
Citation: Foglizzo, V.; Cocco, E.;

Marchiò, S. Advanced Cellular

Models for Preclinical Drug Testing:

From 2D Cultures to

Organ-on-a-Chip Technology. Cancers

2022, 14, 3692. https://doi.org/

10.3390/cancers14153692

Academic Editors: Sascha Kopp

and Marcus Krüger

Received: 17 May 2022

Accepted: 26 July 2022

Published: 28 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Advanced Cellular Models for Preclinical Drug Testing: From
2D Cultures to Organ-on-a-Chip Technology
Valentina Foglizzo 1, Emiliano Cocco 1 and Serena Marchiò 2,3,*

1 Department of Biochemistry and Molecular Biology, University of Miami Miller School of Medicine,
Miami, FL 33136, USA; vxf221@med.miami.edu (V.F.); exc2752@med.miami.edu (E.C.)

2 Department of Oncology, University of Torino, 10060 Candiolo, Italy
3 Candiolo Cancer Institute, FPO-IRCCS, 10060 Candiolo, Italy
* Correspondence: serena.marchio@ircc.it

Simple Summary: Novel strategies that aim at personalizing cancer therapy are in rapid evolution.
In the past decade, new methods to test for the efficacy of either standard-of-care medicines or novel
targeted compounds have been implemented. In this review, we introduce the reader to experimental
studies that employ patient-derived material to produce spheroids, organoids, or organs-on-a-chip as
platforms that allow a more accurate representation of cancer complexity compared to bidimensional
cell cultures. We discuss on the versatility and reliability of these model systems, provide evidence
of their usage in drug screenings, and describe potential downfalls. The open question is whether
or not tumor mimicry in vitro will be, in the near future, advanced enough to prospectively inform
about treatment outcome on a certain patient.

Abstract: Cancer is a complex disease arising from a homeostatic imbalance of cell-intrinsic and
microenvironment-related mechanisms. A multimodal approach to treat cancer that includes surgery,
chemotherapy, and radiation therapy often fails in achieving tumor remission and produces unbear-
able side effects including secondary malignancies. Novel strategies have been implemented in the
past decades in order to replace conventional chemotherapeutics with targeted, less toxic drugs. Up
to now, scientists have relied on results achieved in animal research before proceeding to clinical
trials. However, the high failure rate of targeted drugs in early phase trials leaves no doubt about the
inadequacy of those models. In compliance with the need of reducing, and possibly replacing, animal
research, studies have been conducted in vitro with advanced cellular models that more and more
mimic the tumor in vivo. We will here review those methods that allow for the 3D reconstitution of
the tumor and its microenvironment and the implementation of the organ-on-a-chip technology to
study minimal organ units in disease progression. We will make specific reference to the usability
of these systems as predictive cancer models and report on recent applications in high-throughput
screenings of innovative and targeted drug compounds.

Keywords: cancer; target therapy; 3D tumor models; organ-on-a-chip; nanotechnology

1. Introduction

Cancer treatment requires the effort of different professionalities. A multimodal
approach usually combines surgical treatment for disease sampling, removal radiotherapy
to reduce the need for invasive surgical procedures, and drug administration to kill cancer
cells [1]. Classic chemotherapeutic agents with cytotoxic properties are still widely used in
the clinic. However, as these drugs affect essential processes and are not able to discriminate
between diseased and healthy cells, they often produce important on-mechanism side
effects and organ failures [2]. This is the reason why, also based on the massive sequencing
effort to identify novel molecular targets and/or driver genes, more specific drugs have
been produced in the past few decades. Most of these drugs are small-molecule compounds
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that still inhibit essential proteins; as a consequence, they display narrow therapeutic
windows that need to be carefully evaluated in terms of dose-response and biodistribution
between the tumor and the healthy tissues.

The overall cost of a drug entering the market is estimated in the range of billions
of dollars. Although targeted therapeutics have opened up new roads in cancer therapy,
the number of new chemical entities receiving FDA approval is constantly decreasing [3].
Furthermore, it has been shown that only 5% of those entities prove to be efficacious in
clinical trials [4,5]. The reasons why not many drugs enter the clinic, in spite of promising
preliminary results, reside in the fact that preclinical experiments do not translate well to
the human. This has to be attributed to the type of experimental models we are still using.

Bidimensional (2D) cell cultures have been and are still widely employed in high-
throughput drug screenings, despite the high degree of false negative/positive hits due to
the poor recapitulation of the in vivo complexity, and particularly the lack of cell–matrix
interactions and the absence of an apicobasal polarity. Tridimensional (3D) cell models,
such as spheroids, recapitulate some features of a tumor’ spatial architecture, yet they do
not include fundamental components such as the tumor vasculature and microenviron-
ment. Animal models, where most of the drugs are tested preclinically for their efficacy and
pharmacological properties, often return an imperfect readout because of species-specific
differences. Furthermore, most of the animal models used in research do not have a com-
plete immune system. Should we not forget that animal research is costly, time consuming,
and ethically questionable. New technologies are being implemented to optimize in vitro
tumor models as an efficient surrogate of animal studies.

In this review we will focus on how the in vitro model systems panorama is changing
under the impulse of fulfilling the need to envision more successful clinical trials using
tools that show a high degree of flexibility, a controlled environment, and that are amenable
to high throughput screenings. We will discuss 3D model systems and the organ-on-a-chip
technology, making specific reference to those experiments that employ primary human
cells and tissue specimens for the evaluation of anticancer drug activity.

2. Bidimensional Cultures of Cell Lines: Traditional Cancer Models

Cancer cell lines remain the major source of biological material for the screening of
active agents in cancer therapy. Cell lines have the capacity to proliferate indefinitely
and to be propagated for long periods of time. They are amenable for high throughput
screenings, and panels of cell lines with defined mutations are available for controlled
in vitro experiments, such as the ones from the National Cancer Institute (last updated
in 2015) [6]. Cancer genomic data coupled with pharmacologic profiles have shown to be
good predictors of drug sensitivity in the Cancer Cell Line Encyclopedia, a collection of
947 human cancer cell lines [7]. Furthermore, the ease with which it is possible to manipu-
late immortalized cancer cells with genome editing systems such as CRISPR-Cas9 makes
them an invaluable tool to study gene function and drug sensitivity [8,9]. Lastly, we are
now able to generate drug-resistant cell lines to investigate the molecular mechanisms (both
genetic and epigenetic) that render a certain type of tumor refractory to treatment [10,11].
Cell lines, however, have intrinsic limitations. First, they have to be adapted to specific
culture conditions and this favors clone selection thus impinging on cell heterogeneity.
Second, it is not always easy to generate cancer cell lines, being prostate cancer a prominent
example with only seven cell lines established. In addition, their ability to proliferate
indefinitely comes at the expenses of cell differentiation; indeed, progressive changes in
gene expression profiles have been documented [12]. As an example, the genomic char-
acterization of 27 strains of the breast cancer cell line MCF7 showed substantial genetic
variation, probably due to passaging and experimental manipulation. These alterations
were reported to have a tremendous impact on drug susceptibility [13].

Patient-derived primary cells represent a more suitable resource for genetic and drug
screenings. They better represent the tumor in vivo, although their lifespan is limited to
few passages. When cultured in 2D, the contact with the plastic dish makes them change
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morphology and lose some of the original functions. In addition, the success rate of primary
cell lines establishment is quite low and extensive biochemical, histological, and genomic
characterizations must be conducted to verify the fidelity of the model [14].

More in general, cell lines do not recapitulate certain in vivo conditions such as pe-
culiar cell–cell and cell–matrix interactions. There is no tumor stroma involved and, as a
consequence, cell lines lose the peculiar signals coming from their niches. Furthermore,
cells in 2D are constantly exposed to high levels of nutrients and oxygen, parameters that,
in vivo, are subject to variability imposed by the tumor architecture [15,16]. It is with no
surprise that in this scenario many drugs work in a culture dish but ultimately fail in the
clinic. In view of designing more accurate and successful clinical trials, superior preclinical
models that incorporate elements of cancer complexity are being developed.

3. Tridimensional Cell Cultures: New Models in Cancer Research
3.1. Multicellular Tumor Spheroids and Tumorshperes

Multicellular tumor spheroids (MCTS) have been successfully established from a
variety of cancer cell lines [17]. Indeed, low density single-cell suspensions form MCTS
in conventional media when cultured in low-adherence plates or with the hanging drop
method (Figure 1). Despite little resemblance to the primary cancer, MCTS display features
such as metabolic and proliferative rates similar to the in vivo situation, even though it has
been demonstrated that specific culture media are necessary for the complete recapitulation
of a tumor in vivo [18]. Compared with 2D cell lines, the MCTS hypoxic core better mimics
the gradients of oxygen and nutrients observed in a tumor [19]. Furthermore, this method
allows oriented cell–cell contacts, which are fundamental for signal activation between
neighboring cells [20,21]. There are multiple protocols to generate MCTS and these are
extensively reviewed in Gunti et al., 2021 [22].
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Figure 1. Formation of cancer cell spheroids and tumorspheres. Spheroids are formed from the
dissociation of cancer cell monolayers/tumor masses upon cell growth in suspension. This can be
achieved by culture in low-adherence plates (left) or by applying the hanging drop method (right).
Created with BioRender.com.

Cultivation of spheroids can be scaled up by means of rotary systems that—in their
simplest form—consist in a bottle and an agitator. In this way, cells are grown in suspension
and high amounts of spheroids can be produced. However, large quantities of media are
required and mechanical damage may occur [23]. Rotating wall vessel bioreactors can
obviate to the high shear stress imposed by these agitators, being formed by a liquid-filled
cylinder that, by rotating on its axis, gently drags the fluid in a circular motion. With
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this method, spheroids with a more uniform size, increased metabolic activity, and higher
oxygenation can be produced [24].

MCTS have also been established from a number of tumor types [25–30] and are
usually referred to as tumorspheres. For example, colonspheres derived from colon cancer
specimens have been shown to share a good degree of similarity in gene expression profile
with the original tumor, to retain the ability to form metastasis upon kidney capsule
transplantation, and to respond to irinotecan and 5-FU therapies as the corresponding
patient-derived xenografts [31]. Tumorsphere formation is considered a readout of tumor
stemness [32,33]. It has been demonstrated that these cultures are enriched in stem cells, or
tumor-initiating cells, and their serial propagation is a direct reflection of their ability to
proliferate and self-renew over time. Cancer stem cells are linked to drug resistance and, in
fact, MTCS are believed to more faithfully mirror the response to therapy compared with
2D cell lines [34]. An elegant work by Seguin et al. shows that αvβ3 integrin-positive cells
sorted from lung and pancreatic tumors have the ability not only to form spheres but also
to replenish the αvβ3 integrin-negative subpopulation and thus to recapitulate the original
tumor heterogeneity in vitro. Furthermore, this population is shown to drive resistance
to the epidermal growth factor receptor (EGFR) inhibitor erlotinib through the formation
of an αvβ3 integrin—KRAS-2B—RalB complex [35]. Resistance to therapy has also been
investigated by Gencoglu et al. utilizing a panel of ascites-derived primary ovarian cancer
samples. With the purpose of comparing response to therapy in 2D and 3D cultures, they
have been able to show that tumorspheres recapitulate cisplatin resistance as seen in vivo
whereas 2D cultures do not [36]. Similarly, patient-derived hepatocellular carcinoma cell
lines grown as spheres better represent sensitivity to routinely used chemotherapeutics
compared to either 2D cell lines or co-cultures [37]. One aspect of therapy resistance
is the multidrug resistant phenotype, which is characterized by the presence of specific
efflux pumps that counterbalance drug uptake. Azharuddin and colleagues have shown
that tumorspheres from patients treated with chemotherapy display differential activity
of these pumps and exhibit resistance to therapy, a feature that is not maintained in the
2D cell lines [38].

Spheroids are more and more considered as preclinical systems to test drug activity
and to predict therapy response in vitro. In a first example, 117 specimens of endometrial
cancer have been employed to produce cancer tissue-originated spheroids (CTOS) with a
good success rate (62% of them could be cultured for more than 2 weeks). Two CTOS lines,
one of grade 3 adenocarcinoma (cp22), and one of serous adenocarcinoma (cp43) were
tested for their sensitivity to 79 molecularly targeted drugs, giving different positive hits.
For instance, cp22 was resistant and cp43 was sensitive to Y155A (a survivin inhibitor), and
this feature was retained when the spheroids were implanted in nude mice. The efficacy of
Y155A was tested on a total of 11 CTOS lines, reflecting a broad range of sensitivity to this
drug. Similarly, sensitivity to everolimus (a rapamycin complex 1 inhibitor) was variable,
in support of the differential effects observed with patients in clinical trials [39]. In another
example, glioblastoma patient-derived cells have been successfully cultivated as spheroids
and subjected to high-throughput screening with a library of 1912 drug compounds, which
resulted in MEK and PI3K inhibitors to be selected as positive hits. In vivo validation
resulted in successful treatment with MEK inhibitor alone as compared with in vitro, where
the combination of the two agents had a synergistic role [40]. As a further example, it
has been shown in colorectal cancer specimens that paired and spatially distinct spheroid
cultures would be better suited to address intra-tumor heterogeneity, and thus therapy
response, in vitro [41].

These results show that we are on a stage where tumorspheres are appropriate for
high-throughput screenings and can inform on which compounds should proceed to fur-
ther preclinical investigation. However versatile, this tool can only be considered as an in-
termediate representation of cancer complexity, as it is based on random aggregation of cells
rather than on the recapitulation of the actual tumor architecture. Furthermore, spheroids
lack vasculature and matrix-imposed stiffness, which convey survival/death signals.
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3.2. Patient-Derived Organoids

The advent of the organoid technology, which dates back to 2009 [42], has made it
possible to propagate a variety of stem cells (adult, fetal, embryonic, induced pluripotent)
from which heterogeneous cell populations are derived to recreate tissue architecture and
functions in a dish [43]. Specific culture conditions are of fundamental importance for the
maintenance of in vivo traits: this is the case of intestinal organoids that in niche-inspired
medium preserve both the enterocytic and secretory lineages as they are in the crypts [44],
but also of pancreatic and breast organoids that in specific media produce insulin and
milk, respectively [45,46] (Figure 2). Media setup is crucial to allow cell proliferation
and the onset of lineage-specific gradients that promote differentiation. In other cases, a
specific medium—frequently including inhibitors—has to be prepared for differentiation
to occur [47]. We suggest the review from Kim et al. for an accurate glimpse of what the
media for different type of organoids are made of [48].
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Figure 2. Organoids recapitulate in vitro the architecture and functions of the tissue in vivo. From
isolated intestinal crypts it is possible to obtain organoids with enterocytes that absorb nutrients and
secretory cells (e.g., Goblet cells) that secrete mucus. From isolated pancreatic islet it is possible to
derive organoids that secrete insulin and from isolated mammary glands organoids that secrete milk
upon stimulation with prolactin. Created with BioRender.com.

As an outcome of this discovery, methods to establish patient-derived tumor organoids
(PDTOs) have been developed that can be cultured and expanded in clinically relevant
timeframes in the search for personalized therapies [49–53]. Research on PDTOs dates back
to one decade ago, when original work on pancreatic cancer has shown the setup of culture
conditions for primary pancreatic ductal adenocarcinoma (PDAC) organoids that retained
in vitro the same tissue architecture and cell differentiation of the tumor in vivo. The genetic
and epigenetic landscape of these tumor varies widely and the lack of drugs targeting the
most common mutated genes (KRAS, TP53, CDKN2A, SMAD4) made the authors to select
two epigenetic drugs A366 (inhibitors of G9a) and UNC1999 (EZH2 inhibitor) to be used
alone or in combination with gemcitabine, the standard-of-care treatment for this tumor.
While no growth inhibition was shown in the A366 treated organoids, four organoids out of
five tested showed response to UNC1999 and positivity for H3K27me3 markers for which
EZH2 is a writer, highlighting the importance of patient-derived cultures in the search of
new therapeutic strategies [54].

Genomic studies alone have been shown to be highly informative but rarely effective
in identifying useful therapeutic strategies. In search for a valuable pipeline that would
ultimately lead to the design of more accurate clinical trials, in 2016 Pauli and colleagues
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published a paper in which they prepared organoids selected from 145 specimens and
performed personalized drug screenings coupled with genomic analysis for four late-stage
cancer patients. A uterine carcinosarcoma, an endometrial carcinosarcoma, and two stage
IV colorectal cancers with respective mutations on KRAS and APC, were subjected to drug
dose-response screenings with a total of 160 drugs. For each tumor, targeted agents were
found, which were tested on matched patient-derived xenografts for efficacy and toxicity.
Furthermore, for each patient, combinations of targeted agents were identified that were
more effective than the standard-of-care [55].

Cancer specimens frequently harbor hundreds of mutations. It is thus quite compli-
cated to assess the relative contribution of targeted therapeutics in a multiple-mutation
background. Organoids are amenable for genetic manipulation and isogenic organoids
are becoming an invaluable tool for the screening of targeted compounds. It is with this
purpose that KRAS G12D organoids have been created from wild-type colorectal cancer
specimens to study the response to EGFR-RAS-ERK pathway inhibition, which is inef-
fective in RAS-mutated cancers. Despite proven on-target toxicity, low concentrations of
navitoclax, a BCL-family member inhibitor, seemed to hold great promise in combination
therapy by priming mutant RAS tumors for apoptosis [56]. This shows how informative
organoid screenings are, and how important would it be to routinely implement them in
the preclinical stage before a drug can be tested in vivo.

Pancreatic cancer is one of the deadliest tumors worldwide. Patients sometimes un-
dergo surgery but not all of them are eligible for such treatment, which offers nowadays
just a modest improvement to the overall survival. Furthermore, pancreatic cancer is
often found as an advanced disease at diagnosis, so treatment options are dismal. Tiriac
and colleagues successfully established 114 PDTOs out of 159 samples that recapitulated
in vitro the genetic alterations found in the primary tumors. They performed therapeutic
profiling (pharmacotyping) of 66 PDAC-confirmed PDTOs, finding fluctuating sensitiv-
ity between patient samples to the most commonly employed chemotherapeutic agents
(gemcitabine, paclitaxel, irinotecan, 5-FU, and oxaliplatin). They were able to stratify pa-
tients into sensitivity subgroups and to confirm their findings in a retrospective analysis
of patient response to the chemotherapeutic drugs. Furthermore, they employed targeted
drugs as alternative strategies for chemotherapy-refractory PDTOs [57]. Seminal work
by Driehuis et al. substantially confirmed these findings by matching the clinical history
of the patients and the response to chemotherapeutic drugs of the PDTOs in culture [58].
Biliary tract carcinoma organoids have also been established by Saito and colleagues in
order to find novel therapeutic strategies for this often-inoperable disease. By screening
339 clinically and non-clinically used drugs, they have been able to show that the organoids
respond to commonly used chemotherapeutics, but also to amorolfine and fenticonazole,
antifungal drugs that could be repurposed for cancer therapy [59]. The organoid tech-
nology aids in developing innovative therapeutic regimens where, for example, cell lines
are not available. This is the case of castration-resistant neuroendocrine prostate cancer
(CRPC-NE), an advanced disease derived from CRPC tumors that have lost dependency
on androgen receptor (AR) as a way to elude AR-targeted therapy. These resistant tumors
have almost no representation in terms of cell lines. This is the reason why Puca et al.
generated 4 PDTOs from CRPC-NE tumors and screened 129 chemotherapeutics on them,
identifying alisertinib (aurora kinase inhibitor) and GSK343 (EZH2 inhibitor) as novel
potential therapies [60].

Organoids can be generated from fine needle biopsies with high efficiency with the
purpose of biobanking. Storage of samples that maintain the genetic heterogeneity of a
tumor and derivation of samples that represent different tumor histology is an invaluable
tool in precision medicine. In 2019, Kim and coworkers established a biobank of 80 lung
cancer organoids (LCOs) and matched normal airway tissues with the aim of screening for
different drug activity. The LCOs encompassed five histological subtypes (adenocarcinoma,
squamous cell carcinoma, squamous adenocarcinoma, large cell carcinoma, and small cell
carcinoma) and generated tumors when implanted into immunocompromised mice. Treat-
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ment with different drugs, including erlotinib, revealed sensitive and resistant organoids.
The latter were screened for additional alterations and found to be Met-amplified. Consis-
tently, they were sensitive to crizotinib, a Met inhibitor [61].

These studies bring us to one important consideration: the setting up of this organoid
cultures and subsequent drug screenings might take up to few months, which is a relatively
long time for advancing new therapeutic strategies for late-stage diseases.

4. Microfluidic-Based Systems and the Organ-on-a-Chip Technology

To bridge the gap between in vitro and in vivo drug testing, accurate models of tissue
physiology are needed. Before a drug can enter a clinical trial, its efficacy and toxicity
as well as its absorption-distribution-metabolism-excretion (ADME) profile and pharma-
cokinetics/pharmacodynamics have to be accurately assessed. Mouse models are widely
employed to evaluate these parameters before moving to superior animal models and
eventually to the human. Although mouse research will be still fundamental in the years to
come, we believe that new approaches are mandatory to overcome the difficulties in han-
dling those models, the costs and the imperfect readouts due non-comparable metabolisms,
organ physiology, and immune systems [62,63].

4.1. Spheroids and Organoids Cultured in Microfluidic Systems

3D cell cultures such as spheroids and organoids integrated with microfluidic chips
have been generated with the purpose of evaluating the efficacy of drugs in a more phys-
iological context. Building up the perfect platform that not only accommodates good
amounts of sample but also allows for direct analysis is not an easy task. In 2014, the
PDMS Spherochip platform was built by Kwapiszewska and collaborators, consisting in a
serpentine inlet for gradient generation and 384 compatible wells for accommodation of the
cells. The authors showed that spheroids of two cancer cell lines (Hep-G2 and HT-29) were
easily formed in this platform and that it was possible to analyze their proliferative and
metabolic responses upon 5-FU administration [64]. As discussed previously, spheroids
are an intermediate model of cancer complexity and are suitable for high-throughput
screenings. However, a major issue is the lack of size homogeneity in culture, which may
result in non-uniform responses as drug penetration can differ widely [65]. Fang and col-
leagues invented a liquid dome method to generate spheroids with increasing sizes on an
agarose chip, which was achieved by simply modulating the surface tension. They showed
that spheroids with bigger sizes have a differential response compared to those of small
dimensions, presenting their platform as the first to have the ability of producing more
than 200 spheroids of different sizes at the same time [66]. Spheroids of uniform size have
been prepared in a microfluidic platform for drug testing purposes by Patra and colleagues.
They have been able to generate more than 5000 uniform spheroids, which were treated
with cisplatin, resveratrol, and/or tirapazamine and evaluated at the single-cell level by
flow cytometry. This work confirmed that the initial volume of the spheroid is crucial to
achieving reliable pharmacological effects measured as cell proliferation/apoptosis. In
addition, the authors observed that drug efficacy does not necessarily correlate with a
decrease in spheroid volume, which therefore should not be used as a reference parameter
when evaluating drug efficacy [67].

Organoids too can be integrated in microfluidic chips to recapitulate organ structure
and functions. A chip with organoids of primary lung cancer has been proposed by
Jung and coworkers that allowed for the uniform growth of the organoids, an important
characteristic for drug testing purposes. The authors observed that the organoids responded
well to cisplatin and etoposide in their outer part while the core showed some degree of
insensitivity to chemotherapy [68]. Similarly, Mazzocchi and colleagues have developed
a microfluidic culture system by using two patient-derived mesothelioma samples. They
showed that such patient-derived organoids respond to common chemotherapeutics in the
same way as the patients themselves, and thus confirmed that this system may be used for
advancing precision medicine therapeutics [69].
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An aspect that we should acknowledge about the use of microfluidic chips is the low
sample input necessary to validate the activity of a certain drug. It is indeed true that
sample biopsies for research purpose are rare and usually available in small quantities.
It has been shown before that sliced tissues retain a certain degree of viability when
cultured in vitro [70]. Astolfi and colleagues have implemented a serpentine-shaped chip
that can accommodate up to 25 micro-dissected tissue slices trapped by sedimentation.
They showed that slices derived both from xenografted cell lines and patient-derived
tumors can be maintained in culture for up to 8 days without perfusion and subjected to
chemosensitivity assays [71].

As an added value, microfluidic systems represent innovative tools to study the
hallmark capabilities of cancer cells. The spheroid culture platform sphero-IMPACT, for
example, has the potential to model vasculogenesis and angiogenesis together with tumor
cell migration [72]. Nashimoto and colleagues generated a vascularized breast cancer
platform and tested anticancer drugs either under perfusion or in static conditions. With
this system, they proved that spheroid vascularization, which involves the presence of
stromal cells, induced cell proliferation and that under the fluid flow anticancer drugs
did not decrease the volume of tumor spheroids [73]. Similarly, Shirure and colleagues
designed a microfluidic system to evaluate angiogenesis, tumor growth, and response to
therapy. They employed breast cancer organoids and developed a microvascular network
where to study the response to both chemotherapeutics and anti-angiogenic drugs [74].

4.2. Organ-on-a-Chip Platforms

What distinguishes organ-on-a-chip from the previously described models is the
possibility of engineering the tumor microenvironment, so that a more physiological
setting is implemented for precision medicine purposes. Microphysiological systems
(MPS) based on microfluidic systems have been generated around one decade ago to
model cancer complexity. Within these systems, the 3D structure of the tumor, its cellular
heterogeneity, extracellular matrix, vasculature, and mechanical stresses (fluid shear forces)
can be, at least in part, recreated [75] (Figure 3). MPS, also known as organ-on-a-chip, are
miniaturized cell culture platforms made out of polydimethylxiloxane (PDMS) or other
clear materials, containing perfusion channels and trap wells to seed cells sometimes
embedded in extracellular matrices. These cells recapitulate tissue to organ physiology in
higher order model systems, namely the body-on-a-chip technology [76].
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Organs-on-a-chip have been only recently exploited to evaluate the potency of drug
treatments. Such platforms are still in an early phase of development and the majority
of the research so far focuses on demonstrating the reliability of the model rather than
using it as a preclinical platform. An attempt to engineer the tumor microenvironment
was done by generating a liver-on-a-chip tumor model. Lu and colleagues have proved
the feasibility of decellularizing the liver matrix and resuspending the lyophilized content
to obtain an extracellular matrix (ECM) suspension to be mixed with GelMA (Gelatin
Methacryloyl), a hydrogel used for 3D scaffolds. This will help not only to simulate the
mechanical properties of the ECM in vivo, but also to favor cell viability owing to the liver
growth factors still contained in it. The group also provided evidence of the usability of
this chip for drug toxicity studies [77].

The vascular network is of fundamental importance for nutrient supply and drug
distribution within a certain tissue. Vascularized microtissues (VMTs) have been generated
on chip by Phan and colleagues. They created a 96-well plate format chip with 12 inlets for
multiple drug testing. Within the main tissue chambers, they seeded HCT116 colorectal
cancer cells and endothelial cells along with stromal cells to recapitulate a VMT. The process
of vasculogenesis, under controlled pressure, took up around 7 days after which a panel of
FDA-approved drugs were administered at 1 µM. Some drugs affected both the vasculature
and the cancer cells, while some other just the cancer cells. Strikingly, when the same drugs
were administered to 2D cell cultures, they showed a completely different activity. For
example, mitomycin C, vorinostat, and gemcitabine exerted an antiproliferative effect in
VMT and no effect in 2D [78].

With a similar approach, tumor-mimetic chips have been designed by Pradhan and
coworkers where vasculogenesis of human breast tumor-associated endothelial cells was
established on fibronectin-coated microfluidic channels, followed by the introduction of a
mixture of foreskin fibroblasts and either non-metastatic MCF7 or metastatic MDA-MB-231
breast cancer cells embedded in a fibrinogen hydrogel matrix. The chip allowed the growth
and monitoring of the cells for 28 days, during which areas of dormant cells and areas of
proliferating cells were observed. The chip was either built with a high perfusion (HPC)
or a low perfusion (LPC) design to better mimic the irregular morphology of the tumor
vasculature in vivo. Such design allowed the visualization of perfusion gradients within the
chip by a TRITC-dextran fluorescent marker, and evidence was reported for cell inactivity
in areas of poor perfusion. Consistent with this evidence, the authors demonstrated that
doxorubicin and paclitaxel treatments were causing tumor shrinkage specifically in the HPC
setting, whereas in the LPC only doxorubicin had an appreciable effect [79]. A more recent
paper by Cui and colleagues shows that it is in fact possible to reconstitute a glioblastoma
tumor niche in a chip made of concentric channels separated by regularly interspaced
micropillars so that all the compartments are interacting with each other. In the outer
ring they seeded human brain microvascular endothelial cells to pattern 3D brain vessels,
in the middle ring human tumor-associated macrophages (TAMs) and patient-derived,
molecularly distinct glioblastoma cells in a hyaluronan-rich matrix, while in the central
ring they would make space for media supply. This work showed that it is possible to
follow the interaction between microvessel-infused allogenic CD8 T-cells and tumor cells as
well as TAMs. Mesenchymal glioblastoma showed to have the most immunosuppressive
environment, with less CD8 T-cells and more TAMs that were recruited by tumor cells.
Moreover, the authors demonstrated that the combined inhibition of colony-stimulating
factor 1-receptor (CSF-1R) and programmed death 1 (PD-1) reverted this phenotype [80].

Finally, an area under intense investigation is the use of lab-on-chips technologies to
model biological barriers. Cell-based models of intestinal, lung, and blood-brain barrier
are presented by Walter and colleagues. They employed a PDMS platform together with
measuring electrodes to define the trans-epithelial-electrical resistance (TEER) within the
epithelial layer of intestinal Caco2 cells, lung A549 cells, and human hCMEC/D3 brain
endothelial cells. They also modeled the blood-brain-barrier (BBB) by coculturing brain
endothelial cells together with pericytes and glial cells showing that brain endothelial cells
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in this BBB model display a higher TEER and lower permeability to sodium fluorescein,
isothiocyanate-labeled- dextran and blue-labeled albumin. The chip was design to assess
epithelial permeability under no or low flow by microscopic visualization [81].

The organ-on-a-chip technology, despite being still at the proof-of-concept stage,
shows encouraging results. From the culture of microtissues to the recreation in vitro of
vascularized tissues, it is now possible to reconstitute the tumorigenic environment in vitro
and to cultivate cancer cells for long periods of time owing to the possibility of removing
metabolic cell waste by application of a fluid flow. A low cell input is convenient for
studies where a little amount of material is available and the low input medium makes it
feasible to test a large number of drugs at a low cost. Moreover, it is worth mentioning
that although being far from reconstituting an entire body-on-a-chip, these models can be
used in toxicity studies with reliable results. One example for all is the attempt of Skardal
and colleagues: they reconstituted a 6-tissues body-on-a-chip by seeding organoids of
liver, heart, vasculature, testis, and either colon or brain in a 96-well plate and on different
matrices. The platform was assembled with a recirculation of fluids, so that pro-drugs such
as capecitabine could be administered and processed by the liver organoids, and toxicity
evaluated on downstream organoids. This elegant study also demonstrated that toxicity
was not seen in downstream organoids when liver metabolism was bypassed [82].

5. Conclusions

It has been our intention to provide the reader with an overview of how the advanced
cellular models are becoming more and more common platforms to conduct drug screenings
in vitro.

We foresee that animal research on genetically modified mice and patient-derived
xenografts will be partially replaced by in vitro studies. It is in fact true that, despite
being really informative, this kind of research is costly and labor-intensive. Furthermore,
establishment of these models requires time (months), which often the patient does not
have, and expertise. It is difficult, if not impossible, to achieve high-throughput results in
animal models, whereas it is totally feasible in vitro with spheroids and organoids. The
latter are going through a phase of standardization that involves the selection of uniform
sizes for more reliable drug-response results. The bioptic sample required for establishing
these models is minimal and expansion can be done in weeks, after which drug compounds
can be tested. The final goal would be to set up patient-derived models in a time frame that
would allow for testing drugs or combination of drugs before administering them to the
patient. In the worst scenario, to at least exclude the ones that do not work. To this aim,
the fidelity of the selected model is of extreme importance: the introduction of elements of
cancer complexity is a priority for result reliability.

If spheroids are aggregates of cells and stemness models that grow in suspension, so
not in a “stiff” matrix, organoids include this aspect and are a real reflection of the tumor
architecture. However, not all cancers have yet a collectively accepted representation in
terms of 3D models: we are referring to the hematological malignancies for which long-term
cultures that preserve the initial tumor heterogeneity are not available.

Microfluidics and organ-on-a-chip technologies aid in introducing more elements of
the tumor microenvironment: stromal, vascular, and immune cells, as well as the ECM.
This approach produces more comprehensive readouts, as the microenvironment plays a
central role in regulating the response to therapy. We have described models that, in the
time-frame of weeks and with a low-input material, build up a tissue on a chip. In such
models, cells can be cultured for up to a month owing to the fluid flow that removes cell
waste. The overall picture is that of tightly controlled, multicellular systems to investigate
drug efficacy and toxicity.

Author Contributions: Conceptualization, V.F. and S.M.; writing—original draft preparation, V.F.;
writing—review and editing, S.M. and E.C.; visualization, S.M. and V.F.; supervision, S.M.; funding
acquisition, S.M. All authors have read and agreed to the published version of the manuscript.



Cancers 2022, 14, 3692 11 of 14

Funding: This research was funded by Associazione Italiana per la Ricerca sul Cancro-Investigator
1926 Grant (AIRC-IG 2018) number 21679 (to S.M.).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wyld, L.; Audisio, R.A.; Poston, G.J. The evolution of cancer surgery and future perspectives. Nat. Rev. Clin. Oncol. 2015, 12,

115–124. [CrossRef] [PubMed]
2. Dawood, S.; Leyland-Jones, B. Pharmacology and pharmacogenetics of chemotherapeutic agents. Cancer Investig. 2009, 27,

482–488. [CrossRef]
3. Lengauer, C.; Diaz, L.A., Jr.; Saha, S. Cancer drug discovery through collaboration. Nat. Rev. Drug Discov. 2005, 4, 375–380.

[CrossRef]
4. Kola, I.; Landis, J. Can the pharmaceutical industry reduce attrition rates? Nat. Rev. Drug. Discov. 2004, 3, 711–715. [CrossRef]

[PubMed]
5. Ibarrola-Villava, M.; Cervantes, A.; Bardelli, A. Preclinical models for precision oncology. Biochim. Biophys. Acta Rev. Cancer 2018,

1870, 239–246. [CrossRef] [PubMed]
6. Monks, A.; Scudiero, D.; Skehan, P.; Shoemaker, R.; Paull, K.; Vistica, D.; Hose, C.; Langley, J.; Cronise, P.; Vaigro-Wolff, A.; et al.

Feasibility of a high-flux anticancer drug screen using a diverse panel of cultured human tumor cell lines. J. Natl. Cancer Inst.
1991, 83, 757–766. [CrossRef]

7. Barretina, J.; Caponigro, G.; Stransky, N.; Venkatesan, K.; Margolin, A.A.; Kim, S.; Wilson, C.J.; Lehar, J.; Kryukov, G.V.;
Sonkin, D.; et al. The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature 2012, 483,
603–607. [CrossRef]

8. Wang, T.; Wei, J.J.; Sabatini, D.M.; Lander, E.S. Genetic screens in human cells using the CRISPR-Cas9 system. Science 2014,
343, 80–84. [CrossRef]

9. DeWeirdt, P.C.; Sangree, A.K.; Hanna, R.E.; Sanson, K.R.; Hegde, M.; Strand, C.; Persky, N.S.; Doench, J.G. Genetic screens in
isogenic mammalian cell lines without single cell cloning. Nat. Commun. 2020, 11, 752. [CrossRef]

10. Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299–309. [CrossRef] [PubMed]
11. Amaral, M.V.S.; De Sousa Portilho, A.J.; Da Silva, E.L.; De Oliveira Sales, L.; Da Silva Maues, J.H.; De Moraes, M.E.A.; Moreira-

Nunes, C.A. Establishment of drug-resistant cell lines as a model in experimental oncology: A Review. Anticancer. Res. 2019, 39,
6443–6455. [CrossRef]

12. Domcke, S.; Sinha, R.; Levine, D.A.; Sander, C.; Schultz, N. Evaluating cell lines as tumour models by comparison of genomic
profiles. Nat. Commun. 2013, 4, 2126. [CrossRef] [PubMed]

13. Ben-David, U.; Siranosian, B.; Ha, G.; Tang, H.; Oren, Y.; Hinohara, K.; Strathdee, C.A.; Dempster, J.; Lyons, N.J.; Burns, R.; et al.
Genetic and transcriptional evolution alters cancer cell line drug response. Nature 2018, 560, 325–330. [CrossRef] [PubMed]

14. Dangles-Marie, V.; Pocard, M.; Richon, S.; Weiswald, L.B.; Assayag, F.; Saulnier, P.; Judde, J.G.; Janneau, J.L.; Auger, N.;
Validire, P.; et al. Establishment of human colon cancer cell lines from fresh tumors versus xenografts: Comparison of success rate
and cell line features. Cancer Res. 2007, 67, 398–407. [CrossRef]

15. Richter, M.; Piwocka, O.; Musielak, M.; Piotrowski, I.; Suchorska, W.M.; Trzeciak, T. From donor to the lab: A fascinating journey
of primary cell lines. Front. Cell Dev. Biol. 2021, 9, 711381. [CrossRef] [PubMed]

16. Imamura, Y.; Mukohara, T.; Shimono, Y.; Funakoshi, Y.; Chayahara, N.; Toyoda, M.; Kiyota, N.; Takao, S.; Kono, S.; Nakatsura,
T.; et al. Comparison of 2D- and 3D-culture models as drug-testing platforms in breast cancer. Oncol. Rep. 2015, 33, 1837–1843.
[CrossRef]

17. Ivascu, A.; Kubbies, M. Rapid generation of single-tumor spheroids for high-throughput cell function and toxicity analysis.
J. Biomol. Screen 2006, 11, 922–932. [CrossRef]

18. Vande Voorde, J.; Ackermann, T.; Pfetzer, N.; Sumpton, D.; Mackay, G.; Kalna, G.; Nixon, C.; Blyth, K.; Gottlieb, E.; Tardito, S.
Improving the metabolic fidelity of cancer models with a physiological cell culture medium. Sci. Adv. 2019, 5, eaau7314.
[CrossRef]

19. Hirschhaeuser, F.; Menne, H.; Dittfeld, C.; West, J.; Mueller-Klieser, W.; Kunz-Schughart, L.A. Multicellular tumor spheroids: An
underestimated tool is catching up again. J. Biotechnol. 2010, 148, 3–15. [CrossRef]

20. Ishiguro, T.; Ohata, H.; Sato, A.; Yamawaki, K.; Enomoto, T.; Okamoto, K. Tumor-derived spheroids: Relevance to cancer stem
cells and clinical applications. Cancer Sci. 2017, 108, 283–289. [CrossRef]

21. Baker, B.M.; Chen, C.S. Deconstructing the third dimension: How 3D culture microenvironments alter cellular cues. J. Cell Sci.
2012, 125, 3015–3024. [CrossRef] [PubMed]

22. Gunti, S.; Hoke, A.T.K.; Vu, K.P.; London, N.R., Jr. Organoid and Spheroid Tumor Models: Techniques and Applications. Cancers
2021, 13, 874. [CrossRef] [PubMed]

23. Bialkowska, K.; Komorowski, P.; Bryszewska, M.; Milowska, K. Spheroids as a Type of Three-Dimensional Cell Cultures-Examples
of Methods of Preparation and the Most Important Application. Int. J. Mol. Sci. 2020, 21, 6225. [CrossRef]

24. Phelan, M.A.; Gianforcaro, A.L.; Gerstenhaber, J.A.; Lelkes, P.I. An Air Bubble-Isolating Rotating Wall Vessel Bioreactor for
Improved Spheroid/Organoid Formation. Tissue Eng. Part C Methods 2019, 25, 479–488. [CrossRef] [PubMed]

http://doi.org/10.1038/nrclinonc.2014.191
http://www.ncbi.nlm.nih.gov/pubmed/25384943
http://doi.org/10.1080/07357900802574660
http://doi.org/10.1038/nrd1722
http://doi.org/10.1038/nrd1470
http://www.ncbi.nlm.nih.gov/pubmed/15286737
http://doi.org/10.1016/j.bbcan.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29959990
http://doi.org/10.1093/jnci/83.11.757
http://doi.org/10.1038/nature11003
http://doi.org/10.1126/science.1246981
http://doi.org/10.1038/s41467-020-14620-6
http://doi.org/10.1038/s41586-019-1730-1
http://www.ncbi.nlm.nih.gov/pubmed/31723286
http://doi.org/10.21873/anticanres.13858
http://doi.org/10.1038/ncomms3126
http://www.ncbi.nlm.nih.gov/pubmed/23839242
http://doi.org/10.1038/s41586-018-0409-3
http://www.ncbi.nlm.nih.gov/pubmed/30089904
http://doi.org/10.1158/0008-5472.CAN-06-0594
http://doi.org/10.3389/fcell.2021.711381
http://www.ncbi.nlm.nih.gov/pubmed/34395440
http://doi.org/10.3892/or.2015.3767
http://doi.org/10.1177/1087057106292763
http://doi.org/10.1126/sciadv.aau7314
http://doi.org/10.1016/j.jbiotec.2010.01.012
http://doi.org/10.1111/cas.13155
http://doi.org/10.1242/jcs.079509
http://www.ncbi.nlm.nih.gov/pubmed/22797912
http://doi.org/10.3390/cancers13040874
http://www.ncbi.nlm.nih.gov/pubmed/33669619
http://doi.org/10.3390/ijms21176225
http://doi.org/10.1089/ten.tec.2019.0088
http://www.ncbi.nlm.nih.gov/pubmed/31328683


Cancers 2022, 14, 3692 12 of 14

25. Ponti, D.; Costa, A.; Zaffaroni, N.; Pratesi, G.; Petrangolini, G.; Coradini, D.; Pilotti, S.; Pierotti, M.A.; Daidone, M.G. Isolation
and in vitro propagation of tumorigenic breast cancer cells with stem/progenitor cell properties. Cancer Res. 2005, 65, 5506–5511.
[CrossRef] [PubMed]

26. Ricci-Vitiani, L.; Lombardi, D.G.; Pilozzi, E.; Biffoni, M.; Todaro, M.; Peschle, C.; De Maria, R. Identification and expansion of
human colon-cancer-initiating cells. Nature 2007, 445, 111–115. [CrossRef]

27. Eramo, A.; Lotti, F.; Sette, G.; Pilozzi, E.; Biffoni, M.; Di Virgilio, A.; Conticello, C.; Ruco, L.; Peschle, C.; De Maria, R. Identification
and expansion of the tumorigenic lung cancer stem cell population. Cell Death Differ. 2008, 15, 504–514. [CrossRef]

28. Collins, A.T.; Berry, P.A.; Hyde, C.; Stower, M.J.; Maitland, N.J. Prospective identification of tumorigenic prostate cancer stem
cells. Cancer Res. 2005, 65, 10946–10951. [CrossRef]

29. Li, C.; Heidt, D.G.; Dalerba, P.; Burant, C.F.; Zhang, L.; Adsay, V.; Wicha, M.; Clarke, M.F.; Simeone, D.M. Identification of
pancreatic cancer stem cells. Cancer Res. 2007, 67, 1030–1037. [CrossRef]

30. Zhang, S.; Balch, C.; Chan, M.W.; Lai, H.C.; Matei, D.; Schilder, J.M.; Yan, P.S.; Huang, T.H.; Nephew, K.P. Identification and
characterization of ovarian cancer-initiating cells from primary human tumors. Cancer Res 2008, 68, 4311–4320. [CrossRef]
[PubMed]

31. Weiswald, L.B.; Richon, S.; Massonnet, G.; Guinebretiere, J.M.; Vacher, S.; Laurendeau, I.; Cottu, P.; Marangoni, E.; Nemati, F.;
Validire, P.; et al. A short-term colorectal cancer sphere culture as a relevant tool for human cancer biology investigation. Br. J.
Cancer 2013, 108, 1720–1731. [CrossRef] [PubMed]

32. Sette, G.; Fecchi, K.; Salvati, V.; Lotti, F.; Pilozzi, E.; Duranti, E.; Biffoni, M.; Pagliuca, A.; Martinetti, D.; Memeo, L.; et al. Mek
inhibition results in marked antitumor activity against metastatic melanoma patient-derived melanospheres and in melanosphere-
generated xenografts. J. Exp. Clin. Cancer Res. 2013, 32, 91. [CrossRef] [PubMed]

33. Weiswald, L.B.; Bellet, D.; Dangles-Marie, V. Spherical cancer models in tumor biology. Neoplasia 2015, 17, 1–15. [CrossRef]
34. Barbone, D.; Yang, T.M.; Morgan, J.R.; Gaudino, G.; Broaddus, V.C. Mammalian target of rapamycin contributes to the acquired

apoptotic resistance of human mesothelioma multicellular spheroids. J. Biol. Chem. 2008, 283, 13021–13030. [CrossRef]
35. Seguin, L.; Kato, S.; Franovic, A.; Camargo, M.F.; Lesperance, J.; Elliott, K.C.; Yebra, M.; Mielgo, A.; Lowy, A.M.; Husain, H.; et al.

An integrin beta(3)-KRAS-RalB complex drives tumour stemness and resistance to EGFR inhibition. Nat. Cell Biol. 2014, 16,
457–468. [CrossRef] [PubMed]

36. Gencoglu, M.F.; Barney, L.E.; Hall, C.L.; Brooks, E.A.; Schwartz, A.D.; Corbett, D.C.; Stevens, K.R.; Peyton, S.R. Comparative
study of multicellular tumor spheroid formation methods and implications for drug screening. ACS Biomater. Sci. Eng. 2018, 4,
410–420. [CrossRef] [PubMed]

37. Song, Y.; Kim, J.S.; Kim, S.H.; Park, Y.K.; Yu, E.; Kim, K.H.; Seo, E.J.; Oh, H.B.; Lee, H.C.; Kim, K.M.; et al. Patient-derived
multicellular tumor spheroids towards optimized treatment for patients with hepatocellular carcinoma. J. Exp. Clin. Cancer Res.
2018, 37, 109. [CrossRef]

38. Azharuddin, M.; Roberg, K.; Dhara, A.K.; Jain, M.V.; Darcy, P.; Hinkula, J.; Slater, N.K.H.; Patra, H.K. Dissecting multi drug
resistance in head and neck cancer cells using multicellular tumor spheroids. Sci. Rep. 2019, 9, 20066. [CrossRef] [PubMed]

39. Kiyohara, Y.; Yoshino, K.; Kubota, S.; Okuyama, H.; Endo, H.; Ueda, Y.; Kimura, T.; Kimura, T.; Kamiura, S.; Inoue, M. Drug
screening and grouping by sensitivity with a panel of primary cultured cancer spheroids derived from endometrial cancer. Cancer
Sci. 2016, 107, 452–460. [CrossRef]

40. Wilson, K.M.; Mathews-Griner, L.A.; Williamson, T.; Guha, R.; Chen, L.; Shinn, P.; McKnight, C.; Michael, S.; Klumpp-Thomas,
C.; Binder, Z.A.; et al. Mutation profiles in glioblastoma 3D oncospheres modulate drug efficacy. SLAS Technol. 2019, 24, 28–40.
[CrossRef] [PubMed]

41. Arnadottir, S.S.; Jeppesen, M.; Lamy, P.; Bramsen, J.B.; Nordentoft, I.; Knudsen, M.; Vang, S.; Madsen, M.R.; Thastrup, O.; Thastrup,
J.; et al. Characterization of genetic intratumor heterogeneity in colorectal cancer and matching patient-derived spheroid cultures.
Mol. Oncol. 2018, 12, 132–147. [CrossRef]

42. Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262–265. [CrossRef]
[PubMed]

43. Corro, C.; Novellasdemunt, L.; Li, V.S.W. A brief history of organoids. Am. J. Physiol. Cell Physiol. 2020, 319, C151–C165. [CrossRef]
44. Fujii, M.; Matano, M.; Toshimitsu, K.; Takano, A.; Mikami, Y.; Nishikori, S.; Sugimoto, S.; Sato, T. Human intestinal organoids

maintain self-renewal capacity and cellular diversity in niche-inspired culture condition. Cell Stem. Cell 2018, 23, 787–793.e786.
[CrossRef]

45. Sumbal, J.; Chiche, A.; Charifou, E.; Koledova, Z.; Li, H. Primary Mammary Organoid Model of Lactation and Involution. Front.
Cell Dev. Biol. 2020, 8, 68. [CrossRef] [PubMed]

46. Wang, D.; Wang, J.; Bai, L.; Pan, H.; Feng, H.; Clevers, H.; Zeng, Y.A. Long-Term Expansion of Pancreatic Islet Organoids from
Resident Procr(+) Progenitors. Cell 2020, 180, 1198–1211.e1119. [CrossRef] [PubMed]

47. Sachs, N.; Clevers, H. Organoid cultures for the analysis of cancer phenotypes. Curr. Opin. Genet. Dev. 2014, 24, 68–73. [CrossRef]
48. Kim, J.; Koo, B.K.; Knoblich, J.A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol.

2020, 21, 571–584. [CrossRef]
49. Wang, Z.; Guo, Y.; Jin, Y.; Zhang, X.; Geng, H.; Xie, G.; Ye, D.; Yu, Y.; Liu, D.; Zhou, D.; et al. Establishment and drug screening of

patient-derived extrahepatic biliary tract carcinoma organoids. Cancer Cell Int. 2021, 21, 519. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-05-0626
http://www.ncbi.nlm.nih.gov/pubmed/15994920
http://doi.org/10.1038/nature05384
http://doi.org/10.1038/sj.cdd.4402283
http://doi.org/10.1158/0008-5472.CAN-05-2018
http://doi.org/10.1158/0008-5472.CAN-06-2030
http://doi.org/10.1158/0008-5472.CAN-08-0364
http://www.ncbi.nlm.nih.gov/pubmed/18519691
http://doi.org/10.1038/bjc.2013.132
http://www.ncbi.nlm.nih.gov/pubmed/23538387
http://doi.org/10.1186/1756-9966-32-91
http://www.ncbi.nlm.nih.gov/pubmed/24238212
http://doi.org/10.1016/j.neo.2014.12.004
http://doi.org/10.1074/jbc.M709698200
http://doi.org/10.1038/ncb2953
http://www.ncbi.nlm.nih.gov/pubmed/24747441
http://doi.org/10.1021/acsbiomaterials.7b00069
http://www.ncbi.nlm.nih.gov/pubmed/29527571
http://doi.org/10.1186/s13046-018-0752-0
http://doi.org/10.1038/s41598-019-56273-6
http://www.ncbi.nlm.nih.gov/pubmed/31882620
http://doi.org/10.1111/cas.12898
http://doi.org/10.1177/2472630318803749
http://www.ncbi.nlm.nih.gov/pubmed/30289729
http://doi.org/10.1002/1878-0261.12156
http://doi.org/10.1038/nature07935
http://www.ncbi.nlm.nih.gov/pubmed/19329995
http://doi.org/10.1152/ajpcell.00120.2020
http://doi.org/10.1016/j.stem.2018.11.016
http://doi.org/10.3389/fcell.2020.00068
http://www.ncbi.nlm.nih.gov/pubmed/32266252
http://doi.org/10.1016/j.cell.2020.02.048
http://www.ncbi.nlm.nih.gov/pubmed/32200801
http://doi.org/10.1016/j.gde.2013.11.012
http://doi.org/10.1038/s41580-020-0259-3
http://doi.org/10.1186/s12935-021-02219-w


Cancers 2022, 14, 3692 13 of 14

50. Larsen, B.M.; Kannan, M.; Langer, L.F.; Leibowitz, B.D.D.; Bentaieb, A.; Cancino, A.; Dolgalev, I.; Drummond, B.E.; Dry, J.R.;
Ho, C.S.; et al. A pan-cancer organoid platform for precision medicine. Cell Rep. 2021, 36, 109429. [CrossRef]

51. Steele, N.G.; Chakrabarti, J.; Wang, J.; Biesiada, J.; Holokai, L.; Chang, J.; Nowacki, L.M.; Hawkins, J.; Mahe, M.;
Sundaram, N.; et al. An Organoid-Based Preclinical Model of Human Gastric Cancer. Cell Mol. Gastroenterol. Hepatol.
2019, 7, 161–184. [CrossRef] [PubMed]

52. Maenhoudt, N.; Defraye, C.; Boretto, M.; Jan, Z.; Heremans, R.; Boeckx, B.; Hermans, F.; Arijs, I.; Cox, B.; Van Nieuwenhuysen, E.; et al.
Developing organoids from ovarian cancer as experimental and preclinical models. Stem. Cell Rep. 2020, 14, 717–729. [CrossRef]
[PubMed]

53. Schutte, M.; Risch, T.; Abdavi-Azar, N.; Boehnke, K.; Schumacher, D.; Keil, M.; Yildiriman, R.; Jandrasits, C.; Borodina, T.;
Amstislavskiy, V.; et al. Molecular dissection of colorectal cancer in pre-clinical models identifies biomarkers predicting sensitivity
to EGFR inhibitors. Nat. Commun. 2017, 8, 14262. [CrossRef] [PubMed]

54. Huang, L.; Holtzinger, A.; Jagan, I.; BeGora, M.; Lohse, I.; Ngai, N.; Nostro, C.; Wang, R.; Muthuswamy, L.B.; Crawford, H.C.; et al.
Ductal pancreatic cancer modeling and drug screening using human pluripotent stem cell- and patient-derived tumor organoids.
Nat. Med. 2015, 21, 1364–1371. [CrossRef]

55. Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A.; Sailer, V.; Augello, M.; Puca, L.; Rosati, R.; et al. Personalized
in vitro and in vivo cancer models to guide precision medicine. Cancer Discov. 2017, 7, 462–477. [CrossRef]

56. Verissimo, C.S.; Overmeer, R.M.; Ponsioen, B.; Drost, J.; Mertens, S.; Verlaan-Klink, I.; Gerwen, B.V.; van der Ven, M.;
Wetering, M.V.; Egan, D.A.; et al. Targeting mutant RAS in patient-derived colorectal cancer organoids by combinatorial
drug screening. Elife 2016, 5, e18489. [CrossRef] [PubMed]

57. Tiriac, H.; Belleau, P.; Engle, D.D.; Plenker, D.; Deschenes, A.; Somerville, T.D.D.; Froeling, F.E.M.; Burkhart, R.A.; Denroche, R.E.;
Jang, G.H.; et al. Organoid profiling identifies common responders to chemotherapy in pancreatic cancer. Cancer Discov. 2018,
8, 1112–1129. [CrossRef]

58. Driehuis, E.; van Hoeck, A.; Moore, K.; Kolders, S.; Francies, H.E.; Gulersonmez, M.C.; Stigter, E.C.A.; Burgering, B.; Geurts, V.;
Gracanin, A.; et al. Pancreatic cancer organoids recapitulate disease and allow personalized drug screening. Proc. Natl. Acad. Sci.
USA 2019, 116, 26580–26590. [CrossRef] [PubMed]

59. Saito, Y.; Muramatsu, T.; Kanai, Y.; Ojima, H.; Sukeda, A.; Hiraoka, N.; Arai, E.; Sugiyama, Y.; Matsuzaki, J.; Uchida, R.; et al.
Establishment of patient-derived organoids and drug screening for biliary tract carcinoma. Cell Rep. 2019, 27, 1265–1276.e1264.
[CrossRef] [PubMed]

60. Puca, L.; Bareja, R.; Prandi, D.; Shaw, R.; Benelli, M.; Karthaus, W.R.; Hess, J.; Sigouros, M.; Donoghue, A.; Kossai, M.; et al.
Patient derived organoids to model rare prostatte canccerr phenotypes. Nat. Commun. 2018, 9, 2404. [CrossRef]

61. Kim, M.; Mun, H.; Sung, C.O.; Cho, E.J.; Jeon, H.J.; Chun, S.M.; Jung, D.J.; Shin, T.H.; Jeong, G.S.; Kim, D.K.; et al. Patient-derived
lung cancer organoids as in vitro cancer models for therapeutic screening. Nat. Commun. 2019, 10, 3991. [CrossRef] [PubMed]

62. Bjornson-Hooper, Z.B.; Fragiadakis, G.K.; Spitzer, M.H.; Chen, H.; Madhireddy, D.; Hu, K.; Lundsten, K.; McIlwain, D.R.;
Nolan, G.P. A comprehensive atlas of immunological differences between humans, mice, and non-human primates. Front.
Immunol. 2022, 13, 867015. [CrossRef] [PubMed]

63. Yu, Y.; Ping, J.; Chen, H.; Jiao, L.; Zheng, S.; Han, Z.G.; Hao, P.; Huang, J. A comparative analysis of liver transcriptome suggests
divergent liver function among human, mouse and rat. Genomics 2010, 96, 281–289. [CrossRef] [PubMed]

64. Kwapiszewska, K.; Michalczuk, A.; Rybka, M.; Kwapiszewski, R.; Brzozka, Z. A microfluidic-based platform for tumour spheroid
culture, monitoring and drug screening. Lab Chip 2014, 14, 2096–2104. [CrossRef]

65. Gunay, G.; Kirit, H.A.; Kamatar, A.; Baghdasaryan, O.; Hamsici, S.; Acar, H. The effects of size and shape of the ovarian cancer
spheroids on the drug resistance and migration. Gynecol. Oncol. 2020, 159, 563–572. [CrossRef] [PubMed]

66. Fang, G.; Lu, H.; Law, A.; Gallego-Ortega, D.; Jin, D.; Lin, G. Gradient-sized control of tumor spheroids on a single chip. Lab Chip
2019, 19, 4093–4103. [CrossRef] [PubMed]

67. Patra, B.; Peng, C.C.; Liao, W.H.; Lee, C.H.; Tung, Y.C. Drug testing and flow cytometry analysis on a large number of uniform
sized tumor spheroids using a microfluidic device. Sci. Rep. 2016, 6, 21061. [CrossRef]

68. Jung, D.J.; Shin, T.H.; Kim, M.; Sung, C.O.; Jang, S.J.; Jeong, G.S. A one-stop microfluidic-based lung cancer organoid culture
platform for testing drug sensitivity. Lab Chip 2019, 19, 2854–2865. [CrossRef]

69. Mazzocchi, A.R.; Rajan, S.A.P.; Votanopoulos, K.I.; Hall, A.R.; Skardal, A. In vitro patient-derived 3D mesothelioma tumor
organoids facilitate patient-centric therapeutic screening. Sci. Rep. 2018, 8, 2886. [CrossRef]

70. Meijer, T.G.; Naipal, K.A.; Jager, A.; van Gent, D.C. Ex vivo tumor culture systems for functional drug testing and therapy
response prediction. Future Sci. OA 2017, 3, FSO190. [CrossRef] [PubMed]

71. Astolfi, M.; Peant, B.; Lateef, M.A.; Rousset, N.; Kendall-Dupont, J.; Carmona, E.; Monet, F.; Saad, F.; Provencher, D.;
Mes-Masson, A.M.; et al. Micro-dissected tumor tissues on chip: An ex vivo method for drug testing and personalized therapy.
Lab Chip 2016, 16, 312–325. [CrossRef]

72. Ko, J.; Ahn, J.; Kim, S.; Lee, Y.; Lee, J.; Park, D.; Jeon, N.L. Tumor spheroid-on-a-chip: A standardized microfluidic culture
platform for investigating tumor angiogenesis. Lab Chip 2019, 19, 2822–2833. [CrossRef] [PubMed]

73. Nashimoto, Y.; Okada, R.; Hanada, S.; Arima, Y.; Nishiyama, K.; Miura, T.; Yokokawa, R. Vascularized cancer on a chip: The effect
of perfusion on growth and drug delivery of tumor spheroid. Biomaterials 2020, 229, 119547. [CrossRef]

http://doi.org/10.1016/j.celrep.2021.109429
http://doi.org/10.1016/j.jcmgh.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30522949
http://doi.org/10.1016/j.stemcr.2020.03.004
http://www.ncbi.nlm.nih.gov/pubmed/32243841
http://doi.org/10.1038/ncomms14262
http://www.ncbi.nlm.nih.gov/pubmed/28186126
http://doi.org/10.1038/nm.3973
http://doi.org/10.1158/2159-8290.CD-16-1154
http://doi.org/10.7554/eLife.18489
http://www.ncbi.nlm.nih.gov/pubmed/27845624
http://doi.org/10.1158/2159-8290.CD-18-0349
http://doi.org/10.1073/pnas.1911273116
http://www.ncbi.nlm.nih.gov/pubmed/31818951
http://doi.org/10.1016/j.celrep.2019.03.088
http://www.ncbi.nlm.nih.gov/pubmed/31018139
http://doi.org/10.1038/s41467-018-04495-z
http://doi.org/10.1038/s41467-019-11867-6
http://www.ncbi.nlm.nih.gov/pubmed/31488816
http://doi.org/10.3389/fimmu.2022.867015
http://www.ncbi.nlm.nih.gov/pubmed/35359965
http://doi.org/10.1016/j.ygeno.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20800674
http://doi.org/10.1039/C4LC00291A
http://doi.org/10.1016/j.ygyno.2020.09.002
http://www.ncbi.nlm.nih.gov/pubmed/32958270
http://doi.org/10.1039/C9LC00872A
http://www.ncbi.nlm.nih.gov/pubmed/31712797
http://doi.org/10.1038/srep21061
http://doi.org/10.1039/C9LC00496C
http://doi.org/10.1038/s41598-018-21200-8
http://doi.org/10.4155/fsoa-2017-0003
http://www.ncbi.nlm.nih.gov/pubmed/28670477
http://doi.org/10.1039/C5LC01108F
http://doi.org/10.1039/C9LC00140A
http://www.ncbi.nlm.nih.gov/pubmed/31360969
http://doi.org/10.1016/j.biomaterials.2019.119547


Cancers 2022, 14, 3692 14 of 14

74. Shirure, V.S.; Bi, Y.; Curtis, M.B.; Lezia, A.; Goedegebuure, M.M.; Goedegebuure, S.P.; Aft, R.; Fields, R.C.; George, S.C.
Tumor-on-a-chip platform to investigate progression and drug sensitivity in cell lines and patient-derived organoids. Lab Chip
2018, 18, 3687–3702. [CrossRef]

75. Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips. Nat. Rev. Cancer
2019, 19, 65–81. [CrossRef] [PubMed]

76. Williamson, A.; Singh, S.; Fernekorn, U.; Schober, A. The future of the patient-specific Body-on-a-chip. Lab Chip 2013,
13, 3471–3480. [CrossRef]

77. Lu, S.; Cuzzucoli, F.; Jiang, J.; Liang, L.G.; Wang, Y.; Kong, M.; Zhao, X.; Cui, W.; Li, J.; Wang, S. Development of a biomimetic
liver tumor-on-a-chip model based on decellularized liver matrix for toxicity testing. Lab Chip 2018, 18, 3379–3392. [CrossRef]

78. Phan, D.T.T.; Wang, X.; Craver, B.M.; Sobrino, A.; Zhao, D.; Chen, J.C.; Lee, L.Y.N.; George, S.C.; Lee, A.P.; Hughes, C.C.W.
A vascularized and perfused organ-on-a-chip platform for large-scale drug screening applications. Lab Chip 2017, 17, 511–520.
[CrossRef] [PubMed]

79. Pradhan, S.; Smith, A.M.; Garson, C.J.; Hassani, I.; Seeto, W.J.; Pant, K.; Arnold, R.D.; Prabhakarpandian, B.; Lipke, E.A.
A microvascularized tumor-mimetic platform for assessing anti-cancer drug efficacy. Sci. Rep. 2018, 8, 3171. [CrossRef]

80. Cui, X.; Ma, C.; Vasudevaraja, V.; Serrano, J.; Tong, J.; Peng, Y.; Delorenzo, M.; Shen, G.; Frenster, J.; Morales, R.T.; et al. Dissecting
the immunosuppressive tumor microenvironments in Glioblastoma-on-a-Chip for optimized PD-1 immunotherapy. Elife 2020,
9, e52253. [CrossRef] [PubMed]

81. Walter, F.R.; Valkai, S.; Kincses, A.; Petneházi, A.; Czeller, T.; Veszelka, S.; Ormos, P.; Deli, M.A.; Dér, A. A versatile lab-on-a-chip
tool for modeling biological barriers. Sens. Actuators B Chem. 2016, 222, 1209–1219. [CrossRef]

82. Skardal, A.; Aleman, J.; Forsythe, S.; Rajan, S.; Murphy, S.; Devarasetty, M.; Pourhabibi Zarandi, N.; Nzou, G.; Wicks, R.;
Sadri-Ardekani, H.; et al. Drug compound screening in single and integrated multi-organoid body-on-a-chip systems.
Biofabrication 2020, 12, 025017. [CrossRef] [PubMed]

http://doi.org/10.1039/C8LC00596F
http://doi.org/10.1038/s41568-018-0104-6
http://www.ncbi.nlm.nih.gov/pubmed/30647431
http://doi.org/10.1039/c3lc50237f
http://doi.org/10.1039/C8LC00852C
http://doi.org/10.1039/C6LC01422D
http://www.ncbi.nlm.nih.gov/pubmed/28092382
http://doi.org/10.1038/s41598-018-21075-9
http://doi.org/10.7554/eLife.52253
http://www.ncbi.nlm.nih.gov/pubmed/32909947
http://doi.org/10.1016/j.snb.2015.07.110
http://doi.org/10.1088/1758-5090/ab6d36
http://www.ncbi.nlm.nih.gov/pubmed/32101533

	Introduction 
	Bidimensional Cultures of Cell Lines: Traditional Cancer Models 
	Tridimensional Cell Cultures: New Models in Cancer Research 
	Multicellular Tumor Spheroids and Tumorshperes 
	Patient-Derived Organoids 

	Microfluidic-Based Systems and the Organ-on-a-Chip Technology 
	Spheroids and Organoids Cultured in Microfluidic Systems 
	Organ-on-a-Chip Platforms 

	Conclusions 
	References

