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The ability to accurately detect cardiotoxicity has become increasingly important in the development of new
drugs. Since the advent of human pluripotent stem cell-derived cardiomyocytes, researchers have explored
their use in creating an in vitro drug screening platform. Recently, there has been increasing interest in creating
3D microphysiological models of the heart as a tool to detect cardiotoxic compounds. By recapitulating the
complexmicroenvironment that exists in the native heart, cardiacmicrophysiological systems have the potential
to provide a more accurate pharmacological response compared to current standards in preclinical drug
screening. This review aims to provide an overview on the progress made in creating advanced models of the
human heart, including the significance and contributions of the various cellular and extracellular components
to cardiac function.
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1. Introduction

The heart, like most other organs, is a complex and heterocellular
system that has evolved to perform specific functions. The most critical
function of the heart is to pump blood to the rest of the body, which is
necessary for the transport of oxygen and nutrients to maintain viabili-
ty. Dysregulation of the cardiovascular system is a major concern in
eviews theme issue on “Tissue
ative solutions”
in St. Louis 1 Brookings Drive

, scg@wustl.edu (S.C. George).
modern society; while the development of new drugs and therapies
have helped alleviate this problem, cardiovascular disease remains the
leading cause of deaths worldwide [1]. Compounding this problem is
the observation that some FDA approved drugs for cardiovascular
disease as well as a host of other diseases (e.g., diabetes, inflammation)
have subsequently exhibited cardiotoxic side effects, leading to the
withdrawal of numerous drugs from the market [2]. New anticancer
drugs are among those that have shown unexpected negative cardiac
side effects, further prompting the need to improve current methods
to screen drugs for possible cardiotoxicity [3,4].

The current standard for preclinical drug screening is animalmodels,
primarily mouse models, which have failed to fully recapitulate
the human heart’s response to drugs. Compared to humans, mice
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show profound differences in beating rate (500–724 bpm compared to
60–90 bpm) as well as electrophysiological properties (e.g., electrocar-
diogram duration, repolarization currents, and ion channel expression
levels) [5]. The hERG binding assay has been developed and implement-
ed to screen for drugs that cause hERG-mediated QT prolongation, but
thismethod does not address any other ion channels involved in cardio-
myocyte electrophysiology and fails to capture drug-induced
cardiotoxicity [6]. The inability to predict human cardiac physiological
response to drugs has contributed to higher rates of failure in clinical tri-
als, putting patients at unnecessary risk and raising the overall cost of
drug development. A potential solution to the current limitations of
screening for cardiac drug toxicity is to develop in vitro models of
human cardiac physiology, which could provide better predictive
power of potential cardiac toxicity and thus improve the efficiency of
drug discovery.

While intriguing, developing in vitro humanmodels of cardiac func-
tion is not without significant challenges. Given the complex mecha-
nisms involved in various pathophysiological conditions of the heart,
an appropriately complex model will be necessary to study such events
[7]. Nonetheless, researchers have put forth significant effort toward
creating microphysiological models of the heart, focusing on creating
biomimetic cardiac tissue that recapitulates some of the key electrical
andmechanical properties of the heart, and thus an accurate pharmaco-
logical response. Over the past 5 years, significant targeted funding from
the National Institutes of Health (NIH), Defense Advanced Research
Projects Agency (DARPA), and the US Food and Drug Administration
(FDA) has stimulated interest in engineering microphysiological
systems of not only the heart but also other physiological systems
(e.g., gastrointestinal tract, brain, and kidney) that will potentially im-
prove drug efficacy and toxicity [8].

This review will present the recent progress in creating
microphysiological models of the heart, with an emphasis on drug
screening applications. Starting with an overview of cardiac anatomy,
we will explore tissue engineering strategies that consider the choice
of cellular and extracellular components as well as how to integrate
these components temporally and spatially to recover the most impor-
tant features of cardiac function. Finally, wewill discuss themost signif-
icant remaining hurdles, and the future outlook for ultimate success.

2. Anatomical considerations

The heart consists of several distinct anatomical units [9]. The four
heart chambers and associated valves control the flow of blood in a
Fig. 1. The cardiac microenvironment. Microphysiological models of the heart have focusedmo
myocardium (approximately 100 μm), several important cell types are present (cardiomyocytes
microenvironment.
unidirectional fashion through the heart. The spiral arrangement of
ventricular cardiacmusclefibers allow coordinated force generation ad-
equate to pump blood to the rest of the body. Action potentials are gen-
erated at the sinoatrial node, and the frequency is modulated by the
nervous system. Recreating the complexities of an entire heart is cur-
rently intractable – and would likely be cost-prohibitive and unneces-
sary for drug screening applications. Instead, microphysiological
models of the heart have targeted the myocardium, the source of elec-
trical propagation and force generation in the ventricle, as the minimal
functional unit that could model drug responses and disease states
(Fig. 1). Cardiomyocytes comprise the largest volume of space in the
myocardium and demonstrate a highly ordered structure that coordi-
nates action potential propagation and force generation. Adjacent
cardiomyocytes form intercalated disks,whereby intercellular junctions
promote synchronous contractions via electrical coupling [10].
Connexins, and specifically connexin-43 (Cx43), are the predominant
gap junction proteins found between cardiomyocytes and is often uti-
lized as a marker of electrical coupling. The myocardium requires
these coordinated electrical and mechanical activities in order to per-
form its function, and dysregulation can lead to pathological conditions
such as reentry ventricular arrhythmia. Single-cell cardiomyocytes
cannotmodel many of these conditions and has led to the development
of more advancedmodels of themyocardium that better mimic physio-
logically relevant cardiac tissue.

3. Two-dimensional models

Since the advent of human pluripotent stem cell-derived
cardiomyocytes (hPSC-CM), researchers have explored their potential
use in drug screening [11,12]. Cardiomyocyte differentiation has
significantly increased in efficiency and reproducibility within the
last decade, helping to develop an accessible source of human
cardiomyocytes. As the simplest model, a 2D monolayer of hPSC-CM
has been used to establish the basic response to cardioactive drugs
using techniques such as patch clamping [13,14], microelectrode arrays
(MEAs) [15], calcium-sensitive dyes [16], voltage-sensitive dyes [17],
and impedance measurements [18,19]. Using induced pluripotent
stem cell-derived cardiomyocytes (iPS-CM), researchers have also
been able to recapitulate genetically linked disease phenotypes, such
as long QT syndrome, which has created the possibility of patient-
specific and disease-specific drug screening [15,20–22]. The FDA has
already started to outline plans to incorporate the use of hPSC-CM for
screening proarrhythmic drugs, and the use of hPSC-CM will likely be
Cardiomyocyte
Fibroblast

Endothelial cell
ECM

stly on recapitulating the structures within themyocardium.Within a single section of the
, endothelial cells,fibroblasts) in a specific structural arrangement to activelymodulate the
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integrated as a part of the preclinical drug screening process in the near
future [23].

One of the significant drawbacks in using hPSC-CM is the immature
or “fetal-like” phenotype of the cells [24]. The electrophysiological
properties and force of contraction vary significantly from adult
cardiomyocytes, raising questions on the validity of the drug response
observed using hPSC-CM [12,25].While a 2Dmonolayer of hPSC-CMex-
presses most of the ion channels that are of interest for drug screening
[15], hPSC-CM change ion channel expression levels and develop
subcellular structures such as sarcoplasmic reticulum over long culture
periods (~100 days) [26–28]. The concern over hPSC-CM immaturity
has further contributed to the development of microphysiological
systems, as many strategies to mature hPSC-CM involve mimicking
the native cardiac microenvironment, as recently reviewed [29].

One strategy to improve 2D culture is cellular alignment. Native
cardiomyocytes are rod-like in structure and strongly align in the direc-
tion of contraction [30]. Cardiomyocytes grown in 2D do not spontane-
ously organize in such a manner, and hPSC-CM displays a disorganized,
circular morphology [26]. Many techniques have been developed to in-
duce alignment in cardiomyocytes in 2D. Micropatterned ECM causes
cardiomyocytes to take on an anisotropic morphology, and increased
conduction velocity in the longitudinal direction attributed to the
formation of intercalated disks [31,32]. Using cardiomyocytes grown
on micropatterned thin films, Grosberg et al. [33] formed strips of
aligned cardiomyocytes that deformed in the direction of alignment.
The deformation can then be used to calculate the stress produced
during contraction. Both normal and abnormal conditions of the heart
have been explored using this platform [34–36]. Topographical cues
such as nanogrooves, nanofibers, or shrink-induced wrinkles also in-
duce cardiomyocyte alignment [37–40]. Aligned cardiomyocytes have
been utilized to study physiological action potential propagation and
have also shown varied response to isoprenaline compared to non-
aligned cardiomyocytes [41,42]. While 2D models lack many of the
physiological features of the myocardium, they offer a simple, robust,
and potentially useful in vitro platform for drug screening and disease
modeling.

4. Three-dimensional models

In order to more fully replicate normal physiology and anatomical
structure, cells must be grown in a 3D microenvironment [43].
Advances in tissue engineeringmethods, particularly in the areas of syn-
thetic biomaterials andmicrofabrication, have provided unprecedented
opportunities to culture cells in 3D, leading to the growing interest in
creating 3D microphysiological systems. The use of 3D culture has
resulted in improved drug screening capabilities in many systems
Fig. 2. Three-dimensional cardiac tissue derived from hPSC-CM. (A) Embedding cardiomyocy
sarcomere orientation within the tissue (red = α-sarcomeric actin, blue = DAPI). (B) Using Ve
and alignment (red = myosin heavy chain, green = sarcomeric α-actinin, blue = DAPI). Adap
such as tumor and liver models [44–48]. Three-dimensional models
can more accurately recapitulate physiological features of an organ sys-
tem compared to 2D, and these methods have been applied to creating
3D microphysiological cardiac tissues.

Most tissue engineering approaches make use of scaffolding
materials to create a 3D structure, including native ECM components
and synthetic polymers. The earliest attempts to create 3D cardiac tissue
employed neonatal rat cardiomyocytes and resulted in synchronously
contractile constructs [49]. Lee et al. [50] used a catheter balloon to
create a 3D cardiac organoid with pumping capacity. Embedding
hPSC-CM into 3D constructs also results in synchronously contractile
tissue, demonstrating formation of gap junctions and responsiveness
to cardioactive drugs [51]. However, much like 2D monolayer
cultures, these tissues lack structural organization at the mesoscopic
level (Fig. 2), as cardiomyocytes randomly orient within the 3D
matrix. Researchers have since developed several techniques using
mechanical and electrical stimuli to induce structural alignment of 3D
cardiac tissues.

Eschenhagen et al. [52] pioneered the use of load-bearing anchoring
points to induce alignment of cardiomyocytes embedded in a gel. Velcro
was used to anchor two sides of a collagen gel, and cellular compaction
of the gel induced alignment of embryonic chick cardiomyocytes
perpendicular to the sides. The concept of load-bearing anchors have
resulted in numerous designs using various ECM compositions that
have helped engineer aligned cardiac tissue that range from a few
hundred microns to several millimeters [53,54]. The deflection of
posts can be used to calculate contractile force, and the ease of tissue
formation makes these platforms amenable to high-throughput drug
screening. While early works utilized animal-derived cardiomyocytes,
similar structures have been created using hPSC-CM [55–58]. These
cardiac tissues show advanced electrophysiological properties (e.g.,
increased conduction velocity, intercalated disk formation) and
recapitulate many of the physiological contractile properties seen
in vivo [59].

Electrical stimulation has also been utilized to induce alignment of
cardiomyocytes. Using electrical pulses that mimic that of the native
myocardium, Radisic et al. [60] created aligned cardiac tissues that
showed enhanced electrical and contractile properties. Using a platform
termed the “biowire,” electrical stimulation at a superphysiological rate
induced advanced electrophysiologicalmaturation in cardiac tissues de-
rived from hPSC-CM [61]. Electrical stimulation plays a significant role
in the maturation of 3D cardiac tissues, and there is growing evidence
that providing electrical stimulation in combination with mechanical
load or stimulation can further mature these tissues [62,63].

Researchers have also explored the use of scaffold-free 3D culture
systems. Cardiomyocyte differentiation protocols that employ
tes in 3D scaffolds result in disorganized structures, as the cardiomyocytes show random
lcro as an anchor along the edges, the 3D cardiac tissue displays mesoscopic organization
ted and reprinted from [51] and [59] with permission from Elsevier.
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embryoid bodies (EBs) result in contractile 3D constructs in suspension
[64]. Due to the presence of non-myocytes in the differentiated EBs,
most researchers dissect and replate the cardiomyocytes onto 2D sub-
strates; however, recent efforts have focused on recreating cardiomyo-
cyte spheroids that can be grown in suspension, making use of
techniques such as forced aggregation and hanging-drop culture [65,
66]. These scaffold-free systems lack structural organization but offer a
synchronous, cell-dense tissue with the expected response to adrener-
gic receptor agonists. These small aggregates can also be used as build-
ing blocks to efficiently create larger scale tissues, which can potentially
reduce the timeof culture necessary to form syncytium compared to en-
zymatically disaggregated cardiomyocytes [57,67]. While these tissues
initially lack cellular alignment, load-bearing anchors can be utilized
to create aligned, synchronous cardiac tissues. Singularized
cardiomyocytes also self-aggregate in suspension to form a cell-dense
cardiac tissue. Mathur et al. [68] recently reported the formation of or-
ganized cardiac tissue by loading single-cell hPSC-CM in a
microfabricated device, which demonstrated a physiological response
to cardioactive drugs.
5. Co-culture models

While researchers have succeeded in constructing cardiac tissues
with advanced physiological form and function, most of the work has
used an incompletely defined population of cells obtained through
cardiomyocyte differentiation. As cardiomyocyte differentiation
efficiency increases and new purification techniques develop, future
studies may have the opportunity to use a pure population of
hPSC-CM [69–71]. Interestingly, a pure population of cardiomyocytes
is not necessarily the desired starting point. Many other cell types
exist within the heart, are abundant in number, and play key roles
in the physiological function of the myocardium [72]. Early studies
have shown that the presence of non-cardiomyocytes help mature
hPSC-CM compared to a pure cardiomyocyte population [73]. The inclu-
sion of more than one cell type complicates the methodology, but
should result in more physiologically relevant models, making co-
culture systems a critical part of developing microphysiological models
[74]. While many functions of non-cardiomyocytes in the heart have
been elucidated in vivo, the role of co-culture systems in creating phys-
iologically relevant cardiac tissues remains largely unexplored. This sec-
tionwill describe some of the early efforts in creating co-culturemodels
of the heart, and explore the significance of non-myocytes in
Endothelial Cells
Paracrine signaling

• NRG-1
• NO
• ET-1

Contact-mediated signalin
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Fig. 3. The influence of non-cardiomyocytes and other factors present in the native cardiac m
strongly affected by the presence of endothelial cells, fibroblasts, and other cells and secreted
signals are closely tied to parameters that are commonly used as readouts for detecting cardiot
a more physiological response to drugs.
microphysiological systems of the myocardium for drug screening
(summarized in Fig. 3).
5.1. Endothelial cells

Endothelial cells serve many important functions in the heart. For
example, endothelial cells line the interior surfaces of the myocardium
(the endocardium) and blood vessels, providing a barrier function that
controls communication between the myocardium and blood [9]. A
high-density capillary network also exists in the myocardium to meet
the large metabolic requirements of the contracting myocardium
resulting in a very intimate association between cardiomyocytes and
endothelial cells. In fact, every cardiomyocyte is no more than 2–3 μm
from a microvascular endothelial cell [75,76].

In addition to their barrier function, endothelial cells extensively
communicate with cardiomyocytes in both developing and adult hearts
[77]. Many modes of interaction between endothelial cells and
cardiomyocytes have been discovered to play critical roles in cardio-
myocyte contractility and survival and may be critical in developing
microphysiological systems that model cardiomyocyte response to
drugs in vitro. Neuregulin-1 (NRG-1) is one of several growth factors
produced by cardiac endothelial cells [78]. NRG-1 binds to the epider-
mal growth factor receptor (EGFR) family of receptors, one of which is
ErbB4, expressed by ventricular cardiomyocytes. The binding of NRG-1
to ErbB4 and the signaling cascade through the heterodimerization of
ErbB4with ErbB2 is essential for early cardiac development, as knocking
out NRG-1, ErbB4, or ErbB2 in mice models results in developmental
failure at embryonic day 10.5 with heart malformation [79–81]. NRG-
1 signaling has also been shown to improve differentiation of hPSC
toward an atrial/ventricular cardiomyocyte rather than a nodal cell,
which is generally desirable for recapitulating the myocardium [82]. A
recent study has also shown that the addition of NRG-1β peptides
induce maturation of mouse iPS-CM [83].

The development of the drug trastuzumab (Herceptin), a monoclo-
nal antibody against human ErbB2, helped formulate our understanding
and clinical relevance of NRG-1 signaling. Trastuzumab was developed
as a chemotherapeutic drug that works by blocking ErbB2, which is
overexpressed in some tumor types (e.g., breast cancer), and showed
improved efficacy when combined with other chemotherapeutics
such as anthracyclines (e.g., doxorubicin) [84]. Due to the cardiotoxic
nature of anthracyclines, combinatory chemotherapeutic treatment
using trastuzumab raised serious concerns regarding the off-target
Cardiomyocyte response
↑↓Spontaneous beating rate
↑↓Force of contraction
↑↓Action potential duration
↓Susceptibility to cardiotoxic drugs
↑↓Conduction velocity
↑Development and maturation

g?

icroenvironment. Using various modes of communication, cardiomyocyte functions are
factors. Many of the responses that the cardiomyocytes undergo in the presence of these
oxicity, highlighting the significance of a complex microphysiological model for capturing
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effects of blocking the NRG-1/ErbB signaling in the heart [85]. It was
soon discovered that blocking ErbB2 in rat cardiomyocytes significantly
increased myofilament injury and contractile dysfunction caused by
doxorubicin treatment [86]. Many researchers have since confirmed
the critical role of NRG-1/ErbB signaling in the adult heart, including
functions of growth, survival, proliferation, and repair of cardiomyocytes
in both homeostatic and maladaptive conditions [87–89].

Human stem cell-derived cardiomyocytes express ErbB receptors,
and the addition of NRG-1 influences the response to doxorubicin expo-
sure as measured by cardiomyocyte impedance and intracellular ATP
[90]. While the mechanism behind upregulation and downregulation
of NRG-1 varies with different physiological and pathophysiological
models, NRG-1 signaling from microvascular endothelial cells in the
heart plays a critical role in cardiomyocyte response to drug-induced
cardiomyopathy [78,91].

Several other paracrine factors are known to modulate cardiomyo-
cyte function [75,77]. Nitric oxide (NO) released by endothelial cells
not only controls vascular tone of blood vessels but also induces positive
inotropic effects on cardiomyocytes [92]. Importantly, endothelial-
derived NO has been shown to cause a change in cardiomyocyte con-
tractile response to β-adrenergic stimulation, signifying its importance
in drug screening applications [93]. NRG-1 signaling on cardiomyocytes
upregulates NO synthesis, further influencing cardiomyocyte contractil-
ity in the presence of endothelial cells [94]. Finally, endothelin-1 (ET-1)
is another positive inotrope released by endothelial cells [95]. ET-1 also
increases release of NO and NRG-1 from endothelial cells, demonstrat-
ing the complex mechanisms involved in regulating cardiomyocyte
functions [96,97].

Most efforts surrounding endothelial-cardiomyocyte co-culture
have centered on the goals of creating vascularized cardiac tissue for
cell therapy in repairing damaged myocardium [58,98,99]. Transwells
have been widely used to study the paracrine effects of endothelial-
cardiomyocyte co-culture; however, such systems are mostly limited
to 2D monolayers. Additionally, Transwells only capture the paracrine
effects of the cells, while evidence exists that contact-mediated signal-
ing may be important for endothelial-cardiomyocyte communication
[100]. Using 3D scaffolds that are used in tissue engineering applica-
tions, future microphysiological systems will look to scale down these
tissues while maintaining the key effects of endothelial-cardiomyocyte
co-culture. Co-culturing hPSC-CMwith endothelial cells andmesenchy-
mal stem cells improved the contractility and cardiac ion channel ex-
pression of the 3D cardiac tissue [101]. Scaffold-free vascularized
cardiac tissue can be created but requires a tri-culture with stromal
cells in order to prevent endothelial cell death [102]. Recent work by
Vollert et al. [103] successfully introduced an endothelial-coated chan-
nel through a 3D cardiac tissue. Endothelial co-culture has proven to
be valuable in other microphysiological organ systems [104,105], and
we believe the same will hold true for cardiac tissues.

The source and phenotype of the endothelial cells used in culture
may also play an important role in their function, as endothelial cells dif-
fer in function between different organs, but also within different parts
of the heart (e.g., microvascular, endocardial, and aortic) [106]. For
example, aortic endothelial cells do not express NRG-1 and thus may
result in a poor in vitro model when predicting drug-induced
cardiotoxicity [97]. While human neonatal and adult endothelial cell
sources are readily available, the use of stem cell-derived endothelial
cells is also a viable option given the differentiation protocols that
have been recently developed [107,108]. Further characterization may
be necessary to assess the functional phenotypes of endothelial cells
in the context of the cardiac microenvironment.

5.2. Fibroblasts

Fibroblasts are commonly defined as mesenchymal cells that have
an elongated morphology and lack a basement membrane [109].
While the exact numbers vary by species, cardiac fibroblasts make up
a significant portion of adult mammalian hearts in terms of total num-
ber of cells (45 to 70%), exceeding in number that of cardiomyocytes
[109–112]. Present throughout theheart,fibroblasts occupy the connec-
tive tissue space between cardiomyocytes [112,113]. Cardiac fibroblasts
play several key roles in cardiac development and physiology, including
ECM remodeling, paracrine signaling, mechanosensing, and electrical
coupling.

Cardiac fibroblasts regulate ECM synthesis and degradation, which
has been shown to be critical for cardiomyocyte function. The cardiac
ECM composition changes throughout development, and further chang-
es in the ECM can be induced in many pathological conditions, as re-
cently reviewed [114]. Collagens provide tensile strength within the
heart and is critical for hypertrophic growth in the neonatal heart
[115]. Cardiac fibroblasts also produce periostin, which is highly
expressed in the developing heart, and has been shown to induce car-
diomyocyte proliferation in vitro and in vivo [116]. Fibronectin, fibrillin,
elastin, proteoglycans, and glycoproteins are also present in the cardiac
ECM, deposited mainly by cardiac fibroblasts [117,118]. Fibroblasts also
secrete matrix metalloproteinases (MMPs) in order to remodel the
cardiac ECM. The balance between ECM proteins and MMPs is critical
for ECM homeostasis, which can be affected by external factors such as
mechanical stimulation [109,119]. A number of pathological conditions
such as myocardial infarction and pressure overload induce cardiac
fibroblasts to undergo a phenotypic change intomyofibroblasts, increas-
ing proliferation and deposition of collagen via a TGFβ mediated
pathway [111,117].

Cardiac fibroblasts also directly couple with cardiomyocytes,
utilizing connexins to allow propagation of electrical signals [120].
Fibroblasts are able to electrically couple cardiomyocytes separated by
up to 300 μm in distance in vitro, although there is considerable debate
on the extent of electrical coupling that occurs in vivo between
fibroblasts and cardiomyocytes [121,122]. Fibroblast–cardiomyocyte
coupling significantly alters electrophysiological properties of
cardiomyocytes, affecting conduction speed, resting membrane poten-
tial, repolarization, and excitability [123]. The large number of cardiac
fibroblasts in the SA node suggests that they alsomodulate the function
of nodal cells. In contrast, fibroblast–cardiomyocyte coupling in the
myocardium may be more pathological and has been shown to induce
abnormal depolarization and reentry in vitro [124,125]. Further studies
must be performed to elucidate the exact role of fibroblast–cardiomyo-
cyte coupling in vivo, such that this function can be recapitulated
in vitro.

The role of including cardiac fibroblasts in cardiac microphysiological
systems remains unclear. Co-culture of cardiomyocytes with mouse-
derived cardiac fibroblasts improved the contractility of engineered
cardiac tissues [126]. Adding cardiomyocytes to precultured fibroblasts
and endothelial cells results in improved cardiac tissue formation with
elongatedmorphology and increased electrical coupling via Cx43 expres-
sion [127,128]. Several studies have reported a population of vimentin-
positive cells that are dispersed within 3D cardiac tissues, indicating
that these fibroblast-like cells play a role in the formation of these tissues
[55,59,129]. While increasing numbers of fibroblasts reduced electro-
physiological maturation of cardiac tissues, complete removal of non-
myocytes led to decreased cell spreading and gel compaction in 3D car-
diac tissues [130]. A recent study showed that adding 25% CD90+ cells
to hPSC-CM resulted in improved cardiac tissue formation and increased
cardiomyocyte maturation compared to cardiomyocyte only control
[131].

One of the challenges in using fibroblast co-culture models is the
heterogeneity of fibroblasts within the body, showing significant varia-
tion in function even within a single organ system [118,122,132]. Most
researchers have used fibroblast sources that are not of cardiac origin,
whichmay be a concern for recapitulating the physiological microenvi-
ronment of the heart. Identifying fibroblasts also poses a challenge;
while anti-vimentin antibodies have been widely used to label fibro-
blasts, endothelial cells also stain positively for such antibodies [133].
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Discoidin domain receptor 2 (DDR2) has been established as a fibroblast
marker, and may be useful for future studies that incorporate cardiac
fibroblasts in co-culture models [112].

5.3. Non-cardiac cells and blood

Red blood cells (RBCs) account for the majority of cells present in
blood, serving as oxygen carriers to help deliver oxygen throughout
the body. For tissue culture in vitro, most systems rely ondiffusion of nu-
trients, including oxygen, using static exposure to cell culture medium.
Due to the low solubility of oxygen in medium lacking oxygen carriers,
oxygen depletion is a serious concern in microphysiological systems
that employ 3D cardiac tissue and may contribute to abnormal tissue
function [43]. Perfusion of medium containing oxygen carriers such as
perfluorocarbon can improve contractility of cardiac tissues cultured
in vitro [134]. Simple perfusion of media also increases cell survival
within 3D cardiac tissues compared to static controls [103,135]. The im-
plementation of other strategies to increase oxygen delivery such as
vascularizationmay be necessary to create andmaintain cell-dense car-
diac tissues [136,137]. Nonetheless, it remains to be seen whether im-
plementation of such strategies are necessary for microphysiological
systems, whose size is at or near the limit of diffusion (~200–250 μm).
The inclusion of vascular networks may enable physiological delivery
of drugs through blood vessels, which may facilitate our understanding
of pharmacokinetics (e.g., how readily drugs diffuse out of blood
vessels) as well as potential drug interactionwith the endothelial lining
of the vessel.

The choice ofmedium is significant, especially for co-culture systems
where different cell types require different nutrients and growth fac-
tors. While RPMI1640 supplemented with B-27 is commonly used to
differentiate and maintain hPSC-CM, it is a very simple medium that
may lack important signaling molecules found in blood. The addition
of serum in the media may result in a more physiological media; how-
ever, the content of serum is undefined with inherent batch to batch
variability, and exposure to serum-containing media can alter hPSC-
CM phenotype and drug response to adrenergic receptor agonists
[138]. The determination of media composition that promotes physio-
logical behavior of cardiomyocytes grown in vitro will be an essential
step in improving the applicability of cardiac microphysiological sys-
tems for drug screening.

Finally, no co-culture model has successfully incorporated neuronal
cells, which release catecholamines and acetylcholine that directly
regulate cardiomyocyte function [139,140]. The ventricles have high
sympathetic innervation, and the release of catecholamines (e.g.,
epinephrine, norepinephrine) results in positive inotropic and
chronotropic effects [141]. While the physiological functions of these
secreted factors in the heart are established, their significance in creat-
ing cardiac microphysiological models remains unclear. Beauchamp
et al. reported a decrease in beating rate of cardiomyocyte spheroids
over 30 days, while long-term stimulation using phenylephrine (α-
adrenergic receptor agonist) resulted in sustained beating rate over
the same period of time [66]. The supplementation of phenylephrine
and/or angiotensin-II has also been shown to induce hypertrophic
growth of cardiomyocytes in both 2D and 3D [142,143]. Many other fac-
tors found in blood may also improve tissue formation and maturation
in vitro [144,145]. For example, the thyroid hormone tri-iodo-L-thyronine
(T3) has been shown to induce maturation of hPSC-CM [146,147].

6. Concluding remarks and future outlook

Cardiac microphysiological models have made significant advance-
ments over the last decade. Through the use of hPSC-CM, we are closer
to using human in vitro models of the heart as a tool to augment drug
screening assays. While it is not yet feasible to move away from animal
models, microphysiological systems offer a complementary platform to
further improve detection of drug-induced cardiotoxicity using human-
derived cells. Many of the current models are amenable to high-
throughput screening andmay soon be an integral part of the preclinical
drug screening process. The use of iPS-CM from patients who have
genetic cardiac disorders can also beutilized to recapitulate and develop
treatment options for specific disease phenotypes. While 2D platforms
are efficient and robust, technical difficulties, reproducibility, and phys-
iological relevance are remaining challenges for the adaptation of 3D
platforms for drug screening applications. Without a method to stan-
dardize and compare drug responses across different drug screening
models, it is difficult to determine which platforms are the most rele-
vant. Widely applicable functional readouts will need to be developed
for validating drug responses obtained using these microphysiological
models.

Advances in tissue engineering have been critical in the develop-
ment of cardiac microphysiological systems. Using various strategies
to control the cellular and extracellular components of the tissue, re-
searchers have successfully created relatively mature and functional
models of themyocardium. There is also an increasing interest in utiliz-
ing organogenesis strategies to recreate the in vivo microenvironment,
relying on pluripotent cells to self-assemble and reconstruct both the
structure and function of the organ or organ parts [148].With the emer-
gence of cardiac progenitor cells that can differentiate into various cell
types that make up the heart, it may be feasible to form cardiac
organoids that recapitulatemany of the features found in themyocardi-
um or even the whole heart. As more advanced microphysiological
models of the heart become a reality, the predictive power of these
models in drug screening as well as disease modeling applications will
continue to develop.
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