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Abstract

Cardiovascular disease is a leading cause of death worldwide, necessitating the development of
effective treatment strategies. A myocardial infarction involves the blockage of a coronary artery
leading to depletion of nutrient and oxygen supply to cardiomyocytes and massive cell death in a
region of the myocardium. Cardiac tissue engineering is the growth of functional cardiac tissue /in
vitro on biomaterial scaffolds for regenerative medicine application. This strategy relies on the
optimization of the complex relationship between cell networks and biomaterial properties. In this
review, we discuss important biomaterial properties for cardiac tissue engineering applications,
such as elasticity, degradation, and induced host response, and their relationship to engineered
cardiac cell environments. With these properties in mind, we also emphasize /n vitro use of cardiac
tissues for high-throughput drug screening and disease modelling.

1 Introduction

Cardiovascular health issues, including myocardial infarctions (MI), cause over 2.5 million
deaths in the United States each year [1]. An Ml involves the partial or complete blockage of
a coronary artery, inducing cardiomyocyte death [2-4]. The healing process post-Ml
involves an inflammatory response, the removal of dead cardiomyocytes (CMs), and rigid
non-contractile scar tissue formation [5]. Pathological dilation of the afflicted ventricle
results in adverse cardiac remodelling and inefficient pumping. This causes permanent
impairment to the patient, and without treatment over 50% of patients experience heart
failure after five years [6]. Current treatments focus on left ventricular assist device (LVAD)
implantation or heart transplantation, which are limited by a number of factors including the
number of available donors and host immune rejection.
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Tissue engineering uses living cells to help maintain, improve, or enhance the function of
human organs and tissues [2, 7, 8]. Biomaterial scaffolds are used to support and direct the
growth of engineered tissues comprised of expanded populations of human cells in vitro.
Cardiac tissue engineering (CTE) uses these strategies to assess, maintain, or improve
human cardiac tissue [2, 9]. Although reconstructing an entire functional human organ /n
vitroremains to be achieved, the field continues to progress and will reduce the need for
invasive organ transplantation and assist clinicians in the goal of improving human quality of
life [2, 7, 8]. CTE requires the precise control over the nano-, micro- and macro-scale tissue
structure using biomaterials, cells, and bioreactors. CTE has also been used as a tool for
increasing knowledge in the fields of developmental and cell biology, and /n vitro
cardiotoxicity drug screening [5, 10].

This review discusses the important role of biomaterials in CTE, and notable applications of
engineered cardiac tissues. We highlight key properties of biomaterials used for CTE
scaffolds, their advantages and limitations. Furthermore, cell populations and cardiac tissue
maturation used in CTE are outlined. Emphasis will be placed on these solutions in the
context of applications, most notably the use of CTE in drug discovery.

2 Biomaterials for cardiac tissue engineering

The wide range of physical properties in different human tissues necessitates a variety of
polymers within the field of tissue engineering [11]. Polymers can be derived from natural
sources or produced synthetically; initial work with polymer biomaterials involved the
implantation of natural polymers, such as collagen [5, 6, 12]. Synthetic components are an
attractive alternative to biologically derived polymers. With use of biologically derived
polymers, chemical modifications are both difficult and often change the bulk properties of
the material [4, 13, 14]. A high degree of product variability is also of major concern with
the use of biologically derived polymers.

In CTE, biomaterials serve predominately as scaffolds for tissue formation and vehicles for
the delivery of engineered tissues [3, 5-7, 12, 15]. Scaffolds for CTE require a number of
criteria to be carefully considered to allow for optimal tissue function including: physical
properties of the polymer (e.g. strength and elasticity), degradation rates, and host response
[6]. Furthermore, these properties help to dictate the body’s elicited immune response.

To satisfy the dynamic nature of heart function and myocardial remodelling post-Ml, the
ideal cardiac biomaterial should account for several design parameters. Matching the
mechanical properties of the myocardium is an important cardiac biomaterial property [16].
The Young’s modulus of the adult human myocardium ranges non-linearly from 10-20kPa
(start of diastole) to 200-500kPa (end of diastole) [17-20]. A rigid and inelastic patch
placed on the heart will impede contraction. A scaffold should not be constructed too soft as
pathological cardiac dilation can be reduced by mechanically reinforcing the myocardium
[21]. In addition, materials capable of achieving tissue-like compliance (e.g. hydrogels) must
allow for easy handling/suturing. An ideal biomaterial should also comply with the changes
in strain experienced by the myocardium of approximately £15% [22—24]. The anisotropic
(directionally dependent) stiffness of the heart tissue [25-29] is an important design
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parameter that the scaffold should replicate. Mathematical modelling and /n vivo
experiments on dogs demonstrated that the patches with anisotropic mechanical properties
(Dacron with slits), placed onto an infarcted myocardium resulted in improved functionality
compared to isotropic patches [30, 31]. The cyclic contraction of the myocardium
necessitates a biomaterial that is elastomeric. The patch should biodegrade over the desired
period, matching the remodelling process of the heart post Ml, that usually takes 6-8 weeks,
to avoid fibrous capsule formation and a chronic inflammatory response in the myocardium.
Ensuring that the material degrades at the same rate as the heart heals is crucial for success
[32].

Comprehending the immune response to an implanted biomaterial is required to determine
the clinical relevance. The immediate response of the host to implantation of a foreign
material is known as the tissue response [4, 8, 33, 34]. Upon implantation, host proteins
adhere to the implanted biomaterial surface. These proteins signal monocytes and other
leukocytes to begin the foreign body cascade [4, 35, 36]. Macrophage recruitment and
differentiation dictates the formation of foreign body giant cells and fibrous capsule
formation [4, 35, 36]. The way a biomaterial influences macrophage polarization has been
found to influence the host immune response to implanted devices significantly. Specifically,
M1 macrophages induce an inflammatory response in the body, while M2 macrophages
encourage tissue repair [4, 35, 36].

Material design looks to minimize the inflammatory and immune response as well as the
fibrous capsule formation. Formation of a fibrous capsule inhibits the efficacy of a tissue
scaffold, as cells are not able to integrate and interact with the surrounding cells, and the
apparent stiffness of the material is increased [2]. Furthermore, this limits vascularization,
which is important as it facilitates growth through delivery of blood, as well as ensures the
viability of exogenously applied cells [37]. Many designs of cardiac biomaterials aim to
encourage the polarization of macrophages to the M2 phenotype, in order to minimize
fibrous capsule formation and promote incorporation into host tissue [4, 35, 38].
Minimization of fibrous capsule formation, as well as reduction in the foreign body reaction
and chronic inflammation, are considered benchmarks to biocompatibility assessment [5, 8,
33, 39].

Finally, selecting an appropriate animal model to assess the effectiveness of the designed
therapy based on cardiac tissue engineering remains critical. A number of small rodent
cardiac infarct models have been examined to assess the ability of engineered tissues to treat
cardiac diseases [38, 40-43]. Coronary artery ligation and cryo-injury to the ventricle wall
are common methods employed to induce M1 in animal models [38, 42—44]. Cell seeded
scaffolds have proven to successfully improve left ventricle function in late stages of cardiac
failure [40, 42, 44], however cell injection therapies have also found success in reducing
myocardial damage after acute Ml in rat models [45]. Serious considerations must be taken
when deciding when to administer treatments, as incorrectly timed administration could
potentially exacerbate the existing condition [6], despite of how well-designed the
biomaterial used for the therapeutic approach is. Application of a material in early stages of
remodelling can improve healing but potentially increase inflammatory response, where as
treatment following the initial immune response allows for the development of scar tissue
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[6]. /n vivo studies can be performed on a variety of immuno-compromised animal species,
in cases where human pluripotent stem cells (hPSCs) or embryonic stem cells (hESC) are
used as a source of CMs, either seeded on the biomaterial scaffold or injected with it. One
example is athymic rats that lack adaptive immunity [46].

Rodent models have also been used to study integration of hESC derived CMs in the
myocardium [47-49], although they have been scrutinized as unsuitable due to the large
difference in heart rates between human CMs (60-120bpm) and rodent ventricular myocytes
(350-600bpm). Shiba and colleagues have recently used guinea pigs as a more suitable
model (200-250bpm) to demonstrate conclusively that hRESC-CMs can electrically couple
and minimize arrhythmias in cryo-induced M1 hearts [50]. However, in the most recent non-
human primate model, transplantation of hESC derived CM resulted in transient arrhythmia
[51]. Below, we will highlight the most common natural and synthetic biomaterials used for
cardiac tissue engineering /n vitroand in vivo.

2.1 Naturally derived biomaterials

Natural biomaterials include polymers that are derived from biological sources. In CTE the
most notable materials are collagen and gelatin (derived from mammalian extracellular
matrix (ECM)) and alginate [52]. ECM derived materials were amongst the first to be used
in tissue engineering due to the composition and structural properties similar to the /n vivo
tissues and organs [53]. When solubilized into individual components from an ECM
structure and without postprocessing, collagen and gelatin materials do not exhibit sufficient
mechanical properties for the formation of scaffolds, limiting their applications to injectable
formulations when used as a homopolymer [6]. Zimmerman et a/ demonstrated for the first
time that an engineered heart tissue (EHT) implanted onto infarcted rat hearts can halt the
deterioration of the left ventricle after MI, restore cardiac function, and promote
neovascularization (Figure 1B) [40]. They seeded neonatal rat heart cells into a collagen
hydrogel, conditioned the constructs with mechanical stimulation and implanted them 14
days post Ml onto the epicardial surface of syngeneic rats.

The use of natural materials has been expanded through incorporation into co-polymer
structures with synthetic biomaterials, such as polycapralactone and poly-L-lactic acid [53],
or other natural biomaterials such as chitosan for improvement of scaffold or hydrogel
properties [54]. Chitosan-hyaluronan/silk fibronin patches have been successfully implanted
onto the hearts of infarcted rats and helped reduce the left ventricle diameter post Ml,
maintain ventricular wall thickness and enhance fractional shortening 8 weeks post-Ml
compared to the Ml only controls, while eliciting a minimal immune response (Figure 1D)
[44].

Alginate is a biopolymer derived from brown algae that has been applied in many tissue
engineering applications due to its simple extraction procedure and abundance [11].
Although the poor mechanical properties of alginate limit its use, it has often been
incorporated into scaffold co-polymers and injectables to tune their application in a similar
manner to collagen and gelatin [11, 55]. Landa ef a/ used alginate hydrogels to develop
support for cardiac repair, relying on high concentrations of calcium in the ECM to cause
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alginate gelation, demonstrating maintenance of ventricular dimensions and wall thickness,
as well as preservation of fractional shortening compared to Ml-only controls. [56].

Scaffolds and hydrogels obtained from decellularized organs have been applied in cardiac
tissue engineering as aspects of their molecular domains are utilized for cell attachment,
including maintained scaffold architecture [4, 57]. However, the procedure of
decellularization is complicated, and ECM composition changes while reduction in
biological activity may often be observed with proteolytic digestion [58]. Through use of
detergents, Ott et a/ showed the ability to maintain the substrate architecture when removing
dead cellular content and developing new cardiac tissue /n vitro, demonstrating a small
degree of pump function (~2% of native) 8 days after seeding of neonatal rat CMs onto the
decellularized rat heart ECM [59]. Singelyn et a/used decellularized porcine myocardium as
an injectable gel scaffold, resulting in the smooth muscle and endothelial cell migration /n
vivo and in turn the potential for cardiac regeneration applications [60]. Similarly, Sarig et a/
used a novel technique for the decellularlization of thick porcine myocardium ECM, which
served as a scaffold for seeded mesenchymal stem cells (MSC) [61]. Furthermore, Sief-
Naraghi et a/ injected porcine ECM-derived hydrogels into the hearts of late-stage infarcted
pigs (2 weeks post MI); three months after implantation, cardiac function, ventricular
volumes, and global wall movement increased compared to the control specimens [62].

Although these methods present an effective solution to the biomaterial requirement of CTE,
the use of natural materials constrains the adaptability of material properties. Natural
materials can allow for a reduced host response, however synthetic materials allow for
tuneable mechanical properties [14].

2.2 Synthetic biomaterials - polyesters

Synthetic biomaterials provide an attractive alternative to natural materials. With the ability
to control the entire synthesis procedure, the mechanical properties, topography and
structure of a material can be modified to reflect the specifics of an application. These
materials can be classified on a high level by their ability to biodegrade. /n vitro applications
rely on non-degradable materials to interact with cells and tissues, providing the desired
mechanical properties without cytotoxic effects [6]. For /n vivo applications of CTE,
biodegradable polymers are preferred to allow for the engineered tissue to integrate and
minimize adverse host response. This aspect of review focuses on polyesters, well-
researched degradable biomaterials, and their important properties when considering them
for CTE applications. The importance of non-degradable materials is discussed in
conjunction with /in vitro applications.

Polyesters are the most researched type of synthetic biomaterial to date, partly because they
present range of mechanical diversity [11, 63]. The most notable polyesters are FDA-
approved polycapralactone, poly-L-lactic acid, and poly(lactic-co-glycolic acid), which have
been applied in many tissue engineering applications [2, 6, 8, 12-14, 33, 64]. They are used
in different forms, often mixed into co-polymers to allow for the control of degradation rate
[6]. These materials often serve as a benchmark when studying the characteristics of new
materials [6, 39, 65].
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Polyesters degrade mainly through hydrolysis making their degradation largely dependent
on properties that dictate water penetration [33]. /n vitro polyester degradation studies are
preformed under conditions of excess water and reveal how readily the substance undergoes
polymer chain scission through hydrolysis. Differences in the rates of hydrolysis are related
to the linkages within the polymer chains, and their respective susceptibility to hydrolysis.
Polyesters undergo hydrolysis due to susceptibility of the ester linkage to nucleophilic attack
[11]. The degradation is autocatalyzed by the formation of carboxylic end groups, increasing
acidity of the surrounding solution and increasing the strength of water as a nucleophile
(Figure 2) [33, 66].

When placed /n vivo, the degradation properties can change significantly depending on a
variety of factors including water penetration rate, scaffold geometry, susceptibility to
hydrolysis and specific body conditions [11, 33, 64]. Ideally, polymers for cardiac cell
delivery should survive in vivo for at least one week and fully degrade by eight weeks (in rat
models) to allow for cells to have initial support as well as proper integration into the host
tissue [6]. This time-frame is additionally motivated by the fact that it takes approximately
six weeks (in rat models) for the remodelling process to complete upon an MI. Future
application in human clinical trails would necessitate adaptation in degradation properties, as
the remodelling process takes place over a three month period [67].

As the majority of polyester materials degrade primarily through bulk erosion, scaffolds hold
their shape until a critical point before breaking apart. This is attributed to uniform
degradation throughout the material. Some applications desire degradation through surface
erosion, where the material is broken down from the outside in, while maintaining many of
its physical properties with interior polymer chains shielded from degradation. This is
characteristic of enzyme-assisted degradation, which is common with materials such as
poly(1,3-trimethylene carbonate) [68]. One of the most cited drawbacks of polyester
degradation is the creation of an acidic environment locally that might influence host
response [69]. As polyester science continues to develop, new materials have been tailored
to adapt these degradation properties. Poly(glycerol sebacate) presented a degradation
profile that suggests surface erosion, improving its /n7 vivo applicability [70]. Materials often
combine polyester linkages with others’ hydrolytically stable linkages, which present
different degradation properties in an effort to alter the rate and characteristics of polymer
breakdown [71].

The use of synthetic materials has been widespread in CTE applications. Wagner and
colleagues developed a synthetic hydrogel copolymer (N-isopropyla-crylamide, 2-
hydroxyethyl methacrylate, and degradable methacrylate polylactide) loaded with basic
fibroblast growth factor (b0FGF) and insulin-like growth factor 1 (IGF1) that both reduced
left ventricle dilation post MI and encouraged M2 macrophage recruitment in infarcted rat
hearts when implanted 2 weeks post infarct [72]. Kim et a/successfully implanted a
nanopatterned polyethylene glycol based hydrogel matrix seeded with cardiosphere-derived
cells (CDCs) onto infarcted rat hearts. Twenty-one days after engraftment they observed
significant tissue repair in both the cell-seeded and pure scaffold samples, as well as more
organized deposition of collagen and high myocardial cell survival (Figure 1A) [43].
Furthermore, Matsubayashi et a/ developed a porous poly(e-caprolactone-co-L-lactide)
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cardiac patch seeded with vascular smooth muscle cells for left-ventricular aneurysm repair,
designed to prevent ventricular dilation post MI [42]. Patches were surgically implanted four
weeks after left anterior descending coronary artery (LAD) ligation in syngeneic rats, using
a modified endoventricular circular patch plasty (EVCPP) repair of the infarct area. Eight
weeks post-implantation they observed the patch had integrated with host tissue, and that
systolic function (developed pressure) increased significantly in hearts grafted with cell-
seeded patches compared to control MI groups and the cell-free patches [42].

Recent research has focused on decreasing immune response through the design of modified
polymers, referred to as immunomodulating biomaterials [4]. Using surface modification
and incorporation of biologically active molecules, such as growth factors and peptides,
undesired protein adhesion can be prevented, and cellular adhesion can be promoted [4].
Furthermore, these factors can be used to encourage vascularization, and incorporation of
the scaffold into the native tissue [6, 7, 37]. Similarly, microscopic physical adaptation to
scaffold topology has been shown to improve cellular adhesion and vascularization [6, 12,
73]. These methods improve biocompatibility without compromising desirable physical
properties. For example, porous poly(2-hydroxyethyl methacrylate-co-methacrylic acid)
hydrogel scaffolds mimicking the structure and organization of native myocardium have
been fabricated to deliver CMs to diseased rat hearts (Figure 1C) [38]. The effect of pore
size on fibrous encapsulation and neovascularization was investigated. /n vivo results
indicated the ability to control inflammatory response through the scaffold architecture and
induce prohealing pathways with porosity, while maximizing neovascularization and
minimizing fibrosis. This work also enabled the design of cardiac scaffolds that encouraged
CM alignment and developed cell density similar to the native tissue [38].

The advancement in the field of CTE with synthetic materials has been considerable, but
further work is needed to design a material for the appropriate properties for specific
applications. Limitations in these popular materials have been related to their elastomeric,
degradation, and biocompatibility properties highlighting the importance of appropriately
tuning these properties in the development of new biomaterials.

3 Cell environment in engineered cardiac tissue

CTE involves a complex relationship between biomaterial scaffolds and cell populations.
CMs, the contractile cells of cardiac cell matrix, operate in unison to create a powerful
contractile force to pump blood throughout the body. As discussed previously, the properties
of biomaterials dictate the efficacy of a scaffold in supporting the growth and coupling of a
cardiac cell network. This section of the review will discuss the important considerations on
a cellular level when developing engineered cardiac tissue.

3.1 Cell sources

As human CMs do not regenerate within the post-natal myocardium, /n vitro development
must rely on differentiation from pluripotent stem cell sources. We will not discuss all cell
sources for CTE in detail, as they have been reviewed extensively [15, 52, 74, 75]. The
majority of work outlined in this review focuses on the use of hPSCs as a starting point for
cell regeneration [74]. These cells can generally be categorized into hESCs or human
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induced pluripotent stem cells (hiPSC) and they can give rise to millions of contractile CMs
[76]. hiPSCs are of particular interest as they can be derived from human somatic cells,
improving their availability and minimizing ethical considerations [77]. In CTE applications,
hPSCs are differentiated into CMs for generation of functional cardiac tissue /in vitro [74].

Many clinical trials in the area of cardiac cell replacement have focused on the use of bone
marrow MSCs, peripheral blood mononuclear cells, or resident cardiac cells. These cell
types have not shown the ability to provide a replacement for CMs, by e.g. trans-
differentiation [78], but instead to improve heart function post-MI through paracrine effects.
The relative simplicity of this treatment strategy has led to expansive clinical trials, but
recent work has brought into question the efficacy of this method. Meta-analysis of clinical
trials that employed intracoronary cell injection post-acute MI presented a small increase
(3%) in left ventricular ejection fraction (LVEF), decrease in infarct size (-5.6%) as well as
end systolic volume (=7.4mL) [79]. Overall, it is difficult to conclude the degree of
functional improvement of such treatments due to the discrepancies in clinical trials [80, 81].

Direct transdifferentiation of fibroblasts to CMs has also been attempted by transfection of
cardiac transcription factors. In work by Srivastava and colleagues, delivery of Gata4, Mef2c
and Thx5 through viral infection in vivoto murine cardiac fibroblasts post-MI presented
CM-like cells three days post-infection[82]. The ability to reprogram murine fibroblasts
derived from adult mouse tail-tip to express cardiac genes through the application of
GATAH, HAND2, MEC2C and TBX5 has also been demonstrated /n vitro [83].
Transfection of these factors /in vivo post-Ml into non-CM dividing cells of the myocardium
resulted in a decrease of the pathological remodelling [83]. This work has been further
applied to human foreskin fibroblast cells, by application of four human cardiac
transcription factors, including GATA binding protein 4, Hand2, T-box5, myocardin, and
two microRNAs, miR-1 andmiR-133, resulting in human CM-like cells /in vitro starting from
human fibroblasts, as verified through cardiac gene expression [84]. This group continues to
work to simplify the approach, improving its reproducibility through the development of a
standard protocol for /n vitro transdifferentiation [85].

3.2 Multiple cell populations

Native tissues are comprised of multiple cell types. Therefore, the presence of different cell
types found in a tissue is essential for recreating a realistic engineered tissue
microenvironment. In order to engineer accurate cardiac models, the native myocardium
structure and composition serves as a template. The native human myocardium is comprised
of multiple cells types including CMs (atrial and ventricular), cardiac fibroblasts, smooth
muscle cells, endothelial cells, pacemaker cells, epicardial cells, endocardial cells, and
Purkinje cells. Although contractile force is primarily generated by CMs, support from non-
myocytes (primarily cardiac fibroblasts and ECs) is critical for proper function.

Nearly every CM bundle in the myocardium is located adjacent to a capillary[86] and EC-
CM cross-talk is well known as obligatory in cardiac development and function[87, 88].
Three-dimensional (3D) co-culture of ECs and CMs improved the spatial organization,
function, and survival[89]. Engineered cardiac tissue cultured on an /in vitrobed of
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vasculature yielded improved electrical properties and tissue structure compared to cardiac
tissue grown with no pre-vasculature [90].

The role of cardiac fibroblasts in maintaining proper cardiac function is multifaceted.
Cardiac fibroblasts deposit ECM [91], assist in the mechanical transfer of contraction to the
ECM, release paracrine signals, and facilitate electro-mechanical coupling of the
myocardium [92, 93]. Cardiac fibroblasts are also central to many cardiac pathologies [92].
The presence of a 3D ECM is critical for the creation of a cellular niche. lyer et a/showed
that conditioning the microenvironment with the presence of both ECs and NIH 3T3
fibroblasts or applying their conditioned media resulted in cardiac organoids with improved
contractility, organization, and survival [94]. Further work revealed that Connexin-43
(Cx-43) levels in engineered cardiac tissues were enhanced by the presence of vascular
endothelial growth factor secreting fibroblasts and ECs [95]. However, the ratio of cell types
is important because the simultaneous culture of ECs, fibroblasts, and CMs resulted in non-
contractile cardiac organoids. It was also demonstrated that the optimal ratio of
NKX2.5+CMs to Cluster of Differentiation (CD) 90+ nonmyocytes was 3:1 in formation of
hESC-based contractile cardiac microtissues [96]. Cultivating the two cell types in the
described ratio improved the tissue remodelling and spatial homogeneity of contractile
proteins resulting in enhanced function, and increased the expression of maturation-
associated cardiac genes compared to the other tested ratios. Increased integrin expression
and paracrine signalling from the non-myocytes was responsible for the improved tissue
assembly. The highly organized spatial arrangement of these cells types in myocardial tissue
is crucial for proper function. Thus, engineered cardiac models should also aim to reproduce
a similar level of tissue organization.

3.3 Tissue formation strategies

Serving as models to discover novel therapeutics or drug toxicities /n vitro, single CMs
cultured /n vitro have been well-characterized by various methods, such as immunostaining
and patch-clamping [97-99]. However, single CMs are not necessarily an appropriate model
for all toxicology studies, as they cannot directly mimic synchronous contractions of a
syncytium. Therefore, two-dimensional (2D) and 3D tissue constructs have been developed
to better recapitulate the higher functions of tissues containing a multitude of CMs.

Cell-cell coupling by gap junctions, plays an important role in the action potential
propagation in a cardiac tissue. Moreover, the alignment and cell-cell interaction in the
monolayer could be controlled by micro-patterning methods. Karp et al. patterned
photocrosslinkable chitosan on glass and tissue culture polystyrene to create cell-repellent
regions. The CMs on the cell-adhesive regions were able to beat spontaneously after one
week [100]. Badie et a/ cultured CMs following micro- and macroscopic guidance of
fibronectin coating and recapitulated the directions of native cardiac fibres as characterized
by high-resolution diffusion tensor magnetic resonance imaging [101]. Microelectrode
arrays (MEA) have been developed to culture CM monolayers and provide insight on
cardiac field potentials by impedance measurements [102—-104]. Natarajan et a/ created CM
monolayers aligned with MEAs by patterning fibronectin to guide cellular attachment thus
controlling action potential propagation [105] (Figure 3A). Creating topographical cues on
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culture substrates guides the alignment of CMs, which results in the desired characteristics
of anisotropy and improved physiological properties [106, 107]. Contractile CM thin films
on elastomers have also been produced to measure contractile forces combined with a
quantification of action potential propagation (Figure 3B) [108].

Native cardiac tissue has a 3D structure that works in unison to generate force against a load.
This structure is replete with ECM and cellular interactions on all geometric faces of CMs,
which 2D substrates cannot easily replicate. 3D scaffolds made of natural or synthetic
polymers can create an environment, including appropriate topographical cues and stiffness,
on which cardiac cells can be seeded and cultivated to make dense cardiac tissue such that
the biophysical properties comparable to the native myocardium are achieved [109]. More
recently, technologies including stereolithography and femtosecond laser scanning have
been applied to precisely control the geometry and structure of scaffolds. For example, Ma
et al seeded CMs derived from long QT syndrome type 3 (LQT3) IPS-CMs onto synthetic
filamentous matrices fabricated by femtosecond laser and studied the cardiac contractility in
response to a panel of drugs [110].

The use of gel-compaction method is exemplified in self-assembled cardiac tissue
construction where increased contraction force is observed in relation to greater cell density
[111]. Importantly, placing microfabricated constraints to guide the gel compaction process
can control the geometry of the final cardiac microtissue. During cultivation, the cells
develop cell-cell and cell-matrix interactions to compact the cell-gel mixture and cell
alignment is then mediated by the self-generated stress guided by the resistance of
constraints. Cell alignment may be attributed to the alignment of ECM fibrils [112].

Several recent studies produced engineered cardiac micro-tissues relying on the gel-
compaction method. Schaaf et a/ developed a technique to construct a large series of fibrin-
based miniature engineered heart tissues with a high yield and reproducibility (Figure 3C)
[113]. Ramade et a/ described the protocol to generate arrays of cardiac microtissues (Figure
3D) using a small cell number per construct with potential in high-throughput drug
screening [114]. The biowire platform (Figure 3E) used suspended suture templates to create
longitudinal microtissues that remained stable for weeks and generated more mature cardiac
tissues with electrical stimulation after the gel compaction stage [115]. Xiao ef af further
developed this platform by replacing the suture template with micro-tubing to mimic the
capillaries in cardiac bundles. This created a novel method to introduce pharmaceutical
agents to cardiac tissue by perfusion and the negative inotropic effect of nitric oxide has
been demonstrated as an example [116].

3.4 Electrical maturation of cardiac tissues

Applying electrical stimulation while culturing cells and tissues has proven to be essential
for CM maturation [117]. Current and electrical fields are endogenous in embryonic
development, which provides justification for electrical stimulation in the biomimetic
approach to tissue engineering. This is especially true for cardiac tissue, which is the body’s
largest bioelectrical source [118].

Biomed Mater. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huyer et al.

Page 11

Electrical field stimulation can be used in 2D or 3D cultures and helps cells and tissue to
better achieve structural and phenotypical properties that are characteristic of the mature
native cardiac tissue. Tissue formation results are consistently improved for certain cell types
grown with electrical stimulation [118-120]. The generalized setup for applying electric
field stimulation in culture requires an anode and a cathode, usually two carbon rods, which
are connected to an electrical source [118, 119]. It is important that these electrodes are
aligned in parallel and that the wires connecting the electrodes to the electrical source
oppose each other on opposite electrodes. Wire placement balances electrode resistance, and
alignment ensures a uniform electric field gradient at all points between the electrodes [118].
With these considerations, cells tend to grow and arrange themselves along the electric field
between the two rods [119].

When located closer to the anodic or cathodic rod, cells whose ends are aligned with the
electric field achieve greater polarization, which results in the generation of an action
potential once a critical threshold is reached. The resulting synchronous contractions
enhance the structural protein organization and ultimately promote gap junction formation
between the ends of cells, which enhances propagation of electrical signals. These features
are important in driving organization of sarcomeres [119], an essential cell apparatus for
contractile behaviour, and a hallmark of CM maturity [117].

Success of electrical stimulation is dependent on its initiation time point [119]. Three days
of pre-culture before application of field stimulation is enough time for excitation-
contraction coupling machinery within the cells to develop the ability to transmit electric
signals and contract in response to pacing. Optimization of cytoskeletal and electrical
properties is evident when electric field stimulation is applied at the correct time within a
maturation protocol.

The conditions of electrical stimulation must also be properly calibrated during setup. For
example, it has been found that symmetric biphasic square pulses at a low frequency yield a
lower excitation threshold, higher cell density, and higher levels of Cx-43 than do
monophasic pulses or non-stimulated tissues [121]. Biphasic pulses may be better for
inducing action potential excitation because the two pulses act synergistically leading up to
excitation [122]. The stimulus frequency can also control contractile behaviour and
amplitudes, where increased frequency decreases contractile amplitude until a chaotic
behaviour is reached at frequencies above the maximum capture rate [123]. However, the
controlled ramp-up in stimulation frequency (1 to 3Hz and 1 to 6Hz) over a period of one
week, has demonstrated beneficial effects on tissue maturation[115].

Materials that are suitable for the application of cardiac tissue engineering with electrical
stimulation are ideally as conductive as the native tissue. Native myocardium has a direct
current conductivity of 0.1 S/m [74]. Polymer materials such as polypyrrole (PPy),
polyaniline (PANi), polythiophene (PT), and poly(3,4-ethylenedioxythiophene) (PEDOT)
have conductive properties that are useful for scaffolds for cardiac tissue engineering [124].
However, other non-conductive biomaterials may be impregnated with conductive
nanoparticles to provide the electrical properties. Gold nanoparticles have been used with
electrospun coils and alginate to produce a scaffold with enhanced conductivity, resulting in
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improved cardiac excitability, cellular attachment, and Cx-43 levels [125, 126]. Another
option is to dope the scaffold material with carbon nanotubes (CNTs). ctNTs have been paired
with several scaffold materials such as porous gelatin, polylactic acid, crosslinked
methacrylated gelatin and macroporous chitosan [74, 127-129]. Incorporation of ctNTs in
the matrix improves conductivity and provides good mechanical properties [74]. The cNTs
mimic a nanofibrous structure of the extracellular matrix (ECM) of the heart [127].

CM s can be observed for evidence of proper maturation on the molecular, cellular,
ultrastructural, and functional levels. Electrical stimulation during culture yields several
benefits [119] that can be comprehensively assessed. On the molecular level, gene
expression, protein levels and their distribution may be measured and assessed, often using
the polymerase chain reaction, immunohistochemical analyses, and electron microscopy
[117, 119]. For example, signs of maturation in human CMs include diminishing levels of
atrial natriuretic factor (ANF), increase of f-myosin heavy chain (MHC) relative to a-MHC,
increase of cardiac a-actin relative to skeletal a-actin and decrease in SERCA2a [130].

Ultrastructural level assessments include cell morphology, as well as the abundance and
organization of specific features such as sarcomeres, gap junctions, desmosomes, T-tubules
etc. At this level, electrical stimulation yields better cell alignment and coupling, increased
mitochondrial content and activity [117], sarcomere alignment [120], myofibril organization
[115], and a larger cell size. Cells that are larger in size are more capable of handling
impulse propagation, achieving better rates of action potential depolarization, and higher
total contractile force [117]. These observations are similar for cell shape effects [120, 131].

The overall functional features improved by electrical stimulation are contraction amplitude,
excitation threshold, maximum capture rate, transmembrane potential, conduction velocity,
and action potential duration [117, 119, 132]. Generally, it can be concluded that electric
field stimulation both quantitatively and qualitatively helps engineered cardiac tissue
develop features that resemble mature CMs when compared to non-stimulated cell culture.
Similarity to native tissue is essential for implantation or use as a surrogate for in-vitro
testing [132].

4 Applications of cardiac tissue engineering in disease modelling and

cardiotoxicity screening

Drug discovery programs include screening of a large number of molecules in cells, tissues
and /n vivo systems (Figure 4). In general, promotion or inhibition of certain cell signalling
pathways can be triggered to achieve a desired therapeutic effect. To perform a search for an
appropriate therapeutic agent, high throughput chemical and biological assays are
specifically designed for screening large libraries of different chemicals, proteins and RNAs,
which typically include millions of compounds. Once therapeutic targets are identified, they
must be optimized for desired properties while altering other aspects, such as affinity to
proteins and hydrophobicity, through minor changes of structure. These stages focus on
developing efficacy of the drug [133].
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Subsequently, /n vitrotoxicity screening on cells followed by /n vivo pre-clinical and clinical
trials are commonly used to test the drug’s safety and efficacy. Drug development cost was
recently estimated at $2.6 billion per drug, a 145% increase from a 2003 estimation [134].
Despite the heavy investment of time and money, pharmaceutical companies face their
greatest losses when a drug fails in the later stages of development and post market. Drug
toxicities and adverse effects that pass through pre-clinical and clinical trials may result in
patient deaths and civil law suits.

Cardiovascular related toxicity is one of the leading causes of drug withdrawal post market
[135]. The US Food and Drug Administration’s (FDA) reports that 19% of drugs pulled post
market had cardiovascular safety issues, such as Tegaserod (Zelnorm), Sibutramine
(Reductil/Meridia), Propoxyphene (Darvocet/Darvon) and Rosiglitazone (Avandia) [136].
The FDA requires additional safety measurements related to human ether-a-gogo related
gene (hERG) channel electrophysiology in order to improve drug safety. A significant
portion of withdrawn drugs with cardiovascular side effects have a high affinity for the
hERG channel and are linked to the prolonged QT syndrome (LQTS), causing arrhythmia or
Torsade(s) de Pointes (TdP) [97]. Currently, CHO and HEK cell lines are engineered to have
stable expression of hERG channel for cardiotoxicity studies [137]. However, disturbances
of other potassium currents, such as delayed rectifier current (1), Ixs(slow) and Ik, (rapid)
function, may also contribute to LQTS and cardiac arrhythmia [138]. Similarly, blockage of
the L-type calcium channels can significantly influence the duration of the AP and cause
insufficient cardiac output [139]. Moreover, kinase pathways are often targeted in oncology
research, which frequently induce serious cardiovascular damage. This damage is potentially
caused by mitochondrial perturbation [140, 141] and irregular adenosine monophosphate
activated protein kinase activity [142].

Performing electrophysiological measurements in functional 3D tissues, without cell-
dissociation, is difficult. Conventional patch clamping in single cells can provide ion channel
conductance, but not cell-to-cell conduction throughout the tissue. Current technology
focuses on MEAs to detect field potential and assess impulse propagation in monolayer and
self-assembled aggregates[143, 144]. Current studies use fibronectin to grow monolayers or
aggregates on a planar surface, which allows for sufficient contact between the cells and
MEAs for measurements of spatial AP propagation [143-145]. Typical parameters retrieved
from this assessment are AP duration and field potential propagation velocity across the
tissue. Clements and Thomas used hESC-CMs in a 48-well MEA plate for generating multi-
parameter profiles on the effects of 21 well known compounds targeting key cardiac ion
channels, successfully demonstrating the sensitivity of this multi-parameter toxicity
screening technique [144].

Materials used for MEAs are limited to electrically conductive and non-degradable materials
to ensure long-term system stability. Silicon incorporated with titanium nitride-gold contact
electrodes is commonly used in high-resolution systems [146, 147]. Polydimethylsiloxane
(PDMS), a soft, easily castable elastomer, is used in MEAS to enhance the biocompatibility
and stretchability [148]. Indium Tin Oxide (ITO), a transparent and biocompatible substrate
possesses electrical properties that can facilitate both electrical sensing and electrical
stimulation when used with micropatterning techniques [149]. With elastomeric material
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(i.e. PDMS), and gold/ITO micropatterning, MEASs have potential to incorporate electrical
and mechanical stimulation compartments in a medium-high throughput platform to enhance
cardiac tissue maturation.

As many signalling pathways and biomarkers are related to drug induced cardiotoxicity, the
development of a more integrated human-cell based protocol to assess cardiac function is
critically important [150]. Recent successes in stem cell cardiogenic differentiation have
provided means to tackle this issue. The ability to achieve close to 100% cardiogenic
differentiation significantly enhances the availability of human CMs [151]. hiPSC can
potentially be used to optimize a personal therapeutic plan corresponding to patient-specific
responses to drugs [152, 153]. For example, hiPSCs were derived from heart failure patients,
differentiated into CMs, tested for drug responses and engrafted into a rat heart [154].

Many cardiac disorders have underlying genetic causes. Patients with type 1 (gene KCNQ1,
Iks)[138] and type 2 (gene hERG + MIRP1, Ik,) LQTS have mutations in potassium ion
channels, which result in prolonged action potentials and high risk of arrhythmia [155].
LQTS type 3 (SCN5A, Ina) shows mutation in sodium ion channels [156]. Timothy
syndrome (LQT 8, gene CACNAILC, I, ) causes mutated L-type calcium channel
Ca(v)1.2, which results in irregular calcium transients and abnormal APs [157]. Patients
suffering from LEOPARD syndrome (gene PTPN11) show abnormalities in the RAS-
mitogen-activated protein kinase signalling pathway and present clinical pathological
hypotrophy [158]. Patients with familial dilated cardiomyopathy (gene R173W) carry a
mutation in cardiac troponin T protein expression and abnormal sarcomeric alpha-actinin
distribution [159]. These are a few of many examples of genetic cardiac conditions that have
been investigated using hiPSC derived CMs /in vitro.

hiPSC from these patients can help generate /n vitro disease models to study cellular and
tissue level pathological mechanisms and in turn develop new therapeutic agents for target
diseases. Patient—specific hiPSC lines have been differentiated into CMs in various studies
[155-159]. For example, Wang ef a/ used patient-derived hiPSC-CMs to investigate the
mitochondrial cardiomyopathy underlying Barth syndrome [160]. hiPSC derived CM from
patients suffering from LQTS type 3 demonstrated a significantly longer AP duration, and
persistent late Na* current [156]. These signature abnormalities can be reversed by
application of a sodium blocker, Mexiletine [156]. With similar approaches, Timothy
syndrome [157], LEOPARD syndromes [158] and arrhythmogenic right ventricular
dysplasia/cardiomyopathy (ARVD/C) [161], have been investigated to show relevant
pathological phenotypes with respect to cellular morphology, intercellular structures,
calcium transients, electrophysiology and contractile behaviours. Moreover, Liang et a/
studied different drug related toxicity profiles on hiPSC-derived CMs from both healthy
patients and patients with hereditary LQTS, familial hypertrophic cardiomyopathy and
familial dilated cardiomyopathy [99].

It is well accepted that 3D tissue culture has greater physiological relevance compared to
conventional 2D culture, including gene and protein expression, cell-cell signalling
pathways, and cell-ECM interactions [162-165]. Hence, in order to best mimic /n vivo
conditions, a 3D tissue culture platform is necessary for in-depth investigation as it can
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enable the assessment of both contractile force and relaxation characteristics. These systems
must provide efficient functional readouts while maintaining optimum culture conditions for
tissue maturation.

To carry out more reliable cardiotoxicity screening, several requirements must be met. First,
human CMs must be cultured in a 3D environment and subjected to chemical and physical
stimuli for maturation before testing; the maturity of the tissue correlates to the reliability of
data output. Furthermore, high throughput production of qualified tissues is needed to satisfy
the demand of drug testing. Hence, reliable tissue growth requires automation and
miniaturization. Production of the tissue should be performed in large quantities with
reproducible standard dimensions and physiological properties to minimize sample
variation. Also, the drug testing device itself should not interact with the applied drugs (e.g.
drug absorption commonly encountered in PDMS based platforms) and produce functional
readouts. Finally, it is preferred that the vasculature be incorporated in these tissues to
capture important interactions between the cardiac tissue and the vascular cells.

The 3D micro-tissue platforms outlined above (3.3), prepared through self-aggregation or
template guided gel compaction, are used towards this goal. The resulting tissues have cell
densities similar to the natural tissue and possess the potential to simulate /n vivo cell cross-
talk and ECM accumulation [166]. With greater similarity between artificial tissues and
native cardiac tissues comes improved accuracy of predictive data from /in vitro models. This
necessitates the incorporation of biochemical and physical stimulation components for
maturation processes as well as long-term automated observation methods. Contractile force
transients the tissue develops in 3D systems are sensitive to application of various drugs
[167]. It is an important functional outcome, as it correlates with clinical measurements of
cardiac function, such as preload, afterload and ejection fraction [40, 168, 169]. The
evaluation of contractile behaviour involves measurement of force amplitude, beat frequency
and duration, and upstroke (contraction)/relaxation slope and duration. Arrays of flexible
PDMS-based posts are often used as cantilevers to measure these forces [170]. Using beam
bending theory, force can be calculated when the elastic modulus of PDMS and dimensions
of the posts are known. Eschenhagen et a/used this technique in a 24-well format with fibrin
enhanced ECM and successfully demonstrated the sensitivity of platform to digoxin,
chromanol 293B, quinidine, and erythromycin [171]. Boudou et a/ performed a similar
experiment, but were able to reduce the post size to a hundred micron-scale, significantly
reducing the required cell quantity (<5000 cells per tissue) [167]. These tissues responded
well to isoprotenerol treatment, which was consistent with literature.

Force sensing platforms should utilize materials with similar elastomeric properties to native
cardiac tissue while also providing adequate stress between anchor points to enable cell/
tissue alignment. The materials should be biocompatible, non-degradable, and inert to both
culture and drug testing environment to ensure stability of the system. Furthermore, the
material needs to be easily combined with other compartments, such as electrical stimulation
circuits, and/or cyclic stretching apparatus.

PDMS is still the most common material used in these applications due to high adaptability
of fabrication procedures. [172-174]. However, PDMS is also highly hydrophobic, causing
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it to absorb hydrophobic drugs, therefore it has been certified as a drug release vehicle in
many studies [172-174]. This absorption capability is problematic for /in vitro drug testing
applications. In addition, the high Young’s modulus of PDMS (1.32-2.97 MPa [175]) can
potentially trigger pathological signalling pathways in culture [176]. Clear, flexible and
castable polyurethane materials developed by the Ingber lab have the potential to replace
PDMS while eliminating these undesirable properties [177]. Furthermore, commonly used
materials such as polystyrene, polyesters and polypropylene that are inert to most drugs and
biological agents could be used in these platforms.

5 Conclusions

In this review, we have discussed the aspects of biomaterial based cardiac tissue engineering
and its applications. Biomaterials serve as a basis to these tissue engineering solutions, as
properties such as elasticity and degradation can be tuned, which helps to minimize the host
response, organize cardiac tissue, and dictate the similarity of scaffolds to the native tissue.
The complex relationship between the cell matrix developed /n vitro and these materials
allows for development of cardiac tissue. Although some success has been seen in vivo,
major developments in CTE have been in /n vitro disease models, which may allow for high
throughput testing of therapeutics. These platforms could allow pharmaceutical companies
to discover new therapeutic targets, increasing the potential of finding a therapeutic solution.
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Figure 1. Examples of in vivo studies
(A) Sections of left ventricle 3 weeks post Ml (a) without and (b) with CDC graft,

suggesting improved tissue repair with CDC graft. Masson’s Trichome staining of heart wall
indicating collagen deposition (blue), and viable muscle cells (red). (d) Specimens with
implanted grafts indicated more aligned collagen deposition and higher percentage of
surviving muscle cells than (c) non-implanted specimens [43]. (B) (a) Sarcomeric
organization in engineered heart tissue (EHT) four weeks post-implantation, stained for actin
filaments (green) and nulcei (blue). (b) Putative blood vessel formation observed, with both
endothelial and smooth muscle cells. (c) Pressure volume loop of healthy, infarcted, and
grafted rat hearts suggest, hearts implanted with an EHT showed less left ventricle dilation
and more similar function to normal hearts six weeks post-MI [40]. (C) Poly(2-hydroxyethyl
methacrylate-co-methacrylic acid) hydrogel patch surrounded by collagen capsule (blue) and
host myocardium (red) of a nude rat at 28 days after patch implantation. (a) Nonporous and
(b) 60um porous constructs had thicker and denser fibrous capsule than constructs with (c)
30um and (d) 20um pores, (e) this thickness was quantified. Neovascularization was more
prevalent in the (f) 40um pore construct, quantified by the presence of rat endothelial cell
marker (RECA-1+) on lumen structures [38]. (D) (a) Hematoxylin and eosin stain of heart
post Ml (b) treated with chitosan-hyaluronan/silk fibronin patch compared to a post Ml
control presents reduction of left ventricle dilation with the patch treatment. (b) Masson’s
Trichome stained heart wall at infarct zone; the dotted yellow line indicates the patch, and
the dotted red line indicates the myocardium. The patch adhered strongly to the epicardial
surface, and reduced fibrosis in the infarct zone [44].
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Figure 2. Mechanism of hydrolysisfor polyester polymer backbone
Water acts as a nucleophile, attacking and cleaving the ester linkage in the polymer

backbone. Degradation is accelerated under acidic conditions.
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Figure 3. Strategies for generating 2D and 3D cardiac tissuein vitro
(A) CM monolayers cultured on patterned MEA for guided action potential propagation

[105]. (B) CM monolayers cultured on flexible elastomer films for contractile force
measurement [108]. (C) High-throughput platform for monitoring contractile activity of an
array of fibrin-based engineered heart tissues [113]. (D) Cardiac micro-tissues around micro-
cantilevers to measure contractile properties [114]. (E) Cardiac biowire set-up with a
suspended template to guide tissue formation and cell alignment. The phenotype of the CM
was matured under external electrical stimulation and the drug candidates were applied by
perfusion through micro-tubing within the biowire, providing improved physiological
relevance [115].
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Figure 4. Tissue-on-a-chip models
potentially allow for high-throughput screening of pharmaceuticals /n vitro on human cell-

based substrates in a relatively cost effective manner when compared to typical testing
methods that involve extensive testing on explanted animal heart tissue slices and pre-
clinical studies. These platforms can be tailored to specific diseases using cell lines from the
affected patients, and exhibit the tissue response properties of the native cardiac tissue.
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