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Drug-induced cardiotoxicity is a major problem in drug discovery. Many approaches to efficient drug screening
have been developed, including animal testing in vivo and cell testing in vitro. However, due to intrinsic difference between species, animal-based toxicity testing cannot comprehensively determine the potential side
effects in subsequent human clinical trials. Furthermore, conventional in vitro assays are costly and labourintensive, and require numerous tests. Therefore, it would be necessary to develop heart-on-a-chips made with
advanced materials and soft bioelectronic fabrication techniques that offer fast, efficient, and accurate sensing of
cardiac cells’ behaviors in vitro. In this review, we introduce two key sensing methods in heart-on-a-chip for
physical and electrical measurements. First, optical (e.g., direct and calcium imaging, and fluorescent, laserbased, and colorimetric sensing) and electrical (e.g., impedance, strain, and crack sensing) sensors that record the
contractility of cardiomyocytes are reviewed. Subsequently, various sensors composed of rigid planar/threedimensional electrodes, soft/flexible electronics, and nanomaterial-based transistors to monitor extracellular and
intracellular electrophysiological potentials are discussed. A brief overview of future technology and comments
on the current challenges conclude the review.

1. Introduction
The heart is one of the most vital and least regenerative organs [1].
Cardiac diseases [2] are popular subjects of study for scientists, particularly in the field of pharmacology [3], as a major obstacle to drug
discovery is drug-induced cardiotoxicity [4,5]. New drugs must undergo a variety of tests, such as in vitro cell tests [6,7] and in vivo animal/clinical studies [8–13] to confirm a lack of harmful side effects
[14], as well as to evaluate the therapeutic efficacy [15]. While drug
candidates go through numerous tests, the failure rate can be up to 60%
due to the lack of efficient and effective screening platforms [16–18]. In
the past, newly developed drugs have been screened using animal
models [5] before proceeding to the subsequent stage (i.e., the human
trial) [19]. This stage of animal testing incurs a high proportion of the
total costs and labour [20,21]. However, many of these approaches
have failed in the transition from animal testing to human trials [22]
because animal models can present misleading results due to species
difference [23,24] and can fail to predict harmful effects in heart tissues
(i.e., cardiotoxicity) that can occur in human trials [25].
There is a need to develop a reliable platform to culture and monitor
cardiac cells so that the detailed biological aspects of heart diseases can

be scrutinized in vitro [26–28]. In vitro assays have been utilized in drug
screening [29] to remedy the limitations of animal testing. However,
conventional assays are time-consuming and labour-intensive to screen
numerous samples. The cells for the assays can be harvested directly
from animals or derived from human embryonic stem cells, which may
involve ethical issues. In addition, there is a lack of appropriate tools for
monitoring cells in vitro in real time. To address the limitations of
conventional in vitro assays, an engineered heart-on-a-chip [30,31] integrated with monitoring capabilities has been proposed. Recent technological advances in flexible and soft electronics have propelled the
development of the high performance in vitro platform [32] for sensing
cardiac cells’ properties. This integrated platform converges cell biology
[33], nanomaterials [34–37], and fabrication technologies [38,39] to
precisely record the mechanical and electrical cues [40,41] of the cardiac cells in vitro and mimic the spatiotemporal microenvironment of
the heart [42–44].
In this review, we introduce the recent advances in the bioelectronic
technologies [45–47], focusing in particular on the heart-on-a-chip
[48]. The review is largely categorized into two sensing methods that
include the sensing of contractility [49] and the extracellular and intracellular action potentials of cardiomyocytes. This review begins by
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Fig. 1. Overview of heart-on-a-chip
converging electronics and cardiac
cells. Two modes of sensing in hearton-a-chip include a) contractility (physical) and b) electrophysiology (electrical) of cardiomyocytes. Reproduced
with permission [56,57,82,156,157].
Copyright 2014 American Association
for the Advancement of Science, Copyright 2019 Elsevier, Copyright 2017
Nature Publishing Group, Copyright
2020 John Wiley & Sons, Copyright
2016 John Wiley & Sons.

direct optical imaging to measure discrete sarcomere lengths via microscopy [66]. The variations in length of individual sarcomeres exhibit
cardiac contractility; however, direct optical imaging inevitably involves imprecise measurement due to experimental errors [58]. Video
analyses using micropost arrays have been developed to obtain precise
contractility measurements and monitoring of the three-dimensional
contractile force [60]. A flexible micropost array made of polydimethylsiloxane (PDMS) is easily fabricated using soft lithography of
the double-casting procedures with the stiffness enough to endure the
contractile force of cardiomyocytes (Fig. 2a left). The array of the microposts with the height of 2 μm and spacing of 6 μm acts as the reference point to obtain cardiac contractility by measuring their displacement. The contraction of cardiomyocytes that adhere to the tips of
the microposts causes deflection of the microposts, which is then recorded by video (Fig. 2a right). The actual distance of the displacement
for each micropost is measured via the video analysis (Fig. 2b). The
measurement of the cardiac contraction with an aid of the micropost
array and video recording can increase the accuracy compared to direct
observation and measurement of the sarcomere length. Furthermore,
each post of the micropost array can also measure the contractile forces.
The peak force is identified by calculating the maximum force during
each contraction, while the twitch force is calculated by the difference
between the peak force and the passive tension of each contraction.
Although the video analysis using micropost array provides precise
means to quantify cardiac contractility, it cannot be utilized as drug
screening platform due to its time-consuming nature, its inability to
measure in real time, and its possibility to deform cardiomyocytes’
morphology [67] far from the natural in vivo environment. Recently,
TFM is actively researched and considered as a non-invasive, in situ, and
simple method [61] for cardiac contractility monitoring [68]. Unlike
micropost array or a cantilever, TFM allows the recording of the cardiomyocytes with native-like cellular behavior such as enhanced adhesion and alignments. TFM utilizes fluorescent beads as fiducial
markers which are immobilized within the elastic substrate such as
hydrogel or PDMS. Cells are then cultured on the protein-functionalized
surface of a thin elastic substrate (Fig. 2c). The contractions can be
measured by tracking the position of the fluorescent beads, which indicate the elastic displacement of the hydrogel (Fig. 2d).
Since the bead is immobilized within the culture substrate, the topographical and mechanical property of the substrate can be easily
modified to bio-mimic the native environment in vivo. Specifically,
cardiomyocytes are organized and aligned in vivo, yet are randomly
patterned when cultured in vitro. Providing a controlled cell-substrate
interaction in the nanoscale level (i.e., substrate patterning) is

highlighting the optical sensing method of contractility [50], which is
one of the most widespread and basic techniques for recording the
contraction of beating cells. Subsequently, flexible electrical signalbased sensors, such as an impedance sensor [51] and a strain gauge for
monitoring contractility, are discussed (Fig. 1a). Next, we discuss various electrodes that monitor the extracellular electrophysiological signals of cardiomyocytes with a particular emphasis on the integration
technology of advanced soft and flexible electronic devices to improve
the sensitivity and sensing reliability in cellular environments in vitro.
Finally, methodologies for recording intracellular cardiac action potentials integrated with advanced nanomaterials and device fabrication
techniques for enhanced signal strength with minimal cell membrane
damages are introduced (Fig. 1b). The integration of advanced soft
bioelectronics with cardiac cell biology is expected to dramatically
improve the heart-on-a-chip technology to provide a cost-effective and
efficient screening platform of drug-induced cardiotoxicity tests.
2. Cardiac contractility assay
Cardiac contractility can be monitored to discern healthy and diseased cardiomyocytes [52]. It indicates the various functions of cardiomyocytes by monitoring cardiac systolic functions, such as the frequency [53], force [54], and synchronization [55] of cardiac
contractions. Precise analysis of cardiac contractility would aid to understand the fundamental mechanisms of heart function [56], which
would facilitate studies on the therapeutic efficacy and unexpected
cardiotoxicity of new drug candidates [57]. In this section, we discuss
on the recent progress in the cardiac contractility sensor development,
focusing on sensors based on optical and electrical measurements.
2.1. Optical observation of the cardiac contractility
One of the most widely studied methods to record the cardiac
contractility is the direct observation of cardiomyocytes’ contraction
and relaxation via optical apparatus [58]. Optical sensing is regarded a
high-speed, accurate, and versatile method of detecting cardiac contractility due to the high sensitivity of light-based signals and its independence from other types of sensing methods [50], such as electrophysical and/or electrochemical sensors [59]. Representative optical
sensing methods for cardiac contractility include video analysis [60],
traction force microscopy (TFM) [61], calcium imaging [62], laser
sensing [63], atomic force microscopy (AFM) [64], and colorimetric
sensing [65].
The most primitive method for measuring cardiac contractility is the
2

Talanta 219 (2020) 121269

K.W. Cho, et al.

Fig. 2. Optical observation of cardiac contractility. a) Video analysis for cardiac contractility monitoring using PDMS microposts fabricated with soft-lithography
(left) and actual video image of contractility analysis, which is the top view of the microposts (right) b) Plot showing the displacement of a single cardiac contraction
obtained by video analysis. Posts near the edge of cardiomyocytes (blue) deform much dynamically than posts near the middle of cardiomyocytes (red). Posts which
are not attached to cardiomyocytes (green) rarely deform. Reprinted with permission [60]. Copyright 2016 Elsevier. c) Schematic illustration of the traction force
microscopy. Traction forces generated by the cardiac cells can be calculated via imaging the displacement of the fluorescent beads within the substrate. d) Confocal
fluorescent image showing displaced bead positions before (cyan) and after (magenta) the cardiac contraction. Reprinted with permission [61]. Copyright 2018
Elsevier. e) Calcium ion signaling in cardiac cells before, during, and after pacing (top) and magnified images of calcium ion sparks before, during, and after pacing
(bottom). Reprinted with permission [62]. Copyright 2014 American Association for the Advancement of Science. f) Schematic illustration (top) and photographic
image (bottom) of the laser-based measurement based on the displacement of a cantilever including laser-reflecting electrodes. g) Plot of displacement of the
cantilever measured by the laser measurement of cardiac contraction under different concentrations of astemizole treatment. Reprinted with permission [63].
Copyright 2019 American Chemical Society. h) Schematic illustration of atomic force microscopic measurement of contractility. i) Plot of cardiac contractility treated
with beta-adrenergic receptor antagonist metoprolol (Beta), the beta-adrenergic agonist isoproterenol (Iso), and the calcium discharger caffeine triggering arrhythmia, compared to the baseline signal standardized in the Tyrod buffer. Reprinted with permission [64]. Copyright 2016 Elsevier. j) Schematic illustration of a
colorimetric sensor integrated on a cantilever. k) Plot showing the displacement and frequency of colorimetric sensors treated with different concentrations of
isoproterenol. Reprinted with permission [65]. Copyright 2019 American Chemical Society. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

important to acquire contraction as well as action potentials from cardiomyocytes in vitro as similar to those in vivo as possible [69]. TFM
analysis enables detection of the force change during diastole and
systole of cardiomyocytes, and the force distribution in any part of
cardiomyocytes can be calculated at any time. Although TFM exhibits
high utility for cardiac contractility monitoring, the method does present certain limitations, such as the lack of a consistent resolution of the
obtained contractile forces due to the random distribution of fluorescent beads. In addition, TFM is unable to record the time points
during monitoring and cannot detect vertical contractile forces [67].
Calcium imaging utilizes fluorescent dyes [70] to measure calcium
ion concentrations in the cytoplasm of cardiomyocytes as an indicator
for contractility [71]. This method offers high-throughput analyses for
drug screening [72]. Jian et al. have monitored cardiac contractility
through calcium imaging. Ca2+ signaling in cardiomyocytes is measured before, during, and after pacing (Fig. 2e). Initially, cardiomyocytes exhibit very few Ca2+ sparks before pacing at 0.5 Hz. The number
of Ca2+ sparks increases during paced contraction. When the pacing
stops, the Ca2+ sparks clear out immediately. Although calcium imaging achieves high-throughput analysis of cardiac contractility, it is still
an indirect contractility measurement.
A cantilever is an efficient monitoring platform for the precise

recording of cardiac contraction in tissue level. For direct and real-time
contractility measurements, cantilevers with laser sensors have been
introduced [73]. The laser-reflecting electrode on the cantilever surface
gauges the displacement of the cantilever induced by the cardiac contraction (Fig. 2f). This system can monitor change in the cardiac contractility depending on the concentration of astemizole, a medicine for
hypertension and heart rhythm disorders, showing potential as a facile
drug screening platform of cardiac cells (Fig. 2g). Such a laser-based
sensor enables facile cardiac contractility measurements, but has a
distinct limitation in that heat generation by the laser irradiation can
harm the metabolism of the cardiomyocytes [67].
When combined with AFM, cantilevers can serve as biomechanical
sensors for cardiac contractility, allowing for accurate measurements
and monitoring of other mechanical properties in addition to contractility simultaneously [67]. Fig. 2h shows the setup of AFM cantilever devices for cardiac contractility monitoring (left) and the contractile movements of cardiomyocyte clusters measured by the AFM
cantilever (right). The interaction force between the beating cardiomyocytes and the AFM tip can be recorded in real time. Treatment with
a beta-adrenergic receptor antagonist metoprolol, a beta-adrenergic
agonist isoproterenol, and a calcium discharger caffeine changes the
contractile force of the cardiomyocytes, compared to the baseline signal
3
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standardized in a Tyrod buffer (Fig. 2i). The AFM cantilever device has
distinct limitations in that a laser must be incorporated into the measurement procedures, and invasive contact must be made on the cardiomyocytes [74].
Recently, a colorimetric sensor for cardiac contractility monitoring
has been developed [65]. This sensor enables facile and efficient detection without exposure to high-energy light and/or direct mechanical
contacts on cells [75]. Shang et al. have developed a biohybrid colorimetric sensor based on anisotropic inverse opal substrate elliptical
macropores filled with a hydrogel. The color of the biohybrid sensor
changes as the seeded cardiomyocytes contract (Fig. 2j). For the demonstration of a drug screening platform, different concentrations of
isoproterenol are injected to the microfluidic system and an increase in
the wavelength shift is observed (Fig. 2k). Due to the utilization of highenergy light such as laser is not required, the cardiomyocytes cultured
on a calorimetric sensor can be monitored without any physical damage
(i.e., heat) and maintains high viability even after the monitoring.

Wang et al. have used carbon nanotubes (CNTs) as the strain sensor
material and fabricated a CNT sensor-embedded microdevice for drug
screening platforms (Fig. 3c). The validation of the strain sensor platform is tested with five drugs: isoproterenol, verapamil, omecamtiv
mecarbil, ivabradine, and E4031. Fig. 3d representatively presents the
effect of verapamil. The strain sensing exhibits a higher magnitude of
the resistance measurements than the impedance sensing.
Embedding strain sensors into cantilevers can mimic the three-dimensional native structure [81] of the myocardium. Lind et al. have
fabricated a cantilever structure, strain sensor, groove, and culture well
simultaneously via multi-material three-dimensional printing [82]. The
cantilever deflects as cardiomyocytes seeded on the cantilever surface
contract, and the strain sensor measures the contractility of the cardiomyocytes simultaneously (Fig. 3e). The carbon black strain sensor
embedded in the cantilever measures the contractility of cardiomyocytes in real time (Fig. 3f left), and the strain gauge shows a maximum
at systole and minimum at diastole of the cardiomyocyte contraction
(Fig. 3f right). The integrated culture scaffold that considers the functional, structural and biological aspects of the cardiomyocytes dramatically simplifies the data collection and facilitates efficient long-term
cardiac studies [5].
Although 3D printing [83] enables the facile fabrication of strain
sensors for cardiac contractility measurements, the strain sensors do
possess certain limitations in that they exhibit low sensitivity owing to
their low gauge factor [84]. Crack sensors have received considerable
attention due to their flexibility [85,86], durability [87], and outstanding mechano-sensitivity. Fig. 3g shows the mechanism of crack
sensing for cardiac contractility, which is the driving force of ultrahigh
sensitivity and long-term stability of the crack sensor under a culture
medium condition. The crack sensor gauge shows a maximum at systole
and minimum at diastole of the cardiac tissue contraction and relaxation (Fig. 3h). Compared to piezo-resistive sensors, crack sensors have a
signal-to-noise ratio that is 600 times higher, enabling accurate analysis
of cardiac contractility. Unlike conventional sensors that lack long-term
stability under a culture medium environment, crack sensors maintain
the stability of sensing even after 26 days in culture medium.

2.2. Electrical detection of cardiac contractility
Electrical signal-based contractility sensors (e.g., impedance, strain
[76], and crack-based sensors) enable facile, real-time, and long-term
recording of cardiac contractility [77]. Electrical impedance sensing
has been utilized to monitor growth, spreading, and differentiation of
cells [7]. Recently, impedance sensors have been used to monitor cardiomyocyte contractility by recording changes in the impedance
(Fig. 3a top). As cells grow and cover the electrode of the impedance
sensor, the current flow through electrodes of the sensor generally
lowers [78]. Then, as the cardiomyocytes contract, the gap between the
electrode and the cell layer changes and the impedance fluctuates
(Fig. 3a bottom, 3b).
Although impedance sensing enables real-time and long-time monitoring, it has the potential to induce undesired side effects due to the
direct exposure of the applied current flow to the cells [67]. In recent
years, strain sensors have been spotlighted for cardiac contractility
sensors owing to their flexibility [79] that arise from their thin film
structure. The strain caused by cardiomyocyte contraction can be
converted into electrical signals, such as change in resistance [80].

Fig. 3. Electrical detection of cardiac contractility. a) Schematic illustration of impedance-based sensor to record cardiac contraction (top) and contraction of cardiac
cells on electrodes (bottom). b) Plot of changes in impedance during cardiac contraction. Reprinted with permission [78]. Copyright 2017 The Royal Society of
Chemistry. c) Exploded view of the strain gauge integrated into thin film bridge for contractility assay. d) Plot of resistance changes in cardiac contraction induced by
treatment of verapamil. Reprinted with permission [67]. Copyright 2018 American Chemical Society. e) Schematic illustration of a 3D printed cantilever integrated
with strain gauge. f) Microscope image of the 3D printed cantilever bending by cardiac contraction (left) and relative resistance changes and corresponding calculated twitch stress recorded from the strain sensor (right). Reprinted with permission [82]. Copyright 2017 Nature Publishing Group. g) Schematic illustration of
the crack-induced strain gauge sensor on the cantilever (top) and the details of crack sensor during contraction and relaxation of cardiac cells (bottom). h) Changes in
the resistance ratio of the crack sensor during contraction and relaxation of cardiac cells. Reprinted with permission [84]. Copyright 2020 Nature Publishing Group.
4
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3. Sensors for monitoring cardiac action potentials of
cardiomyocytes

the capillary force of which pulled the CNTs closely together (Fig. 4c
top). Furthermore, the van der Waals force between the closely packed
CNTs subsequently densifies them into a well-shaped arrangement in
which the size of electrode diameter can be controlled (Fig. 4c bottom).
Similar to graphene, CNT has a strong advantage as a carbon-based
nanomaterial as it exhibits dramatically low electrode impedance and
high biocompatibility due to the enhanced electron transfer. This wellshaped formation of the 3D CNT electrode allows to entrap the cell and
to significantly increase the surface area of electrode-cell interface
unlike a flat electrode which only contacts the cell at the bottom side
(Fig. 4d). Due to the 3D structure and shape of well, higher amplitudes
in the extracellular recording of the primary cardiomyocytes are observed compared with bare flat electrodes.

3.1. Electrodes for extracellular electrophysiology of cardiomyocytes
Cardiomyocytes perform both electrochemical and mechanical activities simultaneously. The precise characterization of the cardiac action potential, in addition to cardiac contractile monitoring, is highly
important in the screening of cardiotoxicity [88]. The heart tissue is
composed of electrogenic cells called cardiomyocytes, in which the
extracellular potential changes as a result of the ionic flow through the
cellular membrane [89]. The transmembrane potential of −90 mV at
rest is transiently depolarized by the influx of cations, such as sodium
and calcium [88]. This change in potential subsequently propagates
along the adjacent cell surface. Sensing the cardiac action potential
allows for a better understanding of heart tissue behavior and can
distinguish normal and malfunctioning heart tissue in vitro [90]. Such
electrical investigation of cardiac cellular activities can be accomplished using bioelectronics when the surface of the electrode is in close
contact with or is inserted into the cell membrane [91]. In this section,
various types of bioelectronic sensors that are capable of monitoring the
cardiac action potentials of cardiomyocytes are reviewed.

3.1.2. Flexible electrodes
The development of an in vitro platform to maximally mimic the
heart is critical for the reliability of drug-induced cardiotoxicity testing
[69,92]. For instance, the alignment of the cardiomyocytes in vitro can
lead to a higher velocity of the action potential propagation than that of
cardiomyocytes cultured with a random orientation. In order to biomimic the cardiac environment in vivo during electrophysiological recording, the biomimetic cues should be integrated onto the recording
electrodes through, for example, the nano-topographical patterning
[107]. In addition to the topographical cue of the substrate, the geometrical and mechanical properties of the substrate are also critical to
bio-mimic the native heart environment. Cardiomyocytes in vivo are
organized into a 3D shape and are closely connected each other [108].
In many cases, cells used for in vitro testing are cultured as a monolayer.
Cells are cultured on a rigid substrate where the modulus of the culture
substrate is significantly different from the natural environment in vivo.
2D monolayer cell culture can lead to different cellular behaviors
compared with 3D cell culture [109]. The culture environment may
engender unexpected and different physiological behaviors such as low
sarcomere and myofibril formation [110]. To overcome the limitations
of monolayer cell culture, cells can be cultured in 3D engineered scaffolds [111] made of various types of materials, such as nanofibers and
hydrogels [112,113], that mimic the 3D in vivo environment. Moreover,
3D organoid [114] cell culture is an emerging trend in tissue engineering and drug discovery. On the other hand, conventional rigid
planar electrodes are incompatible to be integrated within soft engineered scaffold. Therefore, flexible electronics [79,115,116] that
improve the quality of the cell-electronics interface by evading the
mechanical mismatch to the modulus of the soft substrates are being
actively developed [117–119].
Feiner et al. have recently developed an engineered cardiac patch
integrated with flexible electronics and a 3D nanocomposite scaffold
[120]. The flexibility of this device is advantageous as it can be rolled
or folded along with the 3D scaffold while recording the extracellular
electrical signals of cardiomyocytes (Fig. 4e). The flexible MEA of 32
electrodes is made of an Au layer encapsulated with SU-8 polymer on a
porous network of a SU-8 mesh substrate. In addition, a rough nanoscale layer of titanium nitride is deposited onto the sensing part of
the electrode to increase the surface area and cell adhesion. Additionally, the cardiac patch is capable of performing the controlled
release of drugs that are incorporated in the polypyrrole film. The thick
3D tissue-scaffold construct (Fig. 4f) is made of the SU-8 mesh that acts
as the backbone of the patch (Fig. 4f inset) covered with the electrospun
nanocomposite fiber scaffold of polycaprolactone-gelatin. The mechanical property of the flexible electrode is well matched with the soft
property of the cells. Therefore, the integration of flexible electronics
into an engineered 3D scaffold allows to record the cultured cardiomyocytes without damaging the cells even under deformations.
Although there is a 3D MEA that can wrap around the surface of a
single cell to record its signal, Kalmykov et al. have developed a 3D selfrolled biosensor array that can simultaneously perform 3D multisite
recording of multicellular spheroids [121] (Fig. 4g, inset for the

3.1.1. Rigid planar and 3D electrodes
The conventional tool for monitoring the electrophysiology of the
heart tissue is the planar microelectrode array (MEA) [92]. The device
is typically made of metal electrodes, such as gold and platinum, on a
rigid substrate [93]. The array of electrodes allows for multiple sites of
the cell culture to be recorded at the same time and the electrical
propagation generated in the cultured cardiomyocytes to be mapped
[94]. The key to improve the sensitivity of MEA is decreasing the intrinsic impedance of materials [77] and increasing the area of the celldevice interface [95–97]. Carbon-based nanomaterials [98,99] and 2D
materials [100] such as graphene have gained attention as novel materials for the fabrication of MEAs due to their excellent electrical
property, biocompatibility, and transparency. In particular, the transparency of graphene [101] compared with other metal-based materials
offers a strong advantage, as it enables the observation of cells directly
at the recording site.
Recently, a graphene-based MEA with an array of 64 electrodes has
been developed to record the extracellular action potential of cardiomyocyte-like cells, HL-1 [102] (Fig. 4a top). The detection site is made
of CVD-grown graphene and is patterned to a diameter of 10 μm with
Au electrodes on a wafer substrate and passivated with polyimide
(Fig. 4a bottom). HL-1 cells are cultured on top of the device (Fig. 4b
left). Due to the transparent property of graphene, in situ observation of
the cells via optical apparatus such as the phase contrast microscope is
possible without sacrificing the cells from either immunostaining or Pt
coating for scanning electron microscopy. As the cells contract, the
corresponding action potentials in multiple sites of the electrode are
simultaneously recorded with high signal-to-noise ratios of 45 ± 22.
Also, the delay of signal amplitudes between each channel indicates the
signal propagation along the cell culture (Fig. 4b right).
The planar electrode array is considered a stable and non-invasive
method for recording the electrophysiology of cardiomyocytes
[103,104]. The high-quality and accurate recording of electrophysiological signals in cardiomyocytes is critical and depends heavily
on the signal-to-noise ratios of the recording electrodes. Recently, 3D
electrodes [105], such as vertical micropillars, have been actively investigated. These 3D electrodes show a higher signal-to-noise ratio
compared to conventional planar electrodes because the 3D electrodes
have a higher surface area, which decreases the electrode impedance.
Cools et al. have reported on a 3D micro-structured electrode made
with an aggregated form (well shape) of vertically aligned CNTs [106].
The well-shaped CNTs can be controlled by the condensation and
evaporation of the acetone vapor exposed onto the surface of the CNTs,
5
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Fig. 4. Extracellular electrophysiological signal recording. a) Photographic image of planar rigid graphene-based MEA (top) and schematic illustration of device
configuration (bottom). b) Fluorescent image of HL-1 cells with the locations of recording site (left) and plot of extracellular potential recording of the cell showing
the electrical signal propagation (right). Reprinted with permission [102]. Copyright 2017 John Wiley & Sons. c) Schematic illustration showing the process of
aggregated formation of 3D CNT electrodes (top) and SEM images of vertically aligned CNTs aggregated as a shape of wells whose diameters are 2.5 μm and 20 μm
(bottom). d) Colored SEM image of neonatal rat cardiomyocytes on a single electrode of 3D CNT MEA. Reprinted with permission [106]. Copyright 2016 John Wiley
& Sons. e) Schematic illustration of a flexible cardiac patch encompassing capabilities of drug delivery, cell culture, and sensing. f) Photographic image of a cardiac
patch with engineered cardiac scaffold. The inset shows SEM image of the cardiac patch without the scaffold. Reprinted with permission [120]. Copyright 2016
Nature Publishing Group. g) Schematic illustration of a 3D self-rolled MEA encapsulating a spheroid of cardiac cells. The inset shows a fluorescent image of the
human cardiomyocyte spheroid wrapped with the self-rolled MEA. The number indicates the location of recording sites while two additional sites located at the
backside are not shown. h) Plot of electrical signals recorded from multiple sites at all sides of the spheroid. Reprinted with permission [121]. Copyright 2019
American Association for the Advancement of Science. i) Schematic illustration of a soft conductive hydrogel micropillar array (top) and the swelling process of the
hydrogel micropillar after soaking in phosphate-buffered saline (PBS) (bottom). j) Plot of signal recorded from the soft hydrogel micropillar electrode and rigid
iridium oxide micropillar electrode. Reprinted with permission [126]. Copyright 2018 National Academy of Sciences. k) Microscopic image of an ultrasoft nanomesh
electrode (top) and schematic illustrations showing an electrospun polyurethane nanofibers coated with a gold layer (bottom). l) Plot of electrophysiological signals
recorded at the sites of A, B, and C, and the photographic image of the nanomesh closely adhered onto the fibrin gel of cardiac cells (inset). Reprinted with permission
[127]. Copyright 2019 Nature Publishing Group. m) Schematic illustration of a multilayer silicon nanowired FET array in engineered scaffold composed of electrospun PLGA fibers. n) 3D mapping data of the electrical propagation induced by the cultured cardiomyocytes. Reprinted with permission [131]. Copyright 2016
Nature Publishing Group. o) Schematic illustration of a flexible organic electrochemical transistor (top) and photographic image of the device applied under strains of
0, 0.45, and 0.78% (bottom). p) Heat map of the recorded cardiac electrical signals. The marker of x indicates the recording sites. Reprinted with permission [136].
Copyright 2018 John Wiley & Sons. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

fluorescence microscopic image). The 3D self-rolled MEA is fabricated
on a planar layer of a germanium sacrificial layer with a base support of
SU-8 polymer. The electrode is deposited and patterned with the
chromium, palladium, and gold layers, and the sacrificial layer underneath disintegrates to form a 3D rolling structure. The shape transformation of the rolling is driven by the mismatch of residual strains between different constituent layers in which the tensile stress is
generated from palladium and chromium layers. Unlike other flexible

electrodes intended to monitor either 2D or 3D cell culture, the selfrolling property of this MEA is suitable for monitoring the multicellular
spheroid culture. The human cardiomyocytes are formed into multicellular spheroid during differentiation from the embryonic stem cell.
The rod-shaped cell aggregate of embryonic stem cell-derived cardiomyocytes is encapsulated within the self-rolled MEA, which records the
electrical activity of the 3D spheroid at 12 recording sites from all sides
of the 3D spheroid (Fig. 4h). This enables the electrical propagation of
6
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cardiomyocytes to be measured more accurately, which is not otherwise possible in the 2D monitoring of cardiomyocytes in monolayer.

time mapping of extracellular cardiac action potentials [131] (Fig. 4m).
Simply folding the flexible FET array multiple times allowed the 3D
multilayer recording of the cardiomyocytes. The recording sites are
made of FETs integrated with silicon nanowires and encapsulated with
SU-8 polymer. A scaffold made of electrospun poly (lactic-co-glycolic
acid) nanofibers is integrated at each layer of the sensor array of the
4 × 4 FET sensors. Also, the 3D propagation of the cardiac electrical
potential is recorded in real time with an in vitro cardiac model. The
flexible nanowire-integrated FET array enables the 3D spatiotemporal
recording of the cardiac action potentials (Fig. 4n).
The organic electrochemical transistor (OECT) is another type of the
transistor-based heart-on-a-chip. OECTs have attracted attention for
their intrinsic flexibility and the high biocompatibility of the organic
active layer [132], which is in direct contact with the cells [133–135].
Liang et al. have developed a flexible OECT to record cardiac action
potentials in vitro [136]. A sub-micrometer thick layer of the conductive
polymer, i.e., PEDOT:PSS, is used as the channel material, leading to the
fast exchange of ion charges between electrolytes and the channel
(Fig. 4o top). Also, the recording performance of the OECT array is
stable even under external strains (Fig. 4o bottom). HL-1 cardiac cells
are cultured on the OECT array to record the propagation of the extracellular cardiac action potentials (Fig. 4p).

3.1.3. Soft electrodes
Cardiomyocytes have contractile movements of contraction and
relaxation. The cell-electrode interface is critical for enhanced extracellular recording, particularly for cardiomyocytes that have continuous movement. Thus, the mechanical property of the electrode
material [122–124] must be considered to minimize the hindrance of
cellular motion. Soft electrodes made of hydrogels and extremely thin
materials [125] can significantly decrease the physical stress applied to
the beating cells.
Liu et al. have developed a soft 3D electrode array to record the
electrophysiology of cardiomyocytes [126] (Fig. 4i top). The highly
conductive and tissue-like 3D electrode is made of an ionic liquid hydrogel mixed with PEDOT:PSS, then electrochemically deposited with
iridium oxide. As it is made of hydrogel, the 3D micropillar electrode
swells anisotropically in- and out-of-plane direction (Fig. 4i bottom).
The height of the hydrogel micropillar can be increased from 1.8 μm
and approximately up to 12.9 μm during swelling in PBS. The electrophysiological signals of the cardiomyocytes are measured with both the
soft 3D electrode and the conventional rigid micropillar electrode. The
soft 3D electrode records signals with a higher amplitude than the
conventional rigid 3D electrode (Fig. 4j). Although the mechanical
property of flexible MEAs is similar to that of the soft cells, nanoscale
environment of the electrode-cell interface is significantly different
compared to the intrinsically soft material like hydrogel. Also, the
softness of the electrode improves the stability of the measurement, as
the electrode can be bent along with the contraction-relaxation movement of the cardiomyocytes. Thus, the utilization of hydrogel as an
electrode material is suitable for monitoring such constantly deforming
cells like cardiomyocyte even if the intrinsic impedance of inorganic
materials is much lower.
Recently, Lee et al. have reported ultrasoft nanomesh electrodes
that conformally contact with the cardiomyocyte-hydrogel construct
[127] (Fig. 4k top). The nanomesh device is fabricated out of electrospun polyurethane nanofibers, which are coated with gold and passivated with a parylene layer (Fig. 4k bottom). Due to the spaghetti-like
structure, the nanomesh shows a high stretchability and extreme softness, and the beating motion of the cell is not hindered. Au-coated
nanofibers are entangled together to create an electrical path which
acts as an electrode. The nanomesh is extremely thin and contains a
rough surface so that it can be tightly adhered onto the soft scaffold to
achieve an enhanced quality of the electrode-cell interface. The electrical propagation of the cardiomyocytes can be recorded (Fig. 4l)
without significant degradation of the device or damage to the cells due
to the conformal adhesion of the highly stretchable nanomesh device
onto the fibrin hydrogel seeded with the human induced pluripotent
stem cell-derived cardiomyocytes (Fig. 4l inset).

3.2. Electrodes for intracellular action potential measurement
The intracellular recording of cardiac action potentials offers tremendous information on cardiomyocytes such as the full amplitude and
shape of the signal and activity of the ion channels in the cell membrane
[137]. Although there is a possibility of damage to cell membranes,
intracellular recording provides significantly more accurate recording
data than extracellular recording. Thus, intracellular recording may be
well suited to heart-on-a-chip and can be utilized specifically for
screening drug-induced cardiotoxicity. Patch clamp electrodes [89]
have been widely used to record the potential at the transmembrane by
directly inserting the electrode into the cell [138] (Fig. 5a; inset for
microscopic image of patch clamp). This technique is a common
method and is considered as the gold standard due to its high signal-tonoise ratio and the reliability of the signal produced. It can even record
the depolarization of the resting potential in cardiomyocytes that are
treated with Na+/K+ pump inhibitor such as ouabain [88] (Fig. 5b).
However, the patch clamp technique is unsuitable for long-term measurements due to its invasiveness. In addition, it cannot be applied as
pharmacological screening platform due to its poor scalability.
3.2.1. Intracellular 3D recording electrodes
Various forms of vertical electrodes [91,139] have been demonstrated to record intracellular electrical potential of cardiac cells to
overcome the drawbacks of the patch clamp technique. These vertical
electrodes are usually made of 3D nanoelectrodes with a very thin and
sharp structure, thereby creating a tight interface [140] between the
cell membrane and the electrode [90]. Xie et al. have developed a nanopillar MEA to record the intracellular action potentials with an excellent signal strength for long period of time [141]. The nanopillar
electrode with a length of 1.5 μm and a diameter of 150 nm is made of
platinum and encapsulated with silicon nitride (Fig. 5c left). HL-1
cardiac cells are cultured on top of the nanopillar electrode, which is
eventually engulfed tightly by the cell membrane (Fig. 5c right).
Nevertheless, the electrode does not penetrate into the cells until high
electric field is applied. Electroporation, which is widely used for inserting DNA into cells, can form nanometer-sized pores in the cell
membrane with a very small voltage (Fig. 5d top). An electroporation
increases the permeability of the cell, thereby leading to a dramatic
increase in the signal amplitude by a factor of more than 100 (Fig. 5d
bottom). However, the pore in the cell membrane by the electroporation seals back within several minutes. Thus, electroporation is needed
each time during intracellular recording.

3.1.4. Nanomaterial-based transistors
One of the main concerns in the development of heart-on-a-chip is
to enhance signal quality and to accurately record electrical potentials
of cardiomyocytes in detailed regions. Although passive MEAs are frequently used and have shown advances in recording extracellular cardiac signals, active MEAs [109,128], such as those integrated with field
effect transistors, have been highlighted based on their several distinct
features. One of their main advantages is that a higher density of recording sites integrated with the multiplexer [129,130] can be
achieved. Also, the physical size of the recording region can be reduced
dramatically. To improve the recording signal strength, nanomaterials
such as nanowire are utilized in the field effect transistor. While the
signal of hundreds of micro-volt can be recorded with passive MEAs, the
nanowire FET can record the signals in the milli-volt range.
Dai et al. have demonstrated a 3D nanoelectronic array that can be
folded easily to form a four-stacked device and recorded the 3D real7
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Fig. 5. Intracellular action potential recording. a) Schematic illustration of intracellular patch clamp electrode and SEM image of the patch clamp penetrated into cell
(inset). Reprinted with permission [89,138]. Copyright 2015 Elsevier, Copyright 2009 Sage. b) Plot of cardiac action potential treated with an inhibitor of Na+/K+
pump, ouabain, recorded by patch clamp electrode. Reprinted with permission [88]. Copyright 2019 Elsevier. c) SEM image of intracellular nanopillar electrode (left)
with an illustration showing the electrode material (inset) and close up image of the single nanopillar engulfed by the cell membrane (right). d) Schematic illustration
of the nanopillar and cell membrane (top) and the recorded signals (bottom) before and after the electroporation. Reprinted with permission [141]. Copyright 2012
Nature Publishing Group. e) SEM image of a volcano-shaped nanopillar electrode with a diameter of 2 μm and thickness of 100 nm. f) Schematic illustration focused
onto the electrode-cell interface (red-dotted box in Fig. 5e) showing the materials and layout. Reprinted with permission [142]. Copyright 2019 American Chemical
Society. g) CMOS integrated nanopillar MEA. Images of device and its detailed configuration are shown starting from the whole image (top left), electrode array (top
right), and nanopillars in single electrode (bottom left) to cultured cells (bottom right). h) Heat map of signal propagation into the clockwise direction by recording
the intracellular action potential from thousands of electrodes. Reprinted with permission [147]. Copyright 2017 Nature Publishing Group. i) Microscope image of
silicon nanowired FET cantilever. j) Microscope images showing the process of nanowire penetration into cellular membrane to record intracellular action potentials
(top) and recorded signals (bottom). The arrows indicate the sensor at the contact (green) and detachment (purple) of cell membrane, respectively. Reprinted with
permission [151]. Copyright 2010 American Association for the Advancement of Science. k) Schematic illustration of a U-shaped silicon nanowire FET cantilever
(left) and the magnified view of the FET-cell interface (right). l) Schematic illustrations of two adjacent cardiomyocytes (i and ii cells) recorded by a paired U-shaped
FET and single U-shaped FET (left), and the recorded data of intracellular signal time delay between the cells of i and ii (right). Reprinted with permission [152].
Copyright 2019 Nature Publishing Group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

For the long-term measurement of intracellular action potentials,
Desbiolles et al. have demonstrated a volcano-shaped nano-patterned
electrode (nano-volcano) that enables its passive insertion into the cell
membrane with long-term stability of the cell-electrode interface [142].
The opening of the nano-volcano has a diameter of 2 μm (Fig. 5e), in
which a small region of the cell can be captured. The electrode consists
of an intracellular electrode made of a platinum and silicon oxide
coating on the outside and a gold layer in-between for the attachment of
self-assembled monolayers to improve the cell-electrode interface
(Fig. 5f). Similar to the well-shaped electrode for extracellular potential
recording, this nano-volcano electrode can greatly increase the surface
area of the electrode-cell interface thereby decreasing the impedance at
the sensing region. Also, the passive intracellular access allows the
continuous recordings for up to 1 h which is much longer than the
recording via electroporation.
The action potential of single cardiomyocyte is important; therefore,
most methods focus on this measurement [143–145]. However, macroscopic information on the electrical activity of the entire cardiomyocytes in culture is also highly important to understanding druginduced cardiotoxicity in vitro [146]. The cardiac action potential of
single cardiomyocyte is propagated to the adjacent cells. Thus, the
highly dense array of intracellular electrodes enables the extremely

precise and parallel recordings of the cardiac cell network. Abbott et al.
have reported on a high density array of 1026 intracellular recording
electrodes integrated with complementary metal-oxide-semiconductor
circuits [147] (CMOS; Fig. 5g top left). Among many previous researches for intracellular recording electrodes that have focused on
materials and electrode designs for the improved electrode-cell interfacing, the development of a CMOS nanoelectrode array (CNEA) is
highlighted in terms of its integration with CMOS and the recording of
the cardiomyocyte activity with extremely high spatial resolution. The
CNEA consists of 32 × 32 pixels (Fig. 5g top right) with nine nanoelectrodes made of platinum in each pixel (Fig. 5g bottom left). Also,
each pixel is integrated with an amplifier to amplify the signals, and can
switch the operation between recording and stimulation for electroporation. The neonatal rat ventricular cardiomyocytes are cultured on
the device (Fig. 5g bottom right), and their action potentials are recorded by 1026 electrodes with an extremely high spatial resolution.
Before electroporation, the heat map of the extracellular recording
shows the homogeneous electrical propagation. After electroporation, a
spiral map of intracellular electrical propagation is recorded (Fig. 5h).
Also, the CNEA has been utilized as a drug screening platform to record
cardiac dynamics such as beating frequency and conductance velocity
after the treatment with norepinephrine and 1-heptanol on
8
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cardiomyocytes.

cardiomyocytes. Advancement in electrode design and materials, as
well as the integration of flexible and soft bioelectronics in heart-on-achip, has been made to record the high-quality and high-density electrophysiological signals of the cardiomyocytes. Recording electrodes
have been designed as MEAs both in planar and 3D form to increase the
density of monitoring and to enhance cardiac signal strength. To increase the biocompatibility of electrode, carbon-based nanomaterials
(e.g., graphene and CNT) and organic conductive polymers (e.g.,
PEDOT:PSS) have been utilized as electrode materials. In addition, a
number of studies have focused on materials, such as silicon nanowire,
and advanced fabrication techniques in intracellular electrodes to amplify recording signals up to the signals obtained from the patch clamp
technique, while reducing damage to cell membranes by implementing
soft and biocompatible materials. Recent developments in flexible and
soft electronic technologies have enhanced the compatibility of in vitro
platforms to native-mimicked cell environments such as engineered
scaffold and 3D multicellular assembly.
Nevertheless, there are still challenges remain to achieve the current
monitoring systems of contractility and cardiac action potentials. The
optical-based measurements of cardiac contractility are difficult to
perform simultaneous multiple recordings, while drug screening requires numerous repeated tests. Although the electrical sensing of
cardiac contractions enables the real-time measurements, the number
of recording sites and the capacity to process a large amount of data
need further improvements. Thus, the deep learning technology of artificial intelligence (AI) can potentially be integrated with the sensors of
heart-on-a-chip for both optical and electrical-based measurements to
facilitate automated analysis and to improve the accuracy of cardiac
physical and electrical monitoring. The physical characteristics (e.g.,
size, shape, motility, moving patterns) and electrophysiological properties (e.g., strength, velocity, and propagation pattern of action potential) of numerous cells can be acquired and analyzed by the integrated AI in order to ascertain both therapeutic and unexpected side
effects of novel drug candidates and even increase the prediction capability to find new drugs [154,155]. In addition, intracellular recording
systems that can achieve high-quality signal recording with high spatiotemporal resolution in the bio-mimicked 3D environment of scaffold
remain limited. Further investigation into biocompatible nanomaterials
and novel fabrication techniques to provide action potential recording
of 3D cultured cardiomyocytes should be proceeded continuously,
thereby, to establish a new gold standard for the efficient, precise, and
long-term in vitro platforms for screening cardiotoxicity of drugs.

3.2.2. Nanowire-based field effect transistors
Along with many advantages of nanowire-based FETs [148–150]
(e.g., high signal-to-noise ratio, minute physical size, and high density),
another significant feature of the FETs is that their recording performance is independent to impedance. Several intracellular recording
electrodes are designed as vertical 3D electrodes to form a tight interface between the cell membrane and electrode. However, FET-based
probes are mostly used for extracellular recordings because they are
fabricated on planar substrates.
Tian et al. however have developed 3D FET bioprobes integrated
with silicon nanowires [151] (nanoFET) that are protruded upward into
3D space. Because the FET probe is not on a planar surface, these 3D
nanoFETs enable the minimally invasive insertion of nanowire probes
into the cell membrane for intracellular recordings. While there is a
source, a drain, and channel within nanowire FETs, they are designed to
form a kink with a sharp point in the 3D space (Fig. 5i). In the course of
approach, internalize, and retract processes (Fig. 5j top), the nanoFETs
have successfully recorded the electrical signals of single HL-1 cardiac
cell (Fig. 5j bottom). As the active sensing area is made of extremely
small nanowire, the nanoFET can enter the cells via an endocytic
pathway similar to the introduction mechanism of nanoparticles.
Nevertheless, there is a possibility that the cell membrane can be
somewhat damaged by the insertion of the kinked nanowire.
Zhao et al. have advanced nanowire-based FET technology by
controlling the design of silicon nanowire [152]. The nanowire is fabricated into a u-shape with a controlled length of the channel at the tip
and enable intracellular recording (Fig. 5k). Although the number of
the recording site is not comparable to other devices such as the MEA
integrated with CMOS, the scalability of the device can be increased to
six device regions containing 135 working FETs. Also, the U-shaped
nanoFETs have enabled to record the full amplitude of the cardiac action potential, which is similar to the amplitude obtained by the patch
clamp technique. Additionally, the U-shaped nanoFETs have demonstrated the recording of the signal propagation between two adjacent
cardiac cells (Fig. 5l left). Human induced pluripotent stem cell-derived
cardiomyocytes have been recorded with a pair of the U-shaped nanoFETs and another single nanoFET in the adjacent cells. Within the
two channels of a pair of nanoFETs, no significant time delay in the
signals is observed. But, the delay time of 6 ms between the single FET
and a pair FETs in another cell (Fig. 5l right) agrees with the signal
propagation speed reported in a previous study [153].
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The desire to establish efficient and effective heart-on-a-chip for
screening the toxicity of drug candidates in pharmacology has propelled the advancement in various devices for monitoring cardiomyocytes' behaviors. The ultimate goals of heart-on-a-chip is to emulate
native heart tissue in an in vitro platform with accurate and fast monitoring capabilities. Also, simultaneous screening with massive scale in
testing counts is needed to reduce the time and costs of drug discovery
and to ascertain drug-related cardiotoxicity. Numerous studies on
heart-on-a-chip have focused on mainly two different sensing modes:
the physical contractility and the cardiac action potential. Thanks to the
high sensitivity of light-based signals for recording cardiac contractility,
optical-measurement-based sensing (e.g., direct and calcium imaging
and fluorescent, laser-based, and colorimetric sensing) enables a highspeed, accurate, and versatile monitoring of cardiac contractility. And,
the electrical-signal-based sensors (e.g., impedance sensor and strain
gauge) integrated on thin film and flexible elastomer such as cantilever
have achieved real-time and long-term recording of cardiac contractility.
In addition, the extracellular and intracellular cardiac action potentials are other prominent indicators of the condition of
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