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Abstract

In recent years, advances in tissue engineering and microfabrication technologies have enabled
rapid growth in the areas of /n vitro organoid development as well as organoid-on-a-chip
platforms. These 3D model systems often are able to mimic human physiology more accurately
than traditional 2D cultures and animal models. In this review, we describe the progress that
has been made to generate organ-on-a-chip platforms and, more recently, more complex multi-
organoid body-on-a-chip platforms and their applications. Importantly, these systems have the
potential to dramatically impact biomedical applications in the areas of drug development, drug
and toxicology screening, disease modeling, and the emerging area of personalized precision
medicine.

Introduction

Drug development models in their current state are inadequate for the development of new
pharmaceuticals to treat the many diseases that afflict humans. There is a considerable need
for more accurate human-representative systems to model the effects of drug candidate
compounds on the body [1,2]. Currently, animal models serve as gold standards for

testing, but the drawbacks associated with such models are high costs and uncertainties

in interpretation of the results in many pathologies. Animal models are not always
representative of results in humans. /n vitro systems that use human tissues and are accurate
with respect to the human body would be preferable; however, for these systems to serve

as legitimate drug discovery tools, key physiological features and toxicology endpoints need
to be validated. Traditional /n vitro 2D cultures (the norm for early-stage drug compound
screening) fail to recapitulate the 3D microenvironment of in vivotissues [3,4]. As a result,
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2D culture can place a selective pressure on cells, significantly altering their phenotypic
properties. Drug diffusion kinetics are not accurately modeled in 2D tissue cultures, drug
doses effective in 2D are often ineffective when scaled to patients, and the lack of cell—cell
and/or cell-matrix interactions in 2D often lead to the loss of cell function [3,5,6]. Instead,
‘organ-on-a-chip’ devices that can recapitulate 3D tissue architectures and the physiological
fluid flow conditions that support normal tissues are better options [7]. These engineering
platforms facilitate robust hardware systems, capability for scale up, high throughput, and
control over physical factors, such as fluid shear stress and mechanical deformations.

Many organ-on-chip systems have been developed [8-10]. Likewise, a variety of on-chip
disease models have been investigated [9]. To make significant strides in organ-on-a-chip
technologies, the next challenge is to combine multiple organs in the same platform

to model a reductionist organism-on-a-chip for more advanced and accurate drug and
therapeutic studies. This is a crucial feature; as in the human body, tissues and organs are
interdependent on one another in a more complicated fashion than achievable in traditional
cell cultures or current organ-on-a-chip systems. In this review, we highlight a variety of
organoid-on-a-chip systems for applications such as drug screening and disease models, and
look to the future of multi-organoid body-on-a-chip systems and applications in personalized
precision medicine.

Advance of in vitro organoid development: progression from 2D to 3D models

Development of novel drugs that are effective therapies in humans has been significantly
limited because of the inability to accurately model human physiology, including tissue
phenotype, function, and signaling mechanisms, in controlled environments that facilitate
experimental manipulation. Animal models, although useful over the years and traditionally
regarded as the gold standard for drug testing, allow only limited manipulation and study

of cellular mechanisms and responses, and experimental results are not always predictive of
results in humans. The second traditional type of model system, /n vitro 2D cultures, fails
to recapitulate the 3D microenvironment, and often function, of /n vivotissues [3,11]. Drug
diffusion kinetics varies dramatically, drug doses effective in 2D are often ineffective when
scaled to patients, and cell-cell and/ or cell-matrix interactions are inaccurate [5,6]. Tissue
culture dishes differ in major ways from the tissue where cells were originally isolated:
their surface topography, surface stiffness, oxygen tension, mechanical loading, biochemical
composition, differences in local tissue density, and most importantly, a 2D rather than

3D architecture. These dramatically unnatural characteristics can significantly alter the
molecular and phenotypic properties of many cell types. Over the past decade, the functional
differences between 2D cultures and 3D constructs have been demonstrated repeatedly in
many tissue types and diseases. In general, 3D systems outperform 2D cultures in many
aspects, including recapitulating /7 vivo function and response to drugs and toxins [12].

In current drug development pipelines (Fig. 1a), the lack of /n vivoaccuracy in traditional
2D cultures has contributed to countless discrepancies between /n7 vitro drug screening
outcomes and later performance in patients during or even after clinical trials [13]. As an
example, it was recently demonstrated that, on 2D tissue culture dishes, metastatic colon
carcinoma cells appeared epithelial, but, when transitioned into a tumor foci form factor
inside a 3D liver organoid host environment, they ‘switched’ to a phenotype that appeared
more mesenchymal and metastatic, which is more representative of a malignant tumor in
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the human body [14]. These kinds of documented difference force us ask to why 2D cell
cultures are still being used in drug and toxicology screening when they cannot recapitulate
the basic morphology, phenotype, or function of cells and tissues inside the body.

Fortunately, bioengineered construct technologies have evolved to the point that they can
better mimic the structure, cellular heterogeneity, and function of in vivotissue. These
model organs can often be maintained in viable states for longer periods of time and are
cultured to develop functional properties similar to native tissues. They can also often
recapitulate the dynamic role of cell—cell, cell-extracellular matrix (ECM), and mechanical
interactions that cells experience inside tissues. Oxygenation can be a concern in 3D tissue
models. If they are too large in bulk, an oxygen gradient and, therefore, viability gradients
can develop, leading to necrotic regions. However, oxygen gradients exist /n vivo. As such,
as long these gradients are taken into consideration and controlled, either by limiting the size
of a 3D organoid, or by creating perfusion channels or other features, 3D systems can in this
respect also better represent in vivotissues. In general, these relatively new model systems
are superior to their 2D predecessors for drug and toxicology testing.

The general concept of performing research using 3D versus 2D cultures has gained
significant traction over the past decade. However, hurdles and challenges remain. 2D cell
culture is an established practice that will remain a widely used tool for many years, because
it is simply too easy and too inexpensive in comparison to many 3D culture systems.
Additionally, in most cases, using 3D systems in the laboratory is more complicated,
requiring learning new technologies, such as biomaterial development and biofabrication
techniques. Furthermore, once 3D culture environments have been established, processes
regarded as simple in 2D culture, such as cell harvesting and cell passaging, can be difficult
and, in some cases, not possible without harming the cells. For example, if cells are cultured
within a 3D hydrogel construct, one must effectively dissolve the matrix to isolate or
harvest the cells. Some biomaterials support cell isolation by building specific features

into the material [15], but most do not, instead requiring enzymatic dissolution that can,

in some cases, influence cell viability or phenotype. Also, most cell imaging techniques
were developed for 2D cell cultures, environments in which cells exist in a narrow focal
plane. In 3D, cells reside in many focal planes. Consequently, high-quality imaging in 3D
might require confocal or macroconfocal microscopes and cameras, expensive equipment
that many laboratories do not have. Additionally, there are a variety of assays that can be
significantly more difficult to run on 3D models, or that require significant effort in adapting
for compatibility with 3D models. Some on-a-chip device hardware (polydimethylsiloxane,
for example) is susceptible to fouling and drug and protein adsorption, but advances in
materials for device hardware are working to solve this problem.

However, when one comprehensively evaluates the data, it is generally clear that 3D

systems or dynamic on-a-chip platforms often surpass static 2D environments in achieving
the accurate modeling of human physiology [12]. As a result, these more capable 3D
platforms have immense potential to influence the drug development pipeline, by decreasing
development costs and increasing the success of drug candidates compounds in clinical trials
(Fig. 1b). Perhaps just as important, these models can be used to identify nonoptimal drug
candidates early, before human trials.
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Organs-on-a-chip and their applications

In recent years, advances in biotechnology areas, such as tissue engineering [16],
biomaterials [17], and micro- and biofabrication [18], have allowed the derivation of new
biological systems with massive potential as test platforms. Researchers have developed a
variety of human-derived /n vitro models that can be used as specific normal tissues for
testing drugs, toxins, and drug candidates [10,19-21]. Furthermore, through advancements
in genetics paired with tissue-engineering technologies, these platforms can be used

as specific disease models [9,22-24]. Further combinations are possible with other
technologies, such as microfabrication, and microfluidic technology organoid-on-a-chip
devices that support cell and organoid culture, fluid flow, high-throughput testing, and
environmental sampling and biosensing. These organs-on-a-chip vary widely, represent a
range or tissue types, and are currently being explored and, in some cases, implemented

in drug discovery [8], and purport to significantly impact the future of medicine. Here,

we specifically highlight examples of liver-on-a-chip, vessel-on-a-chip, lung-on-a-chip, and
cancer-on-a-chip systems. However, many varieties of other promising tissue type platforms
exist, including brain, gut, heart, and others.

Liver-on-a-chip—Early tissue- or organoid-on-a-chip devices were devices or hardware
with patterns or wells geometrically designed to drive cell aggregation, thereby creating
multicellular organoids. For example, devices were designed with microwells of various
shapes and sizes containing cell-adherent collagen or nonadherent polyethylene glycol.
Based on the well parameters, HepG2 cells or rat hepatocytes could be formed into either
spheroids or cylindrical constructs in a highly controlled manner. These 3D constructs
maintained better liver function than the 2D controls [25,26]. In another example, spheroids
were created from HepG2 cells using an array of channels and pyramid-shaped microwells,
which could then be used in the same piece of hardware for increased throughput drug
screening [27].

In recent years, liver-on-a-chip devices have become more complex. Now they are often
used to control fluid flow for circulating nutrients, drugs, or toxins, aliquot sampling, or
even connecting liver constructs to other tissue types to form multi-organoid devices, as
we discuss below. In one such liver-on-a-chip, hydrogels were used to encapsulate HepG2
and NIH-3T3 cells. These arrays of 3D organoids had increased liver function compared
with 2D controls, and responded to acetaminophen in a drug-screening experiment [28].

A versatile photopolymerizable hyaluronic acid biopolymer system was recently used to /in
situ photopattern HepG2 cells in 3D liver constructs inside parallel channel fluidic devices
fabricated by soft lithography and molding of PDMS [29]. The authors showed how this
system could be used for toxicity screening by administering multiple alcohol concentrations
per chip. As expected, alcohol administration resulted in dose-dependent decreases in
viability and function with increasing doses [29]. There is now a focus on miniaturizing
this and other systems further to increase throughput in experiments on single devices

that are the size of traditional microscope slides. Miniaturization and microfabrication
approaches can be used to generate more intricate liver structures, such as liver sinusoids.
Precise seeding and layering of hepatocytes and endothelial cell co-cultures with fluid flow
can generate sinusoid-like models [30]. In another example, a device with two distinct
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chambers separated by a porous membrane with human hepatocytes and endothelial cells
was shown to generate higher albumin and urea secretion under flow conditions compared
with traditional static cultures [31].

Vessel-on-a-chip—The term ‘microfluidics’ indicates that this technology in general
should be naturally capable of fluid routing. Thus, microfluidic devices are effective for
serving as vascular models and systems. Moreover, since many drugs are introduced directly
to the blood stream rather than orally, and most other drugs arrive in the drug stream shortly
after oral or airway introduction, fluidic systems that mimic vasculature are an important
component of drug-screening technologies that can be used when assessing drug delivery
and transport. Many vascular-like fluidic devices have been developed, including both
straight channels devices [32,33] and fluidic devices with more complex branched features
[34,35]. One of the major roles of the vascular system in the body, beyond transport of
blood and nutrients from one tissue to another, is the transport of drugs and other molecules
through the endothelium and vascular wall into adjacent tissues. Many microfluidic devices
have been developed to model endothelial transport. In one example, a device comprising
two individual channels passing perpendicular to one another was developed [36]. At the
Passover point, a semipermeable membrane on which endothelial cells were seeded formed
a cellular barrier between the two channels. Using fluorescently labeled albumin, mass
transport through the endothelial monolayer could be quantified by a laser in the outflow
channel [36]. Another endothelial device, capable of regulating shear stress conditions,

was used to assess the influence of fluid shear stress levels on nanoparticle uptake by the
endothelial cells, demonstrating the capability to control flow and shear stress to mimic
various zones of vasculature in the body that might respond differently to administered drug
agents [37]. Likewise, other microfluidic endothelial devices have been used to assess how
changing the geometry and size of drugs and nanoparticles can change the rate that they
adhere to and pass through endothelium [38]. As stated above, one function of vasculature
is to allow transport between tissues and organs throughout the body. This function is being
implemented in multi-organoid body-on-a-chip devices currently in development in several
laboratories.

Lung-on-a-chip—The lungs, which are exposed to air, serve as one of the most common
ports of entry in the human body for drugs, toxins, pathogens, and other agents. Therefore,
modeling the lung as an organ-on-a-chip system is important if one is interested in assessing
the administration and mass transport of aerosol-based drugs. Lung-on-a-chip devices have
been under development for about a decade [39]. Most devices comprise lung epithelial—
endothelial monolayers that are generally on either side of a semipermeable membrane.
These interfaces often separate an airway channel and a fluid channel, forming a barrier that
can facilitate transport across the interface under the appropriate conditions. Additionally,
lung epithelial cells only differentiate correctly when exposed to air. In several more
complex devices, additional pneumatic channels were built into the devices, and cyclic

wall stretching paired with fluid dynamics in the fluid channel can provide cues to the

cells that resemble the mechanics of breathing [40,41]. These semifunctional models have
proven to be versatile, being able to serve as mimics of several lung pathologies, including
inflammation, pulmonary edema, mucus plug rupture, and epithelial cell damage, and have
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begun to be used in drug-screening applications [42-45]. These on-a-chip lung models
typically rely on this bilayer construction, rather than on a 3D bulk construct morphology.

Cancer-on-a-chip—In addition to typical organoid types, such as liver and heart,

tumor organoids have also been combined with microfluidic platforms to form tumor-
on-a-chip devices for more substantial /77 vitro applications with more capabilities. The
microenvironments of tumors are complex, with varying levels of vascularization, pressures,
and mass transport. These physical characteristics are parameters that can be monitored

and controlled using microfluidic and microfabrication strategies. Cancer-on-a-chip systems
can be used for general drug development screening and dose testing, and to test treatment
regimens on a patient-by-patient basis [46,47].

Recent advancements in tumor-on-a-chip include the development of devices designed

for integration with additional highly complex, advanced technologies, such as imaging

or microarray analyses, allowing more novel investigations and detailed observations and
quantifications of tumor cell behavior to be performed. The small size of on-a-chip systems
has been shown to have a significant role in cell metabolism, based on the bioavailability of
oxygen. This metabolism analysis platform demonstrated that the microfluidic environment
provided more access to oxygen compared with Petri dish cultures, resulting in increases in
Krebs cycle activity and decreased expression of hypoxia-regulated factor 1 [48]. A device
comprising multiple drug gradient mixers and parallel cell culture chambers was developed
to support multi-dose drug screens paired with cell labeling and high content imaging

data collection on-chip [49]. In another example, microscale bioreactors were prepared that
housed hepatocytes, nonparenchymal cells (NPCs), and breast cancer cells with the goal

to model the hepatic liver niche. The device contained oxygen sensors, micropumps for
controlling nutrient distribution, and real-time sampling capabilities [50]. This study resulted
in the documentation of the spontaneous dormancy of the breast cancer cells when inside the
hepatic niche, which was believed to be a result of the microenvironment cytokine profiles
that were created by the other cells. Additionally, breast cancer has been studied using a
recently developed mammary duct-on-a-chip and breast cancer-on-a-chip systems [51,52].
In another device, HCT-116 colon carcinoma cells and HepG2 cells (used as a liver model),
were encapsulated in Matrigel in separate chambers, while myeloblasts were formed with
alginate gels an additional chamber to simulate bone marrow, such that the cytotoxic effects
of the 5-fluorouracil (5-FU) prodrug tegafur could be tested on each cell type. Interestingly,
in 3D, the liver constructs were able to metabolize tegafur to 5-FU, resulting in cell death

in the other 3D constructs, whereas cells in 2D could not metabolize the prodrug to its
activated form [53].

Lung tumor models have also been evaluated in microfluidic device platforms. Human
non-small cell lung cancer was assessed for sensitivity to several common chemotherapy
agents in a 3D organoid form versus 2D controls in parallel channel devices for increasing
throughput and simplifying drug administration [54]. In another example, lung cancer
spheroids were formed from either cell lines or patient-derived lung cancer cells, with and
without pericyte co-cultures, and screened for susceptibility to the drug cisplatin. Co-culture
systems were observed to demonstrate higher levels of chemoresistance, demonstrating the
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important results that can be attained by using multi-cell type systems for drug screening
[55]. It is unlikely that these same results would be attainable in single cell type cultures.

These examples of tumor-on-a-chip platforms demonstrate the kinds of experimentation,
screening protocol, and finding that are possible as on-a-chip systems gain acceptance and
become the norm in cancer research.

Body-on-a-chip: multi-organ systems and future applications

On-a-chip technologies have gained significant momentum in recent years. Although
relatively new technologies, many are already showing promise for applications in research
and development. However, over the past few years, systems of increased biological
complexity have begun to emerge that feature more than one organoid [56-59]. These
two-organoid [60] or multi-organoid devices, sometimes referred to as ‘body-on-a-chip’
systems, have immense potential beyond that of single organoid platforms, but, until
recently, primarily comprised cell lines and even animal cells [53,61], rather than fully
functional human primary cells or fully differentiated cells derived from stem or progenitor
populations; thus, they required additional advancement to accurately mimic human
physiology and responses to factors such as drugs and toxins. However, within the past
year, there have been several notable published studies demonstrating more complex multi-
tissue representative systems. In one such example, a four-tissue system was developed

in a perfusion platform that did not require a pump, in which 2D tissue cultures of liver,
cardiac, skeletal muscle, and neuronal components were integrated within a single device.
This platform was then deployed as a screening tool to assess cell toxicity in experiments
using doxorubicin, atorvastatin, valproic acid, acetaminophen and N-acetyl-m-aminophenol
[62]. This pumpless concept has also been used in a two-tissue gut and liver system that
incorporated trans-epithelial electrical resistance sensors for gut epithelial barrier function
monitoring and supported basic liver function [63]. In another study, a microfluidic platform
was developed containing microphysiological intestine and skin constructs, liver spheroids,
and an epithelial kidney barrier tissue model, in which basic function, gene expression,

and viability were maintained for 28 days [57]. These examples represent important steps
towards systems that can mimic complex responses and interactions between tissues during
drug and toxicology screens.

The importance of multi-organoid integration—/n vitro models that accurately
recapitulate human tissues and model disease are limited, and there are fewer still in

which multiple tissues are integrated in a single platform. This is an important biological
limitation, because tissues do not exist in isolation in the body. Moreover, it is essential
that tissues receive signals and support, such as vascular, neural, metabolic, and hormonal
cues from other locations, for normal tissue viability and function. With respect to drugs,
for example, effects in secondary tissues can be as important as effects at the target site,
particularly if they induce toxicity. If undetected, these secondary effects can lead to failure
or withdrawal from commercial or clinical use because these adverse effects. Likewise,

in cancer metastasis, in which some malignant tumor cells are able to migrate from one
location to another, multiple tissue or organ sites and often a circulatory system (vascular or
lymphatic) are involved. As such, although useful for many applications, single organoid
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models have limited efficacy for recapitulating the many types of interaction between
multiple tissues that occur in the human body. Here, we describe several examples of
phenomena that demonstrate the importance of multi-organoid platforms and their ability to
potentially model these phenomena.

Cancer: As described above, one medical phenomenon that calls for the use of more

than one organoid in a model is cancer metastasis. In metastasis, after often undergoing
epithelial-to-mesenchymal transition, cells in a tumor proliferate rapidly in the primary
tumor site and intravasate through endothelium into the blood stream or lymphatic system,
after which they extravasate and invade a secondary tissue site, often downstream from

the primary site. Few /n vitro systems have been developed that use a multi-organoid
approach to model the kinetics of metastasis. However, they are in development and it

has been demonstrated that it is possible to recapitulate metastasis /n vitro, although in a
reductionist manner. A metastasis-on-a-chip platform was created in such a way to facilitate
tracking of the migration of metastatic tumor cells from a bioengineered colon organoid

to a bioengineered liver organoid within a simple microfluidic device under recirculating
fluid flow (Fig. 2a) [64]. It was shown that metastatic colorectal cancer cells were able to
migrate and disseminate out of the colon organoid into the circulating perfusion system and
engraft in the downstream liver organoid. Conversely, a non-metastatic colorectal cancer
cell type proliferated at the primary site, but never migrated to the liver within the study
timeframe [64]. The authors are currently advancing this system in several ways to try to
model metastasis more accurately.

Drug testing/toxicology: As we have discussed throughout this article, a broad area

of importance in medicine is understanding how multiple organs and tissues respond

to administration of particular drugs. A variety of examples demonstrate this concept.

For example, 5-FU is a common chemotherapy agent used to treat colorectal cancer.
Unfortunately, 5-FU can induce a variety of adverse effects in patients, including cell
damage in the gastrointestinal tract. In an attempt to reduce toxicity, several prodrugs have
been developed, such as tegafur. Tegafur and other prodrugs are inactive in the administered
form, only becoming activated after metabolism, generally by hepatocytes in the liver.
Consequently, without including a metabolically active liver organoid in one’s /n vitro
prodrug drug studies, results are likely to be completely meaningless. Building a platform
with a liver and other organoids or tumors would allow metabolism of the prodrug followed
by assessment of the activated drug on the downstream tissues or tumors (Fig. 2b).

Disease modeling: Another example that shows the importance of multi-organoid systems
incorporates a variety of organs and the vasculature. There are many drugs that are known
to cause inflammatory responses. For example, large doses of the very common analgesic
acetaminophen (known to many as Tylenol™) cause significant inflammation and toxicity
in the liver. Other drugs, such as many chemotherapeutics, including bleomycin, cause
inflammation, toxicity, and irreversible fibrosis in the lungs or other organs. In most of
these cases, toxicity and apoptosis result in the release of inflammatory molecules, such as
tumor necrosis factor (TNF)-a and interleukin (IL)-1 into the blood. Subsequently, these
molecules can cause disruption and loss of integrity or inflammation in other tissues, such
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as the blood vessel endothelium (Fig. 3c). Integrated multi-organoid model systems, if
designed correctly, can detect these complex and multi-organ drug effects in a predictive and
physiologically relevant manner, whereas single organoid systems cannot.

Where are we? Thefirst highly functional multi-organoid systems: As we have described,
there is a current lack of a significant number of multi-organ systems, despite the clear need
for such systems to sufficiently model and test the complex responses of the human body to
drugs, toxins, and disease. However, there is progress being made, primarily within the past
several years.

Cancer metastasis: Multi-site metastasis-on-a-chip platforms, as described above,
comprising multiple organoids that allow for tumor cells to metastasize from one location
to another, have not yet been explored widely. However, there have been on-a-chip devices
that assess certain discrete aspects of metastasis. For example, one recent system is a
microfluidic device that can help model the process by which multicellular tumor aggregates
migrate through a collagen gel and an endothelial layer [65]. Another device that has been
developed includes an endothelial cell layer that acts as a barrier to a chamber that mimics
3D bone, allowing researchers to model extravasation of circulating breast cancer cells into
bone [66,67]. Other recent devices include a system for assessing the effects of interstitial
pressure on cell migration [68] and a system for screening antiangiogenic drugs [69]. These
systems illustrate the potential that on-a-chip cancer technologies can have.

However, there is still a major lack of platforms integrating both primary and metastatic
sites, and the zones in between (i.e., circulation and endothelium) in a single platform.

By providing circulating flow through a system with multiple organoids, one that contains
tumor cells, we can recapitulate the dissemination of tumor cells from the primary site
organoid into the circulating cell culture media, after which metastatic cells can colonize one
or more organoids downstream. As we have described, these are only some of the kinetics of
metastasis, but it has been possible to show them in colorectal cancer cells traveling between
a colon organoid and liver organoid onboard a metastasis-on-a-chip device. It has also been
demonstrated that this platform is highly amenable to experimentation and drug screening
[64].

The ECHO platform: Support from the Department of Defense via the Defense Threat
Reduction Agency (DTRA) has enabled the development of a multi-organoid integrated
body-on-a-chip system for use in bioweapon and chemical weapon assessment and
countermeasure development, as well as drug and toxicology screening. During this
program, the research team developed and tested the multi-organoid body-on-a-chip
platform, termed ECHO (EXx vivo Console of Human Organoids). This platform initially
comprised four engineered tissue organoid types (liver, cardiac, vascular, and lung), which
were developed independently and integrated into a single system that could provide more
complex physiological responses to toxic agents and pharmaceuticals. To date, the team has
development a robust three-organoid system, with several other organoids, including lung, in
initial stages of integration into the overall system.
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With the ECHO system, a comprehensive data set has been compiled showcasing the
characteristics of these organoids. In general, the 3D organoids in the system are integrated
into the microfluidic platform by using bioprinting of tissue-supportive hydrogels to

create 3D ECM-derived environments for organoid maintenance [70,71]. Liver organoids
fabricated using liver ECM-derived hydrogels maintained viability and function /n vitro for
4 weeks [71], and the presence of key liver markers (e.g., albumin, multiple cytochrome
P450 proteins, epithelial cell-cell adhesion markers, dipeptidyl peptidase 1V, and organic
solute transporter-a.) has been demonstrated. These organoids produce albumin and urea,
respond to toxins, such as acetaminophen (APAP) in a dose-dependent manner, and can

be rescued from such insults with A-acetyl-L-cysteine, a common clinical treatment for
APAP overdose (Fig. 3a). Cardiac organoids also remained viable beyond 4 weeks; support
transport of fluorescent dye molecules throughout the organoids, suggesting high levels of
cell-cell communication; beat spontaneously; and change their beating rates in response

to a variety of drugs. These kinetics were captured using an onboard camera system

[72,73] and custom software for analysis (Fig. 3c). Additionally a blood vessel endothelium
device has been incorporated that responds to agents such as histamine by disruption of its
cell monolayer (Fig. 3d), which can allow increased cross-endothelium transfer of larger
molecular weight molecules that are in solution.

As described above, to date, few research programs in the organ-on-a-chip filed use multiple
organ models within one platform. Instead, most focus on a single tissue of interest.

This can be shortsighted in many applications, because organs actively interact inside the
body constantly. Therefore, multi-organoid interactions should be recapitulated in those
platforms that are being developed. Liver organoids, cardiac organoids, and endothelial
modules have been integrated in microfluidic devices (Fig. 4a,b) under common media, have
shown sufficient viability under these integrated conditions, and have demonstrated multi-
organoid responses to drugs, very similar to those encountered in humans. For example,

Fig. 4c describes the effects of propranolol and epinephrine on cardiac organoids, with or
without liver organoids present in the microfluidic platform. Normally, epinephrine induces
an increase in beating rate in cardiomyocytes. Without liver, propranolol, a beta-blocker,
blocks the p1- and p2-adrenergic receptors, preventing cardiac beating increases. However,
with both organoids linked together in the system, propranolol can be metabolized by the
liver component, resulting in significant epinephrine-induced increases in beating rates (A.
Skardal, et al. Unpublished data). To our knowledge, these experiments are some of the

first interdependent multi-organoid studies to have been performed successfully. Fig. 4d
describes additional form factors for expanding the system to additional organoid types and
miniaturizing the platform footprint.

Given the lack of optimal models for drug screening, a surprisingly large number of drugs
have passed through preclinical studies and clinical trials, after which they remained on
the commercial market and were used clinically for years in some cases, before being
recalled by the US Food and Drug Administration (FDA) for causing toxic effects in
humans. Approximately 90% of these drugs that have been removed from market are
done so because of toxic effects in the liver and the heart. Therefore, to demonstrate the
capabilities of the ECHO platform, screening studies of a panel of these withdrawn drugs
have been performed. These drugs included troglitazone (Rezulin™), an antidiabetic and
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anti-inflammatory that was recalled for causing liver failure, and mibefradil, an ion channel
blocker that was recalled for having fatal interactions with other drugs, including antibiotics.
In the ECHO platform, troglitazone and mibefradil both resulted in liver toxicity. Also
screened were rofecoxib (Vioxx™), an nonsteroidal anti-inflammatory drug (NSAID) that
was recalled because of cardiovascular adverse effects, such as heart attack, stroke, as well
as skin reactions and gastrointestinal bleeding; astemizole, an antihistamine that caused
slowing of potassium channels, torsade de pointes, and QT prolongation; terodiline, a drug
for bladder incontinence that caused QT prolongation and toxicity; and the anticancer drug
5-FU and isoproterenol, a beta-adrenergic agonist, both of which are known to induce
cardiac toxicity. In the cardiac organoids, all of these drugs resulted in increased levels of
dead cells as doses increased [73]. More importantly, however, using the onboard camera,
beating effects were also observed to decrease with dose increases. This is an important
distinction, because drugs withdrawn from the market for cardiac toxicity are generally not
withdrawn for killing cells in the heart, but rather for causing changes in heartbeat kinetics
[87].

ATHENA, DARPA, and NIH initiatives: In addition to the ECHO platform initiative, a
variety of other high-profile programs have been underway over the past several years. In
particular, the DTRA funded the ATHENA (Advanced Tissue-engineered Human Ectypal
Network Analyser) program and the Defense Advanced Research Projects Agency (DARPA)
funded a ten-organoid project [74].

These projects are notable and differ from many of the established organ-on-a-chip
technologies that we described above in that, similar to ECHO, the explicit goal of

the programs was to create integrated multi-organ platforms. Specifically, the ATHENA
program, based out of the Los Alamos National Labs, developed a system comprising four
organs: liver, heart, lung, and kidney [75]. The DARPA program, based out of Harvard’s
Wyss Institute, is working a collection of ten organoids, including representations of
endocrine, gastrointestinal, immune, musculoskeletal, and reproductive tissues [76].

Additionally, the National Institutes of Health (NIH) are supporting an equally major
organ-on-a-chip program through the National Center for Advancing Translational Science,
the National Institute for Biomedical Imaging and Bioengineering, the National Cancer
Institute, Eunice Kennedy Shriver National Institute of Child Health and Human
Development, National Institute of Environmental Health Sciences, NIH Common Fund,
and NIH Office of Research on Women’s Health. However, the NIH initiative differs in that
the funding is divided among a variety of individual research laboratories, which, between
them, are working on organoid representations of a range of tissue types [77]. As such, how
integration of multi-organoid systems will be performed efficiently remains to be seen.

Organ-on-a-chip systemsfor personalized precision medicine: Although numerous in
vitro systems are being developed for general drug development screening, few exist for
clinical deployment to benefit specific patients. This is an unmet clinical need, because the
prescription of therapies to some patients with certain diseases is often a trial and error
process. With personalized organoid models (Fig. 5a,b), therapies can be screened using

a patient’s own cells in sufficiently physiologically accurate 3D organoid systems. For
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example, accurate prediction of a patient’s tumor progression and response to therapy is one
of the most challenging areas in oncology. Prescribed treatments are often made based on

a general success rate of a drug, not on how a specific individual might respond to a drug.
Recently, the concept of precision, or personalized, medicine has evolved to address these
problems by using the patient’s genetic profile to identify “‘druggable’ targets for treatment
[78-80]. However, in real-world practice, the effectiveness of personalized medicine is
somewhat less straightforward [81]. After identification of key mutations through genetic
profiling, physicians can still be left with a variety of drug options, with no concrete data
about potential adverse effects or actual drug effectiveness in the patient. As such, there is a
clear need to develop tools that can help predict the response of individual patients to drugs
[82,83]. Work is currently underway to develop a multi-organoid platform that contains
patient-specific tumor organoids in which drug therapies designed based on genetic profiling
can be tested for efficacy. By using the microfluidic devices, it is possible to provide

a circulatory system and multiple tissue organoid sites as described above, and thereby
visualize and track the kinetics of tumor progression and metastasis to a distant site /n

vitro [64]. Pairing this with more complex body-on-a-chip systems as described above will
further advance these personalized on-a-chip platforms. We believe that it will be possible to
perform personalized screens of drugs before treatment, while monitoring all organ systems
in the platform for adverse effects, dramatically transforming patient care and improving
treatment outcomes. Such powerful and comprehensive technology does not currently exist
and would represent an incredible leap forward in how cancer and other diseases are treated.

Conclusions and perspectives

Whereas the rationale for multi-organoid systems is clear, several hurdles remain to be
overcome before their acceptance and deployment in actual drug development pipelines and
applications, such personalized medicine. Currently, most multi-organoid systems, as well as
single organoid systems, do a passable job at mimicking certain aspects /7 vivo physiology,
and can be used for simple drug-testing protocols [84]. However, they are generally created
and maintained in low-throughput settings. This currently places a significant limit on the
number of experimental compounds or conditions that can be screened. Fortunately, many
research groups are working on miniaturizing these devices and platforms to be able to
place many organoids and many multi-organoid systems within single devices with small
footprints [10]. Significant reduction of size, together with improvements in biosensing and
diagnostic technology [72,73,85], (S.A.M. Shaegh et al., unpublished data), has the potential
to significantly increase the number of replicates during each screening study, thereby fully
realizing the potential of multi-organoid screening platforms in biomedical research and
clinical and commercial applications. Another common concern for multi-organoid, and
even simple multi-cell type, cultures is the requirement of a common medium. Typically,
most high-functioning cell types, such as human primary cells and induced pluripotent stem
cell (iPSC)-derived cells, require complex, highly specialized media formulations. However,
there is growing evidence that, by transitioning to 3D systems, cells might be able to
support one another rather than rely on expensive media supplements and serum. It has
been possible to maintain a variety of cell types in viable states in cancer models [64,14]
and the use of biomaterial microenvironment customization to support cells in place of the
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media formulation, including in serum-free conditions, has been investigated [70,71,86]. In
ongoing body-on-a-chip work, up to six organoid types in culture have been maintained
simultaneously in serum-free media, most of which were biofabricated from primary cells
or iPSC. Development of versatile media formulations has the potential to commercially
impact the catalog of cell culture media and supplement products. Reducing the variety

of cell culture media formulations would help to standardize experimental conditions and
reduce the overall cost of many laboratories, thereby allowing researchers to focus on
platform development and organoid functional testing, rather than on basic media-screening
studies. Multi-organoid body-on-a-chip systems are rapidly advancing and are positioned
to be deployed into drug screening in the very near future [7]. These platforms have
significant utility in many areas, and will likely dramatically change the way that precision
medicine, cancer modeling, common cell culture media development, and drug development
are performed.
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FIGURE 1.
Potential improvements in the drug development pipeline as a result of the deployment

of organ-on-a-chip and body-on-a-chip technologies into pharmaceutical research and
development. (a) The current drug development pipeline requires many years and multiple
billions of dollars to bring a drug to market. (b) Plugging in human-based biofabricated
on-a-chip platforms into preclinical stages could drastically improve the efficiency of the
drug development pipeline.
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FIGURE 2.
Examples of multi-organ interactions that cannot be modeled with single organoid systems.

(a) Migration and metastasis of tumor cells from one organ or organoid site to another,
demonstrated in vitro in a metastasis-on-a-chip device in which colorectal carcinoma
metastasizes from the colon to the liver [64]. (b) Reliance of a prodrug therapy, such as
the anticancer 5-fluorouracil (5-FU) prodrug tegafur, on liver metabolism to activate the
drug to generate a positive effect by successfully targeting tumor cells. (c) Inflammatory
molecules secreted from organs such as the liver and lung upon drug injury can cause
detrimental inflammatory responses and cell injury in downstream tissues. Abbreviations:
IL, interleukin; TNF, tumor necrosis factor.

Drug Discov Today. Author manuscript; available in PMC 2022 April 26.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Skardal et al.

Page 21

Control

APAP-NAC

(b)
0.45 r = ~ = r
0.4 L I‘ I | t n |
r |
0.35 |- ‘ ‘ ‘ ‘ |
03 }' ‘ \ ‘ ‘ ‘ 7
0.25 - 1 ‘ ‘ ‘ \‘ [ )
‘ * ) [ { ‘ ‘
A
| | |
0.15 - | A [ \ R w \ { l .
‘ \ | W \ ‘ [ S s )
0.1r ; | “‘:, W ‘ 3 | A =)
0.05 PN = == =t S |
0 { BPM=34.6154 ! | 1 1 1
0 100 200 300 400 500 600
= I \ X
T [r— R —
£
- - E 10,
Histamine treatment l 8 100%
— .
S 75%
0= 0= s 0=
[
8 50%
]
Disruption of 8 25%
endothelial 0%
integrity Before 100uM 5Min 10 Min Media Wash +5

FIGURE 3.

histamine wash min

Drug Discovery Today

Highly functional organoids for a multi-organoid body-on-a-chip platform. (a)
Acetaminophen (APAP) toxicity in liver organoids and reduction in toxicity by A-acetyl-
L-cysteine (NAC). (b) Cardiac organoids remained viable long-term and supported the
transport of fluorescent dyes [Lucifer yellow (yellow stain) and fluorescein (green stain)]
through interconnected ion channels, suggesting high levels of cell-cell communication.
(c) Beating analysis of cardiac organoids: an onboard camera captured a video of
beating organoids, after which beating rates can be calculated by quantifying pixel
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movement, generating beat plots. (d) Vascular endothelium devices responded to changes

in endothelium integrity as measured by a trans-endothelium electrical resistance sensor.
Reproduced, with permission, from (A. Skardal, et al. Unpublished data).
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FIGURE 4.
A multi-organoid body-on-a-chip. (a) A depiction of a liver, cardiac, and vascular organoid-

containing body-on-a-chip platform. (b) Photograph of the three-organoid system. (c)
Description of the effects of propranolol and epinephrine on cardiac organoids, with or
without liver organoids, illustrating the importance of multi-organoid systems. Without
liver, propranolol, a beta-blocker, blocks cardiac-beating increases by epinephrine. However,
with both organoids present, propranolol is metabolized by the liver organoid, resulting

in a measurable epinephrine-induced increase in beating rates. (di,ii) Future body-on-a-

chip platforms for increased capabilities for linking multiple organoids within a single
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circulatory system. Reproduced, with permission, from (A. Skardal, et al. Unpublished
data). Abbreviation. BPM, beats per minute.
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FIGURE 5.

Use of biofabricated tissues in personalized medicine. (a) In precision medicine for patients
with cancer, a potential list of drugs is currently determined based on mutations found in

the tumor genetic profile, from which best-guess therapies are prescribed. In the future, cells
from tumor biopsies could be used to create 7 vitro tumor models specific to a given patient.
Potentially, effective drug therapies can then be screened in the models, thereby identifying
the optimal drug therapy for that patient, both in terms safety and effectiveness. (b) In
genetic diseases, cells can be harvested from alternative tissues, such as skin, translated into
induced pluripotent stem cells (iPSC), differentiated into cells of the tissue of interest (e.g.,
lung or heart), and bioengineered into 3D organoids and organoid-on-a-chip systems, after
which generic and genome-specific drug therapies can be screened for the original patient.
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