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Simple Summary: Various 3D in vitro tumor models are rapidly advancing cancer research. Unlike
animal models, they can be produced quickly and are amenable to high-throughput studies. Growing
tumor spheroids in microfluidic tumor-on-chip platforms has particularly elevated the capabilities
of such models. Tumor-on-chip devices can mimic multiple aspects of the dynamic in vivo tumor
microenvironment in a precisely controlled manner. Moreover, new technologies for the on- and
off-chip analysis of these tumor mimics are continuously emerging. There is thus an urgent need to
review the latest developments in this rapidly progressing field. Here, we present an overview of the
technological advances in tumor-on-chip technology by reviewing state-of-the-art tools for on-chip
analysis. In particular, we evaluate the potential for tumor-on-chip technology to guide personalized
cancer therapies. We strive to appeal to cancer researchers and biomedical engineers alike, informing
on current progress, while provoking thought on the outstanding developments needed to achieve
clinical-stage research.

Abstract: Tumor-on-chip technology has cemented its importance as an in vitro tumor model for
cancer research. Its ability to recapitulate different elements of the in vivo tumor microenvironment
makes it promising for translational medicine, with potential application in enabling personalized
anti-cancer therapies. Here, we provide an overview of the current technological advances for
tumor-on-chip generation. To further elevate the functionalities of the technology, these approaches
need to be coupled with effective analysis tools. This aspect of tumor-on-chip technology is often
neglected in the current literature. We address this shortcoming by reviewing state-of-the-art on-chip
analysis tools for microfluidic tumor models. Lastly, we focus on the current progress in tumor-on-
chip devices using patient-derived samples and evaluate their potential for clinical research and
personalized medicine applications.

Keywords: tumor model; tumor-on-chip; on-chip analysis; cancer research; personalized medicine

1. Introduction

Tumors are complex heterogeneous structures composed of different cellular elements,
including cancer, immune, stromal, and epithelial cells, as well as vascular components [1,2].
The tumor microenvironment (TME) encompasses cell–cell and cell–extracellular matrix
(ECM) interplay between these components, in addition to mechanical pressures and chem-
ical gradients. The complexity of the TME has made the development of physiologically
representative tumor models an outstanding challenge (Table 1).

Animal tumor models have been accepted by regulatory agencies as preclinical plat-
forms [3]. Nevertheless, animal-specific immune responses can limit the translational value
of such models [1,2]. Although patient-derived tumor xenografts have demonstrated great
potential for cancer research, they have shown different gene expression profiles than that
of the original tumor [3,4], which makes them unsuitable for guiding tailored patient treat-
ments. Additionally, animal models cannot offer high-throughput studies [5]; therefore, it
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is of utmost importance to develop sophisticated in vitro models that mimic the in vivo
tumor by closely recapitulating various aspects of the TME. Moreover, these models should
be simple to produce and able to generate results in a clinically relevant timeframe.

In the last decade, the trend in cancer research has shifted from the use of animal
models towards the development of 3D in vitro tumor models. These models are able to
reproduce the cell–cell and cell–ECM interactions in an environment that can reflect the 3D
architecture of solid tumors, including the TME, unlike 2D cell monolayers. Technological
developments in microfluidics have also consolidated their role in this field, in particular
through the advent of tumor-on-chip platforms. Unlike other 3D in vitro models, such as
tumor spheroids grown in suspension or on non-adherent surfaces, these platforms are
able to mimic the dynamic properties of the TME, for instance by permitting the continuous
perfusion of cell media for nutrient supply and waste removal. Moreover, in these systems,
mechanical pressures and the chemical environment can be more readily and precisely
controlled. Several reviews have covered tumor-on-chip development [6,7], as well as the
achievements of in vitro mimicry of the TME [1,8]. In this review, we present a unique
overview of the advances in tumor-on-chip technology by emphasizing state-of-the-art
technologies for on-chip analysis. In particular, we evaluate the potential for tumor-on-
chip technology to guide personalized cancer therapies by considering platforms that
incorporate patient-derived samples.
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Table 1. Advantages and disadvantages of different tumor models.

Type of Tumor Model In Vivo/In
Vitro/Ex Vivo Dimension Recapitulate ECM and

Cell–Cell Interactions
Recapitulate TME

Dynamics
Translational

Value Advantages Disadvantages

Cancer cell line
monolayers in vitro 2D No No Low

Inexpensive
Not labor-intensive and requires limited

expertise
High-throughput possible

Limited recapitulation of in vivo environment and
subsequent translational value

Primary cancer cell
monolayers in vitro 2D No No Low

Inexpensive
Not labor-intensive and requires limited

expertise
High-throughput possible

Less artificial than cancer cell line monolayers

Limited recapitulation of in vivo environment and
subsequent translational value

Cell line monocellular
tumor spheroids in vitro 3D No No Low Inexpensive

High-throughput possible Difficult to maintain uniformity of spheroid size

Cell line multicellular
tumor spheroids in vitro 3D Yes No Low Inexpensive

High-throughput possible Difficult to maintain uniformity of spheroid size

Microfluidic cell line
multicellular tumor

spheroids
in vitro 3D Yes Yes Intermediate Can model chemical gradients

High-throughput possible
More technically challenging than 2D models and cell line

tumor spheroids

Microfluidic
patient-derived tumor

spheroids
ex vivo 3D Yes Yes High

May contain natural ECM
Cheaper than animal models High-throughput

possible

More technically challenging than cell line models
May genetically vary from parent tumors

Difficult to access patient tumor tissue
Difficult to maintain uniformity of spheroid size

Microfluidic
patient-derived tumor

tissue
ex vivo 3D Yes Yes High

May contain natural ECM
Cheaper than animal models High-throughput

possible

More technically challenging than cell line models
May genetically vary from parent tumors

Difficult to access patient tumor tissue
Difficult to maintain uniformity of spheroid size

Patient-derived tumor
spheroids ex vivo 3D Yes No Intermediate

Cheaper than animal models
May contain natural ECM
High-throughput possible

Difficult to maintain uniformity of spheroid size
May genetically vary from parent tumors

Tumor tissue
slice/explant culture ex vivo 3D Yes Yes High

Cheaper than animal models
Contain natural ECM

High-throughput possible

Not easily amenable for high-throughput studies
Limited amount of sample

Difficult to access patient tumor tissue

Animal tumors in vivo 3D Yes Yes Intermediate
Accepted by agencies as a pre-clinical platform
Testing within a living organism accounts for

interactions between organs

Species specific differences to treatments [1]
Specific facilities and highly trained staff required

Ethical approval needed
Low throughput

Expensive and time-consuming

PDX Tumors in vivo 3D Yes Yes High
Accepted by agencies as a pre-clinical platform
Testing within a living organism accounts for

interactions between organs

Limited amount of samples
Animal-specific immune responses limit fidelity to patient

responses [3]
Transcriptome may vary from that of the original tumor [4]

Lack of standardization
Requires specific facilities and highly trained staff

Ethical approval needed
Not easily amenable for high-throughput studies

Expensive and time-consuming
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2. Current Microfluidic Advances for Tumor-On-Chip Technology

In brief, tumor-on-chip denotes a microfluidic tumor model, which aims to maximize
its physiological relevance by incorporating TME elements and accurately reflecting their
in vivo properties and interplay. Establishing a standardized definition of “tumor-on-chip”
is complicated by its differential use across papers, as well as an abundance of alternative
terms. In this review, we classify any tumor spheroids developed and cultured on-chip as
tumor-on-chip if they achieve higher-order TME mimicry in terms of cell–cell, cell–ECM or
cell–immune interactions. This can be achieved through the co-culture of various cell line
types, the culture of primary tumor spheroids or the engineering of vascularization. The
use of dissociated patient-derived cells in tumor-on-chip devices is extensively covered in
this review. We also consider the microfluidic culture of tumor slices from patient samples
a form of tumor-on-chip technology.

Discussion of tumor-organoid-on-chip platforms is omitted from this review, which
are distinguished from tumor-on-chip platforms by having a stem-cell-driven formation,
using and retaining untransformed epithelial cells. Cancer organ chips elevate the tumor-
on-chip concept by capturing organ-level physiology, rather than just the TME, and are
reviewed elsewhere [9].

2.1. Progress in Tumor-On-Chip Technology

Many attempts have been made to develop physiologically relevant tumor-on-chip
models for cancer research. Spheroids, as one of the most popular tumor-on-chip models,
remain the gold standard and fill the need for simple in vitro tumor mimics. These mod-
els can mimic the organized cellular architecture present in solid tumors [10], although
cell–cell interactions dominate over cell–matrix interactions [11]. Cancer cell lines can be
individually cultured into spheroids, creating monocellular tumor spheroids. Nonethe-
less, these are unable to effectively mimic cellular interactions within the TME. To reach
higher physiological relevance, cancer cell lines can be co-cultured with one another or
with additional cell types to mimic intra- and intertumoral heterogeneity [1,10]. These
multicellular tumor spheroids can be used to model different TME interactions, for instance
by co-culturing tumor cells with fibroblasts, epithelial cells, or immune cells [2].

Tumors also have markedly different molecular and biological signatures from one
another—a phenomenon known as intratumor heterogeneity [12]. Essentially, tumors are
“malignant snowflakes” [13], which heavily affects drug efficacy, and consequently patient
response to treatments. The best way to recapitulate this heterogeneity in vitro is through
the use of patient-derived samples, including tumor slices, which can also effectively
recapitulate the TME. Recently, personalized cancer treatments have attempted to tailor
therapies to best match the unique tumor makeup of each patient [14,15]. Microfluidic
platforms have the potential to enable this effort through both on-chip primary tumor
spheroid generation and therapy testing. Moreover, microfluidics only require a small
substance input [16]. This is particularly beneficial for personalized medicine, as the
amount of patient derived samples can be extremely limited.

2.2. Technological Approaches for Tumor-On-Chip Technology
2.2.1. Advances in Microfluidic Technologies

Although microfluidic approaches have been extensively implemented in various
laboratories, the technology is still continuously being developed and improved. Mi-
crofluidic chips are frequently fabricated using soft lithography and photolithography-
generated SU-8-patterned silicon wafer molds [11] with polydimethylsiloxane (PDMS) as
the principal material [17,18]. Although PDMS is an elastic, chemically inert, transpar-
ent, biocompatible [19] and gas permeable [2,20] material, it has been reported to absorb
small molecules [21]. This characteristic makes PDMS undesirable for drug testing, as
the actual drug concentrations within the microfluidic device may vary from the theo-
retical values [8,21,22]. Moreover, even if gas permeability of PDMS is often presented
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as an advantage, it could also be a disadvantage, for example when hypoxic conditions
are preferred.

Therefore, alternative materials for microfluidic device fabrication have been im-
plemented and developed. A longstanding technological approach involves using glass
or glass-silicon fabricated devices. The hydrophilicity of such devices ensures little ab-
sorption of proteins, drugs, and metabolites [23,24]. Furthermore, agarose is known to
be non-adhesive and suitable for spheroid formation by cell–cell interactions [25]. Also
poly(methyl methacrylate) (PMMA) is less drug-absorbent than PDMS [21] and is an
oxygen-impermeable material [20]. Consequently, it has been used in microfluidic chip
fabrication to block oxygen diffusion [20]. Palacio-Castañeda and colleagues developed
a PDMS chip covered by a 175-µm-thick PMMA film. The resulting structure reportedly
maintained hypoxic conditions in the microchannels. Moreover, it was optically trans-
parent, making it suitable for external optical interrogation [20]. Michael and coworkers
developed a hanging drop paper microfluidic device by means of paper surface engineer-
ing [26]. To ensure its hydrophobicity, a wax printer was used to imprint a pattern on
qualitative filter paper. The resulting object was heated and treated with bovine serum
albumin (BSA) to form hydrophilic wells, demonstrating a simple, easy to operate, and
inexpensive microfluidic platform. Their chip is compatible with 3D tumor model gener-
ation, demonstrated through the formation of tumor spheroids from co-cultured breast
cancer cells and skin fibroblasts.

Stereolithography focused 3D printing technologies have been used as alternatives
to traditional photolithography for wafer and mold production [25,27]. Although pho-
tolithography is able to produce structures in high resolution of nanometer scale [28], 3D
printing allows more versatile device design and increases the biocompatibility of the
system. Furthermore, it removes the need for manual post-processing at a lower cost;
therefore, 3D printing technologies might be more desirable and accessible for microfluidic
platform development [29].

Additionally, 3D-printed resin molds have also been used to develop microfluidic
devices using PDMS alternatives, such as agarose [25,27]. Fang and co-workers successfully
demonstrated tumor spheroid development on a 3D-printed agarose microfluidic chip [25].
The tri-culture of MCF7, human dermal fibroblasts and HUVECs resulted in the formation
of differently sized MCTS across a single chip under a liquid dome. The platform addition-
ally served as an efficient means for drug testing, allowing the simultaneous assessment of
drug efficacy for variously sized spheroids (Figure 1a).
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Figure 1. Representative schematics of technological advances in microfluidics for tumor-on-chip
generation: (a) an agarose microfluidic chip capable of position-dependent distribution of tumor
spheroids, with gradient-controlled sizes under a liquid dome (left) and co-culture of a breast cancer
cell line (MCF-7) and human dermal fibroblasts (right) (adapted from [25]); (b) an acoustofluidic
high-throughput tumor spheroid assembly platform with multiple channels and a reusable surface
acoustic wave generator (left), also showing the tumor spheroid formation (right) (adapted from [11]);
(c) vasculature of an in vivo tumor (left) and recapitulation of the vascular network for in vitro
microfluidic tumor models (right) (adapted from [30]).

Recent advances in 3D printing have resulted in higher resolution and have unlocked
the possibility of direct microfluidic platform fabrication instead of mold printing [17,31].
Liquid resins, such as Pro3dure GR-10 and MED 610, have been used for 3D-printed
microfluidic platform fabrication [32]. These materials have shown chemical inertness
as well as a reduced tendency to absorb small molecules in comparison to PDMS. They
also demonstrated comparable biocompatibility with human T-lymphocytes [32] and im-
munotherapeutic agent response assessment on biopsied tumor tissue [17]. Nonetheless,
such materials often suffer from a lack of transparency, limiting their compatibility with
external optical analysis [17,31]. There have been different attempts at making 3D-printed
microfluidic devices more transparent, such as sanding both sides and then further post-
curing [33]. Alternatively, Bazaz and colleagues attached transparent PMMA sheets to their
3D-printed microchannels, permitting optical and fluorescent microscopy [34]. Finally, this
issue may be further addressed in the future with the ongoing development and optimiza-
tion of transparent resins or resins with strong optical properties [35–37]. We therefore
believe that 3D printing is likely to be used increasingly in tumor-on-chip microfluidic
platform fabrication to address the current shortcomings of PDMS.

2.2.2. Reconstituting Cell–Cell Interactions On-Chip

In tumor models, cell–cell interactions, particularly heterogeneous interactions, are
required to recapitulate in vivo paracrine signaling between the different cell types of the
TME [38]. As mentioned previously, these cell–cell interactions can be readily established
in multicellular tumor spheroids. Jeong and co-workers showed that the growth of HT-
29 human colorectal carcinoma cells in tumor spheroids was stimulated upon their co-
culture with fibroblasts, demonstrating the influence of cell–cell interactions within in vitro
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tumor models [39]. Cell–cell interactions are also important for recapitulation of the
epithelial-to-mesenchymal transition, which plays a crucial role in cancer progression and
metastasis [40].

One standard approach to developing multicellular tumor spheroids is through hang-
ing drop culture on a microfluidic platform, which promotes spheroid formation following
gravity [18,26,41]. Droplet microfluidic platforms have been developed to facilitate the
generation of multicellular tumor spheroids by mixing and encapsulating cells in a single
droplet, which is protected by an immiscible liquid phase [42–44]. Taking advantage of a
high surface-area-to-volume ratio, these platforms offer the possibility of high-throughput
and homogeneous spheroid formation [45].

More recently, new tissue engineering and cell–cell interaction modeling approaches
have emerged as further alternatives. For instance, a high-throughput, proof-of-concept
spheroid formation approach using acoustofluidics has been reported (Figure 1b). Chen
and co-workers used a standing surface acoustic wave generator to form pressure nodes in
the microfluidic device and successfully created tumor cell aggregates. Upon introduction
in a microfluidic channel, cells moved towards pressure nodes to assemble into aggregates,
which could be matured to form strong cell–cell interactions [11]. Alhasan and colleagues
have similarly coupled a microfluidic surface acoustic wave generator to the microwell
of a tissue culture plate. Although spheroids were formed off-chip in the microwell, they
managed to do so in a quicker time frame than what is typically needed for the hanging
drop method [46]; thus, acoustofluidic technologies may be a valuable tool to facilitate
in vitro spheroid formation for cancer research.

Finally, although still in its infancy, 3D bioprinting may emerge as an advantageous
method of microfluidic spheroid generation. For instance, Bhise and colleagues have
successfully bioprinted a mix of pre-formed HepG2/C3A spheroids with GelMA as liquid
droplets in a bioreactor [47].

2.2.3. Reconstituting the Biochemical Microenvironment On-Chip

Solid tumors have a multi-layered structure, with each layer having a unique TME
composition in terms of its pH, nutrient/oxygen distribution, and metabolic waste prod-
ucts [25,48]. These are challenging to reconstitute in vitro, as microfluidic platforms are
generally designed to use small sample volumes and grow spheroids within a confined
space. To address these challenges, the recapitulation of the vascularization in microflu-
idics has thus been proposed for accurate tumor model development [30,49]. The vascular
network ensures the establishment of multiple in vivo chemical gradients [16] and is of
particular interest to recapitulate in vitro.

Although co-culturing cancer cells with endothelial cells has been suggested to allow
the process of vascularization [30], other TME interactions also play a pivotal role in this
process. For example, Nashimoto and colleagues successfully developed vascularized
tri-culture tumor spheroids consisting of human umbilical vein endothelial cells (HUVECs),
human lung fibroblasts (hLFs) and a human breast cancer cell line (MCF-7) [30]. Inter-
estingly, successful formation of one large blood vessel was observed in the center of the
spheroids, consisting of HUVECs and surrounded by hLFs, which provided a chemical
gradient (Figure 1c). Despite its complexity, recent advances have been made towards the
development of perfusable vascularized networks in tumor-on-chip technology [30,50,51].
For instance, vascularization can be achieved with bioprinted blood and lymphatic ves-
sels [52]. Furthermore, the subjection of tumor cells to hypoxic conditions has also been
reported to stimulate angiogenesis—the first step to vascular network formation [53].

The modeling of different oxygen levels is also essential for on-chip TME recon-
stitution, as normoxic, hypoxic and almost fully anoxic regions are found in cancerous
tissues [20]. To achieve this, Grist and colleagues developed a microfluidic platform, in
which breast tumor cell (MCF-7) spheroids in alginate hydrogel core–shell beads were
cultured. All tumor spheroids were periodically exposed to 0%, 3% and 10% oxygen [54].
They discovered oxygen profile-dependent swelling and shrinking of individual cells
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within the tumor spheroids. Moreover, these different oxygen levels can influence cellular
responses, for instance to doxorubicin treatments. Palacio-Castañeda and colleagues also
demonstrated the generation and maintenance of hypoxic conditions by firstly establishing
an anoxic environment on-chip and then monitoring oxygen diffusion through their device
under normal atmospheric conditions [20]. We believe that both models have succeeded in
elevating the physiological relevance of tumor-on-chip platforms.

Cell–ECM interactions further contribute to the tumor microenvironment, with the
ECM having been shown to enhance the growth of cancer cells in vitro [53]. To reconsti-
tute the ECM on-chip, synthetic scaffold-based culturing methods are frequently chosen,
because they focus on culturing cell types in a 3D environment that is able to closely mimic
natural ECM. Scaffolds can be synthetic, such as poly(ethylene glycol) [55], or naturally
derived hydrogel matrices, including Matrigel or collagen I and IV [8,56]. Although these
polymers are similar to the ECM components found in solid tumors, their characteristics
vary in terms of composition, structure and stiffness, depending on their method of produc-
tion [6]. For example, a dense ECM microstructure can result in increased fluid pressure
within the device, which could result in cell damage and further influence drug responses
and tumor resistance [57]. Moreover, a recent tendency in ECM modeling in vitro involves
matrix stiffness mimicry [38,56], as it greatly contributes to the tumor phenotype [58];
therefore, we believe that successful tumor matrix mimicry would be a major step for
tumor-on-chip development.

3. Current Advances in Tumor-On-Chip Analyses

While new microfluidic tumor-on-chip platforms are continuously being developed for
3D tumor modeling, the utility of these devices is dependent upon techniques for effective
analysis of the resulting tumor models. Only in this manner can biological information be
gleaned for impactful translational research, including drug testing. Several techniques
have, thus, been developed or applied for the analysis of 3D tumor models [59], yet the
advent of microfluidic tumor model generation necessitates the concomitant development
of tools compatible with or optimized for these platforms. Despite their undeniable
importance, tools and techniques for on-chip analysis are, to the authors’ knowledge, an
area frequently missing in current tumor-on-chip and microfluidic tumor spheroid reviews.
To address this, we herein provide an overview of the state-of-the-art technologies for
microfluidic tumor spheroid and TME analysis, including those that can be integrated with
the microfluidic platform. We emphasize the translational potential of their readouts—in
particular for drug testing.

3.1. Physical Sensors On-Chip

In a pioneering work by Shrike Zhang and colleagues, physical and biochemical
sensors were integrated into an organ-on-chip platform to monitor the microenvironment
in situ [22]. Integrating similar analysis methods on-chip to assess established tumor
models is highly desirable. The implementation of physical sensors on-chip for the eval-
uation of the TME—for instance in terms of pH, oxygen, and temperature—has been
reported [22]. Physical sensing methods do not involve any labeling procedures and are
advantageous for molecular absorption, distribution, metabolism, and excretion (ADME)
studies. Essentially, the chemical ions within the fluid system can transmit current and can
be correlated with pH, spheroid size and viability. For example, electrochemical sensors
have been successfully used for the measurement of glucose and lactate levels based on
electron transfer during oxidation–reduction reactions. These assisted in determining the
metabolic behavior of tumor microtissues derived from a colorectal cancer cell line HCT116,
particularly the growth and viability of the cells [18]. By the same token, miniaturized
electrochemical pH sensors have been implemented for on-chip pH sensing to avoid ad-
ditional chemical input [60]. Impedance spectroscopy has also been reported as a viable
droplet microfluidic tool for measuring tumor spheroid size on-chip, by detecting voltage
in different frequencies while applying a constant current to the droplets [41]. In a study
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conducted by Wu and colleagues, impedance spectroscopy was used to monitor tumor
spheroid viability throughout drug testing assays [61]. When the spheroid viability and
morphology change, the cell adherence to electrodes is affected, which leads to changes
in impedance values. This study demonstrates how on-chip integrated analytical tools,
such as physical sensors, have the potential to be applied to tumor-on-chip treatment
evaluation. They are particularly likely to play an important role in the field, given the
rising development of tumor-on-chip devices for personalized medicine applications.

3.2. On-Chip Imaging

Optical imaging is crucial for the characterization of tumor models, particularly in
terms of size, morphology, viability and molecular composition via protein or metabolite
detection. Confocal laser scanning microscopy (CLSM) is widely used for these intents.
Nonetheless, photon scattering decreases signal strength with imaging depth and limits the
capability of CLSM for high-resolution imaging of deep tissue layers [62]. Other modalities
such as light-sheet-based fluorescence microscopy [62] and multi-photon microscopy afford
better specimen penetration (up to 500–800 µm) and resolution at inner cell layers [63].
Nonetheless, these techniques are expensive and laborious, often requiring specialized
personnel; therefore, there is a high demand for new imaging technologies that enable
deep-tissue imaging of microfluidic tumor models with high throughput and low cost.

St Georges-Robillard and colleagues used wide-field fluorescence hyperspectral imag-
ing (HSI) for high-throughput analysis of ovarian tumor spheroids in microfluidic chips [64].
While having a lower spatial resolution than confocal imaging, this technique enabled up
to 60 spheroids to be captured in a single acquisition with increased light penetration depth.
They demonstrated its use as a tool for both preformed and on-chip-generated spheroid
analysis, and further commented on its compatibility with ex vivo tumor-on-chip mod-
els [65]. In this manner, spheroid growth can be studied rapidly and in a non-destructive
manner at multiple time points, with the potential to accelerate studies on spheroid re-
sponse to molecular agents. Rodríguez-Pena and colleagues argue that current microscopy
systems used for spheroid growth analysis are overly complex and expensive for this
relatively simple objective [66]. To address this incongruity, they developed a miniaturized,
inverted microscope composed of low-cost parts (Figure 2a). Using this device, fluorescent
and phase-gradient images were acquired to track lung cancer cell line spheroid forma-
tion and growth in a microfluidic chip. Using this “Spheroscope” could, thus, improve
the affordability of spheroid drug response studies, permitting increased experimental
flexibility and potential to scale up for high-throughput studies. Another approach to
facilitate portable and low-cost 3D imaging of tumor tissues involves the integration of
optics with microfluidics— “optofluidics”. Here, optical elements can be incorporated
into the microfluidic chip for increased automation and portability [67] (Figure 2b). In the
context of 3D tumor model imaging, it is the authors’ understanding that optofluidics have
only been implemented as a preformed tumor spheroid analysis tool [68]. In the future, we
expect this field to elevate tumor-on-chip automation and imaging capabilities.

Grist and colleagues have integrated tissue clearing protocols on a microfluidic plat-
form to address the need for deep tissue imaging tools compatible with microfluidic
chips [69]. Tissue clearing renders thick biological samples transparent, allowing for their
effective, deep layer imaging without sectioning. Following clearing, tumor spheroids
of breast cancer cells (MCF-7) embedded within hydrogel beads were fluorescently im-
aged with increased penetration depth. Furthermore, the compatibility of their device
with on-chip 3D cell culture holds promise for its eventual progression into a tumor-on-
chip platform for image-based cancer drug testing. Other microfluidic devices exist for
spheroid clearing [70,71], although to the authors’ knowledge, do not currently specify
compatibility with tumor spheroid generation and culture. Nonetheless, tissue clearing
could induce artefacts of structure or tissue alterations and is typically only suitable for
endpoint analyses.
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In addition to on-chip imaging technologies, advances in image analysis are necessary
in order to effectively manage the data—especially high-throughput data. Computational
tools using machine learning, such as image pattern recognition algorithms, have been
implemented to effectively analyze microfluidic tumors [72]. For example, the HSI imaging
system described earlier can perform clonogenic assays and quantify tumor spheroid com-
position [65]. This was achieved through image analysis on hyperspectral data cubes, in
which regions of interest were selected for each spheroid and the spheroid cellular compo-
sition was calculated. This obviates the need for destructive, off-chip spheroid composition
analyses such as flow cytometry. Furthermore, it has been proposed that machine learning
algorithms and artificial intelligence will become increasingly integrated into tumor-on-
chip platforms for big data processing [73]. As an example, neural networks have been
trained to be able to estimate spheroid viability from brightfield images, eliminating the
need for traditional live–dead staining and fluorescence imaging [74]. This approach was
used to estimate the efficacy of various chemotherapy drugs on triple-negative breast
cancer cell (SUM159) tumor spheroids grown on a microfluidic chip. Nonetheless, the
integration of machine learning algorithms for microfluidic tumor model analysis remains
in its infancy, with few demonstrated examples.

The given examples focus on imaging technologies for spheroid growth tracking and
viability assays. Nonetheless, the capabilities of microfluidic technologies can also be
coupled with imaging tools to unravel the molecular behavior of spheroids. As an example,
Saint-Sardos and colleagues recently developed their droplet microfluidic platform to
enable the measurement of both intracellular and secreted cytokines from spheroids [45]. A
secondary droplet, containing anti-VEGF-A beads and anti-VEGF-A secondary fluorescent
antibody, was delivered and anchored next to the spheroid droplets. In this manner,
the level of VEGF-A secretion from the spheroids could be quantified by fluorescence
microscopy. Although this technology remains to be tested on tumor spheroids, it has the
potential to aid our understanding of intratumor cell–cell interactions and their role in
drug resistance.

Figure 2. Microfluidic tumor imaging techniques: (a) schematic of the oblique back-scattered illumi-
nation pathway of the Spheroscope for monitoring microfluidic tumor spheroid growth (adapted
from [66]); (b) schematic of a device for selective plane illumination microscopy on-chip, using an
optofluidic approach (adapted from [68]).

3.3. Tumor Recovery for Off-Chip Analysis

The capability of tumor recovery for downstream analysis has recently been described
as “conclusively essential” for in vitro cultures [75]. By extracting intact tumor models
and preserving their 3D structure, a range of invasive, off-chip analyses can be performed,
including examining histology and microdissection. Although the inability to extract
spheroids is argued to be a major limitation of many tumor-on-chip systems [76], several
techniques have been developed to allow simple and effective tumor model recovery from
microfluidic platforms.
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Microfluidic platforms can be designed to simplify tumor model recovery. For instance,
open-format microfluidic devices can permit direct access to and recovery of generated
tumor spheroids by simple pipetting (Figure 3a) [77,78]. Dismantable microfluidic devices
can also permit top microchannels to be peeled off, facilitating tumor spheroid retrieval
from the device by pipetting [79]. Similarly, Ayuso and colleagues designed a microde-
vice, whose upper half can be removed for the collection of collagen hydrogel-embedded
tumor cells using a biopsy punch [80]. Elevating this concept even further, microfluidic
devices can be reversibly sealed, for instance by means of an integrated magnetic system
(Figure 3b) [81]. Through this, spherical microtissues generated from a colorectal cancer
cell line HT-29 were effectively recovered from the microwells. Ultrahigh-resolution scan-
ning electron microscopy was then used to investigate the effects of drug treatment on
the morphology of the spheroid surface. This illustrates how off-chip characterization,
following proper tumor recovery, has the potential to enhance drug testing studies. Other
microfluidic devices have also demonstrated successful spheroid recovery by using PCR
adhesive tape [82] or spring-loading force [83] to reversibly seal the microfluidic chips.
Recovered tumor spheroids can also be dissociated for subsequent single-cell analyses. For
instance, the aforementioned device of Zhao enabled individual gene expression profil-
ing of the dissociated spheroids [79]. Moreover, Patra and colleagues used a “peelable”
microfluidic device to study the combined effects of radiotherapy and doxorubicin treat-
ment on soft tissue sarcoma spheroids, applying flow cytometry and clonogenic assays on
the dissociated spheroids post-treatment [84]. The authors emphasize their workflow’s
potential for drug discovery and the evaluation of optimal radiotherapy–chemotherapy
synergies—a combination often used in clinical treatments.

Figure 3. Tumor spheroid recovery for off-chip analysis: (a) the process of cell seeding and spheroid
harvesting by pipetting from a microfluidic pillar array device (adapted from [78]); (b) schematic of
the fabrication of a reversibly sealed microfluidic device and its subsequent use for tumor microtissue
cultivation, drug testing and recovery (adapted from [81]); (c) schematic of spheroid formation within
an agarose droplet after trapping and sedimentation into an anchor on the microfluidic chip (top),
as well as controlled agarose embedded spheroid recovery from a microfluidic device by selective
heating with an infrared laser beam (bottom) (adapted from [42]).
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In closed-format tumor-on-chip systems, the reversal of the flow direction or increase
in flow rates is typically used for spheroid recovery [10,85]. Such an approach is likely to
retrieve all the spheroids on a chip, rather than particular ones of interest. To address this,
Sart and colleagues built a droplet microfluidic platform, which uses integrated anchors
to trap the droplets. Spheroids were formed by subsequent cell sedimentation at the
bottom of the droplets (Figure 3c, Top). After the treatment, spheroids were recovered by
using a focused infrared laser followed by culture media flow to collect agarose-embedded
tumor spheroids [42] (Figure 3c, Bottom). In this manner, the heat of the laser selectively
detaches spheroids, which are subsequently flushed out of the device. The retrieval of
particular spheroids over bulk is advantageous when only a subset of spheroids is of
interest to the analysis, alleviating the need for post-recovery sorting. The argument has
been raised that the shear stress demanded by such flowrate controlling methods could
be cell damaging [81]. Nonetheless, several studies have reported the culture of viable
spheroids up to 2 weeks post-recovery [85], great spheroid integrity [10] and continued
cell migration capabilities [42].

4. Applications and Clinical Aspects of Tumor-On-Chip Technology
4.1. Potential Applications of Tumor-On-Chip Technology in Personalized Medicine

As previously outlined, tumor heterogeneity limits the success of a “one-size-fits-all”
treatment approach to cancer; therefore, extensive efforts have been made towards the
effective tailoring of cancer therapies for individuals or stratified groups of patients. While
next generation sequencing (NGS) can be used to guide such approaches [86], ex vivo
drug testing on solid patient tumor samples and biopsies has emerged as a complemen-
tary tool, with the potential to more precisely determine optimal therapy regimens. To
this end, several teams have been developing tumor-on-chip platforms that support the
culture of patient-derived tumor samples and evaluation of their response to therapies. A
comprehensive overview of recent progress made in this field is provided in Table 2.

Tumor tissue typically undergoes physical mincing and enzymatic digestion into a
single-cell suspension before on-chip culture. These patient-derived cells can be seeded
onto the microfluidic device shortly after dissociation [87] or may first undergo several
passages in off-chip cultures [88], and occasionally off-chip spheroid preformation [31].
Alternatively, tumor slices or microdissected tumor tissue can be cultured on tumor-
on-chip platforms [15,21]. For example, Rodriguez and colleagues developed a PMMA
microfluidic device capable of culturing up to 40 patient-derived tumor tissue samples
for drug screening (Figure 4a) [21]. Alternatively, patient biopsies can be cultured into
organoids on a microfluidic platform, as recently demonstrated for lung cancer organoids
(Figure 4b) [89]. On this platform, the patient-derived organoids were subsequently
subjected to drug screening, using a continuous flow of drug-containing media to model
physiologically relevant flow conditions.

Most tumor-on-chip platforms using patient-derived samples have focused on
chemotherapy drug testing. For example, by using dissociated tumor biopsies from
mesothelioma patients, Mazzocchi and colleagues demonstrated long-term culture of vi-
able 3D spheroids within 6 chambers, with subsequent chemotherapeutic drug testing [90].
A peristaltic pump was used to facilitate the continuous flow of media or drug-infused
media to the spheroids (Figure 4c). Crucially, the drug responses of patients were recapitu-
lated in the on-chip tumor spheroids, strongly supporting the utility of this approach for
precision medicine approaches. Lim and colleagues cultured spheroids of biopsy-derived
primary breast cancer cells in a size-controllable manner, treating them with the same
chemotherapy drugs as those administered to the patients [78]. They too reported sim-
ilarities in the drug response of their spheroids as witnessed for the patients. Therein,
these two examples, along with the work of the other teams provided in Table 2, empha-
size the encouraging progress made with tumor-on-chip technology in regard to tailoring
chemotherapy treatments.
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More recently, several groups have also started investigating the use of tumor-on-chip
technology for the evaluation of combination therapies. For example, a droplet microfluidic
platform was engineered to permit the generation of chemically distinct droplets [14]. This
was used to conduct pairwise drug testing on patient-derived pancreatic tumor cells,
investigating the effects of chemo-, targeted and cytokine combined therapies. The same
group has also demonstrated effective coupling of such microfluidic-based perturbation
screenings with mathematical logic models, using established knowledge of signaling
pathways to unravel patient-specific signaling pathways, which in turn can then be used
to guide personalized therapies [91]. Implementing in silico testing also allows prediction
of the effects of new potential therapies that cannot be tested experimentally due to the
limited amount of solid tumor or biopsy material.

Other groups have explored the possibility of using tumor-on-chip technology for the
personalization of radio- and immunotherapy. The associated comorbidities of radiother-
apy justify the development of a tool to predict patient radiosensitivity and to assess the
value of treatment. With this in mind, precision cut head and neck cancer tumor slices were
cultured and irradiated on a tumor-on-chip device [15]. Their easy-to-use polyetherether-
ketone (PEEK) microfluidic device was capable of maintaining tissue viability for 68 h,
and an irradiation system enabled precise radiotherapy treatment delivery. With regards
to immunotherapy, Aref and colleagues developed patient-derived organotypic tumor
spheroids (PDOTS) on-chip to test responses to immune checkpoint blockade using an-
tibody treatment [92]. Since there are currently no known reliable genetic signatures or
biomarkers for prediction of immunotherapy resistance, this platform represents a novel
approach to understand and overcome this issue.

Figure 4. Representative tumor-on-chip platforms for potential applications in personalized medicine:
(a) cross-sectional representation of a tumor tissue slice cultured on a porous membrane (adapted
from [21]); (b) cartoon depiction of a microfluidic yarn flow resistor passive microflow device for
human lung organoid development and culture (adapted from [89]); (c) schematic depiction of a
microfluidic device plug-in loop to enable cell media delivery to cultured spheroids from a reservoir
using a peristaltic pump (adapted from [90]).
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Table 2. Tumor-on-chip models incorporating patient-derived samples for therapy testing.

Year Sample Type Cell Culture Microfluidic Device Application Analysis Main Outcomes Ref.

Chemotherapy

2015
Primary human lung

tumors and squamous
carcinoma tissues

Dissociated cells from tissues;
monocultured or co-cultured

Two PDMS parts consisting of
microwells, fabricated by

stereolithography epoxy molds,
plasma-bonded

Drug treatment with cisplatin
for 48 h

On-chip: Live–dead staining and
fluorescence imaging to assess

cell viability
Off-chip: Flow cytometry for cell sorting,

followed by caspase-3/7 activity of the
supernatant to assess apoptosis

System efficiency was high with little cell
loss in the microfluidic network.

Primary pericytes (PCs) had a protective
effect on the primary epithelial lung tumor
cells (PLETCs) from the damaging effects of

the chemotherapeutical drug.

[93]

2016
Primary human ovarian

cancer tissues and prostate
cancer tissues

Microdissected cylindrical
tissues

Two PDMS replicas with 5 open
channels containing 5 microwells,

fabricated by micromachined
PMMA master molds,

plasma-bonded

Drug treatment with
carboplatin for 48 h

On-chip: Fluorescence staining and
imaging of live tissues to assess

cell viability
Off-chip: Endpoint flow cytometry

analysis to assess the survival of
individual cells within the microtissues

The microfluidic platform was operated
using simple instruments typically found

in cell biology laboratories.
Drug treatment response measured in the
microfluidic chip was concordant with the

clinical response of the patient.

[94]

2017
Primary human

nasopharyngeal tumor
tissues

Dissociated cells from tissues;
100–200 cells per droplet

PDMS microchannels containing
48 droplet formation wells,

fabricated by a SU-8-patterned
silicon wafer molds,

plasma-bonded to glass coverslips

Drug treatment with
bortezomib and cisplatin for

16–24 h

On-chip: Ethidium homodimer 1
labeling during cell seeding, brightfield
and red fluorescence imaging to assess

cell number and viability

The microfluidic system was capable of
drug-screening as few as 16,000 cells

obtained from primary cancer within 24 h
after tumor resection from patients.

[95]

2018
Primary human

mesothelioma tumor
tissues

Dissociated cells from tissues
mixed with hyaluronic acid

and hydrogel precursor;
20 million cells/mL

were seeded

Six chambers produced in an
aluminum foil–adhesive film

using a cutting plotter, attached to
a glass slide (bottom) and

polystyrene slide (top)

Drug treatment with
carboplatin–pemetrexed or

cisplatin–pemetrexed for 7 d

On-chip: Live–dead staining and
fluorescence imaging to assess cell

viability, proliferation assays,
visualization of biomarkers using IHC *

The microfluidic platform was capable of
maintaining the cell viability over 14 d and

key mesothelioma biomarkers in
patient-derived organoids (accurate tumor

phenotype).
Drug response of organoids was

concordant with clinical outcomes.
Patient-to-patient tumor heterogeneity was

demonstrated.

[90]

2018 Primary human prostate
cancer biopsies

Biopsies were minced,
passaged and injected into

the device; 24,000 cells were
seeded

Two PDMS parts containing 240
square microwells fabricated by

SU-8-patterned silicon wafer
molds, plasma-bonded

Drug treatment with
cisplatin, docetaxel and
enzalutamide for 12 h

On-chip: Live–dead staining and
fluorescence imaging to assess cell

viability, calcein assay to assess
concentration gradient formation

Off-chip: RT-qPCR to assess prostate
cancer cell gene expression

Proof of concept study. The microfluidic
platform was capable of forming

concentration gradient and maintain its
stability for 12–16 h.

[96]

2018
Primary human

triple-negative breast
cancer tumor biopsy

1×105 cells/mL were seeded;
~300 spheroids on the device

Two PDMS plasma-bonded layers
with pillar array fabricated by two

printed transparent film masks

Drug treatment with
doxorubicin or docetaxel for

72 h

On chip: Live–dead staining assay,
fluorescence imaging to assess spheroid

number and size
Off-chip: qRT-PCR to assess cancer stem

cell marker expression

Proof of concept study. The microfluidic
platform was capable of controlling the

spheroid size.
Spheroids showed a similar differential
drug response observed in the patient.

[78]

2018

Primary human
triple-negative breast
cancer tumor tissue

biopsies

Patient-derived tumor
organoids (PDTO) from
sectioned tissues; 1×107

cells/mL cell suspension
with Matrigel

PDMS device with 8 tumor tissue
chambers fabricated by

SU-8-patterned silicon wafer
molds, plasma-bonded to a flat

PDMS sheet

Drug treatment with
paclitaxel for 48 h

On-chip: Immunostaining and
fluorescence imaging to assess tumor
growth, fluorescently tagged dextran
perfusion via device to assess vessel

permeability assessment

Proof of concept study. The microfluidic
platform was capable of maintaining the

viability of the primary tissue for up to 21 d.
A tumor-on-a-chip device that mimics

biological mass transport was designed,
where 3D microvascular network was

created prior to loading PDTO.

[97]
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Table 2. Cont.

Year Sample Type Cell Culture Microfluidic Device Application Analysis Main Outcomes Ref.

2018 Primary human
glioblastoma tumor tissues

Dissociated cells from tissues;
0.5×106 cells/mL were

seeded

Poly-(ethylene glycol) diacrylate
(PEGDA) hydrogel layer

consisting of 7 channels with 9–11
microwells per channel,

fabricated by printed plastic
photomasks, crosslinked between

two cover glass slides

Drug treatment with
combination of bevacizumab

and temozolomidefor 7 d

On-chip: Immunostaining and
fluorescence imaging to assess spheroid

formation
Off-chip: Trypan blue staining to assess

cell viability

Proof of concept study. Patient-to-patient
tumor heterogeneity was demonstrated. [88]

2019
Primary human small-cell

lung cancer (SCLC)
biopsies

Mechanically dissociated
lung cancer organoids

(LCOs) mixed with Matrigel

PDMS device consisting of
29 microwells fabricated by

SU-8-patterned silicon wafer
molds, plasma-bonded to a cover

glass

Drug treatment with cisplatin
and etoposide for 72 h

On-chip: Fluorescence imaging to assess
organoid size, end point live–dead

staining and fluorescence imaging to
assess cell viability, apoptosis analysis

Off-chip: Genomic analysis to evaluate
the somatic mutations, qRT-PCR to

characterize the specific marker
expressions for cancer stem cells

First demonstration of 3D lung cancer
organoid production from small-cell lung

cancer tumors. The microfluidic device was
capable of culturing these organoids, as
well as performing drug sensitivity tests.

The centers of the organoids could survive
chemotherapy-induced cell death, which

may help to elucidate chemotherapy
resistance mechanisms.

[89]

2020 Primary metastatic human
rectal tumor tissues Tissue slices

PMMA plate consisting of
40 wells with an integrated

channel network layer, fabricated
by CO2 laser micromachining,
sealed with chloroform vapor

Drug treatment with
combinations of FOLFOX,

FOLFIRI ** and
staurosporine for 48 h

Off-chip: Proliferation assay and
live–dead staining to assess cell viability,
fluorescence imaging to assess cell death

The microfluidic device was capable of
delivering multiplexed anti-cancer drugs
on tumor slices and was compatible with

on-chip live–dead staining.

[21]

2020
Primary human pancreatic

ductal adenocarcinoma
tumor organoid

Organoids were suspended
in single cells and cultured in
Matrigel with human dermal

fibroblasts, before
introducing this suspension

(6800–13,600 cells) in HUVEC
(75,000–12,5000 cells) scaffold

Two PDMS molds fabricated by
SU-8-patterned silicon wafer

molds, between PDMS molds and
a PDMS sheet, pressed and

perfused with a highly elastic
polyester material,

plasma-bonded to a silicon wafer

Drug treatment with
gemcitabine for 96 h

On-chip: Luminescence assay to assess
cell viability, fluorescence imaging to
assess organoid size and morphology

Tumor-derived cells cultured in the
microfluidic system only underwent ECM

remodeling when co-cultured with
fibroblasts. These changes, as well as

vascularization, decreased the efficacy of
gemcitabine treatment.

[98]

Radiotherapy

2019
Primary human head and

neck squamous cell
carcinoma tumor tissue

Tumor slices
Two PEEK plate parts consisting
of 1 well for 1 sample, reversibly

sealed by screws

Irradiation with a photon
beam; 10 Gy in 5× 2 Gy

fractions in a 72 h schema;
drug treatment with cisplatin

for final 48 h alongside the
5× 2 Gy irradiation fractions

Off-chip: Trypan blue/PI staining to
assess tissue viability, flow cytometry to
assess cell death, IHC * staining to assess

radiation response markers

The microfluidic system was capable of
maintaining the viability of precision-cut
tumor slices for 68 h. This system enabled
monitoring of the effects of irradiation and

chemoradiation on tumor slices.

[15]

Immunotherapy

2018
Primary human

non-small-cell lung cancer
biopsies

Tumor fragments

Cyclic olefin copolymer (COC)
device consisting of chevron-like

12-lane channel pattern,
fabricated by micromachined

aluminum master mold, bonded
to a COC film using a heated

lamination process

Treatment with an anti-PD-1
antibody pretreated
tumor-infiltrating

lymphocytes (TILs),
monitored daily for 7–10 d

On-chip: Fluorescence staining and
imaging to assess cell growth and

viability
Off-chip: Magnetic cell sorting using

flow cytometry to separate tumor cells

The microfluidic system was capable of
studying interactions between autologous

lymphocytes and biopsy sample in
response to an anti-PD-1 antibody. The

sample showed responder behavior,
mimicking the in vivo tumor response.

[72]
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Table 2. Cont.

Year Sample Type Cell Culture Microfluidic Device Application Analysis Main Outcomes Ref.

2018 Primary human metastatic
melanoma tumor tissues

Minced tumor tissues mixed
with collagen

Cyclic olefin polymer device by
AIM BIOTECH consisting of

3 chambers

Treatment with anti-PD-1
(pembrolizumab,

250 µg/mL), anti-CTLA-4
(ipilimumab, 50 µg/mL) or

combination for 5–9 d

Oh-chip: Live–dead staining and
fluorescence imaging to assess

cell viability
Off-chip: Flow cytometry for immune
profiling, RNA-seq, cytokine profiling

in media

The microfluidic system was capable of
performing a range of on-/off-chip

analyses. It demonstrated the immune
checkpoint sensitivity of patient-derived

tumor spheroids, which is not seen in
2D cultures.

[92]

2019
Primary human

non-small-cell lung
carcinoma tumor biopsies

Tumor fragments

Pro3dure GR-10 resin device
fabricated by digital light

projection stereolithography
(DLP-SLA) 3D printing

Treatment with anti-PD-1
antibodies, monitored after

24, 48 and 72 h

On-chip: Live–dead staining and
fluorescence imaging to assess cell

viability, resident lymphocyte response
to selected antibodies

Off-chip: Fluorescence imaging to
determine healthy tumor fragments

The microfluidic system was capable of
culturing biopsied tumor tissue and
resident lymphocytes in a dynamic

perfusion system. It enabled the
monitoring of tumor response to

immunotherapeutic agents. Clinical
correlation of the laboratory results is

needed to determine its utility in guiding
personalized medicine approaches.

[17]

Combined therapy

2018 Primary human pancreatic
tumor biopsies

Dissociated cells from
tumors; ~100 cells

encapsulated in each plug

Droplet-based PDMS device
consisting of 1140 plugs,

fabricated by AZ-40XT patterned
silicon wafer molds,

plasma-bonded to a thin elastic
PDMS membrane with integrated

Braille valves

Drug treatment with
chemotherapeutic drugs

(oxaliplatin and gemcitabine),
specific kinase targets

(Cyt387, PHT-427, MK-2206,
GDC0941, gefitinib, ACHP,

AZD6244) and one cytokine
(tumor necrosis factor-α) for

up to 14 d

On-chip: Fluorescence staining and
imaging to assess cell viability, caspase-3

activity to access cell apoptosis

The microfluidic system was capable of
screening 62 different drug conditions on

biopsy-derived cells. No drug combination
had strong efficacy across all patient

samples, encouraging the consideration of
personalized medicine approaches to

pancreatic cancer

[14]

* IHC = immunohistochemistry staining; ** FOLFOX = 5-FU and Oxaliplatin; FOLFIRI = 5-FU and Irinotecan.
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4.2. Clinical Perspective of Tumor-On-Chip Technology

The rise in microfluidic technologies and analysis tools described in this review has
undoubtedly enhanced the multifunctionality of tumor-on-chip platforms. They are, thus,
likely to facilitate the use of tumor-on-chip technology in personalized medicine, which
to the authors’ knowledge, has not yet advanced to clinical-stage research or applica-
tions. Nonetheless, the described proof-of-concept tools have insofar largely been applied
on tumor spheroids, with most examples having yet to be successfully integrated with
more sophisticated tumor models, especially using patient-derived samples. Furthermore,
the integration of certain analysis tools inro tumor-on-chip devices could inadvertently
complicate their production and operation, limiting the reproducibility of the data. In
order to transition from bench to bedside, we believe that an optimal trade-off needs to be
made between the technological complexity and simplicity of tumor-on-chip devices, as
well as affordability of both their manufacture and operation. Furthermore, most of the
cutting-edge technologies discussed in this review need further optimization and lower
costs in order to be implemented in the broader scientific community. Implementation
would also require specifically trained staff, which is time-consuming. The rise in 3D
printing technologies is likely to alleviate these challenges by enabling direct printing and
the use of PDMS alternatives, as described earlier. Additionally, 3D printing can afford
shorter fabrication times and greater affordability than traditional methods [17]. Further
automatization of tumor-on-chip production is also likely to ensure simple scale-up and
adoption in clinical settings. To make operation more economically feasible, tumor-on-chip
devices would also benefit from higher throughput and parallelization. Notwithstanding,
Eduati and colleagues developed a platform that enables the workflow of drug testing on
live patient cells to be completed within 48 h for only 150 USD per patient [14].

Another major challenge for testing the therapeutic response of patient-derived sam-
ples is their small quantity and short lifetime in ex vivo cultures. To address these, tumor-
on-chip devices must be compatible with the processing and analysis of small amounts of
tumor specimens within a clinically relevant timeframe. Bower and colleagues succeeded
in dissociating and culturing fresh tissue samples on a microfluidic platform within 90 min
of excision [87]. Nonetheless, the use of freshly resected tumor cells can result in poor
viability on-chip, necessitating the culturing of cells outside the chips prior to seeding [88].
Such steps may reduce the physiological relevance of the final tumor-on-chip platform.
In particular, it has been argued that methods using patient-derived cells from dissoci-
ated tumor tissue typically lack the TME that is present in vivo [21]. Several groups have
demonstrated the successful maintenance of tumor slices on microfluidic chips for over
72 h [90,99], which obviates the need for extensive ex vivo processing or culturing steps,
making them an alternative suited for future clinical applications.

Finally, the reflection of the laboratory results in real cases has only been reported
for a limited number of patients [78,90]. This is likely due to difficulties associated with
obtaining patient samples, metadata and patient outcome data [100]. As such, it is difficult
to evaluate the ability of these platforms to accurately reflect patient-specific therapy re-
sponses in a reproducible manner. The lack of standardization of tumor-on-chip fabrication
and use also limits the extent to which data can be compared and corroborated across
laboratories. Nonetheless, we believe that the clinical correlation of laboratory results is
likely to be met once the devices enter clinical stage research. We further emphasize that
the establishment of consortia or collaborations between laboratories, biobanks, clinics and
the biotechnology or pharmaceutical industry will facilitate this transition. International
initiatives for personalized cancer medicine have been created, such as the WIN consortium.
Although the focal point continues to be genomic and transcriptomic approaches to preci-
sion oncology [101], such initiatives are likely to pave the way for clinical tumor-on-chip
implementation in the future.
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5. Conclusions

Clinically applicable tumor-on-chip platforms should be high-throughput, simple,
reliable, easy-to-use, and cheap to produce and operate. Furthermore, they should maintain
sample viability, as well as mimic the TME and patient therapy responses. We believe that
the reviewed tumor-on-chip platforms meet several of these requirements but still struggle
to satisfy them all. In particular, clinical corroboration of the laboratory results is still
needed to ascertain that patient-specific therapy responses are reflected in these platforms.
Accurate recapitulation of the TME on-chip can be highly beneficial in ensuring such
corroborative results. Moreover, the rise in 3D printing technologies is likely to enable quick
and low-cost production of complex tumor-on-chip devices. Finally, new and optimized
on-chip analysis techniques are enhancing the sophistication and multifunctionality of
tumor-on-chip devices. These techniques are likely to catalyze on the implementation of
tumor-on-chip devices clinical settings, provided they do not compromise the simplicity
of manufacture and operation. Overall, we believe that these technological advances
in tumor-on-chip devices are paving the way for an exciting new age of personalized
cancer medicine.

Author Contributions: Conceptualization, V.T. and W.X.; writing—original draft preparation, S.B.
and A.H.; writing—review and editing, V.T. and W.X.; supervision, V.T. and W.X. All authors have
read and agreed to the published version of the manuscript.

Funding: S.B. was funded by Campus France scholarship. A.H. was supported by EUR G.E.N.E.
(reference #ANR-17-EURE-0013), part of the Université de Paris IdEx #ANR-18-IDEX-0001 funded by
the French Government through its “Investments for the Future” program. This work was supported
by the Ministère de l’Enseignement Supérieur et de la Recherche, the Université Paris-Descartes,
the Centre National de la Recherche Scientifique (CNRS), the Institut National de la Santé et de la
Recherche Médicale (INSERM), the National Cancer Institute, the Ministry of Solidarity and Health,
the SIRIC CARPEM (CAncer Research and PErsonalized Medicine, funding and fellowship for W.X.;
no. INCa-DGOS-Inserm_12561), the Ligue Nationale Contre le Cancer (LNCC, Program “Equipe
labelisée LIGUE”; no. EL2016.LNCC/VaT) and Canceropole Ile-de-France. This work was supported
by ITMO Cancer AVIESAN (Alliance Nationale pour les Sciences de la Vie et de la Santé, National
Alliance for Life Sciences and Health; N◦19CS006-00, COCAHEMSICLE) within the framework of
the Cancer Plan, and by Institut National du Cancer (INCa) with the program Heterogeneity of
tumors and ecosystem (HTE program) within the sub program “deciphering the heterogeneous
genome-microenvironment interplay in colon and hepatocellular carcinomas (HETCOLI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Wan, L.; Neumann, C.A.; LeDuc, P.R. Tumor-on-a-chip for integrating a 3D tumor microenvironment: Chemical and mechanical

factors. Lab Chip 2020, 20, 873–888. [CrossRef] [PubMed]
2. Nguyen, M.; De Ninno, A.; Mencattini, A.; Mermet-Meillon, F.; Fornabaio, G.; Evans, S.S.; Cossutta, M.; Khira, Y.; Han, W.;

Sirven, P.; et al. Dissecting Effects of Anti-cancer Drugs and Cancer-Associated Fibroblasts by On-Chip Reconstitution of
Immunocompetent Tumor Microenvironments. Cell Rep. 2018, 25, 3884–3893.e3. [CrossRef]

3. Guerin, M.V.; Finisguerra, V.; Eynde, B.J.V.D.; Bercovici, N.; Trautmann, A. Preclinical murine tumor models: A structural and
functional perspective. eLife 2020, 9. [CrossRef] [PubMed]

4. Liu, Y.; Chanana, P.; Davila, J.I.; Hou, X.; Zanfagnin, V.; McGehee, C.D.; Goode, E.L.; Polley, E.C.; Haluska, P.; Weroha, S.J.; et al.
Gene expression differences between matched pairs of ovarian cancer patient tumors and patient-derived xenografts. Sci. Rep.
2019, 9, 6314. [CrossRef] [PubMed]

5. Hou, Y.; Ai, X.; Zhao, L.; Gao, Z.; Wang, Y.; Lu, Y.; Tu, P.; Jiang, Y. An integrated biomimetic array chip for high-throughput
co-culture of liver and tumor microtissues for advanced anticancer bioactivity screening. Lab Chip 2020, 20, 2482–2494. [CrossRef]
[PubMed]

http://doi.org/10.1039/C9LC00550A
http://www.ncbi.nlm.nih.gov/pubmed/32025687
http://doi.org/10.1016/j.celrep.2018.12.015
http://doi.org/10.7554/eLife.50740
http://www.ncbi.nlm.nih.gov/pubmed/31990272
http://doi.org/10.1038/s41598-019-42680-2
http://www.ncbi.nlm.nih.gov/pubmed/31004097
http://doi.org/10.1039/D0LC00288G
http://www.ncbi.nlm.nih.gov/pubmed/32542294


Cancers 2021, 13, 4192 19 of 22

6. Santiago, G.T.-D.; Flores-Garza, B.G.; Negrete, J.T.; Lara-Mayorga, I.M.; González-Gamboa, I.; Zhang, Y.S.; Rojas-Martínez, A.;
Ortiz-López, R.; Álvarez, M.M. The Tumor-on-Chip: Recent Advances in the Development of Microfluidic Systems to Recapitulate
the Physiology of Solid Tumors. Materials 2019, 12, 2945. [CrossRef]

7. Moshksayan, K.; Kashaninejad, N.; Warkiani, M.E.; Lock, J.; Moghadas, H.; Firoozabadi, B.; Saidi, M.S.; Nguyen, N.-T. Spheroids-
on-a-chip: Recent advances and design considerations in microfluidic platforms for spheroid formation and culture. Sensors
Actuators B Chem. 2018, 263, 151–176. [CrossRef]

8. Bray, L.J.; Hutmacher, D.W.; Bock, N. Addressing Patient Specificity in the Engineering of Tumor Models. Front. Bioeng. Biotechnol.
2019, 7, 217. [CrossRef] [PubMed]

9. 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]

10. 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]

11. Chen, B.; Wu, Y.; Ao, Z.; Cai, H.; Nunez, A.; Liu, Y.; Foley, J.; Nephew, K.; Lu, X.; Guo, F. High-throughput acoustofluidic
fabrication of tumor spheroids. Lab Chip 2019, 19, 1755–1763. [CrossRef] [PubMed]

12. Bradney, M.J.; Venis, S.M.; Yang, Y.; Konieczny, S.F.; Han, B.; Bradney, M.J.; Venis, S.M.; Yang, Y.; Konieczny, S.F.; Han, B. A
Biomimetic Tumor Model of Heterogeneous Invasion in Pancreatic Ductal Adenocarcinoma. Small 2020, 16, 1905500. [CrossRef]
[PubMed]

13. Kurzrock, R.; Giles, F.J. Precision oncology for patients with advanced cancer: The challenges of malignant snowflakes. Cell Cycle
2015, 14, 2219–2221. [CrossRef]

14. Eduati, F.; Utharala, R.; Madhavan, D.; Neumann, U.P.; Longerich, T.; Cramer, T.; Saez-Rodriguez, J.; Merten, C.A. A microfluidics
platform for combinatorial drug screening on cancer biopsies. Nat. Commun. 2018, 9, 1–13. [CrossRef]

15. Kennedy, R.; Kuvshinov, D.; Sdrolia, A.; Kuvshinova, E.; Hilton, K.; Crank, S.; Beavis, A.W.; Green, V.; Greenman, J. A patient
tumour-on-a-chip system for personalised investigation of radiotherapy based treatment regimens. Sci. Rep. 2019, 9, 1–10.
[CrossRef]

16. Carvalho, M.R.; Barata, D.; Teixeira, L.M.; Giselbrecht, S.; Reis, R.L.; Oliveira, J.M.; Truckenmüller, R.; Habibovic, P. Colorectal
tumor-on-a-chip system: A 3D tool for precision onco-nanomedicine. Sci. Adv. 2019, 5, eaaw1317. [CrossRef]

17. Beckwith, A.L.; Velásquez-García, L.F.; Borenstein, J.T. Microfluidic Model for Evaluation of Immune Checkpoint Inhibitors in
Human Tumors. Adv. Healthc. Mater. 2019, 8, e1900289. [CrossRef]

18. Misun, P.M.; Rothe, J.; Schmid, Y.R.; Hierlemann, A.; Frey, O. Multi-analyte biosensor interface for real-time monitoring of 3D
microtissue spheroids in hanging-drop networks. Microsyst. Nanoeng. 2016, 2, 16022. [CrossRef]

19. Van Meer, B.; de Vries, H.; Firth, K.; van Weerd, J.; Tertoolen, L.; Karperien, H.; Jonkheijm, P.; Denning, C.; Ijzerman, A.; Mummery,
C. Small molecule absorption by PDMS in the context of drug response bioassays. Biochem. Biophys. Res. Commun. 2016, 482,
323–328. [CrossRef]

20. Palacio-Castañeda, V.; Kooijman, L.; Venzac, B.; Verdurmen, W.; Le Gac, S. Metabolic Switching of Tumor Cells under Hypoxic
Conditions in a Tumor-on-a-chip Model. Micromachines 2020, 11, 382. [CrossRef] [PubMed]

21. Rodriguez, A.D.; Horowitz, L.F.; Castro, K.; Kenerson, H.; Bhattacharjee, N.; Gandhe, G.; Raman, A.; Monnat, R.J.; Yeung, R.;
Rostomily, R.C.; et al. A microfluidic platform for functional testing of cancer drugs on intact tumor slices. Lab Chip 2020, 20,
1658–1675. [CrossRef] [PubMed]

22. Zhang, Y.S.; Aleman, J.; Shin, S.R.; Kilic, T.; Kim, D.; Shaegh, S.A.M.; Massa, S.; Riahi, R.; Chae, S.; Hu, N.; et al. Multisensor-
integrated organs-on-chips platform for automated and continual in situ monitoring of organoid behaviors. Proc. Natl. Acad. Sci.
USA 2017, 114, E2293–E2302. [CrossRef] [PubMed]

23. Yu, F.; Goh, Y.T.; Li, H.; Chakrapani, N.B.; Ni, M.; Xu, G.L.; Hsieh, T.-M.; Toh, Y.-C.; Cheung, C.; Iliescu, C.; et al. A vascular-liver
chip for sensitive detection of nutraceutical metabolites from human pluripotent stem cell derivatives. Biomicrofluidics 2020, 14,
034108. [CrossRef] [PubMed]

24. Yu, F.; Deng, R.; Tong, W.H.; Huan, L.; Way, N.C.; IslamBadhan, A.; Iliescu, C.; Yu, H. A perfusion incubator liver chip for 3D cell
culture with application on chronic hepatotoxicity testing. Sci. Rep. 2017, 7, 1–16. [CrossRef]

25. 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]

26. Michael, I.J.; Kumar, S.; Oh, J.M.; Kim, D.; Kim, J.; Cho, Y.-K. Surface-Engineered Paper Hanging Drop Chip for 3D Spheroid
Culture and Analysis. ACS Appl. Mater. Interfaces 2018, 10, 33839–33846. [CrossRef] [PubMed]

27. Seyfoori, A.; Samiei, E.; Jalili, N.; Godau, B.; Rahmanian, M.; Farahmand, L.; Majidzadeh-A, K.; Akbari, M. Self-filling microwell
arrays (SFMAs) for tumor spheroid formation. Lab Chip 2018, 18, 3516–3528. [CrossRef]

28. Dong, J.; Liu, J.; Kang, G.; Xie, J.; Wang, Y. Pushing the resolution of photolithography down to 15nm by surface plasmon
interference. Sci. Rep. 2014, 4, srep05618. [CrossRef]

29. Kajtez, J.; Buchmann, S.; Vasudevan, S.; Birtele, M.; Rocchetti, S.; Pless, C.J.; Heiskanen, A.; Barker, R.A.; Martínez-Serrano, A.;
Parmar, M.; et al. 3D-Printed Soft Lithography for Complex Compartmentalized Microfluidic Neural Devices. Adv. Sci. 2020,
7, 2001150. [CrossRef]

30. 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 2019, 229, 119547. [CrossRef]

http://doi.org/10.3390/ma12182945
http://doi.org/10.1016/j.snb.2018.01.223
http://doi.org/10.3389/fbioe.2019.00217
http://www.ncbi.nlm.nih.gov/pubmed/31572718
http://doi.org/10.1038/s41568-018-0104-6
http://doi.org/10.1038/srep21061
http://doi.org/10.1039/C9LC00135B
http://www.ncbi.nlm.nih.gov/pubmed/30918934
http://doi.org/10.1002/smll.201905500
http://www.ncbi.nlm.nih.gov/pubmed/31997571
http://doi.org/10.1080/15384101.2015.1041695
http://doi.org/10.1038/s41467-018-04919-w
http://doi.org/10.1038/s41598-019-42745-2
http://doi.org/10.1126/sciadv.aaw1317
http://doi.org/10.1002/adhm.201900289
http://doi.org/10.1038/micronano.2016.22
http://doi.org/10.1016/j.bbrc.2016.11.062
http://doi.org/10.3390/mi11040382
http://www.ncbi.nlm.nih.gov/pubmed/32260396
http://doi.org/10.1039/C9LC00811J
http://www.ncbi.nlm.nih.gov/pubmed/32270149
http://doi.org/10.1073/pnas.1612906114
http://www.ncbi.nlm.nih.gov/pubmed/28265064
http://doi.org/10.1063/5.0004286
http://www.ncbi.nlm.nih.gov/pubmed/32509050
http://doi.org/10.1038/s41598-017-13848-5
http://doi.org/10.1039/C9LC00872A
http://doi.org/10.1021/acsami.8b08778
http://www.ncbi.nlm.nih.gov/pubmed/30192134
http://doi.org/10.1039/C8LC00708J
http://doi.org/10.1038/srep05618
http://doi.org/10.1002/advs.202001150
http://doi.org/10.1016/j.biomaterials.2019.119547


Cancers 2021, 13, 4192 20 of 22

31. Ong, L.J.Y.; Islam, A.; Dasgupta, R.; Iyer, N.G.; Leo, H.L.; Toh, Y.-C. A 3D-printed microfluidic perfusion device for multicellular
spheroid cultures. Biofabrication 2017, 9, 045005. [CrossRef] [PubMed]

32. Beckwith, A.L.; Borenstein, J.T.; Velasquez-Garcia, L.F. Monolithic, 3D-Printed Microfluidic Platform for Recapitulation of
Dynamic Tumor Microenvironments. J. Microelectromechanical Syst. 2018, 27, 1009–1022. [CrossRef]

33. Van der Linden, P.J.E.M.; Popov, A.M.; Pontoni, D. Accurate and rapid 3D printing of microfluidic devices using wavelength
selection on a DLP printer. Lab Chip 2020, 20, 4128–4140. [CrossRef]

34. Bazaz, S.R.; Rouhi, O.; Raoufi, M.A.; Ejeian, F.; Asadnia, M.; Jin, D.; Warkiani, M.E. 3D Printing of Inertial Microfluidic Devices.
Sci. Rep. 2020, 10, 1–14. [CrossRef]

35. Urrios, A.; Parra-Cabrera, C.; Bhattacharjee, N.; Gonzalez-Suarez, A.; Rigat-Brugarolas, L.G.; Nallapatti, U.; Samitier, J.; DeForest,
C.; Posas, F.; Garcia-Cordero, J.L.; et al. 3D-printing of transparent bio-microfluidic devices in PEG-DA. Lab Chip 2016, 16,
2287–2294. [CrossRef] [PubMed]

36. Kotz, F.; Risch, P.; Helmer, D.; Rapp, B.E. Highly Fluorinated Methacrylates for Optical 3D Printing of Microfluidic Devices.
Micromachines 2018, 9, 115. [CrossRef] [PubMed]

37. Li, Q.; Zhang, J.M.; Liu, Y. A Modular Microfluidic Device via Multimaterial 3D Printing for Emulsion Generation. Sci. Rep. 2018,
8, 4791. [CrossRef]

38. Chung, M.; Ahn, J.; Son, K.; Kim, S.; Jeon, N.L. Biomimetic Model of Tumor Microenvironment on Microfluidic Platform. Adv.
Healthc. Mater. 2017, 6. [CrossRef]

39. Jeong, S.-Y.; Lee, J.-H.; Shin, Y.; Chung, S.; Kuh, H.-J. Co-Culture of Tumor Spheroids and Fibroblasts in a Collagen Matrix-
Incorporated Microfluidic Chip Mimics Reciprocal Activation in Solid Tumor Microenvironment. PLoS ONE 2016, 11, e0159013.
[CrossRef]

40. Lee, S.H.; Hu, W.; Matulay, J.; Silva, M.V.; Owczarek, T.B.; Kim, K.; Chua, C.W.; Barlow, L.J.; Kandoth, C.; Williams, A.B.; et al.
Tumor Evolution and Drug Response in Patient-Derived Organoid Models of Bladder Cancer. Cell 2018, 173, 515–528.e17.
[CrossRef]

41. Schmid, Y.R.F.; Bürgel, S.C.; Misun, P.M.; Hierlemann, A.; Frey, O. Electrical Impedance Spectroscopy for Microtissue Spheroid
Analysis in Hanging-Drop Networks. ACS Sens. 2016, 1, 1028–1035. [CrossRef]

42. Sart, S.; Tomasi, R.F.-X.; Amselem, G.; Baroud, C.N. Multiscale cytometry and regulation of 3D cell cultures on a chip. Nat.
Commun. 2017, 8, 1–13. [CrossRef]

43. Sabhachandani, P.; Motwani, V.; Cohen, N.; Sarkar, S.; Torchilin, V.P.; Konry, T. Generation and functional assessment of 3D
multicellular spheroids in droplet based microfluidics platform. Lab Chip 2015, 16, 497–505. [CrossRef]

44. Sabhachandani, P.; Sarkar, S.; Mckenney, S.; Ravi, D.; Evens, A.; Konry, T. Microfluidic assembly of hydrogel-based immunogenic
tumor spheroids for evaluation of anticancer therapies and biomarker release. J. Control. Release 2018, 295, 21–30. [CrossRef]
[PubMed]

45. Saint-Sardos, A.; Sart, S.; Lippera, K.; Brient-Litzler, E.; Michelin, S.; Amselem, G.; Baroud, C.N. High-Throughput Measurements
of Intra-Cellular and Secreted Cytokine from Single Spheroids Using Anchored Microfluidic Droplets. Small 2020, 16, e2002303.
[CrossRef]

46. Alhasan, L.; Qi, A.; Al-Abboodi, A.; Rezk, A.R.; Chan, P.P.Y.; Iliescu, C.; Yeo, L.Y. Rapid Enhancement of Cellular Spheroid
Assembly by Acoustically Driven Microcentrifugation. ACS Biomater. Sci. Eng. 2016, 2, 1013–1022. [CrossRef]

47. Bhise, N.S.; Manoharan, V.; Massa, S.; Tamayol, A.; Ghaderi, M.; Miscuglio, M.; Lang, Q.; Zhang, Y.S.; Shin, S.R.; Calzone, G.; et al.
A liver-on-a-chip platform with bioprinted hepatic spheroids. Biofabrication 2016, 8, 014101. [CrossRef] [PubMed]

48. Ayuso, J.M.; Virumbrales-Muñoz, M.; Lacueva, A.; Lanuza, P.M.; Checa-Chavarria, E.; Botella, P.; Fernandez, E.P.-A.; Doblare, M.;
Allison, S.; Phillips, R.M.; et al. Development and characterization of a microfluidic model of the tumour microenvironment. Sci.
Rep. 2016, 6, 36086. [CrossRef]

49. 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]

50. Paek, J.; Park, S.E.; Lu, Q.; Park, K.-T.; Cho, M.; Oh, J.M.; Kwon, K.W.; Yi, Y.-S.; Song, J.W.; Edelstein, H.; et al. Microphysiological
Engineering of Self-Assembled and Perfusable Microvascular Beds for the Production of Vascularized Three-Dimensional Human
Microtissues. ACS Nano 2019, 13, 7627–7643. [CrossRef]

51. Wang, H.-F.; Ran, R.; Liu, Y.; Hui, Y.; Zeng, B.; Chen, D.; Weitz, D.A.; Zhao, C.-X. Tumor-Vasculature-on-a-Chip for Investigating
Nanoparticle Extravasation and Tumor Accumulation. ACS Nano 2018, 12, 11600–11609. [CrossRef]

52. Cao, X.; Ashfaq, R.; Cheng, F.; Maharjan, S.; Li, J.; Ying, G.; Hassan, S.; Xiao, H.; Yue, K.; Zhang, Y.S. A Tumor-on-a-Chip System
with Bioprinted Blood and Lymphatic Vessel Pair. Adv. Funct. Mater. 2019, 29. [CrossRef] [PubMed]

53. Romero-López, M.; Trinh, A.; Sobrino, A.; Hatch, M.M.; Keating, M.T.; Fimbres, C.; Lewis, D.E.; Gershon, P.D.; Botvinick, E.L.;
Digman, M.; et al. Recapitulating the human tumor microenvironment: Colon tumor-derived extracellular matrix promotes
angiogenesis and tumor cell growth. Biomaterials 2016, 116, 118–129. [CrossRef] [PubMed]

54. Grist, S.M.; Nasseri, S.S.; Laplatine, L.; Schmok, J.C.; Yao, D.; Hua, J.; Chrostowski, L.; Cheung, K.C. Long-term monitoring in a
microfluidic system to study tumour spheroid response to chronic and cycling hypoxia. Sci. Rep. 2019, 9, 1–13. [CrossRef]

55. Rijal, G.; Li, W. A versatile 3D tissue matrix scaffold system for tumor modeling and drug screening. Sci. Adv. 2017, 3, e1700764.
[CrossRef] [PubMed]

http://doi.org/10.1088/1758-5090/aa8858
http://www.ncbi.nlm.nih.gov/pubmed/28837043
http://doi.org/10.1109/JMEMS.2018.2869327
http://doi.org/10.1039/D0LC00767F
http://doi.org/10.1038/s41598-020-62569-9
http://doi.org/10.1039/C6LC00153J
http://www.ncbi.nlm.nih.gov/pubmed/27217203
http://doi.org/10.3390/mi9030115
http://www.ncbi.nlm.nih.gov/pubmed/30424049
http://doi.org/10.1038/s41598-018-22756-1
http://doi.org/10.1002/adhm.201700196
http://doi.org/10.1371/journal.pone.0159013
http://doi.org/10.1016/j.cell.2018.03.017
http://doi.org/10.1021/acssensors.6b00272
http://doi.org/10.1038/s41467-017-00475-x
http://doi.org/10.1039/C5LC01139F
http://doi.org/10.1016/j.jconrel.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30550941
http://doi.org/10.1002/smll.202002303
http://doi.org/10.1021/acsbiomaterials.6b00144
http://doi.org/10.1088/1758-5090/8/1/014101
http://www.ncbi.nlm.nih.gov/pubmed/26756674
http://doi.org/10.1038/srep36086
http://doi.org/10.1039/C9LC00140A
http://www.ncbi.nlm.nih.gov/pubmed/31360969
http://doi.org/10.1021/acsnano.9b00686
http://doi.org/10.1021/acsnano.8b06846
http://doi.org/10.1002/adfm.201807173
http://www.ncbi.nlm.nih.gov/pubmed/33041741
http://doi.org/10.1016/j.biomaterials.2016.11.034
http://www.ncbi.nlm.nih.gov/pubmed/27914984
http://doi.org/10.1038/s41598-019-54001-8
http://doi.org/10.1126/sciadv.1700764
http://www.ncbi.nlm.nih.gov/pubmed/28924608


Cancers 2021, 13, 4192 21 of 22

56. Chhetri, A.; Chittiboyina, S.; Atrian, F.; Bai, Y.; Delisi, D.A.; Rahimi, R.; Garner, J.; Efremov, Y.; Park, K.; Talhouk, R.; et al. Cell
Culture and Coculture for Oncological Research in Appropriate Microenvironments. Curr. Protoc. Chem. Biol. 2019, 11, e65.
[CrossRef] [PubMed]

57. Shin, K.; Klosterhoff, B.; Han, B. Characterization of Cell-Type-Specific Drug Transport and Resistance of Breast Cancers Using
Tumor-Microenvironment-on-Chip. Mol. Pharm. 2016, 13, 2214–2223. [CrossRef]

58. Stowers, R.S.; Shcherbina, A.; Israeli, J.; Gruber, J.J.; Chang, J.; Nam, S.; Rabiee, A.; Teruel, M.N.; Snyder, M.P.; Kundaje, A.; et al.
Matrix stiffness induces a tumorigenic phenotype in mammary epithelium through changes in chromatin accessibility. Nat.
Biomed. Eng. 2019, 3, 1009–1019. [CrossRef]

59. Costa, E.C.; Moreira, A.F.; Diogo, D.M.D.M.; Gaspar, V.; Carvalho, M.P.; Correia, I.J. 3D tumor spheroids: An overview on the
tools and techniques used for their analysis. Biotechnol. Adv. 2016, 34, 1427–1441. [CrossRef] [PubMed]

60. Alexander, F.; Eggert, S.; Wiest, J. A novel lab-on-a-chip platform for spheroid metabolism monitoring. Cytotechnology 2017, 70,
375–386. [CrossRef] [PubMed]

61. Wu, Q.; Wei, X.; Pan, Y.; Zou, Y.; Hu, N.; Wang, P. Bionic 3D spheroids biosensor chips for high-throughput and dynamic drug
screening. Biomed. Microdevices 2018, 20, 82. [CrossRef]

62. Lazzari, G.; Vinciguerra, D.; Balasso, A.; Nicolas, V.; Goudin, N.; Garfa-Traore, M.; Fehér, A.; Dinnyes, A.; Nicolas, J.;
Couvreur, P.; et al. Light sheet fluorescence microscopy versus confocal microscopy: In quest of a suitable tool to assess drug and
nanomedicine penetration into multicellular tumor spheroids. Eur. J. Pharm. Biopharm. 2019, 142, 195–203. [CrossRef] [PubMed]

63. Lazzari, G.; Couvreur, P.; Mura, S. Multicellular tumor spheroids: A relevant 3D model for the in vitro preclinical investigation of
polymer nanomedicines. Polym. Chem. 2017, 8, 4947–4969. [CrossRef]

64. St-Georges-Robillard, A.; Masse, M.; Cahuzac, M.; Strupler, M.; Patra, B.; Orimoto, A.M.; Kendall-Dupont, J.; Peant, B.; Mes-
Masson, A.-M.; Leblond, F.; et al. Fluorescence hyperspectral imaging for live monitoring of multiple spheroids in microfluidic
chips. Analyst 2018, 143, 3829–3840. [CrossRef]

65. St-Georges-Robillard, A.; Cahuzac, M.; Péant, B.; Fleury, H.; Lateef, M.A.; Ricard, A.; Sauriol, A.; Leblond, F.; Mes-Masson,
A.-M.; Gervais, T. Long-term fluorescence hyperspectral imaging of on-chip treated co-culture tumour spheroids to follow clonal
evolution. Integr. Biol. 2019, 11, 130–141. [CrossRef]

66. Rodríguez-Pena, A.; Uranga-Solchaga, J.; Ortiz-De-Solórzano, C.; Cortés-Domínguez, I. Spheroscope: A custom-made miniatur-
ized microscope for tracking tumour spheroids in microfluidic devices. Sci. Rep. 2020, 10, 1–12. [CrossRef]

67. Paie, P.; Vázquez, R.M.; Osellame, R.; Bragheri, F.; Bassi, A. Microfluidic Based Optical Microscopes on Chip. Cytom. Part A 2018,
93, 987–996. [CrossRef]

68. Paie, P.; Bragheri, F.; Bassi, A.; Osellame, R. Selective plane illumination microscopy on a chip. Lab Chip 2016, 16, 1556–1560.
[CrossRef] [PubMed]

69. Grist, S.; Nasseri, S.S.; Poon, T.; Roskelley, C.; Cheung, K.C. On-chip clearing of arrays of 3-D cell cultures and micro-tissues.
Biomicrofluidics 2016, 10, 044107. [CrossRef] [PubMed]

70. Santisteban, T.S.; Rabajania, O.; Kalinina, I.; Robinson, S.; Meier, M. Rapid spheroid clearing on a microfluidic chip. Lab Chip 2017,
18, 153–161. [CrossRef]

71. Chen, Y.Y.; Silva, P.N.; Syed, A.; Sindhwani, S.; Rocheleau, J.; Chan, W.C.W. Clarifying intact 3D tissues on a microfluidic chip for
high-throughput structural analysis. Proc. Natl. Acad. Sci. USA 2016, 113, 14915–14920. [CrossRef] [PubMed]

72. Moore, N.; Doty, D.; Zielstorff, M.; Kariv, I.; Moy, L.Y.; A Gimbel, A.; Chevillet, J.R.; Lowry, N.; Santos, J.; Mott, V.; et al.
A multiplexed microfluidic system for evaluation of dynamics of immune-tumor interactions. Lab Chip 2018, 18, 1844–1858.
[CrossRef] [PubMed]

73. Fetah, K.L.; DiPardo, B.J.; Kongadzem, E.; Tomlinson, J.S.; Elzagheid, A.; Elmusrati, M.; Khademhosseini, A.; Ashammakhi, N.
Cancer Modeling-on-a-Chip with Future Artificial Intelligence Integration. Small 2019, 15, e1901985. [CrossRef] [PubMed]

74. Zhang, Z.; Chen, L.; Wang, Y.; Zhang, T.; Chen, Y.-C.; Yoon, E. Label-Free Estimation of Therapeutic Efficacy on 3D Cancer
Spheres Using Convolutional Neural Network Image Analysis. Anal. Chem. 2019, 91, 14093–14100. [CrossRef] [PubMed]

75. Zhao, L.; Xiu, J.; Liu, Y.; Zhang, T.; Pan, W.; Zheng, X.; Zhang, X. A 3D-printed Hanging Drop Dripper for Tumor Spheroids
Analysis Without Recovery. Sci. Rep. 2019, 9, 1–14. [CrossRef] [PubMed]

76. Khot, M.; Levenstein, M.; Kapur, N.; Jayne, D. A Review on the Recent Advancement in “Tumour Spheroids-on-a-Chip”. J. Cancer
Res. Pract. 2019, 6, 55–63. [CrossRef]

77. Frey, O.; Misun, P.; Fluri, D.A.; Hengstler, J.; Hierlemann, A. Reconfigurable microfluidic hanging drop network for multi-tissue
interaction and analysis. Nat. Commun. 2014, 5, 4250. [CrossRef]

78. Lim, W.; Hoang, H.-H.; You, D.; Han, J.; Lee, J.E.; Kim, S.; Park, S. Formation of size-controllable tumour spheroids using a
microfluidic pillar array (µFPA) device. Analyst 2018, 143, 5841–5848. [CrossRef]

79. Zhao, L.; Shi, M.; Liu, Y.; Zheng, X.; Xiu, J.; Liu, Y.; Tian, L.; Wang, H.; Zhang, M.; Zhang, X. Systematic Analysis of Different Cell
Spheroids with a Microfluidic Device Using Scanning Electrochemical Microscopy and Gene Expression Profiling. Anal. Chem.
2019, 91, 4307–4311. [CrossRef]

80. Ayuso, J.M.; Virumbrales-Munoz, M.; McMinn, P.H.; Rehman, S.; Gomez, I.; Karim, M.R.; Trusttchel, R.; Wisinski, K.B.; Beebe,
D.J.; Skala, M.C. Tumor-on-a-chip: A microfluidic model to study cell response to environmental gradients. Lab Chip 2019, 19,
3461–3471. [CrossRef] [PubMed]

http://doi.org/10.1002/cpch.65
http://www.ncbi.nlm.nih.gov/pubmed/31166658
http://doi.org/10.1021/acs.molpharmaceut.6b00131
http://doi.org/10.1038/s41551-019-0420-5
http://doi.org/10.1016/j.biotechadv.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27845258
http://doi.org/10.1007/s10616-017-0152-x
http://www.ncbi.nlm.nih.gov/pubmed/29032507
http://doi.org/10.1007/s10544-018-0329-x
http://doi.org/10.1016/j.ejpb.2019.06.019
http://www.ncbi.nlm.nih.gov/pubmed/31228557
http://doi.org/10.1039/C7PY00559H
http://doi.org/10.1039/C8AN00536B
http://doi.org/10.1093/intbio/zyz012
http://doi.org/10.1038/s41598-020-59673-1
http://doi.org/10.1002/cyto.a.23589
http://doi.org/10.1039/C6LC00084C
http://www.ncbi.nlm.nih.gov/pubmed/27030116
http://doi.org/10.1063/1.4959031
http://www.ncbi.nlm.nih.gov/pubmed/27493703
http://doi.org/10.1039/C7LC01114H
http://doi.org/10.1073/pnas.1609569114
http://www.ncbi.nlm.nih.gov/pubmed/27956625
http://doi.org/10.1039/C8LC00256H
http://www.ncbi.nlm.nih.gov/pubmed/29796561
http://doi.org/10.1002/smll.201901985
http://www.ncbi.nlm.nih.gov/pubmed/31724305
http://doi.org/10.1021/acs.analchem.9b03896
http://www.ncbi.nlm.nih.gov/pubmed/31601098
http://doi.org/10.1038/s41598-019-56241-0
http://www.ncbi.nlm.nih.gov/pubmed/31873199
http://doi.org/10.4103/jcrp.Jcrp_23_18
http://doi.org/10.1038/ncomms5250
http://doi.org/10.1039/C8AN01752B
http://doi.org/10.1021/acs.analchem.9b00376
http://doi.org/10.1039/C9LC00270G
http://www.ncbi.nlm.nih.gov/pubmed/31506657


Cancers 2021, 13, 4192 22 of 22

81. Pitingolo, G.; Nizard, P.; Riaud, A.; Taly, V.; Pitingolo, G. Beyond the on/off chip trade-off: A reversibly sealed microfluidic
platform for 3D tumor microtissue analysis. Sens. Actuators B Chem. 2018, 274, 393–401. [CrossRef]

82. Yuan, T.; Gao, D.; Li, S.; Jiang, Y. Co-culture of tumor spheroids and monocytes in a collagen matrix-embedded microfluidic
device to study the migration of breast cancer cells. Chin. Chem. Lett. 2018, 30, 331–336. [CrossRef]

83. Ma, L.-D.; Wang, Y.-T.; Wang, J.-R.; Wu, J.-L.; Meng, X.-S.; Hu, P.; Mu, X.; Liang, Q.-L.; Luo, G.-A. Design and fabrication of a
liver-on-a-chip platform for convenient, highly efficient, and safe in situ perfusion culture of 3D hepatic spheroids. Lab Chip 2018,
18, 2547–2562. [CrossRef]

84. Patra, B.; Lafontaine, J.; Bavoux, M.; Zerouali, K.; Glory, A.; Ahanj, M.; Carrier, J.-F.; Gervais, T.; Wong, P. On-chip combined
radiotherapy and chemotherapy testing on soft-tissue sarcoma spheroids to study cell death using flow cytometry and clonogenic
assay. Sci. Rep. 2019, 9, 2214. [CrossRef] [PubMed]

85. Zhou, J.; Su, J.; Fu, X.; Zheng, L.; Yin, Z. Microfluidic device for primary tumor spheroid isolation. Exp. Hematol. Oncol. 2017, 6,
1–7. [CrossRef] [PubMed]

86. Morash, M.; Mitchell, H.; Beltran, H.; Elemento, O.; Pathak, J. The Role of Next-Generation Sequencing in Precision Medicine: A
Review of Outcomes in Oncology. J. Pers. Med. 2018, 8, 30. [CrossRef] [PubMed]

87. Bower, R.; Green, V.L.; Kuvshinova, E.; Kuvshinov, D.; Karsai, L.; Crank, S.T.; Stafford, N.D.; Greenman, J. Maintenance of head
and neck tumor on-chip: Gateway to personalized treatment? Futur. Sci. OA 2017, 3, FSO174. [CrossRef]

88. Akay, M.; Hite, J.; Avci, N.G.; Fan, Y.; Akay, Y.; Lu, G.; Zhu, J.-J. Drug Screening of Human GBM Spheroids in Brain Cancer Chip.
Sci. Rep. 2018, 8, 1–9. [CrossRef] [PubMed]

89. 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] [PubMed]

90. Mazzocchi, A.; 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, 1–12. [CrossRef]

91. Eduati, F.; Jaaks, P.; Wappler, J.; Cramer, T.; A Merten, C.; Garnett, M.J.; Saez-Rodriguez, J. Patient-specific logic models of
signaling pathways from screenings on cancer biopsies to prioritize personalized combination therapies. Mol. Syst. Biol. 2020,
16, e8664. [CrossRef] [PubMed]

92. Aref, A.R.; Campisi, M.; Ivanova, E.; Portell, A.; Larios, D.; Piel, B.P.; Mathur, N.; Zhou, C.; Coakley, R.V.; Bartels, A.; et al. 3D
microfluidic ex vivo culture of organotypic tumor spheroids to model immune checkpoint blockade. Lab Chip 2018, 18, 3129–3143.
[CrossRef] [PubMed]

93. Ruppen, J.; Wildhaber, F.D.; Strub, C.; Hall, S.R.R.; Schmid, R.A.; Geiser, T.; Guenat, O.T. Towards personalized medicine:
Chemosensitivity assays of patient lung cancer cell spheroids in a perfused microfluidic platform. Lab Chip 2015, 15, 3076–3085.
[CrossRef] [PubMed]

94. 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]

95. Wong, A.H.-H.; Li, H.; Jia, Y.; Mak, P.-I.; Martins, R.; Liu, Y.; Vong, C.M.; Wong, H.C.; Wong, P.K.; Wang, H.; et al. Drug screening
of cancer cell lines and human primary tumors using droplet microfluidics. Sci. Rep. 2017, 7, 1–15. [CrossRef]

96. Mulholland, T.E.; McAllister, M.; Patek, S.; Flint, D.; Underwood, M.; Sim, A.; Edwards, J.; Zagnoni, M. Drug screening of
biopsy-derived spheroids using a self-generated microfluidic concentration gradient. Sci. Rep. 2018, 8, 1–12. [CrossRef]

97. 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]

98. Lai, B.F.L.; Lu, R.X.Z.; Hu, Y.; Huyer, L.D.; Dou, W.; Wang, E.Y.; Radulovich, N.; Tsao, M.S.; Sun, Y.; Radisic, M. Recapitulating
Pancreatic Tumor Microenvironment through Synergistic Use of Patient Organoids and Organ-on-a-Chip Vasculature. Adv. Funct.
Mater. 2020, 30, 2000545. [CrossRef]

99. Olubajo, F.; Achawal, S.; Greenman, J. Development of a Microfluidic Culture Paradigm for Ex Vivo Maintenance of Human
Glioblastoma Tissue: A New Glioblastoma Model? Transl. Oncol. 2019, 13, 1–10. [CrossRef]

100. Berg, A.V.D.; Mummery, C.L.; Passier, R.; Van Der Meer, A.D. Personalised organs-on-chips: Functional testing for precision
medicine. Lab Chip 2018, 19, 198–205. [CrossRef]

101. Rodon, J.; Soria, J.-C.; Berger, R.; Miller, W.H.; Rubin, E.; Kugel, A.; Tsimberidou, A.; Saintigny, P.; Ackerstein, A.; Brana, I.; et al.
Genomic and transcriptomic profiling expands precision cancer medicine: The WINTHER trial. Nat. Med. 2019, 25, 751–758.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.snb.2018.07.166
http://doi.org/10.1016/j.cclet.2018.07.013
http://doi.org/10.1039/C8LC00333E
http://doi.org/10.1038/s41598-019-38666-9
http://www.ncbi.nlm.nih.gov/pubmed/30778138
http://doi.org/10.1186/s40164-017-0084-3
http://www.ncbi.nlm.nih.gov/pubmed/28794917
http://doi.org/10.3390/jpm8030030
http://www.ncbi.nlm.nih.gov/pubmed/30227640
http://doi.org/10.4155/fsoa-2016-0089
http://doi.org/10.1038/s41598-018-33641-2
http://www.ncbi.nlm.nih.gov/pubmed/30337660
http://doi.org/10.1039/C9LC00496C
http://www.ncbi.nlm.nih.gov/pubmed/31367720
http://doi.org/10.1038/s41598-018-21200-8
http://doi.org/10.15252/msb.209690
http://www.ncbi.nlm.nih.gov/pubmed/33438807
http://doi.org/10.1039/C8LC00322J
http://www.ncbi.nlm.nih.gov/pubmed/30183789
http://doi.org/10.1039/C5LC00454C
http://www.ncbi.nlm.nih.gov/pubmed/26088102
http://doi.org/10.1039/C5LC01108F
http://doi.org/10.1038/s41598-017-08831-z
http://doi.org/10.1038/s41598-018-33055-0
http://doi.org/10.1039/C8LC00596F
http://doi.org/10.1002/adfm.202000545
http://doi.org/10.1016/j.tranon.2019.09.002
http://doi.org/10.1039/C8LC00827B
http://doi.org/10.1038/s41591-019-0424-4
http://www.ncbi.nlm.nih.gov/pubmed/31011205

	Introduction 
	Current Microfluidic Advances for Tumor-On-Chip Technology 
	Progress in Tumor-On-Chip Technology 
	Technological Approaches for Tumor-On-Chip Technology 
	Advances in Microfluidic Technologies 
	Reconstituting Cell–Cell Interactions On-Chip 
	Reconstituting the Biochemical Microenvironment On-Chip 


	Current Advances in Tumor-On-Chip Analyses 
	Physical Sensors On-Chip 
	On-Chip Imaging 
	Tumor Recovery for Off-Chip Analysis 

	Applications and Clinical Aspects of Tumor-On-Chip Technology 
	Potential Applications of Tumor-On-Chip Technology in Personalized Medicine 
	Clinical Perspective of Tumor-On-Chip Technology 

	Conclusions 
	References

