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Cancer Models on Chip: Paving the Way to Large-Scale Trial

Applications

Jodo Ferreira Gil,* Carla Sofia Moura, Vania Silverio, Gil Gongalves,*

and Hélder A. Santos*

Cancer kills millions of individuals every year all over the world (Global Cancer
Observatory). The physiological and biomechanical processes underlying the
tumor are still poorly understood, hindering researchers from creating new,
effective therapies. Inconsistent results of preclinical research, in vivo testing,
and clinical trials decrease drug approval rates. 3D tumor-on-a-chip (ToC)
models integrate biomaterials, tissue engineering, fabrication of
microarchitectures, and sensory and actuation systems in a single device,
enabling reliable studies in fundamental oncology and pharmacology. This
review includes a critical discussion about their ability to reproduce the tumor
microenvironment (TME), the advantages and drawbacks of existing tumor
models and architectures, major components and fabrication techniques. The
focus is on current materials and micro/nanofabrication techniques used to
manufacture reliable and reproducible microfluidic ToC models for large-scale

mortality (10 million). The incidence of can-
cer is projected to continue to rise, with an
estimated 30.2 million new cases by 2040.[1]
This alarming situation prompted the
World Health Assembly in 2017 to adopt the
“Cancer Prevention and Control through
an Integrated Approach (WHA70.12)”
resolution, which calls on governments
and the WHO to accelerate action plans to
reduce cancer-related premature mortality.

Cancer is defined as the transformation
of normal cells into malignant cells due to
the alteration of multiple signaling path-
ways and biomolecular connections. In this
context, any cell in the normal organ hier-
archy with proliferative capacity can be con-

trial applications.

1. Introduction

Cancer is one of the most devasting diseases worldwide, with
more than 19 million diagnosed cases in 2020 causing severe

sidered a potential candidate for the origin
of cancer if it would allow the sequential
accumulation of genetic or epigenetic mu-
tations required for oncogenesis.[?! Based
on this assumption, it is straightforward to infer that body size
and longevity should be directly correlated with cancer mortality.
However, recent studies across species revealed that the cancer
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mortality risk is largely independent of both body mass and adult
life expectancy components, as stated by Peto’s paradox.[*] This
is a remarkable example of how our current knowledge of cancer
represents only the tip of the iceberg.

The hierarchal organization of tumoral cells promotes the for-
mation of tumoral tissues in primary homing organs, which,
in advanced disease development stages (metastases) have the
potential to spread to secondary organs. Additionally, it was ob-
served that normal tissue adjacent to the tumor (NAT) presented
substantial phenotypic and genetic changes.[*l Tumor tissues
present a marked heterogeneity between individual tumors (in-
tratumoral heterogeneity) or even when occurring in the same or-
gan (intertumoral heterogeneity) in terms of their molecular pro-
files, as well as their morphology and the expression of specific
markers (such as hormone and growth-factor receptors). Indeed,
the contribution of the genetic mutational profile to the tumor
phenotype, as well as the relationship between the cell of origin
and the cancer stem cell, remain substantially unknown.

The genomic stratification of cancer by integrative multi-omic
approaches provides a realistic perspective on network-level alter-
ations for the development of more effective therapeutic strate-
gies to address cancer heterogeneity.® Classifying tumors into
subtypes based on their biological hallmarks has contributed to
a certain extent to a more accurate prediction of their evolution
and the implementation of proper therapeutic plans.[®! The Pan-
Cancer Analysis of Whole Genomes Consortium of the Interna-
tional Cancer Genome Consortium and The Cancer Genome At-
las permitted the reconstruction of the life history and evolution
of mutational processes and driver mutation sequences of 38 can-
cer types.[’”l However, the implicit assumption of sample assign-
ment to a particular cluster or group of patients is an inherent
flaw in this approach.[®]

Molecular heterogeneity among tumor subtypes may result
in distinct signaling alterations in response to the therapeu-
tic strategy, allowing tumor recurrence and the dissemination
of metastatic tumors. Even though less than 0.1% of tumor
cells metastasize, they are considered the main cause of cancer
mortality.”) According to Steeg et al., metastases are responsi-
ble for over 90% of the mortality of cancer patients.'% A recent
study, based on data from 2005 to 2015 from the Cancer Registry
of Norway, revealed that 66.7% of cancer deaths were attributed
to metastases.!!!]

The complexity of the tumor microenvironment, which in-
cludes cancerous cells, lymphocytes, macrophages, blood ves-
sels, and the extracellular matrix (ECM), as well as combining
several biophysical and biochemical mechanisms, constitutes an
intricate paradox in cancer research. Deconstructing the com-
plex TME to its building blocks became critical for elucidating
the basic mechanisms of the dynamic interactions of cancer
cells with their microenvironment, consisting of stromal cells
and ECM components, which were essential to decoding cancer
cell progression and metastasis and identifying clear multidrug
resistance factors and opportunities for successful therapeutic
interventions.?!

2D cell models have provided the foundation of cancer re-
search for many years. Though they present severe limitations
in terms of mimicking the real features and complexity of
the 3D TME regarding cell-to-cell interactions and the influ-
ence of the ECM. Multicellular 3D models become an excel-
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lent tool to bridge the gap between oversimplified 2D systems
and unrepresentative animal models, allowing novel insights
into the biology of cellular interactions and communicating
within the TME using highly tractable, physiologically relevant
systems.[1314]

ToC is 3D tumor model produced in microfluidic devices to
mimic important features of the tumor physiology (Figure 1).1*%]
ToC technology has been offering a practical way to build patient-
specific tumor models used in fundamental research on the bio-
physical characteristics of tissue, in the development of diagnos-
tic tools, and in the design of therapeutic approaches, to men-
tion a few. To achieve true functioning microtissues, however, the
ECM, a variety of cell types, and vasculature with intricate spa-
tiotemporal distribution must be integrated into the ToC. This
technology will be able to offer essential knowledge that enables
correlation between the structural characteristics of the tumor
and its growth and severity. The 3D tumor models have the po-
tential to replace standard in vivo assays, which are expensive,
time-consuming, and have serious ethical implications, while
enabling higher-throughput screening of early-stage anti-cancer
therapies.

1.1. Current Challenges to Replicate the Complexity of Tumor
Microenvironments

Cancer diagnosis and therapy have been severely limited by
the ability of drugs to reach the tumor and diffuse homoge-
neously through the tumor tissue.l''8] The main cause of fail-
ure in drug diffusion into tumoral tissue is primarily due to
the highly complex architecture of tumors and, in particular, a
lack of understanding of the structural properties and biochem-
ical and biophysical mechanisms that govern the TME.[') TME
hallmark features consist of a complex and dynamic network of
ECM proteins and biochemical/ biophysical factors embedded
with cells, namely endothelial cells, cancer-associated fibroblasts
(CAF), pericytes, and several infiltrating immune cells.!'?] How-
ever, it is important to point out that the TME architecture and
composition present significant changes depending on tumor
type.

The dynamic interactions in the TME regulate and define the
tumor cascade. These interactions control cell proliferation, mi-
gration, differentiation, cytoskeletal organization, and its conse-
quent cell signaling.!?”! The communication between all these tu-
moral entities is mainly governed by chemokines, growth factors,
enzymes, extracellular vesicles, and/or mRNA.[?!l Additionally,
TME influences tumor genesis, growth, and progression in a va-
riety of ways, including by triggering angiogenesis and metasti-
zation, causing drug resistance, and inhibiting the immune sys-
tem (Figure 2).122] Indeed, the increasing significance of TME in
cancer biology has recently shifted cancer research and treatment
from a cancer-centric model to a TME-centric one.[?*]

1.1.1. Dynamics in Tumor Microenvironment
The TME is crucial to tumorigenesis because it contains tu-

mor cells that interact with surrounding normal cells in a way
that enables the tumor’s growth and progression. Non-malignant
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Figure 1. Schematic of a ToC device integrating multiple features necessary for their application as tumor models.
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Figure 2. The role of stromal cells in promoting cancer progression. During carcinogenesis, cancer cells recruit stromal cells from nearby tissue. The
dynamic interaction between stromal and cancer cells in the TME induces tumor development. Endothelial cells, fibroblasts, adipocytes, and stellate
cells are all components of the stromal architecture, which changes depending on the type of tumor. Through the release of growth factors and cytokines,
the TME controls angiogenesis, proliferation, invasion, and metastasis. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 Inter-
national license (https://creativecommons.org/licenses/by/4.0).12°1 Copyright 2018, The Authors, published by Elsevier on behalf of Research Network
of Computational and Structural Biotechnology.
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cells in the TME also play a significant role in all stages of this
process.?*l These cells can be recruited by the tumor and are
present throughout the tumor’s growth and progression.’] A
series of gradients are created in the TME as a result of it be-
ing a multicellular environment with an external ECM. The syn-
thesis of ECM is regulated by tumor cells, mutated genes, sig-
naling pathways, and transcription factors, which makes it sus-
ceptible to all the components of the TME and, like the other
components, heterogenic. Stroma cells, as an example, have
mechanisms for the constant rebuilding and remodeling of the
ECM, and it is through the ECM that crosstalk between these
cells occur.

The ECM, comprised of soluble components and a network of
biopolymer fibers made of proteins, proteoglycans, glycosamino-
glycans, and glycoproteins varies in content and structure de-
pending on the tissue. Mechanical properties, as well as mor-
phology, porosity, and mesh size, are determined by the size
and density of these fiber networks. The spatial organization
of this network controls communication due to its elasticity,
which is dependent on the biophysical features, while allowing
the matrix to move and contract. The presence of the molecu-
lar components indicated above, as well as the resulting pore
size, viscoelasticity, cross-linking, cellular density, and inter-
stitial pressure, impact ECM stiffness, promoting tumor cell
reprogramming.(2¢]

The following examples illustrate dynamics in the tumor en-
vironment. Matrix metalloproteinases (MMP) are essential for
ECM degradation and tumor cell invasion and are the main en-
zymes involved in ECM degradation. Besides, high expression
of protease inhibitors correlates with tumor reduction, whereas
high MMP correlate with tumor growth.[?’] Generally, the activa-
tion of CAF stimulates tumor progression. CAF overproduction
of ECM proteins forms an anomalous ECM, which prompts the
immunosuppression of tumor cells. Tissue fibrosis and the in-
crease in matrix stiffness lead, via various physicochemical path-
ways, to epithelial cellular transformation and hyperplasia. In ad-
dition, CAF promotes tumor cell proliferation and metabolism
by inducing angiogenesis and oxidative stress, which induces
the autophagy pathway.['?! Pericytes and endothelial cells con-
stitute and modify the basement membrane, either in the an-
giogenesis or tumorigenesis processes. Pericytes have mecha-
nisms to attract and regulate the passage of cells through the
membrane and endothelial cells are part of the inner layer of
blood vessels. Alterations to the phenotype of endothelial cells
occur during tumorigenesis. These tumor-derived endothelial
cells promote vascular leak, high interstitial fluid pressure, re-
duce blood flow, and tumor hypoxia and acidosis.'?l Tumor-
associated immune cells can circulate and infiltrate the tumor
tissue and remodel other immune cells into tumor-derived ones.
Additionally, they also provide motility and metastatic ability to
tumor cells by producing migration-stimulation factors. This
event, along with endothelial cells and pericytes being com-
promised, will enable tumor cells to move into the endothe-
lium and form circulating tumor cells (CTC). CTC, soluble fac-
tors, cfDNA, and/or exosomes from the primary tumor travel
through the blood stream and may produce changes in the
ECM at a distant site or alter the phenotype of a healthy cell,
creating a chain reaction that leads to the development of a
metastatic site.[??]
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Figure 3. Tumor architecture in relation to extracellular gradients. The ma-
jority of solid tumors are arranged into 3D structures consisting of an in-
side core with a high percentage of necrotic cells, an outside region with
proliferating cells, and a quiescent area. Created using Biorender.com.

1.1.2. Heterogeneity of Tumor Microenvironment

The concentration of oxygen, nutrients, pH, and drugs is often
highest in the outer zones and lowers as they diffuse inside the
tumor mass. While waste and carbon dioxide can easily pass
from exterior cells into the surrounding TME, they are substan-
tially concentrated inside the tumor mass (Figure 3). Tumor cells
have sensing pathways that allow them to monitor their envi-
ronment and constantly adjust their metabolism while escaping
immunosurveillance or therapeutic interventions.l* As a result,
cancer cells must compete with stromal cells for resources to
proliferate.l®!]

The cellular/immune niche as well as the ECM architecture
are both shaped by the metabolic interactions between cancer
cells and the surrounding microenvironment, which alter the
proliferation and aggressiveness of tumor cells. These interac-
tions generate an intricate set of metabolic pathways that con-
tribute to the active modification of the TME, including angio-
genesis, dysregulation of the immune system, and remodeling
of the ECM. In this same process, tumor cells undergo changes
at the phenotypic and genotypic levels. These mutual alterations
impact heavily on the evolution and progression of cancer. Ei-
ther in different anatomic locations or within the same tumor,
significant spatial and temporal heterogeneity is identified in the
genetics of tumor cells.!*?]

The tumorigenic cascade, originated by an accumulation of
dysregulations in a series of events, generates physical and chem-
ical properties on the TME, creating dynamic reciprocity between
neoplastic cells, stromal cells, micro-vascularization, innervation,
ECM scaffolding, bioelectric fields, and soluble factors of tu-
mor growth control.l?] The factors that generate tumor hetero-
geneity and its spatiotemporal evolution remain largely unchar-
acterized. A detailed tumor heterogeneity review is presented
elsewhere.323]
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Figure 4. Physical characteristics of the tumor that can generate effects across the molecular, cellular, and tissue levels of the tumor and examples of
outcomes produced by biophysical interactions that affect the tumor prognosis. Created using Biorender.com.

1.1.3. Biophysical Signaling Pathways

In recent decades, cancer research has focused primarily on the
study of the influence of extra- and intra-cellular biochemical
signals in order to comprehend cancer cell proliferation, inva-
sion, and metastization. Recently, a paradigm shift in research
allowed researchers to discover that biophysical signals can be
converted by cells into biochemical signals via mechanotrans-
duction mechanisms, which affect cell behavior such as genetic
expression, phenotyping, and differentiation.**! Mechanotrans-
duction begins with a mechanical signal generated locally and
relayed across the cytoskeleton network. Mechanical stimuli pro-
duce cellular structural deformation if the forces are substantial
and are transmitted for a long enough period of time. The confor-
mational changes are followed by the selective activation of intra-
cellular biochemical signaling processes. The cytoskeletal com-
ponents and those of the cell membrane are then the primary sys-
tems for assisting in the transmission of a complete set of chem-
ical and physical signals that produce a regulated mechanore-
sponse that determines the cell’s prognosis.**! In fact, tumor
cells are highly susceptible to mechanical stress, from tension
(ECM/cells interaction), compression (tumor expansion in a con-

Adv. Mater. 2023, 2300692 2300692 (5 of 26)

fined space) to shear (blood and interstitial fluid), which allow
the reprogramming of the cellular response, promoting biologi-
cal phenomena that are closely related to tumor progression and
aggressiveness.[*®] Cell adhesion, motility, and proliferation are
also significantly influenced by the biophysical factors that pre-
serve a tumor’s structural integrity. In addition to producing nu-
trient/growth factor gradients, a stromal/ECM barrier or tumor
cell location within the TME may also act as a source of exoge-
nous physical forces that may reconfigure tumor cells and po-
tentially act as a defense against cancer therapy, and the destruc-
tion of adaptive immune cells or even stromal stiffness can in-
duce normal epithelial cells to develop malignant phenotypes
(Figure 4).171 A fundamental question that still needs to be an-
swered is how and why biomechanical stimuli work in this wide
range of biological settings and what the key signaling pathways
are that control the growth and spread of tumors. In vivo stud-
ies carried out so far have revealed great technical difficulties in
unraveling the influence/contribution of biochemical and biome-
chanical signals.[®8!

This review provides a deep overview of fabrication pro-
cesses, design, and integration of sensorial and actuation sys-
tems, as well as tumor biofabrication, while demonstrating the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Overview of different tumor models. Adapted under the ter

ms of the CC-BY Creative Commons Attribution 4.0 International license

(https:/ /creativecommons.org/licenses /by/4.0).146] Copyright 2021, The Authors, published by Frontiers.

advantages of ToC technology and contributing to a more effec-
tive and precise understanding of tumor behavior. Additionally,
it will present an exhaustive reflection on the identification of the
challenges for the efficient translation of ToC technology to pro-
duce real-mimicking, high-throughput, and reproducible in vitro
models that can successfully reach the pharmaceutical industry.

2. Tumor Models

Tumor models serve as tools to tackle the main challenges in can-
cer research by efficiently establishing in vitro tumor microenvi-
ronments able to physiologically mimic tumoral tissues. These
models have been extensively developed and explored as efficient
means for fundamental studies of biological structure and bio-
physical and biochemical factors related to the multistep progress
of tumors, screening anticancer drugs to reveal the nature of can-
cer, and predicting more realistic therapeutic plans.*!

Nowadays, these studies are made either by conventional 2D
tumor tissue monolayers, 3D cultures, or in vivo trials.[134041]
On one hand, the conventional 2D-cultures are somehow over-
simplified, and even though they have given some insight into
tumor cell interactions in the past, they lack representation of
the complex architecture and microenvironment of the tumor
(Figure 5). On the other hand, 3D cultures can better mimic tu-
mor cell-cell interactions and topography by allowing the def-
inition of geometry, cell heterogeneity, biophysical cues, trans-
port, and stimulation.[*>**] Animal models are still the gold stan-
dard since they can emulate the complexity of the whole organ-
ism. However, their significantly different genomes, anatomy,
and physiology, as well as their immunological and inflamma-
tory responses, will provide outputs that fail to hold true for
humans.[®] Recently, to better recapitulate the stochastic nature
of human cancer, chimeric mouse tumors have been explored.[*’]
Although this approach still raises significant ethical issues,
chimeric mouse tumor models reveal low consistency in terms
of reproducibility.

With the recent developments of lab-on-a-chip technology and
its further applications in organ tissue engineering, it is expected
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that ToC will compete with the present state-of-the-art tumor an-
imal models, avoiding ethical issues related to the use of animal
models and delivering human-relevant information.!*’! In con-
trast with animal models, ToC can be fully composed of human-
derived cells. Taking advantage of microfabrication techniques,
microfluidics, and TE, ToC is being engineered to model the
main functions of tumor physiology. Highly integrated ToC de-
vices are composed of microfluidic chips, cells/microtissues, and
biomaterials; microactuators for physical and chemical stimuli;
and microsensors for monitoring the status of cells. The mi-
crofluidic chip provides cells with confinement and allows them
to move in the interstitial environment. This way, motile cells
like immune cells or CTC can mimic in vivo behavior. Together
with biomaterials and microfabrication techniques, multiple cell
types can be arranged in complex spatiotemporal architectures.
Co-culture of healthy tumor-associated and immune cells can be
done and combined to form a vascular system inside the same de-
vice. The right choice of materials and techniques allows the re-
production of several TME conditions.[*! Biochemical gradients,
dynamic multicellular and matrix interactions, and biomechani-
cal stimulation at a human-relevant level are examples of features
that ToC technology can provide within the same model. This sec-
tion presents the advantages and disadvantages of the different
tumor models and summarizes them in Table 1.

2.1. 2D In Vitro Cell Models

The easiest, cheapest, and highest-throughput tumor model ca-
pable of being produced at the moment is to grow 2D cell
monolayers in plastic dishes. Despite the growing number of
proofs that cell morphology, differentiation, proliferation, viabil-
ity, metabolism, and gene expression are remarkably different
from the in vivo environment, many of the therapeutics tested
for the treatment of tumors are still performed in these 2D
models.[*"]

The 3D structure of in vivo tumors makes cell—cell and cell-
matrix interactions respond in a different manner than in a 2D
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Table 1. Advantages and disadvantages of tumor models.
Tumor models Advantages Disadvantages Ref.
2D cell cultures Inexpensive Not representative of real cell environmentsReduced [40,49]
Well established cell-cell interactions
Convenient
Easier cell observation and measurement
Spheroids Growth factors and ECM are not required Simple and weak structure [53,54]
Allows for cell co-culture Homogenous spheroids are challenging to construct
Cross-linking methods are not necessary Lack of vasculature
Cost-effective and simple Limited size and lifetime
Tumoroids Conserves tumor heterogeneity Difficult to replicate the gradient of gases, nutrients, [58,59]
Requires ECM and pH
Reproduction of cell-ECM and intercellular Requires ECM cross-linking
interactions Lack of vasculature
Scaffolds/ Amenable to high throughput screening Simplified architecture [60]
Hydrogels High reproducibility Can be variable between models

Co-culture ability

3D Bioprinting Custom-made architecture
Chemical, physical gradients
High-throughput production
Co-culture ability
Animal models Efficacy
Drug resistance
Whole-body physiology
TME mimicry
Genetically modifiable
ToC Microarchitecture
In vivo-like microenvironment gradients
Biophysical stress
Reduced volumes of samples
Good visualization capabilities
Integrated sensory and actuator capabilities

Challenges with cells/materials [65,66]
Difficult to be adapted to high throughput screening
Issues with tissue maturation

Unable to upscale [70,75]
Different pathophysiology to humans
Costly
Ethical issues

Not standardized or automatized [39,50]
Complex experimental set-up
Need for integrated platforms

monolayer.[*¥] Besides, the heterogeneity of cells, substrate topog-
raphy, stiffness, architecture, and physicochemical stimulation
are completely different between the two.l*] 2D models, due to
their lack of heterogeneity, generate changes to the original tu-
mor phenotypes.[**l Moreover, they still lack the immune inter-
actions and drug barriers found in in vivo tumors, making them
inappropriate for drug testing. These 2D models lead to a series
of false-positive selection of drugs due to the lack of environmen-
tal cues in in vivo tumors, which affect not only the natural re-
sponses of cells but also the responses to said drug.[*’!

2.2. 3D In Vitro Cell Models

The limitations of 2D cell culture models gave rise to the de-
velopment of 3D models, which resulted in a better mimicking
of the cellular microenvironment of native tissues. Spheroids,
organoids, and 3D bioprinting technologies are, among oth-
ers (Figure 5), the most used approaches to producing 3D
models that have been gathering attention for in vitro tumor
recreation.[#6:51:52]

Spheroids are aggregates of cells grown in suspension or em-
bedded in a 3D matrix to produce 3D models capable of reca-
pitulating cell-cell and cell-ECM interactions.[] They can be
produced using different methodologies, like the hanging drop
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technique, spinner flasks, ultra-low attachment plates, or micro-
patterned plates, to name a few.[*] Spheroids are often employed
for drug screening, investigations of tumor development and pro-
liferation, immunological interactions, studies of invasion, ma-
trix remodeling, and angiogenesis, despite being more expensive
and time-consuming than 2D cell culture.** These models have
been evolving, and through their 3D conformation, the possibil-
ity of co-culture and embedding in a matrix makes them more
suited as tumor models than 2D cultures.[>®! Upon their grown,
a gradient of oxygen and nutrients appears, resulting in a core
under hypoxic conditions, bringing the protein and gene expres-
sion profiles of tumor cells in spheroids substantially closer to
the clinical and in vivo gene expression profile.’*] However, due
to the absence of stromal cells and the effects they have, impor-
tant elements of the tumor environment are not duplicated in-
side spheroid aggregates. Multicellular tumor spheroids are be-
ing developed to address these limitations.’®%”] Key advantages
of spheroids and hanging drops are their cost effectiveness, high
throughput, repeatability, and simplicity of usage.[“°]

Organoids, which were originally employed for stem cell re-
search, have been used for cancer research and are known as
tumoroids.*®! They usually derive from tissue-specific stem cells
or progenitor cells and are most frequently grown on a scaffold-
based system.[*) Organoids are cell-based structures that, like
spheroids, primarily rely on the capacity of cells to form and
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arrange themselves into 3D structures (Figure 5).°°! These al-
low for the exploitation of co-cultures as well as the reproduc-
tion of interstitial fluid pressure conditions. As they can repli-
cate not just the cancer mass but also the stromal environment,
allowing compartmentalization and the establishment of tumor-
stromal borders.l*8] The compartmentalized co-cultures have al-
lowed for the recreation of interstitial pressures with a high
level of reproducibility. Both glucose and oxygen diffusion were
found to be high, and there was adequate oxygen and nutrition
permeability.l*] However, endogenous tumor-associated stromal
components, like immune cells and fibroblasts, have not been
used in conventional organoid approaches.[*¢->°]

Biological scaffold models like decellularized extracellular ma-
trix (dECM), Matrigel, and collagen have been widely used to
build ECM architectures able to recreate the natural environment
for tumor cells. It is possible to co-culture with stromal cells and
add chemical agents and proteins from the ECM.I®l With 3D
printing technology allowing the design of more complex mod-
els with well-defined structures and compositions in a very re-
producible way, it has increased control over the spatial and tem-
poral distribution of cells.l¥61:62] Decellularization techniques,
however, may change the original tissue’s porosity and stiffness,
which impacts cellular responses, but they also enable the co-
culture of stromal cells, the incorporation of chemical agents,
and the addition of ECM proteins.[®*] Nonetheless, whilst these
models provide high throughput and generally have good nutri-
ent and oxygen permeability, they can be costly.l*¢%4] The engi-
neering of 3D tumor models using 3D bioprinting involves the
layer-by-layer deposition of bioinks such as tissue spheroids, cell
pellets, microcarriers, dECM components, and cell-laden hydro-
gels, all spatially defined.[%] As a result, the concentration, poros-
ity, and stiffness of the model may be adjusted. But, in these en-
gineered 3D tumor models, reduced cell survival and cell attach-
ment may occur due to their artificial construction and the origin
of the bioinks employed.[®] Nonetheless, all these models strive
to reproduce the complex architecture of tumors, their hetero-
geneity, migratory activity, or the influence of mechanical forces
like shear stress or hydrostatic pressure.[*°]

Other drawbacks are the lack of vascularization and dynamic
stimulation, which do not allow the reproduction of mechan-
ical forces involved in tumor progression, incapacitating cells’
progression to the full spectrum of phenotypes found in real
tumors.l®”] Mechanical cues from the TME promote tumor
growth, triggering mechanotransduction pathways that result in
phenotypic modifications. It is well known that matrix stiffness
and shear stress from fluid flow contribute to tumor progres-
sion and drug resistance.[®®*] Tissue-tissue interfaces and com-
plex spatiotemporal architectures of the ECM and vasculature,
to mention some, are 3D features that make possible biome-
chanical stimuli, such as flow and cyclic strain, or biochemical
stimuli to a precise region. 3D features like the ones aforemen-
tioned are impossible to model in a 2D setting or in conventional
3D models.

2.3. In Vivo Cancer Models

Animal models are the gold standard since they can emulate the
whole organism’s complexity. Of all the several animals that had
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their genome sequenced, the mouse (a murine species) is the
most used animal model in the study of carcinogenesis.”% Still,
they do not share the human genome, anatomy, or physiology,
and as such, their immunological and inflammatory responses
may differ from those of humans.”!] However, there are different
types of murine models that are still used and developed for tu-
morigenesis and tumor progression studies. Implanting tumor
cells into animal models has long been an experimental model
for the study of cancer biology.”?! Whether the injected cells are
in the form of cancer cell suspensions or in the form of a slice of
tumor from a patient. These are inserted into a specific site of the
animal model, which determines the type of model.[”*! If the in-
jected cells or tissues are delivered to the anatomic location from
which the tumor was derived, they are called orthotopic models,
whereas if they are inserted in an ectopic site, they are defined as
heterotopic. Since heterotopic models are injected into the mouse
flank, they are very controllable and do not require much surgi-
cal know-how.l”?] These different kinds of cancer models can rely
on grafted tumors derived from cell lines or explants or from
genetically engineered mouse models (GEMM) to intrinsically
develop the disease on their own.”*l In non-GEMM models, to
prevent graft rejection, this approach generally requires immun-
odeficient mice unless animal tumor cells are injected into syn-
geneic hosts.[”] Besides the injection of tumors, chemically in-
duced models can also be produced by the ingestion of some
types of foods, creating sporadic models. These types of models
are extremely limited since only a fraction of the mice develops
tumors, and with variable location, diffusion, and differentiation,
having low and longer tumor development.l”")

A patient-derived xenograft (PDX), which is a tumor created
by implanting patient tumor cells from tumor excision or biopsy
into immunodeficient mice, has been demonstrated to preserve
the donor’s histology and genetic profile through several pas-
sages. The donor tissue stroma is frequently replaced by murine
architecture, and the fastest-growing clones tend to take over, re-
sulting in a progressive loss of the heterogeneity of the initial
transplants.[’”?l PDX models have shown to be valuable for re-
search on cancer metastasis and drug resistance, as well as pre-
clinical testing and the identification of novel anticancer drug
candidates.””]

GEMM can be applied to investigate human disease and pos-
sibly create new treatments. However, the models only provide
data for the early stages of illness and have less evidence for the
latter stages. The native process of metastasis is not replicated by
GEMM models, which exhibit a lesser degree of dispersal and re-
quire more time to metastasize.l’%l Although animal models may
be the best choice for drug development today, the drawbacks
pointed out above, together with associated ethical problems and
high costs, the need for specialized personnel, the lack of high
throughput, and the fact that they are time-consuming, show the
immediate need for alternatives.l’%77]

2.4. Tumor-on-a-Chip (ToC) Models
ToC are microfluidic devices that aim at mimicking important
features of a tumor’s physiology. The architecture of these mi-

crofabricated devices mimics tumor microenvironments and
accommodates cells and tissues in an in vivo-like manner.
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Additionally, by modulating the ToC components and their prop-
erties, individually or in combination, this synthetic biological
approach controls biophysical, biochemical, cellular, and tissue
features, enabling insight into the human cancer pathophysiol-
ogy in an organ-relevant context.*®! They explore microfluidics
to act as a supply and drain of nutrients, gases, and metabolites
capable of spatiotemporal control and relevant physiological me-
chanical stimulation. More than often, laminar flow inside the
micrometer-sized channels is used for the spatial control of mate-
rials or the definition of chemical and physical gradients. Natural
and synthetic biomaterials are used as matrices to embed multi-
ple cell types typically present in tumorous tissue. The physical
and biochemical properties of the native ECM are reproduced by
these biomaterials to support and sustain cell adhesion, growth,
and proliferation.!”®]

In this last decade, ToC technology has been widely adopted
by academia in relevant studies of cancer physiology, eluci-
dating cancer biomechanisms or drug screening, as examples.
The complexity of the ToC devices is increasing, and different
types of function-specific devices are being developed.[”®! Sev-
eral stages of tumor progression and aggressiveness are modeled
in these micrometric devices, already integrating cell—cell, cell-
tissue, and tissue-tissue interactions to understand and depict
the tumor cascade. Biological stages of tumor development, in
which cells increase in malignancy through progressive multi-
step alterations, 88!l were already replicated using ToC technol-
ogy, namely angiogenesis, tumor progression, expansion, inva-
sion, and metastasis.>® Although ToC is in an earlier develop-
ment stage, preliminary results show that they have a strong po-
tential to become an effective human model to recreate patient-
specific tumor models to tackle fundamental studies of the phys-
ical and physiological properties of tissue, diagnostic tools, and
therapeutic planning.?*82] Being capable of generating person-
alized tissue profiles, ToC models allow for testing the effective-
ness of various treatments and thus guiding patient-specific ther-
apeutic decisions. Innovative and promising therapies like im-
munotherapy have been recently explored in a preclinical set-
ting using ToC technology for recreating and predicting tumor
responses in a dynamic manner, such as with immune check-
point inhibitors and adoptive cell-based therapy.[®*34

The possibility of integrating microsensors and the trans-
parent nature of the shell materials allow for on-chip biophys-
iochemical analysis and real-time imaging of tissues.® Mi-
crofluidics enables the potential for analysis of biochemical, ge-
netic, and metabolic activity online within the chips and with
low volumes of samples and reagents. Micro actuators are in-
tegrated to produce localized biophysiochemical stimulation or
even to divert the direction of the flow.®®l In the laboratory,
these devices were initially manufactured by means of microchip
fabrication technology, mainly by photolithography and using
poly(dimethylsiloxane) (PDMS).I”8] Nowadays, other techniques
like additive manufacturing (e.g., 3D printing, SLA, binder
jetting, bioprinting, etc.) or subtractive manufacturing (micro
milling, xurography, laser cutting, etc.) are also used and inte-
grated in ToC development.[¥”] By combining and integrating dif-
ferent technologies in the production process, the limitations of
one technique are solved by the next, consequently allowing for
the development of more complex ToCs. However, current ToC
is still simple systems, lacking the integration of multiple com-
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ponents of the TME with complex spatiotemporal distribution to
achieve realistic functional microtissues.!®] Even though ToC de-
vices are being developed at a fast rate, the engineering and fab-
rication aspects of these complex devices are still far from the vi-
sion of industrially manufactured ToC devices. Table 2 presents a
summary of some of the ToC devices developed in the last 5 years.

3. Biofabrication of Tumor Microenvironment
(TME)

Engineering a biologically accurate tumor model means devel-
oping a system capable of replicating the components and mon-
itoring all the interactions found in a TME (see Section 2). The
scaffold/matrix is one of the most important components of the
tumor biological model since it is the biological medium that will
mimic the ECM and, as such, is the environment provider for
cancer cells. The ideal scaffold would facilitate cell adhesion, pro-
liferation, and differentiation, enabling cell-ECM and cell—cell
interactions. To meet the requirements of TME, it must be bio-
compatible, biodegradable, and have architecture and mechani-
cal properties consistent with the in vivo ECM.[60#9]

Scaffolds can be produced from a series of natural and/or
synthetic materials. Synthetic polymers like polyethylene gly-
col or poly(e-caprolactone) have the advantage of having easily
tuneable and modulated properties. However, their synthetic na-
ture results in low bioactivity and can release by-products that
may change the TME. Unlike these, natural polymers like col-
lagen, gelatin, and alginate have good biocompatibility and in-
herent bioactivity.®l As an alternative, dECM is a biomaterial
that recreates the natural microenvironment, providing the nec-
essary ECM biological cues to cells. However, as a natural bioma-
terial, it lacks mechanical stability.[*®) The combination of natural
and synthetic polymers is being studied to achieve materials with
high biological activity and mechanical stability."

The definition of the biochemical composition and biophys-
ical characteristics of the materials, such as topography, stiff-
ness, molecular density, and tension, will determine how cells
will respond, influencing the quality of the results obtained
using the model.[®] In TE, there are several manufacturing
techniques to produce different types of scaffolds with differ-
ent physicochemical features. From nanoscale dimensions like
electrospinning, freeze-drying, or self-assembly to larger di-
mensions like 3D printing and molding. However, for most
ToC devices, the scaffold/matrix is either injected into the
microchannels/chambers,[°>%] or cast.[**?] A hybrid fabrication
method for the ToC matrix is expected to considerably improve
the technology.

Another critical component of the biological model is the cells
that will form the microtissues. Cells behave differently accord-
ing to their source. Commercially obtainable cell lines are usually
easier to culture and manage, though they do not always faith-
fully reproduce organ physiology and function due to the homo-
geneity of the cell population.[®® Pluripotent stem cells and pri-
mary cell types could also be used. However, human primary cells
may best suit ToC development and testing since they can be ob-
tained from the patient and consequently be used to describe the
patient-specific tumor.[””] The heterogeneity of tumors supports
this choice.[®®! On the other hand, primary cells need specific pro-
cedures to be obtained and maintained in vitro. In the case of
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Table 2. Overview of biological factors considered in some of the reviewed ToC models.
Tumor organ Application Materials Tumor cell Flow values Ref.
density
Cells Co-culture Coating material
/ ECM
Lung tumor-on- Tumor growth and Human lung Human AMMSCs Collagen | 0.5 x 10° Static [113]
a-chip morphology adenocarcinoma cell cells mL™!
line (A549)
Tumor growth and Human lung N/A Agarose 0.5 x 10° 2.5 pl min™! [114]
morphology adenocarcinoma cell cells mL™!
line (A549)
Brain tumor-on- Drug testing and Slice of human N/A N/A N/Ref 1TmLh™! [115]
a-chip development glioblastoma grown in
mice
Tumor chemotaxis and Hepatoma cell line BMECS and Collagen | static [93]
cancer treatment (HepG2) and astrocytes 1% 106 cells mL™!
astrocytoma cell (U87
line)
Tumor growth and Brain tumor tissue N/A N/A 10-15 mg pieces 4 mL min~! [116]
morphology (2x2x2
mm3)
Angiogenesis, Human glioblastoma HUVECs and lung Spheroid - 5000 cells well™! Static [117]
microvasculature, and cells (U7MG) fibroblast Matrigel Gel —
lymphatics Fibrinogen
Angiogenesis, patient-derived brain HUVECs Fibrinogen Max flow rate — [118]
microvasculature, and tumor neurosphere 0.5x 106 cellmL™" 321 mms~]
lymphatics culture (GS5)
Colorectal Angiogenesis, CRC cell lines (CRC268, EC, Monocyte cells, Fibrinogen 5% 10° cell mL™! Static [119]
tumor-on-a- microvasculature, and CRC663, CRC1180) and normal
chip lymphatics human lung
fibroblasts
Cancer treatment and Human colon cancer cell HCoMECs Matrigel guLh! [120]
drug development line (HCT-116) 10x 10 cells mL™"
Breast tumor-on- Angiogenesis, Human breast cancer HUVECs GelMA Several Velocity- [95]
a-chip microvasculature, and cells (MCF-7) 5x 1077 cms™!
lymphatics
Cancer invasion and MDA-MB-231 cells HUVEC Matrigel 108 cells mL~! N/Ref [127]
metastasis
Angiogenesis, MDA-MB-231 cells N/A Collagen | N/Ref [122]
microvasculature, and 1% 1x2mm3 slices
lymphatics
Tumor chemotaxis and Human lung Primary human Matrigel 30 pL with Static [123]
cancer treatment adenocarcinoma fibroblast (IMR-90 5000 cells
(Calu-3) and C5120)
Immune Human breast cancer NK-92 and HUVECs Collagen | N/Ref [124]
microenvironment cells (MCF-7) 1.5% 10° cell mL™!
Immune MDA-MB-231 HUVEC, monocytes, Collagen Static [125]
microenvironment and MCF-10A 4% 10 cells mL™!
Immune BT474 cell line HUVECs, Channels — 1 mL min~! [126]
microenvironment adenocarcinoma, fibronectin 1% 10° cells mL™!
breast CAF and Matrix —
immune cells Collagen |
Angiogenesis, MDA-MB-231, MCF-10A HUVECs, NHLF Fibrinogen 5.2 mmH,0 [127]
microvasculature, and and MCF-7 2% 106 cells mL™!
lymphatics
Extravasation
Tumor chemotaxis Breast cancer (MX-1) N/A Modified 0.03mLh! [128]
Cancer invasion and collagen 5% 10° cells mL™!
metastasis
(Continued)
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Table 2. (Continued).

Tumor organ Application Materials Tumor cell Flow values Ref.

density

Renal tumor-on- Angiogenesis, clear Renal Cell Normal-adjacent Collagen | 16.6 cells pL~! 0.5 uL min~! [129]

a-chip microvasculature, and Carcinoma renal cortex
lymphatics

Pancreatic Microenvironment-on-a-  Pancreatic cancer cell line Pancreatic stellate Collagen | N/Ref N/Ref [130]
tumor-on-a- chip (PANC-1) cell line
chip

Ovarian tumor- Cancer invasion and Ovarian carcinoma HOMECs Collagen | 1dyne cm™ [92]
on-a-chip metastasis (A2780) fibronectin 5% 10° cells mL™!

Skin tumor-on-a- Immune Murine melanoma cell N/A Matrigel 10 pL with 2 dynes cm~2 [94]
chip microenvironment line (B16F10-ova) Collagen 10° cells mL™!

Cervix tumor-on- Tumor growth and Hela cells HUVECs and Fibrinogen N/Ref Static [137]
a-chip morphology Human lung

fibroblast

Soft tissue Tumor chemotaxis and STS cell lines (STS117 N/A N/A Static [86]
tumor-on-a- cancer treatment and STS93) 2% 10 cells mL™"
chip

stem cells, some ethical and practical questions still arise.[*) De-
spite their origin, the primary concern would be to make sure that
all necessary cell media components and functioning cell types
are present and scaled in appropriate ratios.!*!

Independently of the type of cells used, the way microtissues
are introduced into the microphysiological device also varies.
Cells may be suspended in a medium and flowed into the de-
vice to adhere to walls or biomaterials, or they may be introduced
into biomaterial solutions and plotted into specific positions.[*°]
In other cases, they are first turned into spheroids or aggregates
and then further mixed in biomaterial solutions or placed in
spatially relevant locations. Sliced tissues from real tumors may
additionally be seeded in biomaterials or placed in microfluidic
chambers. Subsequently, mediums, factors, and genes, which are
non-cellular entities, are added to the scaffold/matrix or flowed
through microfluidic paths to nourish and stimulate the cells
toward maturation.'® Factors and genes may not always be
added since they can be directly produced by cells. However,
they may be added to simulate a specific period in the tumor
cascade.>]

Spheroids are often made from cancer cell lines. They can be
grown with or without a scaffold. Scaffold-free techniques are
frequently employed since they are quite easy, quick, and afford-
able to implement.[”! Pellet culture, which includes centrifuging
a cell solution to concentrate the cells, is the simplest scaffold-
free method. Although it frequently produces large-diameter
spheroids, the centrifugal force aids in the promotion of cell—cell
attachment. The shear force from spinning, which can affect cell
morphology and orientation but also modulate cell—cell or cell-
surface binding kinetics, influences the fate of cells, as well as
the challenge of producing spheroids on a large scale, are draw-
backs to this technology.'®l The hanging drop method includes
pipetting a cell suspension onto a lid, which is then turned upside
down, causing the cells to aggregate due to surface tension and
gravity.['9 The initial cell count is used to adjust the spheroid’s
size, and co-culturing can produce heterotypic spheroids.['*! The
liquid overlay is another simple technique where cell suspen-
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sions are plated on low-adhesive surface plates or on plates cov-
ered with materials like agarose that prevent cell attachment to
the surfaces.[1*]

Organoids are also usually made from adult stem cells, in-
duced pluripotent stem cells, or stem cells from an embryo. Such
organoids develop structures that need a scaffold to provide an
ECM. Organoids made from embryonic stem cells are expanded
initially, then differentiated later to reach a fully differentiated
state. Depending on the kind of tissue, the construction of a com-
plicated structure usually takes two to three months to achieve
and requires the application of various growth factors. Further-
more, adult stem cell-derived organoids use readily differentiated
cells from samples of biopsies or resections. Pluripotent stem
cell-derived organoids are seen to better model organogenesis,
whereas adult stem cell-derived organoids mimic epithelial tis-
sue regeneration.!'®] Each of these systems has a unique use and
can be complementary to other(s).

The air-liquid interface method is another technique that en-
ables the propagation of organoids with both stromal and epithe-
lial cells. In cell culture inserts, frequently employed in cell mi-
gration assays, the oxygen supply to the cells is significantly in-
creased compared to a submerged organoid approach because
here the cells are embedded in scaffold gels that are in direct
contact with air on the upper surface of the porous membrane.
Through diffusion into the porous membrane, cells absorb nutri-
ents and growth elements from the medium supplied on the bot-
tom surface. The air-liquid interface technique has the benefit
of not only retaining the TME for long periods but also includ-
ing stromal cells.['%] Although organoids produced using the
air-liquid interface approach may recreate the TME and contain
stromal and epithelial components, they lack tissue-tissue inter-
actions and mechanical cues.[*¥) These restrictions may be over-
come by culturing organoids using ToC technology. ToC model
design ideas could be paired with organoid self-organization
principles to create effective tumor models. Despite their ba-
sic differences, ToC and organoids are seen as complementary
models.['%7]
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Tumor models can also be produced by reseeding cells in the
dECM. This dECM can have different matrix stiffness, compo-
nents, and structures, all of which affect the TME. The modifica-
tion of their properties can be achieved by altering the conditions
of growth. For instance, Lv et al.1l produced dECM scaffolds with
various stiffnesses using MDA-MB-231 cells with varying levels
of lysyl oxidase expression. These scaffolds provide a 3D environ-
ment during recellularization for the assessment of cell viability
and cisplatin resistance.

3D bioprinting has also been used to replicate the TME. It
takes advantage of CAD software and equipment to print bioinks
that can contain spheroids, dECM components, and cell-laden
hydrogels in a spatially controlled layer-by-layer fashion.[1%8] Mul-
tiple technologies, like extrusion-based, droplet-based, and light-
based bioprinting, among others, can be implemented using this
method.['! A major advantage of 3D bioprinting for the de-
velopment of in vitro tumor models is that it allows the user
to regulate the deposition of numerous biomaterials as well as
cells and biomolecules in a predefined structure. In addition, the
ability to integrate perfusable vascular networks and the high-
throughput fabrication of tumor models make bioprinting an at-
tractive choice.['"] Using multiple materials in one bioprint can
produce multiple patient-specific models. In a study by Yi et al.,
three different inks were used to print multiple models on a glass
substrate.['"!] A silicon ink was printed to define the borders of
the model. A second ink containing glioblastoma cells embedded
in brain dECM and a third ink with the dECM and endothelial
cells were printed in a compartmentalized cancer-stroma concen-
tric ring structure that recapitulated the TME. The model repli-
cated clinically reported patient-specific resistances to concurrent
chemoradiation and temozolomide therapy and suggested that it
could be utilized to identify drug combinations that were most ef-
fective in tumor treatment. Structures like organoids that incor-
porate patient samples and are produced in a core-shell manner
to maintain genetic heterogeneity alongside stromal populations
were also employed in 3D bioprinting.['1?]

ToC technology to produce tumor models and the monetiza-
tion of the TME are further explained in Sections 4 and 5.

4. Design and Fabrication of a Tumor-on-a-Chip

4.1. Conventional Materials and Fabrication Methods

In research, the mainstream material used in the majority of the
currently manufactured ToC devices is PDMS. This polymer is
optically clear, flexible, biocompatible, and low-cost, with proper-
ties that are advantageous for soft lithography and cell culture,
as well as allowing the easy monitoring of the TME.*%! Glass
slides(’*?) and coverslips,[1**] Petri dishes,['** and polystyrene
(PS) omnitrays!!'3*] have been used as ToC substrates for the ease
of placement and visualization on the microscope. This substrate
is the bottom surface of the channel, and when bonded to the
casted PDMS layer, the microfluidic channels and chambers are
complete.

Soft lithography techniques from the semiconductor industry
have been used for a long time to develop prototypes with PDMS.
In a simple way, the soft lithography process is resumed by spin-
ning coating a substrate (e.g., Si-wafer or glass) with a photosen-
sitive material, photoresist (PR), to define the height of the chan-
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nel mold, exposing the PR to UV light through a photomask to
define the structures in the mold, and using a solvent to dissolve
the unpolymerized PR. This process defines the geometry of the
mold. The PDMS is then cast on the mold, peeled, and bonded
to another substratel'3®! that can be PDMS, glass, Si, etc.

The exposure of the desired areas to the resist is made by
means of a photomask. The fabrication of the photomask which
originated in the semiconductor industry uses a CAD design
to be imprinted on a substrate through specialized photolitho-
graphic or e-beam tools.['*”] However, some research groups are
minimizing the costs and the expertise needed by using high-
resolution printers to print transparency photomasks. These
masks are made of opaque regions on transparent polymer films.
Both Erdogan el al.'**] and Chen et al.* printed masks at
20 000 dpi to produce a ToC with minimum geometric fea-
tures of 150 um. According to the literature, the resolution can
be further enhanced to 8 um using photo-plotters operating
at 20 000 dpi.['*] As is understandable, photolithography and
micro-molding processes involve a panoply of parameters that
need to be fine-tuned so that the fluidic paths and chambers have
the desired dimensions, access points, and surface characteris-
tics.

The mainstream technique used in ToC for the bonding of two
polymer surfaces is oxygen plasma treatment. This very reactive
treatment modifies the atomic surface of the polymers, making
them receptive to generating new bonds. Leaving the treated sub-
strates in contact for a certain amount of time will irreversibly
bond them together. In some cases, annealing is done to rein-
force these bonds. This treatment can also be used to make the
walls of the device hydrophilic.[1#1:142]

Another geometric attribute of the ToC device is the ac-
cess to the fluidic paths, generally made through inlets and
outlets. Depending on the type of flow input technique, their
geometry varies. ToC devices use passive pumping,[13*14] hy.
drostatic pressure-driven micro pumping,['¥’! syringe pumps,
and/or vacuum to generate flow.'">] Biopsy punches,**] razor-
sharp punches,'* or blunt needles!'*! are widely used to punch
the hole in the position of the inlets and outlets before substrate
bonding. That access allows pipetting and the connection of tub-
ing to vacuum, flow generators, or reservoirs. In some cases,
large-size punches are used so that the inlet can be used as a
reservoir,'3] in others, Pyrex cloning cylinders(!*®! or bottom-
less plastic vials(™*®] are glued to each inlet or outlet to control
the flow by fluid pressure. A funnel-shaped inlet was designed
by Song et al.'*?] to address cell clogging that is observed in con-
ventional cylindrical shaped inlets formed with hole punchers. To
glue these reservoirs or tubing together, uncured PDMS or epoxy
glue is usually used.

Montanez-Sauri et al., taking advantage of passive pumping
and the positioning of the inlets, fabricated a microfluidic de-
vice composed of an array of 192 microchannels in which the in-
lets and outlets were conformed to a standard 384-well plate.['3’]
Using this device together with automated liquid handling pro-
vided the means to perform a high throughput culture of T47D
breast carcinoma cells in monocultures and co-cultures with hu-
man mammary fibroblasts in separate compartments.

A rectangular, linear microchannel with one inlet and one out-
let is the simplest geometry of a ToC device that can be fab-
ricated. Depending on the application and on the function to
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Table 3. Technologies used in the fabrication of the ToC models review in Table 2.

Tumor organ Technologies Ref.
Lung tumor-on-a-Chip Soft lithography, Spheroids on matrix [113]
3D printed mold, Spheroid on matrix [114]
Brain tumor-on-a-Chip CO, laser, Micromachining, Thermal press, Solvent welding, Tissue slice [115]
Soft lithography, Cells on matrix [93]
Glass etching, Tissue slice [116]
Injection molding, Spheroid on a chamber [117]
Soft lithography, Cells on matrix [118]
Colorectal tumor-on-a-Chip Soft lithography, Cells on matrix [119]
Soft lithography, Cells on matrix [120]
Breast tumor-on-a-Chip Soft lithography, 3D printing (co-axial), Cells on matrix [95]
Laser cut [127]
Poly(methyl methacrylate) (PMMA) milling, Tissue slices [122]
Soft lithography, Spheroids on matrix [123]
Soft lithography, Removing rod [124]
Soft lithography, Cells on matrix [125]
Soft lithography, Cells on matrix [126]
Soft lithography, Cells on matrix [127]
Soft lithography, Cells on matrix [128]
Renal tumor-on-a-Chip Cells on matrix [129]
Pancreatic tumor-on-a-Chip Spheroids on matrix [130]
Ovarian tumor-on-a-Chip Soft lithography, Cells on matrix [92]
Skin tumor-on-a-Chip Soft lithography, Cells on matrix [94]
Cervix tumor-on-a-Chip Soft lithography, Spheroids on matrix [137]
Soft tissue tumor-on-a-Chip Micromachining, Spheroid on chamber [86]

model, ToC devices with multiple adjacent channels, multiple
inlets, different-shaped chambers, multiple layers, and circular
cross sections have been developed through soft lithography. Al-
though the material used in the laboratory remains PDMS due
to established techniques and low cost, its absorption of small
hydrophobic molecules and its diffusion of gases, which are ad-
vantages in some types of models, become a great drawback in
drug toxicity and factor detection models. The adulteration of
results that the material can promote, together with the diffi-
culty of fabricating PDMS devices at an industrial scale is lead-
ing to the development of new alternative materials for ToC
fabrication.['*”] In the following topics, new alternative materi-
als and techniques will be presented and discussed for different
features of a ToC device, both at laboratorial and industrial scales
(Tables 3 and 4):

4.2. Channels

Rizvi et al. used a simple, inexpensive, and widely accessible
ToC design that uses medical-grade double-sided adhesive film
between a glass coverslip and a PMMA plate.'*] The chan-
nels’ shape was defined in a 254 um-thick adhesive by laser-
micromachining as well as the inlet and outlet in the PMMA cov-
ering plate. After sterilizing all the components with isopropyl al-
cohol and air drying them under sterile conditions, the glass cov-
erslip with the micromachined adhesive was placed on an icepack
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inside the laminar flow hood and Matrigel was spread on the
channel surface. Next, a PMMA plate was placed on top to com-
plete the channels. After using epoxy glue to seal the silicon tub-
ing to the inlets and outlets and leaving it at room temperature for
Matrigel gelation, the device was ready for epithelial ovarian can-
cer cell seeding. In this 24 x€40 mm ToC, they fabricated 3 inde-
pendent 4 x 25 mm, 254 um-thick channels to evaluate, character-
ize, and visualize the progression and epithelial-mesenchymal
transition of ovarian cancer cells under different flow conditions.
Other examples of this cost-effective and straightforward integra-
tion for microfluidic fabrication and cell growth on a ToC device
can be found for other applications.[4>-1>1]

Sacrificial materials that liquify during the polymerization of
the solution-containing cells are yet another simple way to define
micrometer-sized fluidic paths. Wan et al. micromilled a PMMA
plate and printed poly(vinyl siloxane) to make a counter master to
define a PDMS mold.[*?] This PDMS mold was filled with gelatin
through the microchannel inlet. The gelatin with the channel ge-
ometry was placed at the bottom of a reservoir, and a solution of
collagen was cast until the top. By incubating the device at 37 °C
the collagen polymerized and the gelatin liquefied. Using a mi-
cropipette, the gelatin was removed from the device, and a hol-
low microchannel with an inlet and outlet became successfully
defined inside the collagen structure. In this vascular 3D ECM,
motile breast cancer cells seeded into the collagen were observed
migrating to the vascular structure when chemical stimulation
was introduced.
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3D printing was also extensively used to fabricate microflu-
idics. Itincludes a fresh technique to print a removable sacrificial
material, !> printing masters for casting, /113l directly bioprint-
ing the tissues onto a substrate,'"!l coaxially extruding materi-
als to fabricate hollow perfused microchannels!® or printing the
structure of the device.l'>>] Another way to produce channels is by
using direct-write laser micromachining in a substrate. Carbon
dioxide (CO,) lasers are often used to directly engrave channels
into PMMA substrates!'>®l or to cut parts to fabricate masters!!'?!]
or devices.'">] Micromilling!®! and wet etching!!®! are also ex-
plored to directly engrave channels and other fluidic parts onto
substrates.

4.3. Interfaces

Interfaces between adjacent channels are essential to properly
mimic the borders between different tissues and, thus, the var-
ious biological barriers within the TME. ToC devices reviewed in
Table 4 typically contain micropillars, microgrooves, guides, mi-
crochannels, or membranes between adjacent channels to sus-
tain ECM-mimicking biomaterials or cell cultures and to estab-
lish the border (Figure 6). These interfaces usually serve to spa-
tially control gradients of nutrients and oxygen, biochemical fac-
tors, or drugs within the system. Micropillars are placed in a peri-
odic way along the limits of the adjacent channels. Dimensions,
distances, and surface characteristics determine the profile of the
interface. The contact area defined by the interface will influence
the diffusion of (bio)chemicals and the shear stress caused by the
flowing medium.

The pitch and shape of the micropillars vary in the
literature.°>118128] The formats and pitches must be designed
according to the material used since the surface tension of the
material will be the feature that holds the biomaterials (e.g., hy-
drogels) in the desired positions. An example can be found in
Kim et al.,l!33] in which the authors use different micropillars to
achieve multiple interfaces on the same chip.

Another way of implementing interfaces is by using mem-
branes with micropores. Although it requires more fabrication
steps, it is an efficient way of hindering the passage of un-
wanted material to cross the interface. Polyester,['*?] polycar-
bonate (PC),I%*! polyethylene terephthalate,!!?!] and PDMS[145:17]
membranes are commercially available or can be fabricated in-
house and can have pores ranging from hundreds of nanometers
to a few micrometers. They are typically used to promote flow be-
tween channels that overlap or are laterally adjacent.['?!]

Another way to use surface tension to support and guide
the flow and cells is to produce small continuous structures
between channels that will pin the biomaterial meniscus.!'"’]
These so-called phase guides were already explored in ToC
architecture,!*®1%] and are commercialized in chip arrays with
various formats. These interfaces can also be created by smaller
microchannels perpendicular to the main channels,['°! by re-
moving rods!*®!) or sacrificial materials!*®?] inside a biomaterial
structure.
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embedded within an ECM

Figure 6. Different types of interfaces. Flow (blue)/Biomaterial (red)). Adapted under the terms of the CC-BY Creative Commons Attribution
4.0 International license (https://creativecommons.org/licenses/by/4.0).1'83] Copyright 2021, The Authors, published by BMC, part of Springer

Nature.

4.4, Actuators

Actuators are used in ToC devices mainly to alter or induce me-
chanical stresses in tissues, either by directly applying a force
to the tissue or by altering the flow paths or profiles. Peristaltic
pumps, syringe pumps, or other instruments imposing a pres-
sure drop between the fluidic inlets and outlets are the most com-
monly used actuators to induce a given shear stress in the tissues,
which consequently alters the TME.[®®%] The “lung on a chip”
integrates actuation to simulate the rhythmic respiratory move-
ments of lungs and to create an in vitro human orthotopic model
of a lung tumor.'% Tt is composed of two overlapped channels
separated by a porous membrane. These two channels are later-
ally sandwiched between vacuum chambers that, when the vac-

Permeable
membrane

uum is applied, force the membrane and the cells seeded on it
to stretch (Figure 7). This strategy additionally served to study
the stretching effect in fibroblasts and compare both CAF and
normal tissue-associated fibroblasts (NAF).['*] The results in-
dicated that the phenotypes of stretched NAF are comparable
to those of CAF, suggesting that mechanical stress is a key el-
ement in NAF activation and CAF generation. This same de-
sign was also applied to produce gut-on-a-chip devices.'®l In
this case, the mechanical deformations generated by the vac-
uum chambers simulate the cyclic peristaltic movements of
the gut.

In some cases, valves are used to provide spatiotemporal con-
trol over fluid release and diffusion. For example, Hsu et al.
cultured tumor cells and fibroblasts in two chambers separated

b Stromal cells
@ Epithelial cells

‘ Tumor cells

Mechanical strain

Figure 7. A) Schematic of a lung ToC containing a vascular channel and a tumor tissue channel separated by a porous membrane and 2 lateral vacuum

chambers for mechanical stimulation. Isometric view. B) Frontal view.
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Figure 8. A) Schematic illustration of the data acquisition steps. Created using Biorender.com. B) Schematic of a gut-on-a-chip. The left channel was
used to establish an intestinal lumen using human epithelial Caco-2 cells. The right channel was employed to make a vascular lumen using HUVECs.

B) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0)

Copyright 2022, The Authors, published by Springer Nature.

by a valve.'®) When the vacuum was applied to the valve
chambers in the bottom layer, the thin middle layer of PDMS
deflected and allowed medium in the cell culture chambers in
the top layer to flow between both. This strategy allowed the anal-
ysis of the paracrine loop between both cultures. Rerouting of
fluid between the three chambers was also implemented for the
study of interactions among lung cancer cells, macrophages, and
myofibroblasts.[1 The use of magnet force is also used to block
the flow by acting on a metal rod to push a PDMS layer into a
channel.®®! Another strategy focuses on the use of pneumatic
valves to control the flow between the four chambers. Feng et al.
used 3D printed masters and added superparamagnetic iron ox-
ide nanoparticles (NP) to the PDMS-casted chambers to perform
magnetic hyperthermia treatment by facilitating NP penetration
in ECM biomaterial. Even though the actuator is off-chip, the
control of heat fluxes through this technique affects the tumor
spheroid at the nanoscale, which, in conjunction with valves and
flow, can impose the temperature of the system.['*”] Another ex-
ample of external actuation implemented in ToC technology is
X-ray. The exposure of a microfluidic device containing soft tis-
sue sarcoma spheroids to multiple X-ray radiation doses was per-
formed by Bavoux et al. to study the influence of a synergetic
treatment both with pharmaceutical compounds (Talazoparib,
Pazopanib, AZD7762) and radiotherapy./5¢
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4.5. Sensors

To achieve high-throughput physiological data collecting, the so-
called smart ToC devices must accurately monitor the biochem-
ical and biophysical parameters of the TME and, in the future,
provide data for analysis using artificial intelligence.['®] Biosen-
sors integration in ToC devices must be capable of measuring
physiobiochemical markers of the metabolic and functional sta-
tus of cells and their response to specific stimuli. Integrating
on-chip analysis methods to assess tumor model viability and
mimicry is the next step in complex ToC design (Figure 8). Physi-
cal and electrochemical sensors to measure, for example, pH,[1®]
oxygen,['7% temperature,['’!] impedancel7>173] or glucose and
lactate levels!'7#17%] are already being integrated into extremely
simple models like hanging drops!'’# or spheroids in wells.['7¢]
Arrays of sensors or sensor modules could be particularly ef-
ficient for automated capabilities and for real-time monitoring
of multiple physical or (bio)chemical signals in a non-invasive
manner.!"77178] This implementation is seen as a useful alterna-
tive for the analysis of cross-ToC interactions or even intra-ToC
flow-related parameters. Nonetheless, the measurement of phys-
iochemical parameters in a precise spatiotemporal location in the
near vicinities of the tumorigenic tissue poses enormous chal-
lenges.
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and the flow.

So far, macro imaging techniques are the mainstream assess-
ment tools used with ToC devices. The transparent nature of
the devices and their size enable flow and tissue observation
under microscopes. Commonly used microscopy and fluores-
cence techniques often require specialized personal and expen-
sive equipment, and, in many cases, the destruction of the tissue
is necessary for evaluation. More recently, efforts have been made
to integrate on-chip low-cost, and automated imaging.17%18]
Moreover, computational tools like machine learning and artifi-
cial intelligence are being applied to data analysis of these types
of devices.[168181]

5. Recent Architectures of ToC Models

ToC devices have been an area of extensive study. The first mi-
crofluidic device capable of separating and measuring individual
events of the metastasis process was developed in 2007.1'%] Since
then, several tumor-specific functions have been mimicked on
these microfluidic devices, with multiple features, different tu-
mor types, and co-cultures. According to our classification, ToC
architectures can be classified into four major groups: one-layer
ToC, Two-layer PDMS ToC, matrix-embedded channel, and flow-
adjacent chamber (Figure 9).

5.1. One-Layer Straight Channels

One of the simplest designs in ToC devices consists of linear ad-
jacent channels, each containing a different cell type, a co-culture
of different cell types, or simply working as a fluidic passage
(Figure 9A). Different tumor functions are commonly addressed
using this design and approach.!3123] The most used material
to fabricate these systems in the Lab is still PDMS through soft-
lithography, but other materials and techniques are being pur-
sued to implement the fabrication at a larger scale. The flow in
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these systems can be controlled in different manners, for exam-
ple, by hydrostatic pressure, positive pressure, negative pressure,
capillary forces, gradients, etc.

An example of a successful PDMS system with 3 adjacent rect-
angular cross section channels being used to replicate tumor pro-
gression at early stages (Figure 10), was seeded with

HelLa/fibroblast spheroids and epithelial cells (EC) in a fibrino-
gen solution in the middle channel while a solution of endothelial
cell medium flows through both lateral channels. With this sim-
ple design, the authors were able to study tumor behavior under
the influence of ECs and fibroblasts.['*!] A similar design seeded
MX-1 cells in a modified collagen solution (middle channel) and
filled with a chemoattractant-containing medium (lateral chan-
nels) achieved a biologically relevant 3D environment to resolve
different aspects of cancer intravasation.!'?!

Another microfluidic device with 3 linear adjacent PDMS
channels with rectangular cross section (available in the mar-
ket) was used to evaluate the dynamics of ex vivo brain tumor
stem-like cells."!8] The system employed to develop a perivascu-
lar niche model was seeded with a co-culture of patient-derived
brain tumor neurospheres, GS5 combined with human umbil-
ical vein endothelial cells (HUVECs) in a fibrinogen solution
(middle channel). An analogous design was applied to simulate
tumor cell extravasation.!*?!] This was fabricated by laser cutting a
PMMA plate master to cast the PDMS mold, resulting in a faster,
cheaper, and easier solution compared to photolithography. AIM
Biotech is one of the companies providing this design, incorpo-
rating multiple chips per plate of PC. Instead of soft lithography
and PDMS, these plates are fabricated by injection molding for
a faster and more cost-effective process. In this case, the resolu-
tion of channel dimensions will depend on the capabilities for
the fabrication of the master in a metallic substrate. Techniques,
such as micromilling or laser sintering, are suitable candidates
for this fabrication.
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Figure 10. Example of three adjacent straight channels in one-layer fabricated by AIM Biotech and used by Xiao et al. for the growth of brain
tumor stem-like cell-incorporated microvasculature-on-a-chip. Microfluidic device (250 um in height) containing a cell/gel loading micro-chamber
(8000 um x 1300 um) flanked by two medium flow channels (500 um in width). An array of triangular microposts separate the gel chamber and the
medium flow channel, allowing for loading and confining the hydrogel precursor to the mid chamber only. Scale bar: 1000 um. A) Representative time
course images of the microvessel formation over a period of 6 days. Scale bar: 15 um. Green: GFP-HUVEC. B) Whole chip scan showing microvascu-lature
formation (96 h postcell in fibrin) and loading of single BTSCs (GS5). Green: GFP-HUVECs. Red: BTSCs. Scale bar: 1000 um. C) Comsol Finite Element
Simulation of flow velocity magnitude (mm s~'). The finite element model was constructed using the experimental whole-chip microvessel network in (C).

A-D) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).

Copyright 2019, The Authors, published by Wiley-VCH.

The design of the channels usually has a rectangular cross sec-
tion, but other geometries are also possible. For example, a mid-
dle channel can have a circular shape enclosing colorectal tumor
cells in Matrigel solution and two adjacent channels seeded with
human colonic microvascular endothelial cells (HCoMECs) to
assess the dose-response effect of cells.'?] In this study, gem-
citabine was delivered through drug-loaded CMCht/PAMAM
nanoparticle gradients, both with spheroids and/or cell culture.

Designs with more than three straight rectangular cross sec-
tion adjacent channels are also common. Mi et al.l'®] studied
tumor-macrophage bidirectional crosstalk in a 4-channel device
with the medium flow (lateral channels) and tumor and non-
tumor cells (middle channels). Another example is given by
Nguyen et al. where the authors studied the effects of the deliv-
ery of trastuzumab drug to the tumor,[12l The authors used a 5-
channel device in the combination: middle channel seeded with
HUVECs simulating vascularization; lateral channels adjacent to
the middle seeded with a co-culture of HER2 breast cancer, CAF,
and immune cells; and the two most lateral channels serving as
medium reservoirs. The design was also tested with seven adja-
cent channels.[11913]

Tissues are influenced by interfaces in all directions of the 3D
space. One-layer straight channels allow for paired interfaces, al-
ways communicating laterally with one another. This arrange-
ment limits the movement of cells and gradients, meaning they
do not represent a real 3D environment.

5.2. Two-Layer PDMS ToC

This arrangement can be seen as the stacking of two one-layered
ToC, separated by a permeable membrane (Figure 9B). In par-
ticular, a simple three-linear adjacent upper channel configura-
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[118]

tion can communicate with a one-linear lower channel through
a micrometer-sized pore PDMS membrane.®?! This design en-
abled the observation of extravasation of cells from the lower
channel to the central upper channel with the tumor, and to study
the effect on triggering tumor migration to the ECM. Inverted
designs were implemented by imposing the interface through
the membrane only from the lateral lower channel (of three)
to the one-linear upper channel. Hepatic drug metabolism in
glioblastoma was addressed with this architecture.[?3! The lower
left channel, connected to the upper channel through a PC mem-
brane, contained brain microvascular endothelial cells (BMECs)
and astrocytes. The lower central channel enclosed a collagen so-
lution and the lower right channel U87 glioblastoma cells. The
drugs were introduced in the upper channel to simulate hepatic
metabolism and the effects of blood-brain barrier penetration.

Other simplistic designs consisted of molding one-linear
PDMS channels resorting to two micromilled PMMA plates.[**!
The one-linear channels were separated by a micrometer-size
pore PC membrane to study the infiltration of T cells into
the tumor tissue. Emulate, Inc. is commercializing this de-
sign in PDMS. Studies performed on their chips can be found
elsewhere.[8]

The two-layer ToC is the reference for mechanical stimulation
and allows an increase in the number of possible interfaces, both
laterally and vertically. Despite multiple interfaces effectively im-
prove control of the spatiotemporal location of each culture, this
architecture still does not provide an effective 3D environment.

5.3. Matrix-Embedded Channels
An alternative way to fabricate ToC is to pour biomaterials that

mimic ECM over channels made from sacrificial or permanent
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molds. In this type of design, cell cultures are part of the structure
of the channels instead of being seeded inside them (Figure 9C).

A simple design of this type of ToC was demonstrated by
Ayuso et al.,['24162] to evaluate natural killer (NK) cell response.
The authors used soft-lithography to produce PDMS structures
(chamber and rod). A solution of collagen with MCF7 cells
and NK-92 immune cells was injected into the chamber and
polymerized."?* The rod served as a master to mold the hydrogel
and is removed after polymerization. This resulted in a transver-
sal channel that was seeded with HUVECs, successfully demon-
strating how natural killer cells respond to a tumor-induced sup-
pressive environment. The latter allowed the removal of cell-
laden hydrogel from the device for further evaluation.

In another approach, a main chamber is superimposed by
rigorously placed sacrificial templates to define channels. This
tumor model was explored to evaluate the diffusion of various
drugs through the TME!'?%) or to evaluate tumor cell migration in
different fetal bovine serum concentrations.['?] The design con-
sists of a laser-cut PMMA plate as a rectangular chamber, and two
gelatine sacrificial templates placed at each end of the chamber to
define the microchannels. Tumor fragments are equally spaced
between the templates. The chamber is filled with a collagen so-
lution, which is crosslinked. The gelatin is then dissolved to form
hollow channels.

Bioprinting is an alternative fabrication technique to define
microchannels that can mimic vascular and lymphatic vessels by
means of a three-needle co-axial nozzle. For example, the diffu-
sion of drugs and biomolecules in the TME was mimicked using
a'ToC capable of reproducing both delivery and drainage routes of
the vascular system.[*®] In this device, a PDMS chamber was half-
filled with GelMA containing MCF-7 tumor cells. Two bioprinted
microvessels were horizontally placed at the chamber half-height.
Another layer of GelMA filled the remaining chamber. Polymer-
ization followed. HUVECs were seeded in an open microvessel
while HLECs were implanted in an end-blinded microvessel.

Nortis commercializes disposable microfluidic chips with this
design, in which one channel branches or goes to a chamber and
is used to inject the ECM biomaterial loaded with cells. A chan-
nel perpendicular to the first has a glass mandrel that crosses the
biomaterial. After polymerization, the mandrel is removed, and a
perfusable microchannel becomes available. Miller et al.['?] used
this commercial chip to develop the first vascularized, micro-
physiological biomimetic microfluidic device. The authors stud-
ied primary human clear renal cell carcinoma that retained the
tumor’s key angiogenic characteristics.

Unlike one-layer straight channels, matrix-embedded chan-
nels increase the directions in which cells and molecules can
propagate and diffuse. The absence of pillars and the presence
of ECM mimicking material in all directions of the fluidic chan-
nel better reproduce the in vivo conditions.

5.4. Flow-Adjacent Chamber

Flow-adjacent chamber architectures include a chamber sus-
pended over the fluidic microchannel (Figure 9D). One exam-
ple uses two glass layers thermally bonded to maintain human
glioblastoma tissue ex vivo for long periods.!*¢] The bottom Y-
shaped channel was wet etched while the chamber, inlets, and
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outlets, on top, were drilled. A semipermeable barrier was placed
in between to avoid the permeation of cells, inhibiting clogging
of the channel. The chamber was then pressure-sealed with a
polyetheretherketone micropore. A 2 mm? glioblastoma (GBM)
tissue was injected into the chamber, and the channel was per-
fused with media. Another design, aiming at developing an easy-
to-use, scalable, and reproducible ToC was made by injection
molding of PS following a standardized 96-well plate format ca-
pable of holding 48 ToC.['"”] The ToC is comprised of a central
chamber defined on an elevated rail guide. GBM spheroids were
deposited onto lung fibroblasts in a fibrin gel, already injected in
the chamber, to investigate tumor-related angiogenesis. For this,
the authors additionally seeded HUVECs in medium on each
side of the elevated rail. Models for vasculogenesis, tumor migra-
tion, angiogenesis, and tumor angiogenesis were achieved with
this architecture.

Thermoplastics other than PS favorable to study tumors
are poly(tetrafluoroethylene) (PTFE) and PMMA. A ToC design
based on the prior premises was patented for multiplex drug test-
ing in live tissue culture.l) It consists of a network of 40 chan-
nels feeding a clinical sample of tumor tissue in a side-by-side
manner for the assessment of apoptosis and proliferation of the
tumor. The plain bottom sheet (sealing layer) seals an intermedi-
ate micrometer-thick sheet that defines laser-cut channels (chan-
nel layer). The top layer (bottomless 40 well-plate) consists of 40
micromachined bottomless wells connecting each to the 40 mi-
crochannels below. The top layer additionally has a central area
for tissue placement. A PTFE porous membrane was placed be-
tween the channel layer and the top layer, in the central region, to
permeate fluid to the tissue. Solvent bonding and thermal press-
ing were used to adhere to the three PMMA parts. A slice of the
live tumor biopsy is placed on the porous membrane. Negative
pressure is imposed at one outlet to promote the medium con-
taining the drug to diffuse to the tissue slice in a parallel fashion.

The flow-adjacent design is already commercialized by Re-
act4life and has been applied for various tumor studies.!%%]

This type of design allows the use of larger tumor tissue or
cellular samples, expediting the use of clinical samples and mm-
size tissues.

5.5. Multiple or Integrated Architectures Designs

The ToC designs described previously are grouped according
to typical design features. But, even though a great number of
unique designs exist, they are frequently a combination of pri-
mary features and architectures reported above. As an example,
Chi et al."8] used a device that has a flow-adjacent chamber de-
sign (Section 5.4) combined with multiple chambers connected
in series (Section 5.1). In order to simulate specific tumor-stroma
complexity and tumor-endothelium interactions, the study in-
corporates tumor microvasculature and tumor-stromal microen-
vironment, including breast cancer invasion through the leaky
microvasculature and angiogenesis. Another work shows com-
bined elements in which a two-layer PDMS design (Section 5.2)
uses micropillars to trap spheroids in the desired place (Sec-
tion 5.1).'%] This design simulates two important biological
barriers to explore NP extravasation across leaky vasculature
and its subsequent accumulation in tumor tissues: tumor leaky
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vasculature and 3D tumor tissue with rich ECM. In another ex-
ample, the authors fabricated a bottom layer composed of wells
in a hydrogel substrate (Section 5.4) pressed onto a microfluidic
channel 3D printed on a porous membrane assisted by sacrificial
material (Section 5.3).1'8] The device was then sealed by press-
ing both layers together with the help of disk magnets and put
to use to observe the interactional dynamics of neutrophils and
growing tumor aggregates. In this study, the team observed that
neutrophils respond to the growing tumor spheroids through
both chemotaxis and the generation of neutrophil extracellular
traps.

The combination of architectures in one chip or the con-
nection between chips allows for connecting various models
or various organs. For example, the reproduction of metasta-
sis can be simulated by connecting models that simulate ex-
travasation and intravasation. A ToC with multiple organ mod-
els or the connection of a ToC to other organs-on-chip allows
us to see how metastasis sites would form on those tissues.!'®!
This assembly is also useful for drug testing. The resulting
data would infer the effects not only on the tumorigenic tis-
sues but also on the other organ systems.['”) The literature
presents an ever-wider variety of designs, materials, and fab-
rication techniques (Table 4). An example of a design not in-
cluded in the previous subsections consists of a well array in the
bottom layer seeded with spheroids and an array of antibody-
coated microarrays in the top layer. When closed together, the
ToC enabled the study of interactions between antibodies and T
cells with the tumor spheroids,"!l as well as the co-culture of
hepatocytes with tumor cells.['?] The simplicity of another de-
sign, comprised of a chamber with arrays of pillars made use
of hand-cut tape as a PDMS master for its photolithographic-
free fabrication, developing a simple model for tumor metas-
tasis. Moreover, CTC detection and isolation make use of spe-
cific architectures that are sometimes referred to as ToCs, even if
they are more complex than the designs reported earlier. Usu-
ally for this end, the microfluidic ToC devices integrate sev-
eral features such as mixing, separation, focusing, trapping, etc.,
described elsewhere.[193:194]

6. Conclusions and Future Perspectives

ToC interest has been increasing over the last decade and is be-
coming a field of extreme multidisciplinarity. Biologists, geneti-
cists, chemists, and engineers are working together to under-
stand the biological aspects behind tumor origin and cascade
while, at the same time, testing therapies and drugs by devel-
oping the ToC using well-established technologies for microflu-
idics fabrication. This straightforward use of microfluidics tech-
niques has resulted relatively well-developed proof-of-concept for
ToC technology, but without a clear reference to the properties,
geometries, actuation, and sensing optimization used, together
with biomaterials and cell culture features, its full potential will
take even longer to be achieved. This lack of information is per-
haps one of the main setbacks for the development and use of
microfluidic ToC technology, leading more than often to unre-
producible results. Moreover, a large quantity of published work
with related tissues and functions, in which the dimensions, flow
conditions, biomaterials features, etc., are not characterized or
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presented in units that can be related to each other, makes it ex-
tremely difficult to intercompare.

Since the initial development of new ToC systems often re-
lies on complex microfabrication techniques and structures, it
is crucial to investigate the design for accurate control of the
physicochemical parameters in the device. Furthermore, not all
researchers or users have a strong understanding of available mi-
crofabrication tools and their strengths and limitations for the
development of ToC. It becomes essential to create user-friendly
systems with standardized features and protocols for faster adop-
tion, industrialization, and clinical translation.

The development of both microfabrication techniques and mi-
crofluidics has significantly increased in the last decades, but the
lack of sensing and actuation elements on the ToC demonstrates
that these advances are not being fully implemented in this field.
Combining micro/nano-fabrication tools, microfluidics, TE, 3D
bioprinting, and the panoply of additive and subtractive manufac-
turing techniques is probably the best way to produce differenti-
ated models with high spatiotemporal control and resolution of
the TME components. Advanced modeling techniques with in-
novative biomaterials, long-term culture, the individual context
of cellular and non-cellular components, TE strategies, and man-
ufacturing techniques will all be important for the consistency of
ToC development and use. Other important features are automa-
tion and the connections of the ToC to the world, that is, the devel-
opment of standard plug-and-play from the ToC to existing appa-
ratus and analytical tools for automated medium changes, chem-
ical additions, fluid flow regulation, or real-time measurements
of tissue condition, as examples, have the potential to improve
consistency and the number of tissues that can be grown. More-
over, materials engineering and characterization will be needed
both for the exploitation of new biocompatible materials to serve
as structures in these devices as well as bioactive materials for
improved tissue culture.

Nowadays, projected devices are made for high-throughput
with simplistic models, better suited for drug testing and de-
velopment, tissue—tissue interaction studies, or to develop new
immune, radio, chemo, and cell therapies. To clearly evaluate
the factors that influence the heterogeneity inherent to the tu-
mor, the model must contain the tumor and stromal networks
found in in vivo tumors. But the physiological structure and
TME in vivo, such as the reproduction of complex signals and
the functions and responses of non-adjacent organs like the en-
docrine and immune systems, are intricate and not yet fully
understood.

To date, companies that mass produce and sell microflu-
idic devices for tissue culturing, provide simple products fab-
ricated by injection molding in a well-characterized inert poly-
mer and, in some cases, pre-seeding them with commercial
cell lines in a matrix of the most commonly used biomateri-
als. Although some ToC devices for laboratory use are avail-
able on the market, they often lack the necessary complexity
and reproducibility for use in cancer research. But for fast,
ready, and easy-to-use models for precise medicine, the ToC de-
vice must be precultured with appropriate TME components
to only receive the patient-derived tumor cells for culture and
testing.

The development and widespread use of microfluidic ToC
technology face a variety of challenges:
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Technical challenges

Multidisciplinary teams

Standardization of units

Lack of elements to reproduce results

Utilization of materials and techniques at the lab scale is chal-
lenging to translate for industrial manufacturing

Technological challenges

Microfabrication techniques integration

Sensing and actuation integration

Integration with already existing analytical equipment
Plug and play with existing flow control equipment
Integration with multiple organ-on-a-Chip

Biological challenges

Mimic tumor real 3D architecture

Vascularization spatiotemporal location

Gradients of nutrients and metabolites
Multicellular cultures

Trustworthy clinical representation and translation
Multiple biological systems

While ToC technology has the potential to revolutionize can-
cer research, these significant challenges prevent its translation
to the industrial scale. Although promising platforms to pro-
duce patient-specific models of tumors, ToC are still in their early
stages of development, and far more complex models must be
created to reproduce in vivo tumor heterogeneity, processes, and
the full microenvironment. Multi-model devices, such as human-
on-a-chip devices, are seen as promising to achieve these goals.

ToC technology already provides various advantages in cancer
research, including faster and real-time results, precise and tar-
geted studies, the ability to mimic interactions between different
cell types and biological structures, and the impact of physical
and mechanical stresses on tumor growth. Moreover, ToC mod-
els have the potential for high throughput and scalability, as well
as application in personalized medicine and drug discovery. Fur-
thermore, ToC models were seen to successfully substitute an-
imal models, reducing the number of animals used in experi-
ments, which is consistent with the 3 R policy objectives.

This review points out that well-integrated microfluidic ToC
devices and know-how have the potential to uncover the most
intricate secrets of tumor biology and to stretch the knowledge
about their invasiveness potential to other organs as well as to
establish realistic predictive therapeutic models.
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