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Current developments in modelling the tumour microenvironment in vitro: 
Incorporation of biochemical and physical gradients 
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A B S T R A C T   

Tumour cell proliferation, metabolism and treatment response depend on the dynamic interaction of the tumour 
cells with other cellular components and physicochemical gradients present in the tumour microenvironment. 
Traditional experimental approaches used to investigate the dynamic tumour tissue face a number of limitations, 
such as lack of biological relevance for the tumour microenvironment and the difficulty to precisely control 
fluctuating internal conditions, for example in oxygen and nutrients. The arrival of advanced in vitro models 
represents an alternative approach for modelling the tumour microenvironment using cutting-edge technologies, 
such as microfabrication. Advanced model systems provide a promising platform for modelling the physi
ochemical conditions of the tumour microenvironment in a well-controlled manner. Amongst others, advanced in 
vitro models aim to recreate gradients of oxygen, nutrients and endogenous chemokines, and cell proliferation. 
Furthermore, the establishment of mechanical cues within such models, e.g., flow and extracellular matrix 
properties that influence cellular behaviour, are active research areas. These model systems aim to maintain 
tumour cells in an environment that resembles in vivo conditions. A prominent example of such a system is the 
microfluidic tumour-on-chip model, which aims to precisely control the local chemical and physical environment 
that surrounds the tumour cells. In addition, these models also have the potential to recapitulate environmental 
conditions in isolation or in combination. This enables the analysis of the dynamic interactions between different 
conditions and their potentially synergistic effects on tumour cells. In this review, we will discuss the various 
gradients present within the tumour microenvironment and the effects they exert on tumour cells. We will 
further highlight the challenges and limitations of traditional experimental models in modelling these gradients. 
We will outline recent achievements in advanced in vitro models with a particular focus on tumour-on-chip 
systems. We will also discuss the future of these models in cancer research and their contribution to devel
oping more biologically relevant models for cancer research.   

1. Introduction 

In recent years, views on cancer as a disease have shifted consider
ably. Cancer was long seen as a cellular disease, defined by events within 
the genome of tumour cells. However, due to our increasing knowledge, 
cancer is now regarded as a complex tissue that encompasses in
teractions between malignant and non-malignant cells as well as their 
surroundings (Bizzarri and Cucina, 2014). As a result, cancer research 
increasingly focuses on a deeper understanding of the wider tumour 
microenvironment (TME) and its role in tumour progression and treat
ment resistance (Tsai et al., 2014). An overview of the TME is provided 
in Fig. 1 and will be discussed in more detail below. The TME is 
exceptionally complex, containing a heterogeneous population of cells: 

both cancerous and various non-cancerous cell types (Balkwill et al., 
2012). The latter are so-called stromal cells, which are recruited to the 
tumour site (Kidd et al., 2012). Stromal cells is an umbrella term 
describing cells from the immune system, endothelial cells and fibro
blasts (Hanahan and Weinberg, 2011) (see Fig. 1). All these different cell 
types interact with each other, affecting cellular processes, such as 
proliferation, invasion and angiogenesis (Cirri and Chiarugi, 2011). In 
addition, stromal cells secrete chemokines and growth factors that play 
an integral role in tumour cell metastasis and response to chemothera
peutics (Conze et al., 2001). As such, tumour invasion and migration 
through the extracellular matrix (ECM), representing the non-cellular 
part of the TME, is highly influenced by the dynamic interactions be
tween tumour cells and their stromal counterpart (Lu et al., 2012; Guo 
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and Deng, 2018). The ECM consists of proteins, glycoproteins, and 
polysaccharides, providing biochemical cues as well as structural sup
port and are essential for regulating cellular proliferation and migration 
(Walker et al., 2018; Hynes, 2009) (see Fig. 1). The biochemical prop
erties of the ECM, such as the cell adhesion sites and degradable ele
ments that are present throughout the ECM, allow tumour cells to 
interact with their environment directly. These signals regulate gene 
expression and may influence cellular behaviour (Hynes, 2009). They 
also enable tumour cells to remodel the ECM in response to certain cues, 
including a low oxygen environment or acidosis. In addition, the ECM 
rigidity, porosity, spatial orientation and overall physical properties 
affect the tumour cells’ ability to transverse through the ECM and invade 
other tissues (Hartman et al., 2017). The ECM can also function as a 
physical barrier for drug penetration and, consequently, influences 
therapeutic efficacy (Minchinton and Tannock, 2006). Overall, with 
their dynamic functions and interaction within the TME, both stromal 
cells and ECM regulate cancer cell behaviour and exposure to drugs 
(Guerra et al., 2017; Plava et al., 2019). Another key characteristic of the 
TME is the presence of molecular gradients, such as oxygen, nutrients, 
but also administered therapeutics (Helmlinger et al., 1997; Carmo
na-Fontaine et al., 2017; Tredan et al., 2007) (see Fig. 1). These gradi
ents develop mainly as a result of the disrupted homeostatic balance 
between tissue growth and blood vessel formation in solid tumours, 
where rapidly proliferating tumour cells in the TME trigger development 
of regions that have a limited supply of oxygen and nutrients (see Fig. 1). 
Molecular gradients are important influencers of the behaviour of cancer 
cells, affecting cell responses in terms of metabolism, proliferation, 
viability and drug sensitivity (Cairns et al., 2011) (see Fig. 1). Moreover, 
these microenvironmental gradients do not exist in isolation but may 
exhibit synergistic effects on tumour cells. For example, tumour cell 
migration and invasion are simultaneously influenced by oxygen, nu
trients, pH, and the chemical concentration gradient of chemokines and 
growth factors (Zhou et al., 2017; Lewis et al., 2016; Muller et al., 2001). 
Therefore, it is essential to understand the dynamic interplay between 
these gradients and subsequent effects on cellular behaviour. 

This review paper will discuss the molecular gradients present within 

the TME, their effects on cancer cell behaviour, and treatment resis
tance. We will elaborate on various experimental approaches to estab
lish gradients for investigative purposes in cancer research. We will 
highlight the latest developments in TME modelling, focussing on 
advanced in vitro model systems that can recapitulate the cellular ar
chitecture of solid tumours. Here, the use of innovative engineering 
approaches and microfluidics to enable control of the cellular, chemical, 
and physical parameters surrounding tumour cells in a manner that 
resembles their native microenvironment will be discussed. We will 
examine how advanced models are used to gain deeper insights into the 
mechanisms of tumour progression, metastasis and chemotherapeutic 
resistance. Lastly, we will discuss the future of advanced in vitro models 
in cancer research and examine the different challenges and limitations 
that must be addressed before these models can be fully integrated in 
cancer research. 

2. Microenvironmental gradients in solid tumours 

2.1. Gradients of oxygen and pH 

Oxygen is one of the most important regulators of cellular function 
(Fathollahipour et al., 2018). Levels vary within the human body. The 
oxygen levels in the brain average at 4.5%, whereas those in the lung 
alveoli measure around 14.5%. On average, healthy tissue has oxygen 
levels of around 5%. However, in certain diseases, of which cancer is a 
prime example, oxygen levels can be severely compromised, falling 
below the normal, physiological levels. Levels in cancer typically vary 
between 0.01 and 4.2% oxygen, and can show regional and temporal 
fluctuations within the TME (Jagannathan et al., 2016; McKeown, 
2014). These regions with low levels of oxygen are known as hypoxia. 
The variability in oxygenation within solid tumours occurs as a result of 
the uncontrolled proliferation of tumour cells and the resulting 
abnormal vasculature (Carmeliet and Jain, 2000; Eales et al., 2016). A 
chronic form of hypoxia develops as the available vasculature continu
ously fails to provide an adequate oxygen supply to the tumour. This is a 
consequence of the increased intercapillary distance between the 

Fig. 1. The architecture of solid tumours. Solid 
tumours are heterogeneous both spatially and 
temporally. Within the tumour microenvironment 
(TME), tumour cells co-exist with stromal cells 
such as endothelial cells, immune cells and cancer- 
associated fibroblasts and together with the extra
cellular matrix (ECM), they constitute the cellular 
and non-cellular part of the TME. The microenvi
ronment is also characterised by physical and 
chemical gradients, e.g. oxygen, nutrients, pH and 
biochemicals. These gradients develop due to the 
leaky vasculature of solid tumours in addition to 
the high proliferative ability of tumour cells. 
Tumour cells that reside near blood vessels typi
cally have sufficient nutrients to proliferate, 
forming a proliferative ring around the vascula
ture. Cells further from the blood supply adapt 
their metabolic activity to the limited nutrients. 
These cells enter a state of cellular arrest, where 
they decrease or even completely stop their pro
liferation. This leads to populations of quiescent 
tumour cells. Furthermore, severe deprivation of 
oxygen and nutrients for prolonged periods of time 
leads to necrotic regions within the tumour niche.   
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vasculature and tumour cells being beyond the diffusion capabilities of 
oxygen (Michiels et al., 2016). This type of hypoxia is often associated 
with the formation of necrotic cores. Nevertheless, tumours are able to 
generate supporting vasculature via hypoxia-induced angiogenesis 
(Nussenbaum and Herman, 2010). However, the newly formed vessels 
are often disorganised and collapse easily (Michiels et al., 2016). This, in 
addition to vascular occlusion by cell aggregates, can result in dynamic 
changes in oxygen levels within the tumour (Jagannathan et al., 2016; 
Nussenbaum and Herman, 2010). As a result, so-called acute or inter
mittent hypoxia can arise, in which episodes of perfusion are alternated 
with oxygen deficiency (Dewhirst, 2009). Regardless of the hypoxia 
type, the severity of oxygen deficiency varies within the TME and dis
plays gradient patterns (see Fig. 1). Tumour cells near the vasculature 
will have the largest amount of oxygen at their disposal. Due to the high 
metabolic demand of these cells, combined with the diffusion limit of 
oxygen, oxygen availability will steeply decline. Tumour cells located 
more distant from the blood vessels will have inadequate amounts of 
oxygen and as the tumour grows, the oxygen gradient may aggravate. 
On the other hand, spatiotemporal fluctuations in oxygen levels occur 
due to the intermittent perfusion cycles in the vasculature. The alter
nation between periods of hypoxia and reoxygenation was observed in 
patients and animal models (Trotter et al., 1989; Pigott et al., 1996). 
Both forms of hypoxia contribute to modifying cellular responses, as we 
will describe below (Saxena and Jolly, 2019). 

Oxygen is recognised as an essential regulator of cellular processes in 
solid tumours. These processes can change dramatically to accommo
date the decline in oxygen supply found in oxygen gradients (Michiels, 
2004). The resulting tumour cell response is mediated via different 
signalling pathways. One of the most prominent pathways functions via 
the hypoxia-inducible factors (HIFs) (Denko, 2008). HIFs are tran
scription factors that are expressed in most cells in response to oxygen 
deprivation (Semenza and Wang, 1992). The best characterised isomer 
of this family is HIF-1α. Via activation of HIF-1α, oxygen gradients can 
promote tumour progression and metastasis (Eales et al., 2016). Several 
in vivo and in vitro studies show that tumour cells migrate from hypoxic 
regions toward regions with higher oxygen levels. For instance, when 
sarcoma cells, derived from a mouse model, were maintained in an ox
ygen gradient between 0.1% and 6%, they showed higher tendencies to 
migrate from hypoxic regions toward well-oxygenated ones (Lewis et al., 
2016). Low oxygen levels increase the migratory potential of tumour 
cells by influencing epithelial-to-mesenchymal transition (EMT) (Muz 
et al., 2015a). EMT is a migratory process where tumour cells lose their 
cell-cell and cell-matrix adhesions. Hypoxia induces the expression of 
critical transcription factors that directly promote EMT initiation, such 
as Slug, Snail and Twist (Zhang et al., 2015a; Luo et al., 2011). Another 
important role hypoxia plays in tumour metastasis is the remodelling of 
the tumour ECM, enabling tumour cell invasion. Collagen is a major 
constituent of the tumour ECM (Hofbauer et al., 2003). Hypoxia regu
lates the expression of several procollagen proteins responsible for the 
hydroxylation and deposition of type 1 collagen (Gilkes et al., 2014). 
Cyclic hypoxia also affects tumour cell invasion and metastasis. For 
example, mice bearing KHT tumours were exposed to low oxygen con
ditions between 5 and 7% O2 on daily intervals during tumour growth to 
recreate the effect of chronic and cyclic hypoxia. The results from the 
study showed that intermittent cycles of hypoxia and reoxygenation 
significantly increased the spontaneous metastasis formation of KHT 
murine tumours in secondary locations when compared to chronic 
hypoxia (Cairns et al., 2001). In addition, cyclic hypoxia was found to 
influence EMT directly. In MDA-MB-231 cells, cyclic exposure with 1% 
O2 significantly induced the expression of the mesenchymal marker 
vimentin when compared to continuous hypoxia. Cyclic hypoxia also 
significantly increased the migration speed of MDA-MB-231 cells (Liu 
et al., 2017). In another study, intermittent hypoxia induced the 
expression of different mesenchymal markers, such as Snail and 
N-cadherin and decreased the expression of the epithelial markers ZO-1 
and E-cadherin (Gupta et al., 2011). Low oxygen levels also induced 

genetic changes in tumour cells, resulting in a more aggressive and 
invasive phenotype with an increased ability to metastasise (Graham 
et al., 1999). This was evident when Waldenstrom macroglobulinemia 
cells were cultured under hypoxic conditions of 1% O2 and injected into 
mice. These cells spread faster towards secondary organs than the cells 
initially cultured in atmospheric oxygen (21% O2) (Muz et al., 2015b). 

Low oxygen environments, either cyclic or chronic, can directly in
fluence the tumour cell response to chemotherapeutics. For example, 
hypoxia enables tumour cells to tolerate a higher dosage of chemo
therapeutic agents by inhibiting pro-apoptotic signalling pathways such 
as tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) 
(Rohwer and Cramer, 2011; Pei et al., 2010). TRAIL functions as an 
apoptosis-inducing cytokine that, upon activation, leads to cellular 
death. This makes TRAIL an interesting candidate for chemotherapeu
tics that can directly induce TRAIL action (Thorburn, 2007). However, 
tumour cell adaptation to hypoxia and activation of HIF-1α reduces 
TRAIL expression and allows tumour cells to tolerate higher levels of 
chemotherapeutic injury. Similarly, HIF-1α suppresses the expression of 
the p53 gene. In harsh microenvironmental conditions, such as hypoxia, 
p53 protein expression decreases in order to protect cells against 
apoptosis and enable their survival (Lakin and Jackson, 1999). Conse
quently, the efficacy of chemotherapeutics that induce the p53 apoptotic 
pathway is considerably reduced in the hypoxic TME (Rohwer et al., 
2010). HIF-1α also promotes DNA repair mechanisms in tumour cells 
(Logsdon et al., 2016; Wrann et al., 2013). As DNA damage is one of the 
main mechanisms behind chemotherapeutic action, hypoxia reduces the 
efficacy of multiple chemotherapeutic agents (Yang et al., 2014; Feng 
et al., 2016). Biopsies from head-and-neck squamous cell carcinomas 
(HNSCC) showed a direct correlation between HIFs and treatment 
resistance. Samples with a higher expression of HIFs were more resistant 
to carboplatin than the samples with lower expression of HIFs (Kou
kourakis et al., 2002). To further demonstrate the crucial role of hypoxia 
in treatment resistance, the inactivation of HIF-1α in mouse embryonic 
fibroblasts increased their sensitivity to carboplatin and etoposide 
(Unruh et al., 2003). Furthermore, hypoxia affects the delivery of che
motherapeutics and their penetration into the tumour mass. Over
expression of HIF-1α activates multidrug resistance gene 1 (MDR1) 
(Comerford et al., 2002). MDR1 encodes the membrane resident 
P-glycoprotein (P-gp), an ATP binding cassette transporter that acts as a 
drug efflux pump (Hodges et al., 2011). Hypoxic activation of P-gp in 
mice was found to decrease the intracellular concentration of cytotoxic 
chemotherapeutics inside tumour cells by increased efflux (Gottesman 
et al., 2002). HIF-1 mediated activation of P-gp was observed in multiple 
cancer types, including colon cancer, gastric and breast cancer. Overall, 
hypoxia increases the resistance of tumour cells toward chemotherapy. 

Tumour cells can adapt their metabolic activities to meet the insuf
ficient oxygen supply and limited nutrients. One primary example is the 
reliance of tumour cells on glycolysis for energy production. HIF-1α 
induces glycolysis, the oxygen-independent glucose metabolic pathway, 
instead of the oxygen-dependent tricarboxylic acid (TCA) pathway (Al 
Tameemi et al., 2019). HIF-1α increases the glucose uptake rate through 
the induction of Glucose Transporter 1 (GLUT-1) and GLUT-3 (Maxwell 
et al., 2001). Once inside the tumour cell, glucose has several metabolic 
fates. However, HIF-1α induces phosphofructokinase 1 and aldolase, 
leading to the breakdown of glucose into pyruvate. In healthy tissue, 
pyruvate enters the mitochondria, oxidizing it to CO2 and H2O through 
oxidative phosphorylation. However, in hypoxic tumour cells, HIF-1α 
downregulates mitochondrial function, and as a result, pyruvate accu
mulates in the cytoplasm. HIF-1α also regulates pyruvate breakdown via 
lactate dehydrogenase A (LDHA), by increasing the expression and ac
tivity of LDHA. This in turn converts pyruvate to lactic acid, which is 
then released into the extracellular space (Eales et al., 2016). The 
increased efflux of lactic acid into the extracellular space reduces the pH 
in some parts of the TME. While the intracellular pH in tumour cells 
remains similar to normal cells, the extracellular pH varies and can fall 
to 6.2 (Boedtkjer and Pedersen, 2020). As a result, some parts of the TME 
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exhibit a pronounced gradient in pH. Similar to the oxygen gradient, the 
development of a pH gradient can drastically increase the invasive ca
pacity of tumour cells and promote their metastasis. Several in vitro 
studies have shown that exposure of tumour cells to acidic pH increases 
the expression of metastasis promoting proteins, such as the matrix 
metalloproteinases (MMPs), MMP-2 and MMP-9 (Rohani et al., 2019). 
MMPs are pH sensitive, and they are activated in an acidic environment. 
MMPs are an important regulator of the metastatic process of tumour 
cells (Lu et al., 2012). They can degrade ECM proteins and remodel the 
ECM, resulting in the release of chemokines, growth and angiogenic 
factors, facilitating tumour cell metastasis, angiogenesis, and inflam
mation (Park et al., 1999; Mott and Werb, 2004). In addition, the acidic 
TME reduces the cellular uptake of weak base chemotherapeutic agents, 
such as mitoxantrone, and negatively influences their efficacy (Vukovic 
and Tannock, 1997). The acidic microenvironment can ionise these 
agents, leading to their accumulation in the extracellular space outside 
of their target areas, a process often called ion trapping (Mahoney et al., 
2003). As such, the acidic microenvironment creates a physiological 
barrier for cellular uptake of weakly basic chemotherapeutics that 
accumulate in the intracellular space. In addition, chemotherapeutic 
activity of some agents is pH-dependent in terms of cellular uptake, and 
hence reduction of the TME pH would reduce their efficacy and even
tually contributes to treatment failure (Wojtkowiak et al., 2011). 

2.2. Gradients in cell proliferation 

The TME is also characterised by the presence of cells with varying 
degrees of proliferative potential (Loddo et al., 2009). The cellular 
population within solid tumours is typically classified into proliferative, 
quiescent, and necrotic cells (see Fig. 1). During tumour growth, tumour 
cells divide rapidly, consuming oxygen and nutrients to maintain their 
proliferative status. Similar to oxygen, due to the disorganised vascu
lature of solid tumours, tumour cells that reside further from blood 
vessels have limited access to a steady supply of nutrients and oxygen 
and thus are restrained in their proliferation and metabolism. As a result, 
a necrotic zone forms where tumour cells are considered dead due to 
nutrient starvation and oxygen shortage (Gatenby and Gillies, 2004). In 
between the proliferative rim and the necrotic zone are cells that enter a 
quiescent state. In this intermediate layer, tumour cells adapt to 
declining nutrients and limited oxygen levels by altering their metabolic 
activities to minimise nutrient and oxygen consumption. As a result, a 
subpopulation of quiescent tumour cells arises. Quiescent cells have 
been observed in many types of cancer, such as liver and pancreatic 
cancer, breast cancer, acute myeloid leukaemia, melanoma, and glio
blastoma (Zhu et al., 2017). The exact mechanisms and signalling 
pathways through which cells enter quiescence are not fully defined. 
Likely, the stress induced in the TME by hypoxia and acidosis is the main 
contributor (Smallbone et al., 2007). In general, cellular quiescence is a 
reversible state of dormant cells that may re-enter the cell cycle in 
response to certain stimuli. These stimuli include changes in the 
extrinsic microenvironment of quiescent cells, such as restoration of 
nutrients or changes in oxygen supply (Nakamura-Ishizu et al., 2014; 
Tannock, 1968). However, if nutrients and oxygen supply are restricted 
for prolonged periods, these quiescent regions would develop into 
necrotic zones. The presence of this proliferation gradient may suggest 
that within the heterogeneous TME of solid tumours, a viability gradient 
might exist. As nutrients and oxygen decline through the tumour niche, 
tumour cells become restricted in their viability. 

Quiescent cells are characterised by their ability to reversibly arrest 
proliferation, escape chemotherapeutics and self-renew (Kim and Tan
nock, 2005; Subramaniam et al., 2014). As they have greater cell repair 
capacity than proliferating cells, quiescent tumour cells are less sus
ceptible to cellular stress and toxicity (Masunaga et al., 2013; Pei et al., 
2017). Cellular quiescence in the heterogeneous cellular population of 
solid tumours enables tumour cell survival after treatment, allowing for 
the repopulation of solid tumours (Kim and Tannock, 2005). Since most 

chemotherapeutic agents target actively proliferating cells, quiescent 
tumour cells naturally display an inherent resistance toward standard 
chemotherapy due to their cellular arrest in the G0 phase. As such, 
quiescent tumour cells represent a natural barrier to treatment success 
(Quayle et al., 2018). Repeated dosing of chemotherapeutics over longer 
periods of time has been suggested to play a role in quiescent tumour cell 
persistence and tumour repopulation. Following exposure, chemother
apeutics kill proliferative cells around blood vessels, enabling reoxyge
nation and restoring the nutrient supply to quiescent cells (Saggar and 
Tannock, 2015). For example, in breast cancer patients, quiescent 
tumour cells were found to resist chemotherapy and have a higher 
prevalence in patients with progressive disease than patients with pri
mary tumours (Quayle et al., 2018). In between these intervals, quies
cent cells can resume their proliferation and repopulate the tumour. In 
addition, repeated dosing can also induce quiescence in tumour cells, 
thereby reducing the efficacy of further treatment (Pei et al., 2017; 
Dey-Guha et al., 2011). An in vitro study showed that chemotherapeutics 
could directly promote quiescence in solid tumours. When breast cancer 
cells were exposed to tamoxifen, a proliferation inhibitor in 
hormone-sensitive breast cancer, expression of p27Kip1 in cancer cells 
was induced, resulting in cell cycle arrest and treatment resistance 
(Carroll et al., 2003). Therefore, due to their location and inherent 
resistance to chemotherapeutics, quiescent cells present a challenge to 
treatment success. 

2.3. Gradients of soluble factors and therapeutics 

In parallel to gradients of oxygen and nutrients, local chemical 
concentration gradients of soluble endogenous factors and systemically 
administrated chemotherapeutics are also present in the TME. During 
cancer progression, tumour cells secrete chemokines to attract immune 
cells, fibroblasts and other stromal cells toward the tumour mass 
(Roussos et al., 2011). Once recruited, these cells secrete their own 
chemokines and growth factors, creating local gradients thereof. These 
stimulate the directional migration of tumour cells and drive metastasis. 
In response to an endogenous chemical gradient such as chemokines and 
growth factors, the directional cellular motility is often described as 
chemotaxis (Roussos et al., 2011). One of the most important and 
well-defined chemokines is the stromal cell-derived factor 1 (CXCL12) 
and its chemokine receptor (CXCR4). In breast cancer, the expression of 
CXCR4 is translated into increased invasiveness and metastasis of cancer 
cells (Muller et al., 2001). Interestingly, CXCL12 is mainly expressed and 
secreted by pericytes, which are perivascular cells that, once recruited to 
the tumour site, contribute to tumour growth and metastasis by inducing 
breast cancer cell chemotaxis (Muller et al., 2001; Ribeiro and Okamoto, 
2015; Attwell et al., 2016). Other studies have shown that the CXCL12 
gradient also mediates tumour cell invasion and metastasis in pancreatic 
cancer as well as ovarian cancer (Scotton et al., 2002; Koshiba et al., 
2000). In addition, epidermal growth factor (EGF) also plays an integral 
role in directing tumour cell metastasis. Tumour-associated macro
phages are responsible for the production of the EGF gradient, which 
initiates tumour cell migration through the tumour stroma (Wyckoff 
et al., 2004). Other stromal cells also create local chemokine gradients in 
the TME. For example, several in vitro studies showed the presence of 
fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), 
transforming growth factor β (TGF-β) and vascular endothelial growth 
factor (VEGF), which can all directly influence tumour cell chemotaxis 
(Roussos et al., 2011). These findings reveal the continuous and dynamic 
interaction between tumour and stromal cells present in the TME. 
Tumour cells can also initiate their own chemical gradients by degrading 
chemoattractants present in the TME. Muinonen-Martin et al. showed 
that increased invasiveness and metastasis of melanoma cells is medi
ated by the presence of a local chemokine gradient created by tumour 
cells. Tumour cells were shown to break down the lipid agonist lyso
phosphatidic acid (LPA), supplemented in the culture medium, creating 
an outward gradient of LPA. LPA is a pluripotent lipid mediator that 
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regulates growth, motility and differentiation in tumour cells. LPA acts 
as a potent chemoattractant for melanoma cells in all tumour stages, and 
accordingly, tumour cells facilitate directional migration in response to 
the LPA gradient (Muinonen-Martin et al., 2014). 

In addition to gradients of endogenous molecules, systemically 
administered therapeutics also display gradients in the local concen
tration (Minchinton and Tannock, 2006; Lankelma et al., 1999). In part, 
this is due to the diffusion limit of therapeutics through the tumour 
tissue as a result of inadequate vasculature. The high proliferative ability 
of tumour cells and the consequent overexpression of pro-angiogenic 
factors promote the formation of new vasculature via angiogenesis. 
The new vasculature is disorganised, extremely heterogeneous with 
collapsed or blunt-ended vessels and anatomically different from normal 
blood vessels. The absence of supporting structures such as basement 
membranes and perivascular cells, in addition to the poorly aligned 
endothelial cells results in porous blood vessels that are leaky and more 
permeable (Kalyane et al., 2019; Wu, 2021). This enhanced permeability 
of tumour vasculature leads to an increased drug concentration in cells 
near blood vessels, whereas cells further from the blood supply experi
ence lower concentrations (Durand, 2001). In vivo tracking of doxoru
bicin in a xenograft model showed a gradient where a higher drug 
concentration is detected in the periphery of the tumour. A steep decline 
in doxorubicin is seen further going into the tumour mass (Lankelma 
et al., 1999). As such, the limited distribution of chemotherapeutic 
agents in the tumour niche substantially increases tumour cell 
resistance. 

Overall, microenvironmental gradients are important determinants 
for cell behaviour, affecting cancer cell proliferation, migration, meta
bolism and tumour response to treatment. As they are a consequence of a 

disorganised architecture of solid tumours, all these gradients are 
coupled and co-exist. Therefore, it is essential to analyse the close 
interplay between these gradients and how they influence cellular 
processes. 

3. Gradients in the TME modelled in pre-clinical systems 

The TME of solid tumours shows a continuous and dynamic inter
action between tumour cells, stromal cells, ECM, and molecular gradi
ents. Such a dynamic tissue needs dedicated and purpose-built in vitro 
model systems in order to study it in a manner that is relevant for human 
disease. Traditional model systems are unable to fully provide this. For 
example, animal models are less versatile in controlling molecular gra
dients. Gradients present within xenografted tumour models can be 
controlled in their magnitude only to a limited extent, for example, by 
varying tumour size, oxygen levels to which the animals are exposed, or 
by reducing the blood flow to the tumour (De Bruycker et al., 2018). In 
addition, the translation of these models to the human situation is 
hampered by the reported low predictive ability (Mak et al., 2014). 
There are crucial differences in genetic, metabolic and cellular responses 
between humans and animal models, affecting the suitability of animals 
as a representative model (Schuh, 2004). In vivo animal models also 
remain inadequate when systematically investigating the interaction of 
the various components of the TME. While patient-derived xenografts 
can better recapitulate the complexity of human conditions than in vitro 
models, the microenvironment within laboratory animals differs from 
the original patient microenvironment regarding ECM, cellular in
teractions, and the immune system as it is inevitably of animal origin 
(Pompili et al., 2016; Kondo, 2020). In Fig. 2A, we provide an overview 

Fig. 2. Experimental approaches to model the tumour microenvironment. Typical approaches rely on A) In vivo animal models to create an experimental model 
that can capture the complexity of the TME. Animal models are either derived from (1) cancer cell lines or from primary patient material in (2) patient-derived 
xenografts (PDXs). Cancer cells and human tumour material can be injected or transplanted subcutaneously in immunocompromised animals to generate a (3) 
xenograft model or injected at the original tumour site to create an (4) orthotopic model. B) In vitro approaches include (5) Two-dimensional (2D) cell culture. These 
models mainly rely on growing cells on flat surfaces at atmospheric oxygen levels of 21%. In order to mimic the physicochemical gradients of the TME, tools such as 
(6) hypoxic incubators and (7) perfusion chambers to generate the oxygen conditions of human tumours can be utilized. (8) Three-dimensional (3D) model systems 
can inherently mimic parts of the TME. (9) Tumour spheroids are characterised by the presence of a proliferation gradient with proliferative and quiescent cells, and 
when spheroids grow large enough, a necrotic core develops. The cellular architecture of multicellular spheroids creates oxygen and nutrient gradients. (10) 3D tissue 
scaffolds, where tumour cells can be co-cultured with stromal cells such as endothelial cells or fibroblasts in a 3D hydrogel that can resemble the native ECM in vivo. 
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of in vivo animal models. 
At the other end of the spectrum, monolayer cell cultures represent 

one of the simplest in vitro models, typically consisting of a single cell 
type (see Fig. 2B, number 5). These two-dimensional (2D) models offer 
the potential to fully control incorporated microenvironmental condi
tions in their designs. However, they tend to control one condition in the 
TME at a time to study associated effects on tumour progression or 
treatment efficacy. This does not fully reflect the complex interplay 
within the microenvironment found in vivo. Precisely replicating and 
controlling gradients from the TME in vitro remains challenging. For 
example, monolayer cell cultures are often maintained in the regular 
atmospheric pO2 of approximately 21% O2, whereas the median O2 level 
of breast cancer, for instance, is 3.6% O2 (Jagannathan et al., 2016; Das 
et al., 2008). Overall, the level of oxygenation is important as changes in 
oxygen tension from physiological levels to the complete absence of 
oxygen trigger different biological responses. Recent technological ad
vances have allowed the development of more accurate methods to 
mimic the oxygen levels of the TME. Hypoxic incubators and perfusion 
chambers are often used to recreate the effect of hypoxia on cellular 
processes in solid tumours (see Fig. 2B, number 6 and 7). Hypoxic in
cubators are cell culture incubators that maintain and grow cells at the 
desired oxygen concentration (Liu et al., 2021) (see Fig. 2B, number 6). 
On the other hand, perfusion chambers can control the oxygen levels in 
the cellular compartment by limiting oxygen diffusion from the atmo
sphere and introducing a maintenance medium with pre-defined oxygen 
concentration (Brennan et al., 2014) (see Fig. 2B, number 7). These tools 
have provided the opportunity to study the effect of hypoxic conditions 
in great detail. However, they typically lack spatiotemporal variations in 
oxygen, which does not replicate the oxygen gradients that are present in 
vivo. As a result, the role of the oxygen gradient in the TME remains 
underexplored. Furthermore, the experimental setup of monolayer cul
tures requires cells to adhere to a flat surface and thus lack 
three-dimensional growth properties. Adapting to 3D cell culture models 
provides more physiologically relevant models as they are significantly 
different from 2D cell culture systems in terms of protein expression, 
proliferation profiles, and therapy sensitivity (Griffith and Swartz, 2006; 
Yamada and Cukierman, 2007). Investigation of the other gradients 
present in the TME, and their overall integration requires similar 
strategies. 

3.1. Shifting towards three-dimensional cell culture models 

The introduction of three-dimensional (3D) cell culture models, such 
as multicellular tumour spheroids and 3D tissue scaffolds, have provided 
the opportunity to cultivate tumour cells in more physiologically rele
vant microenvironments (see Fig. 2B, number 8). Multicellular tumour 
spheroids, for example, display many characteristics found in the TME, 
such as oxygen and nutrient gradients, proliferation gradients accom
panied by a quiescent region and acidosis (Nunes et al., 2019; Nagel
kerke et al., 2013) (see Fig. 2B, number 9). When grown large enough, a 
necrotic core becomes apparent. Spheroids can also reproduce part of 
the TMEs cellular heterogeneity by co-culturing tumour cells with 
stromal cells such as endothelial cells, fibroblasts and immune cells. 3D 
cell models can also recapitulate vital interactions in the TME, such as 
cell-cell and cell-ECM interactions. In 3D tissue scaffolds, where tumour 
cells are suspended in a hydrogel matrix, tumour cells can reside in an 
environment similar to the native ECM in vivo (Loh and Choong, 2013) 
(see Fig. 2B, number 10). This bioengineered tissue allows tumour cell 
proliferation and migration in addition to the exchange of nutrients, 
chemokines and oxygen. In this regard, 3D cell culture models can 
capture the cellular adaptation of tumour cells to the conditions in the 
TME and, more importantly, study the fate of therapeutics inside the 
tumour. Compared to monolayer models, cell growth in 3D promotes 
changes in gene expression patterns and drug response (Stock et al., 
2016). For instance, doxorubicin showed higher cytotoxic activity 
against MCF-7 when cultured in monolayer than 3D spheroids. MCF-7 

spheroids showed an 80-fold increased resistance to doxorubicin than 
cells in monolayer (Gong et al., 2015). In addition, when MCF-7 cells 
were cultured in monolayer systems, cells showed behavioural patterns 
that are different from those witnessed in vivo. The expression levels of 
the glucose transporter GLUT-1 were two-fold lower in MCF-7 when 
cultured in monolayer compared to in vivo, suggesting that monolayer 
culture systems show different metabolic activity to that seen in vivo 
(Pereira et al., 2017). 

Nonetheless, neither spheroids nor 3D tissue scaffolds can fully 
recreate the complex 3D architecture of solid tumours. They lack the 
tissue-tissue interface that is crucial for several key processes in tumour 
progression, such as immune cell recruitment. Moreover, both models 
lack the ability to fully control the extent of the molecular gradients 
present within their cellular microenvironment. In addition, the absence 
of vasculature within these models means that cells do not experience 
the mechanical cues that influence tumour cells in vivo (Guan et al., 
2015; Heldin et al., 2004). A further challenge is to perform investiga
tive assays in spheroids. Real-time analysis and direct visualisation of 
cells in the microenvironment and/or tracking drug effects is difficult, 
especially as spheroids become larger (Ding, 1997; le Roux et al., 2008). 
Furthermore, the limited investigative capacity of spheroids presents 
another challenge (Ding, 1997; le Roux et al., 2008; Holub et al., 2020). 
Multiple experimental interventions were developed to enhance the 
investigative capability of spheroids, such as sequential trypsinisation 
and disaggregation at different time periods to allow the collection of 
cells from the different cell layers of the spheroid (McMahon et al., 
2012). However, none of these approaches provides a rapid method to 
collect cells at a spatially defined oxygen concentration. As such, accu
rate estimates of metabolic adaptation to low oxygen levels are difficult 
in these models. Therefore, a coherent explanation of mechanisms un
derlying cancer development and treatment resistance relying solely on 
3D models as an investigative model is challenging. 

3.2. Advanced in vitro models 

Advanced in vitro models are the new frontier in cancer research. 
These model systems aim to replicate the dynamic microenvironment of 
solid tumours and the molecular gradients found in the TME with great 
precision and accuracy. Often a bottom-up engineering approach is 
taken to reproduce the cellular architecture, tissue-tissue interface, and 
the physiochemical gradients of the TME within these models (Bhatia 
and Ingber, 2014). This approach also allows advanced models to 
function as dynamic culture systems with control of the different 
microenvironmental conditions while simultaneously allowing analysis 
of how these contribute to cancer progression and treatment efficacy. By 
integrating microfabrication, microfluidics technology, and tissue en
gineering approaches, advanced in vitro models can exert precise control 
over the cellular, physical, and chemical parameters of their microen
vironment. Microfabrication techniques such as 3D printing, 
micro-milling, and soft lithography allow these models to recapitulate 
the complex microstructure of solid tumours (Asano and Shiraishi, 2015; 
Campillo et al., 2019; Rexius-Hall et al., 2017; Rodenhizer et al., 2016; 
Wulftange et al., 2019). Advanced models often include channels and 
membranes to establish a dynamic flow and molecular movement within 
their designs (Ho et al., 2015; McDonald and Whitesides, 2002; Sosa-
Hernandez et al., 2018). In addition to tissue engineering technology, 
fabrication techniques allow advanced in vitro models to adopt the 
spatial arrangement of the cellular components of the TME (Buchanan 
et al., 2014; Song and Munn, 2011). Tissue engineering techniques such 
as bioprinting and the use of biomaterial scaffolds enable advanced in 
vitro models to recreate the cellular 3D architecture of solid tumours, 
thereby improving their accuracy while investigating the influence of 
the TME on different cellular processes (Yang et al., 2017). Furthermore, 
the integration of microfluidics technology has enabled advanced in vitro 
models to mimic the physicochemical gradients of the TME (Mao et al., 
2020; Haessler et al., 2012; Hassell et al., 2017). Microfluidics offers the 
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advantages of spatiotemporal control of both cellular components and 
fluidic conditions at the microscale. Microfluidics techniques can 
effectively establish controllable gradients throughout the biological 
model, such as oxygen and chemical gradients. For example, by limiting 
oxygen diffusion, advanced models have better control over the hypoxic 
conditions within their design and can recapitulate the spatial and 
temporal variations in oxygen levels that occur in vivo (Gao et al., 2019; 
Chen et al., 2011; Koens et al., 2020). Advanced in vitro models can also 
recreate the chemical environment of solid tumours by controlling the 
diffusion and supply of nutrients as well as introducing growth factors 
and chemokines (Kim et al., 2013). In addition to oxygen and chemical 
concentration gradients, the use of microfluidic systems provides precise 
control of pressure and shear stress. These features have made it possible 
for advanced in vitro models to emerge as a promising tool for scalable 
gradient-based cellular studies. One representative example of these 
advanced models is the tumour-on-chip model. Microfluidic 
tumour-on-chip models are perfused cell culture systems with micro
fabricated structures, populated by tumour and stromal cells, that aim to 
recreate the interactions and functions that occur in the TME in vivo. The 
use of on-chip technology combined with microfluidics allows 
tumour-on-chip systems to serve as a flexible, tuneable platform, where 
experimental manipulation and integration of several investigative as
says are also possible. For instance, a microfluidic chip was able to 
reproduce an invasion assay while maintaining spatial and temporal 
oxygen control over the chip (Acosta et al., 2014). Microfluidic chips can 
also integrate sprouting assays to understand the effect of different 
microenvironmental conditions on angiogenesis and tumour progres
sion (Lam et al., 2018). As a result, advanced in vitro models are starting 
to advance cancer research. 

Below we will discuss the approaches advanced in vitro models have 
taken thus far to recreate the different microenvironmental gradients 
and how these models were used to study key events in cancer 

progression. We will focus on the analysis of chemotherapeutic distri
bution and efficacy, chemotaxis, angiogenesis, and tumour cell invasion 
and migration. First, we will discuss the development of oxygen gradi
ents in advanced models where tumour cells are cultured in an oxygen 
concentration that resembles the in vivo situation. We will further 
describe the ability of advanced models to recreate the biochemical cues 
and endogenous chemical concentration gradients that are present 
within the TME. 

3.2.1. Oxygen gradients in advanced in vitro models 
With advanced in vitro models, relevant oxygen levels in stable gra

dients can be established for cellular studies. Oxygen gradients can be 
achieved via cellular consumption, diffusion from a gas source through 
oxygen impermeable materials or chemical reaction via oxygen- 
generating and oxygen-scavenging chemical reactions (Peng et al., 
2013). An overview of these methods is illustrated in Fig. 3A. Via 
cellular consumption, advanced in vitro models can create controllable 
oxygen gradients by changing the cellular density of their design. The 
high cellular density and, therefore, high consumption rate leads to an 
oxygen and nutrient gradient within the cellular compartment (Mehta 
et al., 2007) (see Fig. 3A, number 1). One of the most prevalent methods 
to create oxygen gradients within advanced models is by controlling 
oxygen diffusion from a gas source through a gas permeable material 
such as polydimethylsiloxane (PDMS). By controlling PDMS thickness in 
the interface, advanced models can control the amount of oxygen that 
diffuses to the cellular compartment, creating a stable oxygen gradient 
(Nam et al., 2020) (see Fig. 3A, number 2). The use of oxygen-generating 
chemical reactions also allows these models to achieve desirable oxygen 
levels for cellular studies. Advanced models can create oxygen gradient 
in the cellular compartment via an oxygen generating reaction such as 
(H2O2 + NaOCl) and an oxygen scavenging reaction (NaOH + pyro
gallol) in the channels (Lam et al., 2018; Shih et al., 2019) (see Fig. 3A, 

Fig. 3. Advanced in vitro models to recreate the physicochemical properties of the TME, such as oxygen and chemical concentration gradients. (A) Several 
methods have been developed to generate and control the oxygen gradient with advanced in vitro models, either via (1) cellular consumption, (2) diffusion from a gas 
source through a gas permeable material such as polydimethylsiloxane (PDMS) or (3) a chemical reaction where the oxygen gradient is created in the cellular 
compartment via an oxygen generating reaction. (B) Advanced in vitro models can also generate stable chemical concentration gradients by using a chemical 
concentration generator (CGG), such as (4) tree-shaped mixers and (5) disc-shaped mixers, that can create a chemical concentration gradient by introducing 
chemicals of different concentrations through different inlets. By thorough mixing and splitting a stable chemical concentration gradient is created. 
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number 3). 
These approaches provide accurate control of oxygen levels 

throughout the experimental setup and enable advanced models to 
approach the spatial and temporal variation of oxygen that occur in 
human cancer in vivo. Advanced models also allow for real-time imaging 
and analysis of the changes induced by oxygen in the cellular 
compartment. As a result, these models can explore areas in cancer 
research that were previously challenging. To date, the mechanisms 
behind tumour cell adaption to the dynamically changing oxygen levels 
have not been fully elucidated. Few studies have been able to track the 
effect of oxygen gradient in terms of cellular metabolism, gene expres
sion, protein levels and drug response. Rodenhizer et al. developed a 
model system to study the effect of oxygen gradients on the cellular 
metabolism of SKOV-3 ovarian adenocarcinoma cells, which they 
named TRACER (Rodenhizer et al., 2016). Cells were cultured on 
collagen layers and rolled like a movie strip to generate a thick 3D tissue. 
Oxygen and nutrient gradients were created in this design via cellular 
consumption (see Fig. 3A, number 1). The high cellular density created a 
declining oxygen concentration throughout the TRACER device, with 
hypoxic regions in the middle of the roll (Rodenhizer et al., 2016). 
Within this engineered tissue, collecting cells from different locations at 
spatially defined oxygen concentrations was possible by simply unroll
ing the strip. These features have made it possible to analyse the 
metabolic changes that occur throughout the oxygen gradient as cells 
were adapting to their hypoxic environment and limited nutrients. In the 
hypoxic regions of the TRACER, tumour cell reliance on glycolysis was 
clear, as lactate, hexose and alanine were detected. The reduction of 
glutathione (GSH) signified hypoxia-induced oxidative stress in the 
engineered tissue was also present. In addition, the model showed that 
tumour cell metabolism was highly dependent on HIFs. This was evident 
by the deregulation of tumour cell metabolism in SKOV-3 shHIF-1 
knockout cells (Rodenhizer et al., 2016). In another advanced model, 
Wulftange et al. have been able to characterise the effect of an oxygen 
gradient on cellular growth and proliferation (Wulftange et al., 2019). 
An oxygen gradient between 0 and 3% O2 was created by regulating 
oxygen diffusion from a gas source through a PDMS membrane (see 
Fig. 3A, number 2). Ovarian cancer cells (OVCAR-8) or breast cancer 
cells (MCF-7) were embedded in Matrigel and cultured inside a biore
actor (Wulftange et al., 2019). The bioreactor consisted of a customised 
six-well plate with a PDMS membrane acting as an oxygen delivery 
system. The culture plate was placed above a 3% oxygen source in a 
chamber maintained at 0% O2, allowing a 0–3% oxygen gradient to 
establish. Tumour cells showed higher proliferation rates in gradients 
when compared to cells grown in a continuous oxygen level of 21% or 
3% O2. RNA analysis showed increased expression levels of genes 
involved in proliferation when cells were cultured in an oxygen gradient 
compared to continuous 3% O2 (Wulftange et al., 2019). Further com
parison revealed downregulation in genes involved in metabolism and 
upregulation of genes that mediate migration and mobility (Wulftange 
et al., 2019). This study showed that not only accurate representation of 
oxygen levels is essential for cancer modelling, but also whether oxygen 
is delivered uniform or as a gradient. These results may not have been 
achieved without the use of advanced in vitro models, demonstrating 
their capability to analyse the underlying cellular processes in cancer 
development. 

A microfluidic model containing HCT-116 colon cancer cells, simi
larly revealed that in addition to an oxygen gradient, other microenvi
ronmental gradients such as of nutrients and pH influences tumour cell 
proliferation and viability. HCT-116 were suspended 3D in a hydrogel 
and were allowed to create their oxygen gradient via cellular con
sumption. The medium was supplied at one side of the design. As such, 
the cells were also able to create their nutrient and pH gradients as waste 
and metabolic by-products accumulated inside the bioengineered tissue. 
Immunofluorescence imaging showed the presence of a proliferation 
gradient within the 3D cell culture, with the distinct proliferative, 
quiescent, and necrotic regions. Gene expression analysis showed that in 

the areas with low oxygen concentrations, tumour cells had a lower 
expression of genes related to proliferation and DNA repair. These cells 
also had a higher expression of genes related to stress and survival 
(Ayuso et al., 2019). A more recent report of this microfluidic model 
unveiled the effect of these microenvironmental gradients on immune 
cells response inside the TME. A co-culture of MCF-7 breast cancer cells 
with natural killer (NK) immune cells maintained in an oxygen gradient 
uncovered how the TME could suppress the immune response by NK 
cells by regulating the expression of genes involved in their proliferation 
and activation. For instance, gene analysis showed that at low oxygen 
and nutrient regions of the device, NK cells downregulated expression of 
genes associated with proliferation and activation, such as GZMB 
(Granzyme B) and interleukin-15. Further analysis showed upregulation 
of stress markers, such as IDO-1 (Indoleamine 2,3-Dioxygenase 1) and 
VEGF, suggesting that microenvironmental gradients can decrease the 
immune cell response, allowing tumour cells to escape immune cell 
surveillance (Ayuso et al., 2021). 

In another model, immune cell recruitment towards tumour cells was 
found to be dependent on the level of oxygenation in the tumour mass 
(Campillo et al., 2019). The model consisted of a modified transwell 
system where a differential oxygenation level between the bottom and 
upper compartment was achieved via oxygen diffusion through a 
permeable membrane. In the upper compartment, mouse macrophage 
cells were maintained in oxygen levels between 16 and 19% O2, while 
tumour cells were cultured in the bottom compartment at an oxygen 
level of 1% O2 (Campillo et al., 2019). Macrophages showed a higher 
migratory capacity when co-cultured with hypoxic tumour cells in 
comparison with oxygenated tumour cells. Gene expression analysis 
showed that both breast cancer and melanoma cells had a higher 
expression level of VEGFA and PTGS2 genes, suggesting that these two 
genes might regulate macrophage recruitment via paracrine signalling 
(Campillo et al., 2019). 

Advanced models have also been used to understand the parameters 
that initiate and contribute to tumour cell migration and invasion. 
Tumour cell metastasis is a complex, multistep process driven by both 
the genotype of tumour cells and the extrinsic conditions in the TME 
(Hunter et al., 2008). Several in vivo and in vitro studies revealed that 
metastasis is driven by the dynamic interaction of the different com
ponents of the TME, which exhibit a synergistic effect on tumour cell 
migration and invasion. This was evident when microfluidic models 
were employed to examine the role of oxygen either individually or in 
combination with other microenvironmental factors on tumour cell 
migration. For example, Sleeboom et al. cultured MDA-MB-231 breast 
cancer cells and their cancer stem cells (CSCs) in an oxygen gradient 
between <1% and 21% O2 in a microfluidic chip. The oxygen gradient 
was maintained by perfusing an oxygen scavenging sodium sulphite 
(Na2SO3) solution through a microchannel adjacent to the cellular 
compartment containing MDA-MB-231 and their CSCs (see Fig. 3A, 
number 3). Both cellular populations migrated towards regions with 
lower oxygen concentrations (Sleeboom et al., 2018). Similarly, the 
directional migration of A549 lung carcinoma cells was also toward 
lower oxygen concentration in another microfluidic chip design (Chang 
et al., 2014). However, when Mosadegh et al. examined the effect of an 
oxygen gradient in addition to nutrients on A549 cell migration in a 
paper-based model, the directional migration of tumour cells was to
ward higher oxygen concentrations. In this model, tumour cells were 
suspended in hydrogel and placed on paper coated with hydrogel. The 
gradients were established by oxygen and glucose diffusion through the 
multilayer layers of the model in addition to cellular consumption. The 
migration speed of A549 increased significantly when tumour cells were 
subjected to a nutrient gradient, suggesting that tumour cell migration is 
also triggered by their metabolic needs (Mosadegh et al., 2015). Taka
hashi et al. also showed that the formation of acidic metabolites and 
consequently the development of a pH gradient influences the direc
tional migration of tumour cells. When MDA-MB-231 cells were cultured 
in an oxygen and pH gradient, tumour cells migrated toward higher 
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oxygen and pH within their microfluidic design (Takahashi et al., 2020). 
Similarly, Zhang et al. displayed the close interplay between hypoxia 
and the acidic pH in initiating SUM-159 migration (Zhang et al., 2015b). 
When SUM-159 cells were maintained in an oxygen level of 1% and 21% 
O2, the migration speed of SUM-159 was higher at low oxygen con
centrations when compared to 21% O2. However, maintaining SUM-159 
at 1% O2 led to reduced extracellular pH. Similar to hypoxia, the acidic 
pH increased the migratory behaviour of tumour cells (Zhang et al., 
2015b). This model system also allowed testing the effect of different pH 
conditions on cellular migration in a low oxygen environment. When 
SUM-159 cells were cultured in 1% O2 at an alkaline and neutral pH, the 
migration speed was considerably lower than what was previously 
witnessed in the device. These results suggest that the acidic pH in 
combination with oxygen gradient can induce tumour cell migration 
(Zhang et al., 2015b). Furthermore, the ability of this device to manip
ulate the cellular microenvironment in terms of oxygen and pH provides 
the opportunity to analyse the effects of different conditions at the same 
time. Taken together, the studies described above revealed that oxygen 
could directly affect the directional migration of tumour cells. However, 
without including the different components of the TME, it is challenging 
to unravel the mechanisms governing cellular migration and invasion. 
More importantly, these studies only examined the effect of a uniform 
oxygen gradient on tumour cell migration. Overall, the rapid prolifera
tive ability of tumour cells in addition to the leaky vasculature of solid 
tumours leads to the formation of spatial and temporal fluctuations in 
oxygen tension and intermittent hypoxia inside the TME, which may 
affect cell migration and invasion differently. As such, Koens et al. used a 
microfluidic model to show that spatiotemporal fluctuations in oxygen 
influence the directional movement of tumour cells and increase their 
migration speed significantly (Koens et al., 2020). For this, 
MDA-MB-231 cells were suspended in collagen I, and their directional 
migration was examined under a nutrient and oxygen gradient between 
0.3 and 21% O2. The cellular compartment was flanked with two me
dium channels that were able to generate a nutrient concentration 
gradient towards the centre (Koens et al., 2020). In addition, an oxygen 
gradient between 0.3% and 21% O2 was generated in the cellular 
compartment by introducing gas mixtures with predefined oxygen 
concentrations through gas channels positioned above the medium 
channels. Temporal changes from atmospheric 21% O2 to hypoxic 0.3% 
O2 were possible within minutes, allowing this device to analyse the 
effect of both spatial and temporal changes in oxygen on cellular 
migration. MDA-MB-231 cells migrated from regions with extreme 
hypoxia toward regions with higher oxygen tension of 5% O2 (Koens 
et al., 2020). The microfluidic model also showed that fluctuation be
tween 21% and 0% O2 significantly increased the migration speed of 
MDA-MB-231 cells. Acosta et al. used another model to investigate the 
effect of oxygen gradients and both intermittent and static hypoxia on 
tumour cell migration and invasion (Acosta et al., 2014). The authors 
employed a dynamic oxygen control on pancreatic adenocarcinoma 
(PANC-1) cells by using a modified transwell system that served as an 
invasion assay. The gradient was created by oxygen diffusion through 
PDMS from a gas channel on top of the cellular compartment. The device 
also allowed a long-term observation and maintenance of the cells 
(Acosta et al., 2014). Compared with cells cultured in normal oxygen 
levels of 21% O2, PANC-1 cells cultured in an oxygen gradient from 21% 
to 1% showed enhanced migration from hypoxic regions toward highly 
oxygenated ones (Acosta et al., 2014). 

The potential of advanced in vitro models to serve as a flexible 
platform for multiple parallel investigative assays whilst maintaining 
temporal and spatial control of oxygen allowed Lam et al. to adapt a 3D 
angiogenesis sprouting assay in a microfluidic chip (Lam et al., 2018). 
The authors specifically designed their system to understand chronic 
and intermittent hypoxic effects on angiogenesis. The central chamber 
was seeded with endothelial colony forming cell-derived endothelial 
cells (ECFC-EC) flanked with two peripheral chambers containing 
normal human lung fibroblasts (NHLF). Vessel formation in 

physiological conditions of 5% O2 was relatively uniform, with vascu
lature sprouting into the two adjacent compartments. Whereas chronic, 
moderate hypoxia between 3.2% and 4.6% O2 showed greater vessel 
formation compared to 5% O2. In contrast, intermittent hypoxia where 
oxygen levels were fluctuating between 1.7% and 4.5% O2 showed less 
sprouting vasculature (Lam et al., 2018). NHLF cells under chronic 
conditions continuously expressed pro-angiogenic factors to encourage 
enhancement of vessel growth. These findings suggest that fluctuations 
in oxygen levels and hypoxia highly influence angiogenesis (Lam et al., 
2018). This model demonstrates the ability of advanced in vitro models 
to explore angiogenesis and the role of oxygen and the different 
microenvironmental components play during tumour progression. 

As illustrated by the studies described above, advanced in vitro 
models are key to extend our understanding of the cellular process that 
contribute to tumour progression and metastasis. Advanced in vitro 
models can analyse differential cellular responses to oxygen gradients. 
Moreover, they highlight the importance of accurate representation of 
oxygen levels when modelling and studying the TME in vitro. Advanced 
in vitro models can incorporate different components of heterogeneous 
TME simultaneously, for example, nutrient deprivation, pH and 
biochemical gradients, by introducing soluble factor and chemokine 
gradients, thereby providing an adequate understanding of the processes 
behind tumour progression and metastasis as well as chemotherapeutic 
efficacy. 

3.2.2. The chemical microenvironment in advanced in vitro models 
Using microfluidics technology, advanced in vitro models can 

manipulate the fluidic behaviour and diffusion rates of chemical solu
tions to recapitulate the biochemical gradients that are normally wit
nessed in vivo. These biochemical cues are known to modulate tumour 
cell behaviour and are directly involved in tumour cell metastasis and 
chemotherapeutic responses. Often, chemical concentration gradients 
are created by using chemical gradient generators (CGG) that make use 
of the molecular diffusion between concentrated and diluted solutions 
(see Fig. 3B, numbers 4 and 5). CGGs are designed with a prolonged 
network of channels with tight junctions, where liquids with different 
concentrations are introduced through different inlets. Via thorough 
mixing and splitting, the liquids exchange solute molecules creating a 
stable and continuous concentration gradient. 

One of the earliest microfluidic models determined that the presence 
of a chemokine gradient regulates the directional migration of tumour 
cells. The microfluidic chip created multiple concentration gradients of 
EGF using a CGG (see Fig. 3B). Two EGF concentrations were introduced 
to the CGG, 0% and 100% EGF. Through the CGG, an EGF concentration 
range is formed, ranging between 0 and 100% (Saadi et al., 2006). 
MDA-MB-231 cells showed an increased migratory response to EGF 
gradient. Their directional movement was toward the highest concen
tration of EGF (Saadi et al., 2006). However, this study was limited to 
observations in 2D. Culturing cells in a 3D format could provide a more 
accurate understanding of the effect of chemokine gradients. To recreate 
the appropriate environment of tumour cells more closely, Kim et al. 
examined the effect of EGF and CXCL12 gradients on the directional 
migration of MDA-MB-231 cells. The cells were suspended in collagen I 
gel to mimic the 3D environment in vivo (Kim et al., 2013). A CXCL12 
gradient initiated tumour cell chemotaxis, with MDA-MB-231 cells 
showing an increased migration toward the higher concentration of 
CXCL12. On the other hand, EGF increased MDA-MB-231 cell motility 
but had no effect on the direction of movement. Interestingly, when 
MDA-MB-231 cells were exposed to a gradient of CXCL12 and a uniform 
concentration of EGF, the two chemokines showed a significant effect on 
the cellular motility and migration of the tumour cells. However, when 
the concentration of EGF was increased, the effect of CXCL12 was 
nullified (Kim et al., 2013). These findings are important, as they suggest 
that cross signalling within the tumour niche can directly influence the 
migratory potential of tumour cells. Another crucial factor that con
tributes to tumour cell metastasis is the cells’ metabolic need. Chaw 
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et al. showed that tumour cell migration could be simulated by serum 
concentration, indicating that nutrients play an important role in 
cellular migration (Chaw et al., 2007). These results were similar to the 
one Zou et al. reported in another microfluidic model. The authors 
revealed that when lung cancer stem cells (LCSC) and differentiated 
LCSC were cultured in a serum gradient, both cell types displayed an 
increased migration rate toward the highest serum concentration. The 
serum gradient was achieved by using a microfluidic channel network 
that can create a concentration gradient in a manner similar to CGG. 
Further analysis showed that the β-catenin-dependent Wnt-signalling 
pathway mainly regulated this migratory behaviour. Inhibition of this 
signalling pathway reduced the migration rates of both cell types (Zou 
et al., 2015). 

Advanced in vitro models also examined the fate of chemothera
peutics inside the tumour niche. At present, understanding the effect of 
the TME on chemotherapeutic distribution is limited by the lack of 
appropriate models. For a drug to exert its effect, distribution in the 
tumour mass is essential. The vasculature of solid tumours presents a 
barrier for chemotherapeutic distribution, creating an uneven chemo
therapeutic distribution within the TME. Microfluidics has made it 
possible for advanced in vitro models to study chemotherapeutics dis
tribution inside the TME. Fig. 4 outlines the different approaches 
advanced in vitro models undertook to explore the effect of the TME on 
chemotherapeutic distribution and efficacy. For example, a microfluidic 
chip assessed the kinetic properties of doxorubicin agents in nutrient 
and oxygen gradients (Ayuso et al., 2016). Human colon carcinoma 
HCT-116 and glioblastoma U-251 MG cells were suspended in collagen I 
and exposed to doxorubicin. Doxorubicin was detected in all hydrogel 
scaffolds regions, showing a linear distribution after 2 h of exposure, 
suggesting that doxorubicin is evenly distributed throughout the bio
engineered tumour (Ayuso et al., 2016). Another microfluidic model 
revealed that chemotherapeutic drug distribution and uptake might be 
influenced by the spatiotemporal fluctuations in oxygen levels that 
occur inside the TME. MCF-7 spheroids were cultured inside a micro
fluidic chip and were exposed to either chronic hypoxia, with a 
continuous oxygen concentration of 3% or cyclic hypoxia, where oxygen 
levels were alternated between 0% and 20%. Results showed that 
doxorubicin uptake was higher in cyclic hypoxia in comparison to 
chronic hypoxia, indicating that oxygen conditions affect doxorubicin 

accumulation (Grist et al., 2019). In the aforementioned TRACER de
vice, exposure of the engineered tumour tissue to doxorubicin provided 
useful insights on drug distribution in an oxygen gradient. The con
centration of doxorubicin decreased inside the device before plateauing 
toward the deeper parts of the tissue (Rodenhizer et al., 2016). These 
results were similar to the doxorubicin penetration observed in mouse 
xenografts, suggesting that an accurate understanding of chemothera
peutic distribution inside solid tumours requires precise modelling of the 
heterogeneous components of the TME (Primeau et al., 2005). The ef
ficacy of doxorubicin, temozolomide and tirapazamine in an oxygen 
gradient were also analysed in the aforementioned microfluidic chip 
from Ayuso et al. (Ayuso et al., 2016) (see Fig. 4A). Doxorubicin 
significantly induced death in regions closer to the peripheral chambers, 
where oxygen tension was higher. However, no effect was detected in 
hypoxic regions. In the same device, the efficacy of the alkylating agent 
temozolomide was investigated in U-251 MG cells. Similar to doxoru
bicin, higher levels of cell death were detected in the most oxygenated 
and more proliferative regions of the microdevice. The 
hypoxia-activated drug tirapazamine was also studied in this micro
fluidic system. In contrast to doxorubicin, in hypoxic regions, tirapaz
amine dramatically reduced the viability of cells. Since tirapazamine 
needs low oxygen levels for activation, cells in well-oxygenated regions 
of the device remained viable (Ayuso et al., 2016). Taken together these 
studies demonstrate that advanced in vitro models provide the oppor
tunity to analyse the effect of various microenvironmental conditions on 
chemotherapeutic distribution and their overall kinetic properties, as 
well as examining the efficacy of these agents under different micro
environmental conditions. 

Wang et al. developed a multi-gradient microfluidic device, where 
they could create simultaneous oxygen and chemotherapeutic concen
tration gradients (Wang et al., 2013) (see Fig. 4B). Here, the oxygen 
gradient was initiated and maintained by flowing oxygen scavenger 
Na2SO3 inside the cellular chamber. On the other hand, the chemo
therapeutic gradient was generated using a CGG, creating chemothera
peutic concentration variations in the cellular compartment. The 
chemotherapeutic gradient has made it possible for this model to assess 
the effect of dose-dependent exposure on their bioengineered tumour 
mass. The comparative analysis of the anticancer drugs tirapazamine 
and bleomycin was conducted in human cervical carcinoma cells (HeLa) 

Fig. 4. Advanced in vitro models to study chemotherapeutic efficacy. Schematics of different microfluidic approaches to examine chemotherapeutic efficacy and 
distribution under different microenvironmental conditions. A) The efficacy and distribution of different chemotherapeutic agents can be studied under an oxygen 
gradient in a microfluidic device. The high cellular density creates uniform oxygen and nutrient gradients within the cellular compartment and also induces the 
formation of a pH gradient and waste products. B) Example of a microfluidic chip to establish an oxygen and chemical concentration gradient to assess the ther
apeutic efficacy. The oxygen gradient is created by using PDMS, gas permeable material to absorb atmospheric oxygen into the device. Within the cellular 
compartment, NaSO3 acted as an oxygen scavenger creating an oxygen gradient. On the other hand, the chemical gradient was generated by using a CCG. C) A 
microfluidic chip to analyse the effect of tumour stroma and growth factors on tumour cell survival and chemotherapeutic efficacy. The chemotherapeutic con
centration gradient can be created via a CGG by utilising diffusive mixing. 
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and lung carcinoma cells (A549). The sensitivity of both agents was 
assayed under an oxygen gradient between 0% and 21% O2. The 
viability of cells in hypoxic regions of the device declined proportionally 
to the concentration of tirapazamine used, indicating a dose-dependent 
effect with this drug in lower oxygen areas in the chip. In contrast, 
bleomycin did not affect the cells in the device’s hypoxic regions, 
whereas a reduction in cell viability was observed in highly oxygenated 
parts of the tumour tissue (Wang et al., 2013). In another microfluidic 
device, Ying et al. highlighted the effect of cellular interactions between 
stromal cells and tumour cells on their response to chemotherapeutics. 
Within their device, A549 tumour cells were co-cultured with 
cancer-associated fibroblasts (CAFs) and were exposed to a concentra
tion gradient of paclitaxel that was created using a CGG (Ying et al., 
2015) (see Fig. 4C). Next, the role of different chemokines and growth 
factors secreted by CAFs on paclitaxel efficacy was examined. Within the 
gradient of paclitaxel, hepatocyte growth factor (HGF), which CAFs 
secrete, reduced cellular apoptosis induced by paclitaxel (Ying et al., 
2015). HGF is known to bind to Met and, as such, to activate the 
downstream phosphoinositide 3-kinase (PI3K)/AKT pathway, which 
regulates chemoresistance and cell apoptosis. The ability of microfluidic 
chips to rapidly generate chemotherapeutic concentration gradients 
allows them to serve as a platform for developing personalized thera
peutic schemes. For instance, Xu et al. used different lung cancer cell 
lines and primary lung cancer cells collected from eight different pa
tients suspended in BME (basement membrane extract) containing 
Laminin I, Collagen I, Collagen IV, Vitronectin, and Fibronectin (Xu 
et al., 2013). The bioengineered 3D cellular structure was exposed to 
different concentrations of chemotherapeutic agents generated via a 
CGG. Tumour cells were either a monoculture or co-cultured with 
human lung fibroblasts to test the influence of cellular interactions on 
chemotherapeutic efficacy. This device was used to screen for chemo
therapeutic sensitivity and provided appropriate therapeutic schemes 
for the patients (Xu et al., 2013). 

Overall, advanced in vitro models with their dynamic nature offer the 
opportunity to recreate molecular gradients found in the TME. Inte
gration of microfluidics with tissue engineering technologies enables 
these models to analyse the influence of stromal cells, oxygen and 
chemical conditions on tumour cell behaviour with full spatiotemporal 
control. Another important application of these model systems is 
assessing the efficacy of chemotherapeutic agents as they can evaluate 
the contribution of these conditions on tumour cell response to 
chemotherapeutic agents. The presence of flow within these models 
allows the study of chemotherapeutic distribution inside the tumour 
niche in a manner that resembles the in vivo conditions, indicating that 
advanced in vitro models can be used in pre-clinical screening of new 
chemotherapeutic agents. 

4. Outlook 

Advanced in vitro models provide a transformative approach for 
modelling the microenvironment of solid tumours in vitro. They offer the 
chance to develop reliable, highly reproducible and potentially high 
throughput model systems that could represent human physiology and 
cancer pathology in vitro. These models aid in investigating the TME in a 
more relevant manner and may provide a robust predictive platform for 
clinical and therapeutic evaluation studies. Advanced in vitro models 
aim to include different mechanical, physical and chemical cues present 
within the TME of solid tumours. They can also integrate the cellular 
heterogeneity that is a characteristic feature of the TME. However, 
several questions remain on which factors should be incorporated in 
vitro as a minimum to produce a relevant model for cancer pathophys
iology. To date, it appears that recreating the different gradients that are 
present in the microenvironment is essential for accurate predictions. 

Another important factor when it comes to developing an in vitro 
model for cancer studies is the exact research question posed and sub
sequent analyses needed. For example, studying the effect of oxygen on 

cellular migration or chemotherapeutic response requires certain func
tionalities in the model. As such, one platform is unlikely to be sufficient 
to address all research questions that exist. More importantly, the 
different conditions within the TME do not exist in isolation; they 
dynamically interact and influence each other, potentially leading to 
tumour cell responses. Therefore, when modelling the TME, the inter
play between the different conditions should be considered to be 
included in the design. Advanced in vitro models can create dynamic 
models that can be tailored to analyse oxygen gradients either alone or 
in combination with soluble chemokine gradients. Within these models, 
tumour cells can also be co-cultured with stromal cells, enabling the 
inclusion of cell-cell communication or tissue-tissue interfaces while 
investigating their effect on tumour cell behaviour and response to 
therapeutics. Advanced in vitro models also offer the chance of capturing 
the temporal and spatial fluctuations in oxygen levels inside the TME. 
Microfluidic techniques have made it possible for these models to 
recreate intermittent perfusion cycles that lead to the formation of cyclic 
or intermittent hypoxia in vivo, allowing advanced in vitro models to 
maintain a spatiotemporal control over oxygen. This type of model could 
assess cellular adaption to cyclic hypoxia and expand our knowledge 
about the effect of chronic and cyclic hypoxia on tumour progression. 
Coupling this approach with the ability of advanced in vitro models to 
integrate different aspects of the TME, such as endogenous chemical 
gradients, nutrient gradients and co-culture with stromal cells, would 
provide deeper insights into cellular and molecular mechanisms behind 
the important events in cancer progression and cellular behaviour. 

Owing to this versatile nature, advanced in vitro models enable re
searchers to identify, analyse and validate the functionality of new 
biological targets for chemotherapeutic agents. As they can model key 
specific events during cancer progression and analyse integral cellular 
interactions during these processes, advanced in vitro models can help 
characterise new potential targets for therapeutic intervention. All these 
features offer the opportunity for advanced in vitro models to serve as a 
reliable in vitro tool for preclinical screening of new chemotherapeutic 
agents. Furthermore, the dynamic nature of advanced in vitro models, in 
addition to their ability to control the chemical parameters, have made it 
possible to investigate molecular diffusion and transport, enabling these 
models to examine chemotherapeutic delivery and distribution inside 
the TME. As such, advanced in vitro models can be used to model the 
pharmacokinetic properties of chemotherapeutic agents and analyse the 
appropriate dosages and therapeutic regimens for human cancer in vivo. 

While advanced in vitro models provide a promising platform for in 
vitro studies, several challenges remain before they can be fully inte
grated in cancer modelling. Techniques such as microfabrication that 
are typically used to develop advanced in vitro models require speci
alised equipment that is not readily available in many cancer research 
facilities. A further challenge is that developing advanced in vitro models 
requires a highly interdisciplinary environment. The ability to use these 
innovative approaches to model the TME requires the combination of 
knowledge from biology, medicine, bioengineering and physics. 
Furthermore, the level of complexity of many advanced in vitro models 
causes these models to have low operational throughput. For instance, to 
accurately assess influence of oxygen gradients within a microfluidic 
chip, various factors must align to create a powerful readout including 
cells, ECM coating, microfluidic controls and maintaining the gradient. 
Nevertheless, the continued validation and optimisation of advanced in 
vitro models has started the emergence of high-throughput devices that 
can evaluate cancer cell behaviour. 

5. Conclusion 

The different components of the TME can create adverse conditions 
that modify tumour cell responses. Physicochemical gradients, along 
with the heterogenous cell composition of solid tumours, promote 
tumour cell migration, invasion and affect therapeutic efficacy. 
Accordingly, tumour cells are influenced by their microenvironment, 
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leading to its increasingly recognised importance. Accurate represen
tation of the TME in vitro is crucial in cancer modelling not only for new 
therapeutic approaches but also as a tool for understanding the molec
ular mechanisms behind tumour development, progression and metas
tasis. In general, most of the work on the TME in vitro so far has been 
carried out with 2D cell culture systems where cells are maintained on 
flat surfaces. Within solid tumours, cells exist in a 3D environment that is 
both spatially and temporally heterogeneous. 2D culture models also 
lack the ability to recreate the widely witnessed gradients in the TME. 

Advanced in vitro models are emerging in cancer research as prom
ising tools for understanding the role of the TME. Using innovative en
gineering approaches, advanced in vitro models can integrate both the 
cellular and non-cellular components of the TME. Advanced in vitro 
models can include ECM, stromal cells and recreate the different phys
iochemical gradients such as oxygen and endogenous chemokines gra
dients, enabling the maintenance of tumour cells in an environment that 
aims to resemble the in vivo solid tumour. Microfluidic tumour-on-chip 
systems are one of the most promising advanced in vitro models in 
cancer research. The use of microfluidic technology allows tumour-on- 
chip models to create a defined environment for cellular studies. Inte
grating microfluidics with different fabrication techniques can 
customise tumour chips to explore specific phenomena in cancer 
research. All these features have made it possible for advanced in vitro 
model systems to study the effect of the TME either alone or in combi
nation with different gradients, and accordingly, these models represent 
a new and exciting platform for cancer research. Their potential in 
expanding our knowledge warrants further exploration. 

Funding 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

Declaration of competing interest 

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

Acknowledgements 

The figures contained in this article were partially created with BioR 
ender.com. 

References 

Acosta, M.A., Jiang, X., Huang, P.K., Cutler, K.B., Grant, C.S., Walker, G.M., Gamcsik, M. 
P., 2014. A microfluidic device to study cancer metastasis under chronic and 
intermittent hypoxia. Biomicrofluidics 8 (5), 054117. https://doi.org/10.1063/ 
1.4898788. 

Al Tameemi, W., Dale, T.P., Al-Jumaily, R.M.K., Forsyth, N.R., 2019. Hypoxia-modified 
cancer cell metabolism. Front. Cell. Dev. Biol. 7, 4. https://doi.org/10.3389/ 
fcell.2019.00004. 

Asano, H., Shiraishi, Y., 2015. Development of paper-based microfluidic analytical 
device for iron assay using photomask printed with 3D printer for fabrication of 
hydrophilic and hydrophobic zones on paper by photolithography. Anal. Chim. Acta 
883, 55–60. https://doi.org/10.1016/j.aca.2015.04.014. 

Attwell, D., Mishra, A., Hall, C.N., O’Farrell, F.M., Dalkara, T., 2016. What is a pericyte? 
J. Cerebr. Blood Flow Metabol. 36 (2), 451–455. https://doi.org/10.1177/ 
0271678X15610340. 

Ayuso, J.M., Virumbrales-Munoz, M., Lacueva, A., Lanuza, P.M., Checa-Chavarria, E., 
Botella, P., Fernandez, E., Doblare, M., Allison, S.J., Phillips, R.M., Pardo, J., 
Fernandez, L.J., Ochoa, I., 2016. Development and characterization of a microfluidic 
model of the tumour microenvironment. Sci. Rep. 6, 36086. https://doi.org/ 
10.1038/srep36086. 

Ayuso, J.M., Virumbrales-Munoz, M., McMinn, P.H., Rehman, S., Gomez, I., Karim, M.R., 
Trusttchel, R., Wisinski, K.B., Beebe, D.J., Skala, M.C., 2019. Tumor-on-a-chip: a 
microfluidic model to study cell response to environmental gradients. Lab Chip 19 
(20), 3461–3471. https://doi.org/10.1039/c9lc00270g. 

Ayuso, J.M., Rehman, S., Virumbrales-Munoz, M., McMinn, P.H., Geiger, P., 
Fitzgerald, C., Heaster, T., Skala, M.C., Beebe, D.J., 2021. Microfluidic tumor-on-a- 

chip model to evaluate the role of tumor environmental stress on NK cell exhaustion. 
Sci. Adv. 7 (8) https://doi.org/10.1126/sciadv.abc2331. 

Balkwill, F.R., Capasso, M., Hagemann, T., 2012. The tumor microenvironment at a 
glance. J. Cell Sci. 125 (Pt 23), 5591–5596. https://doi.org/10.1242/jcs.116392. 

Bhatia, S.N., Ingber, D.E., 2014. Microfluidic organs-on-chips. Nat. Biotechnol. 32 (8), 
760–772. https://doi.org/10.1038/nbt.2989. 

Bizzarri, M., Cucina, A., 2014. Tumor and the microenvironment: a chance to reframe the 
paradigm of carcinogenesis? BioMed Res. Int. 2014, 934038. https://doi.org/ 
10.1155/2014/934038. 

Boedtkjer, E., Pedersen, S.F., 2020. The acidic tumor microenvironment as a driver of 
cancer. Annu. Rev. Physiol. 82, 103–126. https://doi.org/10.1146/annurev-physiol- 
021119-034627. 

Brennan, M.D., Rexius-Hall, M.L., Elgass, L.J., Eddington, D.T., 2014. Oxygen control 
with microfluidics. Lab Chip 14 (22), 4305–4318. https://doi.org/10.1039/ 
c4lc00853g. 

Buchanan, C.F., Verbridge, S.S., Vlachos, P.P., Rylander, M.N., 2014. Flow shear stress 
regulates endothelial barrier function and expression of angiogenic factors in a 3D 
microfluidic tumor vascular model. Cell Adhes. Migrat. 8 (5), 517–524. https://doi. 
org/10.4161/19336918.2014.970001. 

Cairns, R.A., Kalliomaki, T., Hill, R.P., 2001. Acute (cyclic) hypoxia enhances 
spontaneous metastasis of KHT murine tumors. Cancer Res. 61 (24), 8903–8908. 

Cairns, R.A., Harris, I.S., Mak, T.W., 2011. Regulation of cancer cell metabolism. Nat. 
Rev. Cancer 11 (2), 85–95. https://doi.org/10.1038/nrc2981. 

Campillo, N., Falcones, B., Otero, J., Colina, R., Gozal, D., Navajas, D., Farre, R., 
Almendros, I., 2019. Differential oxygenation in tumor microenvironment modulates 
macrophage and cancer cell crosstalk: novel experimental setting and proof of 
concept. Front. Oncol. 9, 43. https://doi.org/10.3389/fonc.2019.00043. 

Carmeliet, P., Jain, R.K., 2000. Angiogenesis in cancer and other diseases. Nature 407 
(6801), 249–257. https://doi.org/10.1038/35025220. 

Carmona-Fontaine, C., Deforet, M., Akkari, L., Thompson, C.B., Joyce, J.A., Xavier, J.B., 
2017. Metabolic origins of spatial organization in the tumor microenvironment. 
Proc. Natl. Acad. Sci. U. S. A. 114 (11), 2934–2939. https://doi.org/10.1073/ 
pnas.1700600114. 

Carroll, J.S., Lynch, D.K., Swarbrick, A., Renoir, J.M., Sarcevic, B., Daly, R.J., 
Musgrove, E.A., Sutherland, R.L., 2003. p27(Kip1) induces quiescence and growth 
factor insensitivity in tamoxifen-treated breast cancer cells. Cancer Res. 63 (15), 
4322–4326. 

Chang, C.W., Cheng, Y.J., Tu, M., Chen, Y.H., Peng, C.C., Liao, W.H., Tung, Y.C., 2014. 
A polydimethylsiloxane-polycarbonate hybrid microfluidic device capable of 
generating perpendicular chemical and oxygen gradients for cell culture studies. Lab 
Chip 14 (19), 3762–3772. https://doi.org/10.1039/c4lc00732h. 

Chaw, K.C., Manimaran, M., Tay, F.E., Swaminathan, S., 2007. Matrigel coated 
polydimethylsiloxane based microfluidic devices for studying metastatic and non- 
metastatic cancer cell invasion and migration. Biomed. Microdevices 9 (4), 597–602. 
https://doi.org/10.1007/s10544-007-9071-5. 

Chen, Y.A., King, A.D., Shih, H.C., Peng, C.C., Wu, C.Y., Liao, W.H., Tung, Y.C., 2011. 
Generation of oxygen gradients in microfluidic devices for cell culture using spatially 
confined chemical reactions. Lab Chip 11 (21), 3626–3633. https://doi.org/ 
10.1039/c1lc20325h. 

Cirri, P., Chiarugi, P., 2011. Cancer associated fibroblasts: the dark side of the coin. Am. 
J. Canc. Res. 1 (4), 482–497. 

Comerford, K.M., Wallace, T.J., Karhausen, J., Louis, N.A., Montalto, M.C., Colgan, S.P., 
2002. Hypoxia-inducible factor-1-dependent regulation of the multidrug resistance 
(MDR1) gene. Cancer Res. 62 (12), 3387–3394. 

Conze, D., Weiss, L., Regen, P.S., Bhushan, A., Weaver, D., Johnson, P., Rincon, M., 2001. 
Autocrine production of interleukin 6 causes multidrug resistance in breast cancer 
cells. Cancer Res. 61 (24), 8851–8858. 

Das, B., Tsuchida, R., Malkin, D., Koren, G., Baruchel, S., Yeger, H., 2008. Hypoxia 
enhances tumor stemness by increasing the invasive and tumorigenic side 
population fraction. Stem Cell. 26 (7), 1818–1830. https://doi.org/10.1634/ 
stemcells.2007-0724. 

De Bruycker, S., Vangestel, C., Staelens, S., Van den Wyngaert, T., Stroobants, S., 2018. 
How to modulate tumor hypoxia for preclinical in vivo imaging research. Contrast 
Media Mol. Imaging 2018, 4608186. https://doi.org/10.1155/2018/4608186. 

Denko, N.C., 2008. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. 
Cancer 8 (9), 705–713. https://doi.org/10.1038/nrc2468. 

Dewhirst, M.W., 2009. Relationships between cycling hypoxia, HIF-1, angiogenesis and 
oxidative stress. Radiat. Res. 172 (6), 653–665. https://doi.org/10.1667/RR1926.1. 

Dey-Guha, I., Wolfer, A., Yeh, A.C., J, G.A., Darp, R., Leon, E., Wulfkuhle, J., 
Petricoin 3rd, E.F., Wittner, B.S., Ramaswamy, S., 2011. Asymmetric cancer cell 
division regulated by AKT. Proc. Natl. Acad. Sci. U. S. A. 108 (31), 12845–12850. 
https://doi.org/10.1073/pnas.1109632108. 

Ding, J., 1997. Three-dimensional multiresolution video compression strategy for using 
human visual characteristics. Proc. ICC’97 - Int. Conf. Commun. 3, 1669–1673 vol.3. 
doi:  

Durand, R.E., 2001. Intermittent blood flow in solid tumours–an under-appreciated 
source of ’drug resistance. Cancer Metastasis Rev. 20 (1–2), 57–61. https://doi.org/ 
10.1023/a:1013181107707. 

Eales, K.L., Hollinshead, K.E., Tennant, D.A., 2016. Hypoxia and metabolic adaptation of 
cancer cells. Oncogenesis 5, e190. https://doi.org/10.1038/oncsis.2015.50. 

Fathollahipour, S., Patil, P.S., Leipzig, N.D., 2018. Oxygen regulation in development: 
lessons from embryogenesis towards tissue engineering. Cells Tissues Organs 205 
(5–6), 350–371. https://doi.org/10.1159/000493162. 

Feng, H., Wang, J., Chen, W., Shan, B., Guo, Y., Xu, J., Wang, L., Guo, P., Zhang, Y., 
2016. Hypoxia-induced autophagy as an additional mechanism in human 

M.A.M. Ahmed and A. Nagelkerke                                                                                                                                                                                                          

http://BioRender.com
http://BioRender.com
https://doi.org/10.1063/1.4898788
https://doi.org/10.1063/1.4898788
https://doi.org/10.3389/fcell.2019.00004
https://doi.org/10.3389/fcell.2019.00004
https://doi.org/10.1016/j.aca.2015.04.014
https://doi.org/10.1177/0271678X15610340
https://doi.org/10.1177/0271678X15610340
https://doi.org/10.1038/srep36086
https://doi.org/10.1038/srep36086
https://doi.org/10.1039/c9lc00270g
https://doi.org/10.1126/sciadv.abc2331
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1155/2014/934038
https://doi.org/10.1155/2014/934038
https://doi.org/10.1146/annurev-physiol-021119-034627
https://doi.org/10.1146/annurev-physiol-021119-034627
https://doi.org/10.1039/c4lc00853g
https://doi.org/10.1039/c4lc00853g
https://doi.org/10.4161/19336918.2014.970001
https://doi.org/10.4161/19336918.2014.970001
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref14
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref14
https://doi.org/10.1038/nrc2981
https://doi.org/10.3389/fonc.2019.00043
https://doi.org/10.1038/35025220
https://doi.org/10.1073/pnas.1700600114
https://doi.org/10.1073/pnas.1700600114
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref19
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref19
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref19
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref19
https://doi.org/10.1039/c4lc00732h
https://doi.org/10.1007/s10544-007-9071-5
https://doi.org/10.1039/c1lc20325h
https://doi.org/10.1039/c1lc20325h
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref23
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref23
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref24
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref24
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref24
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref25
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref25
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref25
https://doi.org/10.1634/stemcells.2007-0724
https://doi.org/10.1634/stemcells.2007-0724
https://doi.org/10.1155/2018/4608186
https://doi.org/10.1038/nrc2468
https://doi.org/10.1667/RR1926.1
https://doi.org/10.1073/pnas.1109632108
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref31
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref31
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref31
https://doi.org/10.1023/a:1013181107707
https://doi.org/10.1023/a:1013181107707
https://doi.org/10.1038/oncsis.2015.50
https://doi.org/10.1159/000493162


Organs-on-a-Chip 3 (2021) 100012

13

osteosarcoma radioresistance. J. Bone Oncol. 5 (2), 67–73. https://doi.org/10.1016/ 
j.jbo.2016.03.001. 

Gao, Y., Stybayeva, G., Revzin, A., 2019. Fabrication of composite microfluidic devices 
for local control of oxygen tension in cell cultures. Lab Chip 19 (2), 306–315. 
https://doi.org/10.1039/c8lc00825f. 

Gatenby, R.A., Gillies, R.J., 2004. Why do cancers have high aerobic glycolysis? Nat. 
Rev. Cancer 4 (11), 891–899. https://doi.org/10.1038/nrc1478. 

Gilkes, D.M., Semenza, G.L., Wirtz, D., 2014. Hypoxia and the extracellular matrix: 
drivers of tumour metastasis. Nat. Rev. Cancer 14 (6), 430–439. https://doi.org/ 
10.1038/nrc3726. 

Gong, X., Lin, C., Cheng, J., Su, J., Zhao, H., Liu, T., Wen, X., Zhao, P., 2015. Generation 
of multicellular tumor spheroids with microwell-based agarose scaffolds for drug 
testing. PLoS One 10 (6), e0130348. https://doi.org/10.1371/journal. 
pone.0130348. 

Gottesman, M.M., Fojo, T., Bates, S.E., 2002. Multidrug resistance in cancer: role of ATP- 
dependent transporters. Nat. Rev. Cancer 2 (1), 48–58. https://doi.org/10.1038/ 
nrc706. 

Graham, C.H., Forsdike, J., Fitzgerald, C.J., Macdonald-Goodfellow, S., 1999. Hypoxia- 
mediated stimulation of carcinoma cell invasiveness via upregulation of urokinase 
receptor expression. Int. J. Cancer 80 (4), 617–623. https://doi.org/10.1002/(sici) 
1097-0215(19990209)80:4<617::aid-ijc22>3.0.co;2-c. 

Griffith, L.G., Swartz, M.A., 2006. Capturing complex 3D tissue physiology in vitro. Nat. 
Rev. Mol. Cell Biol. 7 (3), 211–224. https://doi.org/10.1038/nrm1858. 

Grist, S.M., Nasseri, S.S., Laplatine, L., Schmok, J.C., Yao, D., Hua, J., Chrostowski, L., 
Cheung, K.C., 2019. Long-term monitoring in a microfluidic system to study tumour 
spheroid response to chronic and cycling hypoxia. Sci. Rep. 9 (1), 17782. https:// 
doi.org/10.1038/s41598-019-54001-8. 

Guan, P.P., Yu, X., Guo, J.J., Wang, Y., Wang, T., Li, J.Y., Konstantopoulos, K., Wang, Z. 
Y., Wang, P., 2015. By activating matrix metalloproteinase-7, shear stress promotes 
chondrosarcoma cell motility, invasion and lung colonization. Oncotarget 6 (11), 
9140–9159. https://doi.org/10.18632/oncotarget.3274. 

Guerra, L., Odorisio, T., Zambruno, G., Castiglia, D., 2017. Stromal microenvironment in 
type VII collagen-deficient skin: the ground for squamous cell carcinoma 
development. Matrix Biol. 63, 1–10. https://doi.org/10.1016/j.matbio.2017.01.002. 

Guo, S., Deng, C.X., 2018. Effect of stromal cells in tumor microenvironment on 
metastasis initiation. Int. J. Biol. Sci. 14 (14), 2083–2093. https://doi.org/10.7150/ 
ijbs.25720. 

Gupta, R., Chetty, C., Bhoopathi, P., Lakka, S., Mohanam, S., Rao, J.S., Dinh, D.E., 2011. 
Downregulation of uPA/uPAR inhibits intermittent hypoxia-induced epithelial- 
mesenchymal transition (EMT) in DAOY and D283 medulloblastoma cells. Int. J. 
Oncol. 38 (3), 733–744. https://doi.org/10.3892/ijo.2010.883. 

Haessler, U., Teo, J.C., Foretay, D., Renaud, P., Swartz, M.A., 2012. Migration dynamics 
of breast cancer cells in a tunable 3D interstitial flow chamber. Integr. Biol. (Camb) 4 
(4), 401–409. https://doi.org/10.1039/c1ib00128k. 

Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell 144 
(5), 646–674. https://doi.org/10.1016/j.cell.2011.02.013. 

Hartman, C.D., Isenberg, B.C., Chua, S.G., Wong, J.Y., 2017. Extracellular matrix type 
modulates cell migration on mechanical gradients. Exp. Cell Res. 359 (2), 361–366. 
https://doi.org/10.1016/j.yexcr.2017.08.018. 

Hassell, B.A., Goyal, G., Lee, E., Sontheimer-Phelps, A., Levy, O., Chen, C.S., Ingber, D.E., 
2017. Human organ chip models recapitulate orthotopic lung cancer growth, 
therapeutic responses, and tumor dormancy in vitro. Cell Rep. 21 (2), 508–516. 
https://doi.org/10.1016/j.celrep.2017.09.043. 

Heldin, C.H., Rubin, K., Pietras, K., Ostman, A., 2004. High interstitial fluid pressure - an 
obstacle in cancer therapy. Nat. Rev. Cancer 4 (10), 806–813. https://doi.org/ 
10.1038/nrc1456. 

Helmlinger, G., Yuan, F., Dellian, M., Jain, R.K., 1997. Interstitial pH and pO2 gradients 
in solid tumors in vivo: high-resolution measurements reveal a lack of correlation. 
Nat. Med. 3 (2), 177–182. https://doi.org/10.1038/nm0297-177. 

Ho, C.M., Ng, S.H., Li, K.H., Yoon, Y.J., 2015. 3D printed microfluidics for biological 
applications. Lab Chip 15 (18), 3627–3637. https://doi.org/10.1039/c5lc00685f. 

Hodges, L.M., Markova, S.M., Chinn, L.W., Gow, J.M., Kroetz, D.L., Klein, T.E., 
Altman, R.B., 2011. Very important pharmacogene summary: ABCB1 (MDR1, P- 
glycoprotein). Pharmacogenetics Genom. 21 (3), 152–161. https://doi.org/10.1097/ 
FPC.0b013e3283385a1c. 

Hofbauer, K.H., Gess, B., Lohaus, C., Meyer, H.E., Katschinski, D., Kurtz, A., 2003. 
Oxygen tension regulates the expression of a group of procollagen hydroxylases. Eur. 
J. Biochem. 270 (22), 4515–4522. https://doi.org/10.1046/j.1432- 
1033.2003.03846.x. 

Holub, A.R., Huo, A., Patel, K., Thakore, V., Chhibber, P., Erogbogbo, F., 2020. Assessing 
advantages and drawbacks of rapidly generated ultra-large 3D breast cancer 
spheroids: studies with chemotherapeutics and nanoparticles. Int. J. Mol. Sci. 21 
(12) https://doi.org/10.3390/ijms21124413. 

Hunter, K.W., Crawford, N.P., Alsarraj, J., 2008. Mechanisms of metastasis. Breast 
Cancer Res. 10, S2. https://doi.org/10.1186/bcr1988. Suppl 1.  

Hynes, R.O., 2009. The extracellular matrix: not just pretty fibrils. Science 326 (5957), 
1216–1219. https://doi.org/10.1126/science.1176009. 

Jagannathan, L., Cuddapah, S., Costa, M., 2016. Oxidative stress under ambient and 
physiological oxygen tension in tissue culture. Curr. Pharmacol. Rep. 2 (2), 64–72. 
https://doi.org/10.1007/s40495-016-0050-5. 

Kalyane, D., Raval, N., Maheshwari, R., Tambe, V., Kalia, K., Tekade, R.K., 2019. 
Employment of enhanced permeability and retention effect (EPR): nanoparticle- 
based precision tools for targeting of therapeutic and diagnostic agent in cancer. 
Mater. Sci. Eng. C Mater. Biol. Appl. 98, 1252–1276. https://doi.org/10.1016/j. 
msec.2019.01.066. 

Kidd, S., Spaeth, E., Watson, K., Burks, J., Lu, H., Klopp, A., Andreeff, M., Marini, F.C., 
2012. Origins of the tumor microenvironment: quantitative assessment of adipose- 
derived and bone marrow-derived stroma. PLoS One 7 (2), e30563. https://doi.org/ 
10.1371/journal.pone.0030563. 

Kim, J.J., Tannock, I.F., 2005. Repopulation of cancer cells during therapy: an important 
cause of treatment failure. Nat. Rev. Cancer 5 (7), 516–525. https://doi.org/ 
10.1038/nrc1650. 

Kim, B.J., Hannanta-anan, P., Chau, M., Kim, Y.S., Swartz, M.A., Wu, M., 2013. 
Cooperative roles of SDF-1alpha and EGF gradients on tumor cell migration revealed 
by a robust 3D microfluidic model. PLoS One 8 (7), e68422. https://doi.org/ 
10.1371/journal.pone.0068422. 

Koens, R., Tabata, Y., Serrano, J.C., Aratake, S., Yoshino, D., Kamm, R.D., Funamoto, K., 
2020. Microfluidic platform for three-dimensional cell culture under spatiotemporal 
heterogeneity of oxygen tension. APL Bioeng. 4 (1), 016106 https://doi.org/ 
10.1063/1.5127069. 

Kondo, T., 2020. Current status and perspectives of patient-derived rare cancer models. 
Hum. Cell 33 (4), 919–929. https://doi.org/10.1007/s13577-020-00391-1. 

Koshiba, T., Hosotani, R., Miyamoto, Y., Ida, J., Tsuji, S., Nakajima, S., Kawaguchi, M., 
Kobayashi, H., Doi, R., Hori, T., Fujii, N., Imamura, M., 2000. Expression of stromal 
cell-derived factor 1 and CXCR4 ligand receptor system in pancreatic cancer: a 
possible role for tumor progression. Clin. Cancer Res. 6 (9), 3530–3535. 

Koukourakis, M.I., Giatromanolaki, A., Sivridis, E., Simopoulos, C., Turley, H., Talks, K., 
Gatter, K.C., Harris, A.L., 2002. Hypoxia-inducible factor (HIF1A and HIF2A), 
angiogenesis, and chemoradiotherapy outcome of squamous cell head-and-neck 
cancer. Int. J. Radiat. Oncol. Biol. Phys. 53 (5), 1192–1202. https://doi.org/ 
10.1016/s0360-3016(02)02848-1. 

Lakin, N.D., Jackson, S.P., 1999. Regulation of p53 in response to DNA damage. 
Oncogene 18 (53), 7644–7655. https://doi.org/10.1038/sj.onc.1203015. 

Lam, S.F., Shirure, V.S., Chu, Y.E., Soetikno, A.G., George, S.C., 2018. Microfluidic device 
to attain high spatial and temporal control of oxygen. PLoS One 13 (12), e0209574. 
https://doi.org/10.1371/journal.pone.0209574. 

Lankelma, J., Dekker, H., Luque, F.R., Luykx, S., Hoekman, K., van der Valk, P., van 
Diest, P.J., Pinedo, H.M., 1999. Doxorubicin gradients in human breast cancer. Clin. 
Cancer Res. 5 (7), 1703–1707. 

le Roux, L., Volgin, A., Maxwell, D., Ishihara, K., Gelovani, J., Schellingerhout, D., 2008. 
Optimizing imaging of three-dimensional multicellular tumor spheroids with 
fluorescent reporter proteins using confocal microscopy. Mol. Imag. 7 (5), 214–221. 

Lewis, D.M., Park, K.M., Tang, V., Xu, Y., Pak, K., Eisinger-Mathason, T.S., Simon, M.C., 
Gerecht, S., 2016. Intratumoral oxygen gradients mediate sarcoma cell invasion. 
Proc. Natl. Acad. Sci. U. S. A. 113 (33), 9292–9297. https://doi.org/10.1073/ 
pnas.1605317113. 

Liu, L., Liu, W., Wang, L., Zhu, T., Zhong, J., Xie, N., 2017. Hypoxia-inducible factor 1 
mediates intermittent hypoxia-induced migration of human breast cancer MDA-MB- 
231 cells. Oncol. Lett. 14 (6), 7715–7722. https://doi.org/10.3892/ol.2017.7223. 

Liu, J., He, J., Ge, L., Xiao, H., Huang, Y., Zeng, L., Jiang, Z., Lu, M., Hu, Z., 2021. 
Hypoxic preconditioning rejuvenates mesenchymal stem cells and enhances 
neuroprotection following intracerebral hemorrhage via the miR-326-mediated 
autophagy. Stem Cell Res. Ther. 12 (1), 413. https://doi.org/10.1186/s13287-021- 
02480-w. 

Loddo, M., Kingsbury, S.R., Rashid, M., Proctor, I., Holt, C., Young, J., El-Sheikh, S., 
Falzon, M., Eward, K.L., Prevost, T., Sainsbury, R., Stoeber, K., Williams, G.H., 2009. 
Cell-cycle-phase progression analysis identifies unique phenotypes of major 
prognostic and predictive significance in breast cancer. Br. J. Cancer 100 (6), 
959–970. https://doi.org/10.1038/sj.bjc.6604924. 

Logsdon, D.P., Grimard, M., Luo, M., Shahda, S., Jiang, Y., Tong, Y., Yu, Z., Zyromski, N., 
Schipani, E., Carta, F., Supuran, C.T., Korc, M., Ivan, M., Kelley, M.R., Fishel, M.L., 
2016. Regulation of HIF1alpha under hypoxia by APE1/ref-1 impacts CA9 
expression: dual targeting in patient-derived 3D pancreatic cancer models. Mol. 
Cancer Therapeut. 15 (11), 2722–2732. https://doi.org/10.1158/1535-7163.MCT- 
16-0253. 

Loh, Q.L., Choong, C., 2013. Three-dimensional scaffolds for tissue engineering 
applications: role of porosity and pore size. Tissue Eng. B Rev. 19 (6), 485–502. 
https://doi.org/10.1089/ten.TEB.2012.0437. 

Lu, P., Weaver, V.M., Werb, Z., 2012. The extracellular matrix: a dynamic niche in cancer 
progression. J. Cell Biol. 196 (4), 395–406. https://doi.org/10.1083/jcb.201102147. 

Luo, D., Wang, J., Li, J., Post, M., 2011. Mouse snail is a target gene for HIF. Mol. Cancer 
Res. 9 (2), 234–245. https://doi.org/10.1158/1541-7786.MCR-10-0214. 

Mahoney, B.P., Raghunand, N., Baggett, B., Gillies, R.J., 2003. Tumor acidity, ion 
trapping and chemotherapeutics. I. Acid pH affects the distribution of 
chemotherapeutic agents in vitro. Biochem. Pharmacol. 66 (7), 1207–1218. https:// 
doi.org/10.1016/s0006-2952(03)00467-2. 

Mak, I.W., Evaniew, N., Ghert, M., 2014. Lost in translation: animal models and clinical 
trials in cancer treatment. Am. J. Transl. Res. 6 (2), 114–118. 

Mao, M., Bei, H.P., Lam, C.H., Chen, P., Wang, S., Chen, Y., He, J., Zhao, X., 2020. 
Human-on-Leaf-Chip: a biomimetic vascular system integrated with chamber- 
specific organs. Small 16 (22), e2000546. https://doi.org/10.1002/smll.202000546. 

Masunaga, S., Sakurai, Y., Tanaka, H., Hirayama, R., Matsumoto, Y., Uzawa, A., 
Suzuki, M., Kondo, N., Narabayashi, M., Maruhashi, A., Ono, K., 2013. 
Radiosensitivity of pimonidazole-unlabelled intratumour quiescent cell population 
to gamma-rays, accelerated carbon ion beams and boron neutron capture reaction. 
Br. J. Radiol. 86 (1021), 20120302. https://doi.org/10.1259/bjr.20120302. 

Maxwell, P.H., Pugh, C.W., Ratcliffe, P.J., 2001. Activation of the HIF pathway in cancer. 
Curr. Opin. Genet. Dev. 11 (3), 293–299. https://doi.org/10.1016/s0959-437x(00) 
00193-3. 

M.A.M. Ahmed and A. Nagelkerke                                                                                                                                                                                                          

https://doi.org/10.1016/j.jbo.2016.03.001
https://doi.org/10.1016/j.jbo.2016.03.001
https://doi.org/10.1039/c8lc00825f
https://doi.org/10.1038/nrc1478
https://doi.org/10.1038/nrc3726
https://doi.org/10.1038/nrc3726
https://doi.org/10.1371/journal.pone.0130348
https://doi.org/10.1371/journal.pone.0130348
https://doi.org/10.1038/nrc706
https://doi.org/10.1038/nrc706
https://doi.org/10.1002/(sici)1097-0215(19990209)80:4<617::aid-ijc22>3.0.co;2-c
https://doi.org/10.1002/(sici)1097-0215(19990209)80:4<617::aid-ijc22>3.0.co;2-c
https://doi.org/10.1038/nrm1858
https://doi.org/10.1038/s41598-019-54001-8
https://doi.org/10.1038/s41598-019-54001-8
https://doi.org/10.18632/oncotarget.3274
https://doi.org/10.1016/j.matbio.2017.01.002
https://doi.org/10.7150/ijbs.25720
https://doi.org/10.7150/ijbs.25720
https://doi.org/10.3892/ijo.2010.883
https://doi.org/10.1039/c1ib00128k
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.yexcr.2017.08.018
https://doi.org/10.1016/j.celrep.2017.09.043
https://doi.org/10.1038/nrc1456
https://doi.org/10.1038/nrc1456
https://doi.org/10.1038/nm0297-177
https://doi.org/10.1039/c5lc00685f
https://doi.org/10.1097/FPC.0b013e3283385a1c
https://doi.org/10.1097/FPC.0b013e3283385a1c
https://doi.org/10.1046/j.1432-1033.2003.03846.x
https://doi.org/10.1046/j.1432-1033.2003.03846.x
https://doi.org/10.3390/ijms21124413
https://doi.org/10.1186/bcr1988
https://doi.org/10.1126/science.1176009
https://doi.org/10.1007/s40495-016-0050-5
https://doi.org/10.1016/j.msec.2019.01.066
https://doi.org/10.1016/j.msec.2019.01.066
https://doi.org/10.1371/journal.pone.0030563
https://doi.org/10.1371/journal.pone.0030563
https://doi.org/10.1038/nrc1650
https://doi.org/10.1038/nrc1650
https://doi.org/10.1371/journal.pone.0068422
https://doi.org/10.1371/journal.pone.0068422
https://doi.org/10.1063/1.5127069
https://doi.org/10.1063/1.5127069
https://doi.org/10.1007/s13577-020-00391-1
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref67
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref67
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref67
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref67
https://doi.org/10.1016/s0360-3016(02)02848-1
https://doi.org/10.1016/s0360-3016(02)02848-1
https://doi.org/10.1038/sj.onc.1203015
https://doi.org/10.1371/journal.pone.0209574
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref71
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref71
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref71
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref72
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref72
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref72
https://doi.org/10.1073/pnas.1605317113
https://doi.org/10.1073/pnas.1605317113
https://doi.org/10.3892/ol.2017.7223
https://doi.org/10.1186/s13287-021-02480-w
https://doi.org/10.1186/s13287-021-02480-w
https://doi.org/10.1038/sj.bjc.6604924
https://doi.org/10.1158/1535-7163.MCT-16-0253
https://doi.org/10.1158/1535-7163.MCT-16-0253
https://doi.org/10.1089/ten.TEB.2012.0437
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1158/1541-7786.MCR-10-0214
https://doi.org/10.1016/s0006-2952(03)00467-2
https://doi.org/10.1016/s0006-2952(03)00467-2
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref82
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref82
https://doi.org/10.1002/smll.202000546
https://doi.org/10.1259/bjr.20120302
https://doi.org/10.1016/s0959-437x(00)00193-3
https://doi.org/10.1016/s0959-437x(00)00193-3


Organs-on-a-Chip 3 (2021) 100012

14

McDonald, J.C., Whitesides, G.M., 2002. Poly(dimethylsiloxane) as a material for 
fabricating microfluidic devices. Acc. Chem. Res. 35 (7), 491–499. https://doi.org/ 
10.1021/ar010110q. 

McKeown, S.R., 2014. Defining normoxia, physoxia and hypoxia in tumours-implications 
for treatment response. Br. J. Radiol. 87 (1035), 20130676. https://doi.org/ 
10.1259/bjr.20130676. 

McMahon, K.M., Volpato, M., Chi, H.Y., Musiwaro, P., Poterlowicz, K., Peng, Y., 
Scally, A.J., Patterson, L.H., Phillips, R.M., Sutton, C.W., 2012. Characterization of 
changes in the proteome in different regions of 3D multicell tumor spheroids. 
J. Proteome Res. 11 (5), 2863–2875. https://doi.org/10.1021/pr2012472. 

Mehta, G., Mehta, K., Sud, D., Song, J.W., Bersano-Begey, T., Futai, N., Heo, Y.S., 
Mycek, M.A., Linderman, J.J., Takayama, S., 2007. Quantitative measurement and 
control of oxygen levels in microfluidic poly(dimethylsiloxane) bioreactors during 
cell culture. Biomed. Microdevices 9 (2), 123–134. https://doi.org/10.1007/s10544- 
006-9005-7. 

Michiels, C., 2004. Physiological and pathological responses to hypoxia. Am. J. Pathol. 
164 (6), 1875–1882. https://doi.org/10.1016/S0002-9440(10)63747-9. 

Michiels, C., Tellier, C., Feron, O., 2016. Cycling hypoxia: a key feature of the tumor 
microenvironment. Biochim. Biophys. Acta 1866 (1), 76–86. https://doi.org/ 
10.1016/j.bbcan.2016.06.004. 

Minchinton, A.I., Tannock, I.F., 2006. Drug penetration in solid tumours. Nat. Rev. 
Cancer 6 (8), 583–592. https://doi.org/10.1038/nrc1893. 

Mosadegh, B., Lockett, M.R., Minn, K.T., Simon, K.A., Gilbert, K., Hillier, S., 
Newsome, D., Li, H., Hall, A.B., Boucher, D.M., Eustace, B.K., Whitesides, G.M., 
2015. A paper-based invasion assay: assessing chemotaxis of cancer cells in gradients 
of oxygen. Biomaterials 52, 262–271. https://doi.org/10.1016/j. 
biomaterials.2015.02.012. 

Mott, J.D., Werb, Z., 2004. Regulation of matrix biology by matrix metalloproteinases. 
Curr. Opin. Cell Biol. 16 (5), 558–564. https://doi.org/10.1016/j.ceb.2004.07.010. 

Muinonen-Martin, A.J., Susanto, O., Zhang, Q., Smethurst, E., Faller, W.J., Veltman, D. 
M., Kalna, G., Lindsay, C., Bennett, D.C., Sansom, O.J., Herd, R., Jones, R., 
Machesky, L.M., Wakelam, M.J., Knecht, D.A., Insall, R.H., 2014. Melanoma cells 
break down LPA to establish local gradients that drive chemotactic dispersal. PLoS 
Biol. 12 (10), e1001966 https://doi.org/10.1371/journal.pbio.1001966. 

Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M.E., McClanahan, T., 
Murphy, E., Yuan, W., Wagner, S.N., Barrera, J.L., Mohar, A., Verastegui, E., 
Zlotnik, A., 2001. Involvement of chemokine receptors in breast cancer metastasis. 
Nature 410 (6824), 50–56. https://doi.org/10.1038/35065016. 

Muz, B., de la Puente, P., Azab, F., Azab, A.K., 2015a. The role of hypoxia in cancer 
progression, angiogenesis, metastasis, and resistance to therapy. Hypoxia 3, 83–92. 
https://doi.org/10.2147/HP.S93413. 

Muz, B., de la Puente, P., Azab, F., Ghobrial, I.M., Azab, A.K., 2015b. Hypoxia promotes 
dissemination and colonization in new bone marrow niches in Waldenstrom 
macroglobulinemia. Mol. Cancer Res. 13 (2), 263–272. https://doi.org/10.1158/ 
1541-7786.MCR-14-0150. 

Nagelkerke, A., Bussink, J., Sweep, F.C., Span, P.N., 2013. Generation of multicellular 
tumor spheroids of breast cancer cells: how to go three-dimensional. Anal. Biochem. 
437 (1), 17–19. https://doi.org/10.1016/j.ab.2013.02.004. 

Nakamura-Ishizu, A., Takizawa, H., Suda, T., 2014. The analysis, roles and regulation of 
quiescence in hematopoietic stem cells. Development 141 (24), 4656–4666. https:// 
doi.org/10.1242/dev.106575. 

Nam, H., Funamoto, K., Jeon, J.S., 2020. Cancer cell migration and cancer drug 
screening in oxygen tension gradient chip. Biomicrofluidics 14 (4), 044107. https:// 
doi.org/10.1063/5.0011216. 

Nunes, A.S., Barros, A.S., Costa, E.C., Moreira, A.F., Correia, I.J., 2019. 3D tumor 
spheroids as in vitro models to mimic in vivo human solid tumors resistance to 
therapeutic drugs. Biotechnol. Bioeng. 116 (1), 206–226. https://doi.org/10.1002/ 
bit.26845. 

Nussenbaum, F., Herman, I.M., 2010. Tumor angiogenesis: insights and innovations. 
J. Oncol. 2010, 132641. https://doi.org/10.1155/2010/132641. 

Park, J.E., Lenter, M.C., Zimmermann, R.N., Garin-Chesa, P., Old, L.J., Rettig, W.J., 
1999. Fibroblast activation protein, a dual specificity serine protease expressed in 
reactive human tumor stromal fibroblasts. J. Biol. Chem. 274 (51), 36505–36512. 
https://doi.org/10.1074/jbc.274.51.36505. 

Pei, G.T., Wu, C.W., Lin, W.W., 2010. Hypoxia-induced decoy receptor 2 gene expression 
is regulated via a hypoxia-inducible factor 1alpha-mediated mechanism. Biochem. 
Biophys. Res. Commun. 391 (2), 1274–1279. https://doi.org/10.1016/j. 
bbrc.2009.12.058. 

Pei, H., Zhang, J., Nie, J., Ding, N., Hu, W., Hua, J., Hirayama, R., Furusawa, Y., Liu, C., 
Li, B., Hei, T.K., Zhou, G., 2017. RAC2-P38 MAPK-dependent NADPH oxidase 
activity is associated with the resistance of quiescent cells to ionizing radiation. Cell 
Cycle 16 (1), 113–122. https://doi.org/10.1080/15384101.2016.1259039. 

Peng, C.C., Liao, W.H., Chen, Y.H., Wu, C.Y., Tung, Y.C., 2013. A microfluidic cell culture 
array with various oxygen tensions. Lab Chip 13 (16), 3239–3245. https://doi.org/ 
10.1039/c3lc50388g. 

Pereira, P.M.R., Berisha, N., Bhupathiraju, N., Fernandes, R., Tome, J.P.C., Drain, C.M., 
2017. Cancer cell spheroids are a better screen for the photodynamic efficiency of 
glycosylated photosensitizers. PLoS One 12 (5), e0177737. https://doi.org/10.1371/ 
journal.pone.0177737. 

Pigott, K.H., Hill, S.A., Chaplin, D.J., Saunders, M.I., 1996. Microregional fluctuations in 
perfusion within human tumours detected using laser Doppler flowmetry. Radiother. 
Oncol. 40 (1), 45–50. https://doi.org/10.1016/0167-8140(96)01730-6. 

Plava, J., Cihova, M., Burikova, M., Matuskova, M., Kucerova, L., Miklikova, S., 2019. 
Recent advances in understanding tumor stroma-mediated chemoresistance in breast 
cancer. Mol. Cancer 18 (1), 67. https://doi.org/10.1186/s12943-019-0960-z. 

Pompili, L., Porru, M., Caruso, C., Biroccio, A., Leonetti, C., 2016. Patient-derived 
xenografts: a relevant preclinical model for drug development. J. Exp. Clin. Cancer 
Res. 35 (1), 189. https://doi.org/10.1186/s13046-016-0462-4. 

Primeau, A.J., Rendon, A., Hedley, D., Lilge, L., Tannock, I.F., 2005. The distribution of 
the anticancer drug Doxorubicin in relation to blood vessels in solid tumors. Clin. 
Cancer Res. 11 (24 Pt 1), 8782–8788. https://doi.org/10.1158/1078-0432.CCR-05- 
1664. 

Quayle, L.A., Ottewell, P.D., Holen, I., 2018. Chemotherapy resistance and stemness in 
mitotically quiescent human breast cancer cells identified by fluorescent dye 
retention. Clin. Exp. Metastasis 35 (8), 831–846. https://doi.org/10.1007/s10585- 
018-9946-2. 

Rexius-Hall, M.L., Rehman, J., Eddington, D.T., 2017. A microfluidic oxygen gradient 
demonstrates differential activation of the hypoxia-regulated transcription factors 
HIF-1alpha and HIF-2alpha. Integr. Biol. (Camb) 9 (9), 742–750. https://doi.org/ 
10.1039/c7ib00099e. 

Ribeiro, A.L., Okamoto, O.K., 2015. Combined effects of pericytes in the tumor 
microenvironment. Stem Cell. Int. 2015, 868475. https://doi.org/10.1155/2015/ 
868475. 

Rodenhizer, D., Gaude, E., Cojocari, D., Mahadevan, R., Frezza, C., Wouters, B.G., 
McGuigan, A.P., 2016. A three-dimensional engineered tumour for spatial snapshot 
analysis of cell metabolism and phenotype in hypoxic gradients. Nat. Mater. 15 (2), 
227–234. https://doi.org/10.1038/nmat4482. 

Rohani, N., Hao, L., Alexis, M.S., Joughin, B.A., Krismer, K., Moufarrej, M.N., Soltis, A.R., 
Lauffenburger, D.A., Yaffe, M.B., Burge, C.B., Bhatia, S.N., Gertler, F.B., 2019. 
Acidification of tumor at stromal boundaries drives transcriptome alterations 
associated with aggressive phenotypes. Cancer Res. 79 (8), 1952–1966. https://doi. 
org/10.1158/0008-5472.CAN-18-1604. 

Rohwer, N., Cramer, T., 2011. Hypoxia-mediated drug resistance: novel insights on the 
functional interaction of HIFs and cell death pathways. Drug Resist. Updates 14 (3), 
191–201. https://doi.org/10.1016/j.drup.2011.03.001. 

Rohwer, N., Dame, C., Haugstetter, A., Wiedenmann, B., Detjen, K., Schmitt, C.A., 
Cramer, T., 2010. Hypoxia-inducible factor 1alpha determines gastric cancer 
chemosensitivity via modulation of p53 and NF-kappaB. PLoS One 5 (8), e12038. 
https://doi.org/10.1371/journal.pone.0012038. 

Roussos, E.T., Condeelis, J.S., Patsialou, A., 2011. Chemotaxis in cancer. Nat. Rev. 
Cancer 11 (8), 573–587. https://doi.org/10.1038/nrc3078. 

Saadi, W., Wang, S.J., Lin, F., Jeon, N.L., 2006. A parallel-gradient microfluidic chamber 
for quantitative analysis of breast cancer cell chemotaxis. Biomed. Microdevices 8 
(2), 109–118. https://doi.org/10.1007/s10544-006-7706-6. 

Saggar, J.K., Tannock, I.F., 2015. Chemotherapy rescues hypoxic tumor cells and induces 
their reoxygenation and repopulation-an effect that is inhibited by the hypoxia- 
activated prodrug TH-302. Clin. Cancer Res. 21 (9), 2107–2114. https://doi.org/ 
10.1158/1078-0432.CCR-14-2298. 

Saxena, K., Jolly, M.K., 2019. Acute vs. Chronic vs. Cyclic hypoxia: their differential 
dynamics, molecular mechanisms, and effects on tumor progression. Biomolecules 9 
(8). https://doi.org/10.3390/biom9080339. 

Schuh, J.C., 2004. Trials, tribulations, and trends in tumor modeling in mice. Toxicol. 
Pathol. 32 (Suppl. 1), 53–66. https://doi.org/10.1080/01926230490424770. 

Scotton, C.J., Wilson, J.L., Scott, K., Stamp, G., Wilbanks, G.D., Fricker, S., Bridger, G., 
Balkwill, F.R., 2002. Multiple actions of the chemokine CXCL12 on epithelial tumor 
cells in human ovarian cancer. Cancer Res. 62 (20), 5930–5938. 

Semenza, G.L., Wang, G.L., 1992. A nuclear factor induced by hypoxia via de novo 
protein synthesis binds to the human erythropoietin gene enhancer at a site required 
for transcriptional activation. Mol. Cell Biol. 12 (12), 5447–5454. https://doi.org/ 
10.1128/mcb.12.12.5447-5454.1992. 

Shih, H.C., Lee, T.A., Wu, H.M., Ko, P.L., Liao, W.H., Tung, Y.C., 2019. Microfluidic 
collective cell migration assay for study of endothelial cell proliferation and 
migration under combinations of oxygen gradients, tensions, and drug treatments. 
Sci. Rep. 9 (1), 8234. https://doi.org/10.1038/s41598-019-44594-5. 

Sleeboom, J.J.F., Toonder, J., Sahlgren, C.M., 2018. MDA-MB-231 breast cancer cells and 
their CSC population migrate towards low oxygen in a microfluidic gradient device. 
Int. J. Mol. Sci. 19 (10) https://doi.org/10.3390/ijms19103047. 

Smallbone, K., Gavaghan, D.J., Maini, P.K., Brady, J.M., 2007. Quiescence as a 
mechanism for cyclical hypoxia and acidosis. J. Math. Biol. 55 (5–6), 767–779. 
https://doi.org/10.1007/s00285-007-0105-7. 

Song, J.W., Munn, L.L., 2011. Fluid forces control endothelial sprouting. Proc. Natl. 
Acad. Sci. U. S. A. 108 (37), 15342–15347. https://doi.org/10.1073/ 
pnas.1105316108. 

Sosa-Hernandez, J.E., Villalba-Rodriguez, A.M., Romero-Castillo, K.D., Aguilar-Aguila- 
Isaias, M.A., Garcia-Reyes, I.E., Hernandez-Antonio, A., Ahmed, I., Sharma, A., 
Parra-Saldivar, R., Iqbal, H.M.N., 2018. Organs-on-a-Chip module: a review from the 
development and applications perspective. Micromachines 9 (10). https://doi.org/ 
10.3390/mi9100536. 

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

Subramaniam, S., Sreenivas, P., Cheedipudi, S., Reddy, V.R., Shashidhara, L.S., 
Chilukoti, R.K., Mylavarapu, M., Dhawan, J., 2014. Distinct transcriptional networks 
in quiescent myoblasts: a role for Wnt signaling in reversible vs. irreversible arrest. 
PLoS One 8 (6), e65097. https://doi.org/10.1371/journal.pone.0065097. 

Takahashi, E., Yamaguchi, D., Yamaoka, Y., 2020. A relatively small gradient of 
extracellular pH directs migration of MDA-MB-231 cells in vitro. Int. J. Mol. Sci. 21 
(7) https://doi.org/10.3390/ijms21072565. 

M.A.M. Ahmed and A. Nagelkerke                                                                                                                                                                                                          

https://doi.org/10.1021/ar010110q
https://doi.org/10.1021/ar010110q
https://doi.org/10.1259/bjr.20130676
https://doi.org/10.1259/bjr.20130676
https://doi.org/10.1021/pr2012472
https://doi.org/10.1007/s10544-006-9005-7
https://doi.org/10.1007/s10544-006-9005-7
https://doi.org/10.1016/S0002-9440(10)63747-9
https://doi.org/10.1016/j.bbcan.2016.06.004
https://doi.org/10.1016/j.bbcan.2016.06.004
https://doi.org/10.1038/nrc1893
https://doi.org/10.1016/j.biomaterials.2015.02.012
https://doi.org/10.1016/j.biomaterials.2015.02.012
https://doi.org/10.1016/j.ceb.2004.07.010
https://doi.org/10.1371/journal.pbio.1001966
https://doi.org/10.1038/35065016
https://doi.org/10.2147/HP.S93413
https://doi.org/10.1158/1541-7786.MCR-14-0150
https://doi.org/10.1158/1541-7786.MCR-14-0150
https://doi.org/10.1016/j.ab.2013.02.004
https://doi.org/10.1242/dev.106575
https://doi.org/10.1242/dev.106575
https://doi.org/10.1063/5.0011216
https://doi.org/10.1063/5.0011216
https://doi.org/10.1002/bit.26845
https://doi.org/10.1002/bit.26845
https://doi.org/10.1155/2010/132641
https://doi.org/10.1074/jbc.274.51.36505
https://doi.org/10.1016/j.bbrc.2009.12.058
https://doi.org/10.1016/j.bbrc.2009.12.058
https://doi.org/10.1080/15384101.2016.1259039
https://doi.org/10.1039/c3lc50388g
https://doi.org/10.1039/c3lc50388g
https://doi.org/10.1371/journal.pone.0177737
https://doi.org/10.1371/journal.pone.0177737
https://doi.org/10.1016/0167-8140(96)01730-6
https://doi.org/10.1186/s12943-019-0960-z
https://doi.org/10.1186/s13046-016-0462-4
https://doi.org/10.1158/1078-0432.CCR-05-1664
https://doi.org/10.1158/1078-0432.CCR-05-1664
https://doi.org/10.1007/s10585-018-9946-2
https://doi.org/10.1007/s10585-018-9946-2
https://doi.org/10.1039/c7ib00099e
https://doi.org/10.1039/c7ib00099e
https://doi.org/10.1155/2015/868475
https://doi.org/10.1155/2015/868475
https://doi.org/10.1038/nmat4482
https://doi.org/10.1158/0008-5472.CAN-18-1604
https://doi.org/10.1158/0008-5472.CAN-18-1604
https://doi.org/10.1016/j.drup.2011.03.001
https://doi.org/10.1371/journal.pone.0012038
https://doi.org/10.1038/nrc3078
https://doi.org/10.1007/s10544-006-7706-6
https://doi.org/10.1158/1078-0432.CCR-14-2298
https://doi.org/10.1158/1078-0432.CCR-14-2298
https://doi.org/10.3390/biom9080339
https://doi.org/10.1080/01926230490424770
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref125
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref125
http://refhub.elsevier.com/S2666-1020(21)00007-0/sref125
https://doi.org/10.1128/mcb.12.12.5447-5454.1992
https://doi.org/10.1128/mcb.12.12.5447-5454.1992
https://doi.org/10.1038/s41598-019-44594-5
https://doi.org/10.3390/ijms19103047
https://doi.org/10.1007/s00285-007-0105-7
https://doi.org/10.1073/pnas.1105316108
https://doi.org/10.1073/pnas.1105316108
https://doi.org/10.3390/mi9100536
https://doi.org/10.3390/mi9100536
https://doi.org/10.1038/srep28951
https://doi.org/10.1038/srep28951
https://doi.org/10.1371/journal.pone.0065097
https://doi.org/10.3390/ijms21072565


Organs-on-a-Chip 3 (2021) 100012

15

Tannock, I.F., 1968. The relation between cell proliferation and the vascular system in a 
transplanted mouse mammary tumour. Br. J. Cancer 22 (2), 258–273. https://doi. 
org/10.1038/bjc.1968.34. 

Thorburn, A., 2007. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 
pathway signaling. J. Thorac. Oncol. 2 (6), 461–465. https://doi.org/10.1097/ 
JTO.0b013e31805fea64. 

Tredan, O., Galmarini, C.M., Patel, K., Tannock, I.F., 2007. Drug resistance and the solid 
tumor microenvironment. J. Natl. Cancer Inst. 99 (19), 1441–1454. https://doi.org/ 
10.1093/jnci/djm135. 

Trotter, M.J., Chaplin, D.J., Durand, R.E., Olive, P.L., 1989. The use of fluorescent probes 
to identify regions of transient perfusion in murine tumors. Int. J. Radiat. Oncol. 
Biol. Phys. 16 (4), 931–934. https://doi.org/10.1016/0360-3016(89)90889-4. 

Tsai, M.J., Chang, W.A., Huang, M.S., Kuo, P.L., 2014. Tumor microenvironment: a new 
treatment target for cancer. ISRN Biochem. 2014, 351959. https://doi.org/10.1155/ 
2014/351959. 

Unruh, A., Ressel, A., Mohamed, H.G., Johnson, R.S., Nadrowitz, R., Richter, E., 
Katschinski, D.M., Wenger, R.H., 2003. The hypoxia-inducible factor-1 alpha is a 
negative factor for tumor therapy. Oncogene 22 (21), 3213–3220. https://doi.org/ 
10.1038/sj.onc.1206385. 

Vukovic, V., Tannock, I.F., 1997. Influence of low pH on cytotoxicity of paclitaxel, 
mitoxantrone and topotecan. Br. J. Cancer 75 (8), 1167–1172. https://doi.org/ 
10.1038/bjc.1997.201. 

Walker, C., Mojares, E., Del Rio Hernandez, A., 2018. Role of extracellular matrix in 
development and cancer progression. Int. J. Mol. Sci. 19 (10) https://doi.org/ 
10.3390/ijms19103028. 

Wang, L., Liu, W., Wang, Y., Wang, J.C., Tu, Q., Liu, R., Wang, J., 2013. Construction of 
oxygen and chemical concentration gradients in a single microfluidic device for 
studying tumor cell-drug interactions in a dynamic hypoxia microenvironment. Lab 
Chip 13 (4), 695–705. https://doi.org/10.1039/c2lc40661f. 

Wojtkowiak, J.W., Verduzco, D., Schramm, K.J., Gillies, R.J., 2011. Drug resistance and 
cellular adaptation to tumor acidic pH microenvironment. Mol. Pharm. 8 (6), 
2032–2038. https://doi.org/10.1021/mp200292c. 

Wrann, S., Kaufmann, M.R., Wirthner, R., Stiehl, D.P., Wenger, R.H., 2013. HIF mediated 
and DNA damage independent histone H2AX phosphorylation in chronic hypoxia. 
Biol. Chem. 394 (4), 519–528. https://doi.org/10.1515/hsz-2012-0311. 

Wu, J., 2021. The enhanced permeability and retention (EPR) effect: the significance of 
the concept and methods to enhance its application. J. Personalized Med. 11 (8) 
https://doi.org/10.3390/jpm11080771. 

Wulftange, W.J., Rose, M.A., Garmendia-Cedillos, M., da Silva, D., Poprawski, J.E., 
Srinivasachar, D., Sullivan, T., Lim, L., Bliskovsky, V.V., Hall, M.D., Pohida, T.J., 
Robey, R.W., Morgan, N.Y., Gottesman, M.M., 2019. Spatial control of oxygen 
delivery to three-dimensional cultures alters cancer cell growth and gene expression. 
J. Cell. Physiol. 234 (11), 20608–20622. https://doi.org/10.1002/jcp.28665. 

Wyckoff, J., Wang, W., Lin, E.Y., Wang, Y., Pixley, F., Stanley, E.R., Graf, T., Pollard, J. 
W., Segall, J., Condeelis, J., 2004. A paracrine loop between tumor cells and 
macrophages is required for tumor cell migration in mammary tumors. Cancer Res. 
64 (19), 7022–7029. https://doi.org/10.1158/0008-5472.CAN-04-1449. 

Xu, Z., Gao, Y., Hao, Y., Li, E., Wang, Y., Zhang, J., Wang, W., Gao, Z., Wang, Q., 2013. 
Application of a microfluidic chip-based 3D co-culture to test drug sensitivity for 
individualized treatment of lung cancer. Biomaterials 34 (16), 4109–4117. https:// 
doi.org/10.1016/j.biomaterials.2013.02.045. 

Yamada, K.M., Cukierman, E., 2007. Modeling tissue morphogenesis and cancer in 3D. 
Cell 130 (4), 601–610. https://doi.org/10.1016/j.cell.2007.08.006. 

Yang, S.F., Chang, C.W., Wei, R.J., Shiue, Y.L., Wang, S.N., Yeh, Y.T., 2014. Involvement 
of DNA damage response pathways in hepatocellular carcinoma. BioMed Res. Int. 
2014, 153867. https://doi.org/10.1155/2014/153867. 

Yang, Q., Lian, Q., Xu, F., 2017. Perspective: fabrication of integrated organ-on-a-chip 
via bioprinting. Biomicrofluidics 11 (3), 031301. https://doi.org/10.1063/ 
1.4982945. 

Ying, L., Zhu, Z., Xu, Z., He, T., Li, E., Guo, Z., Liu, F., Jiang, C., Wang, Q., 2015. Cancer 
associated fibroblast-derived hepatocyte growth factor inhibits the paclitaxel- 
induced apoptosis of lung cancer A549 cells by up-regulating the PI3K/akt and 
GRP78 signaling on a microfluidic platform. PLoS One 10 (6), e0129593. https:// 
doi.org/10.1371/journal.pone.0129593. 

Zhang, W., Shi, X., Peng, Y., Wu, M., Zhang, P., Xie, R., Wu, Y., Yan, Q., Liu, S., Wang, J., 
2015a. HIF-1alpha promotes epithelial-mesenchymal transition and metastasis 
through direct regulation of ZEB1 in colorectal cancer. PLoS One 10 (6), e0129603. 
https://doi.org/10.1371/journal.pone.0129603. 

Zhang, Y., Wen, J., Zhou, L., Qin, L., 2015b. Utilizing a high-throughput microfluidic 
platform to study hypoxia-driven mesenchymal-mode cell migration. Integr. Biol. 
(Camb) 7 (6), 672–680. https://doi.org/10.1039/c5ib00059a. 

Zhou, Z.H., Song, J.W., Li, W., Liu, X., Cao, L., Wan, L.M., Tan, Y.X., Ji, S.P., Liang, Y.M., 
Gong, F., 2017. The acid-sensing ion channel, ASIC2, promotes invasion and 
metastasis of colorectal cancer under acidosis by activating the calcineurin/NFAT1 
axis. J. Exp. Clin. Cancer Res. 36 (1), 130. https://doi.org/10.1186/s13046-017- 
0599-9. 

Zhu, L., Xing, S., Zhang, L., Yu, J.M., Lin, C., Yang, W.J., 2017. Involvement of Polo-like 
kinase 1 (Plk1) in quiescence regulation of cancer stem-like cells of the gastric cancer 
cell lines. Oncotarget 8 (23), 37633–37645. https://doi.org/10.18632/ 
oncotarget.16839. 

Zou, H., Yue, W., Yu, W.K., Liu, D., Fong, C.C., Zhao, J., Yang, M., 2015. Microfluidic 
platform for studying chemotaxis of adhesive cells revealed a gradient-dependent 
migration and acceleration of cancer stem cells. Anal. Chem. 87 (14), 7098–7108. 
https://doi.org/10.1021/acs.analchem.5b00873. 

M.A.M. Ahmed and A. Nagelkerke                                                                                                                                                                                                          

https://doi.org/10.1038/bjc.1968.34
https://doi.org/10.1038/bjc.1968.34
https://doi.org/10.1097/JTO.0b013e31805fea64
https://doi.org/10.1097/JTO.0b013e31805fea64
https://doi.org/10.1093/jnci/djm135
https://doi.org/10.1093/jnci/djm135
https://doi.org/10.1016/0360-3016(89)90889-4
https://doi.org/10.1155/2014/351959
https://doi.org/10.1155/2014/351959
https://doi.org/10.1038/sj.onc.1206385
https://doi.org/10.1038/sj.onc.1206385
https://doi.org/10.1038/bjc.1997.201
https://doi.org/10.1038/bjc.1997.201
https://doi.org/10.3390/ijms19103028
https://doi.org/10.3390/ijms19103028
https://doi.org/10.1039/c2lc40661f
https://doi.org/10.1021/mp200292c
https://doi.org/10.1515/hsz-2012-0311
https://doi.org/10.3390/jpm11080771
https://doi.org/10.1002/jcp.28665
https://doi.org/10.1158/0008-5472.CAN-04-1449
https://doi.org/10.1016/j.biomaterials.2013.02.045
https://doi.org/10.1016/j.biomaterials.2013.02.045
https://doi.org/10.1016/j.cell.2007.08.006
https://doi.org/10.1155/2014/153867
https://doi.org/10.1063/1.4982945
https://doi.org/10.1063/1.4982945
https://doi.org/10.1371/journal.pone.0129593
https://doi.org/10.1371/journal.pone.0129593
https://doi.org/10.1371/journal.pone.0129603
https://doi.org/10.1039/c5ib00059a
https://doi.org/10.1186/s13046-017-0599-9
https://doi.org/10.1186/s13046-017-0599-9
https://doi.org/10.18632/oncotarget.16839
https://doi.org/10.18632/oncotarget.16839
https://doi.org/10.1021/acs.analchem.5b00873

	Current developments in modelling the tumour microenvironment in vitro: Incorporation of biochemical and physical gradients
	1 Introduction
	2 Microenvironmental gradients in solid tumours
	2.1 Gradients of oxygen and pH
	2.2 Gradients in cell proliferation
	2.3 Gradients of soluble factors and therapeutics

	3 Gradients in the TME modelled in pre-clinical systems
	3.1 Shifting towards three-dimensional cell culture models
	3.2 Advanced in vitro models
	3.2.1 Oxygen gradients in advanced in vitro models
	3.2.2 The chemical microenvironment in advanced in vitro models


	4 Outlook
	5 Conclusion
	Funding
	Declaration of competing interest
	Acknowledgements
	References


