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Abstract 
Many recent advances in biomedical research are related to the combination 
of biology and microengineering. Microfluidic devices, such as organ-on-a- 
chip systems, integrate with living cells to allow for the detailed in vitro study 
of human physiology and pathophysiology. With the poor translation from 
animal models to human models, the organ-on-a-chip technology has become 
a promising substitute for animal testing, and their small scale enables precise 
control of culture conditions and high-throughput experiments, which would 
not be an economically sound model on a macroscopic level. These devices 
are becoming more and more common in research centers, clinics, and hos-
pitals, and are contributing to more accurate studies and therapies, making 
them a staple technology for future drug design. 
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1. Introduction 

There is a lot of debate on the actual efficacy and validity of the animal-based 
research. Clinicians and the public often consider it axiomatic that animal re-
search has contributed to the treatment of human disease, yet little evidence is 
available to support this view [1]. The National Centre for the Replacement, Re-
finement and Reduction of Animals in Research (NC3Rs) performed a syste-
matic survey of 271 animal studies and found that only 32 (12%) reported using 
random allocation to treatment or control and that investigators were blinded to 
the allocation in only 14% (5/35) of studies that used qualitative scoring [2]. Re-
ports have also shown evidence of selective analysis, outcome reporting bias and 
publications bias [1] [2]. Conventional drug development comes with numerous 
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disadvantages; from the estimated cost of $2 million per compound tested, cul-
tured cells not functioning as they do in the human body, the time and number 
of animals required for animal-based research, and the lack of translatable re-
sults produced [1] [2] [3] [4] [5]. This has led to even the most promising find-
ings in animal research often failing in human trials and rarely being adopted 
into clinical practice [2]. 

As animal research continues to show levels of inefficiency and lack of 
cost-effectiveness, researchers will need to expand the range and efficacy of re-
search options. One of the most promising research technologies, hu-
man-organs-on-a- chip, systems that could be used as specialized in vitro models 
that permit simulation, mechanistic investigation and pharmacological modula-
tion of complex biological processes [6]. An organ-on-a-chip is a microfluidic 
cell culture device created with microchip manufacturing methods that contain 
continuously perfused chambers inhabited by living cells arranged to simulate 
tissue- and organ-level physiology [7]. As a replacement to animal models for 
drug development, organs-on-a-chip has been evaluated for many advantages 
and disadvantages and has shown a very wide range of applications in organ re-
search and rational drug design. 

2. Advantages Compared to Animal Based Drug Design 

Traditionally, drug discovery to drug development takes place mainly in 
cell-culture dishes and animals, so new compounds are tested on cells that don’t 
function like those in the human body [3] [8] [9]. This leads to 85% of therapies 
failing in early clinical trials, and of those that do make it to phase-III, only half 
are actually approved [3]-[9]. So if only 15% of the studies make it through, and 
even if at least a small fraction of those studies are actually approved, these mod-
els have still shown they poorly represent the complexity or nuances of human 
cells and systems. This leads to unreported data and wasted time and resources. 
Organ-on-a-chip technology is being used to develop cost-effective in vitro 
models for hit-to-lead and lead optimization that can more reliably predict the 
efficacy, toxicity, and pharmacokinetics of drug compounds in humans [6]. 

The organ-on-a-chip model approach is the development of three-dimensional 
cell cultures in which cells are grown within extracellular matrix (ECM) gels to 
induce the expression of more tissue-specific functions allows these microfluidic 
devices to recapitulate the physiological and mechanical microenvironment of 
whole living organs [10]. The example of Benam et al.’s study “Small air-
way-on-a-chip enables analysis of human lung inflammation and drug responses 
in vitro”, presented the amazing potential of organ-on-a-chip technology, since 
the organ-on-a-chip approach represents applied synthetic biology at the organ 
level, it is possible to independently control and vary virtually all variables and 
system parameters, including the presence or absence of different cell types, 
vascular flow conditions and soluble factors, while simultaneously analyzing 
human organ-level responses in real time with molecular-scale resolution [11] 
[12]. Results showed, when compared to the parameters of a living human air-
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way, the airway-on-a-chip mimicked structure and function characteristic in 
great detail [11] [12]. Huh et al. also provided data to show that when “mechan-
ically active “organ-on-a-chip” micro devices that reconstitute tissue-tissue in-
terfaces critical to organ function may, therefore, expand the capabilities of cell 
culture models and provide low-cost alternatives to animal and clinical studies 
for drug screening and toxicology applications” [13] [14] [15]. 

Various studies have found significant success utilizing the lung-on-a-chip 
model. Jain et al. utilizing the chip model to examine intravascular thrombosis 
for assessment of therapeutics had demonstrated that the primary-human-lung- 
alveolus-chip permits the visualization and quantitative real-time analysis of or-
gan-level interactions relevant to in situ thrombus formation in the human lung. 
The lung-on-a-chip model allowed Jain et al. to dissect contributions of various 
human cell types and tissues [16] [17]. The lung-on-chip model successfully in-
tegrated epithelial and endothelial cells on either side of a membrane, within a 
device also mimicking the mechanical stress due to respiration has allowed for 
the examination of proinflammatory signals, such as TNF-α and LPS, and fluid 
flow, as well as the contribution of potential antithrombotic and anti-inflammatory 
therapeutics, which would be nearly impossible to perform in vivo [11] [12] [16] 
[17]. 

3. Disadvantages Compared to Animal Based Drug Design 

Even with the extensive possibilities that organs-on-a-chip are capable of, 
reaching the full capabilities of these new devices requires more work. One of 
the biggest technical challenges with the current organ-on-a-chip designs stems 
from materials. One example would be poly (dimethylsiloxane) (PDMS) which 
has been shown to absorb small hydrophobic molecules, which can negatively 
affect drug concentrations and pharmacological activities [3] [6] [7]. Another 
major issue that organ-on-a-chip technology faces are finding the balance be-
tween complexity and practicality, with increasing complexity improves the 
organ-on-a-chip’s physiological relevance but lowers the practicality of control 
and management of the system in question [3]. 

The organ-on-a-chip must deal with dynamic technical challenges, such as 
bubbles in microfluidic channels which can cause damage to the cells and ham-
per chip controls, consistent cell seeding in microfluidic channels, preventing 
microbial contamination, and controlling proper cell-to-cell interactions [7]. 
Organ-on-a-chip models are still far from recreating the complex biology of the 
endocrine, immune and nervous systems, which animal models are still better 
suited for [6]. 

Low and Tangle had found challenges in “cell sourcing, as primary cells from 
human tissue can be difficult to obtain” as well as difficulty utilizing induced 
pluripotent stem cells (iPSCs) since “some organ tissues are less amenable to 
differentiating into the tissues of choice, and the lack of standardized protocols 
can lead to large heterogeneity in phenotype and maturity of cells” [8] [18]. 
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4. Current and Future Applications in Research and Drug 
Design 

Researchers have created organs-on-a-chip for the study of the liver, kidney, in-
testine, lung, heart, smooth and striated muscle, fat, bone, marrow, cornea, skin, 
blood vessels, nerve and blood-brain barrier, among other organs [7]. The con-
stant expansion of distinct organ-on-a-chip models provide opportunities to ex-
plore many organs that have yet to be explored in their desired field. Organ-on- 
a-chip technology can be synergistically integrated with modeling and analysis 
tools already used in drug discovery. Organs-on-chips also have advantages over 
current animal models. Animal studies can effectively emulate the physiological 
complexity at the whole-organism level, animal model based carriers of human 
diseases are now facing increased scrutiny and skepticism regarding their scien-
tific validity and translatability to humans in clinical evaluations [6]. 

With conventional cell culture methods, it has proven to be difficult to mimic 
in vivo-like microenvironments as well as difficulty to provide a number of well- 
controlled stimuli that are critical for stem cell culture and differentiation. The 
utility of organs-on-a-chip to model 3D organ biology can allow for new ways to 
study stem cell differentiation and maturation in in vivo-like systems, and help 
advance the potential of stem cell therapies and regenerative medicine [18] [19]. 
Microfluidic devices, which can control multiple soluble and physical factors 
simultaneously with high precision, provide an ideal and well-defined platform 
for stem cells, helping with studies such as gene transfection, the study of the 
genetic states of stem cells, as well as the development of a wide variety of 
microplatforms. Zhang et al. present that various types of stem cells such as 
ESCs, neural stem cells, induced PSCs, HSCs and MSCs derived from different 
tissue sources were integrated in different microfluidic systems and through 
ability of microfluidics to control stem cell microenvironments with high spatial 
and temporal precision and the ability to conduct experiments under conditions 
resembling in-vivo environments and situations through properly designed mi-
crostructures, surface modification and integration of biocompatible extracellu-
lar materials, it is feasible to maintain a suitable microenvironment for stem cell 
natural growth. [18] [19] [20]. 

The envisioned commercially relevant applications for organ-on-a-chip mod-
els are multi- and singular organ models for drug toxicity screening, human dis-
ease models for drug target discovery and drug development, and models to in-
vestigate routes for drug uptake, such as drug metabolism in the gastrointestinal 
system or uptake via inhalation in the lungs [21]. Other possibilities for future 
studies include the development of predictive human disease models. One area 
of interest is to use organs-on-a-chip to model pediatric diseases and rare dis-
eases, studies of which are limited due to the lack of in vitro modeling ap-
proaches, small patient populations and limited patient availability [6]. One ap-
plication which would be critical to the future of the organ-on-a-chip model 
would be the design and application of a human-body-on-a-chip. The chip 

https://doi.org/10.4236/jbm.2017.59003


S. Shay 
 

 

DOI: 10.4236/jbm.2017.59003 26 Journal of Biosciences and Medicines 
 

model built to simulate the physiology and pathology of the human body, which 
with such a large range of application, could bridge the gap between clinical and 
animal testing, possibly even eliminating the necessity of animal testing as a 
whole [13] [14] [15] [18] [22]. With conventional cell culture methods, however, 
it has proven to be difficult to mimic in vivo like microenvironments. 

5. Conclusion 

With the value of animal research being called into question, and as more meta- 
and systematic research questioning this value continues to become more preva-
lent, alternative solutions will continue to become more desirable. The or-
gan-on-a-chip technology has shown a possibility to be more efficient for re-
search time and finances, as well as having a greater level of translation from in 
vitro research to clinical research. Current models, such as the lung-on-a-chip, 
have demonstrated that this design can mimic the innate cellular responses to 
pulmonary infections, as well as the anatomical and physiological complexity of 
the human organ [6] [13] [14] [15]. Lin et al. presented the possibilities of a new 
multi-layer microfluidic device for effective assessment of drug metabolism, 
drug efficacy and toxicity in different organ-specific cells simultaneously when 
measured next to in vivo models [22]. With the possibility to replicate the hu-
man organ’s physiology and potentially the human body as a whole, the or-
gan-on-a-chip model can become a primary model for the study of toxicity and 
the pharmacokinetics and the pharmacodynamics of drug compounds. 
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