
hypoxia as well as normoxia. As spheroids form a metabolic
gradient from the spheroid surface to the core, controlling
oxygen at the surface modulates the dynamics of the oxygen
gradients, which can mimic in vivo oxygen levels within a
tumour region adjacent to the perfused blood vessel. This pro-
vides a relevant tumour microenvironment for the develop-
ment of drugs or studying tumour behaviour.

A microfluidic device that is able to perform five different
oxygen levels with a linear gradient in a tumour spheroid co-
culture environment was developed by Fridman et al.68 The
gas and tumour spheroid cultures were divided with a thin,
gas permeable PDMS membrane. The oxygen gradients were
established as they are able to reflect the concentrations in
hypoxic tumour regions to ambient air. The device was used to
monitor the effect of oxygen gradients on reactive oxygen
species generation and the cytotoxicity of anti-tumour drugs.

Spheroids and stiffness

A microfluidic system that can control the mechanical pro-
perties of the surrounding microenvironment in which spher-
oids are cultured was developed by Lee and Cha.69 They used
bioactive spherical microgels to support 3D cultures. The
mechanical properties depend on the concentration of the
polymer for gel formation. Breast cancer cells such as MCF7
were used to form spheroids, which were first encapsulated in
gelatine droplets, followed by a photocrosslinking step to form
microgels containing spheroids in a microfluidic device.
Spheroid proliferation was dependent on the mechanical pro-
perties of the microgels, as spheroid cells proliferated faster in
microgels with higher stiffness. When MCF7 cells were co-cul-

Fig. 4 Multicellular tumour spheroids cultured in external-stimuli-controlled tumour microenvironment. (A) Microfluidic device modelling intersti-
tial flow in vivo, generating interstitial-flow-dependent tumour spheroid modifications.59 (B) Microfluidic platform developed to control the concen-
tration of oxygen in the tumour microenvironment, inducing different oxygen concentrations to tumour spheroids and promote different cell behav-
iour.62 (C) A microfluidic system able to induce different hydrogel stiffness in which spheroids proliferate, demonstrating higher proliferation in
spheroids grown in stiff hydrogels.65 (D) Metabolic gradient induced in a microfluidic device, comparing cellular uptake of metabolic gradients in
tumour spheroids and monolayer-culture cells.67 Panel A is adapted with permission from ref. 59. Copyright 2020 Springer Nature. Panel B is
adapted with permission from ref. 62. Copyright 2019 Springer Nature. Panel C is adapted with permission from ref. 65. Copyright 2020 Elsevier B.V.
Panel D is adapted with permission from ref. 67. Copyright 2021 Springer Nature.
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tured with other cells (macrophages and fibroblasts) to form a
spheroid, the cells exhibited higher proliferation regardless of
gel stiffness. Lee and Cha studied the controlled mechanical
properties of the microgels on tumour physiology over
time (Fig. 4C).70 MCF7 cells generated spheroids grow in size
over time, regardless of the higher rigidity of microgels,
while MDA-MB-231 cells developed migratory polyploid giant
cancer cells (PGCC) as they proliferated and formed
spheroids only in higher rigidity. MCF7 and SK-BR-3 also
formed PGCCs, but compared with MDA-MB-231, they tended
to show smaller sizes but were quicker to form spheroids.
Furthermore, the cytotoxic effects were influenced by the inter-
actions between the cells and the mechanical
microenvironment.

Taubenberger et al. developed a physiologically relevant 3D
microenvironment depending on the mechanical phenotype
and stiffened hydrogels to mimic the stiffened stroma
in vivo.71 Cancer cells are sensitive to the mechanical pro-
perties of the microenvironment, as they proliferate and push
the surrounding stromal compartment, causing compressive
stress on the cells. In this microfluidic device, the research
team developed breast cancer spheroids in polyethylene
glycol–heparin-based 3D microenvironments. To study the
effect of microenvironment stiffness on the growth and mech-
anics of tumour spheroids, they tuned the stiffness of hydrogel
cells and observed that stiff microenvironments have a nega-
tive influence on tumour spheroid growth. This coincided with
a Rho-associated kinase (ROCK)-dependent increase, indicat-
ing that ROCK is a potential anticancer drug target. Applying
this microfluidic platform to cancer environment studies can
provide a better understanding of how cancer cells react to
compressive stresses.

Spheroids and metabolic gradients

A study was presented by Patra et al., in which the metabolic
activity of spheroids in a microfluidic device was further ana-
lysed by NMR spectroscopy as well as micro-NMR imaging
(Fig. 4D).72 The research team cultured MCF7 spheroids in a
microfluidic device that induced changes in the metabolic
concentration in the culture medium for the spheroids. The
concentrations of D-glucose, L-lactic acid, L-alanine, and
L-glutamine were evaluated over time in single spheroids of
different sizes compared to monolayer cultured cells. They
found that spheroids consumed D-glucose and produced lactic
acid at a 2.5 times slower rate than that of monolayer-culture
cells. Monolayer cells produced L-alanine and L-glutamine,
whereas spheroids exhibited slight consumption. A microflui-
dic system combined with NMR can provide a platform for
studying spheroid metabolism.

Conclusion and outlook

In this review, we focused on the advantages of 3D multicellu-
lar spheroid cultures, which can be used to overcome the limit-
ations of 2D cell cultures and in vivo animal models.

Multicellular spheroids exhibit complex cell signalling, ECMs,
nutrient gradients, drug resistance, and metabolic adaptation,
making spheroids a clinically relevant tool for cellular studies.
The tumour microenvironment can be replicated more accu-
rately in 3D models than in 2D models. Additionally, 3D
culture models are simpler than in vivo models for standardis-
ation and high-throughput production.

Although spheroids hold great advantages for in vitro
studies, there are still several challenges that must be over-
come. First, spheroid production methods need to be opti-
mised to reduce labour and the cost required to culture and
study spheroids. Although spheroid culture is cheaper than
in vivo experiments, it is not as cost-effective and convenient
as 2D culture methods and requires much human labour.
Thus, to simultaneously form many spheroids under con-
trolled conditions, robust spheroid formation techniques
need to be developed and optimised. Second, there is still a
lack of technology for the simple and standardised analysis
of spheroids during preclinical studies. Compared with 2D
culture or animal models, 3D spheroid culture is a relatively
new field of study, resulting in a limited amount of infor-
mation on standardised assays that can be used for the ana-
lysis of spheroids applied in drug screening or clinical
research. Finally, although 3D cultured spheroids are more
physiologically relevant than 2D cultures, they still lack inter-
action with the immune system, full organ function, and mul-
tiple organ interactions. Recently, organoids have been estab-
lished as a bridge that connects the existing gaps between
spheroids and in vivo models. An organoid is a collection of
organ-specific cell types developed from stem cells or organ
progenitors that self-organise through cell sorting and
spatially restricted lineage commitment in a manner similar
to when in vivo.73 Spheroid and organoid models use
different cell sources, culture methods, and establishment
periods. However, organoids also benefit from the develop-
ment of spheroid formation and experimental platforms as
both are similar with 3D structures composed of multiple
cells. Therefore, the advantages of the developed spheroid
formation platforms could be utilized for the in vitro for-
mation of organoids. Because ECM is required for the for-
mation of organoid in vitro 3D culture with a cocktail of
growth factors, the results of previous studies on spheroid
growth in ECM can be utilized and developed for the culture
of organoids, while maintaining long-term culture and viabi-
lity of organoids using microfluidic technology.74 Recently,
bioprinting has been applied for in vitro organoid construc-
tion, forming complex vascular systems, while reducing the
size and increasing the yield of the organoids.75 Thus, the
technology and knowledge gained from spheroid-based
models can further advance the organoid models.

With further development of the spheroid culture platforms
to overcome their limitations, we expect that the spheroid-
based microfluidic platforms that mimic the complex tumour
microenvironment will have broad applications, such as basic
cancer research, drug screening, regenerative medicine, and
tissue engineering.
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