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Abstract: Heart diseases have become the main killer threatening human health, and various methods have been developed to
study heart disease. Among them, heart-on-a-chip has emerged in recent years as a method for constructing disease (or normal)
models in vitro and is considered as a promising tool to study heart diseases. Compared with other methods, the advantages
of heart-on-a-chip include the high portability, high throughput, and the capability to mimic microenvironments in vivo. It has
shown a great potential in disease mechanism study and drug screening. In this paper, we review the recent advances in heart-
on-a-chip, including the fabrication methods (e.g., 3D bioprinting) and biomedical applications. By analyzing the structure
of the existing heart-on-a-chip, we proposed that a highly integrated heart-on-a-chip includes four elements: Microfluidic
chips, cells/microtissues, microactuators to construct the microenvironment, and microsensors for results readout. Finally, the
current challenges and future directions of heart-on-a-chip are discussed.
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(or normal) models. Overall, animal model and cell
culture are the two frequently used methods.

These two methods have their own advantages
and limitations. For animal model, it is different
with human being in physiological conditions and

1. Introduction

Heart is one of the most important organs in human body.
It provides power for blood circulation which supplies
oxygen and nutrients to organs and removes metabolic
waste. In recent years, with the change in dietary

structure and the increase of life pressure, heart diseases
have become the leading cause of death worldwide!". To
study the pathogenesis of heart diseases and pursue the
effective treatments, it is of need to establish the disease

organ functionalities®). Thus, the results of animal
experiments may not precisely predict the response
and/or functionalities of humans. In addition, animal
experiments have other limitations, such as time-
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consuming investigations, high cost, and low efficiency.
Moreover, there are ethical issues to consider when
conducting research. In recent years, Society for the
Prevention of Cruelty to Animals has been established
around the world, which strongly opposes animal
experiments. Therefore, research communities are under
increasing public pressure as to whether animals can be
used in experiments.

As to the Petri dish-based cell culture, it is now widely
used due to the simple operation and good controllability.
Despite its merits, there are still some drawbacks to this
method. For instance, the morphologies are different for
cells in human body and those in Petri dish. The cells in vivo
usually assemble into three-dimensional (3D) structures,
while cells in a petri dish lack the 3D scaffolds and thus
form a two-dimensional (2D) flat structure. In addition,
Petri dish is unable to provide the microenvironments that
are required for cell growth and differentiation, and cannot
well simulate the cell-cell and cell-extracellular matrix
(ECM) interactions. Cells in vivo are usually subjected
to some mechanical and electrical stimuli. These stimuli
are of importance for the maturation and functionalities of
cells. However, it is difficult to impose the stimuli in Petri
dish.

Since these two methods are not satisfying, a
novel method is required. With the advances of bio-
fabrication, microfluidics, and biosensing techniques,
organ-on-a-chip has emerged as a new technology.
Organ-on-a-chip is a device for in vitro cell culture
which utilizes microfluidic technology to create a
highly controllable microenvironment for cells. Various
organs-on-chips, for example, lung-on-a-chip, kidney-
on-a-chip, intestine-on-a-chip, and even tumor-on-a-
chip, have been developed for different biomedical
applications!. Among them, heart-on-a-chip, as a
method to construct heart models in vitro, has attracted
considerable attention. Various fabrication methods
have been developed and different applications, for
example, drug screening, physiology study and disease
modeling, have been proposed™.

There are some well-written review papers on
heart-on-a-chip!®®!. However, most of them focused on
the biomedical applications. In this paper, we review the
recent advances of heart-on-a-chip from the viewpoint
of biofabrication. By analyzing the structures of heart-
on-a-chip, we found that a highly integrated heart-
on-a-chip includes four elements: Microfluidic chips,
cells/microtissues, microactuators for constructing
the microenvironment, and microsensors for results
detection. The fabrication methods for these elements are
introduced in details, and the applications of heart-on-a-
chip in the field of biomedical engineering are discussed.
In the end, the challenges and possible solutions, as well as
the future directions of heart-on-a-chip are summarized.

2. The structures of heart-on-a-chip

By reviewing the existing literature, we propose that a
highly integrated heart-on-a-chip includes four elements:
microfluidic chip, cells/microtissues, microactuators
for physical/chemical stimuli, and microsensors
for monitoring cells status (Figure 1). In practical
experiments, a heart-on-a-chip may not include all
these four elements, but the microfluidic chip and
cells/microtissues are necessary. In recent years, with
the advances in manufacturing technology (e.g., 3D
bioprinting), microactuators and microsensors have
been integrated within heart-on-a-chip. The purpose of
microactuators is to promote cardiac cells maturation and
functionalization, while microsensors are to detect cells
status. In the following, we introduce these four elements
sequentially.

2.1. Microfluidic chips

Microfluidic chip is the major part of heart-on-a-chip, and
it provides habitat for cells. To date, various materials and
fabrication methods have been proposed for microfluidic
chips.

(1) Materials of microfluidic chips

The traditional materials for microfluidic chips include
glass, silicon, polydimethylsiloxane (PDMS), polymethyl
methacrylate (PMMA), and papers!'®. Silicon and
glass are compatible to the standard micro- or nano-
fabrication methods (photolithography, etching, etc.). The
advantages of silicon and glass include high precision,
reproducibility, and resistance to organic solvents. As to
the disadvantages, silicon has poor light transmittance,
which renders direct observation of the cells difficult.
As a polymer organic silicon compound, PDMS is the
most popular material for microfluidic chips. Its main
advantages are non-toxic, chemically inert, and optically
transparent properties as well as simple to use and low
cost. The major disadvantage of PDMS is that it has a
high absorption rate for small molecule chemicals. If the
heart-on-a-chip is used for drug screening, the absorption
problem should be addressed. PMMA is a transparent
thermoplastic, which has the advantage of high
biocompatibility, low cost, superior mechanical strength,
and transparency. Papers are also used for microfluidic
chips. The merits include good biocompatibility, ease of
fabrication, environmental friendliness, and self-powered
featurel'!.

With the advances in 3D bioprinting, some printable
materials have been developed for microfluidic chips.
Some representative materials include thermoplastic
polyurethane (TPU)!'2., polycaprolactone (PCL)!!4,
and silicone!'”. TPU is a versatile multiphase block
copolymer. When heated, TPU becomes soft and

International Journal of Bioprinting (2021)—Volume 7, Issue 3 55



Heart-on-a-chip

Figure 1. Structures of the heart-on-a-chip. A highly integrated heart-on-a-chip may include four components: microfluidic chips,

microtissues, microactuators and microsensor.

easy to print. If the temperature decreases, it becomes
flexible with elasticity!'”. The advantages include high
transparency, resistance to chemical solvents, high
strength, low melting point, and high abrasion resistance.
PCL is a thermoplastic material which has been approved
by the Food and Drug Administration (FDA)!. It has a
low melting temperature (~60°C), thus it is suitable for
3D bioprinting!"*!. Besides, the silicon material can be
modified for fast crosslinking. The modified material is
3D printable and can be used for heart-on-a-chip.

(2) Fabrication of microfluidic chips

Various methods have been used to fabricate the
microfluidic chips, including photolithography, soft
lithography, laser etching, hot embossing, and machining
process. As a well-developed technique, photolithography
enables the micro/nano structures with a high
resolution™®. The extreme ultraviolet (EUV) lithography
enables the fabrication of microstructures down to

10 nm!"l. However, the facility of photolithography
is expensive. As to the soft lithography, the PDMS is
poured on the pre-fabricated mold. After being cured
and peeling off from the mold, the PDMS slab is then
bonded to the glass substrate. Laser etching enables the
fabrication of microstructures in polymers. Materials are
sublimated due to high temperature from the laser, and
the depth of microstructures can be controlled by the
laser intensity. In hot embossing, the hot mold is pressed
into thermoplastic materials, for example, PMMA. Under
the high temperature and pressure, microstructures
can be obtained in PMMA. This technique is rather
straightforward and suitable for mass production.
However, it may cause the deformation of microfluidic
chips due to high temperature. Machining process is
another fabrication method for microfluidic chips. The
materials are precisely milled in a programmable manner
with a machine tool. In this method, the resolution can
reach up to tens of micrometers.

56 International Journal of Bioprinting (2021)—Volume 7, Issue 3



Yang, et al.

With the improvement of resolution, some
researchers used 3D bioprinting to fabricate microfluidic
chips!™®. In 3D bioprinting, the microfluidic chip is
fabricated in a layer-by-layer manner. The major
advantage of 3D bioprinting is that it is an integrated
fabrication method, and enables 3D complex structures.
Using 3D bioprinting, the microfluidic chip can be
fabricated in one-step. The assembling errors in chip
assembly can be avoided!”. To date, various microfluidic
chips have been fabricated with high definition and high
quality.

2.2. Microtissues

The second component of heart-on-a-chip is the
microtissues. According to the dimension, microtissue
can be divided into 2D microtissue and 3D microtissue.
Based on the cells in microtissue, it can be divided into
single type of cells and co-culture of multiple types of
cells (see Table 1 for the details). Both dimension and cell
types have significant influence on cell shape, alignment,
expression of structural protein, and sarcomere length
and beating.

(1) Cells in heart-on-a-chip

Cell type and source are the key parameters that may
affect the performance of heart-on-a-chip. The adult
heart is mainly composed of cardiomycytes (CMs),
human cardiac fibroblasts (hCFs), endothelial cells, and
others, which can perform different functions to make
the heart work. Although CMs only account for ~33% of
the total number of cells, they account for ~75% of the
heart volume®”, CMs are responsible for heart beating
and considered as the most important cells. Thus, CMs
are usually adopted in heart-on-a-chip. Usually, human

Table 1. Some representative microtissues in heart-on-a-chip

cells are favorable since the purpose of heart-on-a-chip
is to study heart disease of human beings. Unfortunately,
it is difficult to obtain human cells directly. To date, the
frequently used cells in heart-on-a-chip are animal’s
primary cells and/or commercial cell lines. The animal
cells are different from human cells in term of species.
One possible solution to the dilemma is the use of
induced pluripotent stem cells (iPSCs) which offer an
almost unlimited source of cells®!!. As a novel technique,
deriving CMs from iPSCs are still unsatisfying as the
cells are usually phenotypically immature. Improving the
maturity of CMs is the challenging part of developing
heart-on-a-chip.

(2) Fabrication of microtissues

As aforementioned, microtissues can be divided into 2D
and 3D types. In 2D microtissues, cells are cultured in a
planner layer. Patterning cells are an important task for 2D
microtissues fabrication?. Micro-contact printing is the
most frequently used technique for cell patterning!*?*!, In
this method, the pattern of liquid biomaterials is realized
on the surface of a substrate through conformal contact
with the soft mold (Figure 2A)%. The area with liquid
biomaterial (e.g. fibronectin and hyaluronic acid) is
adhesive to living cells. Thus, cells proliferate on these
patterning areas only. Gabriele et al. dipped fibronectin
with PDMS mold and then transferred to the substrate®®!,
Due to the good biocompatibility of fibronectin, cells
tend to adhere and grow on the area with fibronectin. In
this manner, they obtained 2D microtissues with well-
controlled shape.

The tissues in vivo are usually in 3D morphology.
It has been found that the 2D and 3D microtissues are
different in protein expression and drug response. To

Features Fabrication methods Cells Materials Functionalities
Patterned Soft lithography!?>?7 HUVECsP? PAAmM®% To study the influence of
microtissues Microcontact printing?>?%!  Rat CMs2#2>281 Collagen4 stiffness on cell morphology™?
Electrospinning®* Fibroblasts?¥ GelMAEH To promote the attachment,
3D bioprinting??®! MeTro! spreading, alignment, and
intercellular
communicationt?*2>28]
Vascularized 3D bioprinting!3%-34100] HUVECs[30:3498] Alginate” To align cardiomyocytes
microtissues Photocuring®? iPSC-CMsBY GelMABOS] that can contract
Lithography34 Rat CMsl* PEGDAD®, synchronously3%32
hydroxybutyl chitosan
(HBC)
Microtissues 3D bioprinting®'33! NIH/3T3B33, C2C125%  GelMAB!3I Biomimetic  heterogeneous
with multiple iPSC-CMs31 AlginateB! tissuesl!-3

cells Endothelial cells?!

Gelatin, Fibrinogen® Multiple-organs-on-a-chip™”
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Figure 2. Microtissues in heart-on-a-chip. (A) 2D patterned microtissues by micro-contact printing (Republished with permission from
Annabi N, Tsang K, Mithieux SM, et al., Advanced Functional Materials, © 2013 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim).
(B) 3D vascularized microtissue by 3D bioprinting (Republished with permission from Colosi C, Shin SR, Manoharan V, et al., Advanced
Materials, © 2015 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.) (C) 3D hydrogel scaffold for the co-culture of CMs and vascular
endothelial cells (Republished with permission from Morgan KY, Sklaviadis D, Tochka ZL, et al., Advanced Functional Materials, © 2016
WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.) (D) Microtissues with multiple cells by 3D bioprinting (Republished with permission
from Miri AK, Daniel N, Luis 1, et al., Adv Mater, ©2018 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim)

fabricate the 3D microtissues, various methods have been
proposed, including photolithography, electrospinning,
and 3D bioprinting. Among them, 3D bioprinting
is considered a promising technique to fabricate 3D
microtissues. The cell-laden bioinks are printed through
the nozzle of a 3D printer. Bioinks are of great importance
for 3D bioprinting of microtissues. So far, the most
frequently used bioinks are hydrogels. Hydrogels have
similar structure with ECM and porous properties as
well as good diffusion of biomolecules. Thus, they are
promising candidates for the fabrication of microtissues
and simulation of the growth environment for cardiac
cells in vivo?". Their stiffness is adjustable and the
biocompatibility is good after modification.

Some researchers used 3D bioprinting to
fabricate microtissues in heart-on-a-chip. Chen et al.
prepared CMs-laden GeIMA and fabricated the cardiac
microtissues using 3D bioprinting™®]. The phonotype of
cells is similar with the cells in vivo. Hydrogel based 3D
bioprinting has shown a great potential in fabrication of
microtissues. Due to the good biocompatibility, hydrogel-
based microtissues provide ideal microenvironments for
cell growth and proliferation. Recently, some researchers
have attempted to print the microtissues together with
microfluidic chips in one step. For example, Lewis
et al. used multi-materials (six functional bioinks)
and fabricated the heart-on-a-chip by 3D bioprinting
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technology!'?!. Using this chip, the alignment of cells can
be well controlled by fabricating some microgrooves in
the chip.

(3) Multiple cells in heart-on-a-chip

Native tissues are generally composed of multiple cells,
which are necessary to implement the complex functions.
To better mimic the heart function, some researchers
used multiple cells to fabricate the microtissues®-%l,
To fabricate the vascularized cardiac microtissues,
Colosi ef al. developed a 3D bioprinting platform with a
coaxial printhead. The human umbilical vein endothelial
cells (HUVECs)-laden bioink (including alginate and
GelMA) was squeezed out of the printhead, and formed
the 3D scaffold. Then, cardiomyocytes were seeded in
the scaffold. After a few days of culture, the vascularized
cardiac microtissues were obtained (Figure 2B)G!Y.
Morgan et al. fabricated polymer scaffold with multiscale
porous structure and then co-cultured cardiomyocytes and
HUVECs on the structure. They successfully obtained
the vascularized cardiac microtissue (Figure 2C)P. Miri
et al. developed a printing platform to fabricate the multi
material heterogeneous hydrogel microstructures®*!. This
platform can quickly switch between different nozzles
that have loaded different hydrogels and cells, and thus,
enable multi-material printing (Figure 2D). The system
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provides a platform for high-resolution printing of
microtissues.

Besides 3D bioprinting, some other methods have
been employed to fabricate 3D cardiac microtissues.
Fenech et al. used photolithography to fabricate the
network of blood vessels with microvessel diameter
ranging from 5 pum to 120 umP*. The microvessel
caters to the needs of the large-scale cardiac tissues by
providing nutrition and discharging waste. Bartholoma
et al. have fabricated a scaffold-free functional cardiac
spheroids which can perform spontaneous beating and
synchronous contraction®!. Since the fabrication process
is simple, the cardiac spheroids have been widely used in
drug screening.

2.3. Microactuators

The third component of heart-on-a-chip is the
microactuators, which are used to impose external stimuli
to cells/microtissues. In the native tissues, cells are
subjected to various chemical, mechanical, and electrical
cues, which significantly affect the cell behaviors. In
heart-on-a-chip, the main function of microactuator
is to stimulate the cells/microtissues to promote their
maturation. In this section, we discuss the fabrication of
microactuators for electrical and mechanical stimulation.

(1) Electrical stimulation microactuators

Itisknown that CMs are responsive to electrophysiological
stimulation. FElectrical stimulation can increase the
percentage of cells that beat spontaneously and assist in
cell synchronization and calcium processing. In a heart-
on-a-chip, electrical stimulation is usually performed
through electrodes that are in contact with cells?.
A variety of materials have been applied to fabricate
electrical actuators in heart-on-a-chip, including copper,
graphite, titanium, silver, platinum, and alloys®”. As a
commonly used electrode, graphite has good machining
performance, and is wear-resistant and low-cost. Margari
et al. fabricated an engineered heart-on-a-chip which
includes graphite electrodes and gold electrodes?®®. The
hPSC-CMs were cultured on the electrodes and the CMs
became mature after 14 days. Platinum and titanium
electrodes are also used in heart-on-a-chip. Zhang et al.
fabricated a 3D cylindrical platinum electrode, which can
electrically stimulate the cells for a few weeksP?. The
advantage of using platinum and titanium is that they
have high corrosion resistance.

Some metal electrodes may cause toxic reaction
in the culture, and the electrodes may degrade due to
the electrochemical reaction with the culture medium.
An alternative solution is the indium tin oxide (ITO)
film, which has good conductivity, optical transparency,
stability, and non-toxicity. Kang er al. used ITO to
electrically stimulate neonatal rat ventricular myocytes.

It was found that electrical stimulation results in a well-
organized sarcomere structure and upregulates the heart-
specific gene expression®l. Nieto et al. fabricated a chip
and stimulated the HOC2 cells by depositing an aluminum
film on soda lime glass with physical vapor deposition
(PVD) method™!!. Recently, 3D bioprinting has been used
to fabricate electrodes in heart-on-a-chip. Lin et al. 3D
printed the microprobes with the conductive polymer poly
(3,4-cthylenediox-ythiophene): polystyrene sulfonate
(PEDOT: PSS)#. Adly et al. fabricated microelectrode
arrays (MEAs) with a high resolution by ink-jet printing.
In this method, the conductive material was deposited the
substrate which was composed of PDMS, agarose, and
gelatin®¥,

In natural myocardial tissues, CMs show
synchronous contraction through intercellular electrical
communication, resulting in a strong contraction
force. It has been found that it can promote electrical
communication and maturation of myocardial tissues
by adding conductive materials, for example, carbon
nanotubes (CNTs), to cell culture scaffolds. The
directional conduction of CNTs can regulate the alignment
of CMs and improve their beating and contractility. Some
researchers have fabricated CNTs or silk scaffolds by
electrospinning and found that the materials can improve
the maturity of CMst4l.

(2) Mechanical stimulation microactuators

In addition to the electrical stimulation, mechanical
stimulation also plays an important role in heart. It has
been found that the external mechanical forces can affect
the alignment, phenotype, calcium concentration, and
contractile properties of CMs™*, In this section, we mainly
discuss two types of mechanical stimuli, mechanical
stress, and mechanical properties of substrate.

A variety of devices have been developed to
impose mechanical stress to CMs with the purpose to
mimic the physiological functions of heart. We would
introduce two types of mechanical stress microactuators,
the electromagnetic microactuators, and pneumatic
microactuators. Electromagnetic microactuators are
widely used due to its stability and high sensitivity. Li
et al. fabricated a device to impose mechanical stress to
cells. In their experiments, the magnetic particles were
mixed to the cell-laden hydrogels. The electromagnetic
microactuators were placed at the ends of hydrogel
structures. In this manner, the non-contact electromagnetic
force can be applied to the cells™*®l. The force is well
controlled in magnitude, frequency, and duration by
the electromagnetic microactuators. This method was
successful in promoting the maturation of CMs. As to
the pneumatic actuators, Rasponi et al. have developed
a heart-on-a-chip that can mimic the mechanical
microenvironment of native CMs*”. The chip includes
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a pneumatic system that can impose uniform uniaxial
cyclic strain to the 3D microtissues.

The substrate stiffness is another mechanical
stimulus in heart-on-a-chip. In the native myocardial
tissues, the mechanical property, for example, stiffness
is spatially non-uniform which has been observed in
the tissue slices*®l. The stiffness would affect the cells
in growth, differentiation, gene expression, and protein
secretion. It has been found that the CMs would have
sarcomere in 48 h when cultured on the soft substrate.
However, the sarcomere was not observed when cells
were cultured on the medium stiffness substrate. Studies
have been conducted to evaluate the effects of 2D
substrate stiffness on CMs contraction rate, stress, and
intracellular calcium concentration. Experimental results
indicate that the contraction force of CMs in vitro would
change with matrix stiffness in a time-dependent manner.
Bajaj et al. cultured embryonic chicken CMs on PAAm
gels with different stiffness. They have found that the
stiffness of gels affects the beating frequency in 24 h*,

Moreover, the surface morphology of substrate
also affects the behavior of cells. In heart-on-a-chip, the
microstructure on substrate can regulate the alignment of
CMs, which is a critical factor influencing the contraction
force. Lewis et al. fabricated a heart-on-a-chip by 3D
bioprinting. In this chip, they fabricated microgroove
structures on the surface of substrate. The CMs were
cultured on the substrate surface and cells tend to orient
along the grooves. By regulating the alignment of CMs,
the contraction force would be enhanced since cells tend
to contract along the same long axis!'?.

Some researchers have simultaneously imposed the
electrical and mechanical stimuli to cells. Murry et al. found
that if both electrical and mechanical stimuli are imposed,
the hESC-CMs can mature at a faster paceP’. Later, they

used hiPSC-CMs and collagen to construct the engineered
cardiac microtissues and studied the effect of mechanical
conditions and electrical stimulation on the maturation
of cardiac tissuel!. Rasponi et al. developed a biological
reactor which can provide a uniform electric field and
periodic uniaxial strain to the 3D cardiac microtissues®.

2.4. Microsensors

Microsensors are the fourth elements in heart-on-a-chip.
The function is to monitor the status of cells/microtissues
in heart-on-a-chip. At the early stage, some biochemical
reagents were used to stain cells to characterize their status
and functionalities. The disadvantage is that this method is
destructive to cells, and it is difficult to implement the real-
time monitoring. In recent years, some researchers have
begun to integrate microsensors in heart-on-a-chip to monitor
the physiological status of cardiac cells noninvasively™.

(1) Measurement of contraction force

One property of CMs is that it can generate contraction
force. The contraction force is an important indicator
of CMs status. The contraction of CMs is visible in the
microscope, but it is difficult to quantify the contraction
force by direct observation. The atomic force microscopy
(AFM) and traction force microscopy (TFM) are capable
to quantify the contraction force. However, it may affect
behaviors of the cells®. Moreover, the instruments are
expensive and complex to operate. Some researchers
integrated microsensors in heart-on-a-chip to measure
the contraction force of CMs (see Table 2 for the details).

One commonly used method is to fabricate an elastic
component in heart-on-a-chip. The CMs cultured on the
elastic component would cause the visible deformation
of the component™-38, The elastic component could

Table 2. Microsensors for contraction force measurement in heart-on-a-chip

Mechanism  Structures Materials Cells Applications Measured
values
Visible Biowires[6263:931 POMaCr*? iPSC-CMs!6263] Cell maturation® ! Contraction
deformation  Cantilevert®* PDMSEI Rat CMsB%64] Drug screening force
Micropillarst” Hydrogell7:64 HCFs!®] [57.59.62.63] 2.89-5.09 puN4
Helical structure® Disease model®! ~40 uNfe2
Contractile stress
~15.4 kPalP!
~1.7 kPal*"
Electrical Piezoelectrict®! AINE Rat CMsl'2677271  Drug screening!®'>¢7%1 Contraction force
sensors Crack sensort™ Pt-PDMS iPSC-CMsté8:6% ~107 nNI4
Piezoresistivel!267:681 CNTs-PDMSI®! Contractile stress
CB:TPU!" ~2.34 kPal®®!
7-15 kPal'?!
Structural Cantilever™® GelMAI®8] Rat CMs!¢¢! Drug screeningP®®%!  crawling speed
color Biological-Crawling Biological soft 20 pm/stée!
robot®® robots(®®
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be in different shape, for example, film, cantilever, or
micropillars. The contraction force of CMs would bend
the elastic component, and the deformation is observed
and recorded by a microscope. Then, the contraction
force can be calculated by image processing. Parker et al.
fabricated the PDMS films in a heart-on-a-chip, and they
cultured cells on these films which are referred to as
muscular thin films (MTFs)P°l. The deformation caused
by the contraction force can be read out by the optical
signal. Using this platform, they studied the influence of
temperature and electrical stimulation on the contraction
force (Figure 3Ai). Some researchers used micropillars
to measure the contraction force. Cells cultured on the
micropillars tend to adhere to the tips!®”. When the cell
contracts, it would deflect the surrounding micropillars
(Figure 3Aii)®"!. The micropillars can be fabricated by soft
lithography or other methods. Another similar structure
that can measure contraction force is the biowires!®>%.
In this method, the microtissues tend to enlace the two
wires and the contraction force drags them to each other
(Figure 3Aiii). Bashir er al. fabricated microcantilevers
using 3D bioprinting with cross-linkable hydrogels.
The cantilevers have similar mechanical properties with
native myocardial tissues and can be used to measure
the contraction force. Using this device, they studied the
influence of substrate stiffness on the contraction forcel®.
Chen et al. fabricated similar microsensors by 3D
bioprinting. They obtained microcantilevers with CMs-
laden GelMA hydrogel and measured the contraction
force?®!,

Another method to measure the contraction force
is to use the structure coloration. Zhao et al. fabricated
a heart-on-a-chip with thin films which was made of
the material inverse opal structure GeIMA hydrogel(!,
The material would change its color when subjected to
external force. In this manner, the thin films performed
as microsensors and the contraction of myocardial cells
would cause a visible color change (Figure 3Bi). Such
microsensors can be used to characterize the beating
frequency of CMs. Zhao et al. also fabricated a micro-
robot which was powered by the CMs. The materials of
micro-robot include CNT and the inverse opal structure
GelMA hydrogel (structure color material)®!. The micro-
robot can mimic the crawling behavior of a caterpillar
(Figure 3Bii). The crawling speed and structural color
are the indicators of myocardial tissues status.

The above-mentioned methods are referred to
as direct methods. The contraction force-induced
deformation is usually observed under a microscope,
making it inconvenient to some extent since the heart-
on-a-chip is usually laid in the incubator for culture. An
alternative is to embed piezoelectric or piezoresistive
materials into the microsensors. When the contraction
force causes the deformation in the elastic component,

the electrical voltage or electrical resistance would
be changed. In other words, the contraction force is
transferred to the electrical signal by the microsensors!®..

Sun et al. developed a deformable PDMS membrane
with CNT (a piezoresistive material) embedded inside.
They cultured hiPSC-CMs on the membrane. After a
period of incubation, the cell begun to contract and the
contraction force causes the change of electrical resistance
of CNT (Figure 3Ci). This platform can continuously
measure the contraction force and beating rate of CMs
in a long term (14 days). Another choice is to use
the piezoelectric material to measure the contraction
forcel®®7. When the contraction force triggered the
deformation, an electrical voltage (and thus a measurable
current) is generated in the piezoelectric material. No
external voltage is required for using this method.

The limitation of the piezoelectric and piezoresistive
microsensors is that they have low sensitivity!®*’?. Crack-
based microsensors may overcome this limitation!’!,
Under the same contraction force, the sensitivity of
crack-based microsensor is 900 times higher than that
of piezoresistive microsensor. Lee et al. fabricated an
integrated high-sensitivity crack microsensor within a
PDMS cantilever. The contraction force of CMs leads
to the deformation of cantilever and further causes the
distance change in the crack!¥. When used in heart-on-a-
chip, the crack-based microsensors have high sensitivity
and accuracy (Figure 3Cii).

For the aforementioned microsensors in heart-on-a-
chip, the fabrication is still challenging. 3D bioprinting
is a powerful technique and can be used to fabricate the
microsensors. Lewis et al. developed a multi-materials
3D bioprinting platform to fabricate the heart-on-a-
chip!'?l, They prepared six functional bioinks, including
polyurethane (TPU), carbon black (CB), PDMS, and
dextran, to print the chips. In this heart-on-a-chip, they
integrated a flexible microsensor which performed well
in monitoring the contraction of CMs. To fabricate the
microsensors by 3D bioprinting, choosing the conductive
material is a key task. Recently, a conductive polymer,
poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT: PSS), has attracted considerable attention!*?].
This material has shown excellent printability, high
conductivity, high resolution (~30 wm), and good
biocompatibility. This material is a promising candidate
to fabricate the microsensors in heart-on-a-chip.

(2) Measurement of electrophysiological signals

Electrophysiological signal is another important indicator
of CMs. Some researchers fabricated microsensors in
heart-on-a-chip to detect the electrical activity of CMs. The
planar MEA made of metal electrodes (gold or platinum)
is a conventional tool to monitor the electrophysiology
of CMs. Besides metal, some other conductive materials
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Figure 3. Microsensers in heart-on-a-chip. (A) Mechanical stress microsensors based on the visible deformation. The CMs can be cultured on
different structures and result in the deformation. (i) MTFs (Reproduced from ref.*! with permission from The Royal Society of Chemistry);
(i1) micropillars (Republished with permission from Vandenburgh H, Shansky J, Benesch-Lee F, et al., Muscle Nerve, © 2008 WILEY-VCH
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Healthcare Mater, © 2019 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim). (B) Mechanical stress microsensors based on structure
color. The microsensors can be designed to different structures. (i) MTFs (Republished with permission from Fu F, Shang L, Chen Z, et al.,
Science Robotics, 2018, 3(16): aar8580); (ii) microrobots. (Republished with permission from Sun L, Chen Z, Bian F, ez al., 2020., Advanced
Functional Materials, 2019, Weinheim) (C) Mechanical stress microsensors based on the electrical sensors. (i) Piezoresistive microsensors
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ACS Applied Materials and Interfaces, 10(25): 21173-83. Copyright (2018) American Chemical Society); (ii) crack-based microsensors (from
ref." licensed under Creative Commons Attribution 4.0 license) (D) Electrophysiology microsensors. (i) 2D MAE array for action potential
and impedance readout (Reproduced from ref."®! with permission from The Royal Society of Chemistry); (ii) 3D nanoelectrodes, scale
bar = 5 um (Tian B, Cohen-Karni T, Qing Q, et al., Science, 2010,329(5993): 830-4).

62 International Journal of Bioprinting (2021)—Volume 7, Issue 3



Yang, et al.

are also available for MEA. Offenhidusser et al. proposed
a graphene-based MEA microsensors and monitored the
extracellular action potential of CMs!’*. The MEA can
detect local action potentials with high spatial resolution
and high sensitivity, but failed to measure the contractility
of CMs. Some researchers combined the MEA and
interdigital electrode (IDE) together to measure the
action potential, contraction force, beating rate, and other
parameters (Figure 3Di)"®. The MEA is an electrically
stable, high-throughput, and non-invasive microsensor
for recording the electrophysiology of CMs.

Sometimes, the microtissues in heart-on-a-chip are
in 3D and thus 3D electrodes are required to measure
the electrophysiological signals in the microtissues.
To date, various 3D nanoelectrode structures have
been developed, including nanotubes, nanopillars, and
mushroom-shaped electrodes!””. Lieber et al. fabricated
a nanoscale field-effect transistor device which shows a
high sensitivity in water and acid/alkali solution. They
modified the transistor surface with phospholipid bilayers
and implemented the real-time monitoring of intracellular
potentials of single cell (Figure 3Dii)""!. Abbott et al
fabricated nanoscale intracellular electrodes and realized
a high-fidelity electrophysiological image for neonatal
rat cardiomyocytes’®. Some researchers used 3D plasma
nanoelectrodes to record the electrical activities inside and
outside the cells for a long term. Lieber et al. introduced
a 3D nanoelectrode array that mimics the tissue scaffold.
The device can simultaneously map the action potential
in three dimensions in real time. This heart-on-a-chip
with 3D nanoelectrode array can realize the monitoring
of electrophysiological activity in the process of culture
and development!™,

3. Biomedical applications of heart-on-a-chip

Heart-on-a-chip has found various applications, including
physiology study, disease modeling, and drug screening.
Compared with the traditional techniques, heart-on-a-
chip can better mimic the cellular microenvironment and
promotes the maturation of microtissues. In addition,
heart-on-a-chip enables the real-time monitoring of the
status of cells/microtissues. In this section, we discuss
the applications of heart-on-a-chip in physiology study,
disease modeling, and drug screening.

3.1. Physiology study

With the assistance of heart-on-a-chip, we can enhance
our understanding in the physiological characteristics of
heart. One feature of CMs is that they can rhythmically
beat and are responsive to external stimuli such as force
and electricity. Yasuda et al. used agarose material and
fabricated a heart-on-a-chip with microchamber array®”.
They cultured single CM in each microchamber, and

observed the beating cycle of CM. By changing the distance
between two adjacent microchambers, they confirmed
the clustering effect of CMs. Another feature of CMs
is contraction, and the contraction force is an important
indicator of cell physiological state. Varghese et al.
fabricated a heart-on-a-chip, and studied the influence of
electrical stimulation on the contraction force of CMsf®!,

Some researchers fabricated heart-on-a-chip with the
biowire structures. Two flexible wires fabricated from a
poly(octamethylene maleate (anhydride) citrate) (POMaC)
polymer are secured with adhesive glue. The chip was
used to study the response of immature CMs to electrical
stimulation. It was found that electrical stimulation
could increase the microstructure of myofibrils, increase
the electrical conduction, and change the properties of
electrophysiology and calcium ion transients. The human
circulatory system is composed of the heart and a complex
network of blood vessels. Blood pressure is an important
issue of blood circulation, and it can be studied by heart-on-
a-chip. Sethu et al. designed a chip which can accurately
simulate the hemodynamic stress, and they found the
stress can promote the maturation of CMs®. Wu et al.
developed a heart-on-a-chip to simulate the circulation
system®}], The chip includes four pump units representing
the four heart chambers, and the pressure is controllable to
study its influence on the cells (Figure 4A).

3.2 Disease modeling

Disease modeling is an important step in analyzing
disease mechanisms and developing drugs for
treatments®!. Coronary heart disease refers to the
stenosis or blockage of the vascular lumen caused by
coronary atherosclerosis. Coronary heart disease may
lead to the myocardial infarction in the later stage. For
a better understanding of the coronary heart disease and
for exploring effective treatments, Wang et al. designed a
heart-on-a-chip in which the oxygen was well controlled
to study the myocardial damage caused by hypoxia
(Figure 4B)®, Liu et al. fabricated the heart-on-a-chip
to model the non-uniform oxygen distribution. The model
can mimic the blockage of coronary arteries and study the
electrophysiological response of myocardial hypoxial®l,
For CMs, the activity of Ca®" channels would affect the
contraction. Elvassore et al. designed a heart-on-a-chip
and found that the hypoxia would induce the reversible
change of Ca?* concentration in CMs®”.,

Cardiac fibrosis could form a large number of
fibrosis scar tissue, and lead to heart failure. Heart-on-a-
chip can be used to simulate the cardiac fibrosis model by
controlling the number of fibroblasts and the concentration
of collagen in the engineered microtissues. Experimental
results showed that increasing the fibroblast density can
reduce the contraction force!'”. Some researchers used 3D
hydrogel microtissues to model the cardiac fibroblasts®®,
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of Chemistry).

The advantage is that the microenvironment is close
to the native tissues and the mechanical properties are
controllable. These models in heart-on-a-chip can be used
to study the pathology of cardiac fibrosis, and therefore,
lay a basis for exploring the effective treatments.

Another cause of heart failure is the arrhythmia,
which refers to the disturbed heartbeat rhythm caused
by the abnormal cardiac electrical activity®™!. Heart-
on-a-chip has been used to model the arrhythmia and
related cardiovascular diseases. Healy et al. constructed
a 3D in vitro arrthythmia model by heart-on-a-chip.
They used the iPSCs-derived CMs and filamentous
matrix to fabricate the 3D microtissues®. They studied
the electrophysiological signals and contraction force
related to arrhythmia. Using the chip, the response to a
group of drugs was also investigated. In addition, there
have been some studies using heart-on-a-chip to model
other cardiovascular conditions, such as hypertension or
hypotension and hypertrophy®'.

3.3. Drug screening

Drug screening is one of the most important applications
of heart-on-a-chip. For some drugs, the side effect may
cause heart damage or even heart failure. Thus, it is
necessary to study the drug-induced cardiotoxicity. Heart-
on-a-chip as an effective and accurate in vitro model
can be used to evaluate cardiotoxicity. Parker et al. have
found that the isopropylnoradrenaline has a positive
influence on the contraction force of CMs using heart-
on-a-chip®®. Ren et al. fabricated a heart-on-a-chip for
high-throughput drug screening®. They chose clinically
approved doxorubicin and cyclophosphamide as model
drugs to examine dose-dependent cardiotoxicity, and
ivabradine and carbachol as candidates for ameliorating
cardiotoxicity.

As discussed in the previous section, the 3D
microtissues are different from 2D microtissues in
morphology and functionality. Someresearchers suggested
to use 3D microtissues for drug response in heart-on-a-
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chip. Compared with the 2D microtissues, the heart-on-
a-chip with 3D microtissues is complex in structure and
thus, the throughput is lower. However, the advantage
is that the functionalities are close to native tissues and
the maturation is improved. Nakayama et al. fabricated a
heart-on-a-chip with 3D microtissues using 3D bioprinter.
The cell spheroids were printed on the micropillar array,
and the contraction force of the 3D microtissues was
evaluated by measuring the micropillar deformation. The
platform can be used for drug screening by adding drugs
into the device and observing the response afterward.
Chen et al. fabricated the 3D microtissues using 3D
bioprinting, and monitored the concentration of calcium.
They found that the isopropylnoradrenaline can affect the
calcium concentration®®. Zhao et al. designed a heart-
on-a-chip with biowire structures, which can be used for
drug screening and gene expression testing. This chip can
record the contraction force and calcium concentration
in real-time®?!. Paker et al. fabricated a heart-on-a-chip
with 24 MTFs and each MTF can detect the contraction
force and beating frequency of cardiomyocytes. Using
this heart-on-a-chip, they tested the influence of 12 drugs
(e.g. Isradipine, Nicardipine, Clofilium, and Flecainide)
and demonstrated the application of this chip in drug
screening (Figure 4C)!"*. Wan et al. fabricated a heart-on-
a-chip with 3D microtissues and used it for cardiotoxicity
studies of drugs (antibiotics, antidiabetic drugs, and
anticancer drugs). Compared with the 2D model, the 3D
microtissues performed better in drug screening. The
results by 3D microtissues are consistent with clinical
observations!.

4. Summary and outlook

In this paper, we review the recent advances of heart-
on-a-chip, including the history, structures, fabrication
methods, and the biomedical applications. Collectively, we
propose that a highly integrated heart-on-a-chip includes
four elements: Microfluidic chip, cells/microtissues,
microactuators, and microsensors. The microfluidic chip
and microtissues are necessary for a heart-on-a-chip.
The microactuators can be used to impose electrical and/
or mechanical stimuli to cells. The microsensors are
designed to monitor the performance of cells in heart-on-
a-chip. Various methods have been proposed to fabricate
heart-on-a-chip. We shed light on the 3D bioprinting
which is a promising technique and can enable the one-
step fabrication of heart-on-a-chip. 3D bioprinting has
greatly improved the complexity, functionality, and
efficiency of heart-on-a-chip. Heart-on-a-chip has found
broad applications in biomedical engineering, including
physiology study, disease modeling, and drug screening.
At present, the development and applications of heart-
on-a-chip are still in its early stage, and facing some
challenges.

An important challenge for heart-on-a-chip is to
better mimic the microenvironment of native cells®. The
challenges include addressing the issues pertaining to cell
alignment, multiple cells co-culture and external stimuli
which are key factors to improve cell maturation and
functionalities. They can be implemented by fabricating
micro-patterned substrate, complex 3D scaffold, and
vascularized tissues. It is still challenging to fabricate these
structures. Perhaps, 3D bioprinting is a possible solution
which has shown a great potential in biofabrication. To
date, 3D bioprinting has enabled cell alignment, co-culture
of multiple cells, and vascularized myocardial tissue.
Nevertheless, precise regulation of cell microenvironment
(especially the spatial-temporal anisotropic
microenvironment) still needs further exploration.

There are considerable research on the microsensors
in heart-on-a-chip®¥. However, the accuracy and
sensitivity are still unsatisfying. PDMS as an elastic
material is widely used in microsensors to measure
conTFM. The modulus of PDMS is still high and thus
the deformation caused by CMs is relatively small. For
the microsensors based on optical method, it is complex
to measure the contraction force. The strain microsensors
can read out the contraction force directly, but the
stability, linearity, and accuracy of the microsensors
are not satisfyingll. With the advances of wearable
and flexible electronics, more microsensors have been
invented. These microsensors could be used in heart-on-
a-chip, and monitor the status of cells.

As a promising technique, 3D bioprinting has shown
a great potential in fabricating highly integrated heart-on-
a-chip in one step®. Using 3D bioprinting, it becomes
possible to fabricate the microfluidic chip, microtissues,
microactuators, and microsensors on the same platform. On
the basis of 3D bioprinting, some researchers developed 4D
bioprinting method®!. In 4D bioprinting, smart materials
were used and the printed objects can change their shapes
or functionalities with time. This technique can be used
to fabricate microactuators and impose mechanical stress
to cells. For 3D/4D bioprinting, there are still challenges,
such as on how to improve the resolution and develop novel
materials with good printability and mechanical properties.

Another challenge for heart-on-a-chip is the
commercialization. To ensure the physiological state of
the cardiac cells, the storage and transportation should
be considered which are necessary for the off-the-shelf
use. One possible solution is to use the vitrifying method
which is commonly used in reproductive medicine®”. The
chip together with the microtissues is frozen under a low
temperature, and the physiological activity of the cells is
paused. When it is ready to be used, the heart-on-a-chip
is rewarmed to activate physiological activity of the cells.
Such vitrifying process necessitates strict demands for
the design and materials of heart-on-a-chip.
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To sum up, the development of heart-on-a-chip is
still in its early stage, and there are barriers to overcome
in its commercialization and clinical applications.
However, it is believed that heart-on-a-chip is a promising
technique and has a great potential in various biomedical
applications.
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