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Abstract

The development of new therapies is tremendously ham-
pered by the insufficient availability of human model sys-
tems suitable for preclinical research on disease target iden-
tification, drug efficacy, and toxicity. Thus, drug failures in
clinical trials are too common and too costly. Animal models
or standard 2D in vitro tissue cultures, regardless of whether
they are human based, are regularly not representative of
specific human responses. Approaching near human tissues
and organs test systems is the key goal of organs-on-chips
(0O0C) technology. This technology is currently showing its
potential to reduce both drug development costs and time-
to-market, while critically lessening animal testing. OoC are
based on human (stem) cells, potentially derived from
healthy or disease-affected patients, thereby amenable to
personalized therapy development. It is noteworthy that the
OoC market potential goes beyond pharma, with the possi-
bility to test cosmetics, food additives, or environmental
contaminants. This (micro)tissue engineering-based tech-

nology is highly multidisciplinary, combining fields such as
(developmental) biology, (bio)materials, microfluidics, sen-
sors, and imaging. The enormous potential of OoC is cur-
rently facing an exciting new challenge: emulating cross-
communication between tissues and organs, to simulate
more complex systemic responses, such as in cancer, or re-
stricted to confined environments, as occurs in osteoarthri-
tis. This review describes key examples of multiorgan/tissue-
on-chip approaches, or linked organs/tissues-on-chip, fo-
cusing on challenges and promising new avenues of this
advanced model system. Additionally, major emphasis is
given to the translation of established tissue engineering ap-
proaches, bottom up and top down, towards the develop-
ment of more complex, robust, and representative (multi)
organ/tissue-on-chip approaches. ©2021 5. Karger AG, Basel

Introduction

Preclinical models, both in vitro and non-human in
vivo, play a fundamental role in drug development. How-
ever, it has now become increasingly evident that stan-
dard steps involved in drug development are facing crit-
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ical challenges, mainly due to drug failure in clinical tri-
als, after having passed preclinical studies. As a result,
not only are costs increased, but also the development of
novel therapies is hindered. At the preclinical stage, in
vitro cell culture models, typically restricted to 2-dimen-
sions (2D), are the gold standard for initial screening of
activity and specificity of drugs. Despite having played a
crucial role in advancing the drug development process,
these simple models are, thus, fairly limited due to inca-
pacity to mimic the complexity of native tissues or or-
gans, more specifically, the absence of a native-like phys-
icochemical 3D microenvironment, vascularization, flu-
id flow, shear stress, and also importantly, a multiorgan
context. In fact, 2D model-based pharmacokinetics often
fail to accurately predict ADMET (absorption, distribu-
tion, metabolism, and excretion and toxicity) of a drug at
the biological target, leading to inaccurate dosages [Du-
val et al., 2017]. To circumvent the shortcomings of 2D
cell cultures, 3D culture models have emerged as a viable
alternative due to the improved tissue organization and
prolonged maintenance of cell functions [Pampaloni et
al., 2007]. However, standard 3D culture models also
tend to fall short on faithfully reproducing the character-
istics of living organs, including tissue-tissue interaction,
shear stress provided by fluid flow, gradients of oxygen
and cytokines, and/or mechanically active microenvi-
ronments [Huh et al., 2011a]. On the other hand, in vivo
preclinical investigations, which rely on using animal
(mostly rodent) models, are still regarded as a key step in
drug development, since they maintain the significant
organ interactions taking place in complex living sys-
tems. Animal models allow the evaluation of organ-or-
gan cross-talk, and more faithfully reproduce pharmaco-
kinetic and toxicological responses, as compared to stan-
dard 2D and 3D systems. However, these models are not
without limitations. For example, the interspecies dis-
crepancies between laboratory animals and humans
hamper the transferability of the results, or extrapolation
of effects and responses to their human counterparts
[Sung et al., 2014b; Everitt, 2015]. Therefore, it is increas-
ingly recognized by the scientific community and regula-
tory entities that preclinical assessments based on animal
models often lead to poor-efficacy prediction [Saeidnia
et al., 2015]. Markedly, failure estimate rates can even
reach 90% [Pound and Ritskes-Hoitinga, 2018]. Conse-
quently, advancements in the models available are unde-
niably urgent.

Biological advances, including harnessing the poten-
tial to steer primary and stem cell-derived human cells,
combined with novel biomimetic materials, and break-
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throughs in bio- and microfabrication approaches, have
opened up new avenues for preclinical models. These
multidisciplinary advances result in unprecedented in
vitro recapitulation of key functionality, structural orga-
nization, and interaction dynamics of human tissues and
organs. In this context, the field of organs-on-chips
(O0CQ) is flourishing with increasing recognition of the
potential to bridge the gap between in vitro/in vivo vali-
dation and clinical translation, with the promise to not
only improve the predictive value of preclinical studies
dearly needed to advance drug development, but also sig-
nificantly contribute to the unravelling of disease mech-
anisms and enable precision medicine approaches [Low
et al,, 2021a].

The rapid pace of OoC translational opportunities are
paving the way to wide-ranging academic, medical, and
commercial avenues. For instance, recent publications
have highlighted the impact of OoC in critical diseases,
such as cancer, and/or toxicity screening, which include
relevant organs such as liver, heart, lung, gut, and kid-
ney, reflecting the high impact of this novel technology
in clinical applications [Ronaldson-Bouchard and Vun-
jak-Novakovic, 2018]. In parallel, from the industrial ap-
plication point of view, the significance of involving
stakeholders in early assessment, from academic to regu-
latory entities (e.g., FDA and EMA) to product develop-
ment specialists, is undeniably necessary, and have been
extensively analyzed, including potential challenges over
the path of both translation and commercialization.
These topics have been discussed by other authors [Mid-
delkamp et al., 2016; Watson et al., 2017; Low et al.,
2020].

In this review, we aim to discuss how in vitro preclin-
ical models, ranging from organoids to microfluidic
0Oo0C, can be developed to improve and accelerate pre-
clinical studies, thus boosting drug development and/or
supporting a deeper understanding of human patho-
physiology. We will describe the steps undertaken to-
wards establishing multi-OoC models, which are unde-
niably more representative of human systemic-like phys-
iology, and hence clinically more relevant as preclinical
models for studying both pathophysiology and complex
pharmacological responses. Following this, we will dis-
cuss strategies to facilitate the use and commercialization
of OoC, from design considerations, to adaptations, to
stakeholder demands. Finally, we will also focus on the
advantages, bottlenecks, and potential for further explor-
ing these sophisticated representations of human tissues
and tissue systems models in uncharted areas or applica-
tions.
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Fig. 1. In vitro and in vivo models: from 2D
to 3D dynamic microfluidic OoC. Com-
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The Evolution of Advanced 3D in vitro Models: From
Spheroids to Microfluidic 0oC

Although the description of spheroids and organoids is
beyond the scope of the present review, we ought to empha-
size that these culture systems present undeniable advan-
tages over typical 2D systems. Namely, spheroids and or-
ganoids are able to maintain more complex cellular func-
tions and interactions, which renders these 3D cell culture
approaches greatly useful for high-throughput screening
for drug development, for example as toxicology testing
models, and/or as disease models. Alternatively, 3D bioma-
terial construct models also present several advantages as
advanced models, as these are composed by synthetic or
naturally derived biomaterials/polymers, closely simulat-
ing cell-ECM interactions. Patient-derived tissue explants
are also commonly used as physiologically representative
3D ex vivo models, as these are relatively easy to obtain and
inexpensive to maintain. Despite being highly informative,
the abovementioned models still often fail to emulate both
the structural and dynamic complexity of tissues and or-
gans, subsequently resulting in incomplete or even inade-
quate tissue/organ responses. Overcoming these limita-
tions, OoC platforms stand out due to their advantageous
combination of defining characteristics: (a) mimicry of na-
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tive architecture of tissues, closely replicating their key 3D
nature and organization; (b) enabling the integration of
multiple cell types (e.g., parenchymal, stromal, vascular,
and immune cells), thereby reflecting more physiologically
relevant cell-cell/cell-tissue interactions; and, (c) incorpo-
ration of engineered stimuli, such as biomechanical forces
(e.g., stretch/strain forces for actuated tissues, or hemody-
namic shear forces for vascular tissues), electrical cues, and
biochemical gradients relevant to the tissue being mod-
elled, as shown in Figure 1. One of the very first OoC mod-
els, the “lung-on-a-chip,” published in 2010 [Huh et al,
2010a], set the stage for these promising engineered micro-
devices, ultimately designed to mimic key features of organ
structures, functions in both healthy and disease condi-
tions, and their reaction to stressors and pharmaceutical
compounds. A decade later, OoC models have shown great
progress due to major advances in the microfabrication
technologies, sensors, imaging, and (systems) biology,
uniquely delivering a balance between fidelity and feasibil-
ity, whilst maintaining robustness and throughput.

3D Biomaterial Constructs and Organotypic Tissue

Explants

The (bio)chemical and mechanical properties of the
biomaterials, combined with the physical 3D support,
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provide cues to steer cellular behavior, such as stiffness,
porosity, surface chemistry, biodegradability, and cell
compatibility. A myriad of biomaterials have been used to
engineer 3D cell cultures, ranging from the broadly used
collagen coatings or Matrigel, to more complex in situ
cross-linkable bioinks for 3D bioprinting (as reviewed in
more detail in Moroni et al. [2018] and Suvarnapathaki et
al. [2019]). However, the main concerns in using 3D bio-
material construct models include: (1) finding the most
suitable material among the wide range of biomaterials
available for a specific application can be time consuming,
and (2) concerning natural source materials, it may be a
challenge to control matrix properties and assure repro-
ducibility, derived from inherent batch-to-batch variabil-
ity. Synthetic polymers, on the other hand, circumvent the
reproducibility problem faced with natural hydrogels.
One of the most widely used synthetic polymers is gelatin
methacryloyl (GelMA) due to its tunable mechanical and
biological properties, biocompatibility, and the versatility
of its application for drug delivery, 3D printing, and tissue
engineering [Yue et al,, 2015; Zhu et al., 2019].

Conversely, in tissue explants derived from primary
tissue from patients, the cells are preserved in their native
extracellular matrix, which renders this model easy to
produce and inexpensive. Similar to 3D biomaterial con-
structs, this type of model also allows growth factor and
cytokine stimulation, implementation of physical injury,
and is compatible with osmotic and/or mechanical load-
ing regimens [Bush et al., 2005; Brown et al., 2015; John-
son et al., 2016]. Yet this organotypic model also presents
a few inherent disadvantages, mostly related to the limita-
tion of primary tissue available from the same source,
high variability due to donor variation, induced cell death
at the explanted tissue’s edges, possible need to include
support surrounding tissues to retain viability and func-
tionality, and, lastly, native tissue characteristics can suf-
fer alteration in static ex vivo culture environments.
There are currently no regulations regarding the bioma-
terials to be used in in vitro models. However, regulations
for biomaterials to be used in medical devices and clinical
applications (e.g., implants) might be useful for OoC
manufacturers to take into consideration when designing
their in vitro models.

Spheroids and Organoids

Spheroids consist of spherical cell aggregates, with a
certain degree of self-organizing and self-renewing abili-
ties, which can be composed of single-cell suspensions
derived from cell lines or patient-derived primary cells,
typically cultured in ultra-low attachment platforms. Co-
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culture approaches are also used to better mimic more
complex native microenvironments, by addition of endo-
thelial, mesenchymal, and/or immune cells, for example.
Although undoubtedly valuable as 3D model systems for
several applications, spheroids display limited tissue-like
structure, self-renewal, and differentiation potential.
Organoids are able to overcome withstanding limita-
tions of spheroid model systems by providing a higher
level of complexity [Mead and Karp, 2019]. Organoids
typically originate from tissue-derived stem cells or hu-
man-induced pluripotent stem cells (hiPSCs), cultured
within an ECM-like hydrogel matrix, that allows struc-
tural changes and cell-cell interactions, which, in turn,
form organized structures resembling the in vivo tissue
equivalents [Lancaster and Knoblich, 2014]. Thus, this
culture model displays cell compositions and structure
more similar to native tissues. Moreover, as this model
originates from self-renewing stem cells able to differenti-
ate into cells of all major cell lineages, it has the capacity
to display an intrinsic ability to self-organize and reca-
pitulate developmental programs. Such features render
this culture system with a higher biological relevance,
amenable to niche manipulation and gene sequencing.
However, this advanced in vitro system may tend to be
retained at a fetal level of maturation, which, in turn, is
highly dependent on the supplied organoid’s microenvi-
ronmental cues. As a representative example, intestinal
organoids have demonstrated to be an excellent model to
assess underlying molecular mechanisms and functional
gastrointestinal processes [Sato et al., 2011; Dekkers et al.,
2013]. In this model, the polarization of enterocytes of the
intestinal organoid was successful, which enabled the as-
sessment of nutrient transport and sensing. Another case
of effective utilization of this type of model is kidney or-
ganoids to study kidney diseases and regeneration [Ta-
kasato etal., 2015]. Interestingly, hiPSCs can be generated
from patients with inherited kidney disease, or, by ge-
nome editing of healthy patient-derived hiPSCs, muta-
tions of target genes can be introduced via CRISPR/Cas9.
This approach can ultimately enable drug screening to
find new therapeutic approaches and the analysis of
mechanisms of disease due to the mutation. Recently, or-
ganoid technology has also been demonstrated to be a
reliable 3D model of cancer behavior during disease pro-
gression, for numerous cancer types such as pancreas,
prostate, ovary, and colon [Matano et al., 2015; Baker et
al., 2016; Puca et al., 2018; Kopper et al., 2019]. This ap-
proach is an important step towards personalized medi-
cine, as it allows the in vitro evaluation of therapy re-
sponses, single or even combined, namely chemo-, ra-
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dio-, and/or immunotherapy. Similar to other organoid
models, CRISPR/Cas9 technology has also recently been
applied for genome engineering of cancer organoids
[Driehuis and Clevers, 2017; Takeda et al., 2019; Arteg-
iani et al., 2020].

Organs-on-Chips

The development and validation of OoC as preclinical
models has gained increasing attention and recognition
over the last decade, with the promise to raise efficacy,
safety, and, ultimately, hasten drug discovery, instigating
outstanding interest in areas such as pharmacology and
toxicology [Low et al., 2021a]. Indeed, these models are
playing an increasingly prominent role in the enlighten-
ment of complex human diseases where representative
models are still lacking. Although many of the recent in-
sights achieved with OoC would not be possible using
animal models, it is fundamental to perceive these ad-
vanced platforms as complementary models, contribut-
ing to reducing the number of experimental animals, in-
stead of complete replacements of the existing ones. In
fact, established animal models are also fundamental for
the full validation of OoC platforms. Notably, OoC mod-
els are not designed to mimic the functions of entire or-
gans. Instead, these advanced platforms are targeted at
replicating human-based, physiologically relevant, 3D
cross-sections of key functional subunits of organs or tis-
sues. Thus, OoC models are typically devised with focus
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on specific questions, recreating the minimal organ/tis-
sue unit and the minimal interactions necessary to repli-
cate in vivo functionality.

Technological Advancements

OoC technology benefited greatly from decades of re-
search in the field of microfluidics [Domachuk et al.,
2010; Barata et al., 2016; Du et al., 2016; Convery et al,,
2019]. Although originally developed for the electronics
industry, OoC is conceivably one of the most rapidly ex-
panding research areas of microfluidics at the moment.
Uniquely combining physiologically relevant structural
units, namely cellular microenvironments and 3D struc-
tures, together with dynamic cues, or physiological forc-
es, OoC models offer the potential for unrestricted imita-
tion of crucial tissue-tissue responses, as shown in Figure
2. The physiological-like perfusion, typically within mul-
ticompartmental channels, delivers the 3D microengi-
neered cell culture environments the required dynamic
cues to better mimic in vivo cell-cell interactions, tissues,
and organs. With the distinct ability to combine perfu-
sion with kinetic modelling, various toxicokinetic pro-
cesses can be reproduced, namely absorption, metabo-
lism, and/or debris removal. Chamber and channel com-
partmentalization not only allows fluid or air flow, but
also permits pressure-driven dynamic mechanical cues,
as shear stress and/or cyclic mechanical strain, achieved
by pressure-controlled fluid flow rates and channel ge-

Cells Tissues Organs 5
DOI: 10.1159/000516356



ometry, or stretching/compressing elastic membranes,
respectively [Park et al., 2009; Huh et al., 2010b; Kim et
al., 2012]. Compartmentalization of microfluidic chan-
nels has also been developed to enable concentration gra-
dient generation on OoC platforms [Wang et al., 2017].
The obtained microfluidic gradients show high predict-
ability and reproducibility, whilst maintaining real-time
control of perfused solutions and easy quantification
readouts (e.g., fluorescently labelled solutions quantifi-
able by microscopy; incorporation of sensors for continu-
ous assessment). Thus, several approaches for integrated
gradient-based microfluidic devices have been success-
fully developed for high-throughput drug screening,
which enabled correlations between higher intracellular
drug concentration and increased cytotoxicity, for exam-
ple [Gao et al.,, 2012; Carvalho et al., 2019].

Increasing Biological Complexity

The above-described advanced in vitro models, name-
ly spheroids, organoids [Park et al., 2019; Low et al.,
2021a], 3D biomaterial constructs [Bahmaee et al., 2020],
and organotypic tissue explants [Brooks et al., 2017], can
be seamlessly combined with OoC platforms, which high-
lights the flexibility of this advanced technological tool.
Also, when combined with hiPSC technology, individual-
ized target tissues can be differentiated, prior or within
on-chip platforms, circumventing the possible cell source
limitation. This type of combined models holds the prom-
ise to advance personalized medicine approaches, since
specific genetic information can be carried. Recently re-
ported examples include the formation of a complex hu-
man retinal model integrating seven different cell types
through the vascularization of retinal organoids in a mi-
crofluidic chip [Achberger et al., 2019], and the creation
of a heart-on-chip [Zhang et al., 2016]. The latter elegant-
ly combines bioprinting of an endothelialized myocar-
dium with a 3D construct. Additional extensive descrip-
tions on the development of OoC, as well as the various
methodologies describing its use in combination with
stem cells, have already been discussed in other reviews
[Ertl etal., 2014; Geraili et al., 2018; Rothbauer et al., 2018;
Cochrane et al., 2019; Nawroth et al., 2019].

Towards Multi-OoC Models for Drug Development
and Disease Modelling

Various organs have been studied and key aspects
were replicated on-chip, including lungs, liver, kidney,
intestines, and tumor microenvironments [Benam et al.,
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2016; Shim et al., 2017; Carvalho et al., 2019; Sateesh et
al., 2019; Langerak et al., 2020; Moradi et al., 2020]. How-
ever, these models are largely based on single organs,
which fail to recapitulate the physiological complexity of
the native in vivo situation. Therefore, in recent years, the
integration of multiple organ functions on-chip has
gained increasing attention. Linkage of multiorgan/tissue
systems is crucial to more accurately model complex or-
gan-organ/tissue-tissue interactions towards applica-
tions in, for example, pharmacokinetic profiling, drug
screening, and systemic disease modelling [Sung et al.,
2014a; An et al., 2016].

Multi-OoC Models for Drug Development

Multi-OoC integrated platforms are currently being
developed and validated for systemic-like drug screening
and/or evaluation of side effects, as well as for complex
disease modelling, where replicating organ-organ/tissue-
tissue communication is imperative. In fact, combined
academic, governmental, and industrial efforts to develop
a “body-on- chip,” recently led to the development of ten
linked OoC [Edington et al., 2018]. By combining the
multi-OoC biological data with computational model-
ling, a predictive systemic-like pharmacokinetic profile
was achieved and validated [Edington et al., 2018], as
shown Figure 3a. Another representative example of a
four-organ-chip system established for ADME profiling
is shown in Figure 3b. In this study, a microphysiological
system maintaining the long-term functionality of four
organs: skin, intestine, liver, and kidney, has been suc-
cessfully established [Maschmeyer et al., 2015a]. Another
highly relevant example consists of four connected OoC
platforms, developed to evaluate five different com-
pounds, with pre-identified side effects [Oleaga et al.,
2016]. Similarly, in another study, individual OoC were
connected via an endothelial layer, assuring linked perfu-
sion, while maintaining a separate compartment for each
OoC, with tissue-specific media, as shown in Figure 3c
[Ronaldson-Bouchard and Vunjak-Novakovic, 2018]. In
another study, the cardiotoxicity of cyclophosphamide
and terfenadine were accurately modelled using a liver-
heart-on-a-chip, showing clear advantages over heart-
only models [Oleaga et al., 2018]. Similarly, a liver-kidney
model revealed novel mechanisms of aristolochic acid
nephrotoxicity [Chang et al., 2017]. Application of multi-
OoC can also be extended to study reprotoxicity. As a
representative example, an OoC model of the female re-
productive tract, including ovarian tissue, fallopian tube,
uterus, and cervix modules, was connected to a liver mod-
ule to assess reproductive toxicology (Fig. 3d) [Xiao et al.,

Ahmed/Moreira Teixeira
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multi-OoC platforms. a 1. Overview of the “Interrogator Device,”
which enabled the connection of eight OoC, achieved by pro-
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scheme of eight vascularized, two-channel OoC, successfully con-
nected and cultured for 3 weeks. This multi-OoC setup comprised
the following units: intestine, liver, kidney, heart, lung, skin, blood-
brain barrier (BBB), and brain. Reproduced from Novak et al.
[2020], with permission from Springer Nature. b 3D view of the
microfluidic four-OoC device, which comprises tissue culture
compartments for intestine (1), liver (2), skin (3), and kidney (4).
Reproduced from Maschmeyer et al., [2015b], with permission
from the Royal Society of Chemistry. ¢ Development of individual

2017]. In another recently reported platform, testicular
organoids were coupled to liver coculture spheroids to
study the reprotoxicity of an antineoplastic drug, with
known germline effects [Baert et al., 2020]. Interestingly,
some of these systems also incorporate a variety of bio-
sensors for real-time noninvasive readouts, to support
long-term cell culture and recurring drug testing.

Multi-OoC as Complex Disease Models and Targeted

Therapy Screening Platforms

Disease modelling on OoC holds the promise of play-
ing a pivotal role in the development of precision medi-
cine. While initially many OoC models were conceived
based on cell lines, current models tend to be based sole-
ly on patient-derived primary or hiPSCs, enabling the ad-
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OoC connected to a selective membrane barrier (endothelial lay-
er), enabling OoC the integration with recirculating media perfu-
sion that connects all OoC, while preserving the tissue-specific me-
dia composition for each OoC. The recirculating media includes
biomimetic components (e.g., circulating immune cells). Repro-
duced with permission from Ronaldson-Bouchard and Vunjak-
Novakovic [2018]. d A microfluidic culture model of the human
reproductive tract and 28-day menstrual cycle, simulating the in
vivo female reproductive tract and the endocrine profile. The fol-
lowing organ modules were included: ovary, fallopian tube, uterus,
cervix, and liver. Reproduced from Xiao et al. [2017], with permis-
sion from Springer Nature.

dition of the patient’s genetic information. The “patient-
on-a-chip” models allow: (a) patient stratification, by
identifying subpopulations that react optimally to specif-
ic therapies, dosages, or combined treatments; and, (b)
development of patient-specific platforms to model pa-
tients with rare diseases, for example. Such specific plat-
forms not only enable comparison and treatment optimi-
zation, but additionally contribute to understanding the
mechanistic effects of disease progression or effect of
drugs in specific pathways, thereby, paving the way to the
use of OoC for precision medicine. Many examples of the
application of OoC for precision medicine have focused
on tumors [Jeong et al., 2016; Hassell et al., 2017; Lee et
al., 2018; Miller et al., 2018], with particular importance
placed on establishing multi-OoC when applying this
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technology to cancer metastasis [Liu et al., 2019]. Other
relevant multiorgan systems include steatosis [Lee and
Sung, 2018] and inflammatory bowel syndrome [Trape-
car et al., 2020]. With this approach, the mechanism of
disease progression was investigated via multiomics, ulti-
mately highlighting the important interactions between
tissue homeostasis, immunity, and metabolism.

Potential Bottlenecks and Challenges

Design and Fabrication Specifications

Designing OoC platforms typically starts by defining
the channel diameters and length, culture chamber di-
mensions, potential presence of membranes or support
ECM-like scaffolds, and placement of inlets/outlets,
which can influence the flow rate, and, therefore, the
shear stress exerted on the tissues [Stone et al., 2004]. To
better mimic the in vivo microenvironment, some tissues
require biomechanical stimuli, such as stretch forces for
lung alveolar tissues [Kaarj and Yoon, 2019], shear stress
forces for vascular tissues [Ting et al., 2013; Gnecco et al.,
2019], or compressive forces for, for example, bone and
articular cartilage [Park et al., 2012; Occhetta et al., 2019].
The first developed lung-on-a-chip platforms already in-
cluded mechanical actuation on-chip via lateral vacuum
chambers, adjacent to the perfusable cell culture cham-
bers [Huh et al., 2010a]. Imitation of the biomechanical
forces associated with breathing was achieved by the pe-
riodic application of vacuum. In turn, these biomimetic
movements induced stretching/relaxation of the mem-
brane horizontally placed between the culture chambers,
onto which cells were attached. Biomechanical forces are
also important to accurately recapitulate the mechanical
factors involved in e.g., osteoarthritis pathogenesis or in-
ducement of this disease model [Gottardi, 2019]. Other
key features may be integrated during chip conceptual-
ization, namely the optical properties of the materials
used. For example, heart-on-chip platforms benefit from
being fabricated from optically clear materials, to allow
direct imaging of cardiac contractions [Zhao et al., 2020].
Design considerations related to sensor incorporation are
fundamental for applications in neural or muscular plat-
forms, for example, which typically incorporate (multi)
electrode arrays [Maoz et al., 2017]. Besides chip design
specifications for each tissue or organ, prevention of bub-
ble formation may also need to be addressed, as entrapped
bubbles can obstruct medium perfusion [Lochovsky et
al., 2012]. The presence of bubbles within these types of
microsystems not only alter fluid flow profiles, affecting
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shear rates, but can also critically compromise uniform
cell seeding or even viability. Incorporating bubble traps
can be an easy solution to integrate in OoC design and
fabrication, to avoid trouble-shooting at later stages.

Besides conceptualization and design features to be
addressed during the development of OoC, the materials
used for chip fabrication or surface coating are also high-
ly relevant, as these can affect cell attachment, gas perme-
ation, as well as the absorption/retention of small mole-
cules. Conventionally, OoC models have been fabricated
using polydimethylsiloxane (PDMS) elastomer. Typical-
ly, chip architecture is created by soft lithography, en-
abling the imprint of internal structures, namely the mi-
croscale fluid channels, cell culture chambers, and actua-
tion units. PDMS-based chips render a degree of design
flexibility, due to the possibility of tuning their elastic
properties to a certain extent, thereby enabling the con-
trolled execution of biomechanical forces, as well as their
low manufacturing cost. PDMS also enables optically
clear platforms that allow real-time tissue imaging and
online integration of (multiple) sensors [Zhang et al.,
2017a]. Furthermore, PDMS chips can be further modi-
fied via micro- and nanopatterning to modulate cell be-
havior using resins, hydrogels, or ECM components, as
previously described by others [Baker et al., 2013; Barata
et al., 2017; Nouri-Goushki et al., 2019]. Nevertheless,
PDMS-based models suffer from some drawbacks, name-
ly the requirement of specialized equipment (e.g., clean-
room facilities), potential absorption of small molecules
(e.g., retention of drugs), and some restrictions related to
replicating some tissues’ microarchitecture [Toepke and
Beebe, 2006; Knowlton et al., 2016]. Alternative materials
for chip fabrication include glass, thermoplastics, and
resins. Material selection for chip fabrication is achieved
by obtaining a workable compromise between material
availability, topography requirements, speed of fabrica-
tion, required skills/equipment/facilities, and affordabil-
ity. Testing the adsorption, absorption, and cyto-compat-
ibility for each material used is highly recommended at
early design and fabrication stages [Regehr et al., 2009;
Zambito et al., 2020].

Recently, 3D bioprinting emerged as a promising ad-
vanced technology, highly compatible with OoC fabrica-
tion. Thus, 3D bioprinting has assisted in the develop-
ment of the next generation of OoC systems due to: (a)
processing versatility; (b) rapid generation of microchan-
nels and culture chambers with high shape fidelity; (c)
user-friendly equipment; and, (d) compatibility with bio-
inks, bioactive molecules, and multiple cell sources. This
combination of advanced technologies undoubtedly ac-
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celerates the manufacture of more structurally complex
and biomimetic 3D tissue models [Waheed et al., 2016;
Park et al., 2018]. 3D bioprinting methods, including ste-
reolithography, melt-electrowriting, and extrusion-based
printing, enable the biofabrication of intricate 3D (micro)
structures. These methods allow precise control of the
spatial distribution of supportive biomaterials, potential-
ly in combination with various cell types and ECM, typi-
cally assisted by CAD (computer-aided design) models
[Mandrycky et al., 2016; Kankala et al., 2018]. Altogether,
3D bioprinting technology combined with OoC contrib-
utes tremendously to rapid and continuous model gen-
eration, facilitating the emulation of intricate (patho)
physiological features with high precision, fabrication
speed, and low cost [Low et al., 2021b].

Biological Factors

When developing OoC platforms it may be more ben-
eficial to engineer simple tissues that can model key as-
pects or functionality of whole tissues or organs. By also
taking into account the inherent interaction between or-
gans or tissues, these platforms may capably provide rel-
evant and effective answers for the questions proposed.
Important considerations when designing such systems
include resolution, readouts, the specific (micro)environ-
ment of cells or tissues, and (epi)genetic relevance. Inter-
actions at different biological levels are of high impor-
tance, such as multitissue and multiorganism, where, for
example, immune cells and/or paracrine signals, and mi-
crobiota, respectively, are key mediators.

Firstly, to obtain a robust model in OoC, it is crucial to
have well-characterized cell sources. Selecting the appro-
priate cells is often based on their availability from com-
mercial sources or primary donors. Tissue biopsies and
primary cells, being derived from adult tissues/patient
material, reflect a mature phenotype, which can more
closely represent the variance within a clinical population
[Wnorowski et al., 2019]. To facilitate the access to cell
sources, such as iPSCs and organoids, biobanked mate-
rial is an interesting option [Peck et al., 2020]. In fact, ex-
amples of strategic collaborations between lead OoC in-
dustrial players, such as MIMETAS, and academic-based
organizations, namely Hubrecht Organoid Technologies
(organoid biobank), are already in place to facilitate the
market translation of organoid-on-chip models. Indeed,
human-derived iPSCs are considered a more suitable ap-
proach to circumvent the latent limited availability and/
or variability of primary adult cells. iPSCs display a vari-
ety of compelling advantages, including: (a) an almost
unlimited source of cells; and, (b) generation of isogenic
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cell lines [Ramme et al., 2018]. Nevertheless, as already
described above, the phenotype of the great majority of
the available iPSC-derived differentiated cells is typically
sustained in an immature state.

Secondly, linking multiple OoC into multiorgan sys-
tems requires consideration of several aspects, such as: (a)
physiologically relevant order of connected units and
their scaling; (b) modelling fluid flow through the system
to provide each tissue with the appropriate shear stress;
(c) maintenance of sterility when connecting units or
during readouts; and, (d) establishment of a compatible
shared medium [Wikswo et al., 2013a; Allwardt et al.,
2020]. Various scaling strategies have been proposed, in-
cluding allosteric, functional, and histological sections.
Each of these strategies has its own merit and trade-offs,
which are reviewed in more details elsewhere [Wikswo et
al., 2013b]. Functional coupling indeed involves the per-
fusion of shared media through the multiple units, which,
in turn, will model sequential multiorgan interaction via,
for example, vasculature-like channels, in a physiologi-
cally relevant fashion [Vernetti et al., 2017; Herland et al.,
2020]. In fact, multiorgan compatible cell culture medi-
um is frequently based on mixes of organ-specific culture
media [Chang et al., 2017]. However, as the number of
linked systems increases, the success of the medium mix-
ing approach could decrease, exposing the organ/tissue
units to suboptimal culture conditions, which can detri-
mentally impact the function and, thereby, the physiolog-
ical relevance of the whole system. Alternatively, by vary-
ing the surface chemistry of the scaffolds on which cells
are cultured, the distinct tissues or organs may be pro-
vided with specific culture requirements, independent of
the source of the shared medium [Oleaga et al., 2016,
2019].

Facilitating the Commercialization and Use of OoC

For worldwide acceptance and utilization of OoC plat-
forms in a commercial setting, the most important crite-
ria to consider include: (1) reproducibility; (2) ease of
scale-up; (3) increased throughput; (4) automation; and,
(5) technical standardization of the platforms. Moreover,
validating these OoC platforms and having them adopted
by regulatory agencies as valid and representative preclin-
ical models, remains the biggest hurdle facing the wide-
spread implementation of OoC by pharmaceutical com-
panies, for example. In fact, independent qualification
laboratories, such as the US National Center for Advanc-
ing Translational Sciences and the European Union Ref-
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Fig. 4. Examples of OoC systems re-engineered to enable high-
throughput and automation. a A barrier-on-chip system fabricat-
ed based on double-sided adhesive tape, which renders its indus-
trial manufacture feasible at very low costs per unit. Reproduced
from Winkler et al. [2020] with permission from the Royal Society
of Chemistry. b 1. Kidney OoC system, with the perfusion and en-
vironmental control system compressed to meet space flight limi-
tations; 2. Conventional laboratory incubator-based and syringe
pump-based perfusion system for forty distinct channel chips. The
modules are self-contained, housing motors that drive syringe

erence Laboratory for Alternatives to Animal Testing,
have been focusing on implementing standardization
regulations or guidelines, to guarantee the reproducibil-
ity of assays and readouts to, in due course, assure con-
stant effective, reproducible, reliable, and automated
OoC systems [Low et al., 2021b].

Scaling up Manufacturing

Most early OoC designs remain limited by the avail-
ability of both manufacturing material and equipment,
which compromised scaling up production to an indus-
trially relevant scale. Therefore, academic laboratories are
currently establishing shared or “universal” standard op-
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pump pistons, with full temperature, CO,, and humidity control.
Reproduced from Yeungetal., [2020], with permission from Wiley
Periodicals Inc. ¢ Schematic representation of an integrated auto-
mated multi-OoC, combined with a sensing platform, within an
in-house designed benchtop incubator. This heart-liver-cancer-
on-chip system features an automated pneumatic valve controller,
electronics for operating physical sensors, potentio-stat for mea-
suring electrochemical signals, and programed command integra-
tion, which allows automated in-line toxicity sensing. Reproduced
with permission from Zhang et al. [2017b].

erating procedures or setups to assure quality and easy
translation towards other manufacturers or users. To ac-
celerate scaling up the manufacture of OoC, partnering
between academy and manufacturing companies is dear-
ly needed, as most academic laboratories are not equipped
for mass production. Currently, most OoC being devel-
oped and applied remain at a relatively low-throughput
scale, typically with only few replicates per condition.
Consequently, the use of OoC at early stages of drug dis-
covery remains cost- and time-restrictive for stakehold-
ers such as pharmaceutical companies. Currently, exam-
ples of commercially available high-throughput OoC in-
clude gravity-driven passive flow to supply cells with
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nutrients in either well-plate [Petrosyan et al., 2019; van
Duinen etal., 2019] or tape-based formats [Winkler et al.,
2020]. In the latter, a simple, low-cost barrier-on-chip
successfully modelled intestinal barrier function, which
was highly compatible with upscaling (Fig. 4a). An ex-
ample focused on miniaturization has been reported re-
cently, describing a 3D kidney OoC system, where both
perfusion and an environmental control system were
compressed to meet space flight limitations (Fig. 4b 1.)
[Yeung et al., 2020]. In this condensed OoC platform, all
modules are self-contained to house a laboratory incuba-
tor-based and syringe pump-based perfusion system for
forty chips (Fig. 4b 2.). Thus, there is an urgent need to
create more automated and miniaturized OoC systems to
realize high-throughput, standardized, and easy-to-use
platforms.

Automation and Validation

Commercialization of OoC based on automation,
high-throughput, and standardized quality control will
not only contribute to increased cost-effectiveness, but
also hasten the wide utilization of these advanced plat-
forms by stakeholders [Whitesides, 2006; Ertl et al., 2014].
The automation path includes: mechanized liquid han-
dling (e.g., microfluidic pumps, microvalves, robotic sys-
tems), programmable actuation (e.g., mechanical, electri-
cal), computerized imaging (e.g., monitoring cell prolif-
eration, mobility, and differentiation), embedded sensing
(e.g., metabolites, O,, pH) and biomarker analysis (e.g.,
secreted proteins, activation of specific cellular pathways,
membrane receptors, etc.). This level of automation will
undoubtedly result in: (1) higher precision and quality
control, due to reduction of handling-derived human er-
ror; (2) increased reproducibility and compliance with
specifications, required by regulating agencies; and, (3)
reduction of costs, reflected by the decrease demand of
cells, reagents, and human handling time. As a represen-
tative example, the automation of eight vascularized OoC
has been successfully validated for long-term cell culture,
achieved by programed unit sampling and medium re-
plenishment using a robotic “interrogator,” which also
included automated image collection of the different
units [Novak et al., 2020] (Fig. 3a). Additionally, a system
that can work in an automated and continuous manner
for along period of time, through the integration of vari-
ous biomedical sensors in a multiorgan-chip, has been
recently developed (Fig. 4c) [Zhang et al., 2017a]. Besides
incorporating an optical function to follow cell morphol-
ogy and performance, this platform also integrated auto-
matically operating sensing units, including electrochem-
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ical immunobiosensors, to detect specific biomarkers,
and optical biosensors, to monitor microenvironmental
parameters, in real-time.

Obviously, validation of OoC is essential for commer-
cialization. Validation not purely comprises reproduc-
ibility, but also includes in vivo human significance or
predictably power. In most of the OoC platforms de-
scribed above, there was a strong concordance between
OoC derived and pre-acquired human clinical data
(benchmark comparison), displaying the power of OoC
for preclinical drug development, for example. However,
in case such human-derived data are unavailable, com-
parison to relevant, well-established animal models can
be considered an acceptable alternative. As a representa-
tive example, the first publication aimed at independent-
ly validating various kidney proximal tubule models was
recently published [Sakolish et al., 2018], paving the way
for many more essential validation studies. Finally, the
generation of data in collaboration with established in-
dustrial partners, and/or in collaboration with regulatory
agencies, would be a tremendous step forward on OoC
validation and wide implementation. In this context, it is
noteworthy to mention a few companies, namely Emu-
late, TissUse, and Mimetas, which have been leading the
way for widespread adoption of OoC via their collabora-
tion with the FDA and major pharmaceutical partners.

Outlook and Final Remarks

OoC hold the promise of achieving drug development
in a more efficient and cost-effective manner, accommo-
dating for personalized therapy development. OoC are a
superb tool for the development of personalized medicine
and for knowledge expansion over human diseases.
Moreover, this advanced platform will likely contribute
to the long-awaited replacement, reduction, and refine-
ment of laboratory animal use. Yet despite facing grand
expectations, this technology is still at early development
stages and, to reach its full potential, coordinated efforts
between academia, industry, and regulatory entities are
fundamental to realizing its benefit for society, both clin-
ically and scientifically, where the visible effects will be
translated into improving patients’ lives.

To bring this exciting technology forward, upscaling,
standardization, and validation are fundamental, as well
as widely recognized to be urgent. High-throughput of
OoC can be achieved by the simplification of design and
manufacture, for example, rendering OoC platforms
cheap and fast to fabricate, in a controlled and standard-
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ized fashion. Such balance between simplification and
system complexity would be ideal for initial stages of drug
screening, including drug target identification and hit
validation. Multi-OoC systems typically include inter-
connections between organs or tissues, via shared vascu-
larization and/or innervation, to better mimic systemic-
like interactions. This approach, although complex to co-
ordinate and validate, has been proven to be successful by
many research groups. This multi-OoC strategy is expect-
ed to provide new insights into more intricate systemic-
like performance, replicating complex tissue-tissue or or-
gan-organ interactions, which, so far, have only been
modelled in vivo. Multi-OoC technology is highly rele-
vant for the later stages of drug screening, more focused
on toxicity and efficacy studies, determining the side ef-
fects of drugs and patient group treatment stratification,
for example.

The foreseen next steps of OoC development may be
the implementation of multi-diseases-on-chip, address-
ing the interactions between diseases or symptoms, which
affect several organs, to help determining causality, cor-
relations, or even disentangling disease triggers. This new
avenue may also contribute to better defining disease pro-
gression profiles and improve the prediction of clinical
symptoms or prevention of disease onset at early stages of
development. The co-development of OoC with other
fields, such as bioimaging (e.g., bioluminescence), will
likely follow the routes of label-free, less invasive, and
more simple online analysis of the on-chip whole tissues/
organs, as well as at the cellular level. Novel detection and
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