
Introduction 

Drug development is time-consuming, intensive, and costly, but 
few developed drugs are approved. The costs and time for achiev-
ing regulatory approval for a single drug are greater than $2.55 
billion and between 10 and 15 years, respectively [1–3]. The high 
failure rate of drug development hinders investment in new drug 
discovery because it makes it challenging to generate profits [4]. 
To address this issue, many animal or cell-based experiments are 
typically conducted in the early stages of drug development. 

Animal-based experiments require a considerable investment 
of financial resources and time, and also cause ethical debate. Fur-
thermore, there are interspecies differences between humans and 
other animals. In cell-based experiments, cells are usually cultured 
under 2-dimensional (2D) conditions. These 2D cell culture 
models have advantages in terms of ease of handling and high 
throughput. However, they have limitations in drug toxicity and 

efficacy prediction because cells lose their inherent functionality 
during 2D culture, resulting in incorrect evaluation results [5,6]. 
For this reason, there is a need for 3-dimensional (3D) culture 
systems that reflect the actual organ’s structural, physiological, and 
environmental characteristics [7]. 

Microfluidic technology allows the fabrication of systems 
populated by human cells that recapitulate some aspects of organ 
function [8–10] and can be used to explore the origins of acute 
or chronic disease by probing critical molecular or cellular events. 
Organ-on-a-chip systems (OOCs) are biomimetic systems that 
can mimic the microenvironment of human organs, and are based 
on microfluidic cell culture devices with living cells in microcham-
bers connected by a continuous perfusion system. Thus, OOCs 
are an effective alternative to animal testing that make it possible 
to overcome its limitations (cost, time, ethical issues, etc.) and 
can be useful as a platform in pre-clinical new drug development 
[6,11]. OOCs have been developed for several organs, including 
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New drug development is currently very expensive and time-consuming. In addition, some 
drugs that are approved after animal and clinical trials have their approval revoked because of 
adverse effects. About 30% of such drugs have heart side effects. Conventional cell-based drug 
toxicity tests are performed under conditions entirely different from the in vivo environment, 
and animal testing for drug evaluation has limitations because of differences between species. 
Therefore, researchers are increasingly focusing on developing models that can overcome these 
limitations to enable accurate drug toxicity tests. This review outlines biomimetic in vitro heart 
platforms, such as heart organoids, 3-dimensional bioprinting, and heart-on-a-chip devices, 
and describes their advantages, limitations, future perspectives. The development and use of ef-
fective cardiac biomimetic models could contribute to the development of alternatives to ani-
mal testing by providing more specific information on drug metabolism and reducing the rate 
of failure in later stages of drug development. 
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the lung [8], heart [12], eye [13], artery [14], and kidney [15]. 
OOCs enable studies of organ reactions to drugs or other chem-
icals that cannot be reproduced with conventional 2D or 3D cul-
ture systems. 

Organoids are 3D cell aggregates formed through self-regen-
eration and self-organization from adult stem cells, embryonic 
stem cells (ESCs), or induced pluripotent stem cells (iPSCs) [16]. 
Organoids closely imitate the complex structure and functionality 
of human organs, such as the lung, liver, or brain [17]. Organoids 
allow the efficient use of existing 2D culture– based biochemical 
and cell biological analysis techniques while overcoming the lim-
itations of the 2D cell culture method. Currently, intestinal, liver, 
lung, pancreatic, kidney, and uterine organoids have been report-
ed from embryonic or adult stem cells [18]. Organoids can faith-
fully reproduce the physiological function of the human body, 
and the construction of organ-like structures from patient tissue 
samples enables disease modeling based on the patient’s genetic 
information and drug screening through repeated tests [19]. 

Here we review the biomimetic in vitro heart platforms devel-
oped to study myocardial function and pathology from a micro-
environmental perspective and highlight examples of heart-on-a-
chip devices used as testbeds for new drug development. 

Ethics statement: This study was a literature review of pre-
viously published studies and was therefore exempt from in-
stitutional review board approval.

Cardiac organoids 

Heart disease is one of the leading causes of death among Amer-
icans [20], and vascular dysfunction is a fundamental cause of 
morbidity and mortality in many diseases [21]. It is necessary 
to develop a more efficient evaluation system to replace animal 
testing when modeling diseases for new drug development, and 
human stem cell–based organoids and heart-on-a-chip devices 
are appropriate alternatives [22]. Current cardiac organoid pro-
duction relies on direct cardiac differentiation from embryos or 
the production of cardiac tissue aligned from myocardial cells 
differentiated from a monolayer of human induced pluripotent 
stem cells (hiPSCs). Cases of the successful combination of car-
diac organoids with biocompatible supports designed to mimic 
organ complexity have been reported [23], including cell–hydro-
gel matrices [24], a biomaterial-based microchamber [25], and 
3D-printed biomaterials [26]. Recently, Mills et al. [24] devel-
oped a 96-well device for the functional screening of human cardi-
ac organoids (hCOs) derived from human pluripotent stem cells 

and optimized its parameters, such as the extracellular substrate, 
metabolic substrate, and growth factor conditions that improve 
the function and maturity of cardiac tissue. This high-throughput 
hCO platform can be used to study the mechanisms of cell cycle 
arrest. In 2019, Lee et al. [26] reported a Bio3D-derived collagen 
technology (freeform reversible embedding of suspended hy-
drogels). The authors successfully 3D-printed the components 
of the human heart, and the 3D-printed heart accurately repro-
duced the patient-specific anatomical structure determined by 
microcomputed tomography. Ideally, non-genetic and genetic 
human heart diseases could be modeled in vitro using cardiac 
organoids. In 2020, Richards et al. [27] made hCOs using a 
non-adhesive agarose hydrogel template. They stimulated the 
hCOs with the neurotransmitter noradrenaline after myocardial 
infarction and reconstructed the characteristics of myocardial 
infarction. In combination with genome editing technology, 
hCOs can be used to accurately introduce mutations and obtain 
an innovative and personalized treatment platform for disease 
modeling. The clustered regularly interspaced short palindrom-
ic repeat/Cas9 system is a genome editing technique that can 
be used to correct and mitigate disease-causing mutations [28]. 
Although they have not yet been used to create a fully function-
al organism, complex hCOs are expected to be used in a wide 
range of fields, from observing heart disease progress, optimiz-
ing drug design, and evaluating drug toxicity to providing tools 
for preclinical trials (Fig. 1) [23,27,29–31]. 

Heart-on-a-chip devices 

Studies using 3D heart-on-a-chip devices have mainly focused on 
myocardial modeling. The myocardium is the main constituent 
tissue of the heart. In the basal myocardium, cardiomyocytes are 
present at 2 to 5 cell thicknesses and are surrounded mainly by 
heart fibroblasts within an extracellular matrix (ECM) containing 
collagen type I [32]. Several research groups have created heart-
on-a-chip devices by simulating these heart structures and envi-
ronments. In 2016, Marsano et al. [33] manufactured biomimetic 
heart chips using micro-processed polydimethylsiloxane (PDMS). 
Zoning was performed using PDMS membranes on the chip, 
and cardiomyocytes were cultured on coating materials in the 
upper part of the divided space. Markers expressed by cultured 
myocardial cells were identified to confirm that cell culture was 
performed well, and when stimulation was applied, the degree of 
change in the number of beats was measured and cell proliferation 
was verified. This platform provided a standard functional 3D 
heart model in the field and demonstrated the possibility of creat-
ing an innovative and inexpensive screening platform to improve 
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Fig. 1. Examples of human cardiac organoids. (A) Three-dimensional (3D)-bioengineered cardiac organoids. (i) Visual assessment of envi-
ronmental toxin effects on liver organoids by live/dead assay. (ii) Environmental toxin effects on cardiac organoid ATP activity. Modified 
from Forsythe et al. [29], according to the Creative Commons license. (B) Development of a 3D post-myocardial infarction organoid mod-
el. (i) Bright-field images and diameters of 4organoids on day 0 (D0) and day 10 (D10). (ii) Control and cardiac organoid infarction pro-
tocol timeline using low oxygen (O2) and norepinephrine. (iii) NADH autofluorescence from live 2-photon imaging of each organoids on 
D10 and NADH index quantification of control and infarct organoids. Modified from Richards et al. [27], with permission from Springer 
Nature.
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the predictive ability of in vitro models (Fig. 2A). Morimoto et al. 
[34] designed a method to make fibrous 3D cell structures de-
rived from hiPSCs to quantify the contractile force of myocardial 
cells. Myocardial cells were cultured in a patterned hydrogel struc-
ture with a fixed frame, and hiPS-derived cardiomyocyte (hiPS-
CM) fibers with myocardial cells were successfully produced. 
The shrinkage force of hiPS-CMs was determined accurately 
according to the direction of the fiber. In addition, isoproterenol 
and propranolol were administered to confirm the drug reactivity 
of hiPS-CM fibers by observing changes in contraction frequency 
and the force of myocardial fibers (Fig. 2B). Grosberg et al. [35] 
used PDMS to develop a thin elastic film with a surface texture 
and implanted muscle cells on the membrane to form engineered 
muscle membranes (Fig. 2C). As the cardiomyocytes contracted, 
the film curled to one side. By measuring the degree of curling, 
differences in cell contraction on the PDMS film could be ana-
lyzed. This experimental system was suitable for single-muscle 
membrane measurements and multi-plate tests. Zhang et al. [36] 
aligned 3D human heart tissue patches manufactured using a hex-
agonal columnar PDMS structure. The structural and functional 
characteristics of these 3D tissue patches provided the closest in 
vitro approximation of human heart tissue along with the matura-
tion of human ESC-derived myocardial cells. Schneider et al. [37] 
developed a new integrated device that enables the parallel gen-
eration of heart microstructures based on hiPSCs in specially de-
signed multi-chamber systems that provide a precisely controlled 
physiological environment. The centrifugal cell-injection system 
was used to create bubble-free tissues. The viability and function 
of myocardial tissue could be maintained for an extended time 
period, and the applicability of drug testing in the chip system was 
demonstrated (Fig. 2D). 

Heart-on-a-chip devices for disease 
modeling and drug screening 

Owing to their small sample size and compatibility with pa-
tient-derived cells, microfluidic devices enable disease research 
under physiologically appropriate conditions. The increased 
availability of patient-specific iPSC lines has enabled the creation 
of physiologically related heart-on-a-chip systems for disease 
modeling in vitro [38]. In 2014, Wang et al. [39] used heart-on-a-
chip technology to characterize abnormalities in cardiomyocytes 
obtained from hiPSCs generated from somatic cells of patients 
with Barth syndrome. This disease is caused by a mutation in a 
gene that encodes tafazzin, which is located in mitochondria, and 
leads to dilated cardiomyopathy (DCM) diagnosed immediately 
after birth. Here, hiPSC-CMs were characterized in terms of their 

metabolic phenotype and mitochondrial activity and combined 
with a platform designed to plant seeds in a muscle thin film in 
the next step to create an OOC for determining contractility 
disease-specific myocardial cells. Ren et al. [40] designed micro-
structure chip patterns using AutoCAD (Autodesk, San Rafael, 
CA, USA) and then made SU-8 (Microchem, Newton, MA, 
USA) molds based on these patterns to create PDMS heart chips. 
The protein markers expressed in cardiomyocytes cultured inside 
the chips were stained and measured by fluorescence microscopy. 
Under hypoxic conditions, these cardiomyocytes were verified to 
be applicable to actual disease models. In addition, this heart-on-
a-chip system could be used to verify chemicals that might poten-
tially be used for treatments through continuous monitoring of 
cell responses to these chemicals. 

Another area of application of hiPSC-based heart-on-a-chip 
platforms is mechanical investigations of DCM caused by titin 
cleavage mutations [41]. Hinson et al. [41] have shown that ma-
nipulating cardiac tissues by using hiPSCs is a powerful system 
for evaluating diseases associated with titin gene mutations. They 
demonstrated that titin mutations interfere with the association 
between sarcomerogenesis and adaptive remodeling, leading to 
DCM (Fig. 3A). According to Tzatzalos et al. [42], hiPSC-CMs 
might have infinite potential for health with the use of disease-spe-
cific CMs to evaluate the efficacy of drugs against DCM. In ex-
periments related to drug development, it is essential to evaluate 
the effect of drugs on cardiovascular tissue because cardiotoxicity 
is often seen in drug toxicity assessments and causes suspension 
of clinical trials or withdrawal of drugs from the market. Drugs 
may be withdrawn from the market because of previously unob-
served toxic effects in animals resulting from off-target toxicity, 
including cardiac toxicity [42,43]. To address these concerns 
and better evaluate drugs before clinical trials, a platform for 
accurate evaluation in the drug discovery process is needed. 
Heart-on-a-chip models can be used as a platform to evaluate 
more accurately the efficacy and toxicity of drugs under condi-
tions similar to in vivo conditions than cell-level studies. Mathur 
et al. [44] developed heart-on-a-chip devices by injecting car-
diomyocytes differentiated from hiPSCs into PDMS chips with 
endothelium-like barrier microstructures. They assessed drug 
toxicity by injecting several types of drugs into vascular channels 
to examine changes in the myocardial rhythm at least 5 days 
after loading differentiated cells onto the chip. Verapamil, iso-
proterenol, metoprolol, and E-4031 were tested, and the beating 
rate of cardiomyocytes at different concentrations of each drug 
was analyzed with motion tracking software. The authors found 
that the drug response (IC50/EC50) was more reproducible than 
in cell-level studies (Fig. 3B). 
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Fig. 2. Summary of 3-dimensional (3D) heart-on-a-chip devices. (A) A biomimetic heart chip using micro-processed polydimethylsilox-
ane (PDMS). An individual PDMS microchamber was used. Cardiomyocytes were cultured in a coating material above the divided space. 
The lower end of the compartment was pressurized to deform the PDMS membrane and compress the 3D structure. Cell culture was 
performed well, as evidenced by measuring the degree of change in the contraction frequency of cardiomyocytes when stimulation was 
applied. Modified from Marsano et al. [33], with permission from Royal Society of Chemistry. (B) Method of making 3D biomimetic chips 
to quantify the contractile power of myocardial cells. Cardiomyocytes were cultured in patterned hydrogel structures. The drug reactivity 
of myocardial fibers was checked by observing changes in shrinkage frequency and force. Modified from Morimoto et al. [34], accord-
ing to the Creative Commons license. (C) A muscle thin film (MTF) chip formed by engineering a muscle membrane. This MTF technique 
can be applied to various tests for smooth and striated muscles, including testing contractile properties. Modified from Grosberg et al. 
[35], with permission from Elsevier. (D) An integrated device that enables the creation of a heart microstructure in a specially designed 
multi-chamber system. The chip system could be used in various biomedical fields. Modified from Schneider et al. [37], according to the 
Creative Commons license. hiPS-CM, hiPS-derived cardiomyocyte.
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A new hybrid strategy based on 3D bioprinting technology was 
proposed to produce myocardial and vascular systems in 2016 
by Zhang et al. [45]. Microfibril hydrogel scaffolds bioprinted in 
endothelial cells formed vascular networks, and hiPS-CMs were 

added to generate an aligned myocardium. This 3D-myocardium 
organ chip produced a screening platform for cardiovascular drug 
testing. Zhang et al. [46] introduced a heart-on-a-chip device for 
evaluating drug efficacy using high-speed impedance detection 
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technology. In this device, several parameters of myocardial cell 
rhythm were used to reveal the effectiveness of the drug. The re-
sults showed that this chip could determine drug efficacy or heart 
toxicity. 

Commercialized heart-on-a-chip devices 

Organ-on-a-chip products are being launched by 12 companies 
in the United States, 6 in Europe (Switzerland, The Netherlands, 
Germany, and the United Kingdom), and one in Singapore; 
they are developing and selling single organ-on-a-chip or multi-

organ-on-a-chip devices for various organs and tissues, including 
lungs, liver, nerves, kidneys, and blood vessels [47]. Among the 
commercialized bio-tissue chip products, 2 products can be 
called heart-on-a-chip devices. The SynTox 3D toxicology model 
(Synvivo, Huntsville, AL, USA), which injects myocardial cells 
into a universal chip design for use, and the uBeat (BiomimX, 
Milano, Italy) platform, which can provide controlled physical 
stimulation to microtissues such as heart muscle tissue. There 
are also 3 types of platforms capable of growing 3D cardiomyo-
cytes—EHTs from EHT Technologies (Hamburg, Germany), 
Biowire II inaction from TARA (New York, NY, USA), and 

Fig. 3. Representative examples of heart-on-a-chip devices used in disease modeling and drug efficacy evaluation. (A) A study of in-
complete penetrance of dilated cardiomyopathy (DCM) caused by a titin cleavage mutation using a heart-on-a-chip platform. This study 
demonstrated that the titin mutation interfered with the association between sarcomerogenesis and adaptive remodeling, resulting in 
DCM, and revealed that cardiac tissue manipulated in human induced pluripotent stem cells could be used as a robust evaluation system 
associated with titin mutation. Modified from Hinson et al. [41], with permission from AAAS. (B) A schematic diagram of polydimeth-
ylsiloxane heart-on-a-chip devices with endothelium-like barrier microstructures. Drug toxicity was assessed by injecting several types 
of drugs into the vascular channel to examine changes in myocardial rhythm. The rate of the beating of myocardial cells at each drug 
concentration was analyzed by motion tracking software, and it was found that the drug response (IC50/EC50) was more reproducible than 
in cell-level studies. Modified from Mathur et al. [44], according to the Creative Commons license. ETPC, estimated therapeutic plasma 
concentration in patients.
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MyrPlate-Uniform from Myriamed (Göttingen, Germany) —
which induce the arrangement of myocardial cells with 2 verti-
cal columns (Fig. 4). 

Challenges 

Cardiac organoids and heart-on-a-chip devices and have high 
potential value as platforms for disease modeling and new drug 
development, and as tools for translational research. Despite its 
potential, this technology still has challenges to overcome. 

PDMS is mainly used as the material of the microfluidic chip 

structure because PDMS is flexible and durable, has biocompat-
ible characteristics, and facilitates the straightforward analysis of 
cell conditions using optical methods [48]. Despite the above 
advantages, some studies have reported disadvantages of PDMS 
[49,50]. The main problem with PDMS in microfluidic chip stud-
ies is the absorption of small molecules due to porous structures, 
affecting the concentration of water-soluble factors in the media 
and thereby influencing cell behavior and function. The porous 
matrix of PDMS can be an obstacle in some applications, such as 
cellular analysis or drug discovery applications. Other polymer 
materials are used to manufacture microfluidic devices according 

Fig. 4. Summary of commercially available heart-on-a-chip products. (A) SynTox 3D toxicology model (Synvivo) containing the following 
components; (1) vascular channel with 2 inlet ports (A and E) connected to 2 outlet ports (B and E); (2) tissue chamber with 2 inlet ports 
(C) connected to 2 outlet ports (D). A general chip design is used to inject cardiomyocytes. (B) uBeat (BiomimX) platform can specifically 
stimulate the physical beat of the myocardium. (C–E) Biological tissue platforms capable of cultivating 3D myocardial tissue. EHTs (EHT 
Technologies) induce the arrangement of myocardial cells in 2 vertical pillars. In addition, Biowire II inaction (TARA) and MyrPlate-Uni-
form (Myriamed) are available.
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to the final properties and applications to overcome these prob-
lems [51].  

Polytetrafluoroethylene (PTFE) can be used for microfluidic 
devices due to its thermo-processability, chemical inertness, and 
good electrical stability [52]. In 2021, Yao et al. [53] showed that 
PTFE could be used to inhibit the absorption of small hydropho-
bic molecules in PDMS. Another problem is that the reproduc-
ibility of OOC manufacturing varies depending on the properties 
of materials used, hydrophilic and hydrophobic surface treatment, 
the ECM used, and the storage conditions of the manufactured 
chip. In addition, the physiological activity of cells in a biological 
tissue chip may depend on whether immortalized cells, primary 
cells, or hiPSCs are used, on the composition of the medium that 
can be used to co-culture 2 or more cell types, and on the in-chip 
culture period. Furthermore, different cell types constituting one 
organ require different cell culture media. The use of cell culture 
medium optimized for a specific cell line is an obstacle to multi-
ple cell interactions. There are also problems to be overcome in 
organoid platforms. Organoid culture is still expensive, and it is 
difficult to mass-produce organoids in comparison with cell cul-
ture. The ECM or scaffold used for 3D culture is both expensive 
and difficult to handle, making it difficult to automate the culture 
[54]. In addition, the histological structures and functions cur-
rently observed in organoids are insufficient compared to actual 
organs [55], and organoids are limited in size because they are 
entirely dependent on culture media instead of feeding through 
blood vessels. In order to improve organoids (in terms of shape 
and function) to a level sufficient for transplantation, optimization 
and scale expansion of culture methods are required. 

Conclusion and future perspectives 

The heart-on-a-chip model, which combines microfluidics and 
cell culture models, is similar to human organ tissue, and its 
excellence has been demonstrated. Recent advances in OOC 
technology are creating an available platform containing several 
flexibly connected organs to evaluate and predict the systemic 
effect of compounds efficiently [56]. These multi-organs-on-chip 
(MOOC) platforms are suitable for studying drug-related effects 
and improving drug safety testing in preclinical stages. In some 
cases, the presence or absence of cardiac toxicity in drugs that have 
undergone liver metabolism may change [57]. Therefore, research 
is underway to create a liver-heart model that can model and pre-
dict off-target heart toxicity related to the hepatic metabolism of 
drugs. A MOOC platform used to study cardiac toxicity induced 
by drugs and their metabolites was recently developed by Oleaga 
et al. [58]. This possibility of connecting multiple organs suggests 

that we can eventually create models that can potentially replace 
or at least complement existing animal models. In addition, as a 
pre-clinical trial model, organoid culture–based platforms have 
many potential applications, including customized drug screen-
ing for each patient and the application of regenerative medicine 
linked to genetic correction technology. However, many aspects 
need to be improved for practical use. Although most biomimetic 
chips and organoids have simulated the function and response of 
organs, they have not reached a level that would allow their use to 
successfully replace biological research. There is a need to contin-
ue improving many of the limitations of the platforms mentioned 
above. For drugs selected through a drug-screening platform to be 
used in actual clinical trials, it is necessary to establish a standard 
trial method and to compare and verify the actual clinical results 
and platform-based outcomes. These scientific and engineering 
efforts will provide more detailed information on drug metab-
olism and increase the reliability of human toxicity and efficacy 
evaluation, eventually reducing the failure rate in drug develop-
ment and drastically reducing the cost and duration required to 
develop a new drug. In addition, this technology will contribute 
to the achievement of customized medical diagnosis and treat-
ment by understanding the occurrence and progression of disease 
in each patient. 
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