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A B S T R A C T   

Recent advances in heart-on-a-chip systems hold great promise to facilitate cardiac physiological, pathological, 
and pharmacological studies. This review focuses on the development of heart-on-a-chip systems with tissue- 
specific functionalities. For one thing, the strategies for developing cardiac microtissues on heart-on-a-chip 
systems that closely mimic the structures and behaviors of the native heart are analyzed, including the imita
tion of cardiac structural and functional characteristics. For another, the development of techniques for real-time 
monitoring of biophysical and biochemical signals from cardiac microtissues on heart-on-a-chip systems is 
introduced, incorporating cardiac electrophysiological signals, contractile activity, and biomarkers. Further
more, the applications of heart-on-a-chip systems in intelligent cardiac studies are discussed regarding physio
logical/pathological research and pharmacological assessment. Finally, the future development of heart-on-a- 
chip toward a higher level of systematization, integration, and maturation is proposed.   

1. Introduction 

Heart failure is the leading cause of death globally, resulting in about 
30 % of all global deaths every year [1–4]. The high mortality of heart 
failure calls for effective therapeutic strategies and in vitro cardiac 
models. Modern cardiac tissue engineering approaches have made ad
vances in developing highly reliable, and physiologically relevant in 
vitro cardiac models to understand the physiological/pathological 
mechanisms of the heart and accelerate cardiac-related pharmacological 
research [5]. To accurately recapitulate cardiac function with the 
engineered cardiac model, researchers made efforts to organize its 
cellular and structural cues mimicking the native cardiac tissue. In 
previous studies, researchers developed various hydrogels or scaffolds 
with built-in porous or fibrous structures with feature sizes close to the 
native microenvironment, and cardiac cells were loaded within the ECM 
for building physiologically relevant cardiac models [6–9]. Recently, 3D 
bioprinting has emerged as a promising biomanufacturing technology 

enabling precise control over the spatial and temporal distribution of 
cells and ECM [10]. With 3D bioprinting, 3D cellularized constructs with 
geometrical structures of native tissues or organs can be recapitulated, 
and the architectural mimicry of the native cardiac tissue makes it 
possible to engineer in vitro cardiac models with promising physical and 
biological relevance [11–13]. In addition, 3D bioprinting can accurately 
print in vitro tissue constructs with single-cell resolution, enabling better 
resemblance of the cellular microenvironments [14,15]. The high 
reproducibility and precision of 3D bioprinting techniques gave a 
further boost to the field of building in vitro cardiac models. 

In recent years, the in vitro cardiac models have been combined with 
lab-on-a-chip technologies, fueling the growth of heart-on-a-chip sys
tems. Heart-on-a-chip systems are mainly composed of microfluidic 
chips and on-chip cardiac tissues [16,17]. The microfluidic chip enables 
the creation of on-demand in vitro microenvironments, including the 
controlled culture medium and gas delivery, to support and regulate the 
on-chip micro-cardiac tissues in a dynamic manner [18–21]. The 
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on-demand-culture mode provided by the heart-on-a-chip systems al
lows for the accurate reproduction of cardiac development and disease 
progression processes in vitro [22–25]. Furthermore, significant efforts 
have been made to integrate various biosensors into the heart-on-a-chip 
systems for online monitoring of the physiological, pathological, and 
pharmacological responses in the on-chip cardiac tissues [26,27]. The 
real-time monitoring manner is promising for precisely collecting in
formation about the incidents happening in the on-chip cardiac tissues 
at cellular levels, such as the mechanical, electrical, and biochemical 
behaviors [28–30]. 

This article reviews the state-of-the-art research in advanced heart- 
on-a-chip systems that grant tissue-specific functionalities for physio
logical, pathological, and pharmacological studies. We sum up the 
current design and capabilities of engineered 3D cardiac constructs 
recapitulating tissue-specific structures and stimuli on heart-on-a-chip 
systems. We examine the techniques to integrate sensing components 
into heart-on-a-chip systems and introduce the interpretation of tissue- 
specific functionalities with heart-on-a-chip systems from different as
pects. Furthermore, we discuss the typical applications of heart-on-a- 
chip systems in biomedical fields, addressing cardiac physiological, 
pathological, and pharmacological studies. Finally, we conclude this 
review with future perspectives for developing more systemized, inte
grated, and matured heart-on-a-chip systems (Fig. 1). 

2. Replicating cardiac constructs with tissue-specific 
functionalities on the heart-on-a-chip systems 

2.1. Requirements for replicating cardiac constructs on the heart-on-a- 
chip systems 

To acquire accurate information in cardiac studies, the cardiac 

constructs in heart-on-a-chip systems are expected to closely mimic the 
key characteristics of the native heart, including the structural compo
sition and stimulating properties [22–25]. From the structural compo
sition point of view, the on-chip cardiac constructs need to consist of 
cardiomyocytes featuring elongated morphology and spatially arranged 
in specific orientations, which is essential to the restoration of cardiac 
functions [31,32]. Additionally, the cardiac construct should contain 
rich and complex vascular vessels to effectively deliver oxygen and 
nutrients throughout the entire cardiac construct, which are indispens
able for maintaining its viability [33]. From the stimulating properties 
point of view, the heart-on-a-chip system is necessary to contain the 
dynamic culture environment with mechanical and electrical stimuli 
mimicking the native heart, which are proven to facilitate the recapit
ulation of heart pump function in vitro [34]. Incidentally, apart from the 
primary structures and stimuli characteristics, the heart-on-a-chip sys
tems may reflect other features of the human heart, including shear 
stress caused by the blood flows [35], tissue interfaces [15], and 
chemical composition changes [36], to name a few. 

2.2. Replicating cardiac structural characteristics on the heart-on-a-chip 
systems 

Precise recapitulation of the structures in native cardiac tissue is 
important to promote the maturation and functional expression of the 
cardiac construct in heart-on-a-chip systems. Here, in the first part, we 
discuss the strategies for engineering on-chip cardiac constructs with 
highly aligned morphology, including the use of micropatterns and 3D 
scaffolds. In the second part, we summarize the methods to generate 
vascularized cardiac constructs, including the self-assembly of ECs and 
3D bioprinting. 

Cell alignment. Micro-contact printing has been used to produce 

Fig. 1. Advanced heart-on-a-chip systems with replication and interpretation of tissue-specific functionalities for biomedical applications. The schematic indicates 
that advanced heart-on-a-chip systems should replicate tissue-specific structures and stimuli of the native heart, and interpret tissue-specific functionalities from 
different aspects. The replication and interpretation of tissue-specific functionalities on advanced heart-on-a-chip systems support typical biomedical applications, 
including physiological, pathological, and pharmacological studies. 
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microscale topographical features of extracellular matrix proteins for 
the guidance of cell alignment [37–39]. For example, Camelliti et al. 
fabricated a PDMS mold with designed micropatterns based on photo
lithography, and pressed the mold onto the surface of the culture sub
strate, forming microchannels that are flushed with a solution 
containing collagen to deposit tracks for preferential cell attachment. 
They cultured NRVMs on the substrate with micro-patterned collagen 
tracks (30 μm in width), and the results showed that the collagen pattern 
supported the development of cardiac constructs with in vivo-like 
highly-aligned morphology and well-developed sarcomere structure 
[40]. With a similar contact printing method, Cimetta et al. employed to 

patterned laminin lane (~100 μm in width) onto poly-acrylamide-based 
hydrogel, and cardiomyocytes cultured on the patterned hydrogel sur
faces were developed into aligned cardiac myofibers with a uniform 
expression of troponin I [41]. In addition, culture substrate with 
micro-patterned structures can guide the alignment of cardiac con
structs. For example, Lind et al. fabricated PDMS grooves with 
controllable spacings on the culture substrated by 3D printing. They 
culture NRVMs on the substrates with grooves at 40, 60, 80, and 100 μm 
spacing, the results showed that a 60 μm spacing gave rise to the highest 
cell alignment (Fig. 2A) [42,43]. 

To better mimic the inherent 3D structure and extracellular 

Fig. 2. Strategies for realizing cell alignment in cardiac constructs. A) Recapitulating 2D cardiac cell alignment on 3D-printed PDMS microfilaments. (1) Charac
terization of the spacing on the PDMS microfilaments. (2) Sketch of microfilaments with filaments printed at 40, 60, 80, and 100 μm spacing guiding self-assembly of 
engineered cardiac tissue and corresponding stylus profilometer contours of substrates. (3) Sarcomere orientational order parameter of the cardiac construct under 
2D culture developed on substrates with 40, 60, 80, and 100 μm filament spacing. (4) Representative confocal images from sarcomere orientational order parameter 
data. Adapted with permission [42]. Copyright 2017, Springer Nature. B) Recapitulating 3D cardiac cell alignment based on 3D multilayer microfibrous scaffold. (1) 
Schematic illustrating the seeding and aligning process of cardiomyocyte-laden fibrin hydrogel within the scaffold. (2) Representative optical images of cell 
alignment inside fibrin. (3–4) Representative immunofluorescence images of 3D cardiac constructs from 3D profile and top view. Adapted with permission [35]. 
Copyright 2022, IOP Publishing. C) Recapitulating 3D cardiac cell alignment in 3D-printed hydrogel structure. (1) Schematic of the microscale continuous optical 
printing system. (2) Images of full tissue scaffolds and the compaction the tissue experiences over 30 days. (3) α-actinin stain of day 30 samples Adapted with 
permission [31]. Copyright 2020, Elsevier. 
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microenvironment of the native myocardium, aligned 3D cardiac tissues 
were developed by molding CM-laden hydrogels [8,44–47]. For 
example, Black et al. fabricated 3D-aligned cardiac constructs by 
injecting the mixture of CM and fibrin hydrogel in a tubular mold and 
condensed a cardiac construct composed of aligned cells and ECM fibers 
inside after a 14-day culture [48]. Bian et al. designed a PDMS mold with 
in-plane posts regularly arranged according to fiber orientation vectors 
from a selected epicardial region. After culturing NRVM-laden hydrogel 
in the mold, 3D cardiac tissue patches (with a large area of 2.5 × 2.5 
cm2, and thickness over 200 μm) with cardiomyocyte alignment that 
replicated human epicardial fiber orientations were formed [49]. Be
sides, the mold created pores inside the 3D cardiac tissue patch, and the 
pores can serve to increase the diffusion of oxygen and nutrients to 
embedded cells, allowing the viability of the thick tissue [50]. In addi
tion to forming 3D cardiac constructs by casting cell-hydrogel mixture 
using molds with simple structures, 3D-printed scaffolds with 
multi-layer complex structures have been applied to produce aligned 3D 
cardiac tissues. For example, Mao et al. presented a strategy to form 
aligned tissue constructs by embedding cardiomyocyte/collagen 
hydrogel into predefined electrohydrodynamically-printed micro
lattices, and demonstrated the formation of condensed cellular bands 
aligning along the longitudinal direction of the microlattices [51]. On 
this basis, Han et al. fabricated 3D multilayer microfibrous scaffolds and 
pipetted NRVMs-laden fibrin hydrogel within the scaffolds. The 3D 
scaffold performed a thickness of about 790 μm and varied filament 
orientation (with an angle of 60◦ compared with the neighboring bottom 
layer). After an eight-day culture, a 3D cardiac construct with condensed 
NRVM bands was formed in the scaffold, and the cardiomyocytes in the 
constructs demonstrated layer-specific orientations defined by the 
scaffold (Fig. 2B) [35]. In addition to forming a 3D cardiac construct by 
seeding CM-laden hydrogel within supporting scaffolds, CM-laden 
hydrogel can be shaped by optical bioprinting. For example, Liu et al. 
developed microscale continuous optical printing for rapid structuring 
of cardiomyocytes encapsulated in a GelMA structure. Thay demon
strated the fabrication of a 3D CM-laden hydrogel construct with initial 
dimensions of 1.9 × 0.91 × 0.21 mm (length × width × height). After a 
30-day culture, the width of the cardiac construct contracted to ~290 
μm, and additionally, the encapsulated cardiomyocytes showed elon
gated morphology and highly aligned arrangement close to the pheno
typic of in vivo cardiac tissues (Fig. 2C) [31]. 

Vascularization. The main reason for the necessity of vasculariza
tion for the engineered 3D cardiac construct is that oxygen diffusion is 
limited to a depth of about 100 μm from the tissue surface, and the inner 
cells of 3D tissues become necrotic due to the lack of oxygen [36,52–54]. 
It has been demonstrated that the ECs, the main constituent cells of the 
inner lining of blood vessels, are intrinsically able to engineer micro
vascular networks in vitro, and the network was proved to exhibit 
enhanced viability and persistence by co-culturing with supporting cells 
[55]. In recent years, researchers have developed vascularized cardiac 
constructs in vitro by co-culture of cardiomyocytes, ECs, and supporting 
cells. For example, Tsukamoto et al. cultured hiPSC-CMs with NHCFs 
and HMVECs to fabricate 3D vascularized cardiac constructs, and 
microvascular networks are proved to be evenly distributed in the 
engineered 3D cardiac construct with a 5-day culture (Fig. 3A) [56]. 
Moreover, Justine et al. established a co-culture system including 
NRVMs: hASCs: HUVECs at an optimized cell ratio of 1,500,000:37, 
500:150,000 cells/cm2 to engineer a functional cardiac construct with 
dense vasculature network assembly. The engineered cardiac construct 
showed statistically identical electrophysiological functionalities to the 
NRVM-only construct, exhibiting an electrical conduction velocity of 
about 14 cm/s, APD80 of about 152 ms, and APD30 of about 71 ms [57]. 

In recent years, vascularized 3D cardiac constructs have been 
developed based on 3D printing. One strategy is producing a 3D scaffold 
with vascular-like structures based on 3D printing and then culturing 
cardiomyocytes onto the scaffold. Specifically, researchers have devel
oped ECs-laden bioinks for 3D bioprinting and demonstrated the 

printing of a 3D scaffold of microfibers with highly-defined orientation 
and controllable diameter from 300 to 150 μm. Due to the low viscosity 
of the bioink, the ECs can gradually migrate towards the peripheries of 
the microfibers forming confluent vasculars [59,60]. By seeding car
diomyocytes to the 3D scaffold with microvascular structures, car
diomyocytes can gradually adhere to the microvascular structures. For 
example, Zhang et al. printed HUVECs-laden microfibrous scaffolds 
(fiber diameter of ~150 μm), and demonstrated the HUVECs inside the 
fibers gradually migrate to surround the microfibers forming confluent 
microvasculars over a 15-day culture. Neonatal rat cardiomyocyte sus
pension was then pipetted to the as-formed vascularized scaffold, and 
the cardiomyocytes were demonstrated to attach and align on the 
outside of the microvascular, together assuming the configuration of an 
in vitro endothelialized myocardial tissue resembling the structure of a 
native myocardium containing blood vessels (Fig. 3B) [9]. Another 
strategy is building a 3D cardiac construct at first and then creating the 
embedded channels as perfusable vasculars using 3D printing. For 
example, Mark et al. prepared a 3D cardiac construct with the shape of a 
normal human heart by casting hiPSC-CMs derived organ building 
blocks with a 3D mold. Then the sacrificial ink was printed inside the 
cardiac construct, and the printing trajectory was designed according to 
the left anterior descending coronary artery of the human heart. Finally, 
the artery-like structure of sacrificial ink was removed by 37 ◦C incu
bation, leaving behind a 3D network of hollow channels as the perfus
able vascular inside the 3D cardiac construct (Fig. 3C) [58]. 
Furthermore, multi-nozzle 3D printing was applied to build cardiac 
construct together with vascular networks. For example, Noor et al. 
demonstrated 3D printing of iPSC-CM-laden omentum hydrogel (OM +
CM) and EC-laden gelatin (sacrificial layer + EC) using separate printing 
heads, and they performed the construction of a thick 3D cardiac 
construct (with a thickness of about 2 mm) embedded with gelatin 
channel containing blood vessel-forming ECs. After incubation at 37 ◦C, 
the ECs moved to the boundary of the omentum hydrogel and the 
gelating was washed out, exhibiting open cell lumens with a diameter of 
about 300 μm in the cardiac construct, assuming the formation of 
vascular channels inside the 3D cardiac construct (Fig. 3D) [11]. 

2.3. Replicating cardiac stimulating characteristics on the heart-on-a-chip 
systems 

The development and function of the native heart involve mechan
ical and electrical stimuli. These stimuli help to organize the overall 
structure of the tissue, encourage cell elongation, and increase cell 
length-to-width ratio, all of which affect the function of cardiac tissues 
including cellular maturation phenotypes and contractile activities 
[61–63]. In this section, we summarized the effect of mechanical and 
electrical stimulation applied to on-chip cardiac constructs in passive or 
active manners to achieve greater cardiomyocyte maturation and 
functional development. 

Mechanical stimulation. Mechanical stimulation has been 
frequently applied to drive the maturation of in vitro cardiac constructs, 
and according to the mechanical loading mode we characterized the 
mechanical stimulation into a passive and active load. Specifically, the 
mechanical property of the structure (such as the stiffness) that interacts 
with the cardiac construct in a static mode was considered as the passive 
load. For example, it has been shown that the stiffness of the extracel
lular matrix can alter the cellular shape, sarcomere organization, and 
contraction behavior of the adherent cardiomyocytes [64–67]. Bhana 
et al. prepared collagen-coated polyacrylamide hydrogel with different 
stiffness (with Young’s moduli of 3, 22, 50, and 144 kPa) to characterize 
the influence of substrate stiffness on the functional development of 
neonatal rat cardiomyocytes, and the results indicated that a medium 
hydrogel stiffness (~50 kPa) was optimal for the functional develop
ment of cardiac cells, including the matured sarcomere, high contrac
tility, and reasonable electrical excitation threshold [68]. Further, a 
passive mechanical load was proved to alter the development process of 
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Fig. 3. Strategies for realizing vascularization in cardiac constructs. A) Vascularized cardiac construct produced by co-culture of multiple types of cells. (1) Schematic 
showing the fabrication of the vascularized 3D cardiac construct by co-culturing of hiPSC-CM, NHCFs, and HMVEC. (2) The merged image of cTnT and CD31 (3) The 
CD31 image. Adapted with permission [56]. Copyright 2020, Springer Nature. B). Vascularized 3D cardiac constructs produced by printing endothelialized scaffold. 
(1) Schematics showing the procedure of fabricating the vascularized 3D cardiac constructs with three steps: 3D bioprinting of ECs-laden fibrous scaffold, ECs 
migration forming endothelialized structure in the scaffold, and seeding cardiomyocytes onto the endothelialized scaffold. (2) Confocal fluorescence micrograph 
showing the expression of CD31, GFP, and nuclei in a single fiber. (3) Schematic and high-resolution confocal fluorescence micrograph showing an endothelialized 
myocardial tissue formed by seeding neonatal rat cardiomyocytes onto the bioprinted endothelialized microfibrous scaffold after endothelialization. Adapted with 
permission [9]. Copyright 2016, Elsevier. C) Vascularized 3D cardiac constructs produced by printing sacrificial structures. (1) The 3D CAD model of a normal human 
heart. (2–3) The front and perspective view of the printed diagonal branches within the cardiac organoid matrix. Adapted with permission [58]. Copyright 2019, The 
authors. D) Vascularized 3D cardiac constructs produced by multi-nozzle 3D printing. (1) A side view of the printing concept and the distinct cellular bioinks. (2) A 
printed thick cardiac construct with embedded vascular-like channels. (3) A fluorescent image indicating blood vessels composed of ECs is seen in between the 
cardiac construct. (4) Cross-sections of a single lumen, showing the interactions of GFP-expressing ECs. Adapted with permission [11]. Copyright 2019, The Authors. 
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the 3D cardiac constructs. For example, Bliley et al. bounded 3D cardiac 
bundles to elastic PDMS strips with two sets of bending stiffness 
(denoted by 1 × and 8 × ), and the stripes imposed low (1 × ) and high 
(8 × ) force onto the cardiac bundles. The results indicated that the strip 

with higher mechanical loading (8 × ) enhanced the function of the 
engineered cardiac construct with improved cell alignment, cardiac 
contractility, and electrical conduction velocity. In addition, the genes 
associated with different aspects of the contractile apparatus were 

Fig. 4. Promote functional development of cardiac constructs by mechanical stimulation. A) PDMS strips with different bending stiffness (1 × and 8 × ) are used to 
mechanically load engineered cardiac constructs. (1) Macroscopic tissue contractions overlaid with tissue in systole and tissue in diastole and corresponding fluo
rescent images of tissue surfaces under each loading condition. (2) Cardiomyocyte stress during contraction and relaxation. (3) Tissue diastolic stress/tensile stress. 
(4) Heatmap showing log scale geometrical mean of gene expression relative to the 1 × constrained loading condition. Adapted with permission [69]. Copyright 
2021, The Authors. B) Promote the maturation of cardiac constructs by the active uniaxial cyclic stretch. (1) Schematic shows the bioreactor design and outline of the 
stimulation protocol. (2) TMRM + staining of cardiac construct cultured under static and mechanically stimulated conditions. (3) Quantification of cell alignment. (4) 
Quantification of maximal peak shortening during contractions. Adapted with permission [71] Copyright 2016, Elsevier. 
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observably up-regulated under the 8 × mechanical loading (Fig. 4A) 
[69]. The mechanical stimulation that interacts with the cardiac 
construct in a dynamic mode (such as cyclic shear stress or oriented 
stretch) was considered as the active load. For example, Jackman et al. 
fabricated 3D cardiac bundles using NRVMs or hiPSC-CMs and cultured 
the cardio bundles on a rocking platform. The results indicated that the 
NRVM-cardio bundles showed an average contractile force per 
cross-sectional area of 59.7 mN/mm2 and a conduction velocity of ac
tion potentials of 52.5 cm/s, which was similar to or identical to adult 
rat myocardium. In addition, the human cardiobundles cultured under 
active mechanical stimulation showed an average contractile force of 
23.2 mN/mm2 and a conduction velocity of 25.8 cm/s, closing to the 
functioning parameters of the adult human myocardium [70]. Lux et al. 
developed cultured a large-scale (2.5 × 4.5 cm) 3D cardiac construct and 

applied 5 % uniaxial cyclic stretch (2.2 mm) at 1 Hz for 48 h starting at 
day 8 of cultivation, and the results showed a uniaxial contraction of 
aligned cardiomyocytes (with an average angle about 20◦) resulted in 
higher peak shortening of stimulated constructs compared to static 
controls (Fig. 4B) [71]. 

Electrical stimulation. The native heart is composed of a group of 
electroactive cardiomyocytes and electrically conductive fibers, the 
conductive-fiber network improves the electrical communication be
tween adjacent cardiomyocytes [72]. Mimicking such electrically 
conductive features, electrically conductive materials as passive cues 
were introduced in fibrous scaffolds for generating 3D cardiac constructs 
[73]. For example, Wang et al. prepared PLA/PANI scaffolds with 
different electrical conductivity and cultured neonatal rat primary car
diomyocytes cultured on those conductive scaffolds. The results showed 

Fig. 5. Promote functional development of cardiac constructs by electrical stimuli. A) Promote the maturation of cardiac constructs using electrically conductive 
scaffolds. (1) Optical images of PLA/PANI nanofibrous sheets with different PANI concentrations including 0 wt%, 1.5 wt%, and 3 wt%. (2) The electrical con
ductivity of PLA/PANI samples. (3–4) Representative fluorescence images of CMs immunostained for sarcomeric α-actinin (green) and CX43 (red) on PLA and PLA/ 
PANI (3 wt%). (5–6) The area fraction of α-actinin and CX43. Adapted with permission [74]. Copyright 2021, Elsevier. B) Promote the maturation of cardiac 
constructs by active electrical stimulation. (1) Schematic of microbioreactor set-up. (2) Calcium fluorescence traces for an entire beating area over time. (3) 
Transmission electron microscopy image illustrating the thickness of sarcomere in cardiomyocytes under different stimulation frequencies. Adapted with permission 
[76]. Copyright 2016. Springer Nature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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that the higher electrical conductivity induced more expression of sar
comeric α-actinin and connexin 43 (CX43), indicating enhanced cardiac 
maturation (Fig. 5A) [74]. In addition, electrically conductive materials 
were combined with hydrogel to provide a 3D electrically conductive 
environment to promote the maturation of cardiac constructs. For 
example, Roshanbinfar et al. cultured a 3D cardiac construct based on 
biohybrid conductive hydrogels composed of alginate, collagen, and 
PEDOT: PSS. The results indicated that the sarcomeric length of car
diomyocytes in the construct was about 1.9 μm and cardiac contractility 
reached 200 beats per minute, suggesting the formation of mature car
diac tissue by using the conductive hydrogel [75]. 

The native myocardium is composed of specialized cells called 
pacemaker cells that generate electrical pulses spontaneously for regu
lating and controlling the synchronized contraction of cardiac tissue 
[61]. Mimicking this, external electrical stimulation has been intro
duced to the in vitro culture of cardiac constructs. For example, George 
et al. cultured 3D embryoid bodies composed of human stem 
cell-derived cardiomyocytes under external electrical stimulation with 
different frequencies (5 V/cm at 0.5, 1, and 2 Hz), and the results 
showed that cardiac constructs cultured under 2 Hz stimulus exhibited 
thick sarcomere (approximately 600 nm) and enhanced calcium cycling, 
indicating the electrical conditioning promotes cardiomyocyte matura
tion in 3D culture (Fig. 5B) [76]. 

3. Interpreting tissue-specific functionalities from different 
aspects of the heart-on-a-chip systems 

3.1. Requirements for interpreting cardiac information on the heart-on-a- 
chip systems 

Based on accurately representing the essential structures and func
tions of the human heart, heart-on-a-chip systems further demand 
intelligent techniques to support the interpretation of meaningful in
formation from the in vitro cardiac models. Traditionally, numerous 
biological assays provided basic information on the on-chip cardiac 
tissue, such as cell confluence, cell viability, cell proliferation, and 
protein expression [77,78]. As the specific function of cardiac tissue, the 
spontaneous contractile behavior and underlying inter- and sub-cellular 
electrophysiological activity are essential for understanding cardiac 
function. Specifically, the electrical activation of cardiomyocytes is 
generated from the cross-membrane ion flows (such as the Na+, K+, and 
Ca2+) that can be recognized as the action potentials (also known as, the 
transmembrane current). Successively, the action potential activates the 
opening of the Ca2+ channel on the cardiomyocyte membrane, and the 
inward-flowed Ca2+ induces the release of Ca2+ stored in the sarco
plasmic reticulum. The transiently rising of Ca2+ concentration causes 

the sliding between sarcomere protein filaments, which causes the 
whole cardiomyocyte to exhibit contraction. After a contraction, the cell 
membrane actively transports Ca2+ to the outside of the cell while the 
cardiomyocyte begins to diastole. Moreover, the electrophysiological 
activity can be conducted through structural connections (such as the 
gap junction protein, cx43) from cell to cell transiently, inducing the 
synchronized contraction of the whole heart (Fig. 6) [79–84]. 

Normally, in vitro cardiac models are analyzed with optical micro
scopy to observe the morphology of cells/tissues, the frequency and 
amplitude of the spontaneous contractile behaviors can be registered 
through microscopic imaging, but the mechanical forces generated by 
the contraction might not be accurately quantified. Moreover, with the 
addition of fluorescent indicators, the electrophysiological activity can 
be reflected by optical fluorescent microscopy, such as ultra-high- 
resolution microscopes that break through the diffraction limit to 
observe fine fluorescent incidents with resolution smaller than 200 nm 
and multi-photon imaging systems for deep fluorescent imaging of thick 
tissues. A typical application of observing cardiac electrophysiological 
activity by optical observation is calcium transient fluorescent imaging. 
For example, in vitro cardiomyocytes or cardiac tissues were immersed 
with the Ca2+ dye (e.g., Fluo-3, Fluo-4, Rhod-2) that can bind with the 
Ca2+ moving across the cellular membranes, and the fluorescence in
tensity of the indicator increases significantly after binding with the 
Ca2+ [85–87]. Based on this principle, the flow of Ca2+ can be recog
nized using optical fluorescent image techniques. However, the inter
vention of the fluorescent dyes can interfere with the normal functioning 
of cardiomyocytes, and the fluorescence intensity of the dye decays 
gradually after staining which hinders prolonged observing. In addition 
to the optical fluorescent observation, patch clamp is another commonly 
used technique for in vitro cardiac electrophysiological study. The patch 
clamp technique applies a glass microelectrode with a tip diameter of 
1.5–3 μm to contact the surface of the cell membrane, and a small area of 
the cell membrane under the tip of the electrode is electrically separated 
from its surroundings, and the ionic currents through the ion channels 
on this patch are monitored [88,89]. Among the existing electrophysi
ological recording methods, patch-clamp is a “gold standard” for 
obtaining high-quality electrophysiological signals, but it is limited to 
single-cell measurement and cannot readily access the cellular signals 
within 3D cardiac tissues. In addition, its rigid syringe electrode struc
ture can cause damage to the cell making it difficult to monitor active 
tissues for a long time. 

As we discussed, the cardiac-specific functionalities are mainly rep
resented by contractile behaviors and electrophysiological activities. 
Conventional optical observation and patch clamp recording methods 
offered a faithful interpretation of these cardiac-specific functionalities 
but each has its limitations. Besides, these methods call for specialized 

Fig. 6. Schematics showing physiological mechanisms related to cardiomyocyte contraction. The generation process of a normal action potential and the following 
cardiomyocyte contraction, including ion dynamics, sliding of sarcomere filaments, and intercellular communication. Adapted with permission [82]. Copyright 2022, 
Springer Nature. 
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equipment and operators. To effectively interpret these tissue-specific 
functionalities on a heart-on-a-chip system, there are two major re
quirements: ensuring the integrity of the on-chip cardiac tissue during 
the observing process; achieving prolonged monitoring to realize real- 
time analysis of cardiac information throughout the whole life cycle of 
the in vitro cardiac model. Moreover, the heart-on-a-chip system needs to 
accurately reveal the condition of the cardiac model. To meet these re
quirements, an effective method is introducing specific biocompatible 
microsensors into the heart-on-a-chip system to vividly convert different 
types of physiological information into computable physical quantities. 
In this section, we discuss sensing techniques for interpreting tissue- 
specific functionalities in heart-on-a-chip systems, including cardiac 
electrophysiological signal recording and contractile activity measure
ment. In addition, we summarize the recently reported methods of 
realizing online sensing of cardiac-specific biomarkers in heart-on-a- 
chip systems. 

3.2. Interpreting cardiac electrophysiological signals on the heart-on-a- 
chip systems 

Cardiac tissues function under the orchestration of electrophysio
logical signals, and the precise characterization of the cardiac electro
physiological signals in addition to cardiac contractile monitoring is 
important to a deeper understanding of cardiac physiological and 
pathological mechanisms. Based on the development of microsensors, 
microelectrode array devices have been integrated into heart-on-a-chip 
systems to realize online monitoring of the electrophysiology of cardiac 
constructs. According to the type of the recorded electrophysiological 
signals, we summarized microelectrode array devices including extra
cellular and intracellular recording devices. 

Extracellular recording. For extracellular recording, electrical 
coupling between cardiomyocytes and micro-scale planar electrodes is 
established by adhering cardiomyocytes onto the microelectrodes, and 
extracellular action potential changes because of the ionic flow through 
the cell membranes. The parameters (e.g., amplitude, duration, and 
firing rate) of extracellular potential, can be analyzed by the MEA re
cordings, and the change in potential subsequently propagates along the 
adjacent cardiomyocytes can also be analyzed. The basic application of 
MEAs on a heart-on-a-chip model is detecting electrophysiological sig
nals from the cardiac syncytial layer on a planar substrate (Fig. 7A). For 
example, Liang et al. produced an on-chip electrophysiological sensor in 
the form of gold microelectrodes, on which a confluent monolayer of 
spontaneously contracting HL-1 cardiac cells resided. Electrophysio
logical signals from different sites were recorded synchronously, which 
have a synchronized beating rate of 5 Hz. In addition, the propagation of 
cardiac action potentials over the cardiac construct was visualized as an 
isochronal map of time latencies, indicating a propagation velocity of 
about 10 mm/s (Fig. 7B) [90]. Nevertheless, the cardiac syncytial layer 
lacks revealing the cell-cell communication in a functional cardiac tis
sue, and 3D cardiac constructs were developed to solve this problem, 
which provided venues to understand the coordination and function of 
systems functional cardiac tissue. To provide a multisite and simulta
neous investigation of cardiac electrophysiological signals on 3D cardiac 
constructs. For example, Kalmykov et al. produced 3D self-rolled 
biosensor arrays consisting of microelectrodes on a soft thin film, and 
they rolled the device around a prepared human cardiac spheroid. With 
this setup, multi-channel electrophysiological signals acquired from the 
3D surface of the cardiac construct displayed evident time latencies 
between signals from different sites recorded from the spheroid, and the 
conduction velocity was calculated as the gradient from the extrapolated 
time latency isochronal map averaging at 12.45 ± 1.88 cm/s (Fig. 7C) 
[91]. Gu et al. integrated Pt microelectrodes in a 3D cardiac construct 
with highly-aligned morphology and performed in situ 3-channel 
extracellular recording along the cardiac construct. They demon
strated that the amplitudes of the recorded extracellular signals in the 
cardiac construct were between 10 and 155 μV, and the conduction 

velocities of the extracellular signal along the cardiac construct were in 
the range of 22.09 ± 2.02 to 26.34 ± 1.93 cm/s during 50-h culture 
(Fig. 7D) [92]. Moreover, to interpret the electrophysiological signals 
inside 3D cardiac constructs, mesh electronics with microelectrodes was 
applied to deeply integrate with the cardiac constructs. For example, Dai 
et al. produced an ultrathin 2D free-standing mesh electronic consisting 
of 64 addressable electrodes with subcellular dimensions. They folded 
the device into a 3D-multilayered feature and embedded the device in
side 3D cardiac tissues, which enabled simultaneous multisite stimula
tion and mapping of the real-time dynamics of extracellular action 
potentials in cardiac models [93]. Li et al. reported stretchable mesh 
nanoelectronics and uniformly integrated the device inside 3D cardiac 
organoids. Notably, the integration process was driven by the cell− cell 
attraction forces during the 3D self-condensation and organization of 
cells. With this intimate integration, electrophysiological patterns dur
ing organogenesis were studied and the recorded electrophysiological 
data suggested that the functional maturation of a cardiac organoid is 
marked by the synchronization of its electrophysiological activities 
(Fig. 7E) [94]. 

Intracellular recording. Micro/nanoscale features of recording 
electrodes can help access intracellular signals from cardiomyocytes. 
Conventional planar microelectrodes suffer from a low signal-to-noise 
ratio (SNR) due to the poor coupling between cells and electrodes, 
which leads to a small sealing impedance and small signal amplitude 
[95]. To improve the signal quality and closely interrogate the cardiac 
ion channels, nano-scale features (e.g., carbon nanotubes, platinum 
black, ZnO nanowires) were introduced to the surface of microelec
trodes to enhance the coupling between the cell membrane and elec
trode (Fig. 8A) [96,97]. For example, Hu et al. prepared a unique 
nano-branched microelectrode array by combining ZnO nano-branches 
onto microelectrodes and sputtering onto the surface. The 3D struc
ture of nano-branches enables the electrode to form tight coupling with 
cardiomyocytes to achieve low-voltage cell electroporation and 
high-quality intracellular recording. The recorded intracellular action 
potentials of cardiomyocytes exhibited significant enhancement in 
amplitude (~5 mV), SNR (~67.47 dB), recording duration (up to 105 
min), and recording yield (69.5 ± 17.8 %) (Fig. 8B) [98]. Although the 
application of nano-scale cues can improve the quality of recorded 
electrophysiological signals, the improvement was still limited because 
the shape of the cues cannot be controlled accurately. To further 
improve the signal quality, 3D nanostructured intracellular electrodes 
have been developed to deeply interface with cell membranes [99]. In 
addition, in-cell recording of action potentials from cardiomyocytes 
with high quality can be realized by employing membrane-poration 
techniques including electroporation, optoporation, and membrane 
fusion. For example, Xie et al. applied Pt nanopillar electrodes (1.5 μm in 
length and 150 nm in diameter) to detect the action potential of HL-1 
cardiac cells, they demonstrated consistent in-cell recording and the 
recorded signal amplitude reached 11.8 mV (Fig. 8C) [100]. Further, Lin 
et al. developed nanoelectrodes in shape of nanotube and demonstrated 
that cell membrane not only wraps around the vertical tubes but also 
protrudes deep into the hollow center. The wrapping and protruding 
induced a tight membrane/electrode interface that largely increased the 
seal resistance, and the amplitude of the recorded signals reached 15 mV 
after electroporation (Fig. 8D) [101]. Desbiolles et al. fabricated 
volcano-shaped microelectrodes that showed ability to fuse with the cell 
membrane, which provided passive intracellular access to car
diomyocytes and continuous in-cell recording was realized reached 
amplitude as high as 20 mV (Fig. 8E) [102]. In more recent research, Cui 
group reported vertically-aligned nanocrown electrodes that demon
strated a hollow platinum crown 180–200 nm deep for the 3 μm-tall 
structure and the shape can induce the cell membrane to wrap around 
the outer surface while promoting cell adhesion to the inner core at the 
same time. Remarkably, they demonstrated electrophysiological 
recording from cardiomyocytes with signal amplitude up to ~63 mV, 
and the recorded waveform have only overall deviation ~1 % compared 
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to that recorded with patch clamp at the same cell simultaneously 
(Fig. 8F) [103,104]. 

3.3. Interpreting cardiac contractile activities on the heart-on-a-chip 
systems 

Contractility indicates various properties of cardiac constructs, such 
as maturation, viability, and morbidity [105,106]. The contractile force, 
frequency, and synchronization have been commonly applied to eval
uate cardiac properties. The measurement of cardiac contractility could 
be performed on different levels, from single cardiomyocytes to whole 
organs. For example, atomic force microscopy (AFM) has been applied 
to detect the beat rate and beat force of a single cardiomyocyte [107]. 
Ultrasound Cardiogram (UCG) has been used to measure the ejection 
fraction of a living heart [108]. However, the traditional measurement 
approaches typically require expensive equipment and labor-intensive 
procedures and may interfere with the contractility of cardiac tissues. 
In recent studies, heart-on-a-chip systems have incorporated sensors that 
enabled convenient on-chip measurements of cardiac contractility. In 
this section, we summarized heart-on-a-chip systems with the function 
to measure the cardiac contractility at single cell level, 2D cardiac 
construct and volumetric cardiac organoids level (Fig. 9A). 

Single-cell contractility. For on-chip measurement of the cardiac 
contractility with single-cell precision, micro-scale transducer structures 
have been applied to interface with the cardiomyocyte and transform 
the cell-generated contraction into the deformation of the transducer. A 
typical form of the platform relies on the array of compliant micropillars 
with constant controllable dimensions (diameter and height), and the 
contractions of attached cells bend the micropillars, whose deflections 
are observed by optical microscopy. Then the contractile forces exerted 
by cells can be calculated from the displacements of micropillars using 
beam bending theory. This technique can provide a quantitative force 
map of cardiomyocytes exerted on each pillar, offering a powerful tool 
for cardiac contractility studies with a high spatial resolution at the 
single-cell level. For example, Beussman et al. produced micropillar 
arrays of PDMS elastomer using soft lithography with a resolution of 
sub-10 μm, and the correspondence between the deflection of the 
micropillar and the applied force to the pillar was established. After 
conducting surface functionalization with extracellular matrix protein 
to the micropillars, cardiomyocytes were able to adhere atop the 
micropillars. The deflection of micropillars caused by the in-contact 
cardiomyocyte was captured by high-speed video microscopy for 
calculating the contractile force, and the contractile events at each joint 
point between the cardiomyocytes and nether micropillars can be 
calculated individually, which indicated the change of contractile force 
over a single cardiomyocyte. Moreover, this research provided mea
surement of cardiac contractile force change over a single pulse and 
demonstrated the pulse duration and time to peak (Fig. 9B) [109,110]. 
Lee et al. produced mushroom-shaped micropillar arrays, which not 
only demonstrated the measurement of the contraction force of the 
cardiomyocyte adhered atop but also the enhancement of cardiac 

contraction force based on their topography [113]. In addition to the 
micropillar arrays, micro-cantilevers are another widely applied form of 
mechanical transducer [114]. For example, Matsudaira et al. designed 
an on-chip sensor composed of six cantilevers that are 20 μm in width, 
and 27.5 μm in length that a single cardiomyocyte can cover a canti
lever. Direct measurements of the contractile forces generated by the 
HiPSC-CMs at the frequency of 40 kHz and peak values of several tens of 
nN were performed, demonstrating high sensitivity and accuracy in 
measuring the contractile force of cardiomyocytes [115]. 

2D-cardiac-construct contractility. The contraction measurement 
of cardiac constructs under 2D culture using mechanical sensors based 
on the elastic thin film was commonly applied to a heart-on-a-chip 
model. The 2D cardiac construct was built by culturing car
diomyocytes on an ultra-thin film, and the contraction of the car
diomyocytes can simultaneously induce deflection of the ultrathin film 
in accordance with the contractile force and frequency. In addition, 
micro-patterned geometrical or biochemical cues were frequently used 
to induce spatially ordered 2D myogenesis [116]. In earlier studies, the 
contraction force and frequency of 2D cardiac constructs can be directly 
quantified from the motion of the film by analyzing the recorded video 
[117]. In more recent research, signal-translation parts were induced to 
the ultra-thin film transforming the film deflection into electrical or 
optical signals and realizing real-time observation of contraction of 2D 
cardiac constructs. For example, Kim et al. produced a highly-sensitive 
crack sensor within a flexible PDMS film, the constant film deflection 
caused by cardiac contraction induced the real-time opening and closing 
of the crack, which can be read as the fluctuating resistance by con
necting the crack sensor to resistance measuring circuit (Fig. 9C) [111]. 
Sun et al. prepared electroconductive anisotropic structural color 
hydrogel film whose color changes with deformation. They proved that 
the anisotropic morphology of the film could effectively induce the 
alignment of cardiomyocytes, and the electrical conductivity could 
contribute to the synchronous beating of cardiomyocytes. Such consis
tent beating rhythm caused the deformation of the hydrogel substrates 
and dynamic shifts in structural color and reflection spectra of the whole 
hybrid hydrogels. Moreover, they demonstrated a visualized 
heart-on-a-chip system by integrating such cardiomyocyte-driven living 
structural color hydrogels and microfluidics [118]. 

3D-cardiac-construct contractility. To study the ventricle pressure 
and volume dynamics of cardiac tissue on a heart-on-a-chip model, 3D 
contractile cardiac constructs are required. In theory, cardiomyocytes 
can be cultured on an elastic chamber structure and the contraction of 
cardiomyocytes can induce the volumetric variation of the chamber. For 
example, Abulaiti et al. established a heart-on-a-chip microdevice 
composed of an opened chamber connected with a micro-channel 
loaded with fluorescent particles, and a hiPSC-derived 3D cardiac 
microtissue was sealed on the opening of the chamber. The contraction 
of the cardiac tissue pumped the fluid in the micro-chamber recapitu
lating the heart pump function, and the contractile function of the model 
was evaluated by tracking the displacement of the fluorescent particles 
[34]. Moreover, MacQueen et al. prepared a 3D fibrous scaffold in the 

Fig. 7. Extracellular electrophysiological recording. A) Schematics depict (1) the spatial relationships between a cardiomyocyte and a planar microelectrode for 
extracellular electrophysiological recording, and (2) typical form of extracellular signals. B) Planar extracellular recording device. (1) Optical image of HL-1 cells on 
the surface of the device. (2) Representative action potential spikes. (3) The contour map of activation time based on the action potential propagation. Adapted with 
permission [90]. Copyright 2018, WILEY-VCH. C) Flexible extracellular recording wrapped on a 3D cardiac organoid, and multi-site signals from the surface of the 3D 
cardiac organoid. (1) 3D confocal microscopy image of 3D self-rolled biosensor arrays. (2) A 3D confocal microscopy image of 3D cardiac spheroid labeled with Ca2+

indicator dye encapsulated by the 3D self-rolled biosensor arrays. (3) Representative field potential traces recorded by the 3D self-rolled biosensor arrays from the 3D 
cardiac organoid. Adapted with permission [91]. Copyright 2019, The Authors. D) Integrated Pt microelectrodes in a 3D cardiac construct with highly-aligned 
morphology. (1) Optical image illustrated the arrangement of Pt microelectrodes for electrophysiological recording. (2) Fluorescent image indicated the car
diomyocytes at the part integrated with a Pt microelectrode. (3) SEM image of cardiomyocytes integrated with a Pt microelectrode. (4) Representative extracellular 
signals recorded from the three Pt microelectrodes. Adapted with permission [92]. Copyright 2023, Elsevier. E) Implantation of mesh nanoelectronics inside 3D 
cardiac organoids for tissue-wide electrophysiological recording. (1) Optical image of stretchable mesh nanoelectronics. (2) phase images show the deformation of 
stretchable mesh nanoelectronics by the mechanical forces from organogenesis at different stages. (3) Representative traces recorded from the cardiac cyborg 
organoid. (4) Isochronal mappings at day 26 and day 35 of differentiation show delays in the activation time. Adapted with permission [94]. Copyright 2019, 
American Chemical Society. 
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shape of an ellipsoidal chamber and seeded rat or human car
diomyocytes on the scaffold forming a model of the heart ventricle. 
Notably, the engineered ventricles exhibited in vivo-like chamber 
contraction, the measured differences in chamber pressure were ~50 
μmHg (rat or human) and the volume change was ~5 μl (rat) or 1 μl 
(human), the ejection fractions were ~1 % (rat) or ~0.2 % (human) and 
stroke work were WS ~0.25 mmHg × μl (rat) or WS ~0.05 mmHg × μl 
(human) (Fig. 9D) [112]. 

3.4. Interpreting cardiac biomarkers on the heart-on-a-chip systems 

Cardiac biomarkers can provide analytical information critical for 
understanding the physiological functions, pathological progress, and 
drug responses of cardiac tissues. These markers are typically cell- 
secreted proteins to the extracellular environment, such as cytokines, 
growth factors, and hormones, which carry information involving the 
status or condition of cardiac tissue. For example, cardiac troponin T and 
creatine kinase MB (CK-MB) are highly specific biomarkers for assessing 
ischemic myocardial injury in clinical practice, which can be detected in 
the blood when a myocardial injury happens [119]. 

Heart-on-a-chip integrated with aptamer-based electrochemical 
biosensors can provide noninvasive, accurate information on the status 
of cardiac constructs at low working volumes. For a typical aptamer- 
based electrochemical biosensor, the analyte-binding event is indi
cated by electrochemical current variations (Fig. 10A) [120]. For 
example, Shin et al. reported a microfluidic aptamer-based electro
chemical sensing platform with microelectrode functionalized with 
aptamers that are specific to CK-MB biomarkers secreted from damaged 
cardiac tissue. To perform the detection of biomarkers, the platform was 
connected with a heart-on-a-chip model, and the measurement of 
CK-MB secreted by the cardiac organoids upon a cardiotoxic drug, 
doxorubicin, in a dose-dependent manner was demonstrated (Fig. 10B) 
[121]. In addition, by detecting the secretion rate of cardiac biomarkers 
the interactions between cardiac tissue with other tissues can be re
flected. For example, Lee et al. presented a heart-on-a-chip platform 
consisting of healthy/fibrotic cardiac tissue and breast cancer tissue, 
demonstrating that the communications between healthy/fibrotic car
diac and BC cells significantly altered the secretion rate of biomarkers, 
Troponin T and HER-2 (Fig. 10C) [122]. 

4. Typical biomedical applications of heart-on-a-chip systems 

The above discussion reveals that heart-on-a-chip systems hold great 
promise to reflect the key structures of native cardiac tissue, promote the 
maturation of in vitro cardiac microtissues, and detect the condition of 
on-chip cardiac constructs, which can support intelligent cardiac 
studies. In this section, we discuss various applications of heart-on-a- 

chip for intelligent cardiac studies, including cardiac physiological 
research, pathological research, and pharmacological assessment. 

4.1. Heart-on-a-chip systems for cardiac physiological studies 

Heart-on-a-chip systems provide online monitoring and control over 
the functionalities of in vitro cardiac models, enabling researchers to 
understand the physiology of the human heart in depth [123,124]. For 
instance, heart-on-a-chip systems equipped with high-resolution sensors 
enable the monitoring of single-cell activities, which can provide a 
detailed understanding of the development and mechanism of the 
human heart [125,126]. Liu’s group developed a heart-on-a-chip system 
with nano-scale electrophysiological sensors that can non-invasively 
integrate with on-chip cardiac tissues. By culturing a 3D organoid 
composed of hiPSC-CMs in the system, they performed tissue-wide 
integration between the electrophysiological sensors and the 3D 
heart-like structure. The intimate contact between the sensors and cells 
enabled the real-time recording of multi-site electrophysiological signals 
from the 3D human cardiac model, offering chronic and systematic 
observation of the development, propagation, and synchronization of 
the human cardiac tissue (Fig. 11A) [94]. In addition, the 
heart-on-a-chip systems offered dynamic modulation of the culture 
conditions, mimicking the specific stage of heart development can be 
realized. For example, Kolanowski et al. developed a heart-on-a-chip 
system and cultured hiPSC-CMs, and revealed the structural and func
tional maturation of the hiPSC-CMs at an early stage. The 
heart-on-a-chip system enabled dynamic force stimulation and 
on-demand oxygen supply, increasing cell alignment and contractility of 
the hiPSC-CMs observed during a one-week culture. In addition, the 
dynamic culture condition proposed the growth of hiPSC-CMs, and 
increased the cell size and sarcomere length compared with the 
well-plate-based static culture (Fig. 11B) [127]. 

4.2. Heart-on-a-chip systems for cardiac pathological studies 

Heart-on-a-chip systems can provide tunable approaches to accu
rately alter the condition of on-chip cardiac tissue and the culture 
environment, and have been used to mimic the course of heart-related 
diseases, such as arrhythmia, fibrosis, myocardial infarction, etc. [27, 
128]. Arrhythmia is defined as any pathological irregularity in either the 
heart rate or rhythm, which is commonly caused by the interruption of 
electrical signal propagation through the cardiac conduction system 
[129]. To reproduce human cardiac arrhythmias on a heart-on-a-chip 
system, Williams et al. developed on-chip 3D cardiac tissue of 
hiPSC-CMs and induced arrhythmia by adding methyl-beta cyclodextrin 
to disassemble the gap junctions between cardiomyocytes. The model 
recapitulates key aspects of complex arrhythmias in vitro, including the 

Fig. 8. Intracellular electrophysiological recording. A) Schematics depict (1) the spatial relationships between a cardiomyocyte and a 3D microelectrode for 
intracellular electrophysiological recording, and (2) typical forms of intracellular signals. B) Planar extracellular recording device. B) Nano-branched microelectrode 
array realized in-cell electrophysiological recording after electroporation. (1–2) Scanning electron microscope (SEM) images of the platinum-coated nanobranches. 
(3) Colored SEM image of cardiomyocyte (red) on nano-branched microelectrode. (4) Intracellular recording from the primary neonatal rat cardiomyocyte after 
electroporation. Adapted with permission [98]. Copyright 2020, Elsevier. C) Nano-pillar microelectrode array realized in-cell electrophysiological recording after 
electroporation. (1) Optical images of a nanopillar electrode device and SEM image of an array of five vertical nanopillar electrodes on one of the platinum pads. (2) 
The cell-nanopillar electrode interface exposed by FIB milling shows that the nanopillar electrode is fully engulfed by the cell. (3) Representative trace of the 
intracellular signal recorded from HL-1 cardiomyocyte after electroporation using the nano-pillar electrode array. Adapted with permission [100]. Copyright 2012, 
Springer Nature. D) Hollow nano-pillar microelectrodes show enhanced electrophysiological recording over nano-pillar microelectrodes. (1) SEM images of an array 
of IrOx nanotubes on a square Pt pad, and the hollow center of the nanotube can be clearly seen in expanded view. (2) TEM vertical section image of a cardiomyocyte 
growing on top of quartz nanotube arrays show that the bottom plasma membrane protrudes into the nanotubes. (3) Immediately after local electroporation, both 
IrOx nanotube and Au nanopillar achieved intracellular recording of action potentials. Adapted with permission [101]. Copyright 2014, Springer Nature. E) 
Nano-volcano microelectrode arrays realized in-cell electrophysiological recording by membrane fusion. (1) SEM image of the volcano-shaped microelectrode. (2) 
Intracellular recording of action potentials with a nanovolcano (upper trace) and simultaneously measured electrograms from a nearby planar electrode (lower trace) 
during spontaneous electrical activity. Adapted with permission [102]. Copyright 2019, American Chemical Society. F) Nanocrown electrode array allows robust 
recording of intracellular action potentials. (1) SEM image of a nanocrown electrode. (2) Nano-crown electrode arrays measure high amplitude intracellular action 
potential waveforms after electroporation. Adapted with permission [103]. Copyright 2022, Springer Nature. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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asynchronous beating and 3D differential propagation of electrophysi
ological signals [130] (Fig. 12A). Myocardial fibrosis is generally caused 
by abnormal proliferation of cardiac fibroblasts and a significant in
crease in collagen deposition in myocardium, which imbalances the 

ratio of functional cardiomyocytes and disrupts the diastolic function of 
the heart [131]. To model myocardial fibrosis in vitro, Wang et al. 
developed a heart-on-a-chip system by artificially changing the 
hiPSC-CMs to cardiac fibroblast (CFs) ratio of the on-chip 3D cardiac 

Fig. 9. Sensing of cardiac contract force. A) Schematics illustrate the measurement of cardiac contractility at (1) single cell level, (2) 2D cardiac construct, and (3) 
volumetric cardiac organoids level. B) Measuring the contract force of cardiomyocytes using a deformable pillar. (1) Phase contrast image of a cardiomyocyte on 
micro-posts and the displacement of a micro-post. Adapted with permission [109]. Copyright 2014, Elsevier. (2) For each micro-post, the deflection is calculated at 
each frame to produce a waveform. Posts near the edge of the cell (blue) typically deform much more than posts near the middle (red). (3) The calculated force 
waveform from a single contraction from the cardiomyocyte and the characteristic times. Adapted with permission [110]. Copyright 2016, Elsevier. C) Measuring 
cardiac contractility by membrane cantilever integrated with a PDMS-encapsulated crack sensor. (1) Schematic of a silicone rubber cantilever for measuring the 
contractile force of cardiomyocytes. (2) Nano-patterns used to align the cardiomyocytes on the cantilever surface. (3) Representative trace of real-time change in 
resistance ratio. Adapted with permission [111]. Copyright 2020, Springer Nature. D) Cardiac contractility measurement based on tissue-engineered model ven
tricles. (1) Ventricle catheterization in the heart bioreactor (HBR). (2) Pressure and volume measurements during assisted ventricle contraction with or without 
cast-molded silicone tricuspid valves. Adapted with permission [112]. Copyright 2018, Springer Nature. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 10. Sensing of cardiac biomarkers. A) Schematics illustrate (1) the analyte-binding event on a typical aptamer-based electrochemical biosensor and (2) elec
trochemical current variations. B) Aptamer-based microfluidic electrochemical biosensor for monitoring cardiac biomarkers. (1) Schematic and photograph of the 
microfabricated electrode set in a microfluidic bioreactor. (2) Calculated CK-MB concentrations obtained using the calibration curve. Adapted with permission [121]. 
Copyright 2016, American Chemical Society. C) A heart-breast cancer on-a-chip platform with electrochemical sensors for monitoring cell-secreted multiple bio
markers. Adapted with permission [122]. Copyright 2021, WILEY-VCH. 
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tissue. This model used 1:3 CMs to CFs to model the fibrotic tissue and 
3:1 C M to CF condition as the normal control. An interstitial fibrotic 
phenotype with decreased contractile function and pathological 
collagen deposition was observed in the fibrotic tissue, and the Ca2+

transients showed an impaired excitation-contraction coupling pheno
type, indicating that the heart-on-a-chip system can model the fibrotic 
cardiomyopathy in the adult human heart [132]. Myocardial infarction 
commonly arises from the interruption of blood supply to a part of the 
heart, and the ensuing oxygen shortage can cause damage or even death 
of the cardiac muscle tissue [133,134]. Ren et al. described a 
heart-on-a-chip system mimicking hypoxia-induced myocardial injury 
by perfusing the anoxic reagent, FCCP solution, to the on-chip cultured 
H9C2 cardiac cells. The pathological fluidic condition of the extracel
lular microenvironments in the myocardial tissue induced significant 
apoptosis effects on the myocardial cells, such as cell shrinkage, disin
tegration of the cytoskeleton, loss of mitochondrial membrane potential, 
and caspase-3 activation [135,136] (Fig. 12B). Furthermore, 
heart-on-a-chip systems equipped with biosensors can offer real-time 
readouts, which enabled the understanding of rapid changes that 
occur during specific cardiac injury. For example, Liu et al. demon
strated a heart-on-a-chip system equipped with a microfluidic channel 
that enabled temporal modulation of medium oxygenation and 
Pt-nanopillar electrodes to study the effects of acute hypoxia on cardiac 
function. The model provided continuous and multiplexed measure
ments of action potentials (APs) during the induction of hypoxia, and 
they found that hypoxic cells experienced an initial period of tachy
cardia followed by a reduction in beat rate and eventually arrhythmia, 
and the propagation of action potentials between cardiomyocytes was in 

turbid patterns. In addition, the APs were narrowed during hypoxia, 
consistent with proposed mechanisms [137] (Fig. 12C). 

4.3. Heart-on-a-chip systems for cardiac pharmacological studies 

Heart-on-a-chip systems offer non-invasive and label-free detection 
of cardiac response under the treatment of drugs that target cardiac 
electrophysiological activity and contractility. We summarized the 
pharmacological effects of typical cardiac-related drugs and experi
mental results from heart-on-a-chip systems (Table 1). 

Cardiac-related pharmacological components commonly act on the 
ion channels of cardiomyocytes, which can alter the ion flow across the 
cell membrane. According to the different effects of the component, the 
electrophysiological signals generated by the cardiomyocyte exhibit 
different phenotypes (Fig. 6). Heart-on-a-chip systems with sensors for 
recording cardiac electrophysiological signals can monitor the electro
physiological signal in real-time, providing effective methods to inter
pret the effect of the pharmacological components. For example, 
dofetilide is an effective potassium channel blocker and was proven to 
prolong the repolarization time measured from the epicardial electro
gram of an in vivo animal model [141]. Yang et al. exerted dofetilide on a 
heart-on-a-chip system with 3D nanocrown-shaped electrodes. The 
in-cell recording results showed that the APD90 of the intracellular 
signal increased after the treatment of dofetilide at the concentration of 
0.3–3 nM. Since the APD90 is approximately equal to the repolarization 
time, the effect of dofetilide is consistent in the in vivo animal model and 
the in vitro heart-on-a-chip system [104] (Fig. 13A). 

The heart-on-a-chip system with strain sensors was applied to detect 

Fig. 11. Heart-on-a-chip for understanding the physiological processes of cardiac constructs. A) Heart-on-a-chip model for understanding the time-dependent tissue- 
wide electrophysiological activity of 3D cardiac organoids. (1) Schematics illustrate the stepwise integration of stretchable mesh nanoelectronics into organoids 
through organogenesis. (2) Zoom-in views of extracellular signal on three different culturing days (days 26, 31, and 35 of differentiation). (3) Amplitude of fast peak 
as a function of differentiation time. Adapted with permission [94]. Copyright 2019, American Chemical Society. B) On-chip observation of contractility changes of 
cardiomyocytes during culture. (1) Image of the complete microdevice fixed in a holder. (2) Increased contraction velocity of cultures in MPS chips compared to 
6-well static controls. Adapted with permission [127]. Copyright 2020, Elsevier. 
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the pharmacological effect of drugs targeting cardiac contractile func
tions. For example, isoproterenol and verapamil are proven to have 
stimulating and inhibiting effects on heart contractility in clinical use, 
respectively. An in vivo study showed that the intravenous administra
tion of isoproterenol in men in a dose of 0.063 and 0.44 μg/kg increases 
the heart rate by 15 and 30 beats/min, respectively. Conversely, the 
intravenous administration of verapamil in man in decreases the heart 
rate. Researchers have applied the two drugs in heart-on-a-chip systems 
to examine their effect on the contractility of in vitro cardiac models. 
Lind et al. introduced a heart-on-a-chip system equipped with soft strain 
gauge sensors, and cultured laminar cardiac tissue composed of NRVMs 
and hiPSC-CMs. Isoproterenol treatment showed a similar dose- 
dependent increase of cardiac contractility stress on laminar NRVM 
tissue (EC50 = 1.2 nM, under 1.5 Hz pacing) and hiPS-CM-based laminar 
tissue (EC50 = 2.7 nM, under 2 Hz pacing). Verapamil treatment on 
laminar NRVM tissue showed a dose-dependent decrease of contractile 
stress (EC50 = 790 nM, under 1.5 Hz pacing) [42] (Fig. 13B). Similarly, 
Sun et al. developed a heart-on-a-chip with a microgroove structure for 
developing aligned laminar NRVM tissue and a sensor for real-time 
readout of the strain caused by the cardiac tissue. Isoproterenol treat
ment showed a dose-dependent increase in contractility stress (EC50 =

92.6 nM) and beating rate (EC50 = 71.4 nM). Verapamil treatment 

showed a dose-dependent decrease in cardiac contractility stress (EC50 
= 802.9 nM) and beating rate (EC50 = 921.0 nM), both EC50 values were 
close to the previously reported data of rat heart [146,148]. 

In addition, rather than directly targeting the heart, some pharma
cological components were found to induce the production of secondary 
factors that act on heart function during the circulatory and metabolic 
processes. For instance, cyclophosphamide is a known drug that relates 
to cardiac function depending on hepatic metabolism. The mechanism 
of cyclophosphamide-driven influence on cardiac function is not fully 
understood, but findings implicate the production of the metabolite 
acrolein through liver metabolism, which was proved to alter cardiac 
function and signaling in vivo tests [153]. This indirect effect of phar
macological components involves the heart and other interconnecting 
tissue units, which cannot be reflected using a heart-on-a-chip system 
with cardiac tissue only. In recent years, researchers have made efforts 
to understand the indirect effect of interconnecting cardiac tissue with 
other organ modules in a heart-on-a-chip system. For example, Oleaga 
et al. developed a heart-on-a-chip system containing hiPSC-CMs and 
primary hepatocytes for the study of cardiotoxicity upon hepatic 
metabolism. The heart-on-a-chip system allows tracking of cardiac 
electrophysiological and contractile functions while perfusing pharma
cological components passing through the on-chip liver and cardiac 

Fig. 12. Heart-on-a-chip for understanding the pathological processes of cardiac constructs. A) Heart-on-a-chip model with 3D engineered heart tissue (EHT) of 
hiPSC-CMs demonstrating arrhythmias in contractility, cell-cell junction, and electrophysiological conduction. Adapted with permission [130]. Copyright 2021, 
Elsevier. B) Investigation of hypoxia-induced myocardial injury dynamics in a tissue interface mimicking microfluidic device. (1) Schematic diagrams of the 
microfluidic device for studying controllable myocardial hypoxia and for the myocardial fluidic microenvironment mimicking. (2) Fluorescence image of the 
caspase-3+ cells in the chamber before hypoxia treatment. (3) Fluorescence image of the caspase-3+ cells in the chamber after 2-h hypoxia treatment, indicating the 
caspase-3 activation of myocardial cells. Adapted with permission [135]. Copyright 2012, American Chemical Society. C) Heart-on-a-chip model with integrated 
bioelectronics for monitoring cardiac electrophysiology under acute hypoxia. (1) Scheme representing fully assembled chip with integrated recording elements, 
reference electrode, and PDMS channel for media delivery. (2) Scheme of electrode layout and representative multiplexed readouts from a chip with 14 out of 16 
functional bioelectronic interfaces. (3–4) Isochronal maps representing signal propagation at two time points each during normoxia and hypoxia for about 1 h. 
Adapted with permission [137]. Copyright 2020, American Chemical Society. 
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units. Experimental results indicated that the cyclophosphamide (9 mM) 
significantly reduced cardiac conduction velocity, spontaneous beat 
frequency and contractile force by ~62.2 %, 93.2 %, and 80.8 %, 
respectively in the presence of hepatocytes [154] (Fig. 14A). Skardal 
et al. developed a heart-on-a-chip with cardiac, lung and liver organoids 
integrated in a closed circulatory perfusion system. Bleomycin was 
infused into the heart-on-a-chip system, which was demonstrated to 
cause significant lung inflammation, inducing the generation of in
flammatory marker interleukin-1β that has cardiotoxicity in vivo [155]. 
The results show that bleomycin did not cause cessation of cardiac 
organoid beating but the cardiac organoids cultured in the system 
ceased beating obviously, consistent with the indirect toxic effect on 
cardiac tissue [156] (Fig. 14B). 

5. Conclusions and outlooks 

In this review, we summarized the requirements and techniques for 
producing heart-on-a-chip systems to become an effective and accurate 
method in cardiac studies. Specifically, we discussed the basic fabrica
tion techniques for engineering heart-on-a-chip systems. Furthermore, 
we analyzed the necessity for engineered heart-on-a-chip systems with 
biomimetic and sensing functions. We summarized the methods to 
construct cardiac tissues in vitro with characteristics close to the native 
heart and acquire physiological information from on-chip cardiac con
structs. In addition, we shed light on the typical applications of heart-on- 

a-chip in cardiac studies. Nowadays, the development of heart-on-a-chip 
systems is still in the ascendant, and progress can be made in systema
tization, integration, and maturation. 

Systematization. The human heart is a systematically organized 
organ, which can be interpreted by the internal construction of the heart 
and the external connection between the heart and other organs. In 
terms of internal construction, the heart is composed of organized 
multiple cells that are organized hierarchically. As a result, for the 
construction of heart-on-a-chip systems, it is necessary to mimic the 
native composition and organization of native cells and construct a 3D 
cardiac construct with a hierarchical structure. The main challenge is 
accurately assembling different kinds of cells within a 3D cardiac 
construct in proper positions, and in addition, the co-culture of multi- 
kinds of cells needs to be further resolved. Aiming at this, 3D bio
printing may be an effective solution since this technique excels at ar
ranging cell-loading inks in a free-form manner, and it will likely see 
advances in morphogenesis that involve multiple cells, biochemical cues 
and matrix recapitulating the shape and composition of native cardiac 
tissue [157]. For external connection, the heart is in connection with 
other tissues/organs by import/export vessels, innervated by sympa
thetic and vagus nerves, and interactive with surrounding environments. 
One effective method to systematically interconnect on-chip cardiac 
constructs and other tissues is producing ‘X-on-a-chip’ models individ
ually and assembling those modular and automated micro-environment 
controllers with organized micro-channels, as reported by Ali 

Table 1 
The pharmacological effects of typical cardiac-related drugs and experimental results from heart-on-a-chip systems.  

Drug General effect Results from in vivo human/animal or pharmacological 
study 

Cell in heart- 
on-a-chip 
system 

Results from heart-on-a-chip systems Reference 

Quinidine Potassium 
channel blocker 

Cause dose-dependent reduction of the peak amplitude 
of Ik(f) (Kd = 41 μМ); 
Inhibit the IKr about 80 % at 5 μM 

HiPSC-CMs Prolong the cAPD90 significantly at 10 μM; 
Show little effect on the cycle length at 10 
μM 

[104, 
138–140] 

Dofetilide Potassium 
channel blocker 

Increase the activation-repolarization interval of the 
adult beagle dog model between 3 μg/kg and 100 μg/kg 

HiPSC-CMs Increase the APD90 between 300 pM and 3 
nM; 
Decrease the cycle length between 300 pM 
and 3 nM 

[104,141] 

Lidocaine Sodium channel 
blocker 

The half-blocking concentration of cardiac sodium 
channels varied from about 300 μM to 10 μM 

HiPSC-CMs Increase the cycle length significantly at 
100 μM; 
Decrease the cAPD90 slightly at 100 μM 

[104,142, 
143] 

Flecainide Sodium channel 
blocker 

Prevent exercise-induced ventricular tachycardia in 
mice at about 2.5 μM 

HiPSC-CMs Increase the cycle length at 3 μM; 
Affect the cAPD90 minimally at 3 μM 

[104,144, 
145] 

Isoproterenol Positive 
inotropic 
responses 

Increase the heart rate of the human by 15 beats/min (at 
63 ng/kg) and 30 beats/min (at 440 ng/kg) after 
intravenous administration; 
Increases the heart rate of the dog model by 22 beats/ 
min (at 270 ng/kg) and 80 beats/min (at 640 ng/kg) 
after intravenous administration 

NRVMs Increase the contractile stress in a dose- 
dependent manner between 10 pM and 10 
μM (EC50 = 92.6 nM); 
Increase the beating rate in a dose- 
dependent manner between 10 pM and 10 
μM (EC50 = 71.4 nM) 

[8,42,146, 
147] 

Laminar NRVM 
tissue 

Increase the contractile stress in a dose- 
dependent manner between 10 pM and 10 
μM (EC50 = 1.2 nM) 

Laminar hiPSC- 
CM tissue 

Increase the contractile stress in a dose- 
dependent manner between 10 pM and 10 
μM under (EC50 = 2.7 nM) 

3D hiPSC-CM 
tissue 

Increase the contractile frequency and force 
at 1 μM and 5 μM 

Verapamil Negative 
inotropic 
responses 

Cause dose-dependent reduction of the contractile force 
of the rat heart (IC50 = 170 nM); 
Decrease the heart rate of the human after intravenous 
administration 

Laminar NRVM 
tissue 

Decrease the contractile stress in a dose- 
dependent manner between 100 pM and 
100 μM (EC50 = 790 nM); 

[42,146,148, 
149,150] 

NRVMs Decrease the contractile stress in a dose- 
dependent manner between 1 pM and 1 μM 
(EC50 = 802.9 nM); 
Decrease the beating rate in a dose- 
dependent manner between 1 pM and 1 μM 
(EC50 = 921.0 nM) 

Propranolol Negative 
inotropic 
responses 

Nonselective β-adrenergic receptor antagonist, with 
high affinity for the β1AR (Ki = 1.8 nM) and β2AR (Ki =

800 pM) 

3D hiPSC-CM 
tissue 

Increase the contractile frequency and force 
at 1 μM and 5 μM 

[8,151] 

Norepinephrine Positive 
inotropic 
responses 

Show affinity for α2A receptor (Ki = 56 nM) and α1 
receptor (Ki = 330 nM) 

HiPSC-CMs Increase the field potential and contractility 
at 400 nM 

[21,152]  
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Khademhosseini group [19]. Further efforts on improved scaling of this 
kind of platform should allow for more accurate modulating of on-chip 
tissues and modeling of the human system. 

Integration. The physiological activity of the heart is accompanied 
by multiple signals, generally including biological, mechanical, elec
trical, and morphological cues. To holistically interpret the condition 
and response of a cardiac construct in cardiac physiological, patholog
ical, and pharmacological studies, it is necessary to acquire multimodal 
signals from on-chip cardiac constructs contemporaneously. On a heart- 
on-a-chip model, this can be implemented by integrating multimodal 
sensors on one chip, which calls for advanced design and fabrication 
techniques. Efforts have been made to produce multimodal sensors for 
cardiac study. Rogers group developed a 3D multifunctional integu
mentary mesh electronic for spatiotemporal cardiac measurements, and 
they integrated an electrophysiological sensing electrode, mechanical 
strain gauge, pH, and temperature sensors on one device. The function of 
this multifunctional device was demonstrated by in vitro multimodal 
detection on isolated rabbit hearts [158]. However, the reported device 

targets measuring multimodal signals on a whole organ, which is not 
suitable for miniaturized on-chip cardiac constructs. To detect multi
modal signals from on-chip cardiac constructs, Qian et al. developed a 
novel cardiac platform that can record cardiac cell adhesion, electro
physiology, and contractility on the same chip, but this device is limited 
to detecting 2D cardiac tissues. Suitable devices and methods for inte
grating multimodal sensors on heart-on-a-chip systems are still in 
demand. 

Maturation. In the diagnosis and treatment of cardiac-related dis
eases, there is substantial interpersonal variability. As a result, heart-on- 
a-chip systems capable of interpreting the physiological state of the 
cardiac construct for individual persons are in demand. To produce 
customized heart-on-a-chip systems, it is necessary to build cardiac tis
sues based on personal-specific cells. Notably, the development of 
hiPSC-CMs has laid the foundations to fulfill this requirement [159]. 
Generally, by taking the stem cells from patients and differentiating 
them into CMs, it is possible to model specific diseases and personalized 
medicine. However, the hiPSC-CMs commonly show immature 

Fig. 13. Heart-on-a-chip for pharmacological study. A) Assessment of pharmacological compounds by intracellular cardiomyocyte electrophysiological signals. (1) 
Heart-on-a-chip with nanoelectrodes for intracellular electrophysiological signal monitoring. (2) Illustration of the characteristic features of intracellular electro
physiological signal. (3) Representative intracellular electrophysiological signals with multi-dose dofetilide administrations. (4) Overlaid intracellular signals before 
and after different doses of dofetilide. (5) Quantifications of the cAPD90 with increasing concentrations of dofetilide. Adapted with permission [104]. Copyright 
2022, Elsevier. B) On-chip assessment of drugs’ work on cardiac contractility. (1) Heart-on-a-chip with aligned laminar cardiac tissue and integrated strain sensor. (2) 
Representative traces of twitch stress generated by a laminar NRVM tissue when tissue is exposed to verapamil and the corresponding dose–response curve. (3) 
Representative traces of twitch stress generated by a laminar hiPS-CM tissue when exposed to isoproterenol and the corresponding dose–response curve. Adapted 
with permission [42]. Copyright 2017, Springer Nature. 
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functional characteristics with embryonic and fetal tissue attributes that 
can serve as good models for cardiac developmental and early-onset 
disease studies but cannot adequately mimic late-onset disease and 
mature tissue [160,161]. It remains questionable whether these models 
can reflect the pharmacological aspects of a fully developed heart 
enough to draw clinically relevant conclusions. In recent research, it has 
been reported that the long-term culture, mechanical, and electrical 
stimuli enable the maturation of hiPSC-CMs [63,162,163]. 

Heart-on-a-chip systems provided the advantage of long-term dynamic 
culture with controlled medium flows and components, as well as of
fering mechanical and electrical stimuli in a programmable manner. 
Further study is expected to establish heart-on-a-chip systems based on 
matured hiPSC-CMs with age-dependent phenotypes for the replication 
of physiological, pathological, and pharmacological aspects of the fully 
developed heart in vitro. 

Fig. 14. Heart-on-a-chip systems involve the heart and other interconnecting tissue units for studying the indirect effect of pharmacological components on cardiac 
tissue. A) Heart-on-a-chip system containing heart and liver units to study the indirect effect of pharmacological components. (1) Cardiac and liver co-culture in a 
pumpless microfluidic system. Inset 1: the microfluidic flow pathway and the compartments for the system. Inset 2–3: cardiomyocytes cultured on the integrated 
MEAs. Inset 4: drug compound quantification in the system. Inset 5–6: cardiomyocytes cultured on the integrated cantilevers. Heart-liver system and cardiac outcome 
upon cyclophosphamide treatment, including (2) cardiac conduction velocity, (3) spontaneous beat frequency, and (4) contractile force. Adapted with permission 
[154]. Copyright 2018, Elsevier. B) Cardiac-liver-lung interactions in an interconnected system. (1) Photograph of the modular multi-tissue organ-on-a-chip hard
ware system set up for maintenance of 3-tissue models. (2) Cardiac organoid beating plots of isolated cardiac organoids, bleomycin did not cause a cessation of 
beating. (3) Cardiac organoid beating plots of cardiac organoids cultured in the system, showed ceased beating completely under bleomycin treatment. (4) Results 
indicating IL-1β induces an initial increase, followed by a significant decrease in the beating rate of the cardiac organoid. Adapted with permission [156]. Copyright 
2017, The Authors. 
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