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Abstract: This review is an introduction into the world of organ-on-chip models. By briefly explaining the concept 

of microfluidics and ‘lab-on-chip’, the main focus is on organs-on-chip and body-on-a-chip. The usual method to 

test the toxicity of a drug is through animal testing. However, the results do not always correlate to humans. In 

order to avoid animal testing, but also attain useful results, human-derived cell cultures using microfluidics have 

gained attention. Among all the different types of organ-on-chip devices, this review focuses on three distinct 

organs: heart, skin and liver. The main requirements for each organ-on-chip, as well as recent researches are 

presented. There have been considerable advancements with organ-on-chip models; however, even these have their 

limitations. Due to the fact that the system mimics a single organ, the systemic effect of drugs cannot be fully tested. 

Therefore, body-on-a-chip systems have been developed; which basically are a composed of a single chip that has 

several chambers, each chamber accounting for a distinct organ. Multi-organ-on-chip systems have been 

investigated, and even commercialized, the field still being under extensive research.  
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1. Introduction 

Microfluidics is a scientific term referring to 

the control of fluids inside channels of micro-

dimensions. Commonly, small amount of fluids are 

manipulated in channels that have dimensions of 

up to hundreds micrometers. Regarding 

microfluidics, the term “Lab-on-chip” has been 

introduced as a mean to mimic laboratory 

experiments in miniaturized conditions. This 

concept gained a lot of attention from researchers, 

which soon moved up to applications such as 

organs-on-chip. The idea of organs-on-chip 

developed rather fast in areas such as medicine and 

biology due to the clear advantages, such as 

reduced costs, small dimensions that makes them 

easily transportable, reduced experimental times 

and ability to perform in vitro experiments with a 

better control over the parameters. These 

outstanding progresses in microfluidics started 

from physics researches, where small volumes, 

from microliters to femtoliters, needed to be 

handled. Micro-scale observation of bulk flow is an 

appropriate example; whereas turbulent flow can 

only be observed at macro-scale, laminar flow is 

predominant at micro-scale [1].  

Pharmacokinetics are usually predicted 

through animal testing. The toxicity information 

gained through these animal tests is used to 

determine the efficiency of drugs on the human 

body. However, since 2013, the European Union 

(EU) has strictly forbidden animal testing in the 

cosmetic industry. As an alternative, the focus has 

been shifted to using human-derived cells for in 
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vitro testing. Still, these alternatives have their 

drawbacks, mainly due to the incapacity to assess 

the communication between organs [2].   As a 

modern method, cell cultures using microfluidics 

provide several advantages over conventional 

techniques in regard to the manipulation, as well as 

analyzing cultures at a micro-scale. As technology 

continues to move forward, portable diagnostic 

techniques are becoming a real possibility. The 

purpose of organs-on-chip is to realistically mimic 

the behavior and the biological activity of tissues 

and organs. However, in order to achieve that 

specific parameters need to be included onto these 

platforms, such as osmotic pressure, flow rate, pH, 

the existence of nutrients as well as toxins, and 

many more [1].  

Figure 1 describes the basic principal that is 

used for the general process of designing organ-

on-a-chip models. Firstly, the microfluidic chip is 

designed taking into consideration all the required 

features for the desired organ (i.e. chambers 

and/or channels). Secondly, considering the organ 

that one wants to mimic, the required cells are 

cultured inside the chip in an appropriate medium 

so that they can grow, differentiate and acquire the 

desired functionality.  Lastly, the data is collected 

through different tests, either physical or chemical 

[1].  

Regardless of all the advantages that organ-

on-chip devices have, there are still challenges that 

need to be further investigated and overcome, 

from both a biological and a design point of view. 

For example, in order to attain a useful in vitro 

model, it has to not only monitor, but also register 

all the physiological reaction determined by 

particular biological stimuli. Moreover, a 

considerable issue is generated by the sources of 

cells used in these devices. Due to the fact that 

immortal cells are generally derived from cancer 

cells, they lose their initial organ functional activity. 

Therefore primary human derived cells could be 

ideal candidates to determine the kinetics of drug 

delivery, however there are considerable limitation 

due to their availability and cost [2].  

This review intends to shed some light on the 

meaning of organ-on-chip models, the recent 

advancements on the most common types, as well 

as highlighting the human-on-chip idea.

 

Figure 1. Fundamental principal for designing organ-on-a-chip devices [1]. Reprinted from an open access 

source. 

2. Heart-on-chip  

The use of microfluidic devices in order to 

better understand the behavior of the heart 

provides several advantages when engineering 

disease and drug screening models. These models 

have the capacity to stimulate the tissue at a micro-

meter level and reduce the difference between in 

vitro and in vivo models. As a benefit over classic 

static cell cultures, the microfluidic environment can 

provide regulations over the conditions of the 

culture, both from a physical, as well as a chemical 

point of view. As mentioned earlier, the results of 

drug testing on animal models cannot be fully 

correlated to the effects of the same drugs, on 

humans [3]. 

Cardiovascular toxicity is the leading cause of 

failure of phase I drug testing. . As mentioned 

earlier, the results of drug testing on animal models 

cannot be fully correlated to the effects of the same 

drugs, on humans. Therefore, this led to the 

advancement of engineering human cardiac organ-

on-chip models. The main consideration is the 

mechanism through which the heart blood, which is 
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a contraction process generated as a response to the 

electrical signal received from the cardiovascular 

system. Therefore, as a minimal requirement for the 

functionality of the heart muscle, a responsive and 

contractile bundle of cardiac muscle fibers are 

needed. With this in mind, several design 

considerations have been taken into account when 

discussing heart-on-chip models, including the use 

of human induced pluripotent stem cells derived 

from cardiomyocytes, the addition of fibroblasts 

and endothelial cells for support, electrochemical 

stimulation, as well as real-time records of the 

contraction of the cardiac muscle [4-6]. 

To asses cardiac contractility, Ahn et al., 

developed a mussel-inspired 3D chip. In order to 

mimic the extracellular matrix environment of the 

myocardium, polydopamine and polycaprolactone 

nanofibers were used to test the effects of titanium 

oxide and silver nanoparticles. Moreover, the effect 

of these nanoparticles on the contractions of the 

cardiac tissue was monitored non-invasively through 

integrated sensors [7].  

  Experiments are being conducted on 

microfluidic devices based on cardiomyocytes, 

derived from human induced pluripotent stem cells, 

clusters arranged in clusters in order to evaluate 

drug compounds. These cardiac spheroid-on-a-chip 

devices were coupled with confocal high content 

imaging and used to determine the correlation 

between outgrowing cell numbers and drug 

concentrations. Therefore making them potential 

candidates for the monitoring of drug effects on 

long-term cultures [8]. 

 

3. Skin-on-chip

Skin is the largest organ in the human body 

and therefore it is vital when it comes to assessing 

the absorption of drugs, as well as their cutaneous 

action. Skin-on-a-chip devices are excellent models 

to test the bioavailability of pharmaceutical active 

components that cross the endothelium into the 

bloodstream. Therefore, it is crucial when 

designing a skin-on-a-chip model to replicate the 

multilayers from which the skin is composed [4]. 

Since skin is the principal organ that protects 

the body from external factors, a main requirement 

when designing skin-on-a-chip models is to test 

them against all different stress factors that cause 

various effects. Moreover, these devices are an 

alternative to classical in vitro and in vivo models, 

therefore reducing the use of animal tests [1]. 

Moreover, the incorporation of several in situ 

biosensors into the skin-on-a-chip devices 

provides several benefits. It is a non-invasive way 

to acquire real-time reports on the function of the 

skin tissue, as well as feedback on the action of the 

drugs [9]. 

Mori et al., designed a skin-on-a-chip model 

based on perfusable vascular channels embedded 

with endothelial cells, which were fixed into a 

culture device linked to external pumps and tubes. 

Results showed a traditional dermal/epidermal 

structure, confirmed its barrier function and the 

supply of required nutrients from the vascular 

channels to the device. Moreover, it was confirmed 

that the device can be used to study vascular 

absorption due to the data obtained from the 

molecule permeation tests into the vascular 

channels through the epidermal layer [10]. 

A multi-chamber microfluidic skin-on-a-chip 

device designed for penetration studies was 

investigated. Penetration testing was attained on 

three different lipophilic chemicals and the results 

indicated that the device can be suitable for testing 

absorption and permeation of chemical 

compounds through skin [11].  

4. Liver-on-chip 

Liver is a major component of the human 

body due to its metabolic activity; making it the 

main organ that is associated with drug 

metabolism. Even though it is a regenerative 

tissue, it can go through severe injuries from 

chronic diseases and viral infections. Drug 

metabolism is achieved through the main cells 

found in the hepatic lobule: hepatocytes. One of 

the main drawbacks of classical in vitro screening is 

that the hepatocytes go through a decrease in 

functionality over a certain period of time [1,2,4].  

Some of the main requirements for the 

proper functionality of a liver-on-a-chip device 

include the use of human originated hepatocytes, 

replicating the micro-structure of the liver, 

appropriate oxygenation, as well as the addition of 

flow of medium. Microarchitecture is especially 

important due to the fact that it may have a 

significant effect on the functionality and, 
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therefore, the toxicity predictions. For liver-on-a-

chip devices, the chip part is usually designed from 

optically clear polymers consisting of micro-sized 

channels (50-500 μm). In order to attain the 

required functionality, these channels incorporate 

either hepatocytes monocultures, or co-cultures of 

hepatocytes and hepatic non-parenchymal cells or 

additional stromal cells [12].  

A liver-on-a-chip device engineered for the 

purpose of in vitro drug screening was studies by 

Delalat et al. The hepatotoxicity was tested on 

primary hepatocytes with three different drugs, 

acetaminophen, chlorpromazine, and tacrine. The 

architecture of the chip provided an excellent 

environment for the cells and the results showed 

that this liver-on-a-chip device can be used in drug 

screening as a substitute to animal models [13].  

 

5. Body-on-chip  

Pharmaceutical drug development is a 

generally extensive, as well as expensive, process. 

In order for the Food and Drug Administration 

(FDA) to approve a new pharmaceutical, there are 

several evaluations that need to take place. Initially, 

the drugs need to provide beneficial results on cell 

cultures, in vitro and on animal models, in vivo. If 

the results are good enough, they move to clinical 

trials, which rely on testing the drug, in a 

controlled manner, onto human subjects. 

However, even though most drugs provide 

favorable results in in vitro and in vivo tests, they 

usually fail in clinical trials. Recently, many 

researchers have focused on organs-on-a-chip in 

order to evaluate the toxicity of drugs in a 

controlled environment, mimicking the human 

one. Even though there has been great 

improvement with organ-on-chip devices, they 

also have their drawbacks. The main disadvantage 

is the fact that the systemic effect of the 

pharmaceuticals cannot be tested, due to the fact 

that there is only one replicated organ. This led to 

a progress toward the development of different 

organs models within the same chip, namely body-

on-chip.  These types of devices contain several 

cell types which are cultured in independent 

chambers inside a single chip, and every chamber 

is a model of a distinct organ. Depending on the 

natural interactions between the organs, the 

chambers are linked through channels. Therefore, 

the effect of a drug can be tested on several organs 

at the same time [14].  

One of the first body-on-chip models was 

developed in 2004 at Cornell University and 

contained three distinct chambers “lung-liver-

other” on a silicon chip. The device was tested in 

combination with a physiologically based 

pharmacokinetic model [15,16].  

Imura et al., developed and tested a 

microfluidic chip accounting for an intestine and 

liver system. The appropriate cells were cultures 

for the intestine and the liver, as well as carcinoma 

cells in order to test the activity of anticancer 

agents. The results showed that the device could 

test the intestinal absorption, metabolic activity of 

the liver, and the bioactivity related to the desired 

cells [17].  

In 2009, a 3D microfluidic chip was designed 

and compartmentalized in order to replicate three 

different organs: liver, lung, and kidney, and the 

adipose tissue. Moreover, growth factors were 

added to the medium to optimize the functionality 

of the cells. The results indicated that the multi-

organ-on-chip model could be used for drug 

screening, either as an aid, or even to replace 

animal models altogether [18].  

More recently, Oleaga et al., engineered a 

pumpless four-organ model attributed to heart, 

muscle, neuronal, and liver system. The devices` 

toxicity was tested against five known drugs. The 

results were in agreement with the available 

toxicity results from both animal and human 

testing [19].  

Table 1 presents some of the (multi) organ-

on-chip devices that have reached the market.  

 

Table 1. Organ-on-chip technologies advance to market [16].

Company Systems Reference 

Hesperos, Inc. Multi-organ devices with incorporated biological sensors [19,20] 

TissUse Multi-organ-on-a-chip devices with open configuration chips [21,22] 
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Company Systems Reference 

CN Bio Innovations Single and multi-organ microphysiological devices [23,24] 

Charles Stark Draper 
Laboratory 

Multiple-organ system that mimics the female reproductive system 
(EVATAR) 

[25] 

Emulate, Inc. Lung, liver, intestine, kidney, and brain – on-chip [26-28] 

Alveolix Lung-on-a-chip system  [29] 

Nortis Kidney, and liver –on-chip models [30,31] 

Quorum Technology Arthery-on-a-chip [32] 

AxoSim Nerve-on-a-Chip® [33] 

Synvivo Microchip engineering – from actual images of tissue 
microvasculatures 

[34,35] 

AIM Biotech Microvasculature-on-a-chip models [36,37] 

 

6. Conclusions 

Even though there are various examples of 

multi-organ-on-chip devices published, and the 

research in this area has improved 

tremendously, there is still no full body-on-chip 

that can be used for systemic drug testing. 

Ideally, the drug would be introduced in the 

chip through either the skin or gut equivalent 

mimicking the subcutaneous and, respectively, 

oral administration. The drug would be 

monitored and evaluated on the interaction with 

every component of each chamber (organ). 

Therefore, the toxicity of the drug could be 

assessed systemically in similar environment as 

the human body, especially if the used cells are 

of human origin. This can also be of use in the 

understanding the diseases pathology and action 

mechanism. There has been tremendous 

progress up to day and research is still ongoing; 

and as technology advances, so will the progress 

in the field. 
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