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ABSTRACT

Chemotherapy is one of the most effective cancer treatments. Starting from the discovery of new molecular entities, it usually takes about 10
years and 2 billion U.S. dollars to bring an effective anti-cancer drug from the benchtop to patients. Due to the physiological differences
between animal models and humans, more than 90% of drug candidates failed in phase I clinical trials. Thus, a more efficient drug screen-
ing system to identify feasible compounds and pre-exclude less promising drug candidates is strongly desired. For their capability to accu-
rately construct in vitro tumor models derived from human cells to reproduce pathological and physiological processes, microfluidic tumor
chips are reliable platforms for preclinical drug screening, personalized medicine, and fundamental oncology research. This review summa-
rizes the recent progress of the microfluidic tumor chip and highlights tumor vascularization strategies. In addition, promising imaging
modalities for enhancing data acquisition and machine learning-based image analysis methods to accurately quantify the dynamics of
tumor spheroids are introduced. It is believed that the microfluidic tumor chip will serve as a high-throughput, biomimetic, and multi-

sensor integrated system for efficient preclinical drug evaluation in the future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0062697

INTRODUCTION

Today, cancer has become one of the most atrocious threats to
human health. It is estimated that by 2021, there will be nearly
2x 10° new cancer cases and more than 600 000 cancer deaths in
the United States." Besides radiotherapy and surgical resection, che-
motherapy is the most common and reliable anti-cancer treat-
ment.” Although cancer pharmacological treatment has made great
progress in the past decade, it is still challenging to effectively dis-
cover and develop new anti-cancer drugs.” In general, it takes over
10 years to bring an effective drug from research to clinic." In the
drug development process, drug candidate screening is one of the
most important but time-consuming stages. Herein, an appropriate
preclinical tumor model can effectively eliminate unqualified drug
candidates and improve screening efficiency. Traditionally, animal
models have played a vital role in oncology research and drug
testing. However, these methods are limited by the long experimen-
tal period, excessive number of animals consumed, high mainte-
nance cost of the facility, and social ethics. In addition, the tumor

characteristics from clinical patients and animal models vary
greatly. Therefore, there is still a huge disparity between the efficacy
of drug candidates in animal models and the final results of clinical
patients, which often leads to misjudgments in drug test, increases
in R&D costs, and extensions of the development cycle.S

Since the new century, cellular-level drug screening technology
has gradually matured. Tumor models derived from human cells
are used to quantitatively characterize cell viability, morphogenesis,
proliferation, and gene expression under the action of different
drug candidates.” For a long time, the two-dimensional (2D)
monolayer cancer model has been a mainstream in vitro oncology
model for early preclinical drug screening and testing. However, 2D
adherent growth is not the actual way of cell growth in the human
body. Lack of cell-to-cell and cell-to-extracellular matrix (ECM)
interactions lead to altered cell behaviors, such as gene expression,
differentiation, and cell metabolism.” Significantly, the physiologi-
cal correlation between the in vitro model used for drug evaluation
and the real tumor from patients is very critical. The more realistic
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the in vitro model, the more reliable the preclinical drug screening.®
Currently, most of the anti-cancer drug candidates screened by 2D
models failed to pass clinical trials in the later stages.’

Nowadays, three-dimensional (3D) cellular models for drug
testing have been widely studied and are attracting more and more
attention.'’ Compared to the conventional 2D monolayer cell
culture model, 3D cell culture allows cells to grow in all directions
and recapitulate more in vivo behaviors and functions, such as self-
organization, proliferation, and protein expression.'' Among them,
3D multicellular tumor spheroid is one of the most used models
for preclinical anti-cancer drug screening (Fig. 1). Based on micro-
fluidic technology, tumor spheroids can be manufactured through
standardized on-chip production, thereby reducing the individual
differences between models, and improving reproducibility and
consistency. In addition, the tumor microenvironment (TME) can
also be restored in the on-chip microphysiological system to accu-
rately reproduce the tumor-microenvironment interaction.'”
Eventually, the microfluidic tumor chip technology is believed to
play an important role in advancing fundamental cancer biology
research, high-throughput preclinical drug screening, and precise
personalized medicine."”

In view of the vigorous development of the field of microflui-
dic tumor chips, many review articles have been published.* Some
of them introduced the biological background of tumor spheroid in
detail,'™' some were devoted to the advanced fabrication technol-
ogy,””'® and some were focused on constructing the complex
tumor microenvironment.'”*’ This review will serve as a bridge to
link the preceding accomplishment and the following advancement.
Besides summarizing the latest representative achievements of
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FIG. 1. A schematic of the primary tumor structure and composition. In general,
a tumor can be considered to contain three layers: the necrotic core, the inactive
quiescent middle layer, and the proliferative outer layer. By hijacking the sur-
rounding blood vessels, the tumor cells can obtain oxygen and nutrients to
promote their growth. In addition, some tumors can also incorporate the sur-
rounding tissue into a part of itself, such as cancer-associated fibroblasts and
tumor-associated endothelial cells, which increases the tumor heterogeneity and
complexity.

REVIEW scitation.org/journal/bmf

microfluidic tumor chips, we will make a comprehensive review of
microfluidic tumor chips in the order from homotypic tumor sphe-
roid fabrication to vascularization-based tumor microenvironment
construction. Meanwhile, as the source technology of microfluidic
tumor chips, organ on a chip technology will also be briefly intro-
duced. Finally, we will present some classic cases of novel imaging
methods for data acquisition and machine learning-based image
analysis to accurately quantify tumor spheroid dynamics. We hope
that this review will help researchers get the basic engineering con-
cepts for constructing microfluidic tumor models and encourage
new ideas in the future.

CONVENTIONAL TUMOR CELL SPHEROID MODEL
CONSTRUCTION TECHNIQUES

Cell self-assembly has always been the natural law guiding the
formation of all living organisms, whether in vitro or in vivo.”'
When cancer cells cannot adhere to the substrate in the in vitro
environment, they will spontaneously aggregate and secrete extra-
cellular matrix to wrap themselves into multicellular tumor sphe-
roids.”” In early studies, the manufacture of tumor spheroids was
often out of touch with the subsequent drug screening process. For
instance, agitation-based approach was one of the early methods
for generating tumor spheroids.”> However, most of these methods
lack guarantees on the size and viability of mass-produced tumor
spheroids. When the tumor spheroids were collected for further
experiments, these by-effects would cause a certain degree of inter-
ference to the final experimental results.

In the past ten years, microfluidic tumor chip technologies
have emerged rapidly. The basic idea of microfluidic tumor sphe-
roids manufacturing is to build micro-reactors to create non-
attachable space, leading to cell self-assembly.”*™*' Initially, the
hanging drop method is one of the most classic and well-
established tumor spheroid fabrication methods.””** The balance
between surface tension and gravity keeps the droplets converging
on the surface of the substrate without falling. Here, the droplets
function as the micro-reactors and the liquid-air interface func-
tions as the non-attachable substrate to prevent cell adhesion. The
suspended cells will aggregate into spheroids at the bottom of the
droplet under gravity, and the spheroid size will be dependent on
the droplet dimension and initial cell concentration. Tung et al.
reported a hanging drop based 3D tumor spheroid culture platform
in 2011 [Fig. 2(a)].”* Developed tumor spheroids were able to form
in one day, and diverse preclinical drug screening could be exe-
cuted in each hanging droplet respectively.

Nowadays, to break through the limitation of tedious manual
operation, the hanging drop technology continues to develop in the
direction of automation and high-throughput. Recently, Popova et al.
reported a “droplet-microarray platform” for one-stop tumor spheroid
formation and drug screening [Fig. 2(b)].”” They used hydrophilic-
superhydrophobic patterning to create a hanging droplet array on
hydroxyethyl-methacrylate ~ (HEMA)-ethylene  dimethacrylate
(EDMA) slides. Due to the great difference in water affinity between
the hydrophilic and superhydrophobic parts of the surface, an array
of separated homogeneous droplets could spontaneously form on the
device surface. Also, Michael et al. reported a paper-based hanging
drop chip for tumor spheroid fabrication [Fig. 2(c)].”® Zhao et al.
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FIG. 2. Conventional “hanging drop method” for Producing tumor spheroids for drug screening. (a) A 384-well format hanging drop culture plate that allows both tumor

spheroid formation and subsequent drug testing.”

Reprinted with permission from Tung et al., Analyst 136, 473 (2011). Copyright 2011 Royal Society of Chemistry. (b) A

droplet-microarray platform based on hydrophilic-superhydrophobic patterning for the formation of single tumor spheroids array.” Reprinted with permission from Popova
et al., Small 15, 1901299 £2019). Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) A paper-based hanging drop chip for large scale tumor sphe-

roids formation at low cost.”

A 3D-printed hanging drop dripper for automated tumor spheroids generation, metastatic migration study, and drug screening.

Sci. Rep. 9, 19717 (2019). Copyright 2019 Springer Nature.

announced a 3D-printed hanging drop dripper product. The printed
artifact is simple and practical and can be directly mounted on the
conventional 96/384-well plate [Fig. 2(d)].”” Compared to the tradi-
tional hanging drop methods, these innovative works simplify device
fabrication, prove the possibility of further reducing costs, and pave
the way for potential commercialization in the future. However, the
hanging drop technology is usually limited by its inherent flaws. Due
to the fragile structure of the liquid droplets, it was still difficult to
change the culture medium for long-term tumor spheroid culture,
which leads to fast nutrient depletion and waste accumulation.
Moreover, all the spheroids were cultured in a purely static environ-
ment, while some mechanical stimulations, such as interstitial flow,
have been demonstrated to better support tumor growth.”® Although
not perfect, the hanging drop approaches are still considered the pio-
neering work to link the tumor spheroids generation and the follow-
ing drug testing.

Reprinted with permission from Michael et al., ACS Appl. Mater. Interfaces 10, 33839 (2018). ng)yright 2018 American Chemical Society. (d)

Reprinted with permission from Zhao et al.,

MICROFLUIDIC TUMOR-ON-A-CHIP

Microfluidic fabrication of homotypic tumor
spheroid-on-a-chip

Since the new century, the maturity of microelectromechanical
systems (MEMS) technology greatly boosts the development of the
microfluidic tumor chip.””* Photolithography, vapor deposition,
and other micro-processing techniques have enabled the prepara-
tion of some complex microstructures, which are necessary for
precise manipulation of microscale chemical reagents and perfu-
sion. Moreover, more and more electronic biochemical sensors are
also coupled into the microfluidic tumor chip system.*’
Consequently, real-time in situ monitoring of tumor response
allows drug screening with much higher temporal and spatial reso-
lution. It can be said that now the microfluidic tumor chip technol-
ogy is right in the golden ages.
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The most common application of a microfluidic tumor chip is
serving as a one-stop platform, seamlessly connecting tumor sphe-
roid model construction and preclinical drug screening for oncol-
ogy research.””" In such systems, single tumor spheroids can be
generated and maintained at fixed locations for drug screening and
follow-up characterization. The basic microfluidic tumor chips can
be classified into the following two categories: microwell’>”'~*
[Fig. 3(a)] and U-shaped microanchor**%'~° [Fig. 3(b)]. These two
designs are similar in function but different in shape. In general,
these chips are composed of the main fluid channel and the struc-
ture array.’” After being loaded into the main fluid channel, sus-
pended tumor cells are captured by each microstructure. The
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trapped cells have no place to attach but to self-assemble into the
tumor spheroids. After tumor spheroid formation, the function of
the main channel will turn to medium exchange and drug adminis-
tration [Fig. 3(a)]."” Since the established tumor spheroids are
firmly stuck by the microstructures, dynamic fluid flow can con-
tinue to be applied in the main channel without harassing the
spheroids or carrying them away. This perfusion function facilitates
the long-term tumor spheroids culture, which is usually limited in
the hanging drop methods. Some studies also reported that appro-
priate mechanical perturbation of the flow can promote tumor
growth since it mimics the interstitial flow in in vivo tumor tissue
to a certain extent.””
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FIG. 3. Classic “microfluidic tumor chip” designs. (a) Microwell-based multiple tumor spheroids culture chip (MTC-chip) cultured tumor under various flow conditions.*”
Reprinted with permission from Zhuang et al., Adv. Sci. 6, 1901462 (2019). Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) A U-shaped array
based 3D breast-cancer-on-a-chip for the evaluation of nanoparticle-based drug delivery systems.** Reprinted with permission from Chen et al., Anal. Chim. Acta 1036, 97
(2018). Copyright 2018 Elsevier B.V. (c) Pneumatically actuated U-shaped arrays for one-step cell localization, spheroids self-assembly, and real-time analysis.** Reprinted
with permission from Liu et al., Lab Chip 15, 1195 (2015). Copyright 2015 The Royal Society of Chemistry. (d) Liquid dome-assisted formation of gradient-sized spheroids
on an agarose chip.”” Reprinted from Fang et al., Lab Chip 19, 4093 (2019). Copyright 2019 The Royal Society of Chemistry.
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With the advancement of fabrication technology, the struc-
ture of the microfluidic tumor chips becomes more and more
dynamic and flexible. In these specific cases, the conventional
sealed microfluidic tumor chips described above would be incon-
venient for retrieving the tumor spheroids for downstream analy-
sis. To solve this problem, Liu et al. integrated a flexible
pneumatic microanchor array design with the conventional
U-shaped tumor chip [Fig. 3(c)].**°° When the pneumatic switch
was turned on, the inflatable anchor would stand upright to capture
the suspended tumor cells. After nanomedicine treatment, the tumor
spheroids from the chip could be selectively carried out by turning
off the pneumatic microstructures. The recovery feature builds up a
practical bridge between tumor-on-a-chip modeling and off-chip
pathological characterization. In addition to pursuing a complex
microfluidic tumor chip design, some groups, on the contrary,
further simplify the chip manufacturing process and make it easier
to operate. For example, Fang et al. reported an agar microfluidic
tumor chip that can produce a tumor spheroid with only 250 ul cell
suspension [Fig. 3(d)].”” Benefiting from a 3D-printed mold, an
agar chip can be easily generated through the molding method,
which is more advantageous for routine laboratories and easy to
popularize.

High-throughput fabrication of tumor spheroid via the
microfluidic droplet technique

Besides solid microstructures, liquid microstructures can also
be engaged in tumor spheroid modeling. Microfluidic droplet-
based techniques stand out for their high-throughput and
uniformity.””””~’ In the channel of the microfluidic chip, two con-
tinuous fluids that are immiscible with each other will generate a
stable and ordered non-continuous flow at the interface, which is
the so-called microdroplets. By adjusting the chip design and the
flow rate of the two-phase liquid, the size, shape, and frequency of
the microdroplets can be precisely regulated.”” In particular, the
water-in-oil (W/O) emulsion is the most used system for tumor
spheroid preparation. A suspended cell-laden medium is wrapped
into microdroplets and immersed in a continuous oil phase. These
microdroplets can function as the bioreactors leading to the tumor
spheroid formation in days. In some way, microdroplet-based
tumor spheroid construction methods are like a “fully automatic
version” of the conventional “hanging drop” method. The differ-
ence lies in that the cell-laden droplets are immersed in the culture
medium instead of sticking to the plate. Kwak et al. reported a
uniform-sized 3D tumor spheroid fabrication system in 2018
[Fig. 4(a)].*” Cell-loaded microdroplets could be generated at a rate
of 1000 droplets/min. After 24-hour incubation, mature tumor
spheroids were released from the oil capsule and recollected for
downstream anti-cancer drug testing. Therefore, the microdroplet
is considered one of the most efficient techniques to fabricate
tumor spheroids. However, the oil capsule shells limit the exchange
of the nutrient medium. The mature tumor spheroids need to be
timely released from the microdroplets after one day; otherwise, the
nutrients in the droplets will be exhausted. Without the microflui-
dic chamber’s restriction, the tumor spheroids that were
mass-produced in a short time can be recollected, transferred, and

REVIEW scitation.org/journal/bmf

applied to a variety of tests, such as photothermal therapy (PTT)
[Fig. 4(b)].”°

Moreover, if the water phase is replaced with the pre-gel solu-
tion, the cell-laden microdroplets can be cured into 3D cell-laden
hydrogel beads later [Fig. 4(c)]”" It has been reported that the
cured hydrogel can serve as a scaffold, which facilitates the tumor
spheroid formation.”””*”” After being washed out from the oil
phase, the tumor structures can still be maintained stably in hydro-
gel beads until spheroid maturation. Sabhachandani et al. improved
the microfluidic droplet technique with an “anchor array” design
[Fig. 4(d)].”” In this system, cells are loaded in alginate beads. Once
the alginate gets solidified, the oil phase can be washed away with a
medium without disrupting the cell spheroids. The tumor spheroids
in alginate beads can be trapped on the chip for long-term
culture until spheroid maturation for dynamic drug screening.*’
This technique inherits the advantages of rapid fabrication of the
microdroplet system and the conventional microwell-based tumor
chip, while being more flexible, practical, and straightforward for
drug testing.

Device-less manufacturing of tumor spheroids

Recently, more innovative materials and interdisciplinary
elements are introduced into the microfluidic “tumor chip”
design. Based on the concept of microfluidics, some device-free
and device-less technologies have been developed accordingly
for tumor spheroid fabrication.”’ For example, Samara et al.
tried to substitute traditional polydimethylsiloxane (PDMS)
material with paper to fabricate a “tumor chip” for drug screen-
ing, which is claimed to be a more cost-efficient experimental
procedure.®” Also, Shi et al. reported a device-free way to gener-
ate tumor spheroids for drug screening.”’ By rolling up detached
cell sheets, a large quantity of tumor spheroids can be formed
with controllable size and high uniformity. As for device-less
approaches, magnetic levitation is one of the latest emerging
trends for scaffold-free tumor spheroid model construction.”*™*
Activated by an external magnetic field, cells labeled with mag-
netic nanoparticle are gathered into cell clusters. Ho et al. can
even directly magnetically pattern HeLa tumor spheroids into
the desired topography.”” Similarly, acoustics is another popular
element that frequently shows up in tumor spheroid-related
studies.””™"” In acoustic scenarios, cells are compressed and real-
located together by the mechanical sound waves propagating in
the medium. Rather than passively waiting cells to migrate
together, these proactive manipulations can assemble cells in a
rapid way, which greatly shortens the bio-fabrication time. These
device-less methods rely more on external physics systems
rather than sophisticated microfluidic chamber designs.
However, these interdisciplinary technologies still need to be
optimized. For example, magnetic bead-labeled on cells are
usually hard to be removed later. It is difficult to guarantee
that these remaining beads will not have any effect on the subse-
quent growth of the cells. In general, there is still a long way to
go to integrate these new elements into the desired “all-in-one”
tumor chip system (tumor formation, drug screening, and
post-analysis).” >
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FIG. 4. Microdroplet technique for high-throughput tumor spheroid generation. (a) A droplet-based microfluidic system that generates cancer cells containing microdroplets
at high yield (1000 droplets/min).*® Reprinted with permission from Kwak et al., J. Controlled Release 275, 201 (2018). Copyright 2018 Elsevier B.V. (b) Size-tunable brain
tumor spheroids generated by microfluidic droplets are applied for photothermal therapy (PTT) testing.”® Reprinted with permission from Lee et al., Microsyst. Nanoeng. 6,
52 (2020). Copyright 2020 Springer Nature. (c) A droplet-based microfluidic device for constructing tumor spheroids from single cancer cells.”" Reprinted with permission
from Wang et al., Adv. Sci. 7, 2000259 (2020). Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) An integrated droplet-based microfluidic platform for
dynamic analysis of cellular interaction, proliferation, and therapeutic efficacy via spatiotemporal profiling on chip.” Reprinted with permission from Sabhachandani et al.,

J. Controlled Release 295, 21 (2019). Copyright 2018 Elsevier B.V.

MODELING TUMOR-VASCULATURE INTERACTIONS IN
MICROFLUIDIC PHYSIOLOGICAL SYSTEMS

Importance of incorporating a functional vascular
system into tumor models for drug screening

Although tumors start as a small group of cells through a
series of acquired mutations and epigenetic changes, the final
tumor is a complex tissue composed of numerous heterogeneous
tumor cells and tumor-related cell groups.” Compared with
regular 2D monolayer models, the 3D homotypic tumor spheroids
can indeed restore some characteristics of solid tumors, such as
their spatial constructure, physiological response, and part of gene
expression.”””” However, they cannot truthfully represent the
tumor heterogeneity and the intricate the interaction between the
tumor and the local TME,"*”*"'*’ which are all sources of chemo-
therapy resistance.

In addition to its own complex cell composition, the in vivo
tumor can also recruit neighboring normal tissue cells and

transform them into parts of itself, such as cancer-associated fibro-
blasts'’" and tumor-associated endothelial cells.'”” Furthermore,
the in vivo tumor can even directly incorporate an existing blood
vessel to realize its own vascularization, seizing oxygen and nutri-
ents needed for growth and eliminate waste of metabolism. The
tumor vasculature can not only deliver nutrients inward but also
help convey circulating tumor cells (CTCs) outward for cancer
metastasis,'"'** which accounts for 90% of cancer death.'” As for
cancer treatment, both chemotherapy and immunotherapy rely on
the vasculature to transport medicine cargoes to tumors. Unlike the
situation in normal tissues, the vasculature distribution inside of
the tumor is random and chaotic, which makes it difficult to
deliver drugs to the whole tumor and reach effective concentra-
tion.'”® Moreover, the tumor vasculature may flush away the drug
cargoes before they can diffuse into the surrounding tumor tissue,
which greatly weakens the medication effect. None of these above-
mentioned phenomena are reflected in homotypic tumor models.
Therefore, integrating proper vasculature network into the in vitro
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tumor model should facilitate the following preclinical pharmaceu-
tical investigation. In this pursuit, the focus of microfluidic tumor
chip research has gradually transitioned from high-throughput
homotypic tumor spheroids array-on-a-chip to TME reconstruc-
tion. Researchers hope to have a deeper understanding of tumori-
genesis and improve drug screening efficiency by studying the
process of tumor formation in vitro.'"’

Well-established tumor-vessel microfluidic models

For constructing more realistic in vitro tumor models,
researchers started with co-culture/tri-culture fibroblasts, endothe-
lial cells together with tumor cells to fabricate heterotypic tumor
spheroids.'”™"'? Although versatile cell-cell interaction is estab-
lished, different types of cells were just rearranged and stratified
into different layers rather than forming perfusable tumor vascula-
ture inside.'' """ To date, the most effective in vitro tumor vascula-
rization strategy is to restructure TME and induce interaction
between the tumor spheroid and the nearby existing blood
vessel.">"""” The tumor spheroids can both secrete growth factors
to remotely manipulate blood vessels and physically interact with
contacted blood vessels, which will be assimilated into tumor-
associated vasculature.'”’

According to the scales of the vascular tissue, the microfluidic
vessel-tumor models can be classified into three broad categories:
capillary vessel-tumor model,"'>"'>'*" single-lumen vessel-tumor
model,"'*'** and endothelium-tumor model."”> In these three
models, the relative sizes of tumor and blood vessel tissues are dif-
ferent, thus simulating the interaction between tumor and blood
vessels at different cancer stages.

Microvessel network interacting with tumor spheroids is a
widely reported method to generate a vascularized tumor spheroid
model [Fig. 5(a)]."">"**"*""*" The developed tumor spheroids can
secrete a series of growth factors, such as vascular endothelial
growth factor (VEGF), to attract endothelial cells, self-assemble,
and invade into the tumor spheroids. The diameter of the formed
vessels is usually around 10um, and it is considered an in vitro
reappearing of the tumor-activated angiogenesis process. After
invasion, these capillary vessels will overspread and converge
together in the core area of the spheroids, resulting in a perfusable
vascularized tumor. Nashimoto et al. reported a “vascularized
cancer-on-a-chip” work in 2020 [Fig. 5(b)].'*” In their study, they
started with tri-culturing the tumor cells with fibroblasts and endo-
thelial cells. Most of fibroblasts and endothelial cells were dispersed
in the outer layer of the tumor core, and no vascular tube was
found to form inside. Then, they planted the heterotypic tumor
spheroids in the center of their microfluidic culture chip. As the
spheroids grew, the fibroblasts interacted with the tumor cells and
secreted angiogenic factors. Under the stimulation of these growth
factors, dispersed endothelial cells (ECs) at two sides self-assembled
into microvessels and then grew toward the tumor spheroids. After
invading into the tumor spheroids, the vessels growing from both
sides were naturally connected, which significantly increased the
proliferative activity of tumor cells and reduced cell death in the
spheroids. Furthermore, due to the transport function of vessels
and additional drug resistance from stroma cells, these vascularized
tumors showed significantly different responses to anti-cancer
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drugs compared to the homotypic tumor spheroid. Contrary to the
results collected under static conditions, drug administrated under
perfusion conditions did not show a dose-dependent effect of anti-
cancer drugs on tumor activity. The potential reason may be the
blood flow flushed away the drug before it could be taken up by
tumor tissue via either active transport or passive diffusion. Also,
Haase et al. found that the tumor spheroids can regulate vessel
density and barrier function, thereby affecting drug transport
[Fig. 5(c)].""” Overall, these studies show that tumor vascularization
significantly affects drug screening outcomes.

Notably, the current in vitro vascularized tumor models are
most used for fundamental study since their throughput is much
lower than homotypic “tumor chip” platforms. A limited number
of vascularized tumors can be produced each time, and reproduci-
bility of the method still needs to be improved. However, it is
worth mentioning that there are already some tentative efforts on
increasing the production of vascularized tumors for commercial
applications [Fig. 5(d)]."*° In the future, a standard automated
microfluidic chip platform is expected to be invented for vascular-
ized tumor spheroid array generation and high-throughput parallel
screening of multiple drugs.'”"'**

Another popular tumor-vessel interaction model is to
co-culture tumor spheroids with a straight single-lumen blood
vessel [Fig. 6(2)]."”"""°° In general, the diameter of the single-
lumen vessel tubes is around several hundred micrometers, which
are small arteriole-scale blood vessels. Different from the EC self-
assembled vessel network, this single-lumen vessel is constructed
by covering ECs in a pre-formed hollow channel, which is built in
the hydrogel with mold embedding methods. After the mold
(usually needles) is removed, endothelial cell suspension will be
loaded inside. Once all the endothelial cells attach and cover the
whole inner surface of the channel, the endothelialization process
will end. Then, tumor spheroids/organoids will be seeded around
the completed vascular channel [Fig. 6(b)]."** Based on the tumor
types, matrix properties, and spatial distribution of tumors and
blood vessels, different forms of tumor-vessel interactions can be
recapitulated with such an approach. Kwak and Lee reported that
tumor spheroids can induce capillary vessels sprouting from the
single-lumen vascular channel [Fig. 6(c)]."”” Additionally, Ayuso
et al. constructed a vessel incorporated tumor slicing model
to study cell behavior under metabolic starvation gradients
[Fig. 6(d)]."” Significantly, a group from Johns Hopkins University
found that breast tumors can directly fuse with normal vasculature
into mosaic vessels."”” The researchers cocultured breast tumor
organoids with a straight vasculature (around 200 um in diameter)
in a matrix hydrogel. As the tumor grew, the blood vessels were
constantly squeezed until they merged. Part of the tumor even
became the blood vessel wall. The observed “vascular mosaicism”
phenomenon has also been demonstrated in clinical gastric cancer,
glioblastoma, melanoma, and other cancer cases.”® Once tumor
cells become part of blood vessels, the so-called “mosaic vessel” can
provide a “highway” for circulating tumor cells (CTCs) and CTC
clusters to be peeled off from the primary tumors and escape into
the bloodstream. Compared with the other vascularized tumor
models, this type of vessel-tumor model is simple to construct and
is of great significance for understanding the cancer development.
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permission from Sobrino et al., Sci. Rep. 6, 31589 (2016). Copyright 2016 Springer Nature. (b) A tumor-on-a-chip platform that enables the evaluation of tumor activities
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The third type is monolayer endothelium-tumor co-culture
model, which is usually exploited to model early-stage primary
tumor. This model is usually composed of upper and lower
two-tier structures,'”"'**>!*%1*>718 The upper and lower layers are
usually separated by a porous membrane.'** Endothelium and epi-
thelium are seeded on the upper and lower sides of the mem-
brane'*’ [Fig. 7(a)]. Tumor aggregates are planted above the
epithelium to mimic the initial phase of cancer.'”” From an engi-
neering point of view, it can be considered a microfluidic version of
“trans-well assays.”"”" At this early stage, the primary tumor is rela-
tively small, and the pathological changes mainly occur on tumor-
epithelium/endothelium interfaces. The cells cultured on surfaces
of the membrane deposit their own basement membrane matrix
crossing the membrane pores to help the upper and lower layers of
cells to form direct interaction. The design of these devices is quite
flexible. For example, hollow side chambers can be set on both

sides of the tumor model. By applying circulatory ventilation in
these airways, the entire device is stretched rhythmically, thereby
simulating mechanical stimuli related to organs, such as blood flow
and related physiological shear stress [Fig. 7(b)]."*" Choi et al.
described a biomimetic microengineering strategy to reconstitute
3D human breast tumors located in the corresponding TME [Fig. 7(c)].
In this design, a normal mammary epithelium inlaid with the
tumor clusters was reproduced on the top surface of the membrane,
and a mammary fibroblast-laden stromal layer was formed on the
back side. Fresh culture medium was perfused in the upper and
lower channels to provide nutrition and mechanical stimulation in
the bloodstream. This engineered tumor model represented the
first critical step toward recapitulating pathophysiological complex-
ity of breast cancer and may serve as a tool to systematically
examine the tumor initiation, progression, and metastasis in local
TME. In addition to the above-mentioned study, this membrane
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FIG. 6. Straight macro vessel-tumor interaction. (a) A bioprinted tumor—vessel co-culture model provides a platform to explore the molecular mechanisms of tumor pro-
gression and screen anti-cancer drugs.''® Reprinted with permission from Meng et al., Adv. Mater. 31, €1806899 (2019). Copyright 2019 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) A 3D bioprinted bulk breast tumor tissue with a functional vascular network is built for physiology study and therapy evaluation.'** Reprinted with per-
mission from Nie ef al., Mater. Horiz. 7, 82 (2020). Copyright 2020 The Royal Society of Chemistry. (c) A microfluidic model of the solid tumor-vascular interface is applied
to study molecular crosstalk in tumorigenesis and cancer metastasis.'** Reprinted with permission from Kwak and Lee, Sci. Rep. 6, 20142 (2016). Copyright 2016
Springer Nature. (d) A microfluidic tumor slice model with a lumen on the flank of the chamber to perfuse media, mimicking the vasculature.'** Reprinted with permission
from Ayuso et al., Lab Chip 19, 3461 (2019). Copyright 2019 The Royal Society of Chemistry.

based double-layer module can be further applied in a multi-organ
system or a body-on-a-chip (BOC) system. Xu et al. used this
design to mimic the lung tissue and integrated it with three down-
stream “distant organs” [Fig. 7(0)]."*” In this way, cancer cell
metastasis to the different organs, such as brain, bone, and liver,
can be studied in an integrated system. Although these three types
of microfluidic tumor/vascular models are different in spatial struc-
ture and cell composition, they simulate the interaction between
tumors and blood vessels at different stages of cancer, facilitating
tumor research at different stages and different purposes.

MICROFLUIDIC ORGANOID-ON-A-CHIP

From the historical development of technology, a microfluidic
tumor chip is a special branch of organ chip technology in the field
of oncology."” Organoids are miniaturized in vitro organ models
that are mainly developed from human stem cells to mimic the
critical characteristics and physiological functions of in vivo organs
with high fidelity.® Compared with time-consuming and elaborate
animal models, organoids allow human-derived materials to be
quickly cultivated for both in vitro developmental biology and
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Chemical Society. (b) A microfluidic human orthotopic lung cancer-on-a-chip model. The endothelium monolayer covers the four walls of the lower channel to mimic the
vessel tube. Epithelium and cancer cell aggregates are located on the top surface of the membrane.'*’ Reprinted with permission from Hassell et al., Cell Rep. 21, 508
(2017). Copyright 2017 Elsevier B.V. (c) A basement membrane based microfluidic model to mimic early-stage cancerous tissue. The breast cancer spheroids are planted
on the top of epithelium tissue monolayer.'*' Reprinted with permission from Choi et al., Lab Chip 15, 3350 (2015). Copyright 2015 The Royal Society of Chemistry. (d) A
bilayer device to study the cancer metastasis. Cancer cells flow through the channel within the artificial blood and get trapped on the epithelium monolayer.'** Reprinted
with permission from Xu et al., ACS Appl. Mater. Interfaces 8, 25840 (2016). Copyright 2016 American Chemical Society.

pathology research.'”® In order to produce organoids in a more

uniform and high-throughput way, the cultivation process gradu-
ally shifted from “in-dish” to “on-a-chip,” which is the so-called
“organoid-on-a-chip.”'”” Here, the microfluidic chips can help
strictly regulate the local microenvironment, thereby improving the
reproducibility while reducing individual difference, such as mor-
phology and gene expression. Nowadays, organoid-on-a-chip tech-
nology has attracted widespread attention. Various organ models
have been reported, including, but not limited to, brain organo-
ids'*>""*"" [Fig. 8(a)], islet organoids'™>'*>'°" [Fig. 8(b)], liver
organoids'**'*>'** [Fig. 8(c)], and so on. In particular, if the

organoids are derivative of patients’ biopsy or surgically removed
diseased tissue, rather than stem cells, they will be referred to as
patient-derived organoids.'®* The patient-derived organoid can be
used as disease model for individual patients, contributing to per-
sonal therapy and drug screening.'”” For example, Jung et al.
reported a lung cancer organoid-on-a-chip model in 2019'”
[Fig. 8(d)]. Besides recapitulating primary small-cell lung cancer-
specific characteristics, the patient-derived organoid was produced
in a size-controllable manner, benefiting consecutive standard drug
testing. In the next stage research, researchers will be confronted
with some identical challenges, organ microenvironment
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FIG. 8. Microfluidic organ/cancer organoid-on-a-chip. (a) A brain organoid-on-a-chip system is established to model neurodevelopmental disorders under nicotine expo-
sure.”®” Reprinted with permission from Wang et al., Lab Chip 18, 851 (2018). Copyright 2018 The Royal Society of Chemistry. (b) An islet organoid-on-a-chip system
enables controllable maturation of islet organoids from induced pluripotent stem cells and real-time imaging and in situ tracking of islet organoid growth.'®> Reprinted with
permission from Tao et al., Lab Chip 19, 948 (2019). Copyright 2019 The Royal Society of Chemistry. (c) A 3D perfusable liver organoid-on-a-chip system displays
improved cell viability and high-fidelity reduction of liver functions."** Reprinted with permission from Wang et al., Lab Chip 18, 3606 (2018). Copyright 2018 The Royal
Society of Chemistry. (d) A microphysiological system reproducibly yields patient-derived small-cell lung cancer organoids in a size-controllable manner and efficiently pre-
dicts anti-cancer drug efficacy."*® Reprinted with permission from Jung et al., Lab Chip 19, 2854 (2019). Copyright 2019 The Royal Society of Chemistry.

reconstruction and tissue vascularization. Although tumor vascula-
rization has been demonstrated, the fragility and complexity of
organ organoids make it more difficult for them to be vascularized.

PROMISING MICROSCOPIC CHARACTERIZATION
AND IMAGE ANALYSIS OF TUMOR SPHEROIDS

With the progress of microfluidic technology and cancer
biology, significant improvements have been made in tumor-on-
a-chip model. Subsequently, the characterization methods that can
collect abundant information from these tumor models have

become one of the research concerns. In addition to conventional
bright-field and fluorescence-assisted morphological characteriza-
tion, more and more promising imaging modalities have been used
to investigate microfluidic tumor models to obtain both physiologi-
cal and pathological information. For example, optical coherence
tomography (OCT)'**'”* has been used as a non-invasive approach
to characterize the 3D structures deep inside tumor spheroids
[Fig. 9(a)]. Based on the increased intrinsic optical attenuation,
necrotic areas in these tumor spheroids were successfully detected,
indicating a promising alternative to label-free viability testing in
tumors. Moreover, multi-photon laser scanning microscopy
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Copyright 2016 Springer Nature. g) A convolutional neural network was trained with images of LIVE/DEAD stained tumor spheroids and used to estimate spheroid viability
based on its bright-field image.'” Reprinted with permission from Zhang et al., Anal. Chem. 91, 14093 (2019). Copyright 2019 American Chemical Society. (g) A new
tumor spheroid boundary detection algorithm based on convolutional neural network.'”" Reprinted with permission from Chen et al., Biomaterials 272, 120770 (2021).
Copyright 2021 Elsevier Ltd. (h) Open source software for end-to-end time analysis of tumor imaging, used to automatically segment spheroid images; extract features that
describe their shape, growth, and invasiveness; and perform mathematical modeling and statistical analysis on these features.'’” Reprinted with permission from Hou

et al., Sci. Rep. 8, 7248 (2018). Copyright Springer Nature.

(MPLSM) [Fig. 9(b)]'°° has been used to study oxygen tension var-
iation within live tumor spheroids.'”* Phase-retrieved tomography
[Fig. 9(c)]'*” has been applied to improve the resolution of meso-
scopic imaging on dense tumor spheroids. Along with the intro-
duction of novel imaging approaches, various biosensors have also
been integrated into microfluidic tumor chips for measuring and
monitoring tumor behaviors and related microenvironments.'””
For example, Lei et al. incorporated interdigitated electrodes for
real-time and label-free impedimetric analysis of the formation and
chemosensitivity of tumor spheroids [Fig. 9(d)]. Misun et al. pre-
sented enzyme-based multi-analyte biosensors to enable continu-
ous monitoring of lactate and glucose levels in cancer tissues
[Fig. 9(e)]. These novel characterization technologies not only
provide new perspectives for understanding tumors but also bring
much unprecedented information that inspires future innovative
therapies.

In addition to exploring characterization methods, how to
analyze collected data in more detail has also received widespread
attention. In recent years, the use of machine learning-based image
processing technology on drug efficacy evaluation has become one
of the research hotspots in the field of microfluidic tumor

chips.'’“"”® For example, Zhang et al. invented a microfluidic

tumor-on-a-chip model, in which more than 1900 tumor spheroids
were constructed for drug testing simultaneously [Fig. 9(f)]."”" The
LIVE/DEAD viability staining images of the tumor spheroids were
automatically collected to train a convolutional neural network
(CNN), which could be used to estimate tumor spheroid viability
based on its bright-field image later. Here, the microfluidic tumor
chip facilitates the tumor model construction and large reliable
data acquisition, and the advanced algorithms collect and process
data intelligently to draw valid conclusions. It is a classic case of
combining artificial intelligence (AI) and microfluidics for anti-
cancer drug screening. Moreover, artificial intelligence also has
unique advantages in analyzing bright-field photos of tumor sphe-
roids. In addition to immunofluorescence staining, measuring
tumor size and morphological changes is one of the most used
tumor research methods. However, manual tumor imaging and
hand-sketched tumor spheroid boundaries are time-consuming
and subjective, and slight morphological changes are easy to be
ignored. There is an urgent need for an accurate, reliable, auto-
mated, and high-throughput 3D tumor imaging analysis system.
Chen et al. developed an automated spheroid monitoring and
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Al-based recognition technique (“SMART”) for analyzing tumor
spheroid behavior [Fig. ‘)(g)].l7l Auto-recognition, auto-focusing,
and an improved CNN algorithm are integrated together on this
platform for automated detection of tumor spheroid boundaries.
How to transform abstract morphological information into precise
quantitative data has always been an unmet need of cancer
researchers in the development of anti-cancer drugs. Ultimately,
machine learning-based image processing is expected to help
bridge the gap between physiological feature extraction and mathe-
matical data analysis [Fig. 9(h)]. Such systems can make accurate
and automatic quantitative assessments of the physiology and
pathology of tumors and are of great significance for advancing
emerging cell-based anti-cancer medicine.

PERSPECTIVES AND CONCLUSION

For further development, microfluidic tumor chip technology is
expected to help develop cutting-edge cancer immunotherapies and
achieve commercially available high-throughput preclinical drug
screening. So far, only a handful of cancer immunotherapies have
been approved on market, and most of them can only work on
blood cancer. There are many difficulties in cell therapy for solid
tumors, such as the complex heterogeneity of solid tumors, the diffi-
culty in maintaining the viability of immune cells for a long time,
and the tumor microenvironment that can inhibit immunity.'”
Recently, the immune system has been imported in some
tumor-on-a-chip models for oncology immunotherapy study.'*"™"**
Researchers hope to figure out how to induce immune cells to break
through the peripheral extracellular matrix and TME to destroy solid
tumors,'** whereas most of these immune system-tumor-on-a-chip
models are still in the basic exploratory stage and the research focus
remains on the direct interaction between T cells and tumors. The
immunosuppressive TME and other pivotal elements, such as func-
tional blood and lymphatic vessels, need to be incorporated into the
model. Based on previous experience in building in vitro models for
drug screening, microfluidic tumor chips can be a reliable platform
to accelerate an immuno-oncology study. As for the translation of
“tumor-on-a-chip” to market, the commercialization has just been
unfolding. Many start-up companies and their products have sprung
up, while it may take some time before pharmaceutical industries
actually accept these products for preliminary drug testing.'*’

Overall, the microfluidic tumor chip is a revolutionary tech-
nology for anti-cancer drug development. Benefiting from this
interdisciplinary platform, different research topics can be inte-
grated together, such as biomechanics, immunology, and molecular
biology, allowing researchers to understand cancer from new per-
spectives. In the foreseeable future, microfluidic tumor chip tech-
nology is promising to upgrade preclinical tumor models and
shorten the translational gap between early drug discovery and clin-
ical trials in drug developments.
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