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Ö Z

Son yıllarda, 3R (yerine koyma, azaltma, iyileştirme) prensibi doğrultusunda deney hayvanı kullanımını azaltmak için alternatif 
toksikoloji metotlarına (örneğin, in vitro modeller, in silico veya −omics verilerine) büyük önem verilmektedir. Bu metotlar, yeni 

ilaçların keşfedilmesiyle ilişkili preklinik etkinlik ve güvenliğin hızlı ve doğru bir şekilde tahmin edilmesine ve klinik çalışmalarda ba-
şarısızlık oranlarının azaltılmasına yardımcı olmaktadır. Günümüzde in vitro çalışmalar; iki boyutlu (2D) hücre kültürlerinden, doku, 
organ ve hatta organizmanın fizyolojisini taklit edebilen üç boyutlu (3D) hücre kültürlerine dönüşüm veya değişim içindedir.

Bu bağlamda, 3D kültür modellerinin gelişmekte olan mikroakışkan teknolojilerine entegrasyonu ile çip-üstü-organ sistemleri ge-
liştirilmiştir. Çip-üstü-organ sistemleri, ilaç araştırma ve geliştirme (Ar-Ge) sürecinde doz-yanıt ve toksisite mekanizmalarının iyi 
anlaşılmasını sağladığı için, ksenobiyotiklerin insan vücudu üzerindeki etkisinin tatmin edici düzeyde tahmin edilmesi mümkün ol-
maktadır. Ayrıca, bu sistemler farmakokinetik-farmakodinamik parametrelerin ve ilaç direncinin değerlendirilmesini destekleyebilir. 
Modeller, test edilen ksenobiyotiğe yanıtı incelemek için “çip-üstü-hastalık modelleri” şeklinde veya sağlıklı hücrelerle üretilebilir. 

Bu derleme kapsamında; çip-üstü-organ sistemlerinde kullanılan mikroakışkan sistemleri ele alınmakta ve karaciğer, böbrek, beyin, 
akciğer, kalp ve bağırsaklar gibi çeşitli örneklerin mikro-ortamlarının ve fizyolojik özelliklerinin çip-üstü-organ modellerine yansıtıl-
dığı toksisite çalışmaları için potansiyelleri vurgulanmaktadır.
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A B S T R A C T

In recent years, great emphasis has been placed on non-animal toxicological methods (e.g. in vitro models, in silico or −omics 
data) as alternative strategies to reduce animal-testing, in line with the 3R (Replacement, Reduction, and Refinement) principle. 

These methods help in the rapid and accurate estimation of preclinical efficacy and safety associated with discovery of new drugs, 
and reduction of failure rates in clinical trials. Currently, the in vitro studies have been in a transformation or replacement from 
two-dimensional (2D) cell cultures to three-dimensional (3D) cell cultures that can mimic the physiology of tissues, organs, and 
organisms.

In this context, organ-on-a-chip systems have been developed by integration of 3D culture models with emerging microfluidic 
technologies. Since the organ-on-a-chip systems provide a good understanding of dose-response and toxicity mechanisms in drug 
research and development (R&D), the impact of xenobiotics on the human body can be predicted in a satisfactory level. Besides, 
these systems may support assessment of pharmacokinetic-pharmacodynamic parameters as well as detection of drug resistance. 
Models can be generated as “disease-models-on-a-chip” or with healthy cells to the evaluate response to xenobiotic under test.

In this review, we will focus on the microfluidic systems being used in organ-on-a-chip systems and emphasize their potential for 
toxicity studies in which micro-environments of examples including liver, kidney, brain, lung, heart, and intestines and their physio-
logical properties as reflected to organ-on-a-chip models.
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INTRODUCTION

The discovery of a potential drug, i.e. finding new mo-
lecules or modified-versions of existing ones, may 

become “finding a needle in a haystack”.  Moreover, 
drug development may be required to provide better 
routes of drug delivery to the target or to obtain su-
perior pharmaceutical dosage forms. Last but not least, 
for application to the approval or licensure process, the 
potential new drug must pass many tests, which gene-
rally begin in the laboratory moving forward to in vitro 
and in vivo tests and if the candidate continues to show 
promise, it may proceed to the clinical studies. There-
fore, drug discovery, development, and approval are 
not only complex and time-consuming but also, they 
require a perfectly harmonized system and teamwork. 
In this context, the preclinical step, as summarized in 
Figure 1, may comprise in vitro human cell cultures or 
experimental animal testing to obtain the efficacy and 
safety data of the drug candidate in terms of pharma-
cokinetics and pharmacodynamics, drug toxicity, and 
treatment method [1]. However, currently available in 
vitro human cell culture studies may not fully reflect the 
complexity of living systems and may not be capable of 
modeling the tissue-tissue or organ-organ communica-

tion. Also, they might have limited prediction capability 
in complex drug metabolism and the effect of metabo-
lites on non-target tissues [2]. In addition, the animal 
tests are preferred because there are some difficulties 
in obtaining the primary cells homogeneously from the 
human tissue, as well as pitfalls including early aging of 
the cells, and the phenotypes or metabolic characteris-
tics of the cells [3]. On the other hand, while currently 
accepted as the gold standard, the use of experimental 
animals is often costly, time-consuming, and an ethi-
cally debated process [4]. However, more critically, the 
findings related to drugs in experimental animals may 
not reflect the actual situation in humans, or may not 
be easily extrapolated from the test species [5].

Overall, the human body is composed of highly complex 
systems to perform various functions. Therefore, there 
is an urgent need to develop physiologically relevant, 
appropriate models similar to human tissues and organs 
for use in drug discovery and disease modeling.  In this 
vein, recent advancements in microfluidic technologies 
have provided new and effective methods for providing 
drug research at the micro-level [6–9]. The technology 
resulting from these developments provides a practical 
solution to many of the problems associated with the 

Figure 1.  An overview of the drug research and development process and the role of “Microfluidics”
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above-mentioned in vitro cell culture and experimental 
animal use. The organ-on-a-chip systems allow a wide-
range of applications, including cell culture models [4]. 
Typical organ-on-a-chip systems are designed to per-
form activities and physiological responses of organs, 
which have controllable compartments and channels 
in the micrometer range, and enable the movement of 
small volumes of liquids or gases through these chan-
nels providing physiologically relevant conditions [3].  
The main motives behind this technology is to replace 
current tools (e.g., animal testing, 2D cell culture studi-
es) with more specific, accurate, and high-throughput 
tests which can help provide a faster research period 
so that the drugs can enter the market earlier; more-
over, the number of researched drugs are expected to 
increase in these settings [4]. More complex devices 
may include multiple cell types separated by porous la-
yers that mimic the basal membranes of barrier tissues 
[1]. These multichannel chips are the focus of research 
by providing modeling of tissue-tissue or tissue-blood 
interactions and barrier functions. Barrier tissues are 
important in understanding the integrity and function 
of the barrier, the communication between tissues or 
tissue-blood [3]. In the last few years, liver [10], kidney 
[11,12], lung [13], brain [14], heart [15,16], and multi-
organ [17,18] and disease-models [19] have been used 
in drug research and toxicity assessments.

The scope of this review is to emphasize the importan-
ce of research on microfluidic devices in toxicity studies 
by 3-dimensional (3D) cell culture applications in tissue 
engineering, and to compile information on recent de-
velopments for potential applications of these techno-
logies in various areas of toxicology, especially in drug 
research and development.

Microfluidics
Microfluidics is briefly defined as the emerging field 
of engineering and application of devices that apply a 
controlled fluid flow in micro-scale channels. It is the 
science and technology of systems that process very 
small amounts of fluids (e.g. 1 nL), using miniature-
channels (tens to hundreds of micrometers) [20]. The 
main concept of microfluidics is to integrate the overall 
laboratory into a compact micro-dimensional system. 
A microfluidic chip is composed of micro-channels for-
med generally by molding or engraving. These micro-
channel networks formed in the microfluidic chip are 
connected to the macro-environment using inlet and 
outlet ports with fluidic connectors of different sizes 
specially prepared on the chip. 

A microfluidic platform serves as a consistent tool for 
miniaturization and parallelization of processes to be 
assayed [21]. Moreover, these systems provide the re-

Figure 2.  Distribution of top-25 “Web of Science Categories” within the published items on “Microfluidics” as of 15.01.2020.  The 
top-5 topics are in the order of “Nanoscience-Nanotechnology”, “Analytical Chemistry”, “Multidisciplinary Chemistry”, “Instruments-
Instrumentation”, and “Electrical-Electronic Engineering”. The rank of “Pharmacology Pharmacy” field is 26th after “Cell Biology”, with 
353 items, while “Toxicology” is represented in the 76th rank with 41 items.
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quired platform for the integration and automation of 
multiple assays, and also, they facilitate imaging and 
tracking of tests or conditions. The historical evolution 
and diverse aspects of microfluidic systems have been 
reviewed in detail elsewhere [20,21]. 

This technology may be applied to diverse areas inclu-
ding an increasing number of engineering fields, che-
mistry, life sciences, forensics, and more recently in 
health-related studies [22–25]. Microfluidic chips have 
found application areas such as drug R&D, disease mo-
deling, and toxicity research. There are many examples 
realized with microfluidic chip platforms such as sig-
nal amplification [26], capturing targets using affinity 
and size-based separation via antibody-conjugated 
magnetic beads [27], and detection of rare mutations 
[28]. As shown in Figure 2, the distribution of “Web of 
Science Categories” within the published items on the 
topic “Microfluidics” reveals that the top-5 topics are 
in the order of “Nanoscience-Nanotechnology”, “Analy-
tical Chemistry”, “Multidisciplinary Chemistry”, “Instru-
ments-Instrumentation”, and “Electrical-Electronic En-
gineering”. While the rank of “Pharmacology Pharmacy” 
field, with 353 items, is 26th after “Cell Biology”; cur-
rently “Toxicology” is represented in the 76th rank with 
41 items. In this sense, an interesting review by Sack-
mann et al. [29] underlines the fact that the majority 
of publications related with microfluidics are published 
in engineering journals (85%), whereas the biology and 
medicine journals could take some publication share 
from interdisciplinary journals (9% and 6%, respecti-
vely).

Materials in Conventional Microfluidic Platforms
Since microfluidic technologies have found use in dif-
ferent applications with expanding demands that incre-
ase day by day, the selection of materials has a strong 
impact on the performance of the devices. Once chemi-
cals or biological materials (e.g., proteins or cells) enter 
a microfluidic device, the characteristics of the materi-
al may impact the outcome [30]. As also shown in the 
historical timeline of developments in materials used in 
microfluidics [31], obviously, the synergistic innovation 
of materials and microfluidic platforms plays a critical 
role in the sophisticated and sustainable implemen-
tation of microfluidics-based technologies in various 
disciplines. Thus, on the one hand innovative materials 
serve for the emerging applications of microfluidics, on 
the other hand microfluidic systems provide robust and 
flexible platforms for the fabrication of materials with 

superior characteristics. Comprehensive studies which 
include reviews by Berthier et al. [32], Ahadian et al. 
[33], Zhang et al. [34], and Nielsen et al. [35] have sum-
marized the materials used in microfluidics. Specifically, 
the comparative strengths and limitations of materials 
available for microfluidic cell-based device fabrication 
has also been covered in detail [32], in view of the abi-
lity to fabricate the microsystems, and to perform cont-
rollable cell-based experiments, as well as the potential 
for integrated micro-engineering applications. 

The selection of microfluidic chip materials serves the 
aim to fabricate a micro-scale chip that is functional, 
low-cost, and portable. In other words, the main con-
cerns in commercialization are ease of fabrication, re-
liability, ease of adoption by the end-user, and cost. In 
this sense, as briefly summarized in Table 1, there are 
different types of materials such as inorganics, elasto-
mers, plastics, hydrogels, paper, hybrid and composite 
materials [36].

For microfluidic devices used in cellular analysis, there is 
often a need for a material in which the micro-channels 
are embedded to be porous (for exchange of nutrients, 
CO2, O2, etc.) to allow the cells to communicate with the 
external environment [37]. In general, hydrogels are 
considered suitable materials, since pores can be adjus-
ted via thermal or electrical manipulations. Essentially, 
the choice of a suitable material for any type of micro-
device depends on the microfluidic test applied. As a 
result of new microfluidic device applications and incre-
asing demand for more flexible and advanced functio-
nality, the range of materials applicable to microfluidic 
systems is continually expanding. The most commonly 
used substrates today include silicone, glass or quartz 
and polymers [37]. 

The microfluidic systems are generally produced from 
transparent polymeric materials, since this feature 
enables a user-friendly tracking or testing. In the late 
1990s, with the concept of using polymer materials 
in microfluidics, the use of silicon and glass materials 
has shifted to polymers. Compared to silicon and glass, 
polymers are low-cost materials and feature a wide va-
riety of properties to meet diverse application demands 
in disposable biomedical microfluidic devices, as well as 
various promising applications [38]. In general, elasto-
mers (e.g. polydimethylsiloxane, PDMS) and plastics (e.g. 
polymethylmethacrylate, PMMA) are utilized (Figure 3). 
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Conventionally, microstructures can be manufactured 
by either casting, injection-molding or thermal-molding 
[39]. All of these methods are based on repeated use of 
a mold containing the prefabricated negative pattern 
of the final microstructure. A similar process is widely 
used for mass production of polymeric products, whe-
reby the production costs of devices made of polymers 
are much affordable as compared to other materials. 
High aspect ratio and complex microstructures can be 
easily obtained from these materials [40]; however, the 
quality of the mold is critical. 

The main limitations in the use of polymers are based 
on their relatively poor surface properties and com-
patibility problems with organic solvents. However, by 
understanding the concept of surface modification and 
unique surface properties (e.g. surface charge, hydrop-
hobicity), functional surfaces can be obtained on diffe-
rent substrate materials by selecting suitable methods 
and reagents for modification [42]. A recent example is 
the application of a biodegradable-polymer as the ba-
se-material for the production of micro-devices with 
embedded microfluidic networks similar to microvas-
cular systems, extending the application area to tissue 
engineering [43]. Similarly, Ogilvie et al. [44] have fab-
ricated the channels using micro-milling and demons-
trated that exposure of the polymers to an appropriate 
solvent vapor (chloroform for PMMA, cyclohexane for 
COC) reduced the surface roughness significantly. The 
re-flow of polymer when exposed to a solvent vapor has 
also been shown to reduce the surface roughness (from 
200 nm to 15 nm). This novel surface treatment method 
may complement other rapid fabrication techniques for 

low-cost and high-quality microfluidic prototyping. In 
order to determine the best solvent mixture, Faghih 
and Sharp [45] have used solvent-based bonding with 
different solvent mixtures, curing times and temperatu-
res. The results have shown that bonding strength and 
optical clarity have been improved when corona surfa-
ce treatment was applied just before the solvent. 

PDMS is probably the most preferred material in today’s 
microfluidic devices due to several advantages. The 
first use of PDMS in microfluidic devices was descri-
bed by Whitesides et al. (2001) [46]. PDMS has been 
shown to be a strikingly versatile material that enables 
a variety of new functions and applications in microf-
luidics. An interesting property of PDMS is its elasticity 
[37]. For example, multi-layer fluidic structures can be 
produced from PDMS; for this process, a small force 
that causes the deformation of a fluid channel is first 
applied for a short time, which can act as active valves 
or pumps [47]. Apparently, the most important issues 
in biological applications in microfluidic platforms are 
biocompatibility and cell viability. In this context, its 
low toxicity, high permeability to O2 and CO2, and ex-
cellent optical transparency, make PDMS a suitable 
material in the production of micro-channels for both 
proliferation and survival of the cells in optimum con-
ditions and for technical observation [20]. In principle, 
PDMS is biocompatible (nontoxic to tissues and does 
not have harmful effects); it shows low autofluorescen-
ce and is inexpensive [48]. This material can be readily 
formed using PDMS molding; thus, there is no limit in 
the design of device [49]. On the other hand, PDMS 
can absorb small hydrophobic compounds [50]. Since 

Figure 3.  Two examples of microfluidic platforms. Left: A glass bottom and PMMA middle and top cover. In the channel, gold coated 
micro-arrays were designed for capturing cells and imaging. Right: A glass bottom and PDMS top layer, in the channel, micro posts were 
designed to filter out cells based on size.
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hydrophobic drugs and fluorescent molecules tend to 
spread to PDMS walls of microfluidic devices, the con-
centration decrease in solution may affect the accuracy 
and reliability of analyzes [51]. In other words, if PDMS 
absorbs and retains the active substance in test, it may 
not be possible to detect the potential toxicity due to 
the unexpected concentration decrease [49]. In a study 
in which four cardiac drugs were tested on the PDMS-
based chip, and drug absorption of the PDMS material 
was measured by HPLC, the absorption was shown to 
be variable and time-dependent and not as determined 
by hydrophobicity as previously claimed. The presence 
of two commercially available lipophilic coatings and 
cells appeared to affect absorption [52]. However, the 
investigation of the adhesive properties of the cells on 
a chip showed that it had no negative effect on cellular 
conditions and cellular behavior. PDMS-based microflu-
idic systems have been shown to maintain the normal 
cell viability for several weeks. The biocompatibility of 
microfluidic systems based on PDMS, and other materi-
als such as silicon oxide and glass, was investigated and 
showed good cell viability [53].

Some alternative thermoplastics including polystyrene, 
polycarbonate, and PMMA are also available, and these 
materials are both optically transparent and less absor-
bent than PDMS [54]. Besides obtaining the desired spe-
cifications with sufficient quality to ensure the functio-
nality, a major key factor is the selection of appropriate 
fabrication method, considering the overall cost of the 
method, including equipment, operational, and produc-
tion costs, as discussed by Guckenberger et al. [55]. In 
an effort to make microfluidic research more accessible 
and cost-effective, thermoplastic materials have gai-
ned interest as an alternative to conventional materials, 
particularly for commercial applications. Thermoplastic 
materials offer a number of advantages with respect to 
PDMS molding for rapid, low-cost microfluidics due to 
their better mechanical properties, hydrophilicity and 
versatility in design and fabrication [56]. Being compo-
sed of linear and branched molecules, the thermop-
lastic materials are durable against temperature and 
pressure changes and they resist structural breakdown. 
These materials have good physical and chemical cha-
racteristics (e.g., low electrical conductivity and high 
chemical stability), and they are cost effective for mass 
production. Thermoplastics can be softened and made 
to flow by applying heat and pressure. During cooling, 
the polymer hardens and without any chemical altera-
tion it takes the shape of the container or mold. Low 

cost fabrication methods for high-throughput producti-
on of microfluidic systems can be successfully achieved 
using thermoplastics [57]. In addition, the laser cutting 
method is available for polystyrene and PMMA to cre-
ate layers of microfluidic devices [58]. In a recent study, 
Day et al. presented injection molded open microfluidic 
inserts fabricated from polystyrene, to use with stan-
dard cell culture well plates that allow control of evapo-
ration and enable high resolution imaging for cell cul-
tures. These microfluidic inserts developed for cultures 
suitable for mass production and have been tested with 
samples including culture of primary testis cells from 
surgical patients [59]. 

Recent improvements in microfluidics, with advance-
ments of soft-lithographic and micromachining techni-
ques in the last couple of decades, have allowed the de-
velopment of versatile platform technologies providing 
cost-, labor-, and time-efficient operation with small 
volumes of reagents and samples [60]. In a microfluidic 
platform integrated with micro-gas exchanger capable 
of imposing various physiological conditions, such as 
flow and hypoxia, in a closed system, an approach mi-
nimizing the cost of materials and complexity in design 
and manufacturing of microfluidic channels with preci-
se oxygen tension control has been presented [61]. To 
benefit the advantages of different materials and fab-
rication methods, microfluidics systems are composed 
of hybrid materials [62]. A viable option especially for 
small hydrophobic systems is the use of glass-based 
systems that limit the absorption in cell-based assays 
[63]. The paper is generally highly preferred for com-
mercial disposable biological assays, while it may be in-
corporated into a hybrid chip to take advantage of the 
above-mentioned materials. Thus, combinations can be 
created based on the desired functions [36].

Manufacturing techniques for microfluidics can be divi-
ded into three categories: subtractive (etching), additi-
ve (also known as 3D printing), and molding (also known 
as formative). Photolithography can be defined as the 
process of transferring specified geometric shapes on a 
mask to the surface of a silicon wafer. Digital manufac-
turing (additive or subtractive) is a very good case study 
for improving fabrication processes [64]. The state-of-
the-art three-dimensional (3D) printing technology can 
offer a good alternative to the production of biochips 
[65], especially in conjunction with computer-aided 
designs. Since printing takes place layer-by-layer, sen-
sors and mechanical parts can be inserted into the chip 
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at any point or position. Because of the low material 
cost, it is considered suitable for routine and practical 
use in drug R&D studies [49]. However, this technology 
is in its infancy and there are many aspects that need 
to be developed [66]. For instance, a 3D hollow micro 
glass structure is difficult to produce with 3D printing, 
because the materials used during production block 
the hollow parts. Kotz et al. (2019), developed a new 
technique to prevent clogging of hollow parts and with 
this new technique, they produced the glass chip using 
three-dimensional printers [67]. In the microfluidic de-
vice fabrication, it was suggested that the emerging use 
of advanced additive manufacturing technologies, inc-
luding 3D-printing, may provide better opportunities in 
many applications. For example, Alapan et al. [62] have 
presented a novel hybrid manufacturing technique that 
combines 3D printing and laser micromachined lami-
nation for complex 3D microfluidic device fabrication. 
In this hybrid technique, the assembly of 3D printed 
parts together with laser micromachined layers via la-
mination approach has been shown to offer a cost- and 
labor-efficient fabrication of standardized microfluidic 
discrete elements and modules. As an alternative to 
lithography, lamination-based fabrication approaches 
are becoming prevalent, in which a laser micromachi-
ned layer is sandwiched between a 3D printed layer and 
a glass surface, forming channels in micrometer scale 
(50–500 μm). Lamination method offers numerous 
advantages over lithography, including simple manual 
assembly, use of off-the-shelf materials, cost-efficient 
fabrication, disposable usage, and operation by mini-
mally trained personnel.

For more details, we refer to several comprehensive 
reviews on specific topics including the state-of-the-art 
in micro and nanoscale devices with highlight to major 
platform technologies, namely microcantilevers, mic-
ro/nanopillars, and microfluidics [68], hydrogels [69], 
paper-based systems [70], and emerging terms such 
as “Pharm-Lab on a Chip” [71]. In addition, several fi-
elds including forensic sciences have adopted use of 
microfluidic devices, such as in the tests of controlled 
substances (e.g., methamphetamine, amphetamine, 
cocaine, and oxycodone) [72], in the estimation of the 
post-mortem interval using paper-based analytical de-
vices at crime scenes [73], and as presumptive tests in 
fast, simple and simultaneous screening of four biologi-
cal fluids at crime scenes [74].

Organ-on-a-Chip Systems and a Brief Overview on 
Applications in Toxicology 
An “organ-on-a-chip” is a microfluidic device designed 
to obtain a functional unit in which the selected cells 
of the organ are cultured in a continuously-perfused, 
small-sized (micro or nano) chamber-system to simu-
late the physiological conditions [1]. An example of an 
organ-on-a-chip system is depicted in Figure 4. This 
system includes interconnected four compartments to 
model the four human tissues:  intestine, liver, skin and 
kidney.

One of the major challenges for the pharmaceutical 
industry appears as the safety issues that become evi-
dent during the post-market phase. In recent years, the 
main safety concerns regarding drugs seems to be rela-
ted with- but not limited to- cardiac, renal, and hepatic 
toxicities which can lead to serious adverse reactions, 
even to life-threatening consequences and death. Such 
an alarm may end up with the withdrawal of the drug. 
Therefore, it is extremely critical to identify the toxic 
effects in an early phase in order to prevent long-term 
consequences. For this purpose, the development of 
rapid and highly accurate toxicology assays and models 
has become a strategic issue for the pharmaceutical 
industry [75]. As depicted in Figure 1, prior to clinical 
trials, there are preliminary studies to establish a safe 
dose. In drug toxicity studies, the availability of microf-
luidic devices may provide a great advantage in these 
steps [76]. 

As described earlier, experimental animals have long 
been in use to provide a systemic view since they offer 
strictly-controlled models similar to human physiology; 
however, they have some limitations. Besides ethical 
concerns, several real-life examples, including drug 
safety issues, have shown that these models may not 
accurately reflect or predict the actual consequences 
in human, due to species differences. In need of a stan-
dardized platform that mimic the “human” within an “in 
vitro” environment, the researchers started to develop 
models with high-throughput characteristics, that are 
less time-consuming, more feasible, and also control-
lable. 

In this context, the earlier applications adopted conven-
tional cell culture models that are typically performed 
in two dimensions (2D) using flat cell culture plates; 
thus, 2D cell culture applications, although consisting 
of human cell lines, still could not completely simulate 
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the required complex nature of model tissue and di-
sease processes [77]. This can be briefly explained by 
the fact that the 2D cell cultures lack the components 
which are available “in vivo”, including the complex and 
information-rich environment with extracellular matrix 
components, mixed cell populations, diverse interacti-
ons, and cell-secreted factors [78]. 

In order to overcome this limitation, 3D culture systems 
that allow better reflection of the properties specific 
to complex tissues have been developed by means of 
tissue engineering [79]. In the last decade, the use of 
3D culture models has been in rise, especially to incre-
ase the similarity to in vivo. Briefly, the 3D cell culture 
is created in an artificial environment where cells are 
allowed to grow and interact with their environment in 
three dimensions. The organization within 3D culture 
systems provides a more realistic and physiologically 
relevant micro-environment, allowing various cellular 
interactions [49,80]. In addition, creating 3D-printed in 
vitro tissue models is advantageous for well-preserved 
tissue functions and long-term culture; however, this 
option also comes with its own challenges, including 
the insurance to sustain regular liver cell functions for 

more than 30 days [81], high variability in the size of the 
organoids as well as the difficulty of retaining the cells 
in consistent positions in these structures for required 
durations [1]. 

To this end, 3D cell culture applications are of interest, 
since they help to produce more realistic models of 
organ-on-a-chip [82]. The environment in microfab-
ricated systems mimics those found in vivo. Most im-
portantly, the microfluidic devices can be designed to 
resemble the cellular structures and traffic inside the 
human body, chemical environment can be organized 
to mimic the complex and dynamic 3D network, the 
materials used for fabrication of microfluidic devices 
are often compatible with the required conditions and 
processes such as O2 and CO2 gas exchange, nutrition, 
moisture, removal of metabolites, thus enable better 
growth and proliferation of cells in 3D culture, the de-
vices offer a multifaceted technology handling various 
processes such as culture, replenishment of medium, 
cell detachment, sampling, mixing, capture, and detec-
tion; moreover, the use of nanoliter volumes of samples 
and reagents makes the system very cost effective [83].
Kwak et al. developed microfluidic platforms using 2D 

Figure 4.  A multi-organ-on-a-chip device comprising four organs [17]. 
a) The 3D view of the device comprises two polycarbonate cover-plates, the PDMS-glass chip (footprint: 76 mm × 25 mm; height: 
3 mm) accommodating a surrogate blood flow circuit (pink) and an excretory flow circuit (yellow). The culture compartments are 
numbered as (1)intestine, (2)liver, (3)skin, and (4)kidney. A central cross-section of each tissue culture compartment aligned along the 
interconnecting microchannel is depicted. 
b) The fluid dynamics in device: Top view of the four-organ-chip layout illustrating the positions of three measuring spots (A, B and C) 
in the surrogate blood circuit and two spots (D, E) in the excretory circuit. 
c) Average volumetric flow rate plotted against pumping frequency of the surrogate blood flow circuit and the excretory circuit.
Reprinted with permission from Ref[17] Copyright© 2015 The Royal Society of Chemistry.
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and 3D cancer cell cultures, and reported that while 
2D models are easy to use and reproduce, 3D models 
have been preferred to eliminate the cellular difference 
in drug resistance resulting from differences in tumor 
microenvironment [84]. In an approach to investigate 
the efficacy of photodynamic therapy, Zuchowska and 
colleagues have used microfluidic culture models based 
on spheroids consisting of a co-culture of cancer and 
non-malignant breast cells [85], and also in 3D lung 
spheroid cultures [86].

In general, monitoring organ-on-a-chip systems appe-
ars to be a typical challenge. Zhang et al. have develo-
ped an automated modular physical, biochemical, and 
optical sensing platform, interfaced with a multi–organ-
on-a-chip system. In an uninterrupted and automated 
manner, this platform monitors microenvironmental 
parameters (e.g., pH, O2, temperature), measures solub-
le biomarkers via electrochemical immunobiosensors, 
and observes morphology using miniature microscopes. 
The system has been used to monitor acetaminophen-

Organs Details References

Liver

The decellularized liver matrix-based liver tumor-on-a-chip 
and its application for drug toxicity testing

Lu et al., 2018 [10]

Investigation of drug interactions in encapsulated 
hepatocytes in 3D micro tissues

Li et al., 2014 [93]

Characterization of toxicity of various compounds using 
liver co-culture and smart-scale analysis

Shintu et al., 2012 [94]

Testing the effects of ethanol-induced toxicity on liver 
sections

Hattersley et al., 2011 [95]

Investigation of drug metabolism using liver and intestinal 
sections

van Midwoud et al., 2010 [96]

3D HepaTox Chip preparation for hepatotoxicity testing Toh et al., 2009 [97]

Kidney

Screening drug-transporter interactions and toxicity in 3D 
microfluidic proximal tubule epithelial cells model

Vriend et al., 2018 [11]

Exposure to nephrotoxic cisplatin in a microfluidic system 
of renal proximal tubular epithelial cells

Vormann et al., 2018 [12]

Exposure to fluid flow to investigate nephrotoxicity and 
establish its function

Jang et al., 2013 [98]

Testing the effects of drugs on a dynamic kidney 
microfluidic chip

Baudoin et al., 2007 [99]

Brain

Drug permeability test through blood-brain barrier Yeon et al., 2012 [100]

Permeability of atenolol, caffeine, cimetidine, hydroxyzine, 
prazosin, propranolol, trazodone tested in a model of the 
blood-brain barrier

Shayan et al., 2011 [101]

Heart

The in vitro effect of isoproterenol on electrically-
stimulated cardiac microtissues (within heart-on-a-chip) 
was tested.

Agarwal et al., 2013 [102]

A drug dose-response experiment was performed by 
applying epinephrine in a heart-on-a-chip design developed 
for in vitro cardiac contraction and pharmacological studies.

Grosberg et al., 2011 [15]

Lung

Modeling of the nasal epithelium for formaldehyde toxicity 
testing

Wang et al., 2014 [13]

Modeling of disease functions by means of a chip 
undergoing cyclic mechanical stress

Huh et al., 2012 [19]

The cellular response and resistance to anticancer drug 
were tested.

Siyan et al., 2009 [103]

Intestine

Creation of a microfluidic chip model to examine the 
gastrointestinal tract and estimate drug toxicity

Mahler et al., 2009 [90]

Testing the permeability of the drug in the intestinal 
epithelial cell membrane by micro-hole trap

Yeon et al., 2009 [104]

Table 2. A brief overview of some microfluidics-related studies on toxicity/drug testing
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induced organ toxicity in a liver-and-heart-on-a-chip 
platform and also liver-cancer-and-heart-on-a-chip 
platform challenged with doxorubicin [87].

The organ-on-a-chip systems developed for drug scree-
ning and development purposes and their main advan-
tages over the conventional methods were summari-
zed, and it has been emphasized that these platforms 
provide more accurate models closer to native tissues 
[88]. As shown in Table 2, we listed some organ-on-a-
chip systems that display the expected outcomes, with 
promising results. The liver is the main organ where 
drugs are metabolized and is therefore a common tar-
get for drug-induced toxicity, presenting a hot-topic in 
this field. Since the liver is susceptible to a wide range 
of diseases, relevant systems to test the potential hepa-
totoxic xenobiotics are of highest interest [89].  Hepatic 
phenotypes and functionality are lost due to the rapid 
differentiation of 2D liver cell cultures, and 3D cell cul-
ture systems more accurately reflect physiology; there-
fore, various 3D culture strategies are still under deve-
lopment and in optimization phases. In many of these 
models, hepatocytes retain their phenotype for a long 
time. It also provides an opportunity to investigate the 
potential of newly developed chemicals to cause chro-
nic hepatotoxicity. Mahler et al. (2009) have utilized a 
model of gastrointestinal tract organ-on-a-chip system 
to test the impact of oral acetaminophen overdose. As 
the concentration of acetaminophen increased, the le-
vels of glutathione and liver cell viability were reduced, 
which indicate the organ-specific effects caused by the 
hepatotoxic metabolite of acetaminophen [90]. Anot-
her point is the complex interaction between hepatocy-
tes and immune cells: In the future, the development of 
more integrated culture models to investigate immuno-
toxicity may also be possible [91]. 

Antibiotics can lead to several side effects, including 
nephrotoxicity and hepatotoxicity. Since the effects of 
antimicrobials on mammalian cells require extensive 
studies, as well as the urgent need for inexpensive, fast 
and accurate tools and techniques that can help in the 
discovery and development of new antimicrobial drugs, 
a viable tool is required. In this sense, microfluidic devi-
ces are considered to be an excellent option to facilitate 
the evaluation of antibiotic activity and focus on recent 
developments of microfluidic devices for rapid antibio-
tic susceptibility testing. Two microfluidic systems have 
been developed in order to facilitate the evaluation of 
the side effects of antibiotics and the toxicity of the 

drug on human tissues in the treatment of infections. 
The first one is a cell-on-a-chip system that provides 
cytotoxicity information in the testing of drug candi-
dates (e.g., mechanism of action, dose-response). The 
other is an organ-on-a-chip system that provides phar-
macokinetic and toxicological information required in 
drug development [92].

Another representative example is the respiratory 
system. The upper respiratory tract acts as the first 
line of defense against many air pollutants. Finger-like 
protrusions called cilia located on the mucous memb-
rane are moved back and forth when irritated, and 
this coordinated movement is critical to help detoxify 
xenobiotics in exposure via inhalation. A model which 
simulates this specific protective mechanism, in which 
human nasal epithelial cells are integrated, has been 
used to evaluate the toxicity of formaldehyde in gas 
phase transmitted by air [13]. A lung-on-a-chip system 
was described in [105] is a microphysiological system 
that replicates the functional unit of the living human 
lung. The microdevice includes a poly(dimethysiloxane) 
membrane so that mechanical stretching can be appli-
ed to adherent cell layers mimicking human breathing. 
In this context, Hiemstra et al. have reviewed the cur-
rent literature and suggested that in view of the rapid 
developments in 3D culture of primary epithelial cells, 
generation of lung epithelial cells from induced pluri-
potent stem cells and organ-on-a-chip technology, the-
se state-of-the-art models designed for evaluation of 
inhaled toxicants is expected to offer an alternative or 
complementary to animal exposure studies [106].

Since organs function within an orchestration in the body, 
encompassing a vast complex of networks, the generated 
microfluidic systems are expected to simulate the physi-
ological conditions. Organs in the human body are often 
interconnected by complex biological mechanisms. There 
is a strict communication between different organs and 
tissues by networks. Mimicking the biological mecha-
nisms of the human body requires the development of a 
model that mimics multiorgan interactions. How multiple 
organs respond to drugs is an extremely critical issue that 
can affect the efficacy and toxicity of drugs. Multiple or-
gan models allow the examination of the linkage between 
different organs to better evaluate the safety and efficacy 
of a compound [107]. A number of organ-specific toxicity 
models are available; however, drugs may interact with 
multiple tissues/organs in the body, causing a complex 
overall response [108]. 
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In Table 3, we summarized some multiple-organ-on-a-
chip examples that provide a snapshot of microfluidic 
platforms with promising results. 

Similar to these examples, Oleaga et al. (2016) used a chip 
system comprising four organ systems (liver, heart, nerve 
and muscle) in which a continuous flow of a serum-free en-
vironment was achieved in order to evaluate multi-organ 
toxicity. The effects of electrical and mechanical respon-

ses to five drugs (doxorubicin, valproic acid, acetaminop-
hen, 3-acetamidophenol and atorvastatin calcium) were 
observed in each compartment. It was concluded that the 
findings were consistent with the toxicity data in humans 
and animals. For example, doxorubicin has been shown 
to lead to a decrease in the frequency of cardiomyocy-
tes. This is due to the toxicity caused by the metabolite 
of doxorubicin. When acetaminophen was applied to the 
system, there was a decrease in hepatocyte viability. This 

Multi-Organ
Applications

Drugs and Applications References

Liver
Heart

(incl. a heart-only 
system)

- The cardiotoxic response to terfenadine has been shown 
in the system.

- Another previously discovered proprietary small drug 
molecule that is transformed into a cardiotoxic metabolite 
has also been tested in the heart:liver system.

McAleer et al., 2019 
[109]

Liver
Intestine

The model describes the characterization of 
pharmacokinetic properties of acetaminophen.

Marin et al., 2019 
[18]

Kidney
Intestine

This intestine-kidney chip, containing co-culture of the 
intestinal and glomerular endothelial cells, provided an 
integrated, cost-effective platform for assessment of drug 
absorption-related nephrotoxicity in vitro. Consistent with 
clinical evidence, the nephrotoxicity of a selected drug 
(digoxin) has been shown to be altered via absorption by 
other drugs. 

Li et al., 2017 
[110]

Liver
Intestine

Skin
Kidney

The four-organ-chip system has been reported to provide 
near-to- physiological fluid-to-tissue ratios.
This is the first approach in a microfluidic system, to 
generate an absorption-distribution-metabolism-excretion 
(ADME) profile and repeated-dose systemic toxicity testing 
of drug candidates.

Maschmeyer et al., 2015 [17]

Liver
Skin 

The system supports two different culture modes: 
- tissue exposed to the fluid flow,
- tissue shielded from underlying fluid flow by standard 
Transwell® cultures. 
Liver micro-tissues has been shown to exert sensitivity at 
different molecular levels to troglitazone.

Wagner et al., 2013 
[111]

Liver
Intestine
 (tumor)

The system correctly assays the overall digestive properties 
of oral anticancer agents (e.g., cyclophosphamide and 
tegafur).
Anticancer activity and drug metabolism were tested.

Imura et al., 2012
[112]

Liver
Brain

(tumor)
The cytotoxicity of anticancer drugs, including 
temozolomide and ifosfamide, was tested.

Ma et al., 2012
[113]

Liver
Bone marrow

(tumor)

Anticancer drug (e.g., 5-FU) was tested in a microfluidic 
device based on a pharmacokinetics-pharmacodynamics 
model connected by fluid channels to test drug toxicity.

Sung et al., 2010
[114]

Liver
Colon cancer

Bone marrow cell line
Anticancer effects of 5-FU and tegafur were tested.

Sung and Shuler, 2009
[115]

Table 3. A snapshot of studies about multi-organ-on-a-chip systems.
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system appears as the first pump-free organ-on-a-chip 
that can reflect the body’s response to drugs for 14-days 
[116]. The critical importance of bioactivation was illustra-
ted in a study. Li et al. (2018) developed a liver-kidney chip 
capable of effectively evaluating drug metabolism in the 
liver and conducted a nephrotoxicity study on this device. 
The active substances used in the experiment were identi-
fied as nephrotoxic, leading to changes in cell viability, LDH 
leakage and permeability of kidney cells to large protein 
molecules after biotransformation in the liver. Nephroto-
xic responses after hepatic metabolism observed in the 
liver-kidney chip were similar to physiological responses in 
the clinic [117].

In a different perspective, a multi-organ microfluidic 
platform was established to recapitulate the entire bra-
in metastasis (BM) process, and it was applied to the 
BM pathology research, especially blood-brain barrier 
(BBB) extravasation [118]. With synergistic use of the 
chip and traditional models, the researchers demons-
trated that Aldo-keto reductase family 1 B10 (AKR1B10) 
was significantly elevated in lung cancer BM; in addition, 
the value of AKR1B10 as a diagnostic serum biomarker 
for lung cancer patients suffering from BM could be de-
monstrated. The role and mechanisms of AKR1B10 in 
BM that it promotes the extravasation of cancer cells 
through the BBB were also evaluated.

Besides their potential use in drug R&D, the microfluidic 
devices have been applied to detection or evaluation of 
other analytes including environmental pollutants, pes-
ticides, and some toxins. Bovard et al. (2018) designed 
an acute and chronic toxicity study on a chip composed 
of lung and liver cells. The capacity of liver cells to meta-
bolize and regulate their toxicity was assessed using af-
latoxin B1 [107]. In a study by Jellali et al. (2018), the ef-
fects of two pesticides, namely DDT and permethrin on 
hepatocytes grown in biochips were investigated. Alt-
hough their toxicity has been extensively studied, the 
molecular mechanisms, including the impact on liver 
where their detoxification occurs, and their metabolic 
effects are not clear. This study showed deterioration of 
time-dependent sugar/lipid homeostasis with DDT and 
permethrin. In addition, high doses of DDT have been 
shown to cause cell death, inflammatory response, and 
oxidative stress [119]. A recent application is a microflu-
idic paper-based analytical device with benzoquinone-
mediated E. coli respiration method, that is suitable for 
practical use due to its simple operation, low cost and 
portability. Similarly, the pesticide residues in vegetable 

juices have been detected [120]. An in vitro analytical 
platform has been developed to investigate neurotoxic 
snake venom proteins rapidly with microfluidic high-
resolution screening. In this device, 47 snake venoms 
were profiled using the acetylcholine binding protein 
to mimic the target of neurotoxic proteins, in particular 
nicotinic acetylcholine receptors [121].

As the development of nanomaterials increases, the 
nanotoxicologists face a major challenge in developing 
a model that can accurately mimic human physiology.  
In general, extrapolation of results from animal tests of 
nanomaterials is often a misrepresentation of clinical 
effects. In vitro experiments fail to control the exposu-
re levels of nanomaterials and cannot take into account 
some physicochemical aspects, such as particle aggre-
gation. Ashammakhi et al. (2020) have proposed that 
microphysiological systems, especially multiorgan-on-
a-chip systems, which can be specifically designed to 
test the systemic toxicity, can be of use to evaluate the 
toxicity of nanomaterials [122]. The potential of microf-
luidic systems is evaluated for nanotoxicity research in 
various experiments. For example, in neuron-like-PC12 
cells cultured in microfluidic devices, cytotoxic effects 
of surface-modified quantum dots have been demons-
trated [123].

As described earlier, specific challenges, such as the de-
mand to restrict the absorption of small hydrophobic 
molecules on the PDMS platform, also can lead to pro-
duction of systems that meet the criteria. For example, 
Hirama et al. (2019) have recently produced a glass-
based organ-on-a-chip and obtained a more stable flow 
compared to PDMS platforms, limiting the absorption 
of small hydrophobic molecules, and increasing cell ad-
hesion. It was concluded that this glass chip could be 
used in cell-based assays to test small hydrophobic mo-
lecules [63].

However, organ-on-a-chip systems have not yet been 
utilized to validate toxicity profiles for approval of drugs, 
as well as in the assessment of carcinogenicity and rep-
roductive toxicity. Thus, the comprehensive validation 
of the chips for chronic toxicity testing will be necessary 
to use this technology. Further information on innova-
tive designs on the main technologies (self-organized 
spherical 3D human organoids, microfabricated 3D 
human organ chips, and 3D bio-printed human organ 
constructs) to mimic key properties of human organs 
are reviewed in detail [124]. 
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Last but not least, especially in the last decade, the 
number of studies that apply commercial organ-on-a-
chip platforms have increased along with the establish-
ment of dedicated companies such as Emulate, CN Bio, 
TissUse, Mimetas, Insphero, Ascendance Bio, Kirkstall, 
Hurel, Synvivo, Axosim, and Nortis. The non-redundant 
list of microfluidic companies is available at https://uf-
luidix.com/circle/microfluidic-companies/ and https://
www.fluidicmems.org/microfluidic-companies. As an 
example, for the evaluation of renal drug interactions 
with efflux transporters, Vriend et al. (2018) have used 
a platform suitable for medium to high-throughput 
screenings, consisting of 96 chips containing the most 
important renal drug transporters in an OrganoPlate® 
from Mimetas [11]. 

DISCUSSION

The rapid increase in the number of publications on 
microfluidic devices reflects the increasing interest of 
the scientific community. In this review, we provided a 
snapshot of the current applications in organ-on-a-chip 
systems combining 3D microstructures, multiple cells, 
and microfluidic connections, which were developed to 
mimic the desired organs as functional models in physi-
ological micro-environments as a current application 
and highlighted for use in pharmacy, especially regar-
ding examples in toxicology research.

The studies on this subject show that it can be possible 
to evaluate all organs of a human body, on-a-chip for to-
xicological and disease-related issues. The toxicological 
studies of multi-organ-on-a-chip systems will probably 
open a window to reveal some particular tissue-tissue 
interactions that can lead to particular mechanisms of 
toxicity. Regardless of the organ being imitated, the 
properties of tissue mainly depend on the source of the 
cells; thus, particular attention is crucial in the selection 
of the cell type according to the desired endpoint. The-
se models are expected to provide in-depth understan-
ding of the interactions between drugs and metabolites 
in organs in terms of efficacy and/or safety. Moreover, 
the multi-organ-on-a-chip systems can be more effec-
tively used in ADME studies and provide an opportunity 
to improve the estimation of some properties of com-
pounds in patients. The multi-organ-on-a-chip systems 
are expected to create a new paradigm for drug deve-
lopment by contributing to a better understanding of 
the dose-response relationships, the treatment failures 
in some patients or the detection of adverse reactions, 

supporting potential side effects and promoting the 
evaluation of pharmacokinetic/pharmacodynamic pa-
rameters. 

Depending on the interactions between microfluidics, 
biosensors and tissue engineering; biomedical devices 
become more comprehensive and mimic the complex 
functions of diseased or damaged tissues and organs. 
Despite relatively limited biomedical applications of 
microfluidics in vitro or ex vivo, we may propose that 
in the near future microfluidic platforms will probably 
be more widely used in diagnostic and clinical settings 
such as the capturing of tumor cells in circulation. 

Developing microfluidics from simple systems to comp-
lex systems, being part of groundbreaking and futuristic 
ideas, it is likely that studies on the chip will play a role 
in improving body on a chip development approaches 
[125]. The multidisciplinary feature of microfluidics 
requires continued coordination between enginee-
ring, physical, and biological sciences to achieve good 
efficiency [41]. As a result of the development of new 
production processes, organ-on-a-chip and multi-
organ-on-a-chip, which are associated with a potential 
future reduction in manufacturing costs, will probably 
become efficient and provide standardized platforms 
for toxicity studies [49].

FUTURE PROSPECTS

The ultimate aim of the researchers is to switch from an 
organ-on-a-chip to a human-on-a-chip system. Human-
on-a-chip system can combine the relationships of or-
gans, blood distribution, and blood flow according to 
human physiology. These systems can simulate human 
metabolism, including the biotransformation of a drug, 
its therapeutic and toxic effects [126]. In future appro-
aches; progress is expected to be made in areas such as 
developing new designs for micro systems, increasing 
research on organ systems on-chip, and identifying new 
cell resources and materials to support adaptation to 
medical needs in humans [127]. When combined with 
cells or biopsies collected from patients, these models 
can also be used as a tool for personalized-drug scree-
ning [125].

Considering the social impact of organ-on-a-chip tech-
nology is crucial for its future development. While exis-
ting technologies are still too expensive for widespread 
use, new steps are being taken. Downward price pres-

https://ufluidix.com/circle/microfluidic-companies/
https://ufluidix.com/circle/microfluidic-companies/
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sure will lead to lower prices. Conventional in vitro and 
in vivo models will be replaced by these new preclinical 
technologies. The commercial interest in organ-on-
a-chip technology is growing, and the market for this 
technology is estimated to reach six billion dollars in 
about 5 years [128].

The development of an efficient production process for 
the commercialization of chips is a situation that must 
be overcome. It is emphasized that wide-ranging coo-
peration between pharmaceutical companies can be 
effective in this issue [129]. Apparently, there is a need 
for standardization of models for each of the organs to 
be imitated for extensive organ-on-a-chip and multi-
organ-on-a-chip applications. As microfluidic systems 
become readily available, researchers will not need to 
develop a specially crafted laboratory for each appli-
cation. This will increase the industrial development of 
microfluidics [53]. 

In the coming years, we will probably discuss the use 
of microfluidic systems in many fields, such as the con-
text of precision medicine; indeed, the “personalized 
organs-on-chips”, designed to reflect the individual’s 
physiology, may provide an integral solution to perso-
nalized treatment and prevention strategies [130].
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