Journal of Biosciences and Medicines, 2020, 8, 119-134
https://www.scirp.org/journal/jbm
ISSN Online: 2327-509X
ISSN Print: 2327-5081

Application of Organ-on-Chip in Drug Discovery
Jiahui Zhu
School of Information & Electrical Engineering, Zhejiang University City College, Hangzhou, China

How to cite this paper: Zhu, J.H. (2020)
Application of Organ-on-Chip in Drug Discovery. Journal of Biosciences and Medicines,
8, 119-134.
https://doi.org/10.4236/jbm.2020.83011
Received: December 26, 2019
Accepted: March 9, 2020
Published: March 12, 2020
Copyright © 2020 by author(s) and
Scientific Research Publishing Inc.
This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Open Access

Abstract
Nowadays the pharmaceutical industry is facing long and expensive drug
discovery processes. Current preclinical drug evaluation strategies that utilize
oversimplified cell cultures and animal models cannot satisfy the growing
demand for new and effective drugs. The microengineered biomimetic system, namely organ-on-chip (OOC), simulating both the biology and physiology of human organs, has shown greater advantages than traditional models
in drug efficacy and safety evaluation. The microengineered co-culture models recapitulate the complex interactions between different types of cells in
vivo. Organ-on-chip system has also avoided the substantial interspecies differences in key disease pathways and disease-induced changes in gene expression profiles between human and other animal models. Biomimetic microsystems representing different organs have been integrated into a single microdevice and linked by a microfluidic circulatory system in a physiologically
relevant manner. In this review, I outline the current development of organon-chip, and their applications in drug discovery. This human-on-chip system can model the complex, dynamic process of drug absorption, distribution, metabolism and excretion, and more reliably evaluate drug efficacy and
toxicity. I also discuss, for the next generation of organ-on-chip, more research is required to identify suitable materials that can be used to mass
produce organs-on-chips at low cost, and to scale up the system to be suitable
for high-throughput analysis and commercial applications. There are more
aspects that need to be further studied, thereby bring a much better tool to
patients, drug developers, and clinicians.
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1. Introduction
The pharmaceutical industry is confronting pressing challenges because of inDOI: 10.4236/jbm.2020.83011 Mar. 12, 2020
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creasing costs, and the drug discovery is less efficient. Since drug failures in trials
have to do with the limited predictive ability of present preclinical models, the
drug discovery researchers have affirmed the urgent necessities for new testing
approaches, which can make dependable predictions of drug efficacy and safety
in humans [1].
Researchers find that microengineered cell culture models can provide effective
solutions to those needs mentioned above. These models reconstitute physiologically important features of one or more human tissues or organs and their interactions, exerting microfabrication and microfluidics technologies to precisely
control the cellular microenvironment and to better present various human
physiological situations. The advanced progress has resulted in the development
of promising microdevices, known as organs-on-chips that can simulate both
the biology and physiology of human organs in vitro [1]-[5].
Organ-on-chips are microengineered biomimetic systems that represent foremost
functional miniaturized units of living human organs, which also are a multi-channel 3-D microfluidic cell culture chip [1] [6] [7]. They are usually composed of transparent 3D polymeric microchannels arranged by alive human cells
and duplicate three vital aspects of complete organs: 1) the 3D microarchitecture
defined by the spatial distribution of multiple tissue types; 2) functional tissue-tissue interactions and interfaces; 3) dynamic mechanical and biochemical
stimuli found in specific organs [1]. These special chips could be used as specialized in vitro models for simulations, mechanistic studies and pharmacological
adjustments of complicated biological processes, which will be powerful tools for
drug delivery, analyte-specific monitoring, and medical diagnostics via more
precise investigations and therapies [1] [4] [6] [8] [9] [10].
The goal of organ-on-chips is not about building an intact living organ but
about synthesizing the most basic functional units of tissues and organs. The
simplest chip is a single, perfused microfluidic chamber containing a cultured
cell, such as endothelial cells, that functions as a certain tissue type. As for other
more complex designs, there are more than one microchannels connected by
porous membranes, with different cell types arranged on opposite sides, to reconstruct the interfaces between different tissues [11]. These systems involve
physical forces, including physiologically related fluid shear stress and mechanical
compression, and they also allow analysis of responses of a specific organ, like
recruitment of circulating immune cells, in reaction to drugs, toxins or other environmental disturbances [11].
In this review, I have summarized many information and progress in organon-chip. First, I describe the characteristics of organ-on-chip, the microfabrication methods and materials that are used to produce these chips, and some cases
about existed chips that nowadays have been used in studying vital human tissues and organs in vitro. Second, compared with traditional models of drug discovery, novel organ-on-chip technology shows advantages in mimicking complex in vivo conditions and the analysis of complicated physiology issues, and
organ-on-chips focus on using human induced pluripotent stem cells (hiPSCs)
DOI: 10.4236/jbm.2020.83011
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to predict human response to any treatments, which contributes to the development of personalized drugs. And I introduce two case studies and further
study—human-on-a-chip. Finally, I discuss more challenges that must be overcome to ensure that organ chip models meet the needs of patients, drug developers, and clinicians in future drug development, and this new field has more
possibilities to develop with other cross-disciplines.

1.1. Microfabrication
The word “chip” in organ-on-a-chip originates from the original manufacturing
approach, an improved form of photolithographic etching used to produce
computer microchips, which enables to control the shapes and sizes of surface
features on the same scale [11]. Photolithography technology also has other usages
in some areas, like patterning proteins and cells. Nevertheless, microfluidic culture
systems are often made by “soft lithography”, and this technique is an alternative
to photolithography which can be used to pattern surfaces needed in biochemistry and biology. Besides, soft lithography is cheap and experimentally simple,
which can replicate patterns etched into silicon chips in more biocompatible and
flexible materials [11] [12] [13]. In the process of soft photolithography, this
special chip is done by pouring a liquid polymer, such as poly-dimethylsiloxane
(PDMS), on an etched silicon substrate which is formed through soft lithography technology and polymerizing into an optically transparent, rubber-like material, thereby creating a “stamp” (Figure 1). Subsequently, both ends of the polymer block are opened for filling the fluids. Cells that flow into the channel adhere to the ECM substrate, and then the channel is continuously perfused with
culture medium [11]-[17]. A pivotal feature of PDMS culture systems is their
optical clarity, allowing real-time, high-resolution optical imaging of how cell
responses to environmental cues [11].
Organ-on-chip platforms are designed to enhance preclinical models for analyzing responses to novel drug compounds in some organs [18]. With the increment of organoid models’ size and volume, the distance between the core and
the surface which contacts the fresh medium is larger, and the growing cells
cannot get enough oxygen and nutrients from the simple diffusion process. Also,

Figure 1. Fabrication methods for microfluidic chips [11].
DOI: 10.4236/jbm.2020.83011
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this process limits the amount of waste being removed from cells in the core.
However, only cells in contact with fresh medium can survive. In these systems,
the most important thing is to build structures and parameters that are similar to
the conditions in the body. The use of microfluidics technology allows people to
perform tissue culture in controlled and adjustable environments to optimize
temperature, pH, nutrient supply, and waste disposal. Organ-on-chip systems
can also be equipped with diverse sensors and actuators and integrated with
them, so that they can more accurately monitor and control key parameters in
the human body, various physical and electrical stimuli, nutrition exchange, etc.
[19].

1.2. Existing Organ on Chip
With the advance in modern techniques, various companies of the pharmaceutical industry have shown exponential achievements in developing more effective
and lower cost drug discovery models just in recent years. And relying on this
organ-on-chip technology, the integrated organ systems, such as heart, lungs,
liver and so on, are generated to provide an optimal in vitro model for drug discovery [20] [21] [22] [23].
Take the lung organ-on-chips for example. Alveolar tissue and blood vessels
are usually essential in the study of pulmonary drug discovery [20]. Therefore, in
the lung models currently being studied for disease pathogenesis and drug
screening, alveoli, the minimum functional unit of the lung, are used to simulate
cyclic expansion by mechanical stretch to the gas-exchange surface [20] [24].
Researchers will use these chip models to address previous problems, such as a
lack of interaction between the immune system and lung tissue, which may contribute to some compelling breakthroughs and could change the prospects for
finding promising future treatments for diseases [20] [24]. Take the lung organ-on-chips for example. Alveolar tissue and blood vessels are usually essential
in the study of pulmonary drug discovery [20]. Therefore, in the lung models
currently being studied for disease pathogenesis and drug screening, alveoli, the
minimum functional unit of the lung, are used to simulate cyclic expansion by
mechanical stretch to the gas-exchange surface [20] [24]. Researchers will use
these chip models to address previous problems, such as a lack of interaction
between the immune system and lung tissue, which may contribute to some
compelling breakthroughs and could change the prospects for finding promising
future treatments for diseases [20] [24]. For instance, in 2017, Benam and other
researches created a microfluidic device that interfaces a differentiated mucociliary bronchiolar epithelium, through engineering a small airway, an air-blood
barrier, to study of physiological and pathophysiological mechanisms. This model
avoids the recent main limitation of the airway mucosa, generalizing the roles of
the true interactive immune system and endothelial tissues. And those tissues
undergo shear stresses from blood flow, simulating as the airway. This improved
lung-on-a-chip model makes it possible for further study of lung diseases related
to immune systems, like comorbidities of chronic obstructive pulmonary disease
DOI: 10.4236/jbm.2020.83011
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(COPD) and asthma [20] [24] [25]. In other words, several the resulting lungon-a-chip models contribute to the development of the biologically inspired
OOCs we have today [3] [24] [25].

2. OOC Application on Drug Discovery
Relevant data show that the drug development process is becoming longer and
more expensive, which takes 12 years. The average cost of developing each clinically available drug is more than $1.7 billion. However, under the condition of
high research expenses, the number of newly approved drugs is relatively small
every year [26] [27] [28]. Nowadays, the use of physiologically-based pharmacokinetic (PBPK) modeling and simulation approaches have made significant advances in predicting the key pharmacokinetic (PK) parameters from human in
vitro data, which becomes an important tool in drug development and regulation [29] [30] [31]. However, such approaches fail to integrate organ-specific
differentials in drug clearance, distribution, and absorption which are caused by
the differences in cell uptake, transport, and metabolism, therefore being unable
to provide insight into pharmacodynamic (PD) parameters [29]. Plus, a new
drug, approved by the Food and Drug Administration (FDA), must pass the
preclinical evaluation phase and the clinical evaluation phase. One mainly relies
on in vitro cell culture platforms and in vivo animal models, and another refers
to the drug administration on human bodies [26]. The successful transition ratios to the next phases are approximately 65, 32, and 60 percent for phase I,
phase II, and phase III, independently. Thus, the drug candidates which can be
approved by the FDA are less than 1 in 10 [2] [32]. Among the major causes of
failures, low pass nonclinical/clinical safety (>50%) and efficacy (>10%) are the
most prominent, outperforming all other factors combined [2] [32] [34]. These
major reasons mentioned above not only lead to the failure of drug development
but also result in the withdrawal of approved drugs from the market [2].

2.1. Limitations of Traditional Drug Discovery
The final goal of almost all biomedical researches is to understand the pathology
of human disease, thereby developing more effective patterns of diagnosis, prevention, and treatment. However, researchers cannot do basic diseases examinations with human bodies, due to kinds of reasons, so they have to rely on other
alternative investigating models which have the same physiological environment
as human disease [34]. The traditional preclinical drug development strategy
that has been well acknowledged globally to predict the pharmacological parameters, and toxicological issues, is to utilize traditional simplified in vitro cell
culture dishes and animal models [34] [35]. Though people have learned a lot
about precious conclusions related to human disease from the disease models in
animals, such as transgenic mice, some models fail to entirely and accurately reconstitute the human condition and exist several limitations separately [34]. As
for the cells model, when the cells are taken out of their native environment,
DOI: 10.4236/jbm.2020.83011
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they will not work as to how they function in the human bodies, owing to the
environmental differences between the dishes and in the body. In terms of animal models, the obtained data from animal models cannot be precisely extrapolated to humans because it sometimes results in the distinct safe starting doses
for clinical trials due to vast differences in different species’ genomes.
In addition, traditional methods gradually cannot satisfy the growing demand
for new and effective drugs. What’s more, during using traditional disease models, drug development will be time-consuming because of those inaccuracies
caused by different species’ genes as well as raising ethical concerns [35]. In a
word, traditional methods cannot reproduce the functions of the complicated
biological structures, preventing people from getting timely and accurate analysis about diseases. These results have brought a heavy burden on the health care
sector in the whole society and subsequently overwhelming the drug development progress [35].

2.2. Advantages of OOC on Drug Discovery
Superior to the limitations of traditional drug discovery methods, organ-on-chip
technology offers a new approach to study human physiology in an organ-specific
context, and allows us to innovate in vitro disease models and replicates the native tissues and various cell-cell interactions via engineered biomaterials and
microfluidic technologies, accelerating the assessment process of drugs [5] [35]
[36].
In evaluating drug efficacy and safety, organs-on-chips have significant advantages over other in vitro cell culture models. 2D culture models are easier to be
made and can provide a wealth of relatively inexpensive and non-time-consuming
data. They contribute significantly to the early-stage assessments of drug toxicity, while these models fail to predict and analyze the response of real tissues to
drugs and certain toxins in vivo. For 2D culture models poorly represent complex pathophysiology in patients, investigators need extra computer models and
systematical biology approaches to analyze the drug response [1] [37] [38] [39].
Nevertheless, the advent of tissue engineering raises new possibilities for the research of complicated physiological and pathophysiological processes in vitro
[38]. With the help of biomimetic 3D tissue structures with physiological barrier
function, cell culture models recreate the interwoven set of biochemical and
mechanical cues in the cellular microenvironment and recapitulate the complicated interactions between different cells in vivo, which can more accurately simulate and control drug delivery and infiltration in vivo [1] [38]. Therefore, unlike 2D culture models, organ-on-chips attempt to mimic complex in vivo conditions using a combination of microfluidics and biology, clinically relevant disease phenotypes and pharmacological responses that arise from structural and
functional integration of multiple tissue types [1].
Compared with animal models, organs-on-chips also show advantages in the
analysis of complex physiology issues. Based on recent systematic studies of the
predictive value of traditional animal models, due to key genetic, molecular,
DOI: 10.4236/jbm.2020.83011
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immune, and cellular differences between humans and animals, the poor correlation of data between different species underlines the urgency for novel methods to simulate intricate human-related conditions [1] [40] [41] [42].
Biomaterials and structures used in organ-on-chips also are critical merits.
Organ-on-chips adopt PDMS materials. These materials have outstanding optical transparency, which allows investigators to get direct real-time visualization
and quantitative high-resolution analysis of various biological processes, which
is impossible in animal models [1]. Besides, the special design of separation
channels for co-culture of organ-on-chips, for example, the upper and lower
channels are separated by thin porous membranes, enables fluid flow into different tissues independently in a single device, and combines with the techniques
of microfluidics and bio-microelectromechanical systems (BioMEMS) to create
platforms where the cellular microenvironments and microenvironmental factors can be precisely controlled [1] [43].
In organ-on-chip, scientists will sample from specific human tissues to culture
in conditioned media to analyze their metabolites and other secreted products,
which may help drug testing [1] [11] [43]. However, each patient has unique
genes, thereby having diverse tissue types. The different genes will cause patients
to respond differently to drugs. Although patients exhibit similar symptoms,
they may have different underlying causes for the disease. Yet, generally, based
on their similar symptoms, they are more likely to receive the same medication,
which could lead to the significant risk of taking the wrong therapy [44] [45].
Owing to drug developments related to various aspects, except individual genetic
variations, many factors could hamper and change the way of drug development,
such as epigenetic and environmental factors. These problems would have tremendous impacts on a patient’s response to treatment, which remains to an extent unknown. Recently, OOC technology has drawn attention to be used to replace traditional drug discovery models and become personalized disease models
by reflecting the genetic characteristics of cells in each patient [36]. While OOCs
nowadays have generated different types of chips from many types of human
and animal stem cells, researchers still face the challenge of predicting the personal safety risks of new heterogeneous organisms, in part due to the constrained availability of human cells to assess tissue-specific toxicity [36] [44]. But
the advance in the production of human-induced pluripotent stem cells (hiPSCs)
has the prospect to fill this gap. Since hiPSCs which are gained from patient’s
tissue or be directly obtained as pathogenic cells from patients can be cultured
and differentiate into major and different cell types. These cells will be cultured
in the devices (OOCs) that are made by various engineered biomaterials and 3D
microfabrication techniques. The drug candidates will be tested and analyzed
through a series of studies and in vivo tests in animals. After that, based on the
responses received from the disease models to the animals, we determine the type of
drug and dosage, therefore developing and generating personalized drugs for specific patients [36]. iPSC technology provides resources derived from the patients
themselves for disease-specific drug development models, and hiPSC-integrated
DOI: 10.4236/jbm.2020.83011
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OOCs give the possibilities of imitating human physiology for each individual,
which establishes personalized drug testing platforms and generates a much better predictive tool (Figure 2) [36] [44] [45].

2.3. Case Study
2.3.1. Organ-on-a-Chip Technologies in Ophthalmic Drug
Discovery and Disease Modeling
Eye diseases, causing visual impairment, are affecting many people around the
world. However, owing to the lack of in vitro models to mimic the biology and
physiology of human eyes, people cannot find any effective treatments for some
eye diseases [46]. To study the principle of disease and solve the problem of vacancy of drugs, we urgently need new ophthalmic disease models which should
be consistent with the physiology and structure of the human eye [46]. Existing
ophthalmic models, such as explant cultures from human and non-human sources,
traditional 2D and advanced 3D cell cultures, have gained achievements in specific applications, and these models would make up for each other's disadvantages. Nevertheless, they fail to rebuild the complicated bio-properties of human
eyes and functional subunits. It is high costs and limited reproducibility that
jeopardize the further developments of these existing systems [46]. Nowadays,
ophthalmic organ-on-chip systems combined with stem cell technology and
microengineered methods bring a promising future. These systems can mimic
the in vivo microenvironment and overcome most of the shortcomings of present
models to a large extent, thereby changing the approach of drug discovery and
testing models of ophthalmic disease [46].
The study in 2017 has been showing prosperities in developing models of different human ocular structures, such as the cornea, the retina and so on. For
example, a study by Bennet et al. introduced a corneal epithelium-on-a-chip

Figure 2. The cycle used in OOCs for personalized medicine [36].
DOI: 10.4236/jbm.2020.83011
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system [46] [47]. The purpose of this model was to mimic the tear flow associated with the eye-blinking mechanism and the cellular environment because
tear flow and blinking are two main factors influencing the residence time of
drugs on the cornea. Thus, researchers analyzed drug mass transport by using
different ocular drug formulations compared in three different conditions. Besides, they used two forms of topical eye drops: a suspension with a particle size
of 1 - 3 µm (Pred Forte) and a liquid formulation (Zaditor) to study permeability
across the rate-limiting barrier [47]. Finally, they got the conclusion that the result of the corneal chip study can support the ophthalmic drug test method,
since the biology of the corneal epithelium is very similar with those of the human subjects, which is suitable for understanding ocular PK and physiology
[47]. However, up to now, there are few reports concerning eye-on-a-chip models.
2.3.2. Cardiovascular Drug Discovery
In the past few years, innovative microfluidic designs have been developed, such
as endothelialized microfluidic platforms or heart-on-the-chip systems, with biomimetic and high-throughput capabilities [48].
The biggest benefit of using microfluidics to assess the effects of the cardiovascular drug is their power to precisely regulate some fluid flow conditions,
like flow rate, shear stress, and pulsatile flow [48]. And the advance in stem cell
technology has enabled the iPSC of a specific patient to be used in building in
vitro models of cardiac disease. For instance, by using iPSC-CMs and heart-onchip technology, Wang et al. obtained iPSCs from patients with BTHS and differentiated into patient-specific iPSC-derived cardiomyocytes (CMs), engineering an in vitro disease model about the cardiomyopathy of Barth syndrome
(BTHS). According to this study, seeding iPSC-derived CMs on MTFs successfully demonstrated the pathophysiology of BTHS cardiomyopathy [49] [50].
Compared to controls, the BTHS-derived cardiac microtissue impaired sarcomere structure. Moreover, compared with the control group under the same
conditions, the MTF of BTHS iPSC-CM significantly reduced its shrinkage performance. Besides, this “BTHS on-chip cardiomyopathy” was used to test potential treatment options (e.g., pharmacology and genetic modification), demonstrating its suitability for identifying new therapeutic targets [49] [50] [51] [52].
Many researchers all show that the novel in vitro models of heart-on-a-chip paid
to the way toward testing cardiotoxicity in human-relevant models and the advent of iPSC motivated research in this new field. These advances would contribute to the creation of physiologically and genetically related models of heart
disease for drug discovery and toxicity, yet these models are still faced with diverse challenges and opportunities that needed us to overcome [49] [50] [51].

2.4. Further Study—Human-on-a-Chip
Despite significant progress in creating organ-on-chip and microengineered tissues, effective drug toxicity testing actually involves the implementation of each
DOI: 10.4236/jbm.2020.83011
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organ and its interactions. Thus, all organs are functionally needed to be integrated into the human body in the future, establishing a microfluidic circulatory
system, and researchers still have a lot of work to do in the development of complex and complete models that rebuild the metabolism and physiology of the entire organs [5] [43].
Thus, researchers have further put forward the concept of “human-on-chip”
models. Interconnected isolation chambers compose the whole model, each
compartment containing different cell types representing different human organs, and are connected by the microfluid circulation system in a microfabrication bioreactor. It can be closer to the physiological fluid flow conditions, realistic size ratios and multi-tissue interactions in ideally, which may help in developing associated with the physiological pharmacokinetic model [5] [53] [54].
The concept of man on the chip is shown in Figure 3. Biomimetic microsystems
representing different organs are integrated into a microfabrication bioreactor
and connected in a physiologically relevant way to simulate complicated and
dynamic drug processes of absorption, distribution, metabolism, and excretion,
allowing for more reliable evaluation of drug efficacy and toxicity [5].
The primary requirement for organ-on-chip systems in the future to be the
major new drug screening and discovery methods is to accurately characterize
the response of these microchips to pharmacological modulation and to verify
their ability to predict the response of drugs with well-defined characteristics to
humans. A key challenge will be to determine the best source of human cells for
accurate response in the body. The second important issue lies in combining the
scale-up of complex techniques with the integrated engineering systems, such as
microengineered organ simulators with sensors to detect and measure various
light, chemical, electrical and mechanical signals from cells to analyze their
structures and functions. For another example, more reliable operations should
rely on the development of automated control of flow and pressure by microfluidic

Figure 3. The human-on-a-chip concept [5].
DOI: 10.4236/jbm.2020.83011
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devices equipped with microengineered valves and pumps, which paves the
way for multiplexing these microsystems for high-throughput analysis and drug
screening [5] [55] [56].
At present, laboratories are working hard to link more mechanically active
organ-on-chip models through microfluidics technology to provide more complete biomimetic techniques for physiology, therefore achieving the goal of human-on-chip [5].

3. Discussion and Perspective
Although scientists have gained great progress in the field of organ-on-chip, this
technology has become a useful tool for building in vitro human disease models
and developing effective drugs. Many challenges still need to be overcome and
the whole potential is yet to be realized before organs-on-chips have extensive
use in research laboratories [5] [11] [19]. A fundamental problem in terms of the
material used for fabrication, most chips are made out of PDMS because of its
usability, high optical clarity, gas permeability, and biocompatibility. Despite
many advisable properties of PDMS, it has poor chemical resistance to organic
solvents, which enables it can absorb small hydrophobic molecules, like many
drugs, fluorescent dyes, and chemical compounds. Therefore, it will lead to a
significant influence on the precise chemical test of potential drugs. The material
problem also involves that ECM-coated PDMS membranes, as tissue-tissue interfaces, could have different transport, mechanical and structural properties
than natural basement membranes [11].
Another challenge refers to multisensory systems. Though some organ-onchips have the ability to mimic specific organ-level functions, in a few current
successful cases, several limitations of the current integrated multisensory combined with organ-on-chips platform still exist. Since we certitude that the integrated modular in-line fluid routing and sensing platform will be compatible
with existing organ-on-a-chip models and promote their performances in drug
screening by real-time, in situ monitoring of microenvironment biophysical and
biochemical parameters [2] [11] [57].
Those challenges and problems also enable researches to determine the directions that they will continue studying in turn. First, doing more research to
identify suitable materials can be used to mass-produce organs-on-chips at a low
cost. Besides, future success will require automated instruments that are well
developed with the user interfaces to provide systems-level microenvironmental
control and supervise timely analysis of multiple, linked, alive organs-on-chips
[11] [57]. Finally, we anticipate that the organs on the next generation of chips
may be enlarged to accommodate high-throughput analysis and commercial applications. In order to integrate multiple organic types into a single chip, the
media and physical conditions in a microfluidic platform may require optimization of each organic type and generalization of organ-organ interactions [19].
As a novel field, it is crucial that we have to across the initial prototyping stage
DOI: 10.4236/jbm.2020.83011
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and gradually simplify the platform. These challenges mentioned above are necessary to transform the laboratory-derived idea called organs-on-chips into robust animal replacements in the pharmaceutical, biotechnology, chemistry, and
environmental safety industries, which can more accurately model human systems to better predict drug efficacy and toxicity [2] [57].

4. Conclusion
In this paper, we have reviewed some characteristics and the future prospects of
the OCC technology. The OCC system can generalize tissue- and organ-level
functions in vitro disease models with different cell types, thereby rebuilding the
authentic in vivo conditions of humans and allowing researches to do drug experiments. The future achievements in the OCC field could present exciting new
avenues for drug discovery and development. Accordingly, there is a wealth of
opportunities to participate in what we hope will be a surge of innovation to
realize the tremendous potential that OCC technology holds.

Conflicts of Interest
The author declares no conflicts of interest regarding the publication of this paper.

References

DOI: 10.4236/jbm.2020.83011

[1]

Esch, E.W., Bahinski, A. and Huh, D (2015) Organs-on-Chips at the Frontiers of
Drug Discovery. Nature Reviews Drug Discovery, 14, 248-260.
https://doi.org/10.1038/nrd4539

[2]

Zhang, Y.S., Aleman, J., Shin, S.R., Kilic, T., Kim, D., Mousavi Shaegh, S.A., et al.
(2017) Multisensor-Integrated Organs-on-Chips Platform for Automated and Continual in Situ Monitoring of Organoid Behaviors. Proceedings of the National
Academy of Sciences, 114, E2293-E2302. https://doi.org/10.1073/pnas.1612906114

[3]

Huh, D., Matthews, B.D., Mammoto, A., Montoya-Zavala, M., Hsin, H.Y. and Ingber, D.E. (2010) Reconstituting Organ-Level Lung Functions on a Chip. Science,
328, 1662-1668. https://doi.org/10.1126/science.1188302

[4]

Yum, K., Hong, S.G., Healy, K.E. and Lee, L.P. (2014) Physiologically Relevant Organs on Chips. Biotechnology Journal, 9, 16-27.
https://doi.org/10.1002/biot.201300187

[5]

Huh, D., Hamilton, G.A. and Ingber, D.E. (2011) From 3D Cell Culture to Organs-on-Chips. Trends in Cell Biology, 21, 745-754.
https://doi.org/10.1016/j.tcb.2011.09.005

[6]

Perestrelo, A.R., Águas, A.C., Rainer, A. and Forte, G. (2015) Microfluidic Organ/
Body-on-a-Chip Devices at the Convergence of Biology and Microengineering. Sensors,
15, 31142-31170. https://doi.org/10.3390/s151229848

[7]

Huh, D., Kim, H.J., Fraser, J.P., Shea, D.E., Khan, M., Bahinski, A., et al. (2013) Microfabrication of Human Organs-on-Chips. Nature Protocols, 8, 2135-2157.
https://doi.org/10.1038/nprot.2013.137

[8]

Inamdar, N.K. and Borenstein, J.T. (2011) Microfluidic Cell Culture Models for
Tissue Engineering. Current Opinion in Biotechnology, 22, 681-689.
https://doi.org/10.1016/j.copbio.2011.05.512
130

Journal of Biosciences and Medicines

J. H. Zhu
[9]

Huh, D., Leslie, D.C., Matthews, B.D., Fraser, J.P., Jurek, S., Hamilton, G.A., et al.
(2012) A Human Disease Model of Drug Toxicity-Induced Pulmonary Edema in a
Lung-on-a-Chip Microdevice. Science Translational Medicine, 4, 159ra147-159ra147.
https://doi.org/10.1126/scitranslmed.3004249

[10] Khetani, S.R. and Bhatia, S.N. (2008) Microscale Culture of Human Liver Cells for
Drug Development. Nature Biotechnology, 26, 120-126.
https://doi.org/10.1038/nbt1361
[11] Bhatia, S.N. and Ingber, D.E. (2014) Microfluidic Organs-on-Chips. Nature Biotechnology, 32, 760-772. https://doi.org/10.1038/nbt.2989
[12] Duffy, D.C., Mcdonald, J.C., Schueller, O.J.A. and Whitesides, G.M. (1998) Rapid
Prototyping of Microfluidic Systems in Poly(Dimethylsiloxane). Analytical Chemistry, 70, 4974-4984. https://doi.org/10.1021/ac980656z
[13] Kane, R.S., Takayama, S., Ostuni, E., Ingber, D.E. and Whitesides, G.M. (1999) Patterning Proteins and Cells Using Soft Lithography. Biomaterials, 20, 2363-2376.
https://doi.org/10.1016/S0142-9612(99)00165-9
[14] 1Singhvi, R., Kumar, A., Lopez, G., Stephanopoulos, G., Wang, D., Whitesides, G.,
et al. (1994) Engineering Cell Shape and Function. Science, 264, 696-698.
https://doi.org/10.1126/science.8171320
[15] Chen, C.S. (1997) Geometric Control of Cell Life and Death. Science, 276, 1425-1428.
https://doi.org/10.1126/science.276.5317.1425
[16] Folch, A. and Toner, M. (1998) Cellular Micropatterns on Biocompatible Materials.
Biotechnology Progress, 14, 388-392. https://doi.org/10.1021/bp980037b
[17] Ayon, A. (1999) Molding of Deep Polydimethylsiloxane Microstructures for Microfluidics and Biological Applications. Journal of Biomechanical Engineering, 121,
28-34. https://doi.org/10.1115/1.2798038
[18] Nawroth, J.C., Scudder, L.L., Halvorson, R.T., Tresback, J. and Parker, K.K. (2018)
Automated Fabrication of Photopatterned Gelatin Hydrogels for Organ-on-Chips
Applications. Biofabrication, 10, Article ID: 025004.
https://doi.org/10.1088/1758-5090/aa96de
[19] Yu, F., Hunziker, W. and Choudhury, D. (2019) Engineering Microfluidic Organoid-on-a-Chip Platforms. Micromachines, 10, 165.
https://doi.org/10.3390/mi10030165
[20] Mittal, R., Woo, F.W., Castro, C.S., Cohen, M.A. and Jhaveri, V.M. (2019) Organ-on-Chip Models: Implications in Drug Discovery and Clinical Applications.
Journal of Cellular Physiology, 234, 8352-8380. https://doi.org/10.1002/jcp.27729
[21] Arrigoni, C., Gilardi, M., Bersini, S., Candrian, C. and Moretti, M. (2017) Bioprinting and Organ-on-Chip Applications towards Personalized Medicine for Bone Diseases. Stem Cell Reviews and Reports, 13, 407-417.
https://doi.org/10.1007/s12015-017-9741-5
[22] Skardal, A., Murphy, S.V., Devarasetty, M., Mead, I., Kang, H.W., Seol, Y.J., Atala,
A., et al. (2017) Multi-Tissue Interactions in an Integrated Three-Tissue Organ-ona-Chip Platform. Scientific Reports, 7, Article No. 8837.
https://doi.org/10.1038/s41598-017-08879-x
[23] Lee, S.H. and Sung, J.H. (2017) Organ-on-a-Chip Technology for Reproducing
Multiorgan Physiology. Advanced Healthcare Materials, 7, Article ID: 1700419.
https://doi.org/10.1002/adhm.201700419
[24] Ronaldson-Bouchard, K. and Vunjak-Novakovic, G. (2018) Organs-on-a-Chip: A
Fast Track for Engineered Human Tissues in Drug Development. Cell Stem Cell,
DOI: 10.4236/jbm.2020.83011

131

Journal of Biosciences and Medicines

J. H. Zhu
22, 310-324. https://doi.org/10.1016/j.stem.2018.02.011
[25] Benam, K.H., Mazur, M., Choe, Y., Ferrante, T.C., Novak, R. and Ingber, D.E.
(2017) Human Lung Small Airway-on-a-Chip Protocol. Methods in Molecular Biology, 1612, 345-365. https://doi.org/10.1007/978-1-4939-7021-6_25
[26] Shanti, A., Teo, J. and Stefanini, C. (2018) In Vitro Immune Organs-on-Chip for
Drug Development: A Review. Pharmaceutics, 10, 278.
https://doi.org/10.3390/pharmaceutics10040278
[27] McKim Jr., J.M. (2010) Building a Tiered Approach to in Vitro Predictive Toxicity
Screening: A Focus on Assays with in Vivo Relevance. Combinatorial Chemistry &
High Throughput Screening, 13, 188-206.
https://doi.org/10.2174/138620710790596736
[28] Guengerich, F.P. (2011) Mechanisms of Drug Toxicity and Relevance to Pharmaceutical Development. Drug Metabolism and Pharmacokinetics, 26, 3-14.
https://doi.org/10.2133/dmpk.DMPK-10-RV-062
[29] Prantil-Baun, R., Novak, R., Das, D., Somayaji, M.R., Przekwas, A. and Ingber, D.E.
(2018) Physiologically Based Pharmacokinetic and Pharmacodynamic Analysis
Enabled by Microfluidically Linked Organs-on-Chips. Annual Review of Pharmacology and Toxicology, 58, 37-64.
https://doi.org/10.1146/annurev-pharmtox-010716-104748
[30] Sager, J.E., Yu, J., Ragueneau-Majlessi, I. and Isoherranen, N. (2015) Physiologically
Based Pharmacokinetic (PBPK) Modeling and Simulation Approaches: A Systematic Review of Published Models, Applications and Model Verification. Drug Metabolism and Disposition: The Biological Fate of Chemicals, 43, 1823-1837.
https://doi.org/10.1124/dmd.115.065920
[31] Rowland, M., Peck, C. and Tucker, G. (2011) Physiologically-Based Pharmacokinetics in Drug Development and Regulatory Science. Annual Review of Pharmacology and Toxicology, 51, 45-73.
https://doi.org/10.1146/annurev-pharmtox-010510-100540
[32] Hay, M., Thomas, D.W., Craighead, J.L., Economides, C. and Rosenthal, J. (2014)
Clinical Development Success Rates for Investigational Drugs. Nature Biotechnology, 32, 40-51. https://doi.org/10.1038/nbt.2786
[33] Arrowsmith, J. and Miller, P. (2013) Trial Watch: Phase II and Phase III Attrition
Rates 2011-2012. Nature Reviews Drug Discovery, 12, 569.
https://doi.org/10.1038/nrd4090
[34] Benam, K.H., Dauth, S., Hassell, B., Herland, A. and Ingber, D.E. (2015) Engineered
in Vitro Disease Models. Annual Review of Pathology Mechanisms of Disease, 10,
195-262. https://doi.org/10.1146/annurev-pathol-012414-040418
[35] Kankala, R.K., Wang, S.B. and Chen, A.Z. (2018) Microengineered Organ-on-a-Chip
Platforms towards Personalized Medicine. Current Pharmaceutical Design, 24, 5354.
https://doi.org/10.2174/1381612825666190222143542
[36] Jodat, Y.A., Kang, M.G., Kiaee, K., Kim, G.J., Martinez, A., Rosenkranz, A., Shin,
S.R., et al. (2018) Human-Derived Organ-on-a-Chip for Personalized Drug Development. Current Pharmaceutical Design, 24, 5471-5486.
https://doi.org/10.2174/1381612825666190308150055
[37] Alexander Jr., F., Eggert, S. and Wiest, J. (2018) A Novel Lab-on-a-Chip Platform
for Spheroid Metabolism Monitoring. Cytotechnology, 70, 375-386.
https://doi.org/10.1007/s10616-017-0152-x
[38] Griffith, L.G. and Swartz, M.A. (2006) Capturing Complex 3d Tissue Physiology in
Vitro. Nature Reviews Molecular Cell Biology, 7, 211-224.
DOI: 10.4236/jbm.2020.83011

132

Journal of Biosciences and Medicines

J. H. Zhu
https://doi.org/10.1038/nrm1858
[39] Matsusaki, M., Case, C.P. and Akashi, M. (2014) Three-Dimensional Cell Culture
Technique and Pathophysiology. Advanced Drug Delivery Reviews, 74, 95-103.
https://doi.org/10.1016/j.addr.2014.01.003
[40] Mak, I.W., Evaniew, N. and Ghert, M. (2014) Lost in Translation: Animal Models
and Clinical Trials in Cancer Treatment. American Journal of Translational Research, 6, 114-118.
[41] Seok, J., Warren, H.S., Cuenca, A.G., et al. (2013) Genomic Responses in Mouse
Models Poorly Mimic Human Inflammatory Diseases. Proceedings of the National
Academy of Sciences, 110, 3507-3512. https://doi.org/10.1073/pnas.1222878110
[42] Henderson, V.C., Kimmelman, J., Fergusson, D., Grimshaw, J.M., Hackam, D.G.
and Ioannidis, J.P. (2013) Threats to Validity in the Design and Conduct of Preclinical Efficacy Studies: A Systematic Review of Guidelines for in Vivo Animal Experiments. PLoS Medicine, 10, e1001489.
https://doi.org/10.1371/journal.pmed.1001489
[43] Polini, A., Prodanov, L., Bhise, N.S., Manoharan, V., Dokmeci, M.R. and Khademhosseini, A. (2014) Organs-on-a-Chip: A New Tool for Drug Discovery. Expert
Opinion on Drug Discovery, 9, 335-352.
https://doi.org/10.1517/17460441.2014.886562
[44] Scott, C.W., Peters, M.F. and Dragan, Y.P. (2013) Human Induced Pluripotent Stem
Cells and Their Use in Drug Discovery for Toxicity Testing. Toxicology Letters,
219, 49-58. https://doi.org/10.1016/j.toxlet.2013.02.020
[45] Sayed, N., Liu, C. and Wu, J.C. (2016) Translation of Human-Induced Pluripotent
Stem Cells: From Clinical Trial in a Dish to Precision Medicine. Journal of the
American College of Cardiology, 67, 2161-2176.
https://doi.org/10.1016/j.jacc.2016.01.083
[46] Haderspeck, J.C., Chuchuy, J., Kustermann, S., Liebau, S. and Loskill, P. (2018) Organ-on-a-Chip Technologies that Can Transform Ophthalmic Drug Discovery and
Disease Modeling. Expert Opinion on Drug Discovery, 14, 47-57.
https://doi.org/10.1080/17460441.2019.1551873
[47] Bennet, D., Estlack, Z., Reid, T. and Kim, J. (2018) A Microengineered Human
Corneal Epithelium-on-a-Chip for Eye Drops Mass Transport Evaluation. Lab on a
Chip, 18, 1539-1551. https://doi.org/10.1039/C8LC00158H
[48] Skommer, J. and Wlodkowic, D. (2015) Successes and Future Outlook for Microfluidics-Based Cardiovascular Drug Discovery. Expert Opinion on Drug Discovery,
10, 231-244. https://doi.org/10.1517/17460441.2015.1001736
[49] Ribas, J., Sadeghi, H., Manbachi, A., Leijten, J. and Khademhosseini, A. (2016) Cardiovascular Organ-on-a-Chip Platforms for Drug Discovery and Development. Applied in Vitro Toxicology, 2, 82-96. https://doi.org/10.1089/aivt.2016.0002
[50] Wang, G., Mccain, M.L., Yang, L., He, A. and Pu, W.T. (2014) Modeling the Mitochondrial Cardiomyopathy of Barth Syndrome with iPSC and Heart-on-Chip Technologies. Nature Medicine, 20, 616-623. https://doi.org/10.1038/nm.3545
[51] Martins, A.M., Vunjak-Novakovic, G. and Reis, R.L. (2014) The Current Status of
iPS Cells in Cardiac Research and Their Potential for Tissue Engineering and Regenerative Medicine. Stem Cell Reviews and Reports, 10, 177-190.
https://doi.org/10.1007/s12015-013-9487-7
[52] Mercola, M., Colas, A. and Willems, E. (2013) Induced Pluripotent Stem Cells in
Cardiovascular Drug Discovery. Circulation Research, 112, 534-548.
https://doi.org/10.1161/CIRCRESAHA.111.250266
DOI: 10.4236/jbm.2020.83011

133

Journal of Biosciences and Medicines

J. H. Zhu
[53] Esch, M.B., King, T.L. and Shuler, M.L. (2011) The Role of Body-on-a-Chip Devices
in Drug and Toxicity Studies. Annual Review of Biomedical Engineering, 13, 55-72.
https://doi.org/10.1146/annurev-bioeng-071910-124629
[54] Sin, A., Chin, K.C., Jamil, M.F., Kostov, Y., Rao, G. and Shuler, M.L. (2004) The Design and Fabrication of Three-Chamber Microscale Cell Culture Analog Devices
with Integrated Dissolved Oxygen Sensors. Biotechnology Progress, 20, 338-345.
https://doi.org/10.1021/bp034077d
[55] Mosadegh, B., Kuo, C.H., Tung, Y.C., Torisawa, Y.S., Bersano-Begey, T., Tavana, H.
and Takayama, S. (2010) Integrated Elastomeric Components for Autonomous Regulation of Sequential and Oscillatory Flow Switching in Microfluidic Devices. Nature
Physics, 6, 433-437. https://doi.org/10.1038/nphys1637
[56] Grover, W.H., Ivester, R.H.C., Jensen, E.C. and Mathies, R.A. (2006) Development
and Multiplexed Control of Latching Pneumatic Valves Using Microfluidic Logical
Structures. Lab on a Chip, 6, 623-631. https://doi.org/10.1039/b518362f
[57] Huh, D., Torisawa, Y.S., Hamilton, G.A., Kim, H.J. and Ingber, D.E. (2012) Microengineered Physiological Biomimicry: Organs-on-Chips. Lab on a Chip, 12, 2156-2164.
https://doi.org/10.1039/c2lc40089h

DOI: 10.4236/jbm.2020.83011

134

Journal of Biosciences and Medicines

