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Tumor-on-a-chip for integrating a 3D tumor microenvironment: 
chemical and mechanical factors
L. Wan, a C. Neumann*b and P. R. LeDuc*a

Tumor progression, including metastasis, is significantly influenced by factors in the tumor microenvironment (TME) such as 
mechanical force, shear stress, chemotaxis, and hypoxia. At present, most cancer studies investigate tumor metastasis by 
conventional cell culture methods and animal models, which are limited in data interpretation. Although patient tissue 
analysis, such as human patient-derived xenografts (PDX), can provide important clinical relevant information, they may not 
be feasible for functional studies as they are costly and time-consuming. Thus, in vitro three-dimensional (3D) models are 
rapidly being developed that mimic TME and allow functional investigations of metastatic mechanisms and drug responses. 
One of those new 3D models is tumor-on-a-chip technology that provides a powerful in vitro platform for cancer research, 
with the ability to mimic the complex physiological architecture and precise spatiotemporal control. Tumor-on-a-chip 
technology can provide integrated features including 3D scaffolding, multicellular culture, and a vasculature system to 
simulate dynamic flow in vivo. Here, we review a select set of recent achievements in tumor-on-a-chip approaches and 
present potential directions for tumor-on-a-chip systems in the future for areas including mechanical and chemical mimetic 
systems. We also discuss challenges and perspectives in both biological factors and engineering methods for tumor-on-a-
chip progress. These approaches will allow in the future for the tumor-on-a-chip systems to test therapeutic approaches for 
individuals through using their cancerous cells gathered through approaches like biopsies, which then will contribute toward 
personalized medicine treatments for improving their outcomes.

1. Introduction

Cancer remains a worldwide health issue and is the 
second leading cause of death in the United States with 
approximately 1,735,350 new cancer cases and 
609,640 cancer deaths in 2018.1 The efforts in cancer 
research have resulted in a tremendous number of 
successes on a diversity of fronts, with researchers 
from varying backgrounds including biologists, 
surgeons, biomedical engineers and even mechanical 
engineers contributing to new directions. 

One major objective in cancer research is to 
understand tumor biology related to metastasis 
mechanisms and TME, which could support the 
development of anti-cancer drugs and treatment 

approaches. This is important as it is appreciated that 
factors such as mechanical force, shear stress, 
chemotaxis, and hypoxia influence tumor progression, 
invasion, metastasis, and lastly drug metabolism. 2-4 
Through a 3D approach, important features of 
metastasis mechanisms will be uncovered and 
hopefully decrease patient death due to metastasis.

Metastasis is still the leading cause of mortality for 
most cancer patients and is increasingly the most 
studied topic in cancer research.5 Cancer models, 
including in vitro cell culture and animal models, 6-8 
have contributed tremendously to developing 
diagnostics and treatments for cancer over the past 
several decades. In vitro models mostly utilize 2D 
platforms which are easy to use, but do have 
limitations due to a lack of mimicking the physiological 
in vivo environment.9 There have been advances 
toward 3D systems in cancer research as scientists 
strive to make the systems more physiologically 
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relevant. For example, cancer cells were cultured and 
investigated in a 3D hydrogel scaffold and were able to 
begin to mimic structure in vivo.10-12 One typical 
phenomenon is regaining epithelial cells' apicobasal 
polarity and lumen formation of glandular cells and in 
3D culture.13 Thus, 3D cell culture could regenerate 
certain cell differentiation and reorganizations of 
multiple cell clusters that were not found in 2D. 
Although this approach lacked vasculature, which is 
found in tumor tissue and thus can be limited in 
recreating multi-cell systems with complex spatial 
distributions.14-16 This issue can be overcome by 
utilizing animal models; however drawbacks include 
cost, lack of tumor heterogeneity (if cell lines 
transplantation is used) and time .17, 18  Animal models 
also lack immune system functionality and its 
interaction with tumor, which could be an important 
research goal as well.19 Species-specific drug responses 
also can create a gap between animal models and 
clinical trials.19, 20 Therefore, animal models such as 
mouse models may perform differently to drug 
response when compared to humans as has been 
shown previously.21 Besides, animal models can be 
harder to control with experimental manipulation 
during tumor progression, and the variability with 
tumor intravasation in animal models may increase the 
ability to conduct high fidelity real time imaging.20 
These limitations lead to the need for a more flexible, 
controllable and high throughput model for tumor 
study.

To develop a more reliable tumor model that could 
mimic TME in vivo, one approach is to consider 
developing mimetic systems from an engineering 
perspective. The motivation behind this includes the 
knowledge that tumors are complex systems with 
different functional units such as different cell types, 
extracellular matrix (ECM), vasculature system, and 
multiple chemical factors (Figure 1A). An engineered 
system offers many advantages for meaningful 
analyses of cancer progression as it can mimic 
physiological relevant tumor-promoting mechanical 
forces such as shear stress from the dynamic flow in 
the vasculature, tension from the solid tumor, and 

stiffness variation of ECM22. Besides, it can also provide 
chemical factors such as chemotaxis due to nutrient 
diffusion and growth factor transduction23, as well as 
hypoxia gradient due to oxygen diffusion limit24. 
Moreover, cell interaction between tumor cells and 
cancer-associated fibroblast, endothelial cells, etc. are 
also considered critical factors in metastasis, and thus 
having a system that can incorporate multiple cell types 
interacting with each other could be quite 
advantageous25(Figures 1A and 1B). All these factors 
are potentially able to be recreated and examined in 
tumor-on-a-chip approaches through integrated 
designs and approaches.2 

Engineering techniques have been developed that 
enable better mimicking of physiological environments 
on-chip systems. These approaches include the 
development of soft lithography26, which has allowed 
microfluidic channels and dynamic flow systems to be 
fabricated and mimics physiological systems such as 
blood flow. Besides, 3D bioprinting27 has been able to 
print multiple cell types into ECM systems with high 
spatially precision. Also, computational models have 
contributed to these advances including studies in 
diffusion theory28 and fluid dynamics29, which have 
contributed to the development of tumor-on-a-chip 
systems that allow for high flexibility and multiple 
functionalities due to their rapid computational 
simulation with a diversity of parameters, at least to 
provide a rough prediction for multiple experimental 
results. Through these different techniques, a system 
can be designed that combines important factors of 
tumor progression. Even further, tumor-on-a-chip 
systems can be analyzed in conventional petri dish 
assays, which would then allow fluorescent staining and 
real-time measurements to observe cell motility, 
epithelial-to-mesenchymal transition (EMT), angiogenesis 
and growth factor modulations (Figure 1B).

In this review, we will discuss the importance of tumor-
on-a-chip systems and a selection of recent 
achievements in designing and engineering of factors 
related to TME mimicking. We also discuss future 
directions, including multifunctional tumor-on-a-chip 
system development.
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2. Chemical factors for tumor-on-a-chip systems 

The chemical microenvironment in cancer is critical to 
understand as it tremendously affects the tumor 
response. During cancer progression, chemotaxis is 
known to guide many critical processes.30 For example, 
endothelial cell sprouting (angiogenesis) provides 
nutrients and oxygen for cancer cell proliferation as 
well as creating a pathway for metastasis, which is 
primarily regulated by crosstalk between cancer and 
endothelial cells through growth factors such as the 
vascular endothelial growth factor (VEGF).31 Therefore, 
it is essential to incorporate the chemical factor control 
that mimics the in vivo environment to study how 
varying chemicals affect cancer cells and other 
associated cells. In this section, we will review recent 
achievements for controlling the chemical TME with a 
focus on chemotaxis in a physiologically relevant 
condition, realized by tumor-on-a-chip technologies.

2.1 Chemical gradient generation in a tumor model

Cancer cells and associated cells in the ECM interact 
primarily through the transmission of growth factors 
and chemokines. In cancer development, multiple 
growth factors and chemokines are known to be 
involved, such as epidermal growth factor (EGF), 
vascular endothelial growth factor (VEGF), and 
transforming growth factor beta (TGF.23 Although the 
functions of these factors were investigated and 
characterized in vitro and in vivo, they are 
interconnected through complex signaling pathways 
that are difficult to decipher in a physiologically 
relevant manner in vitro and in vivo. The interactions in 
the crosstalk are difficult to quantify in specific cellular 
responses. Conventional 2D in vitro experiments have 
added to a better understanding of the TME crosstalk. 
However, the lack of a 3D environment with precise 
quantification of cellular responses under the 
spatiotemporal control of chemokines and growth 
factors is lacking. All in all, a better understanding of 
cancer cell response and how these affect therapeutic 
approaches is needed. 

One approach toward the tumor-on-a-chip model that 
allows control of the chemical environment is in 
microfluidics. Chemical gradient generation in 
microfluidic devices can be controlled by two channels 
with inlets, where one provides a target chemical 
channel and the other presents buffer in the channel. 
At the interface, a mid-zone is building where gradients 
are formed and stabilized. In this midzone, cancer cells 
are then seeded. For example,  Zou et al32 designed a V-
shaped microfluidic device to track the migration of 
lung cancer stem cells (LCSC) and differentiated LCSC 
triggered by a serum gradient (Figure 2A). This 
approach provided precise control of multiple gradient 
profiles as the cells showed a consistent increase in 
migration distance. This device provided several key 
features enabled by microfluidics such as high precision 
of spatiotemporal control of the chemical environment 
and direct real-time imaging of cells.

Besides, microfluidic devices can be used that contain 
microchannels with dimensions smaller than 100 m, 
in which cells can be cultured and continuously infused. 
Microfluidics can enable accurate control of the TME by 
providing an incessant supply of nutrients and growth 
factors.33 A recent study also showed paper-based cell 
culture serving as a diffusion substrate.34 A confined 
hydrogel environment for slow-moving cell chemotaxis 
detection was also developed with similar diffusion 
scheme.35 An obvious advantage of microfluidic chip 
applications stems from the possibility to easily adapt 
the device to the research question asked by adjusting 
number, directionality, and diameter of the 
microfluidics together with varying amounts and types 
of chemicals and cell types tested.

Another powerful readout obtained by a tumor-on-a-
chip system is the ability to analyze single-cell 
migration. Chen et al36 developed a single-cell 
migration chip that could track the migration of 
selected single cells (Figure 2B). Here, microfluidic 
channels were fabricated with dimensions comparable 
to the cells investigated. Continuous medium flow with 
and without chemokines (e.g., hepatocyte growth 
factor) perfused two channels on either side of the 
migration zone to generate a serum gradient to 
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observe the migration of single cells over time. This 
single-cell migration chip allowed the discovery of 
heterogeneity in cell motility and the cells could be 
sorted for further investigation, such as for expression 
of mRNA of migration and metastasis-associated genes. 
Compared with the generation of massive cell 
chemotaxis, single-cell experiments require high chip 
resolution, which can be implemented using soft 
lithography in 2D. Challenges remain though for the 
fabrication of 3D channels (e.g. circular channels, etc.) 
with methods such as 3D bioprinting for these types of 
experiments in three-dimensional controlled 
environments.

An important factor in examining ECM conditions ex 
vivo is the choice of the embedding medium. Instead of 
using conventional soft lithography technique and 
Polydimethylsiloxane (PDMS) as a platform, Wan et al37 
used collagen type I that also could create a 3D 
environment where the chemical microenvironment 
could be controlled. They fabricated microfluidic 
channels directly in ECM scaffolding through 
micromilling and molding methods. Creating the 
microchannels in ECM to mimic vessel or lymphatic 
systems offers a more physiologically relevant 
environment for cancer cells to grow and respond. 
Furthermore, this approach is promising for 
understanding cell response around the channels since 
both the geometry and biological conditions of the 
channel simulates vessels more realistically than 
conventional microfluidic platforms constructed with 
PDMS. Another promising approach using ECM was 
developed by Kolesky et al38, who successfully created 
perfusable channels within ECM made of gelatin and 
fibrinogen through 3D bioprinting. Although this 
approach was size limited to larger dimensions, it 
provided another method to control geometry and 
complexity of the vasculature in artificial ECM. Building 
off the 3D ECM work, using tumor-on-a-chip systems 
for studying angiogenesis is promising as well. Nguyen 
et al39 fabricated parallel channels in collagen type I 
and coated one channel with endothelial cells while 
perfusing the other end with angiogenic factors (Figure 
2C). Endothelial cell sprouting was observed and 

characterized relative to cell morphology and length. 
Although this method failed to produce more complex 
vascular structure, the approach indicates the 
significance of in vitro vasculature in angiogenesis 
simulation. In recent years, the use of hydrogels has 
emerged in cancer biology to recreate a 3D 
environment for cancer cells. For example, photo-
reactive hydrogels with tunable stiffness were used in 
microwell assays to cultures cancer cell lines as well as 
primary tissues.40 Collagen scaffolds with well-defined 
physiological components also served as platforms to 
cause the transition of primary human breast epithelial 
cells into mature breast tissues.41 However, several 
issues are limiting factors. For example, given the 
precisely determined composition of hydrogels, batch 
to batch differences exist that influence phenotypes 
studied. Besides, hydrogels do not necessarily provide 
mechanical properties that will mimic cancer 
progression as they can degrade in some cases as well 
as causing immunogenic reactions.42 3D environment is 
of great interest for probing cell behavior, and 
microfluidic devices can be created using fabrication 
techniques for designing complex structures, especially 
in developing mimetic vessel systems that could 
overcome the size limitations naturally occurring due to 
diffusion limitations in 3D biological systems.

2.2 Controlling biochemical interactions for cell 
crosstalk 

Tumors are heterogenic tissues that are composed of 
multiple different cell types such as cancer cells, 
stromal cells, endothelial cells, and immune cells.  By 
adding cell types of interest, tumor-on-a-chip mimetics 
allow the analysis of their specific interactions. This 
type of approach, when coupled with the proper 3D 
cell culture system together with real-time imaging, 
allows the examination of the complex biology causing 
metastasis. That way, cell-cell interactions that are 
closely tied to chemotaxis can be examined.  

For example,  Bruce et al43 developed a tri-culture 
model, including bone marrow stromal cells, 
osteoblasts, and leukemic cells to study cell 
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interactions in acute lymphoblastic leukemia. This 
integration of a 3D environment and co-culture system 
showed that a complex biological environment could 
be created on-chip with precise control over the 
microenvironment and cell interactions.

The tumor-on-a-chip approach also allows for spatial 
control of both cells and the chemical environment. 
Spatial distributions of chemical factors are necessary 
for organism development and functioning. Similarly, 
extravasation (exiting of cancer cells out of the 
bloodstream) of cancer cells is stimulated by 
chemotactic mechanisms generated by the TME 
involving endothelial cells. To mimic this in 3D tumor-
on-a-chip devices, endothelial cells would need to form 
a monolayer on the surface while cancer cells are 
located in the ECM. This design is more complex than 
simply mixing cells and thus generally requires multi-
step fabrication. To address this, Bersini et al44 
designed a tri-culture system to study cancer cell 
metastasis in bone with step-by-step cell seeding. 
Spatial control of multiple cell types could be used to 
reconstruct in vivo conditions and provided the ability 
to integrate and examine cell responses in a more 
physiologically relevant environment compared to 
conventional methods. Eventually, these approaches 
will enable direct and more biologically relevant studies 
of tumor metastasis in vitro. For example, the 
generation of a multi-cell system in microfluidic devices 
has allowed researchers to directly study how 
chemokines affect the metastatic process. Jeon et al45 
generated a bone-mimicking microenvironment to 
study the extravasation of breast cancer cells. They 
compared cell extravasations in bone, muscle, and 
acellular mimicking conditions by adding corresponding 
cell types into the system. Flexible approaches using 
these with multi-cellular system create new directions 
for biologists to design and implement stimulation and 
response experiments to understand how each 
component including cell response over time. These 
studies presented the ability of tumor-on-a-chip 
models to investigate different aspects of cancer 
behavior. 

Highly interesting topics that were previously unclear 
could be tested using these on-chip designs, with the 
purpose-oriented organization of multi-cell system. 
More specifically, cell-cell interactions that are known 
to contribute to cell progression and cancer drug 
resistance, such as cancer-cancer associated fibroblast 
(CAF) interactions, could be examined in microfluidic 
channels. Co-culturing of tumor spheroids and CAFs in 
a 3D hydrogel-based microfluidic chip separated by 
100m channels (Figure 2D) could reveal significant 
interactions between CAF and tumor cells.46 These 
features were tested and observed in microfluidic 
channels and compared to animal models through 
immunostaining and microscope imaging.

2.3 Tumor-on-a-chip with different tissue models 

Besides cell-based study, microfluidic systems could be 
extended for multiple tissue forms. One approach that 
has been gaining significant attention is organoid-on-a-
chip. The difference compared to a cell-based on-chip 
system is its natural self-organization ability to 
potentially have a better 3D structure.  To approach a 
more in vivo mimicking system, organoid-on-a-chip is a 
recently developed technique that can merge with 
tumor-on-a-chip systems for a variety of directions, 
including stem cell-derived tissue culture.47 In contrast 
to cell line grown 3D structures, organoids are a 
miniaturized and simplified version of an organ 
obtained by culturing pluripotent stem cells that are 
able to differentiate and self-organize three-
dimensionally with realistic micro-anatomy .47, 48 
Although these organoids may have imperfect 
structures compared with adult human organs, they do 
capture certain key features that are important for 
drug screening or disease modeling purposes.49 For 
example, Skardal et al50 recently developed a 
metastasis-on-a-chip model to track metastatic tumor 
cell migration in a microfluidic system (Figure 2E). They 
inserted a gut organoid and a liver organoid in two 
independent chambers and connected them with 
circulating microfluidic channels, and showed 
influences of ECM geometry and drug treatments on 
the metastatic cell migration. This model revealed 
promising potential for generating more mimetic 
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human metastasis responses. Another important area 
includes spheroids and organoids to constructed 3D 
models. Organoids often respond in more biologically 
relevant manners when compared to constructed 3D 
models. Since they can be derived from stem cells, 
organoids are often self-organized and generally have 
self-renewing abilities as well as more functionality 
than constructed 3D models. 3D constructed models, 
such as those that are created in hydrogels, are often 
easier to design and control especially when 
implementing chip-based approaches, yet they may be 
a less effective model for recapitulating in vivo 
features. 

Another common 3D model is a spheroid, which can 
include 3D cell aggregations but with less complex 
architectures when compared to organoid models. 
These also provide 3D features that are cell relevant 
but may not present as physiologically relevant cell 
organization, and maybe scaffold free.51 In general, all 
of these model systems are compatible with 
microfluidic systems and thus can have intersections 
with tissue-on-a-chip approaches, which may lead to 
better emulation of model complexity toward higher 
physiological relevance, and the choice of model mainly 
depends on research purpose and question to address.

Besides, tumor slices may also be integrated into 
microfluidic devices. As an example, Chang et al52 
developed a PDMS based drug screening device using a 
xenograft mouse brain tissue slices, which were placed 
in 96-well plates with controlled drug dosing. More 
specifically, they fabricated PDMS channels underneath 
96-well plates and used a porous membrane to culture 
tissue slices and apply drugs in a controlled system to 
the tissue. This well-controlled system allowed for high 
throughput sample testing. A similar setup was applied 
to a biopsy tissue by Hattersley et al53.

The adaptation of organoids, spheroids, and primary 
tissues into on-chip systems require control of the 
environment beyond just cell lines environmental 
control. These chambers affect how tissues respond 
and how substrate responds with respect to tissue 
attachment. In addition, the delivery of chemicals 

including media, stimulants, etc. would affect the tissue 
response. 

In summary, the ability to control the chemical 
microenvironment in tumor-on-a-chip systems will 
provide exciting new physiologically relevant 
approaches. These approaches have enabled the 
generation of well-controlled chemical gradients across 
3D ECMs and multi-cell systems in ECMs with 
spatiotemporal distributions successfully mimicking in 
vivo conditions. These achievements allow for further 
development of more sophisticated tumor-on-a-chip 
systems.

2.4 Hypoxia characteristics for tumor-on-a-chip 
systems 

As chemical forces influence the TME and directly 
affect cancer growth, one critical factor in this scenario 
is oxygen. Oxygen deficiency mainly occurs when the 
oxygen demand at a tumor exceeds the supply being 
provided from the adjacent vessel system, known as 
hypoxia. Most healthy organs reside in 3-6% oxygen 
while conditions lower than 3% oxygen are described 
as hypoxia.54  Hypoxia occurs widely in malignant 
tumors and is known to cause tumor progression 
through multiple mechanisms.5 The response typically 
includes abnormal growth of the vascular system in 
angiogenesis and EMT of cancer cells, which eventually 
leads to metastasis.55 Multiple studies have 
investigated the complex signaling pathways activated 
by hypoxia, including the regulation of hypoxia-
inducible factors (HIF), phosphatidylinositide 3-kinases 
(PI3K), VEGF, etc. However, the direct responses of 
cancer cells to hypoxia remain unclear. Tumor-on-a-
chip approaches may provide an efficient approach to 
examine hypoxia in vitro.

2.4.1 Cellular adaptation to hypoxia: the biological 
background

Multiple studies have revealed the complex signaling 
pathways activated by hypoxia, including the regulation 
of hypoxia-inducible factors (HIF1s). Under hypoxia, 
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HIFs are activated and induce tumor-promoting gene 
circuits within the TME regulating vessel formation, 
growth and survival, glucose metabolism, invasion, and 
metastasis.56 While the effects of hypoxia on the TME 
are known, the direct responses of individual cell types 
in the TME to hypoxia remain unclear and require 
further investigation. Notably, several studies exist that 
implicate the upregulation of HIFs to be higher in 
intermittent hypoxia than when compared to acute 
hypoxia.57 Not surprisingly then, intermittent hypoxia 
has been closely linked to increased tumor invasion and 
metastasis.58, 59 

Besides the activation of HIF-mediated gene 
expression, generation of oxygen-derived free radicals, 
commonly referred to as reactive oxygen species (ROS), 
is another consequence of hypoxia. As excessive ROS 
damage cellular components such as proteins, lipids, 
and DNA and thereby promote many diseases, 
including cancer, ROS adds to the HIF-mediated 
invasion and metastasis properties of cancer cells. A 
direct source of ROS stems from processes of 
reoxygenation after periods of hypoxia, a process 
which is comparable to reperfusion injury which 
follows restored blood flow after periods of ischemia.60 
Compared to normal cells, cancer cells tend to contain 
higher levels of ROS. Therefore, antioxidant proteins 
are expressed at higher levels. This includes the 
transcription factor NRF-2 that induces cytoprotective 
genes and consequently enhances proliferation via 
metabolic reprogramming and apoptosis.61 The direct 
influence of hypoxia in cancer cells and signaling 
regulation can be investigated with tumor-on-a-chip 
systems, through the integration of multi-cell systems, 
in vivo mimicking microenvironments, and hypoxia 
generation schemes.

 

2.4.2 Methods of hypoxia generation on-chip

The ability to develop model systems with precise 
control of the oxygen level is critical to understand the 
effects of oxygen for cancer models. One approach to 
generating hypoxia through an oxygen gradient is to 
utilize the oxygen permeability of certain materials 

such as ECM or other fibers. Mosadegh et al62 
developed a paper-based device to create an oxygen 
and nutrient gradient for assessing chemotaxis 
response. Through using multiple layers of hydrogel 
coated paper, the oxygen and nutrient concentrations 
could be controlled through diffusion from the top and 
bottom layers (Figure 3A). However, determining the 
local oxygen gradient for more quantitative analysis is 
challenging, and current methods use various 
fluorescent oxygen probes63, 64, which can be applied to 
determine oxygen levels in the ECM for calculating the 
oxygen permeability of scaffold materials such as 
collagen type I.

Another approach to control oxygen is through a 
parallel channel system. An oxygen gradient is like a 
chemical gradient but requires control of a gas flow 
system along with the ability to seal the device from 
outside gasses. Acosta et al65 created a PDMS based 
parallel-channel gradient generator system, with two 
gas channels above a cell-culture layer (Figure 3B). 
Oxygen driven migration was observed across the 
collagen. This design realized both spatial and temporal 
control of the hypoxic environment, allowing for the 
introduction of chronic and intermittent hypoxia 
environments as well. Long-term cancer cell culture 
was also achieved in the device, thus allowing for 
metastasis and intravasation study of the cancer cells.

Although PDMS is widely applied in microfluidic 
applications, it has potential limitations in certain 
applications. For example, its high permeability to 
oxygen makes hypoxia control more challenging. Thus 
another approach in fabricating oxygen gradient 
systems is to control the fabrication material using 
material differences in the oxygen permeability.20 
Ayuso et al66 created a polystyrene-based microdevice 
instead of PDMS where the polystyrene oxygen 
permeability is its relatively low to isolate oxygen from 
the system. Instead of gas flow, the chemicals and 
oxygen were introduced across the hydrogel through 
medium flowing into the system to mimic blood flow, 
which could create a more physiological approach. This 
model provided an approach for microenvironment 
construction to study hypoxia and metastasis with 
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more physiologically mimetic systems. Besides high 
permeability to oxygen, PDMS could have limitations 
such as adsorption of hydrophobic molecules and 
traditional rectangular channel fabrication causing non-
physiological geometry. Thus a substitute material such 
as poly(methyl methacrylate) (PMMA) with lower 
permeability to oxygen and small molecules might be 
applied as well.67

Beyond using mechanical gas control with pumps or 
using approaches based on differences of oxygen 
permeability, another chemical method that has been 
used is to apply oxygen-scavenging chemicals such as 
pyrogallol combined with sodium hydroxide (NaOH).68 
As an example, Sun et al69 fabricated a typical PDMS 
based microfluidic system with co-culture cells, but also 
added a side channel to inject NaOH and pyrogallol. 
This approach allowed mixing and reacting next to the 
main channel and inhibited local oxygen in the main 
channel (Figure 3C). They quantified the oxygen 
gradient and examined this with a relationship to cell 
death and migration. Shih et al70 applied the same 
method to their system and integrated it into a drug 
treatment assay. A similar design with an additional 
chemical channel component was implemented by 
Wang et al71, with a difference of the integration of a 
bottom layer instead.

Another physiologically relevant approach is to 
generate hypoxia directly in cell-cultured hydrogels. 
Park et al72 reported on a hypoxia-inducible (HI) 
hydrogel that was constructed with gelatin and ferulic 
acid to consume oxygen during gelation through a 
laccase-mediated reaction (Figure 3D). This approach 
could create a low oxygen environment for up to 50 h. 
Hypoxia generated by chemical reactions required the 
ability to refresh the chemicals to maintain the hypoxia 
for long times during the experiments, but it provided 
active and precise control over oxygen in the device.

In summary, hypoxia generation on-chip could be 
realized either through physical methodology (through 
oxygen pumping and diffusion) or chemical 
methodology (oxygen absorption by reaction). The 
former provides more flexible and long-term control 

over hypoxia, but generally requires additional 
equipment such as a pumping system. The latter may 
control hypoxia more accurately but lacks the ability for 
flexible hypoxia generation (e.g., multiple cycles of 
hypoxia and reoxygenation). The choice of method 
mainly depends on the desired hypoxia pattern and 
precision. Since oxygen is generally less controllable 
than chemicals with its fast 3D diffusion, a cost-
effective and flexible chip system still needs to be 
designed in the future.

2.4.3 Understanding signaling regulation in hypoxic 
conditions

The ability to probe and examine signaling in hypoxia 
could be enhanced by tumor-on-a-chip systems, 
especially in the area of understanding signaling 
responses. A range of important signaling pathways is 
directly related to hypoxia including apoptosis, ROS 
production, and epithelial-to-mesenchymal transition. 
73  For example, to examine in vitro cancer response to 
hypoxia, Zhang et al74 fabricated a cell migration 
microfluidic device and tested mesenchymal-mode 
SUM-159 cell migration under 1% pO2 and 21% pO2 
environments. Also, Xu et al75 developed a cell 
migration chip to test U87 cell migration along a 3D 
collagen-based surface, under both hypoxia and normal 
conditions. This type of approach may provide a more 
physiologically relevant environment as well as 
allowing many standard biomolecular tracking and 
signaling pathway assays. A difference in the 
microenvironment between in vivo and in vitro 
conditions can be a major challenge that could cause 
unexpected cell responses, and a tumor-on-a-chip 
system may provide an approach to overcome this gap.

As we previously discussed, ROS generation is an 
important cause of hypoxia, and its influence on tumor 
cells could be examined through chips that can 
generate ROS gradients. For example, Chittiboyina et 
al76 developed a gradient-on-a-chip with H2O2 mixed 
with media, which caused oxidative DNA damage and 
protective (AOP2) response, along with influencing 
nuclei morphology. While this is technically a chemical 
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gradient generator, this approach also was meaningful 
in studying hypoxia.

Another possibility to extend hypoxia studies is to 
investigate the mechanical effects. As an example, a 
recent study with co-culture of MDA-MB-231 cells and 
HUVECs in collagen type I gels under oxygen tension 
showed that gel contraction-induced mainly by HUVECs 
was attenuated in hypoxia condition, possibly through 
control of MMP-7 expression.77 This work shows great 
potential for integrating cancer or tumor models into 
chips for having multi-input environment control and 
measuring this intricate response.

Due to the difficulty in the design and fabrication of 
hypoxia-on-a-chip systems, studying hypoxia-related 
signal regulation remains challenging with tumor-on-a-
chip approaches. Since the direct interaction between 
the level of oxygen and tumor response might be 
critical to cancer progression, we anticipate more 
collaborations between bioengineers and cancer 
biologists to investigate this challenge in vitro. 
Developing flexibility for hypoxia generation and 
integrating multi-cell systems may be powerful 
approaches to provide additional information versus 
just traditional methods. This also might be a key to 
developing oxygen-related treatments as a supplement 
to chemotherapy.

3. Mechanical factors and tumor-on-a-chip 
systems 

Mechanics play a diversity of roles in cancer ranging 
from the changes in mechanical properties in tumors, 
such as stiffness, to the delivery of the nutrient supply 
through blood flow. Mechanical force is an important 
factor to consider since it can induce tumor metastasis 
by triggering mechanoreceptors of cells, change 
cytoskeleton structure and actomyosin-mediated 
contractility78, which leads to mechanotransduction, to 
changing multiple protein regulations and eventually 
alter cell behavior.79 The effect in 
mechanotransduction and specific signaling pathways 
involved in this process continues to be heavily 

investigated and is presently unclear.80 Mechanical 
forces are also known to create physical effects in the 
microenvironment through compression stemming 
from rapid tumor growth that reduces perfusion rates 
of nutrients and promotes hypoxia.22 Mechanical forces 
can be easily mimicked in tumor-on-a-chip approaches 
as there are many micro- and nano-fabrication 
approaches, which enable these factors to be 
implemented in chip-based systems.80 Mechanical 
inputs, such as shear stress, compression, tension, and 
ECM stiffness, can be implemented and tested through 
the use of stretchable substrates (e.g., PDMS), dynamic 
flows, and the applying of mechanical loads directly. 
Here, we discuss recent work involving mechanical 
stimulation and effects for tumor-on-a-chip 
approaches.

3.1 Shear stress affects cell signaling regulation

Shear stress is defined as the frictional force between 
moving layers in laminar flow, which mainly comes 
from fluid viscosity and shear rate.81 In a tumor 
microenvironment, shear stresses are affected mainly 
by blood flow conditions in the vasculature. Solid 
tumor growth requires nutrient and oxygen supply. 
Thus the importance of vascularization cannot be 
overstated. Vascularization comes from a variety of 
biological responses, including vascular vessel 
sprouting from adjacent vessel systems and control 
through proangiogenic factors. Since most tumor-on-a 
chip mimetics lack the control of vascular organization, 
most induced vasculature networks would likely be 
highly disordered, involving multiple junctions, self-
loops, and diverse vessel dimensions.82, 83 This could 
cause an irregular vessel network near the solid tumor 
which could experience compression from the tumor 
during its growth84, resulting in complex flow 
conditions and shear stress distribution in the vessels 
that would inhibit the mimetics and analysis of the 
results.85, 86 

Since the vessel system and tumor morphology are 
very complex to analyze, a simplified model with 
calculable shear stress, flow rate, and other parameters 
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is advantageous for examining the general approach. 
For example, it has been shown that YAP1 upregulation 
of cancer cells is driven by fluid flow through 
lymphatics87. To study this using a tumor-on-a chip 
mimetic, a circular PDMS channel coated with collagen 
and a monolayer of PC3 prostate cells was fabricated 
so that the shear stress induced by media flow was 
directly exerted on the cell surface (Figure 4A). This 
setup was applied to show regulation of cancer cell 
behavior with vascular flow and thus underlined the 
influence of mechanics on cancer cell behavior. Shear 
stress also affects tumor shedding. For example, 
Trianafillu et al88 found that increased cancer stem cell 
features were present on MCF7 and MDA-MB-231 cells 
after exposure to shear stress in vessels with fluid flow. 
Syringes and tubing were used to apply shear stress to 
cells. 

In addition to shear flow, computational approaches 
can allow for rapid examination of a diversity of 
interrelated factors.89, 90 Shirinifard et al91 developed a 
3D multi-cell computational simulation model for 
tumor growth and angiogenesis.  Through control of 
critical parameters such as partial pressure of oxygen, 
proangiogenic factors, and chemoattractants, the 
growth rate of tumor and vessel sprouting was 
projected and allowed the recreation and comparison 
of multiple features in angiogenesis. This way, 
minimalistic modeling can provide great insight 
through a controlled examination of fewer parameters, 
which helps to understand complex biological 
phenomena during metastasis and provides a 
promising tool for using fluid mechanics to study 
metastasis.

3.2 Deformability as an indicator of cancer cells

Along with external mechanical stimulation, as 
described above, the mechanical properties of cancer 
cells and the relationship with their biological response 
is of great interest. Compared to non-cancer cells, 
cancer cells possess differences in mechanical features 
such as cell stiffness and deformability. Stiffness of cells 
refers to the ability of cells to resist deformation when 

subjected to stress, while cell deformability means the 
degree to which applied stress changes the cell shape.92 
For example, metastatic cancer cells generally have 
lower stiffness (thus generally higher deformability) 
and softer membranes, while non-cancerous cells often 
present higher stiffness related to the cytoskeleton.93, 94 
Therefore, one approach for the characterization of 
cancer cell deformability has been to detect the 
migration ability of cells through a microfluidic 
“squeezer” channel where cells must deform to 
migrate through the channel.95, 96 This technique led to 
the development of cell sorters based on the migration 
ability of cancer cells in a constriction channel.97, 98 Ren 
et al94 reported a single-cell sorter using multi-
constriction channels to detect velocity profiles of 
cancer cells. They designed up to five constriction-
relaxation regions along a microfluidic channel for cells 
to deform and relax while migrating (Figure 4B).

Another cell mechanical constriction channel was 
developed by Kamyabi et al96, who applied a similar 
channel design, but tested the fragmentation of cells 
with an additional micropillar in the channel (Figure 
4C). When the cancer cells that passed through the 
channel were blocked at the micropillar, they would 
deform and eventually either squeeze through the 
obstacle or break into fragments. Fragmentation time 
and fragment excess area were important evaluation 
references for different cell types.

Deformability of cancer cells could also contribute to 
circulating tumor cell (CTC) sorting with deterministic 
lateral displacement arrays. Liu et al99 fabricated such 
an array for CTC separation from blood samples (Figure 
4D). They specifically simulated cancer cell deformation 
when hitting the pillars in the array and proved that cell 
deformation in the array could reduce effective cell 
radius, which needed to be higher than critical particle 
size of the array for sorting to occur. Thus, an increase 
in flow rate caused an increase in shear stress and cell 
deformation, resulting in a reduction of sorting 
efficiency. 

A similar method to examine the unique deformability 
of cancer cells is to combine them with inertial effects 
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in microfluidic systems. In an inertial microfluidic cell 
sorting device100, cancer cells flowing in microfluidic 
channels experience an inertial lift force that induces 
lateral migration. In balance with the viscoelasticity 
induced force in the opposite direction, cancer cells are 
examined at a lateral position, which is defined mainly 
by the deformability and size. More deformable cancer 
cells stay closer to the centreline of the channel 
compared with benign cells and blood cells for 
examining specific cells.

Many recent studies on tumor deformability have 
focused on single-cell analysis, which tends to be in the 
category of cancer-on-a-chip rather than tumor-on-a-
chip systems. Tumor-on-a-chip systems usually refer to 
applications of 3D cancer models. The effort to study 
the deformability of a tumor or 3D organoids very likely 
involves not only the deformation of cells, but also are 
related to cell adhesion molecules such as cadherin, 
and the single-cell studies are linked to larger-scale 
responses. Multiscale systems are intricately related to 
each other and strongly affect how they respond. The 
study of single cells provides meaningful tools and 
foundations for understanding more complex bulk 
tumor response. For example, in the mechanical arena 
related to the deformation of the bulk tumor, 
mathematical models have been developed to estimate 
solid tumor stress by treating the tumor as a 
heterogeneous elastic body, yet critical parameters 
such as bulk modulus are highly dependent on single-
cell properties.101, 102 There is still a lack of effective 
experimental models that will need to be developed to 
link single-cell responses to larger-scale 3D 
responses.103

3.3 Examine cell-ECM interaction in metastasis related 
to mechanics

Another critical component in cancer is the relationship 
between the cells and the ECM, which is also related to 
mechanics. The ECM provides tumors with both 
structural/mechanical support, thereby fostering 
biochemical interactions.104 Cancer cell interactions 
with the ECM have been widely studied in 2D and 3D in 

vitro culture, and evidence has shown active 
participation of ECM in regulating cell differentiation, 
invasion, and migration.22, 105-108 For example, human 
breast cancer transformation is generally correlated 
with collagen deposition and linearization, which also 
triggers stromal cells activity and macrophage 
infiltration.109 

The transfer from 2D to 3D cell culture could 
significantly change cell behavior as it may better 
mimic physiological conditions. For example, in a virus-
infected tumor study, the growth of KSHV-infected 
BJAB cells in a 3D microwell assay enabled a higher 
genome copy number and higher lytic reactivation 
rate.110 EMT could also be induced in 3D platforms 
instead of just 2D environments. Kuo et al111 developed 
a hydrated layer of flexible copolymer-based chains 
(nano-cilia) to reduce the 2D adhesion between 
putative cancer stem cell spheroids and the 
polystyrene dish surface. They successfully detected 
the dynamic regulation of multiple EMT markers. Also, 
recently gastric cancer cells encapsulated in collagen 
beads showed the upregulation of EMT and metastatic 
genes, and downregulation of E-cadherin.112 

More complex effects such as ECM geometry, including 
its fibril alignment direction and convergence, could 
also affect cell behavior since it might regulate local 
adhesion force distribution and cell alignment 
orientation. Microfluidic approaches have the potential 
to be very useful in studying these effects. Pathak et 
al113 developed a microfluidic platform to study the 
influence of matrix confinement in addition to ECM 
stiffness. By changing the width of the microfluidic 
channel where the ECM and tumor cells were located, 
they discovered that a decreased channel width 
correlated with increased cell migration. They 
suggested this was due to the narrower channel which 
induced a polarized cells-ECM traction force.

ECM stiffness was further examined by Garcia et al114 
who designed a two-dimensional platform to 
simultaneously test cell respond to ECM stiffness 
gradient and chemical gradient perpendicular to each 
other (Figure 4E). The chemical gradient was generated 
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by diffusion of hepatocyte growth factor (HGF) through 
a passive approach. The stiffness gradient was created 
using an acrylamide/bis-acrylamide mix through a 
photo-polymerization method.  By placing an opaque 
mask on top of the gel mix while irradiating it with UV 
light, the covered region will be less stiff than the 
exposed region due to a difference of irradiation time. 
This device not only provided detection of cell 
migration and morphology change but also traction 
force measurements, which enabled a greater 
understanding of matrix stiffness and cancer cell 
response. 

Cell motility is a prerequisite for cancer cell invasion 
and metastasis and therefore has been extensively 
studied. 115, 116 Anguiano et al117 applied a PDMS 
microfluidic device to examine lung cell migration in 
mixed collagen-hydrogel (Matrigel) scaffold. The 
Matrigel was found to facilitate cell migration in 
relatively low concentrations by providing growth 
factors retaining the scaffold. This system though 
slowed down migration at high concentrations due to 
increased attachments and thus force interactions. 
Cells also presented a mesenchymal phenotype in the 
collagen-only scaffold and transitioned to lobopodial in 
the collagen-matrigel mix matrix. 

These examples show the ability of tumor-on-a-chip 
systems to simulate various conditions and change 
different parameters when adjusting to specific 
experimental goals. One major strength of the 
microfluidic system is quantitative control over 
microenvironments, substrate properties, and other 
critical parameters involved in cell stimulation and 
response. Mechanical stimulations, which naturally 
occur in many in vivo environments, could be 
introduced and analyzed on-chip with fluid mechanics 
models, and in addition programmable systems in the 
future. Mechanical properties are critical in 
understanding cancer and are great places where 
micro- and nano-technologies can be integrated to test 
these questions for tumor-on-a-chip systems.

4. Tumor-on-a-chip analysis techniques

The ability to analyze cell responses using tumor-on-a-
chip technology has become increasingly important, 
given the negative effects of cancer heterogeneity on 
drug response. A clear advantage of the tumor-on-a-
chip approach is its availability for us to capture the 
cells after experiments. Since cancer cells are cultured 
in 3D hydrogel scaffolds, immunofluorescent staining is 
not as efficient as in 2D cell cultures because of a) less 
diffusion of the antibody and b) microscopical 
limitations in the depth of focus.  However, the 
construction out of ECM of this type of chip has 
advantages. A 3D collagen scaffold can be digested 
with collagenase after the experiments for extracting 
the cells. These cells can then be stained and assayed 
by conventional analysis techniques. Furthermore, the 
tumor-on-a-chip system can be snap-frozen in liquid 
nitrogen, embedded, sliced with a microtome and 
further processed for immunofluorescent staining and 
imaging.

Single-cell analysis is also very important to accurately 
address tumor heterogeneity.118 For example, there is a 
relatively low population of CTCs within a large 
population of non-cancerous cells. The low frequency 
of CTCs could cause inaccurate results.119 To sort CTCs 
out from blood samples, Yeo et al120 designed a 
microfluidic sorter to capture single cells from flow into 
multiple side chambers (Figure 5A). The initial cell flow 
channel was designed with a curvature so centrifugal 
force could be generated. With an inherent differential 
pressure, cells were trapped into each chamber with a 
capture size on the scale of a single cell which was then 
later released using positive pressure applied from the 
other side of the chamber. Another design to filter CTC 
clusters from a blood sample was proposed by Sarioglu 
et al121 using a size exclusion concept. The cell filter was 
fabricated in triangular blocker arrays, with a gap that 
could release blood cells and single CTCs but could also 
capture CTC clusters when finding a matching cell size 
(Figure 5B).  The geometry of the traps was designed so 
that double-cell cluster could be captured with a 
balance of forces. Deng et al122 proposed a different 
approach to purify CTCs from whole blood, with 
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photocleavable ssDNA-encoded antibody conjugates 
attached to the channel substrate to capture low-
density CTCs in blood flow. These cells could be 
detached later for purification and single cell 
secretomic profiling (Figure 5C). This approach made 
use of high chemical reaction efficiency in microfluidic 
channels through high surface-to-volume ratio.

Tumor-on-a-chip systems can also be used for 
metabolomic analysis of tumor cells through the 
integration of labeling and detection techniques. Chen 
et al123 developed a tumor cell culture chip integrated 
with electrospray ionization mass spectrometry to 
detect drug-induced cell apoptosis and measure 
metabolism simultaneously (Figure 5D). Kalfe et al124 
embedded a U-shape microfluidic tube containing 
tumor spheroids directly into a miniaturized micro slot 
NMR detector so they could monitor up to 23 
metabolites.

Gene chip analysis of tumor biology provides a 
tremendous amount of information for understanding 
genetic changes, which are especially helpful in 
addressing cancer heterogeneity. The gene chip 
analysis approach has been integrated with 
microfabricated systems in the past, including 
molecular analysis and genomic processing platforms. 
Spurgeon et al125 developed a dynamic microfluidic 
array that functioned as a gene expression platform 
and allowed for 45 genes in 18 tissues to be tested on a 
single chip. Cheng et al126 developed a protein digestion 
system for rapid proteolysis that showed much higher 
efficiency compared to conventional overnight protein 
digestion. 

The techniques discussed above could be used as 
detection tools in conventional tumor studies, but also 
could be implemented as a post-treatment approach 
with other tumor-on-a-chip experiments by direct 
assembly or integration at the output end of regular 
tumor-on-a-chip devices. In the future, they could be 
integrated directly into tumor-on-a-chip systems to 
allow for instant genomic and proteomic profiling, etc. 
With the flexibility of chip design, various analysis tools 

can be integrated into the systems for targeted 
experiments for tumor-on-a-chip system.

5. Future perspectives on tumor-on- a-chip 
systems

Tumor-on-a-chip approaches have the potential to 
bridge the gap between more traditional in vitro cell 
culture and in vivo experiments. These systems are 
focused on mimicking the physiologically relevant 
environments through control of the materials, 
dimensionality, and microenvironmental variables, 
including chemical and mechanical factors. In the 
future, these approaches will provide high 
reproducibility, precise parameter control, and cost 
reduction. One of the ultimate goals of tumor-on-a-
chip is to create an artificial tumor model that captures 
the key features of a real tumor so that it can be used 
for diagnostics and therapeutics while minimizing the 
need for animal and human testing. Current studies are 
focusing on developing functionalities of the features 
of the tumor including chemotaxis, shear stress, and 
other factors. These systems are using the advantages 
from micro- and nano-fabrication toward these ends. 
However, questions remain on how these tissue-on-a-
chip models will provide a complete landscape for 
tumor understanding. 

Another important ability of tumor-on-a-chip systems 
is to integrate TME, multiple cell types, ECM, and 
vasculature with complex spatiotemporal distribution. 
Integrating these different features will help mimic 
more realistic physiological conditions. The addition of 
more variables though and their integration will 
increase the number of controllable parameters and 
variations in the system, which are challenges with any 
systems integration whether it is biological or non-
biological. Therefore, some questions for tumor-on-a-
chip design are i) how to screen for the necessary key 
features that truly affect tumor development; ii) how 
to integrate these features into one model while 
simplifying the construction as much as possible. 
Answers to these questions could be investigated 
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through understanding and mimicking human clinical 
cancer studies, which would then help designing new 
engineering techniques. 

Besides, a more direct application to tumor-on-a-chip is 
to provide high throughput, in vivo mimicking models 
for drug screening. 3D hydrogel environment, 
spatiotemporal drug distribution, and cell-cell 
interactions are all crucial factors to be considered. 
Integration of enough complexity to the system and 
adapting patients’ tumor tissue for personalized 
medicine are interesting topics as well.127

While there are many great advances in tissue-on-a-
chip systems, there are challenges with these 
approaches too. These concerns include materials 
selection as the most widely applied microfabrication 
approaches are constructed with PDMS, which serves 
well due to its flexibility and high gas permeability. 
However, PDMS is not a particularly physiologically 
relevant material compared to materials mimicking 
human structures such as the ECM. A more 
physiologically relevant approach may be to construct 
microfluidic channels embedded in hydrogels through 
approaches such as for sacrificial template molding37 
and 3D bioprinting128. 

Besides, the choice of biocompatible ECM materials 
such as collagen, Matrigel129, and other hydrogels 
depends on factors including ECM stiffness, cell 
adhesion, chemical compositions, etc. For example, 
collagen type I is widely used due to its abundance in 
many tissues, thus providing better in vivo mimicking. 
Matrigel, as a more complex animal product130, has 
been applied in studies such as cell differentiation, 
angiogenesis, and tumor growth.129 However Matrigel 
is not well defined and may be variable from 
experiment to experiment as well as having a great cost 
than other ECM related materials.130

Overall, the idea of tumor-on-a-chip is an important 
step toward future therapeutics and diagnostics that 
aims to bridge between 2D petri dish experiments and 
animal and human models. The integration of 
important components of mechanical, chemical, and 
oxygen factors will move these 3D systems towards 

more physiological implementations. This new field will 
have impacts in different areas ranging from cancer 
research to microfabrication to mechanical 
engineering.
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FIGURE CAPTIONS

Figure.1 A. Schematic of a tumor system with a complex organization of cancer cells, fibroblasts, 
extracellular matrix, vasculature system, and multiple chemical factors. Tumor progression is 
affected by microenvironment factors including mechanical and chemical such as shear stress, 
hypoxia, chemotaxis, cell-cell interactions, etc. These factors could be incorporated into tumor-
on-a-chip models. B. To generate a tumor-on-a-chip model for mimicking metastasis, multiple 
critical metastatic factors could be recreated in vitro for different metastatic responses to be 
found. 

Figure.2 Tumor-on-a-chip models to induce chemotaxis and study cell-cell crosstalk. A. A V-shape 
double-channel microfluidic device for chemotaxis. Inlet 1 was designed for media flow and inlet 
2 for chemokine perfusion. (reproduced with permission from ref. 32) B. Microfluidic channel 
design for single-cell chemotaxis. Chemical gradients were generated from the right channel to 
the left channel. (reproduced with permission from ref. 36) C. Parallel-channels in a 3D collagen 
scaffold to induce a response of endothelial cells in an angiogenic factors gradient. (reproduced 
with permission from ref. 39) D. Tumor spheroids and CAFs co-cultured in a 3D hydrogel-based 
microfluidic chip, separated with medium channels. (reproduced with permission from ref. 46) E. 
A metastasis-on-a-chip model with a gut organoid and a liver organoid located in two connected 
PDMS chambers. (reproduced with permission from ref. 50) 

Figure.3 Tumor-on-a-chip approach to generate hypoxia. A. A paper-based hypoxia generation 
system. Multiple layers of hydrogel coated paper blocked oxygen supply from the air. 
(reproduced with permission from ref. 62) B. A typical hypoxia control design for cell migration. 
The top layer was designed for hypoxia gradient generation, and the bottom layer for cell 
migration. (reproduced with permission from ref. 65). C. Hypoxia-on-a-chip design with a side-
channel for chemical oxygen depletion by NaOH and pyrogallol reaction (reproduced with 
permission from ref. 69). D. Hypoxia-inducible hydrogel produced through laccase-mediated 
dimerization of ferulic acid molecules with oxygen consumption (reproduced with permission 
from ref. 72). 

Figure.4 Tumor-on-a-chip models to generate mechanical factors. A. A PDMS cylindrical channel 
coated with collagen to grow a monolayer of cancer cells. Media flow generated wall shear stress 
and induced cell filopodia extension. (reproduced with permission from ref. 87) B. Microfluidic 
design for multiple constriction-relaxation regions along the channels with comparable size to 
cells for cell deformation testing. (reproduced with permission from ref. 94) C. Channels with 
micropillars in the center blocked cell motion with flow. (reproduced with permission from ref. 
96) D. Micropost array for CTC separation from a blood sample. (reproduced with permission 
from ref. 99) E. 2D chemical-ECM stiffness gradient setup. A chemical gradient was generated 
through double laminar flows in a Y-shape channel with different chemical concentrations. ECM 
stiffness gradients were created by photo-polymerization of ECM with a moving opaque mask. 
(reproduced with permission from ref. 114) 
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Figure.5 Tumor-on-a-chip filters and analyzers. A. A circulating tumor cell (CTC) sorter to capture 
single cells from flows. The channel curvature generated centrifugal force to push cells into side 
chambers. (reproduced with permission from ref. 120) B. A filter to capture CTC clusters. Single 
cells pass through and only cell clusters are captured with the balance of force based on triangular 
blocker tips. (reproduced with permission from ref. 121) C. The strategy of CTCs isolation on 
photocleavable ssDNA-encoded antibody conjugates attached to a channel substrate. CTCs could 
then be released by photoirradiation for single-cell secretomic profiling. (reproduced with 
permission from ref. 122) D. Tumor cell metabolism inspector. This system had a microfluidic 
network for media and drug injection, a cell culture chamber, a micro-solid-phase extraction 
column for sample pretreatment, and an electrospray ionization source for mass spectrometry 
detection. (reproduced with permission from ref. 123)
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