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Abstract

The tissue chip is an efficient and highly applicable novel product developed by
the amalgamation of cell biology, engineering and biomaterial technology. It is a
functional organ biomimic model built on a dynamic microfluidic chip that
replicates the architecture, physiology and functionality of an organ as observed
in vivo. This tissue chip technology has the potential to be utilized for drug
screening and safety testing during preclinical trials. The current preclinical
studies use the 2-dimensional cell culture and animal models, which do not
always translate into successful clinical trials. The tissue chip or micro physio-
logical system is a far more efficient preclinical model as it is designed to mimic
the human organ system in its true sense, thus increasing the success rate during
human clinical trials. It also holds the potential to completely eliminate the
utilization of animals as drug testing models. These systems can also be used to
model diseased state, thus providing a stronger apprehension of the mechanisms
behind disease pathologies and development of new therapeutic agents. This
technology is the future of personalized medicine as diseased cells from the
patient can directly be used to understand the disease mechanism and to develop
a novel treatment for the same. This tissue chip technology has surfaced in the
past two decades and has recently been selected by the global economic forum as
one of the top ten developing technologies. The article will discuss the various
contemporary applications of the tissue chip technology, including its use in the
testing for suitable drugs against the current novel coronavirus. Although, there
are still a few limitations to the organ-on-a-chip technology, it is continuously
evolving as a potential model for translational research and precision medicine.
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17.1 Introduction

17.1.1 What Is a Tissue Chip?

Tissue chips or more commonly known as organ-on-a-chip (OOAC) are the devices
that reiterate the structure, role and physiology of the organs of our body. These
micro physiological systems (MPS) are designed in such a manner that allows them
to position the cells (mostly stem cells) in a structurally accurate 3-dimentional
(3D) formation that recapitulates the function and physiology of the various organs
of the body and also elicits a response to various stimuli such as interaction with
drugs, hormones, cell signalling molecules and biomechanical stimuli (Low and
Tagle 2017). The major goal of an OOAC, as a biomimic apparatus, is to imitate the
comprehensive environment of the human organ (Bhatia and Ingber 2014a) and
simulate a biologically accurate response to external stimuli, hence bridging the gap
between in vivo and in vitro data (Fig. 17.1) (Wu et al. 2020; Ramadan and Zourob
2020). These tissue chips are based on the microfluidic technology. Microfluidics is
a branch of science that exactly controls and processes (10�9 to 10�18 L) fluids in the
micro range (Wu et al. 2020).

Fig. 17.1 (a) Major goal of an OOAC technology. (b) OOAC apparatus imitating the comprehen-
sive environment of the human organ
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17.1.2 Why Do We Need Tissue Chips?

It has been clearly observed that most of the newly developed drugs do not progress
beyond phase 2 and phase 3 clinical trials. The average cost involved in the research
and development of a new medicine is estimated to be around $2.6 billion by
PhRMA (Pharmaceutical Research and Manufacturers of America). It has also
been reported that for a medicine to gain approval, it takes at least 10 years starting
from the initial discovery stage. The clinical success is achieved by those drugs that
are able to enter the clinical trials stage, and this amounts to 12% (Scannell et al.
2012; Tufts 2014). Once a lead compound for a particular biological target has been
discovered, it has to be analysed on the basis of its pharmacological properties to be
able to be tested on preclinical models (Low and Tagle 2017; Mittal et al. 2019).

Currently, 2D cell cultures and animal models are being utilized as drug screening
models at preclinical level. Although both these methods have some level of
credibility, neither of these models adequately mimic the human physiological
responses against the drug being tested (Fig. 17.2a). This leads to a higher rate of
failure of drugs at a clinical trial level. Therefore, there is a need for a model system
that accurately depicts the structural and functional heterogeneous environment of
multiple cell types and their interactions in a human organ in 3D (Fig. 17.2b). Hence,
OOAC is the required predictive tool for risk evaluation in the process of developing
a drug and is a unique platform to help potent treatments succeed with more
assurance (Fig. 17.2c) (Coller and Califf 2009).

Organs-on-chips are being used as tools for choosing the drug and checking the
toxicity. The creation of neural microsystems has highlighted examples of tissue
chip’s potential use for checking the toxicity (Schwartz et al. 2015), which will be
discussed in the later sections of this article. Tissue chips can also be used as an
excellent platform for disease modelling. This technology is highly helpful for the
patients suffering from rare diseases. It provides new ways for understanding
pathologies and to discover potent therapeutics for various disorders. Diseases
could be modelled on the chip using stem cells of the patient donors to induce a
diseased phenotypic condition that can be observed in vitro (Azizipour et al. 2020;
Low and Tagle 2016; Chen et al. 2020; Marx et al. 2016).

17.1.3 Tissue Chips: Preparation and Design

The entire process of preparation of OOAC is called soft lithography. Soft lithogra-
phy is the technology used to fabricate substances composed of elastomeric
materials. The first step of the process consists of photolithography of a silicon
wafer which then produces a negative copy of the desired mould (Huh et al. 2013).
The photoresist material is then put on the top of the silicon wafer, and uncovered
region is etched by ultraviolet light. Subsequently, polydimethylsiloxane (PDMS) is
dispensed into this mould, which thus creates a positive copy of the desired design.
Then, this PDMS copy is sealed to a glass slide, forming closed-circuit channels
(Fig. 17.3) (Bhatia and Ingber 2014b). The chip is now ready to be connected to
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microfluidic reservoirs and pumps using microfluidic tubing. PDMS is biocompati-
ble, easy to mould and is transparent, therefore allowing for easy representation with
photography. This makes PDMS optimum to be used in organ miniaturization (Huh
et al. 2013; Bhatia and Ingber 2014b).

Further designing and mechanism of the tissue chips are dependent on the
following key components:

• Fluid shear force: The cells cultured in a dynamic nature through micropump
perfusion is enabled through microfluidics. It aids the management of nutrients

Fig. 17.2 (a, b, c) Comparison between the advantages and disadvantages of macroscopic 2D and
3D cell culture models and micro physiological cell culture platforms
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and timely waste release on the chip. This microfluidic potent environment of the
chip resembles the in vivo conditions. Also, the organ polarity is caused by fluid
shear stress (Theobald et al. 2018). The flow to the organ chip system is ensured
through a simple “rocker” on a chip fluid motion. The flow can also be ensured
with the help of a “pulsatile” set-up (Wu et al. 2020; Ronaldson-Bouchard and
Vunjak-Novakovic 2018).

• Concentration gradient: The fluid in the organ chips acts as a laminar flow. It
leads to the flow of biological molecules in the form of a stable gradient and
controls it both with regard to space and time at a microscale level. Various
concentration gradient-driven biochemical signals exist in biological phenome-
non such as angiogenesis, invasion and migration (Wu et al. 2020; Yang et al.
2014; Nguyen et al. 2013; Song et al. 2012).

• Dynamic mechanical stress: Organ pressures inside the body such as lung
pressure, blood pressure and bone pressure are responsible for the maintenance
of the mechanically stressed tissues (skeletal muscle, bone, cartilage, etc.) in the
body (Sato and Clevers 2013; Sellgren et al. 2015). Using microfluidics, elastic
porous membranes are used on the MPS to create periodic mechanical stresses.
These mechanical stimulations are a major factor in determination of differentia-
tion of cells during physiological processes on the chip (Yang et al. 2017; Kshitiz
et al. 2012).

Fig. 17.3 Flow chart representing the process of Soft Lithography
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• Cell patterning: In vitro micro physiological models have complex geometries.
The cell patterning for these micro physiological models is controlled by
microfluidics. Cell patterning on the chip is contributed by surface modifications,
templates and 3D printing (Zhou et al. 2012; Tibbe et al. 2018; Xue et al. 2018).
The use of 3D printing allows and enables the development of user-defined
customized moulds to enhance adaptability and utility in cell patterns which are
essential to recapitulate the cellular microenvironment on the tissue chip.

Tissue chips have extensive usage in drug screening and disease modelling areas
(Fig. 17.4). Some of the recent applications are discussed in the following sections.

17.2 Tissue Chips as Drug Screening Model for Coronavirus
and Other Viruses of the Respiratory Tract

In the light of the recent events, it has been proven that a respiratory tract virus such
as SARS-CoV-2 can create havoc in the entire world and lead to a global pandemic.
Respiratory tract viruses such as influenza and coronavirus are a major threat to
public health and world economy. The pandemic Spanish flu in 1918, which
developed due to H1N1 influenza A virus infection, is estimated to have been
responsible for the deaths of 50–100 million people and lasted for 2 years. These
rapidly spreading virus pandemics require rapid action, and therefore development
of therapeutic treatments against the viruses of the respiratory tract is the need of the
hour. Since the efficient diseased model for preclinical studies has not been devel-
oped so far, hence this is the biggest challenge in producing effective drugs against
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these viruses. Currently, 2D in vitro cell cultures and animal models are being used
as preclinical models that often result in failed association to human clinical trial
responses. These methods are usually low throughput and do not mimic the function
and physiology of the human body in its true sense. To fight the current COVID-19
pandemic, a team of researchers from Harvard University quickly leveraged the lung
airway chip platform to test and repurpose the existing FDA-approved drugs as
potent therapeutic molecules against SARS-CoV-2 (Tang et al. 2020).

The human airway chip is a microfluidic instrument consisting of two parallel
microchannels, which are separated by a porous membrane coated with the extracel-
lular matrix (Benam et al. 2016a, b). The air-liquid interface (ALI) of the chip is
surrounded by primary human lung airway basal stem cells in the airway channel
and primary human lung endothelium in the parallel vascular channel. This device
leads to the differentiation of the lung airway basal stem cells. The stem cells
differentiate into a mucociliary, pseudostratified epithelium along with other
airway-specific cell types such as mucus-producing goblet cells, club cells, ciliated
cells and basal cells. The organ chip also leads to the establishment of mucus
production levels and permeability barrier properties comparable to the levels
perceived in human airway in vivo (Yaghi and Dolovich 2016). The underlying
human pulmonary microvascular endothelium also leads to a continuous planar cell
monolayer where cells are interconnected by VE-cadherin containing adherens
junctions as observed in vivo.

The differentiated epithelial cells in the airway chip are shown to express
increased levels of various serine proteases such as TMPRSS2, TMPRSS4,
TMPRSS11D and TMPRSS11E (DESC1) in comparison to MDCK cells that are
generally tried to investigate influenza infection in vitro. These serine proteases are
found to play an important role in the stimulation and spread of influenza and SARS-
CoV-2 viruses in the human body. Moreover, differentiation of the airway basal
stem cells at an ALI on-chip leads to overexpression of ACE-2 protein and mRNA of
ACE-2 (angiotensin converting enzyme-2), which acts as a receptor for SARS-CoV-
2 (Hoffmann et al. 2020).

Upon the infection of GFP-labelled H1N1 influenza virus into the air channel of
the human airway chip to recapitulate the airborne influenza in vivo, it was observed
through real-time fluorescence microscopic analysis that the virus has infected the
airway epithelial cells. This resulted in damage to the epithelium, including absence
of apical cilia, reduced barrier function as well as disruption of tight junctions. On
the other hand, significantly less infection was observed in undifferentiated airway
basal epithelium prior to being cultured on the airway chip. The lung endothelium
also got damaged on the airway chip and was characterized by absence of
VE-cadherin. The disruption was found to be consonant with the blood vessel
leakage that is observed during an influenza infection in human lung in vivo
(Benam et al. 2016a; Si et al. 2019, 2021; Armstrong et al. 2013). It was observed
that the H3N2 virus strains were 10 times more replication efficient than the H1N1
virus strains and caused increased cilia loss and high barrier function damage in the
microfluidic chip, which supports the finding that H3N2 causes more severe clinical
symptoms and is more virulent and highly infectious (Cheung et al. 2002). When the
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primary human neutrophils were perfused through the vascular channel of airway
chips infected with H1N1 or H3N2, it was found that circulating immune cells were
recruited to the apical surface of the activated lung endothelium within minutes. The
neutrophils further transmigrated through the endothelium followed by the ECM-
coated membrane, and finally reached into the airway epithelium in few hours
(Si et al. 2021). The influenza nucleoprotein (NP)-expressing infected airway cells
were targeted by neutrophils. Upon being targeted by neutrophils, the infected
airway cells converged into clusters, and their size decreased over time, which
resulted in clearance of the virus from the chip. More neutrophil recruitment was
observed by H3N2 on the airway chip, which is concurrent with the observation that
H3N2 virus leads to stronger and more dangerous inflammation as compared to
H1N1 in vivo (Cheung et al. 2002). Oseltamivir (Tamiflu), the anti-influenza
molecule used clinically, was tested to inspect if the airway chip could be used to
analyse its efficacy. It was observed that Oseltamivir (1 μM) strongly repressed the
replication of the influenza virus. It prevented disruption of epithelial tight junctions
and defects of barrier function and diminished the synthesis of many cytokines and
chemokines induced by the influenza virus on the airway chip. This implies that the
airway chip truly repeats the effects of oseltamivir as observed in humans, indicating
clearly that it can cater as an efficient 3D in vitro model to assess and understand the
efficacy of potent anti-influenza molecules/drugs for virus-infected human lung
disease as a part of preclinical studies (Si et al. 2021).

As microfluidic chip was faithfully able to recapitulate the human lung response
to influenza, it was then studied as a model for SARS-CoV-2.

SARS-CoV-2 pseudo particles (SARS-CoV-2pp) were created to imitate human
airway infection by airborne SARS-CoV-2. These pseudo particles carrying the
SARS-CoV-2 spike protein (one of the main factors) were added into the air channel
of the chip and were thus present in close proximity to the human lung epithelial
cells expressing increased levels of TMPRSS2 and ACE2 (Tang et al. 2020;
Armstrong et al. 2013). To explore the potential of using existing FDA-approved
antiviral drugs, as COVID-19 preventive therapies, the CoV-2pp-infected human
airway chips were treated by introducing drugs like chloroquine, arbidol,
toremifene, clomiphene, amodiaquine, verapamil, or amiodarone into their vascular
channel. Through these studies it was observed that only two drugs, i.e. amodiaquine
and toremiphen, statistically repressed the viral infection (Si et al. 2021).

Another team of researchers from Massachusetts built a high-throughput human
primary cell-based airway model to analyse and study respiratory viruses in vitro.
The platform is known as PREDICT96- ALI and is based on the PREDICT96 organ-
on-a-chip model, which consists of a microfluidic culture plate with 96 individual
devices and a perfusion system driven by 192 microfluidic pumps integrated into the
plate lid. The PREDICT96-ALI platform is observed to be effective as it is high
throughput and summarizes healthy human airway structure and function. The
model expresses ACE-2 and TMPRSS2 and also supports infection with human
coronavirus. Thus, it can be considered as a potential cell-based airway model to
study respiratory viruses in vitro (Gard et al. 2020).
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In another study, a micro-engineered airway lung chip was modelled to study the
viral induced exacerbation of asthma. A micro-engineered model of terminally
differentiated human mucociliary airway epithelium was induced with IL-13
which stimulated a Th2-type asthmatic characteristic, and it was then infected with
live human rhinovirus 16 (HRV16) to recapitulate the phenotypic features of asthma
caused by virus (Nawroth et al. 2020).

17.3 Tissue Chips in Space

It has been well established that micro physiological systems or tissue chips serve as
excellent models to study the diseased condition of the human organs and also for
drug screening processes. It is observed that spaceflight leads to various changes in
the body of the astronauts. Microgravity environment exerts numerous stresses and
pathological and physiological disturbances on the human body leading to reduced
cardiopulmonary function, osteoporosis, suppressed immune response and muscle
wasting (Demontis et al. 2017; Tanaka et al. 2017; Fitzgerald 2017; Watenpaugh and
Hargens 1996; Nicogossian et al. 2016). These changes directly correlate to aging
and diseased pathology on Earth. The cellular and molecular mechanisms behind
these changes remain unknown due to the limited availability of biosamples of the
astronauts. Research works in mice as surrogate have been carried out that included
transcriptomic, biochemical and proteomic analysis following a mission on the
International Space Station by the mice (Hammond et al. 2018; Mao et al. 2018).
However, whether these studies show that same human health effects and diseased
conditions are produced as are produced in mice is still unknown. When a recent
study was conducted on the jugular vein flow and morphology, it was first time
found that obstructive thrombosis occurred in an astronaut in space (Aunon-
Chancellor et al. 2020; Marshall-Goebel et al. 2019). Treatment was carried out
using the available anticoagulants on board the International Space Station (ISS);
although spontaneous flow was not found even after 3 months of treatment with
apixaban on the ISS, it was surprisingly observed on landing (Aunon-Chancellor
et al. 2020). The challenge is that the current knowledge of drug pharmacological
kinetics and dynamics during spaceflight and return to Earth is uncertain (Eyal and
Derendorf 2019), due to lack of research in the microgravity environment.

To overcome this challenge, a robust and accurate model system is required to
mimic the physiology and functions of the human organs. Therefore, micro physio-
logical systems or organ chips are being employed on board the ISS to identify the
effects of microgravity on human bodies and to understand the mechanisms at the
level of molecules, involved behind the changes that occur in a microgravity
environment. The tissue chips research on board the ISS might give us an insight
on two broad aspects; firstly, the physiological changes associated with microgravity
are also associated with aging and diseased conditions on Earth. Therefore, tissue
chips on board the ISS exhibit disease pathologies in expedited time frame which
would take years on Earth. This research will help scientists to develop therapeutics
against age-related diseases. Secondly, tissue chips serve as a model system for
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changes in physiology and function of a human body during a spaceflight. This
research will enable scientists to plan explorations deep into the space like future
missions to the Moon and Mars at a reduced risk to health of the astronaut (Eyal and
Derendorf 2020).

According to the “Tissue Chips in Space” move, by collaboration of the NCATS
(National Center for Advancing Translational Sciences) and ISS, the following nine
projects are being carried out at ISS. The goal of the Tissue Chips in Space initiative
is to use tissue chip platforms and the exclusive microgravity environment of the ISS
to develop models of human disease, with the ultimate goal of expediting the
discovery of therapeutics for people on Earth (Low and Giulianotti 2019; Yeung
et al. 2020).

A team from University of California, San Francisco (UCSF), is working on a
project that investigates microgravity-induced aging of the immune system
(generated through simulated microgravity and spaceflight) and its role in tissue-
specific healing and regeneration using micro physiological systems (Low and
Giulianotti 2019). It is known that spaceflight induces dysregulation of the immune
system and inflammatory responses and thus can be considered as a surrogate model
for Earth-based immunosenescence.

A team of researchers from MIT (Massachusetts Institute of Technology) is
utilizing tissue chips to find therapeutics to treat post-traumatic osteoarthritis
(PTOA). The tissue chip system comprised of human cartilage, bone and synovium
that is challenged with inflammatory cytokines and an acute impact injury which is
believed to be an appropriate model for PTOA. The model will be used to test
therapeutic options and monitor their effectiveness through the use of intracellular
and extracellular biomarkers (Low and Giulianotti 2019).

A study of proximal tubule proteinuria and distal tubule kidney stone formation is
being conducted by a group from University of Washington (UW), leveraging the
ISS environment. As disease progression of proteinuria, osteoporosis and kidney
stone formation is often slow and difficult to model in vivo in terrestrial studies, the
group is utilizing microgravity to accelerate the onset of diseased state using a
human cell-derived kidney tissue chip system (Low and Giulianotti 2019; Yeung
et al. 2020).

Another team from the UW, is using an engineered heart tissue chip to study
aspects of cardiomyopathy related to human health on Earth and in space. The study
is based on automated real-time continuous functional readouts of the engineered
heart tissues using a novel magnetometer-based motion sensor. The ultimate goal is
to test pharmaceuticals and mechanical stimulations as potential therapeutics (Low
and Giulianotti 2019).

The first line of defence of a human body is the innate immune response which
recruits innate immune cells to the infected organ or the site of action. A human
airway tissue chip connected to a bone marrow tissue chip is being developed by the
Children’s hospital of Philadelphia (CHOP). By utilization of this interconnected
tissue chip system, the team can infect the airway chip and keep track of the
recruitment of neutrophils from the bone marrow as a model of innate response.
The project is focused on the finding that spaceflight induces changes that involve
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dysregulation of the immune system. This ISS project is expected to serve as a model
for a compromised immune system (Low and Giulianotti 2019).

A team from the University of Florida (UF) aims to use the accelerated muscle
wasting property of the microgravity by using a human muscle tissue chip as a model
for sarcopenia in terrestrial settings. Sarcopenia is a disorder that usually affects the
older adults and can be characterized as loss of skeletal muscle mass, similar to
muscle wasting during spaceflight. The study will employ cells from different types
of patients (human muscle cells isolated from young, healthy and older, sedentary
volunteers) and will thus monitor the progression of the sarcopenia phenotype on a
time scale not possible in terrestrial settings (Low and Giulianotti 2019).

Human induced pluripotent stem cells (iPSC) from healthy patients are being
utilized by a team of researchers from Stanford University to fabricate engineered
heart tissue platforms for use on the ISS and on the ground. By manipulating the
microgravity-induced weakening of the heart muscle to their advantage, the team
will validate the ISS platform as a tool to model ischemic cardiomyopathy in humans
on Earth and later to screen for potential drug candidates to treat patients (Low and
Giulianotti 2019).

A team of researchers from Emulate is developing an automated BBB (blood-
brain barrier) tissue chip platform derived from human cells for use both on the
ground and on the ISS. This model will allow the monitoring of the dysregulation of
the BBB which could provide applications for studying neurological disorders as
well as the transport of drugs and toxins to the central nervous system. Another team
from Emulate will use plug-and-play technologies to modify their automated plat-
form developed for the BBB ISS experiment to study dysregulation in the gut. This
system will be infected to study the innate and probiotic-induced response (Low and
Giulianotti 2019).

17.4 Micro Physiological Human Brain or Neural System
on a Chip

Neurological diseases and disorders lead to majority of deaths worldwide (Feigin
et al. 2020). Neurodegenerative diseases (NDDs) consist of hundreds of different
types of neural system disorders in human beings in the globe. According to the
World Health Organization (WHO), there is expected to be nearly 50% increase in
the number of people suffering from NDDs by 2030 (Mofazzal Jahromi et al. 2019;
Menken et al. 2000). Neurological disorders, diseases and injuries (NDDIs) are more
common in the elderly and cause substantial degradation in the well-being of the
patient.

Therapeutic treatments for various NDDIs have been developed over the years
using 2D cell culture followed by animal models and subsequently clinical trials. But
these are “reductionist approaches” that many a times fail to recapitulate the dynamic
features, functionalities and trajectories of the in vivo nervous system (Pampaloni
et al. 2007; Breslin and O’Driscoll 2013). Due to the many limitations of these
preclinical model systems, “micro physiological nervous systems” (MPNS) come
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into picture leading to advancement of the knowledge of the highly ordered struc-
tural features, role and disease of the human nervous system, which therefore would
lead to the development of innovative medicines for NDDIs (Haring et al. 2017).

Chip-based MPNS are 3D culture systems based on a scaffold that replicate
highly ordered structural aspects as well as roles of the nervous system. Design
and engineering of a neural tissue chip is very challenging as it requires precise
modelling of human neural circuitry, anatomy and microenvironmental conditions to
achieve higher-order and dynamic pathophysiology or neurophysiology of the
human body. Brain-on-a-chip or neural tissue chip is designed using a distinctive
“structure-function-disease” logical perspective. Structural and functional
components essential for handling system framework to attain higher performance
levels are catered to (Haring et al. 2017). Hence, microfluidic brain-on-a-chip in
conjugation with stem cells has great potential to be used as an effective research tool
to study novel therapeutics for the treatment of various nervous system disorders.

Parkinson’s disease (PD) is a complex neurodegenerative disorder observed by
reduced number of neurons in the brain’s basal ganglia. It affects 70% of the
dopaminergic neurons of the substantia nigra of the midbrain, associated with
onset of motor dysfunction (Davie 2008; Obeso et al. 2008). The in vitro models
and animal models for the PD are not able to mimic the human pathology of PD and
hence results in the failure of development of efficacious therapeutic molecules for
PD in the clinical trials (Poewe et al. 2017; Meissner et al. 2011).

A group of researchers from the University of Luxembourg worked with 3D
cultures for studying the high content phenotype and drug analysis of dopaminergic
neurons involved in the development of pathology of PD (Bolognin et al. 2018). The
same group has also shown that neuroepithelial stem cells derived from iPSCs can be
differentiated into midbrain-specific dopaminergic neurons using 3D microfluidics
instrument (Moreno et al. 2015). G2019S mutation in LRRK-2 (leucine-rich repeat
kinase 2) commonly leads to PD. Mutated LRRK2 has been found to hinder various
cellular pathways like cell proliferation, protein trafficking and cytoskeletal integrity
(Healy et al. 2008; Wallings et al. 2015). 3D tissue chip culture showed that LRRK2-
G2019S mutation leads to dopaminergic neuronal cell death. It was also observed
that LRRK2-G2019S caused mitochondrial abnormalities and cell death in young
neurons. When LRRK2 inhibitor (Inh2) was administered, it was found that it
salvaged only few phenotypes. This indicates that apart from LRRK2-G2019S
mutation, other genetic factors also contribute to phenotypes associated with
PD. For this purpose, identification of these LRRK2-G2019S-dependent and inde-
pendent phenotypes was done using high-content image analysis platform. It can be
used to check the efficacy of potent therapeutic compounds in a high-throughput
manner. Using iPSCs-derived human neuroepithelial stem cells on 3D tissue chips,
they stated that in place of the LRRK2-G2019S mutation, it was the genotype of the
patients that was found to be a major discerning factor among the lines (Bolognin
et al. 2018). Matrigel as a scaffold was chosen as it contains high levels of extracel-
lular matrix proteins such as laminin, collagen and heparin sulphate proteoglycans
which also have been reported to be present in high levels in the brain extracellular
matrix (Hughes et al. 2010). The 3D scaffold given by Matrigel and also other
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hydrogels such as collagen and alginate gels has shown to expedite neuronal
network formation on the chip (Choi et al. 2014; Ortinau et al. 2010).

According to another study using organ chips, it was shown that the vascular
system leads to neuronal maturation of the spinal cord neural tissue. The signalling
pathways have been found to be common in brain microvascular endothelial cells
(BMECs) and neurons early in development, but their role in human neuronal
maturation is mostly unknown. Scientists were able to develop both spinal motor
neurons and BMECs from human induced pluripotent stem cells. The organ chips
showed an elevated calcium transient function and gene expression in comparison to
96 well plates. Addition of BMECs in the organ chip led to specific gene expression
and vascular-neural interaction that, in addition, augmented the neuronal function
and in vivo-like physiology (Sances et al. 2018). It clearly shows that use of organ
chips can direct stem cells cultured within them to move closer to an in vivo structure
and functionality.

A recent study also stated the use of 3D brain-on-chip platform with human iPSC-
derived brain cells as a model to evaluate the neurotoxicity of organophosphates
(OP) exposure and to evaluate beneficial compounds for cure (Liu et al. 2020). OPs
are nerve agents that inhibit acetylcholinesterase (AChE) and thus cause severe
neurotoxicity (Eddleston et al. 2008). OPs are also observed to cause necrosis,
apoptosis and alteration of oxidative stress-mediated pathway (Kashyap et al.
2011). Butyrylcholinesterase (BuChE) has been used as a cure for OP toxicity as
BuChE and AChE have similar active sites and both efficiently catalyse the break-
down of acetylcholine (Ach). Inactivation of BuChE activity does not cause toxicity,
as BuChE is not known to play an important role in vivo (Lee and Harpst 1971;
Reiner et al. 2000;Masson and Lockridge 2010;Vijayaraghavan et al. 2013; Li et al.
2006; Broomfield et al. 1991; Lenz et al. 2005, 2010;Mumford et al. 2013). BuChE
is a bioscavenger of OPs and does not allow them to reach their physiological targets
(Nachon et al. 2013). A 3D brain-on-chip platform with human induced pluripotent
stem cell (iPSC)-derived neurons and astrocytes to simulate human brain behaviour
was developed. The chip consisted of two compartments: the first compartment
contained a hydrogel embedded with human iPSC-derived GABAergic neurons and
astrocytes, and the second compartment consisted of a perfusion channel with
dynamic medium flow. These brain tissue constructs were treated with various
concentrations of malathion (MT), an organophosphate insecticide which acts as
an AChE inhibitor and subsequently exposed to BuChE after 20 min of MT
treatment. Results depict that the iPSC-derived neurons and astrocytes came in
close proximity of each other and developed synapses in the 3D matrix. Also the
exposure to BuChE enhanced the viability after MT treatment (Liu et al. 2020). It
was also observed that neurons require co-culturing with astrocytes for their growth,
enhanced neuronal synaptic activity and heightened synaptic transmission (Johnson
et al. 2007). A previous research conducted by the same team also showed the effects
of astrocytes on viability using human iPSC-derived 3D brain-on-chip model (Liu
et al. 2019). It was found that a higher number of astrocytes in comparison to
neurons enhanced the viability following severe MT exposure which is also consis-
tent with the previous studies indicating that astrocytes have been found to protect
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against diazinon- and diazonxon-induced inhibition of neurite outgrowth (Pizzurro
et al. 2014).

Opioid overdose leads to 69,000 deaths each year around the world, and 15 mil-
lion people suffer from opioid addiction (Parthvi et al. 2019). Opioid abuse is a
significant crisis to public health worldwide; therefore there is a desperate need to
develop therapeutics for treatment of opioid use disorder (OUD) and also to develop
pain treatments that are non-addictive. The addictive quality of opioid drugs
involves variations in the activity of brain neurons that utilize dopamine as a
neurotransmitter. The search for drugs that can reverse such changes and potentially
treat addiction to opioid drugs, as well as the search for analgesics that are devoid of
addictive qualities, will be aided by model systems based on human cells. A team of
researchers from University of California, Los Angeles, is currently working to
develop a multi-organ, micro physiological systems (MPSs) based on the use of
human induced pluripotent stem cell (iPSC)-derived midbrain-fated dopamine (DA)/
GABA neurons on a three-dimensional platform that incorporates microglia, blood-
brain barrier (BBB) and liver metabolism components. The model chip will focus on
a key component of addictive circuitry—the dopaminergic and gamma-
aminobutyric acid (GABA)ergic neurons of the midbrain, which have been
recognized as responsible for mediating the reinforcing properties of many classes
of abused drugs, including opioids (Ashammakhi et al. 2019).

The blood-brain barrier (BBB) is a highly selective semipermeable border of
endothelial cells. It prevents the non-selective crossing solutes in the circulating
blood into extracellular fluid of the central nervous system. The blood-brain barrier
plays an important role in protecting and controlling entry of drugs to the brain
tissue. The tight and stable BBB on the organ chip models has been difficult to
maintain. According to a study by researchers from Harvard University, a tight
blood-brain barrier can be maintained for a long period of time by regulating the
amount of oxygen in an organ chip with stem cell-derived blood vessel cells (Park
et al. 2019; van der Meer 2019). In a study carried out by researchers at Seoul
National University in South Korea, the interactions were observed between glial
cells and vascular cells, using the 3D micro vessel chip. It was observed that these
interactions are important in tuning the geometry and function of brain microvascu-
lar networks. The extracellular matrix in which the cells are present has been found
to control these interactions in part (van der Meer 2019; Lee et al. 2020).

Neural tissue chip platforms are also being used to observe the higher-order
pathophysiology of Alzheimer’s disease (AD). In a study at Korea University, it
was found that when interstitial flow was applied to 3D neurospheroids on a
microfluidic neural tissue chip, then Aβ was found to be significantly more damag-
ing as compared to static conditions (Park et al. 2015).
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17.5 A Few Other Recent Interesting Applications
of the Organ-On-A-Chip Technology

17.5.1 Blood Vessels on a Chip

Graaf et al. used human induced pluripotent stem cells as a source of endothelial
cells (hiPSC-ECs), along with a technique called viscous finger patterning (VFP) to
develop in vitro cultures of human vascular cells inside microfluidic chips. In this
finding, by providing the mechanical stimuli such as shear stress, they can emulate
characteristics of the in vivo microenvironment. This is a robust model as it shows
good results as far as the repeatability of the diameter between and within channels is
concerned. All these features make hiPSC-EC-based MPS a cost-effective and
efficient system for future studies in individualized disease modelling (de Graaf
et al. 2019).

Duinen et al. studied a robust, high-throughput method to culture endothelial cells
as 96 3D and perfusable micro vessels. They also fabricated a quantitative, real-time
permeability assay to evaluate their barrier potential. As this assay has high-
throughput value, high efficiency and robustness, hence it will be helpful for the
researchers to make the transition from 2D to 3D culture models to observe and learn
vasculature (van Duinen et al. 2017).

Poussin et al. have created a 3D model of endothelial micro vessels on a chip
using primary human coronary arterial endothelial cells. This model will be used to
study the attachment of monocyte to endothelium under flow and its applications in
system toxicity (Poussin et al. 2020).

Duinen et al. developed a culture of perfusable 3D angiogenic sprouts in a
membrane-free platform. A cocktail of angiogenic factors was added to the other
side of the ECM gel, against which endothelial cells were grown on the chip. The
resulting gradient of angiogenic factors induced the formation of endothelial sprouts
through the ECM gel within 4 days. This perfused 3D angiogenesis model is
amenable to high-throughput screening (van Duinen et al. 2019).

17.5.2 Tissue Chips as Disease Model for Oncological Studies

Lanz et al. analysed the use of a high-throughput organ-on-a-chip platform to select
potent therapeutics for breast cancer. Triple negative breast cancer cell lines were
seeded in the microfluidic platform. Cisplatin dose responses were generated in the
simultaneous culture of 96 perfused micro tissues. The results have been promising
and have created a possibility to the use of the organ-on-a-chip technology in
individualized drug to ensure selection of efficient drugs and to determine the
expected response to a particular treatment in real time (Lanz et al. 2017).

Aleman et al. described a metastasis-on-a-chip device that consisted of multiple
bioengineered 3D organoids, made by a 3D photopatterning technique using extra-
cellular matrix-derived hydrogel biomaterials. The cancer originated in colorectal
cells chip and subsequently could be detected in other chips such as lung and liver
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which are connected to the origin chip. This study is beneficial to gain knowledge of
the mechanisms leading to metastasis, further in identification of anti-tumour drug
targets (Aleman and Skardal 2019).

17.5.3 Organ-On-A-Chip Technology to Mimic the Fetomaternal
Membrane Interface

Richardson et al. in 2019 created the first OOAC to mimic the components of foetal
membranes to know the cell-cell interactions and paracrine crosstalk between
maternal and foetal cells during pregnancy and parturition. The FM-OOC
(fetomaternal organ-on-chip) platform used the vertical co-culture OOC design
and was formed by two orthogonal vertically stacked cell culture chambers
containing equal surface areas. The FM-OOC was used to analyse membrane
permeability, oxidative stress and toxin-induced senescence, as well as cytokine
production (Richardson et al. 2019a).

Richardson et al. in 2019 also created an amnion membrane OOC (AM-OOC),
which was the first of its kind. This model successfully showed the interactive and
transitional characteristics of amnion cells (epithelial-to-mesenchymal transition and
mesenchymal-to-epithelial transition), under normal and oxidative stress conditions,
similar to how they function and respond in utero (Richardson et al. 2019b).

Tissue chip has also been commercialized, and many companies such as Tissue,
Emulate, Tara Biosystems, etc. have emerged from this technology. These
companies develop specific tissue chips to meet the needs of their clients.

17.6 Discussion and Future Directions

The article has established that there are many exciting and innovative applications
of the OOAC technology to study drug development and disease models. The tissue
chip is a flexible model that can be utilized to study any diseased condition and
pathology in the future. On the basis of the design and utility, they can be used to ask
and answer the questions for which answers are not available by conventional
means. Despite numerous advantages, there are still many tasks that need to be
conquered for this technology to be considered as an ultimate model for drug
screening.

Although OOAC has evolved and established quickly, the human on a chip
theory remains far-off. There are disadvantages associated with the most commonly
used material for production of tissue chips (i.e. PDMS). As the PDMS film is
thicker than the in vivo morphology, hence this causes a decreased absorbance of
small hydrophobic molecules which influence solvent efficacy and toxicity. There-
fore, it is necessary to find suitable substitute materials. Another challenge in the use
of this technology is that the cost of manufacturing is high and experimental use of
organ chips is expensive and hence not suitable to the extensive usage of organ
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chips. To overcome this challenge, the components of the organ chips must be cost-
effective and easy to dispose.

But there is no doubt that tissue chip technology holds great future as a model to
mimic disease pathology, hence proving to be beneficial for development of thera-
peutics for the rarest of the rare diseases.

In conclusion, microfluidic 3D models are very potent tools that will help the
progressions in the field of biomedical research, leading to the development of novel
therapeutics for the treatment of various human diseases.
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