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Abstract
Three-dimensional cancer-on-a-chip tissue models aim to replicate the key hallmarks of the tumour microenvironment and 
allow for the study of dynamic interactions that occur during tumour progression. Recently, complex cancer-on-a-chip models 
incorporating multiple cell types and biomimetic extracellular matrices have been developed. These models have generated 
new research directions in engineering and medicine by allowing for the real-time observation of cancer-host cell interactions 
in a physiologically relevant microenvironment. However, these cancer-on-a-chip models have yet to overcome limitations 
including the complexity of device manufacturing, the selection of optimal materials for preclinical drug screening studies, 
long-term microfluidic cell culture as well as associated challenges, and the technical robustness or difficulty in the use of these 
microfluidic platforms. In this review, an overview of the tumour microenvironment, its unique characteristics, and the recent 
advances of cancer-on-a-chip models that recapitulate native features of the tumour microenvironment are presented. The current 
challenges that cancer-on-a-chip models face and the future directions of research that are expected to be seen are also discussed.
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Introduction

Cancer is an adaptive and dynamic disease mainly driven by 
the genetic mutation(s) of cells, resulting in uncontrolled cell 
proliferation and eventual invasion into other organs [1–3]. 
Cancer cells can undergo several mutations over the course 
of their lifetime, thereby making them genetically unstable 
[3, 4]. As a result, this genomic instability promotes diversity 
within the tumour and ultimately fosters the development of 
tumour heterogeneity [4]. Advances in genomic sequencing 
technologies have revealed that bulk primary or secondary 
tumours that develop over the course of the disease can con-
tain numerous cancer cell populations with distinct pheno-
typic and morphological profiles [3]. Tumour heterogeneity 
creates a significance clinical issue, as small subpopulations 
of cancer cells can be intrinsically resistant to anti-cancer ther-
apies, or acquire the necessary molecular, metabolic, and/or 
physical changes that enable them to adapt to treatment [3, 4].

In the past, cancer was viewed as simply a group of tumour 
cells, and chemotherapies were developed in the second half 
of the twentieth century to target these cancer cells [4–6]. 
More recently, the view on cancer has shifted. Tumours are 
now thought to more closely resemble organs with abnormal 
structure and function to create the tumour microenviron-
ment (TME) [7, 8]. The TME and the structures surround-
ing it consist of both cellular and acellular components [7]. 
Tumours can interact, recruit, and transform the anti-cancer 
functions of various cells close to their surroundings to pro-
mote tumour growth [9]. Such cells include fibroblasts [10], 
macrophages [11], and endothelial cells [12, 13]. Moreover, 
primary tumours have been shown to secrete various factors 
including extracellular vesicles (EVs) [14, 15] carrying vari-
ous cargoes including proteins, lipids, growth factors, and 
microRNAs (miRNAs) [16] to form the pre-metastatic niche 
at distant sites to create a permissive soil for the metastasis 
and colonization of the tumour [17]. The TME plays an active 
role in the survival, growth and metastasis of cancer [7, 8]. It 
also plays a key role in modulating the progression of tumour 
growth and resistance to chemotherapies [7, 8].

The adaptive response of the TME in addition to the 
global healthcare burden of cancer highlights the need for the 
discovery and development of novel cancer therapies. Cur-
rently, the resistance of cancers to chemotherapies remains 
one of the most challenging issues facing cancer researchers 
to date [18, 19]. While many promising drug candidates have 
been identified for cancer treatments over the last 50 years, 
the success rate of anticancer therapies is very low due to 
poor efficacy or unpredicted adverse side effects [20]. This 
can be attributed to the use of conventional preclinical drug 

screening models using in vitro cancer models (two-dimen-
sional (2D) monolayers or three-dimensional (3D) culture 
models or in vivo animal testing [20, 21]. While cost-effi-
cient and simple to perform or operate, these methods fail to 
recapitulate the unique physicochemical profile (for exam-
ple, oxygen [22] or nutrient [23] gradients) and the cellu-
lar interactions that occur within the TME [24]. Therefore, 
the research and development of an optimal in vitro tumour 
model that can accurately mimic the TME is of great interest 
in the field of oncology. Such a platform would allow for the 
study of cancer biology and for the precise screening of novel 
anti-cancer drug candidates [20, 21, 25, 26].

The development of microfluidic devices has provided 
advantages for biological studies and led to the generation of 
new research directions in engineering and medicine [25, 26]. 
Microfluidics is well suited for the control or manipulation 
of cells and biomolecules such as nucleic acids [27] proteins 
[28] and antibodies or antigens [29–31]. The flexibility in 
device design allows for the customization of microfluidic 
device architecture and/or patterning for the requirements of 
individual cell types or co-cultures and for monitoring cel-
lular response to various chemical, mechanical, or biological 
stimuli [31]. Microfluidic systems are able to more closely 
recreate the physiological environment through, for example, 
the continuous perfusion of medium [32], the creation of bio-
chemical gradients [33] or through recreating flow regimes 
[34] which naturally occur in vivo [30, 35].

Biological microfluidic systems referred to as “organ-
on-a-chip” models aim to mimic the in vivo physiological 
environment of organs and tissues [35]. Models of human 
organs-on-a-chip for the heart [36], lung [37], liver [38], kid-
ney [39] and brain [40] (to name a few) have been reported 
[21, 35, 41]. The principal purpose of organ-on-a-chip sys-
tems is to improve the quality of in vitro testing conditions 
and results by more accurately recapitulating in vivo con-
ditions for biomedical research [31, 35]. Organ-on-a-chip 
models contain three defining characteristics: the use of 
multiple cell types, the 3D arrangement of cell and tissues 
in the microsystem, and the addition of biomechanical fea-
tures such as fluid flow shear stress and mechanical strain to 
construct more physiologically relevant models [35]. These 
tools allow for a better understanding of biological processes 
or phenomena, such as mechanisms of the onset and progres-
sion of disease and for reduced animal testing, a practice 
whose ethics and morals can, at times, be controversial [31].

Cancer-on-a-chip models aim to replicate several hall-
marks of cancer and the TME by allowing for the study 
of dynamic interactions between cancer cells and the 3D 
microenvironment [21]. These studies, performed on a 
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biomimetic platform, have the potential to further elucidate 
biological mechanisms and processes for cancer research. 
Beneficial features of using cancer-on-a-chip models com-
pared to conventional in vitro models are shown in Table 1. 
Several cancer-on-a-chip models have been developed over 
the last 15 years [21, 25]. Various cancer models have been 
designed and tested to study intravasation [42] extravasation 
[43] and angiogenesis [44]. Orthotopic models of breast and 
lung cancer have also been developed [21]. Patient-derived 
tumour cells have been integrated into these platforms to 
closely mimic native conditions for personalized medicine 
and the assessment of individualized responses towards can-
cer therapies [21, 25, 26].

In this review, recent advances from the last five years 
in 3D cancer-on-a-chip models incorporating multiple cell 
types are examined. Different from existing reviews on 
cancer-on-a-chip models that focused on design aspects 
of cancer-on-a-chip devices [20], the use of microfluidic 
devices to model cellular responses of cancer cells [21], the 
extravasation of immune and cancer cells on microfluidic 
devices [45], the migration of cancer cells in microfluidic 
3D environments [46], the comparison between 2D cultures 
or in vivo murine models versus advanced microfluidic 
models [47–49], or general discussions of models [26, 50], 
this review uniquely focuses on cancer tissue models that 
are able to simulate multiple organ and system interactions 
within the TME, the biological interactions between cancer 
cells and various critical components of the TME, includ-
ing endothelial cells, stromal cells and immune cells, and 
emphasizes the novel fundamental biological discoveries 
made using these advanced tissue models.

With the recent development of cancer immunotherapies 
as well as the emphasis of the role of the immune system in 
the development, progression and metastasis of cancer, this 
review discusses the involvement of immune cells in these 
microfluidic models. A brief background of the TME is pre-
sented first to provide information on hallmark characteristics 
of the TME that should be incorporated into 3D cancer tis-
sue models. Recent advances of microfluidic cancer models 
that closely examine interactions with nearby cells within the 
TME that contribute to the growth and progression of the pri-
mary tumour, namely, tumour-blood vessel, tumour-stroma, 

tumour-immune cell interactions are discussed. Then, recently 
developed microfluidic tissue models that examine cancer 
cell behaviours and interactions with secondary tumour sites, 
namely the formation of the pre-metastatic niche and metas-
tasis are examined. The fundamental biological discoveries 
made from using these platforms are also highlighted. Finally, 
current challenges and the future directions of research in 3D 
cancer-on-a-chip models are discussed.

Tumour microenvironment

Formation and hallmark characteristics

Normal tissue architecture and homeostasis restrain the 
growth and invasion of tumours [7, 8]. Therefore, the survival 
of tumours depends on the conversion of the physiological 
microenvironment into a pro-tumorigenic state [41, 51–55]. 
Both tumours and the TME are highly heterogenous with 
complex genetic profiles [7]. Tumours recruit a number of 
other cells such as fibroblasts and immune cells to promote 
growth [54]. These recruited cells can then transform into 
a cancer-associated phenotype to further drive progression. 
The TME is a complex system composed of the solid tumour 
and the structures surrounding it, including cellular and acel-
lular components [8, 51, 55]. As shown in Fig. 1, components 
of the TME include cancer-associated fibroblasts (CAFs), 
inflammatory and immune cells (macrophages, T cells, B 
cells), adipocytes, mesenchymal stem cells (MSCs), endothe-
lial cells, lymph and blood vessels [55]. Acellular components 
include the extracellular matrix (ECM) and secreted factors 
such as cytokines, chemokines, growth factors, metabolites, 
and EVs [7, 8, 55].

The TME is a specialized entity. It is dynamic and 
responsive to external stimuli. Cancer cells in turn respond 
to various cues provided by the TME, therefore reflecting 
the dynamic and interdependent interactions present in 
the local microenvironment [53]. The types of interactions 
between cancer cells and TME components include direct 
cell-to-cell interactions through the formation of tight junc-
tions [56], gap junctions or electrical coupling via direct 
cell–cell contact [57], indirect communications via autocrine 

Table 1   Benefits of conventional in vitro models versus microfluidic platforms

In vitro model Beneficial Features

2D monocultures [20, 21] Simple and inexpensive to use
3D monocultures [20, 21] Provides relevant structures of bulk tumours, such as an outer proliferative layer and 

inner necrotic core
Microfluidic models [35, 41] Incorporates multiple cell types with physiologically relevant structures including ECM

Observe real-time cell signalling in a controlled environment
Can introduce biomechanical features (fluid flow, strain)
Controlled manipulation of biomolecules and cells
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and paracrine signalling [58], as well as cell-to-ECM inter-
actions [59], all of which are crucial for tumour development 
[8, 54].

The TME also forms carefully established mechanical 
and chemical gradients of matrix stiffness, metabolites, 
oxygen, pH and nutrients that further drive tumour progres-
sion [53, 60]. More specifically, to overcome an acidic and 
hypoxic microenvironment, the TME is able to promote 
angiogenesis to restore oxygen and remove accumulated 
metabolic waste [53, 60]. Recent studies have attested to 
the existence of vicious feed-forward paracrine loops, where 
cancer-associated cells secrete growth factors that stimulate 
tumour cells [61]. In turn, the tumour cells secrete growth 
factors that stimulate cells in the TME, ensuring persistent 
growth and migration of cancer cells towards the vasculature 
[60, 62]. Local reciprocal gradients of growth factors such 
as transforming growth factor β (TGF-β), vascular endothe-
lial growth factor (VEGF), and fibroblast growth factor 
(FGF) have been shown to exist, although the molecular 

mechanisms behind these signalling cascades remain to be 
elucidated [60, 62]. Tumour cells can also sense, process 
and respond to mechanical stimuli through complex mecha-
notransduction signalling cascades [60].

The TME is associated with increased ECM stiffness 
as cancer cells recruit, transform stromal cells, and subse-
quently remodel the surrounding ECM [62, 63]. Dynamic 
mechanical interactions between tumour cells and the 
tumour stroma (and its components) regulate a wide range 
of cellular processes critical to tumorigenesis as well as the 
initiation of metastasis [62]. Properties of the ECM such 
as stiffness, pore size, cross-linking proteins, density, ECM 
fiber network configuration and cancer cell stiffness all con-
tribute to such dynamic interactions [62, 64, 65].

The increased stiffness of tumours, particularly in breast 
and colorectal cancers, is highly correlated with cancer 
progression and metastasis [60, 62]. The stiffening of 
the ECM and tumour stroma is mainly attributed to the 
increased deposition and remodelling of the ECM in the 

Fig. 1   Schematic of the TME with associated cell types such as fibroblasts and immune cells, acellular components such as the ECM and vari-
ous signaling factors, and established chemical gradients of oxygen, pH and cell metabolites unique to the TME [53]
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TME [66, 67]. CAFs and tumour-associated macrophages 
(TAMs) coordinate to modify the ECM within the TME 
through the excessive deposition of collagen fibers and 
fibronectin [68], cross-linking glycoproteins and proteo-
glycans [64, 69], the secretion and regulation of growth 
factors and ECM-transforming enzymes, [70] and the 
reconfiguration of the stroma through the realignment of 
ECM fibers [62].

Cancer metabolism and tumour microenvironment

To promote the growth and survival of tumours, both cancer 
and surrounding host cells undergo metabolic reprogram-
ming [71]. Recently, this reprogramming has been shown to 
change the metabolic characteristics of cancer cells during 
progression from primary tumours and metastatic cancers 
even within the same patient(s) [71]. Therefore, metabolic 
reprogramming in the TME promotes malignancy and resist-
ance to anti-cancer therapies [71–74]. It also creates a chal-
lenge to develop therapies that specifically target the meta-
bolic vulnerabilities of cancer cells and/or other cell types 
in the TME [71, 72, 74].

In the nutrient-deficient and hypoxic TME, oncogenic 
alterations of cancer cells as well as host cell factors primar-
ily regulate the core metabolic functions of both anabolic 
and redox homeostasis [71, 73]. Recent studies on oncogenic 
signalling from cancer cells as well as factors produced by 
host stromal cells, immune cells and the endocrine system 
have provided insight into the specific mechanisms that drive 
metabolic reprogramming and adaptation of cancer cells 
through cancer progression [71, 75]. There is increasing 
evidence demonstrating that host cell signals allow for the 
metabolic adaptation of cancer cells. The activation of the 
phosphatidylinositol-3 kinase/protein kinase B/mammalian 
target of rapamycin (Pl3K/AKT/mTOR) signalling path-
way in cancer is typically enabled through multiple factors, 
including direct activation through the mutation of cancer 
cells, indirect activation through upstream oncogenic muta-
tions, and through extrinsic activation through host-derived 
signalling factors [71]. All three contributions are required 
for optimal metabolic activity and adaptation in cancer cells, 
demonstrating the need for the addition of host cells when 
studying cancer using in vitro models [71].

Tumor interactions at distant locations: formation 
of the pre‑metastatic niche

Common secondary sites for cancers to metastasize include 
the lungs, brain, liver, lymph nodes, and bone [76]. Much 
recent work has shown that these organs are remotely primed 
for the colonization of circulating tumour cells through the 
formation of the pre-metastatic niche [15, 77, 78]. Primary 
tumours secrete soluble factors such as receptor activator 

of nuclear factor kappa-Β ligand (RANKL) (bone metasta-
sis) [14], tumour necrosis factor alpha (TNF-α), VEGF-A, 
EVs, enzymes such as lysyl oxidase (LOX), and miRNAs 
to modulate the functions of host cells at the secondary 
location, and ultimately change the microenvironment at 
the secondary site to permit the survival of circulating can-
cer cells upon their arrival at the secondary site [77, 78]. 
Changes to the secondary site can include increased vascular 
permeability [79], remodelling of the ECM [80], modula-
tion of nutrient uptake to provide increased availability of 
certain nutrients [81], and recruitment of pro-tumorigenic 
immune cells to support metastatic cancer cell seeding and 
subsequent colonization [82]. As a result of these changes, 
typical characteristic markers of the pre-metastatic niche 
include increased concentrations of fibronectin secreted by 
perivascular cells and fibroblasts, increased LOX activity 
linked to ECM remodelling, as well as formation of pre-
metastatic lesions in bone [77, 78]. The pre-metastatic niche 
is also linked to an upregulated expression of molecules such 
as matrix metalloproteinases (MMPs) -2 and -9, as well as 
pro-inflammatory S100 calcium-binding proteins A8 and A9 
(S100A8, S100A9), all of which are considered as markers 
of poor prognosis in cancer patients [78].

In summary, the constantly evolving environment and 
heterogeneity of the TME both contribute to its adaptive 
response and subsequent resistance to chemotherapies. 
Many novel cancer treatments now target the TME, or more 
specifically aim to inhibit specific interactions (direct or 
indirect) occurring in the TME which are crucial for tumour 
progression and metastasis [51]. However, it is thought 
that the role or function of TME components from early 
tumour development to metastasis changes over the course 
of tumour growth, making the development of novel cancer 
therapies rather difficult [51].

Cancer‑on‑a‑chip models

Cancer‑on‑a‑chip models for studying tumour‑blood 
vessel interactions

Tumours require oxygen and nutrients from blood vessels 
to survive, proliferate and eventually metastasize [83]. 
The vascularization of solid tumours occurs through sev-
eral distinct biological processes [83]. However, in rap-
idly growing tumours, the rate of tumour growth is often 
greater than the supply provided by the tumour vascula-
ture, resulting in intratumoral hypoxia [53, 83]. Tumour 
vasculature differs greatly from normal vasculature in that 
these blood vessels exhibit abnormal structural dynamics 
and are highly permeable, immature, and dilated, resulting 
in “leaky” blood vessels [83]. Briefly, hypoxic conditions 
in the TME activate the angiogenic master switch, hypoxia 
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inducible factor 1 (HIF-1), which in turn upregulates 
VEGF as shown in Fig. 2A [60]. VEGF then promotes 
tumour angiogenesis to deliver nutrients and oxygen to 
the tumour [60].

The incorporation of a vascular network is critical for the 
formation of biomimetic in vitro cancer-on-a-chip systems 
[87–89]. 3D tissue models as in vitro drug screening tools 
for novel anti-angiogenic therapies can help to improve the 
understanding of mechanism of action and efficacy of these 
treatments [89]. Figure 2B shows a 3D microfluidic tissue 
model by Park et al. with perfusable vessels to perform drug 
screening. The rate at which perfusion of media containing 
anti-cancer therapies also plays an important role in pre-
clinical drug screening models. Figure 2C shows a micro-
fluidic platform developed by Pradhan et al. that permits the 
variation of perfusion rates. Microfluidic tissue models also 
allow for the observation of key interactions between cancer 
cells and endothelial cells. Figure 2D shows how pancreatic 
cancer cells can replace cells lining the endothelial lumen 
during the process of endothelial ablation. In this section, 
the most recently developed 3D tumour-vasculature models 
with perfusable blood vessels allowing for delivery of cancer 
therapies are examined with a particular emphasis on cancer-
endothelial cell interactions.

Lung cancer

Park et al. developed a 3D vascularized lung-cancer-on-a-
chip (VLCC) model, as shown in Fig. 2B. They used a lung 
decellularized ECM which resulted in a pro-angiogenic 
tissue mimetic hybrid mimicking the natural lung envi-
ronment [84]. Tumour spheroids were formed using A549 
lung cancer cells, human umbilical vein endothelial cells 
(HUVECs), and human lung fibroblasts (HLFs) to mimic 
a native solid tumour and induce angiogenesis [84]. The 
system also had perfusable large vessel-like structures to 
simulate arteries, veins and capillaries [84]. Two macrochan-
nels were seeded with HUVECs inside the matrix to form 
the perfusable blood vessel system [84]. The authors then 
tested high and low concentrations of doxorubicin (DOX) 
and quantified caspase-3 and tumour protein p53 expression 
to determine apoptosis levels [84]. Drug screening revealed 
that the VLCC could demonstrate dose-dependent effects 
of DOX, whereas 2D and 3D spheroid cultures did not [84]. 
Compared to conventional in vitro hydrogels such as col-
lagen, the use of the lung decellularized ECM provides the 
system with the mechanical properties and complex protein 
and cytokine composition of that found in native lung tis-
sue. Moreover, the formation of perfusable vessels and use 

Fig. 2   A Angiogenic signalling from tumour cells. B Vascularized lung cancer-on-a-chip (VLCC). Lung tumour spheroids were cultured in the 
decellularized extracellular matrix to mimic the native TME. The two cylindrical channels were seeded with HUVECs to form the perfusable 
vessel structure [84]. C Perfusable tumour mimetic chip with high and low physiological perfusion capabilities [85] D (Top left) Co-culture con-
figuration of PDAC cells with biomimetic blood vessels and ablation of endothelial cells in the biomimetic pancreatic cancer model by Nguyen 
et al. [86], (Top right) Apoptosis of endothelial cells (red) indicated by cleaved caspoase-3 staining (white) due to ablation by PD7591 pancreatic 
cancer cells (green) (Bottom left) Close-up view of endothelial cells (Bottom right) Close-up of PD7591 cells [86]
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of multicellular spheroids contributed to the strength of this 
model, as demonstrated by the drug screening test [84].

Breast cancer

Pradhan et al. developed a microvascularized tumour-on-
chip platform to examine the efficacy of anti-cancer thera-
pies [85]. Figure 2C shows the platform mimicked the patho-
physiological environment of in vivo breast tumours and 
facilitated the formation of mature, perfusable endothelium 
under physiological fluid flow conditions using human breast 
tumour endothelial cells (hbTECs) [85]. The platform also 
introduced areas of high and low perfusion using two differ-
ent chip designs to simulate the native TME, in combination 
with a polyethylene glycol (PEG)-fibrinogen (PF) hydrogel 
to serve as an ECM. PEG, a hydrophilic and biocompat-
ible polymer, can provide a mechanically tunable hydrogel 
system by changing the ratio of PEG to fibrinogen prior to 
cross-linking. Fibrinogen is a protein secreted and deposited 
into the surrounding ECM by cancer cells, and has been 
demonstrated to promote the secretion of pro-angiogenic 
factors and transendothelial migration, as well as increase 
cancer cell metastatic potential. This platform also enabled 
the long-term co-culture of breast cancer cells and fibro-
blasts. Metastatic MDA-MB-231 or non-metastatic MCF-7 
breast cancer cells were co-cultured with BJ-5ta human fore-
skin fibroblasts in a 5:1 ratio [85].

To induce tumour heterogeneity in the microfluidic sys-
tem, microvascular pattern-dependent flow variations were 
introduced to generate zonal variations and a concentration 
gradient within the tumour culture chambers [85]. The effi-
cacy of anti-cancer drugs by perfusing DOX or paclitaxel 
through the microvasculature for delivery to the tumour 
mass, and cell viability were assessed 48 h after treatment 
[85]. Both anti-cancer treatments had a greater cytotoxic 
effect in static 3D cultures of breast cancer cells co-cultured 
with fibroblasts in the PF hydrogels (in well-plates) com-
pared to the microfluidic tumour-on-a-chip model, highlight-
ing the importance of incorporating a vascular network in 
tumour models for drug screening [85]. One challenge asso-
ciated with this microfluidic tissue model was the use of the 
PF matrix. These hydrogels tend to swell, exerting additional 
pressure in the tumour chamber and therefore on the cancer 
cells [85]. Overall, the tumour-on-a-chip platform allowed 
for the use of an intricate vascular network with “leaky” 
vessels, with variations in shear flow and the creation of 
tumour heterogeneity via concentration gradients [85]. It can 
provide important information on the distribution of drug 
molecules, the effects of treatments on encapsulated cancer 
cells within a tumour mass and therefore more predictive 
data on drug efficacy and mechanisms of actions [85].

Multicellular spheroids have also been incorporated 
in microfluidic tissue models to provide more spatial 

complexity. Nashimoto et al. reported a tumour-on-a-chip 
platform using tri-culture spheroids composed of MCF-7 
breast cancer cells, HLFs and HUVECs with an engineered 
tumour vascular network to evaluate tumour behaviour under 
intraluminal flow, which can provide oxygen, nutrients or 
cancer therapies to the tumour spheroid [90]. Co-culture 
spheroids incorporating HLFs and MCF-7 s and tri-culture 
spheroids including HUVECs could induce abundant angi-
ogenic sprouting from HUVECs cultured in surrounding 
channels [90]. Specifically, the inclusion of fibroblasts in 
breast cancer spheroids induced angiogenesis, leading to the 
construction of a perfusable vascular network in the micro-
fluidic chip [90]. Interestingly, when treated with paclitaxel, 
spheroids in perfusion conditions did not decrease spheroid 
volume compared to spheroid in static conditions. The 
authors also observed that spheroid volume decreased in a 
dose-dependent manner in static conditions [90]. This com-
plex vascular network demonstrated the importance of per-
fusion on tumour activities, as well as drug administration 
for preclinical screening tests and highlighted the careful 
considerations that must be made regarding the continuous 
supply of nutrients and oxygen for tumour-on-a-chip plat-
forms during drug screening tests [90]. Kwak and Lee devel-
oped an optimization protocol for their previously devel-
oped tumour on a chip model by using tri-culture spheroids 
consisting of MDA-MB-231 breast cancer cells, MSCs and 
either HLFs or HUVECs [91]. To support vascular sprouting 
in the system, HLFs were embedded in the ECM to promote 
vascular sprouting and invasion, as HLFs secrete a number 
of pro-angiogenic factors including VEGF and FGF-2 [91]. 
The authors observed that multicellular tumour spheroids 
with HUVECs and MSCs embedded in an ECM containing 
HLFs significantly enhanced the sprouting and migration of 
tumour spheroids and promoted angiogenesis and vascular 
invasion, while preserving the structural integrity and func-
tionality of HUVEC-lined microfluidic channels [91]. Such 
an optimization protocol enabled the generation and valida-
tion of microfluidic models of the TME for drug screening 
of anti-angiogenic therapies, or for testing patient samples 
for personalized medicine.

Pancreatic cancer

Nguyen et al. introduced a pancreatic-cancer-on-chip model 
to understand the interactions between pancreatic ductal ade-
nocarcinoma (PDAC) and blood vessels [86]. PDAC enters 
circulation at the early stages of tumour development, and 
develops abnormal vasculature at later stages in the dis-
ease, thereby limiting the delivery of chemotherapies to the 
tumour [92, 93]. Therefore, a model of a biomimetic PDAC 
ductal channel co-cultured beside an endothelialized and 
perfused lumen channel to observe PDAC-endothelial inter-
actions was created [86]. The hollow cylindrical PDAC and 
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blood vessel channels were embedded in a collagen matrix 
[86]. Primary PD7591 cells were seeded into the biomimetic 
ductal channel, HUVECs were seeded in the blood vessel 
channel to form a perfusable lumen [86], with the co-culture 
configuration shown in the schematic in Fig. 4D (top left). 
After seeding the endothelium successfully deposited a col-
lagen IV layer in the device [86].

The authors observed that part of the endothelium 
became occupied by the tumour cells, with increased num-
ber of apoptotic HUVECs in proximity to the PDAC cells. 
The collagen IV layer gradually disappeared as the tumour 
cells replaced parts of the endothelium, a phenomena termed 
as endothelial ablation as demonstrated on the device in 
Fig. 2D [86]. Endothelial ablation was also observed in 
in vivo experiments with mice. Using the pancreatic can-
cer-on-chip device, Nguyen et al. identified that the TGF-β 
receptor signalling pathway mediated endothelial ablation, 
that is, inhibition of TGF-β receptor signalling significantly 
reduced endothelial ablation of the microfluidic blood ves-
sel [86]. Knockout of activin receptor-like kinase 7 (AlK7) 
receptors, required for endothelial ablation in HUVECs, 
resulted in significantly decreased endothelial ablation and 
PDAC invasion in 2D patterned co-cultures and in vivo stud-
ies using mice [86]. Using such a 3D tissue model allowed 
for the study of cancer-endothelial cell interactions and 
observed endothelial ablation as well as the signalling path-
ways involved. This model also permitted the use of spati-
otemporal and genetic control to determine the signalling 
pathway for endothelial ablation [86].

Glioma

Truong et al. developed a 3D organotypic model to study 
glioma stem cell-vascular interactions [94]. This 3D micro-
fluidic tissue model was integrated with hydrogels to cre-
ate a biomimetic vascular niche and study the influence 
of endothelial cells on the behavior of glioma stem cells 
(GSCs) [94]. Co-culture with endothelial cells enhanced 
GSC migration, an invasive GSC morphology, and increased 
expression of neural epithelial stem cell protein Nestin 
(neural progenitor), SRY-box transcription factor 2 (SOX2) 
(pluripotency and self-renewal) and cluster of differentia-
tion 44 (CD44) (hyaluronic acid in malignant glioblastoma) 
markers, suggesting that the platform allowed for GSCs to 
maintain their stemness [94]. Comparison with an in vivo 
mouse model revealed similar invasive GSC morphology, 
indicating that the microfluidic system is comparable with 
the native TME [94]. C-X-C motif ligand chemokine 12-C-
X-C motif receptor chemokine 4 (CXCL12-CXCR4) signal-
ling was confirmed to be involved in the migration of GSCs 
when co-cultured with endothelial cells in a 3D microenvi-
ronment [94]. Treatment with AMD3100, a CXCR4 inhibi-
tor, significantly decreased invasion distance. Overall, the 

microfluidic model allowed for studying GSC interaction 
with the surrounding microenvironment and for the devel-
opment of future cancer therapies that target key molecular 
signalling pathways key to GSC growth, invasion, or regula-
tory mechanisms [94].

Colorectal cancer

Hachey et al. presented a novel 3D vascularized micro-
tumour (VMT) to recapitulate the colorectal cancer micro-
environment [95]. Their tumour-on-a-chip model was trans-
parent, allowing for real-time monitoring, and contained 
perfusable blood vessels and fibroblasts for drug screening 
studies. Tumour growth and response to chemotherapies 
using this new model more closely resembled the responses 
observed in preclinical in vivo xenograft models. RNA 
sequencing studies also confirmed that the VMT platform 
indeed captured tumour heterogeneity [95]. Tumours derived 
from the VMT model contained a distinct neural/glial anti-
gen 2-positive (NG2 +) population that underwent the epi-
thelial to mesenchymal transition (EMT), whereas cancer 
cells in 2D and 3D monocultures did not [95]. Addition-
ally, by culturing tumours in a 3D stroma with fibroblasts, 
the authors observed a significant upregulation of TGF- β 
signalling. Treatment with TGF-β inhibitor galunisertib sup-
pressed tumour growth whereas this effect was not observed 
in 2D or 3D cultures through impairing stromal fibroblast 
signalling [95]. The VMT platform was able to better cap-
ture the heterogeneity and drug response of in vivo tumours 
compared to standard clinical drug screening platforms, 
which included 2D monolayer culture and 3D tumour sphe-
roids [95].

Cancer‑on‑a‑chip models for studying 
tumour‑stroma interactions

The tumour stroma is the non-neoplastic component of 
the TME, consisting of multiple types of support cells and 
an abundance of ECM and acellular factors (cytokines, 
chemokines, EVs, etc.) (Fig. 3A) [96]. The complex inter-
actions that occur within the tumour stroma are a hallmark 
feature of solid tumours that promote tumour growth, pro-
gression, and metastasis as well as an adaptive response to 
chemotherapies that ultimately result in the resistance to 
anti-cancer drugs [96, 97].

Tumour-stroma structures in in vitro platforms can pro-
vide the necessary cellular and matrix complexity of the 
native tissue/cancer microenvironment. However, the accu-
rate compartmentalization of tumour-stroma is critical and 
must allow for cellular interactions and migration between 
compartments [97]. When accurately modelled, cancer-on-
a-chip platforms can aid in identifying important genes or 
markers of interest in cancer-stroma interactions that drive 
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cancer invasion or metastasis. For example, Truong et al. 
identified glycoprotein non-metastatic B (GPNMB) as a key 
marker for the migration speed of breast cancer cells dur-
ing co-culture with CAFs, as demonstrated in Fig. 3B [98]. 
Stromal components include CAFs, immune cells, endothe-
lial cells, ECM and chemokines, growth factors, EVs and 
other soluble factors [96]. Modelling cancer microenviron-
ments with the appropriate stromal components is also cru-
cial for accurately measuring response during preclinical 
drug screenings, as in Fig. 2C which shows that incorpora-
tion of CAFs and fibronectin enhance cancer cell migra-
tion compared to normal fibroblasts. Some cancer types are 
stroma rich. In fact, the stroma can consist of the major-
ity of the tumour volume, such as PDAC where the tumour 
consists of around 90% stroma by volume [97]. Here, recent 

3D microfluidic tissue models highlighting tumour-stroma 
interactions are examined, with a particular focus on tumour-
fibroblast (normal or cancer-associated) interactions.

Breast cancer

Co-culture with stromal cells is crucial for the study of 
in vivo-like cancer cell behaviours, secretion of cancer-
derived factors, and expression of genes responsible for 
cancer cell invasion and migration in a controlled in vitro 
environment. Truong et al. developed a microfluidic tumour 
invasion model incorporated with either patient-derived 
CAFs or normal fibroblasts (NFs) to study tumour-stroma 
interactions [98]. Invasive SUM-159 breast cancer cells 
and patient-derived fibroblasts were co-cultured in their 

Fig. 3   A Tumour-stroma microenvironment including NFs, and CAFs. CAFs tend to exhibit elevated levels of ECM production and remodel-
ling, and acellular factors. B Novel gene of interest GPNMB discovered by Truong et  al. using their microfluidic tumour invasion model of 
breast cancer [98]. (i) Immunofluorescence analysis of GPNMB. Knockdown of GPNMB in SUM-159 breast cancer cell line shG #1 and #4 did 
not increase GPNMB expression when co-cultured with CAFs, compared to control [98]. GPNMB knockdown attenuated (ii.) migration speed 
and (iii.) persistence [98]. C Co-culture of breast cancer cells with varying fibroblast and matrix composition [99]. (i.) Co-culture with CAFs 
enhanced cancer cell migration distance compared with normal fibroblasts [99]. (ii.) Second harmonic generated images of collagen/fibronectin 
matrices [99]. (iii.) Measured matrix gap area in collagen and collagen-fibronectin matrices when cultured with NFs or CAFs [99]
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respective 3D tumour and stromal areas on the microflu-
idic chip to assess the molecular and cellular influence of 
patient-derived fibroblasts during tumour-stroma crosstalk 
[98]. The authors integrated transcriptome profiling as well 
as a conventional cancer cell migration analysis to examine 
how tumour-stroma interactions promote breast cancer inva-
sion [98]. Transcriptional profiling during cancer invasion 
was used to reveal molecular changes that occurred during 
invasion. More specifically, co-culture with NFs exhibited a 
tumour-suppressive behaviour through a reduction in migra-
tion, proliferation of breast cancer cells and an enrichment 
in inflammatory pathways, whereas CAFs promoted a pro-
tumorigenic environment through enhanced invasion, cell 
adhesion and ECM [98]. The authors also identified a gene 
of interest called GPNMB and performed a functional assay 
to determine the specific role of GPNMB. The authors estab-
lished GPNMB knockdown lines (Fig. 3B (i.)) and deter-
mined that GPNMB knockdown was responsible for reduced 
breast cancer cell invasion through a 3D matrix, migration 
speed, and persistence (Fig. 3B (ii., iii.)). Overall, the plat-
form was useful in uncovering key mechanistic pathways 
involving GPNMB expressed in CAFs, by studying tumour-
stromal cell interactions on a biomimetic platform for the 
discovery of novel cancer therapies that target the TME [98].

Ayuso et al. developed a microfluidic tissue model to 
mimic the ductal carcinoma in situ (DCIS) microenviron-
ment, which requires the generation of a luminal structures 
containing MCF10A-DCIS cancer cells with different meta-
bolic phenotypes in addition to the presence of stromal cells 
[100]. Their platform enabled the co-culture of DCIS cancer 
cells in an epithelial mammary duct comprised of MCF-
10A cells along with human mammary fibroblasts (HMFs) 
embedded in a collagen-based ECM [100]. The authors 
demonstrated that DCIS cells indeed rely on glycolysis 
to support cancer growth, as DCIS cells quickly consume 
glucose and glutamine compared to their normal epithelial 
counterparts (MCF-10A cells) [100]. Moreover, during can-
cer cell invasion over 3 days, optical metabolic imaging of 
the microfluidic platforms revealed a spatial dependence 
of DCIS cells in the device [100]. More specifically, cells 
invading the ECM had a decreased nicotinamide adenine 
dinucleotide phosphate (NADPH) fluorescent lifetime, sug-
gesting that these cells underwent more glycolysis compared 
to the cancer cells remaining in the lumen, demonstrating 
spatial heterogeneity in cancer cell metabolic phenotype.

Several other microfluidic platforms were also designed 
for studying tumour-stroma interactions. They have been 
used to study cancer-secreted factors that promote inva-
sion or upregulate mesenchymal markers such as MMPs or 
fibronectin. Fan et al. designed a 3D microfluidic system 
with microchamber arrays embedded in collagen with tun-
able biochemical gradients [101]. The microchamber pro-
vided a similar environment to that of the native TME, with 

the microfluidic channels offering precise control of com-
plex concentration gradients of biomolecules or anti-cancer 
therapies. MCF-10A breast epithelial cells formed lumen-
like structures similar to those found in epithelial layers in 
the microfluidic device [101]. However, when MCF-10A 
cells were co-cultured with invasive MDA-MB-231 breast 
cancer cells, the formation of lumen structures was inhibited, 
demonstrating how cancer cells can disrupt the formation 
of normal structures due to the secretion of MMPs [101].

Lugo-Cintrón et al. developed a microfluidic model to 
mimic the complex TME during breast cancer invasion [99]. 
MDA-MB-231 breast cancer cells were seeded into a lumen 
structure within a 3D collagen matrix to determine the 
effects of various fibronectin and fibroblast compositions on 
cancer cell migration distance and matrix remodelling [99]. 
Normal HMFs or CAFs were embedded into the 3D matrix 
to observe cancer-stroma crosstalk. The authors observed 
that a fibronectin-rich matrix containing CAFs increases 
cancer cell migration distance and promotes higher MMP 
secretion and ECM remodelling (Fig. 3C (i.)) [99]. Further-
more, a fibronectin-rich matrix dramatically increased ECM 
remodelling (matrix gap area) in NFs, whereas no change 
in remodelling occurred with the addition of fibronectin in 
CAF co-cultures (Fig. 3C(ii., iii.)). This may be attributed 
to the fact that CAFs already secrete enhanced quantities 
of fibronectin compared to NFs, and addition of fibronec-
tin does not alter CAF behaviours [99]. Interestingly, MMP 
inhibitors for breast cancers were only effective in monocul-
ture conditions and not in a fibronectin-rich matrix contain-
ing NFs, suggesting that the lack of fibroblast incorporation 
in in vitro studies could explain the limited success of MMP 
inhibitors in clinical trials [99, 102, 103]. Taken together, 
this study was the first to use a microfluidic tissue model to 
screen the effects of key TME components on cancer cell 
migration and on the efficacy of recently developed cancer 
treatments [99].

Incorporation of the stroma is also important for studying 
the expression of pro-inflammatory cytokines in the TME. 
Du et al. presented a microfluidic platform to control mul-
tiple factors of the in vitro TME and assess tumour inva-
sion into the 3D stroma containing noncancerous MCF-10A 
breast epithelial cells and neonatal human dermal fibroblasts 
(HDF-n) [104]. The side-by-side arrangement of the tumour 
and stromal compartments allowed for paracrine and jux-
tracrine signalling between cell types, and a 3D endothe-
lial layer between the collagen gel and nutrient reservoir 
allowed for the simulation of the trans-endothelial transport 
of nutrients [104]. The real-time visualization of MDA-
MB-231 breast cancer cells also revealed that the ability of 
tumour invasion was directly correlated to cell density [104]. 
Additionally, migration distance of invading cancer cells 
was enhanced through co-culture with noncancerous cells. 
Analysis of interleukin-6 (IL-6), a proinflammatory cytokine 



Med-X            (2023) 1:11 	

1 3

Page 11 of 28     11 

in MCF-10A and MDA-MB-231 mono- and co-cultures 
revealed that IL-6 expression was significantly enhanced in 
both cell types during co-culture [104]. Inhibition of IL-6 
decreased the invasion ability of breast cancer cells, dem-
onstrating the importance of inflammatory pathways on the 
promotion of cancer invasion.

Pancreatic cancer

Lee et al. developed an in vitro 3D pancreatic tumour model 
to recapitulate the PDAC TME [105]. In PDAC, EMT in the 
pancreatic TME facilitates metastasis and has been thought 
to be a mechanism of drug resistance [106]. PANC-1 pan-
creatic cancer spheroids were co-cultured with pancreatic 
stellate cells (PSCs), known to be a source of CAFs, in col-
lagen-supported microchannels [105].

Tumour spheroids co-cultured with PSCs resulted in a 
higher number and larger diameter of PANC-1 spheroids 
after five days of culture [105]. Moreover, the tumour sphe-
roids acquired a migratory phenotype and enhanced cell 
migration in co-culture conditions [105]. Co-culture with the 
stroma also increased expression of EMT markers in tumour 
spheroids. More specifically, there was increased expression 
of EMT marker vimentin as well as EMT cytokines TGF-β 
and connective tissue growth factor (CTGF) [105]. Drug 
screening also revealed that co-culture conditions with PSCs 
promote resistance to chemotherapies, likely attributed to 
EMT of the tumour spheroids induced by stromal cells and 
activation of PSCs through co-culture induced upregulation 
of alpha smooth muscle actin (α-SMA). [105]. This plat-
form allowed for the formation of stable pancreatic cancer 
aggregates, three dimensionality in collagen-gel stroma and 
heterotypic cell interactions with PSCs, an important com-
ponent in the PDAC microenvironment.

Lung cancer

Kim et al. developed a microfluidic platform that recapitu-
lated the unidirectional interstitial flow created by mesothe-
lioma tumours, which is then delivered to fibroblasts located 
in the surrounding stroma [107]. Briefly, unidirectional 
interstitial flow containing tumour-secreted cytokines is gen-
erated by the tumour due to elevated hydrostatic and osmotic 
pressure and transported to the surrounding stroma, thereby 
activating neighboring fibroblasts and other host cells [107]. 
By receiving the interstitial flow generated by the bulk 
tumour containing proteins and EVs, surrounding host cells 
are transformed into cancer-associated phenotypes. Several 
co-culture methods typically utilize bi-directional signalling 
from cancer and host cells, as the intricate unidirectional 
signalling created by interstitial flow is difficult to simu-
late [107]. In this study, interstitial flow in the microfluidic 
device was generated by the evaporation of medium from 

reservoirs with different diameters and carried secreted fac-
tors from the tumour cells to the fibroblasts [107]. These 
factors stimulated the activation, migration, and stellate for-
mation of the receiving fibroblasts. The activated fibroblasts 
expressed abundant MMPs 9 and 14 as well as CAF markers 
including vimentin, α-SMA, and fibroblast activation pro-
tein alpha (FAP-α) [107]. Overall, this platform captures and 
highlights the importance of recapitulating biomechanical 
aspects of the TME.

Melanoma

Ayuso et al. developed a microfluidic platform to study pri-
mary melanoma cell phenotype and metabolism during co-
culture with fibroblasts and/or keratinocytes (stromal cells) 
by leveraging air-wall patterning to control the spatial distri-
bution of each cell type [108]. The authors observed that co-
culture with stromal cells induced an elongated melanoma 
cell morphology compared to monoculture conditions in the 
device, as well as elevated secretion of IL-6 and IL-8, both 
of which contribute to tumour proliferation and metastatic 
potential [108]. Interestingly, by utilizing optical metabolic 
imaging, the authors observed that triple culture conditions 
led to a marked decrease in melanoma redox ratio, thereby 
shifting the metabolic profile of cancer cells when com-
pared to monoculture conditions [108]. Moreover, analy-
sis of NADPH fluorescent lifetime revealed that co-culture 
with stromal cells provides a more supportive environment 
for melanoma cells [108]. A reduced NADPH fluorescent 
lifetime implies there is a higher degree of NADPH in the 
cytoplasm, thus reducing the degree of oxidative stress in 
melanoma cells. Taken together, this platform demonstrates 
that fibroblasts and keratinocytes play a supportive role in 
melanoma tumorigenesis [108].

Cancer‑on‑a‑chip models for studying 
tumour‑immune cell interactions

Immune cells play a key role in the TME. The TME forms 
an immunosuppressive microenvironment due to nutrient 
depletion and accumulation of waste and hypoxia, which 
can compromise the function of immune cells [109]. 
Tumours interact with a diverse number of adaptive or 
innate immune cells (Fig. 4A). Briefly, adaptive immune 
cells are cells activated upon the exposure to a specific 
antigen, and subsequently use immunological memory to 
evaluate the potential threat of the foreign particle [110]. 
Adaptive immune cells include T cells and B cells [110]. 
Innate immune cells utilize a non-specific defense mech-
anism upon the entry of a foreign antigen into the body 
[110]. These cells include macrophages, neutrophils, natu-
ral killer (NK) cells, and dendritic cells [110]. Immune cells 
can either function as a tumour suppressor or can promote 
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tumorigenesis. The role that immune cells play in the TME 
depends on the tumour type and context [108]. For example, 
macrophages that infiltrate the TME can undergo polariza-
tion and become TAMs [111].

Several platforms have been recently developed to study 
the interactions between tumour and various types of 
immune cells and model the biological processes that occur, 
such as immune cell recruitment and migration [108]. Mod-
elling these dynamic tumour-immune cell interactions can 
provide further understanding of the underlying mechanisms 
that lead to the formation of either an anti- or pro- tumori-
genic microenvironment or to the cancer-induced formation 
of the immune-suppressive microenvironment [108, 114]. 
For example, 3D tumour chip models that mimic spatial 
aspects of tumour architecture show profound effects on 
immune cell exhaustion, indicative of an immunosuppres-
sive microenvironment, as demonstrated in Fig. 4B i and ii. 
These models can also provide an opportunity for observing 
biological phenomena at high spatiotemporal resolution. The 
first high resolution imaging of monocyte transmigration 
performed by Boussomier-Calleja et al. is shown in Fig. 4C. 

They also investigated the effects of monocyte differentia-
tion on tumour cell migration and extravasation. Such infor-
mation can help in the development of novel cancer immu-
notherapies that target various immune cell types across 
multiple stages of immune cell differentiation [108, 114].

Breast cancer

The pro-inflammatory, immunosuppressive microenviron-
ment is a hallmark of the TME. However, more insight on 
the effects of the TME on host immune cells is needed. 
Ayuso et al. developed a 3D in vitro tumour-on-a-chip plat-
form to examine how NK cells respond to an immunosup-
pressive microenvironment [112]. The tumour-on-a-chip 
device consisted of a central microchamber where MCF-7 
breast cancer cells were embedded in collagen with or with-
out NK cells [112]. The asymmetric distribution of nutri-
ents can generate multiple tumour scenarios and created 
gradients of cell viability (Fig. 4B(i.)). As a result of the 
heterogenous distribution of nutrient and oxygen, immune 
cells isolated from the chip expressed genes associated 

Fig. 4   A Tumour-immune microenvironment. B NK cell exhaustion in the TME. [112] (i) Spatial cell viability gradient from the proximal (outer 
proliferative zone) to the distal (necrotic core) zones of the solid tumour [112]. (ii) Upregulation of genes associated with exhaustion and down-
regulation of genes associated with proliferation and survival in NK cells isolated from the tumour chip [112]. C Microvascularized model for 
studying tumour extravasation [113] (i) Schematic of the microfluidic device for monocyte studies with the experimental timeline. Quantified 
increase in monocyte extravasation over 48 h after perfusion [113]. (ii.) Monocytes (white) undergoing extravasation through the endothelium 
(green), and subsequent interactions with fibroblasts (red) [113]
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with immune exhaustion (indoleamine 2,3-dioxygenase 
(IDO1), programmed cell death protein 1 (PD-1) and cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4)), as well 
as nutrient starvation and hypoxia (HIF-1A, VEGF) were 
upregulated (Fig. 4B(i.)) [112]. Genes associated with cell 
survival, proliferation and activation (B-cell lymphoma 2 
(BCL2), granzyme B (GZMB), Fas cell surface death ligand 
(FASL), IL-15 were significantly downregulated, suggesting 
an immunosuppressive tumour-on-a-chip microenvironment 
(Fig. 4B(ii.)) [112]. On the other hand, the NK cells isolated 
from the well-plate had a gene expression profile similar 
to naïve NK cells (NK cells that have never been exposed 
to cancer cells), compared to the profile NK cells from the 
microdevice [112]. More specifically, NK cells cultured in 
well plates exhibited a significant upregulation of activa-
tion/prosurvival markers, whereas NK cells from the micro-
device exhibited an upregulation of genes associated with 
NK cell exhaustion [112]. Treatment with IDO1 and PD-1 
inhibitors led to partial alleviation of immune exhaustion 
and an increase in MCF-7 cell death [112]. This platform 
allowed for the study of molecular alteration that drives 
immunosuppression and to identify new immunotherapeutic 
targets. Additionally, it highlights the importance of analyz-
ing molecular changes of immune cells in a physiologically 
relevant platform, as well as the spatial dependence on can-
cer cell response to immunotherapies, as tumour cells in 
the necrotic region were observed to be highly resistant to 
treatment. Aung et al. developed a perfusable tumour-on-
a-chip model to study the effects of breast cancer-immune 
interactions on T-cell recruitment [115]. Breast cancer cells, 
monocytes and endothelial cells were spatially controlled in 
a gelatin matrix using 3D micropatterning [115]. The effects 
of cancer-monocyte interactions on T-cell recruitment were 
examined by dispersing T-cells into the perfused culture 
medium and allowed to infiltrate through the endothelial 
barrier [115]. Microfluidic culture simulating the hypoxic 
environment commonly found in solid tumours/spheroids 
resulted in increased T-cell recruitment, compared to dis-
persed cancer cells [115]. Addition of monocytes into the 
system also resulted in higher T-cell recruitment, attributed 
to differences in chemokine secretion profiles that influ-
ence endothelial permeability [115]. Overall, this platform 
allowed for the study of immune cell recruitment using mul-
tiple cell types.

Host immune cells also have important effects on tumour 
development and progression. Mi et al. introduced a novel 
microfluidic platform to study the effects of macrophages 
on the invasion of breast cancer cells [116]. Breast can-
cer cells and either normal macrophages or TAMs were 
embedded in separate 3D matrices arranged in adjacent 
channels to observe paracrine and juxtracrine signalling 
[116]. A vascular endothelial layer was located at the inter-
face of the 3D matrices to simulate the trans-endothelial 

barrier. The authors observed that invasive MDA-MB-231 
breast cancer cells co-cultured with TAMs resulted in sig-
nificantly higher cancer cell migration distance compared 
to co-culture with normal macrophages [116]. Moreover, 
the viability of breast cancer cells when treated with pacli-
taxel was the highest when co-cultured with TAMs, sug-
gesting that transformed immune cells aid in imparting 
resistance to anti-cancer therapies [116]. This platform can 
be used for invasion studies in the context of tumour-mac-
rophage crosstalk. Boussommier-Calleja et al. presented 
a 3D vascularized microfluidic model to study the effects 
of monocytes on tumour extravasation [113]. The central 
compartment of the device contains endothelial cells and 
fibroblasts suspended in a 3D fibrin gel (Fig. 4C (i.)). The 
studies on this platform provided evidence of direct inter-
actions between tumour cells and monocytes while dem-
onstrating the first high-resolution imaging of monocyte 
transmigration through human vasculature (Fig. 4C (ii.)) 
[113]. The platform also replicated monocyte extravasation 
patterns observed in vivo, where inflammatory monocytes 
(C–C chemokine receptor-2 (CCR2)-positive) have higher 
rates of extravasation compared to patrolling monocytes 
(CCR2-negative) [113]. When treated with blebbistabin, 
a myosin II inhibitor in monocytes, inflammatory mono-
cytes significantly slowed migration. To determine mono-
cyte effects on tumour extravasation, they used monocytes 
at various stages of differentiation [113]. Intravascular or 
undifferentiated monocytes reduced tumour cell extravasa-
tion by 42% within 10 h of co-culture [113]. Extravasated 
monocytes that took on a more macrophage-like phenotype 
did not have a significant effect on tumour extravasation 
[113]. Overall, this platform can be used as a tool to fur-
ther study monocyte-tumour interactions and function as 
a drug screening model to study novel therapies that target 
monocyte differentiation.

Ovarian cancer

Ovarian cancer tends to metastasize early in disease pro-
gression and has an affinity to travel towards aggregated 
immune cells on the peritoneum [117]. Immunotherapeu-
tic strategies for ovarian cancer are under development 
and are currently being tested in numerous clinical tri-
als [118]. Surendran et al. developed a 3D microfluidic 
platform that served to recapitulate the tumour-immune 
microenvironment (TIME) [119]. This platform permitted 
the formation of ovarian cancer spheroids from OVCAR-3 
cells embedded in a collagen matrix in hydrogel microw-
ells [119]. These microwells were integrated with a micro-
fluidic channel carrying neutrophils. The formation of 
neutrophil extracellular traps (NETs) generated a recipro-
cated response from the tumour spheroids, resulting in the 
collective invasion of tumour cells into the surrounding 
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collagen matrix [119]. Inhibition of NET formation using 
Sivelestat reversed the effects induced by NETs. Moreo-
ver, NETs were only formed around spheroids in the col-
lagen matrix, rather than NETs formed in contact with 
spheroids, mediated the collective invasion of tumours, 
providing further insight into neutrophil-tumour dynam-
ics [119]. Carroll et al. developed a co-culture platform 
to determine the effects of alternatively activated mac-
rophages (AAMs) on the adhesion of high grade serious 
ovarian cancer (HGSOC) to a mesothelial-lined surface 
[120]. The co-culture platform permitted the formation of 
the peritoneal microenvironment with concentrated par-
acrine signalling to facilitate the identification of AAM-
secreted factors that could enhance cancer cell adhesion 
[120]. This study demonstrated that HGSOCs primarily 
adhere to transmembrane protein P-selectin through clus-
ter of differentiation 24 (CD24), and that AAM-secreted 
macrophage inf lammatory protein-1 beta (MIP-1β) 
activates the C–C chemokine receptor-5 (CCR5)/Pl3K 
pathway, enhancing P-selectin expression in mesothelial 
cells. This mechanism was indeed confirmed by analyz-
ing samples from patients with HGSOC [120]. This study 
provided insight into peritoneal dissemination in HGSOC 
and new strategies for the development of therapies that 
target HGSOC metastasis.

Lung cancer

Guo et al. developed a microfluidic platform to simulate 
the lung cancer microenvironment and examined the role 
of M2 macrophages on the invasive ability of non-small 
cell lung cancers (NSCLCs) [121]. This microfluidic tissue 
model permitted the co-culture of lung cancer cells with 
macrophages. By combining the use of their platform with 
proteomic analysis, the authors found that M2 macrophages 
upregulate the expression of αB-Crystallin (CRYAB), a 
small heat shock protein that is known to induce EMT and 
therefore promote NSCLC migration and invasion [121].

Cancer‑on‑a‑chip models for studying 
pre‑metastatic niche interactions

The pre-metastatic niche is the local microenvironment 
that is primed or educated by the primary tumour to create 
conditions that permit the survival of tumour cells before 
metastatic colonization occurs [15–17]. Primary tumours 
secrete factors that can change the structure of the second-
ary site to enable the colonization of circulating tumour 
cells (Fig. 5A) [17]. Briefly, circulating tumour-secreted 
EVs reach the secondary site and prime the local microen-
vironments by inducing increased endothelial permeability 

Fig. 5   A The local premetastatic microenvironment, associated with increased endothelial permeability, angiogenesis, and enhanced secretion 
of fibronectin and MMPs to remodel the ECM. B (i.) Schematic of the microfluidic platform by Kim et al., showing the invasion of cancer cells 
once monocytes have pre-invaded the ECM [122]. (ii.) Downregulation of endothelial tight junction proteins in monocyte co-culture conditions 
[122]. (iii.) Immunostaining of endothelial layers for tight junction proteins ZO-1 and OCLN [122]. (iv.) Endothelial cell permeability with or 
without the presence of monocytes in contact and non-conditions [122]. C Early metastatic niche (EMN) chip by Crippa et al. [123] (i.) Sche-
matic of the device channels [123] (ii.) Live cell imaging of the cellular components of the chip, including platelets (white, PAC-1), neutrophils 
(blue, CD-11b,), vessels (green), and cancer cells (red), trans-endothelial migration with (C + P + N) or without (C) the presence of platelets and 
neutrophils [123]
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to facilitate cancer cell extravasation, and angiogenesis to 
provide abundant oxygen and nutrients [15, 17]. Tumour-
secreted EVs also activate fibroblasts, increasing their pro-
duction of fibronectin and MMPs to remodel the surround-
ing ECM [15]. Microfluidic tissue models may allow for 
more reliable and physiological modelling of the in vivo 
pre-metastatic microenvironment and focus on specific 
interactions between cancer cells and other important cell 
types in the pre-metastatic niche, particularly immune and 
endothelial cells. For example, Kim et al. demonstrate that 
monocyte-endothelial cell interactions increase endothelial 
permeability upon the arrival of cancer cells to the second-
ary site, as shown in Fig. 5B [122]. Moreover, Crippa et al. 
demonstrated that inclusion of neutrophils and platelets 
on their pre-metastatic niche platform, with the schematic 
shown in Fig. 5C, enhanced cancer cell migration and EMT 
[123]. Microfluidic tissue models have recently been used to 
further reveal that the interactions that occur within the pre-
metastatic niche indeed shape cancer cell behaviour during 
metastasis [122–124].

Kim et al. developed a 3D microfluidic platform to study 
the pre-metastatic niche (Fig. 5B(i)) [122]. Monocytes were 
seeded on the endothelial monolayer to mimic the early 
stages of pre-metastatic niche formation and subsequently 
allowed to differentiate in the presence of collagen [122]. 
Monocytes cultured with collagen had increased expres-
sion of macrophage differentiation markers [122]. Mono-
cyte-secreted MMP-9 destroyed endothelial tight junctions 
to facilitate metastasis (Fig. 5(ii., iii., iv.)), and as a result, 
endothelial permeability was significantly increased through 
co-culture with monocytes in a non-contact dependent man-
ner [122]. Pre-invasion of macrophages into the ECM also 
created a more favourable environment for cancer cell inva-
sion. MDA-MB-231 cells invasion into the microfluidic 
ECM had significantly higher cell numbers and distance 
when pre-invaded macrophages were present (compared to 
an ECM with no macrophages) [122]. Macrophages invad-
ing the ECM were also demonstrated to remodel the ECM 
to facilitate cancer invasion through laminin degradation as 
well as the realignment and degradation of collagen fibers 
through the formation of macrophage invadopodia [122]. 
The studies from this microfluidic platform provided direct 
evidence on the role of monocytes and macrophages in the 
formation of the pre-metastatic niche to facilitate cancer 
metastasis and can be used for studying macrophage/mono-
cyte-cancer crosstalk or for drug screening for macrophage-
associated anti-cancer therapies.

Crippa et al. designed an early metastatic niche (EMN)-
on-a-chip platform incorporating blood cells to better 
simulate the in vivo microenvironment (Fig. 5C (i.)) [123]. 
They showed that inclusion of neutrophils and platelets sig-
nificantly increased trans-endothelial migration of MDA-
MB-231 cells and that the presence of platelets in the 

EMN-on-a-chip promoted the EMT of breast cancer cells 
(Fig. 5C (ii.)) [123]. Additionally, their platform was applied 
to examine the specific action of β3 integrin inhibitor epti-
fibatide and demonstrated that this drug could have anti-
metastatic potential. More specifically, treatment with eptifi-
batide reduced expression invasion marker MMP-9 in breast 
cancer cells and reduced permeability in endothelial cells 
through the proto-oncogene tyrosine-protein kinase/focal 
adhesion kinase/vascular endothelial cadherin (Src/FAK/
VE cadherin) signalling axis [123]. The data acquired from 
the platform correlated well with previous in vivo studies 
which have demonstrated that platelets mediate early metas-
tasis and transition to a mesenchymal phenotype by activat-
ing the TGF-β/Smad protein signalling pathway in cancer 
cells [125]. This platform also enabled the investigation of 
mechanisms within the pre-metastatic niche and could be 
used for drug screenings of already clinically approved drugs 
for anti-metastatic applications.

Kim et al. presented a 3D microfluidic human liver-chip 
to recapitulate the formation of the pre-metastatic niche 
and study the role of breast cancer-derived EVs before liver 
metastasis [124]. This model incorporated human liver 
sinusoidal endothelial cells (LSECs), primary liver fibro-
blasts and liver hepatocytes and can be used to model the 
normal liver microenvironment or as a pre-metastatic niche 
primed by tumour-secreted factors [124]. Importantly, the 
authors demonstrated that breast cancer-EVs activated liver 
sinusoidal endothelial cells, promoted the endothelial-to-
mesenchymal transition through upregulation of vimentin 
and zonula occludens-1 (ZO-1), and destroyed endothelial 
cell barriers. Moreover, TGF-β1 present in the breast cancer-
EVs upregulated the secretion of fibronectin in endothelial 
cells, ultimately facilitating the adhesion of breast cancer 
cells to the endothelium [124]. Furthermore, the microfluidic 
platform demonstrated that EVs derived from triple nega-
tive breast cancer patients with liver metastasis contained 
higher levels of TGF-β1 compared to non-metastatic tri-
ple negative breast cancer or healthy patients, and that the 
increased TGF-β1 levels correspond to increased adhesion 
of breast cancer cells to the endothelium [124]. The model 
and findings demonstrated that the platform can be used to 
investigate the mechanisms driving the formation of the pre-
metastatic niche in the liver and for screenings anti-cancer 
treatments targeting the pre-metastatic niche in the liver.

Cancer‑on‑a‑chip models for studying metastasis

Metastasis is primarily responsible for cancer deaths [126]. 
As the primary tumour develops, it undergoes several 
genetic mutations, co-opts the TME, and induces angiogenic 
sprouting once the tumour has a large enough necrotic core 
[127]. The metastatic cascade is complex but can generally 
be divided into five major steps [127], including primary 
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cancer cell migration and invasion of basement membrane; 
intravasation into the surrounding blood or lymph vessels; 
circulation through the vasculature; extravasation into the 
secondary site; and colonization at the secondary tumour 
site (Fig. 6A) [127].

Only 0.001–0.02% of tumour cells that enter circulation 
successfully metastasize [131]. However, metastasis sig-
nificantly increases the mortality and morbidity of patients 
as the 5-year survival rate of metastatic cancer is < 30% 
[131]. Thus, in vitro platforms that can successfully mimic 
in vivo tumour metastasis are required for fundamental 
biological studies to better understand this process. Sev-
eral microfluidic platforms to study tumour metastasis 
have been developed. Microfluidic metastasis models can 
use different stimuli to induce cancer cell invasion and 
migration through mechanical guidance, biochemical sig-
nalling, or through interaction with cells at the secondary 
site (extravasation) [131]. Microfluidic tissue models of 
metastasis can be complex in nature and typically mod-
elled according to the secondary site of choice, as multi-
ple cell types are involved in the metastatic cascade and 
require the relevant cell types, ECM, and spatial architec-
ture for optimal recreation of the metastatic cascade at that 

location. Moreover, microfluidic metastatic models typi-
cally focus on a specific stage of the metastatic cascade. 
Figure 6B shows platelet-driven ovarian cancer metastasis 
on a multi-layered tumour chip model [128]. Figure 6C 
shows the schematic of lymphatic metastasis model devel-
oped by Cho et al. incorporating both lymph and blood 
vessels to demonstrate that circulating breast cancer cell 
EMT is driven by IL-6 [129]. Modelling in vivo biome-
chanical regimes are also crucial to developing relevant 
cancer metastasis models, particularly in environments 
with highly mechanosensitive cells. Figure 6D shows the 
platform developed by Mei et al. to model breast cancer 
bone metastasis [130]. This model could connect to an 
oscillatory flow pump to apply shear stress on osteocytes, 
which are sensitive to fluid shear stress and can modulate 
the functions of other cell types through loading-induced 
signalling [130]. In vitro microfluidic models to study 
metastasis can provide a complex but well-controlled 
microenvironment to study or discover the fundamental 
mechanisms that drive cancer metastasis and provide new 
information for the development of new cancer treatments 
that target key molecules involved in various steps of the 
metastatic cascade.

Fig. 6   A Schematic of the metastatic progression of tumours demonstrating the five general steps that occur in the metastatic cascade (1) migra-
tion and invasion (2) intravasation (3) circulation through the blood stream (4) extravasation from the vasculature (5) colonization at the sec-
ondary site [127]. B (Left) Schematic of the microfluidic device by Saha et  al., consisting of two PDMS compartments separated by a thin, 
porous membrane [128] (Right) Cross-sectional view of the device showing the organization of the cellular compartments and ovarian cancer 
cell migration triggered by platelet extravasation [128]. C (i.) EMT of cancer cells [129]. (ii.) The chip is designed to mimic metastatic cancer 
cells in lymph vessels that recruit and colonize blood vessels [129]. (iii.) Schematic of the lymph vessel-tissue-blood vessel (LTB) microfluidic 
device [129]. D Schematic of the microfluidic platform developed by Mei et al. showing the osteocyte and lumen channels [130]. MDA-MB-231 
breast cancer cells are allowed to extravasate towards the osteocytes through the side channels [130]
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Ovarian cancer metastasis

Saha et al. developed a novel ovarian TME organ-on-a-chip 
model [128]. This platform incorporated a collagen-based 
ECM microenvironment with a tumour-interfacing platelet-
perfused vascular endothelial channel (Fig. 6B) [128]. The 
authors studied the dynamics of ovarian cancer cell inva-
sion following platelet extravasation through the endothe-
lium into the TME using the novel microfluidic platform. 
The device allowed for time-lapse isolation of cancer cells 
based on degree of platelet perfusion to study effects on 
cancer cell growth and proliferation [128]. Gene editing and 
RNA sequencing of cancer cells from the tumour-on-a-chip 
platform determined that platelets and ovarian tumours inter-
act through glycoprotein-VI (GPVI) and tumour Galectin-3 
under shear stress [128]. Galectin-3 knockout reduced ovar-
ian cancer invasion into the ECM when compared to wild 
type ovarian cancer cells [128]. Furthermore, treatment with 
GPVI inhibitor Revacept significantly reduced ovarian can-
cer cell invasion through the ECM and enhanced the effects 
of chemotherapy when combined with cisplatin [128]. This 
microfluidic model can be used for the identification of com-
plex tumour-blood cells interactions and metastatic signal-
ling as well as studies for antiplatelet therapeutics against 
tumour metastasis.

Lung cancer metastasis

Kim et al. presented a 3D microfluidic tri-culture platform to 
study crosstalk between cerebral metastatic lung cancer cells 
and the brain perivascular microenvironment [132]. The 
device consisted of four medium channels divided by three 
hydrogel channels [132]. Patient-derived lung carcinomas 
were isolated and subsequently cultured with human cer-
ebral microvascular endothelial cells (hCMECs) and ACBRI 
371 primary human brain astrocytes [132]. Tri-culture in 
the microfluidic device resulted in elevated secretions of 
tumour-promoting factors such as serpin E1, IL-8, and phos-
phoprotein 1 [132]. This platform allows for in vitro screen-
ing of potential molecular targets for anti-cancer therapies 
that target key components of the brain perivascular TME.

Liu et al. developed and established a multi-organ micro-
fluidic platform that recapitulated the entire process of lung 
cancer brain metastasis [133]. This device consisted of an 
upstream “lung” and downstream “brain unit” [133] and 
was utilized to demonstrate that the recently discovered 
aldo–keto reductase family 1 member B10 (AKR1B10) pro-
tein is significantly elevated in brain metastatic lung cancer 
cells and is associated with lung cancer cell extravasation 
through the blood brain barrier. In the same research group, 
Xu et al. isolated brain metastatic cells from the microflu-
idic device and observed that these cells had developed sig-
nificant resistance to several anti-cancer therapies compared 

to parent cells [134]. Proteomic analyses revealed that this 
acquired drug resistance in lung cancer derived brain metas-
tasis was due to increased activity of the glutathione (GSH) 
metabolism pathway which contributes to intracellular 
antioxidant stress response [134]. Additionally, proteomics 
revealed an upregulation of aldehyde dehydrogenases and 
downregulation of epithelial growth factor receptor (EGFR), 
both of which contribute to resistance of EGFR-targeted 
therapies in the brain metastatic cells [134].

Breast cancer metastasis

Cho et al. developed a three-channel microfluidic device 
to understand the role of inflammatory cytokines on breast 
cancer lymphatic metastasis, with both blood and lymph vas-
culature (Fig. 6C(i., ii.)) [129]. A lumen in the lymph ves-
sel channel was formed using human lymphatic endothelial 
cells (HLECs), and the blood vessel lumen was formed using 
HUVECs (Fig. 6C (iii.)) [129]. The inflammatory cytokine 
IL-6 mediated breast cancer cell and lymphatic vessel cross-
talk [129]. Treatment with IL-6 resulted in higher expression 
of EMT markers in breast cancer cells and thereby higher 
invasion from the lymphatic vessel into the hydrogel ECM 
in the microfluidic platform [129]. The device can be used 
to better understand interactions between the tumour-lymph 
system interaction during lymphatic metastasis.

Mei et al. presented the first microfluidic tissue model 
capable of applying in vivo mechanical loading conditions 
to osteocytes to study breast cancer bone metastasis [130]. 
The authors aimed to determine the effects of osteocyte 
mechanical loading on breast cancer cell extravasation [130]. 
This platform consisted of a 3D lumen structure lined with 
HUVECs in one channel, and MLO-Y4 osteocytes seeded 
in the adjacent channel (Fig. 6D) [130]. Mechanical stimu-
lation of osteocytes using oscillatory fluid flow (1 Pa peak 
shear stress, 1 Hz frequency for 2 h) significantly decreased 
breast cancer cell extravasation distance and the percentage 
of side channels containing extravasated cancer cells at the 
end of the experiment [130]. This platform can be utilized 
to study other cancers that tend to metastasize to bone such 
as prostate cancer, or for drug studies to study the effects of 
novel bone metastasis treatments in the bone-cancer micro-
environment. Other 3D tumour models of bone metastasis 
have also been developed. Marturano-Kruik et al. devel-
oped a perfused human bone perivascular niche-on-a-chip 
to study the breast cancer colonization of the bone [135]. 
Human endothelial cells and bone marrow-derived MSCs 
were embedded in a native bone matrix within the micro-
fluidic chip [135]. Cells were exposed to physiological flow 
velocities and oxygen gradient to mimic the in vivo micro-
environment, resulting in a self-assembled vascular network 
for long-term cell culture [135]. Once established capillaries 
structures were formed, cancer cells were infused into the 
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system. Cancer cells that were exposed to the physiological 
fluid flow exhibited a slower proliferative state compared to 
static cancer cells when colonizing the bone matrix, result-
ing in an increased resistance to chemotherapy [135].

Many anti-cancer therapies are being developed to tar-
get circulating tumour cell intravasation and extravasation. 
Microfluidic tissue models have been developed to study 
these phenomena to identify potential target markers for 
novel therapies during adhesion and trans-endothelial migra-
tion. Offeddu et al. utilized self-assembled perfusable micro-
vascular networks (MVNs), a well-established platform that 
was previously developed by their research group [136]. In 
this study, the authors examined the role of the glycocalyx 
in tumour cell arrest, adhesion and trans-endothelial migra-
tion. They observed that removal of hyaluronic acid from 
the endothelial glycocalyx increases extravasation efficiency 
of MDA-MB-231 breast cancer cells, whereas removal of 
hyaluronic acid from the tumour cell glycocalyx significantly 
hindered cancer extravasation [136]. Using their microflu-
idic platform, they demonstrated that hyaluronic acid in the 
tumour glycocalyx promotes cancer cell adhesion through 
CD44 binding [136]. Although important components of 
the TME such as immune cells were missing, the use of 
the in vitro MVNs can provide a controlled environment to 
study glycocalyx-mediated mechanisms during metastasis 
[136]. Gilardi et al. utilized three microfluidic in vitro mod-
els to determine the role of the cyclin-dependent kinase 5 
(Cdk5)/talin-1 (Tln1)/FAK axis in breast cancer cell adhe-
sion, trans-endothelial migration, and early invasion during 
extravasation to the secondary site [137]. They observed 

that Cdk5 silencing affects vascular adhesion, and that the 
structural function, instead of activation through phospho-
rylation of Tln1 and FAK is required for the formation of 
invadopodia, which are required for extravasation through 
the endothelium [137]. In addition, Gilardi et al. found that 
silencing or inhibiting Tln1 and FAK significantly reduces 
breast cancer colonization of the lung [137]. Shirure et al. 
presented a tumour-on-a-chip platform to examine and com-
pare tumour progression and drug sensitivity in common 
breast cancer cell lines and patient-derived tumour organoids 
[138]. The platform allowed for the observation of tumour 
growth and proliferation, angiogenesis, cell migration, and 
finally tumour intravasation at high spatiotemporal resolu-
tion [138].

Summary and future perspectives

This review article provided an overview on organ-on-a-
chip models and the TME. The potential utility of cancer-
on-a-chip models as an in vitro drug screening platform for 
preclinical studies or personalized medicine was discussed. 
Table 2 shows the main findings from microfluidic tissue 
models that included drug screening trials.

Recent advances of tumour-on-a-chip models from the 
last five years were presented. Studies that focused on 
tumour-blood vessel, tumour-stroma, or tumour-immune cell 
interactions and metastasis were examined. A summary of 
the major works discussed in this review can be found in 
Table 3, with main findings listed.

Table 2   Summary of major findings from drug screening trials involving microfluidic tissue models

First Author, Reference Treatment Main Findings from Drug Screening

Park, [84] DOX Dose-dependent caspase-3 activity was observed in the VLCC model, but not 
in 2D monolayers or 3D spheroid cultures

Pradhan, [85] DOX, paclitaxel Increased cytotoxic effects in static 3D cultures versus microfluidic vascular-
ized perfusion cultures

Nashimoto, [90] Paclitaxel Dose-dependent reduction in spheroid volume was observed in static 3D mono-
cultures, but not in perfused microfluidic cultures

Hachey, [95] Galunisertib Treatment with galunisertib to block TGF-β signalling in fibroblasts reduced 
cancer growth in co-cultures, but not in 2D and 3D monocultures

Lee, [105] Gemcitabine, gemcitabine + paclitaxel Treatment of PANC-1 and PSC co-cultures with gemcitabine did not affect 
cancer survival, whereas combination with paclitaxel inhibited tumour 
growth and induced cytotoxicity in PSCs

Mi, [116] Paclitaxel Co-culture with TAMs enhances breast cancer cell viability during treatment 
with paclitaxel

Crippa, [123] Eptifibatide Treatment in the EMN platform reduced expression of MMP-9 in breast cancer 
cells and endothelial permeability

Saha, [128] Revacept, revacept + cisplatin Inhibition of GPVI through revacept significantly reduced ovarian cancer cell 
invasion and enhanced effects of cisplatin when used in combination

Shirure, [138] Paclitaxel Treatment of paclitaxel in the device significantly decreased MDA-MB-231 
and patient-derived tumour size. The IC50 of MDA-MB-231 s was signifi-
cantly higher in microfluidic culture compared to 2D monolayers
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Although many tumour-on-a-chip models have been 
developed, several challenges remain.

	 I	 Industrial manufacturing of microfluidic devices: The 
production process of microfluidic devices for 3D 
tumour-on-a-chip studies at a commercial level must 
be considered. The complexity in the fabrication of 
such devices must be reduced, and quality control 
must be ensured. Current approaches to manufac-
turing of devices at the industrial (large volume) 
scale include hot embossing and micro-injection 
moulding [139], however, hot embossing requires a 
vacuum environment for optimal device production, 
and injection moulding can results in several repli-
cation imperfections at the macro- and micro- scale 
level [139].

	 II	 Optimization of device materials: The commonly 
used material for microfluidic devices is polydime-
thyl siloxane (PDMS). PDMS is hydrophobic and 
thereby prone to adsorbing drug molecules [140], 
which can lead to inaccurate drug screening results. 
Therefore, new materials for microfluidic platforms 
involving cancer therapies must be developed and 
optimized to be biocompatible, low-cost and inert.

	 III	 Technical robustness and difficulty of use: Microflu-
idic devices for biological studies using multiple cell 
types can be generally more difficult to use compared 
to conventional methods. The use of these platforms 
may require rigorous training and/or specialized per-
sonnel. The scale and complexity of the platforms 
also require many factors to interplay perfectly to 
achieve full functionality of the device. Simple fac-
tors such as bubble formation can ruin a microflu-
idic experiment, reducing the technical robustness 
of these platforms [141]. Thus, platforms must be 
designed to be robust and easy to use [141].

	 IV	 Standardization and reproducibility: Experimental 
data acquired from different devices need to be stand-
ardized, and reproducibility of the results obtained 
from these platforms must be ensured.

	 V	 Long-term microfluidic studies: Long-term studies 
require the maintenance of cell viability of multiple 
cell types and of the structural integrity of the tissue/
ECM using a common media and/or consistent per-
fusion. Other challenges associated with long-term 
microfluidic cell culture include effects from biofoul-
ing, which may cause issues with optical monitoring 
of samples, and unwanted nonspecific interactions 
that may occur in the system.

	 VI	 Simulation and quantification of complex cell signal-
ling: The simulation of complex cell signalling and 
the regulated response of other organs in the body 
to cancer such as signalling from the endocrine or 

immune system have not yet been fully replicated 
[15, 17, 26]. While tumour-immune cell interac-
tions have been studied, the full signalling response 
of the immune system has not been replicated on a 
microfluidic platform. Only interactions between 
cancer and one or two immune cell types have been 
examined. Additionally, the complete simulation of 
primary tumours with distant organs such as bone to 
form the pre-metastatic niche has yet to be further 
developed and investigated. Moreover, developing 
advanced microfluidic tissue models with compat-
ible and functional biosensors to measure real-time 
cell-secreted products such as metabolites provides 
a great challenge.

The development of new techniques and methods to fur-
ther increase the feasibility of microfluidic platforms for 
TME studies will continue. Advanced microfluidic tissue 
models integrated with biosensors for the real-time moni-
toring of metabolites (glucose, lactate, oxygen), pH, tem-
perature, or the measurement of electrical and mechanical 
properties of the cancer microenvironment are anticipated 
and could potentially help with the development of cancer-
on-chip model that aim to simulate complex signalling as 
well as cancer metabolism studies. The use of biosensors 
in microfluidic systems can provide more information on 
the TME, increase the functionalities of these systems, and 
avoid the conventional endpoint monitoring of biological 
microfluidic models. A few microfluidic models have probed 
into cancer metabolism and have performed screening for 
metabolic anti-cancer treatments, and these studies are 
expected to continue. Future directions using microfluidic 
tissue models include examining how cancer metabolism 
changes from the onset of cancer, growth and development 
of the primary tumour, all the way to invasion or metastasis, 
which would aid in developing novel metabolic anti-cancer 
therapies to target tumour at various stages of development. 
Primary tumours may undergo metabolic reprogramming 
due to oncogenic alterations or signalling from host cells to 
induce a malignant phenotype and resistance to anti-cancer 
therapies [71, 73]. Observation of metabolic reprogramming 
of cancers in a controlled in vitro environment would pro-
vide opportunities for the development of effective meta-
bolic therapies. The incorporation of biosensors on microflu-
idic platforms to monitor cancer metabolic products or waste 
(oxygen uptake, glucose, lactate, etc.) would be of great use 
by providing real-time measurements during tumour pro-
gression and for studying patient-derived samples in terms 
of the selection of cancer therapies targeting cancer cell/
tumour metabolism for personalized medicine. Moreover, 
the design of cancer-on-a-chip devices that accounts for the 
three dimensionality of tissues and permits the spatiotem-
poral mapping and analysis of morphophysical features of 
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the TME will continue to be improved [26, 142, 143]. Some 
of the works presented in this review demonstrated the first 
steps towards high-resolution spatiotemporal mapping [113]. 
Patient-derived samples or biopsies to generate the TME-
on-a-chip for personalized medicine will also continue to be 
developed in the future. In this review, both patient derived 
CAFs, NFs, and cancer cells have been used in microflu-
idic studies. The increased incorporation of autologous cell 
sources demonstrates a shift away from the use of immortal-
ized cell lines. More patient-derived cell types are expected 
to be used in microfluidic platforms to recapitulate the native 
TME. Artificial intelligence (AI) for analysis of the complex 
TME has the potential to identify novel features that may be 
missed from manual data analysis [144]. Automated analysis 
using AI allows for the interpretation of multinomic data in 
an objective and efficient manner [144].

Furthermore, the use of advanced microfluidic tissue 
models to study complex cellular interactions such as the 
formation of the pre-metastatic niche and cancer cell dor-
mancy will be intensively conducted. Cancer cell dormancy 
is a phenomenon by which single cancer cells acquire a 
reversible, quiescent state in an attempt to adapt to envi-
ronmental stressors [145]. These dormant cells are resist-
ant to chemotherapies and radiation, which typically target 
cell division and are undetectable in current diagnostic 
tests [146]. Dormant cancer cells can be reactivated years 
after remission, resulting in recurrence [147]. However, the 
mechanisms by which cancer cell dormancy is induced or 
spontaneously reactivated remain largely unknown. Micro-
fluidic tissue models to study dormancy mechanisms in a 
controlled, in vitro environment may provide answers on 
the induction or reactivation of cancer cell dormancy, as 
well as potential methods to target and sensitize dormant 
cancer cells to chemotherapies. While the concept of the 
pre-metastatic niche is relatively recent and has grown much 
interest, there are many aspects of this niche that are still 
unknown [77]. More specifically, the mechanisms behind 
which primary tumour are driven to release soluble factors 
to establish the pre-metastatic niche at the secondary site is 
not well known. The discovery of more components of the 
pre-metastatic niche, such as other host/resident or recruited 
cells, remains to be elucidated [78]. As microfluidic tissue 
models offer a controlled but physiologically relevant micro-
environment, this may present an advantage in studying the 
entire process of the pre-metastatic niche, as well as a plat-
form for screening novel treatments that aim to target or 
prevent pre-metastatic niche formation.

Finally, microfluidic tissue models will lead to more 
biological discoveries. While many microfluidic models 
were shown to demonstrate proof-of-concept through a 
drug screening or observation of specific in vivo behav-
iours, this review also introduced a few works that uti-
lized microfluidic platforms for the identification of novel 

genes, markers or cell behaviours that play a key role in 
tumour growth or invasion [86, 94, 98, 112, 113, 120, 121, 
123, 128, 133, 134, 136, 137]. Many of the tissue models 
reported in this review also demonstrate good correlation 
with in vivo studies either in terms of drug response [95] 
or of biological phenomena [86, 94, 95, 113, 123], such as 
endothelial ablation [86]. Ultimately, the advancement of 
microfluidic cnacer-on-a-chip models for practical applica-
tions will require a multidisciplinary approach through the 
knowledge and collaboration of microfluidics, tissue engi-
neering, biomaterials, and cancer biology.
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