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1. Abstract

This chapter describes an overview of the approaches studied for cardiac regeneration
as well as their challenges and limitations. Cardiovascular diseases are the greatest cause
of death, especially in aging populations. As the adult human heart has limited
regenerative capability, researchers are trying novel ways to develop new clinical



approaches to improve cardiac regeneration. Such approaches are cell-free therapy using
paracrine factors, cellular therapies using stem cells and various types of 3D bioprinting
technologies. Cardiovascular tissue engineering (CTE) has revolutionized the
approaches to improve cardiac regenerative medicine by designing 3D bioprinted
cardiovascular tissue with or without specialized biomaterials to recapitulate the human
heart microenvironment. Engineered heart tissues (EHTs), tissue organoids and cell
sheets are cutting-edge techniques and have applications in disease modelling, drug
screening, toxicity assays and have the potential for patient-specific models and
improving cardiac function and regeneration by in vivo transplantation.

Keywords: bioprinting, cardiac patch, stem cells, 3D cell culture, in vitro and in vivo
applications, bioinks, hydrogels

2. Introduction

Cardiovascular disease (CVD) represents the single greatest cause of death in the world,
especially in the aging population (Thomas et al., 2018, Joseph et al., 2017, Wang et al., 2016). The
increased incidence of CVD has been more recently associated with co-morbidity with other
chronic diseases, such as kidney failure and type II diabetes (Stevens et al., 2010, Heidenreich et
al., 2011, Manuel et al., 2014, Wang et al., 2016). In the last decade, CVD accounted for nearly
one third of all deaths worldwide (Roth et al., 2017, Thomas et al., 2018, Wang et al., 2016). The
global disease burden caused by CVD is estimated to include up to 400 deaths per 100,000 in
developed countries and is further drivenby an unprecedented growing and aging
population, with notable increases in ischaemic heart disease (IHD), stroke and heart failure
(HF) (Joseph et al., 2017, Roth et al., 2017, Thomas et al., 2018). IHD and strokes are caused by a
lack of blood supply and oxygen to the heart or brain, respectively, and are the main CVD
contributions to the global disease burden accounting for 8-10% of all deaths in Europe (Joseph
et al., 2017, Palomeras Soler and Casado Ruiz, 2010, Wang et al., 2016). Their treatments have
greatly advanced over the past three decades, resulting in improved survival rates (Heidenreich
et al., 2011, Palomeras Soler and Casado Ruiz, 2010, Thomas et al., 2018). Multiple therapeutic
interventions including drugs (such as cholesterol modifiers and anti-hypertensives) and
surgical procedures aiming at repairing or bypassing damaged arteries, have greatly reduced
the mortality of CVD patients and allowed for lifestyle changes to complement these primary
interventions (Deaton et al., 2011, Heidenreich et al., 2011, Roth et al., 2017).

HF is a more complex presentation of CVD, characterized by the heart inability to pump
enough blood to meet the body oxygen demand (Ferreira et al., 2019). HF is widely considered
to be a chronic phase of cardiac impairment, secondary to other CVD as well as risk factors,
including diabetes, obesity and chronic hypertension (Ambrosy et al., 2014, Ziaeian and
Fonarow, 2016). This compromises its contractility and leads to heart failure and death as
the current treatments options are limited (Go et al., 2013). Palliative drugs, such as ACE
inhibition, beta blockade, and diuretics, or the mechanical assist devices (including ventricular-
assist devices, or VAD, pacemakers, defibrillators) only delay the progression of heart failure
and do not lead to the regeneration of the heart tissue (Lui et al., 2014, Burchficld and
Dimmeler, 2008, Li et al., 2009). The gold standard treatment remains a heart transplant, which
is available to less than 0.1% of heart failure patients (Gerbin and Murry, 2015). In the next



decade, HF prevalence is estimated to double from 27 million cases worldwide to over 50
million cases, witha 1 in 5 lifetime risk of developing some form of HF (Bui et al., 2011,
Ferreira et al, 2019, Ziaecian and Fonarow, 2016). This trend suggests
new disease models, treatment options and strategies are vital, as the CVD epidemic continues
to grow.

Tissue regeneration in the human body occurs primarily via the recruitment of progenitor cells
to replace lost cells through differentiation and proliferation (Go et al., 2013, Giinter et al.,
2016, Witman et al., 2020). However, adult human heart has limited regenerative capacity as
cardiac myocytes lose their ability to proliferate after birth (Li et al., 2009). As the heart does
not contain enough stem, precursor, or reserve cells to effectively heal itself after an
injury, majority of cardiomyocytes are lost, and the necrotic muscle is replaced with scar
tissue(Li et al., 2009, Lee and Walsh, 2016). This compromises its contractility and leads
to HF and death as the current treatments’ options are limited (Go et al., 2013). In this context,
heart regeneration has been the focus of several studies in the past decades, where
cardiovascular researchers developed new approaches to deliver cells to the heart, reactivate
the endogenous regenerative capacity through paracrine mechanism or by bio-engineering
technologies (Lee et al., 2016, Lui et al., 2014, Cambria et al., 2017).

In order to overcome the limited survival of cardiac cells following their delivery in a damaged
heart, 3D bioprinting technology for cardiac regeneration has gained increasing popularity in
the past decade (Roche et al., 2020b). Cardiovascular tissue engineering (CTE) has emerged to
design and manufacture biologically relevant cardiovascular tissues for both research
applications with the goal of furthering cardiovascular regenerative medicine, and clinical
applications to improve CVD patient outcomes and quality of life. A key component of CTE
is accurately recapitulating the human heart microenvironment to promote cell survival,
functionality and increase success of potential implantation. Additionally, this process can
utilize patient-derived stem cells to improve contractile function and vascularization in

bioengineered microtissues with decreased risk of immunological response (Roche et al.,
2020b).

3. Molecular, Cellular and Extracellular Approaches to Promote
Cardiovascular Regeneration in Humans

This book chapter aims at illustratinga comprehensive overview of the state-of-the-art
approaches currently used to promote cardiovascular regeneration (Fig. 1). These include cell-
based therapies and cardiac tissue engineering approaches to differentiate and proliferate into
functional cardiac myocytes and through paracrine effects to mediate cytoprotection, recruit
cells, mediate inflammatory response and prevent fibrotic scar tissue formation. Currently,
numerous strategies are investigated thanks to the potential beneficial effects of stem cells on
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Figure 1. Approaches for cardiac regeneration to treat a damaged heart. These include:
(1) Cell therapy by transplantation in the myocardium via intracoronary, intramyocardial,
intravenous or transendocardial. (2) Cell-free therapy secreting paracrine factors such as
cytokine, growth factors and microRNAs to improve cardiac regeneration. (3) Tissue
engineering approaches combining cells with biomaterial such as cell sheets, scaffolds,
spheroids to design cardiac patches or injectable materials for transplantation into the
infarcted heart.

the failing myocardium in the preclinical or clinical settings. Furthermore, including bio-
engineering methods to improve the heart microenvironment and promote cell survival,
including the use of stem cells and 3D bioprinting technology. Also, the multiple aspects of
CTE work in unison to serve this end; this includes areas such as cell types and culture
technique, polymers and biopolymers, material scaffolds, vascularization of tissues, hydrogels,
bioprinting and bioinks. This book chapter will thoroughly describe all the possible tools for
the improved generation of viable and functional heart tissues for in vitro and in vivo
applications. However, several limitations and key unanswered questions prevent their direct
application to humans, which will be highlighted through this manuscript as well.

3.1 — Cell-Free Approaches

From the molecular viewpoint, the beneficial effects of cell therapy mainly function through
paracrine mechanisms, they play essential roles during cardiogenesis, cytoprotection,
neovascularization and limit inflammatory, profibrotic and apoptosis (Bollini et al., 2011,
Gerbin and Murry, 2015, He et al., 2003, Lui et al., 2014). Hence, researchers proposed a novel
strategy for heart regeneration and new treatment, that is, cell-free therapy by using paracrine
factors (Witman et al., 2020, Noseda et al., 2011). Paracrine factors including growth factors
and cytokines are normally released from endogenous cells in the myocardium in response to
injury (Burchfield and Dimmeler, 2008). Various types of stem cells such as BMCs, CSCs,



ESs and MSCs have shown to mediate cytoprotection via increased expression of fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF), erythropoietin (Epo), and
granulocyte-colony stimulating factor (G-CSF) (Cambria et al., 2017, Hansen et al., 2019). For
example, Lui et al. (2013) study showed that VEGF-A promotes endothelial specification,
engraftment, proliferation and survival of human Isl1+ cardiovascular progenitor cells; hence
suggesting a novel approach for vascular regeneration in the ischemic heart (Lui et al., 2014,
Lui et al., 2013). The main advantage of this cell-free therapy is its safety, that is, avoid the
risks of unlimited cell growth and tumour formation, however, bioactive molecules in the
extracellular medium undergo rapid hydrolysis and it is still unclear if they can provide long-
term benefit to patients. For example, VEGF lifetime in human blood is less than 30
min (Eppler et al., 2002, Gomzikova and Rizvanov, 2017).

Paracrine factors can be secreted in a spatiotemporal manner and enhance regeneration of
cardiac myocytes, but the method of delivery is still to be improved. Various clinical trials have
used delivery methods such as intracoronary, intravenous and intramyocardial injection of
growth factors but have failed to provide consistent results of significant improvement of
myocardial ischemia (Henry et al., 2003, Lui et al., 2014). For example, in the NORTHERN
clinical trial, VEGF gene therapy via intramyocardial injection have failed to improve the
perfusion of ischemic myocardium (3 and 6 months) (Stewart et al., 2009). Another clinical
trial based on neuregulin-1 (rhNRG-1) showed no significant difference from the
placebo group however, it showed that the short-term administration of thNRG-1 treatment
improved the cardiac function of chronic heart failure patients by increasing LVEF% and
reduced the end-diastolic volume and end-systolic volume (Gao et al., 2010). The poor
outcomes of growth factor-based approaches could be due to the lack of controlled release, off-
target side effects, inappropriate dosage, and the duration of expression (Cambria et al., 2017,
Henry et al., 2003, Lui et al.,, 2014). More studies are required to find the delivery
methodologies with appropriate dosage and appropriate duration of expression of the growth
factors as prolonged expression might lead to unwanted side effects (Lui et al., 2014).

Over the past decade, extracellular vesicles (EVs) attracted the interest of studies aiming at
regenerating the myocardium as promising tools for the delivery of biologically active
molecule to promote new tissue formation (Gomzikova and Rizvanov, 2017, Raik et al.,
2018). However, more important matters need to be first addressed such as the type and size of
vesicles, their content, high cost and time-consuming isolation procedure as well as their
potential immunogenicity (Cambria et al., 2017, Gomzikova and Rizvanov, 2017).

3.2 - Cell-Based Approaches

Stem cells have been the focus of emerging research to heal or replace damaged cardiac tissues
(Cambria et al., 2017, Roche et al., 2020b). They are potentially useful in cardiac regeneration
as they can self-renew as well as differentiate into multiple types of cells in the body. Various
cell types of have been studied due to their regenerative potential. These include skeletal
myoblasts (SMs), bone marrow- derived cells (BMCs), and mesenchymal stem cells
(MSCs) (Li et al., 2009, Segers and Lee, 2008). Despite promising preclinical studies, the
transplantation of these cells displayed heterogeneous clinical outcomes which could be due to
differences in design including, cell preparation, delivery route, dose, and follow-up
methods (Cambria et al., 2017, Behfar et al., 2014). Due to the inconsistencies of the first-
generation cell types, the field has tried to use other cells types known as the second-generation



cell types (Fig. 2). This include cardiac stem/progenitor cells (CSCs/CPCs), pluripotent stem
cells (embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) (Cambria et al.,
2017). Second-generation cell types have shown to be more efficient and improve therapeutic
effects compared to the first generation; assessed by cardiac function, angiogenesis, scar size
and improved engraftment but also have some limitations (Rossini et al., 2011, Citro et al.,
2014). This section provides an overview of the first-generation and second-generation cell

types.

3.2.1 - Skeletal Myoblasts (SMs)

The first type of cell used for cardiac regeneration as cellular therapy was skeletal myoblasts
delivered by intramyocardial injection during coronary artery bypass grafting (CABQG) surgery
(Hansen et al., 2019, Menasché et al., 2001). The attributes of SMs are that they are resistant
to ischemia, highly abundant, no potential drawbacks of undifferentiated stem cells and
no immune rejection from the patients due to their autologous origin (Li et al., 2009). The
clinical trials in both MI and HF by Menasché et al. (2001) showed evidence of positive safety
data and excellent engraftment but found concerns of being pro-arrhythmic and discovered a
lack of electrophysiology coupling due to N-cadherin and connexin-43
downregulation. Consequently, the investigations using SMs have ceased due to evidence that
skeletal myoblast might increase the risk of ventricular arrhythmias (Cambria et al., 2017,
Gavira et al., 2006, Hansen et al., 2019).
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Figure 2. Evolution of Cell Therapy for cardiac regeneration. First-generation cell types
such as SMs, BMCs and MSCs showed feasibility and safety outcomes but limited efficacy
in clinical setting. Second-generation cell types approaches consist of CSCs/CPCs, ESCs
and 1PSCs that demonstrated more efficient and improve therapeutic effects on the failing
heart.

3.2.2 - Bone Marrow-Derived Cells (BMCs)



BMCs derived from adult bone marrow, give rise to cardiomyocytes vascular endothelium and
smooth muscle both in vitro and in vivo (Ballard and Edelberg, 2007, Li et al., 2009, Orlic et
al., 2001). Bone marrow mononuclear cells have mostly been used for the investigations as
the cell source that is safe, abundant, and easy to isolate (Cambria et al., 2017, Gerbin and
Murry, 2015). The advantages of using BMCs are to avoid ethical and clinical issues.
Furthermore, there were prominent results on the preclinical trials using large animal studies,
the delivery of BMC:s either systemically or intramyocardially have demonstrated an increase
of cardiomyogenesis and a significant improvement in heart function (Ballard and Edelberg,
2007, Bollini et al., 2011). Some of the clinical trials showed significant improvement of
cardiac function in MI and HF patients, however, others did not find significant beneficial
effects of the cell therapy (Nasseri et al., 2014, Schichinger et al., 2004, Tendera et al., 2009).
The possible reasons could be due to low cell engraftment and limited differentiation potential;
for example, a studyby Kajstura et al. (2005) showed that the BMC derived-
cardiomyocytes (BMC-CMs) promotes regeneration of the infarcted myocardium, however
the developed cardiomyocytes are not fully mature, are poorly coupled and could be oriented
to endogenous myocytes (Kajstura et al., 2005, Ballard and Edelberg, 2007).

3.2.3 - Mesenchymal Stem Cells (MSCs)

MSCs also known as bone marrow stromal cells, are adult cells; they are precursors of non-
hematopoietic tissues, such as muscle, tendons, bone, fibroblast, and adipose tissue. MSCs are
multipotent, have a high expansion rate and have immunomodulatory properties (Ballard and
Edelberg, 2007, Cambria et al., 2017, Gerbin and Murry, 2015). Human MSCs are easily
isolated from patients which reduce any risk of immune rejection from the patient
during transplantation (Li et al., 2009). They have proven to be promising for cardiac repair in
numerous pre-clinical trials such as it reversed post-MI remodelling and restored tissue
perfusion leading to a significant reduction in infarct size and increases the left ventricle
ejection fraction (LVEF) (Mazo et al, 2012, Schuleri et al., 2009, Valina et al,
2007). However, this cell source has raised safety concern in the clinical trials as most MSC
studies showed that the cells die within a week or two post-transplantation and little
differentiation to cardiomyocytes (Cambria et al., 2017, Gerbin and Murry, 2015, Schuleri et
al., 2009). Hence further investigations of the MSCs in clinical trials need to be done with a
larger number of patients and have to first fully understand the paracrine mechanisms of MSCs
on humans (Cambria et al., 2017).

3.2.4 - Cardiac Stem Cells (CSCs)

Cardiac stem cells (CSCs) and cardiac progenitor cells (CPCs) were first identified in 2003
located in the myocardium upon expression of c-kit; c-kit+ cells indicate the ability to undergo
cardiomyogenic differentiation (Beltrami et al., 2003). They are multipotent, self-renewing and
have the capacity of forming myocytes, vascular cells and smooth muscle cells (Hansen et al.,
2019, Beltrami et al., 2003). Therefore proving that the human heart is capable of regeneration,
however, it is likely that the number and function of CSCs and CPCs are impaired and limited
with increasing age and due to multiple factors such as CVD, environmental changes and
senescent changes within the cells (Ballard and Edelberg, 2007). According to Beltrami et al.
(2003), injection of c-kit+ CSCs/CPCs into ischemic heart/post-MI in rats’ model reduced the
extent of myocardial damage. In a few weeks, there was a recovery of more than 50% of the
cardiomyocytes and vascular cells that are normally present in the heart (Beltrami et al., 2003).
Nevertheless, the concern regarding c-kit+ CSCs/CPCs is that they have a predilection to
differentiate more towards vascular cells rather than cardiomyocytes (Hansen et al., 2019).



Hence, more studies need to be executed to identify the signals require to drive differentiation
to specific types of cells (van Vliet et al., 2008). Despite that they are autologous and tissue-
specific to cardiovascular lineage, the isolation and expansion of CSCs/CPCs are available
in very limited amount (Bollini et al., 2011, Li et al., 2009). Another type of CSCs used are
cardiac-derived cells (CDCs), they are derived from myocardial biopsies and cardiac explants
in culture to form cardiospheres, they have proven to have positive outcomes in infarcted
heart (Cambria et al., 2017, Gerbin and Murry, 2015). For example, CDCs were transplanted
via intracoronary delivery in MI pig model, the results showed positive safety data and
significant cardioprotection with reduced microvascular obstruction, infarct size and attenuates
adverse acute remodelling (Kanazawa et al., 2015). The initial clinical trials with CSCs/CPCs
(CDCs) showed to be promising and demonstrated signs of efficacy however most
investigations showed that these cells, like BMCs, have minimal long-term engraftment and
cardiac differentiation (Bolli et al., 2011, Makkar et al., 2012, Malliaras et al., 2014). Further
studies need to be executed to fully elucidate their paracrine mechanisms of cardiac repair and
with a larger cohort (Cambria et al., 2017).

3.2.5 - Embryonic Stem Cells (ESCs)

ESCs are derived from blastocyst taken from day 4 to 6 before the implantation into the uterine
wall. They are pluripotent, that is, they are capable to form all cell types in the body (Hansen
et al., 2019, Lee and Walsh, 2016). ESCs provide a renewable source of cardiomyocytes for
basic research and pharmacological testing (He et al., 2003). Mouse ESCs were first derived in
1988 and human ESCs were derived in 1998 however research with ESCs has been
controversial since the derivation of ESCs destroy the embryo that raises ethical concerns
(Evans and Kaufman, 1981, Lee and Walsh, 2016, Thomson et al., 1998). Mouse and human
ESCs can be easily differentiated into cardiomyocytes and human-derived cardiomyocytes
have shown to improve the function of infarcted rodent heart and non-human primates’ hearts
(Lee and Walsh, 2016). However, their clinical use is limited, ES-derived cardiomyocytes
could lead to immunogenic and teratogenic side effects and increase the risk of ventricular
arrhythmias (Bollini et al., 2011). Despite that, ESCs can direct the specific cellular
differentiation pathway for different cell types, there is lack of understanding of the molecular
and genetic signals that regulate cell proliferation and differentiation (Ballard and Edelberg,
2007). Therefore, more studies are required to avoid contamination of undifferentiated ESC as
the inherent risk of residual undifferentiated stem cells could induce teratoma formation.
Proper quality control measures must be executed to minimize the risk of the formation of
tumour (Nussbaum et al., 2007).

3.2.6 - Induced Pluripotent Stem Cells (iPSCs)

iPSCs can be obtained from differentiated cells including cardiac fibroblast and adult somatic
cells, which are re-expressed by reprogramming four genes, Oct3/4, Sox2, c-Myc, and
Kfl4 (Qian et al., 2012, Takahashi et al., 2007, Takahashi and Yamanaka, 2006). IPSCs are an
alternative to ESCs as they display similar characteristics while avoiding the ethical
tensions. They are pluripotent, self-renewing (in culture) and can differentiate into cardiac
lineage (Cambria et al., 2017, Takahashi and Yamanaka, 2006). Derived iPSCs from human
somatic cells have been one of the most remarkable discoveries in cardiovascular research as
they can be derived from patients with complex genetic defects and create disease
models (Braam et al., 2009). Human iPSCs (hiPSCs) can be an autologous cell source for
cardiac repair and increase cardiac function as theycan differentiate into functional
cardiomyocytes (Yan and Singla, 2013, Zhang et al., 2009). For example, Ye et al. (2014)



research demonstrated hiPSC- derived cardiomyocytes (hiPSC-CMs) co-cultured with
endothelial cells, and smooth muscles transplanted intramyocardially in a MI porcine
model improved LV function, myocardial metabolism, arteriole density, and reduced
infarction size and cell death without inducing ventricular arrhythmias (Ye et al., 2014).
Nevertheless, hiPSC-CMs are less mature than adult cardiomyocytes, based on the
ultrastructure, electrophysiological and metabolically characteristics which can be improved in
long-term cultures; however, the ideal level of maturation still need to be found (Jonsson et al.,
2012, Kamakura et al., 2013). The limitation of the autologous hiPSCs approach is the financial
feasibility as the process of obtaining patient-specific somatic cells, reprogramming them to
1PSCs then differentiating into cardiomyocytes as well as doing expensive quality control
experiments, could take over four months and doing this for each patient is cost-prohibitive
(Gerbin and Murry, 2015). Further tests need to be done to address any rejection or teratoma
formation, and iPSC method requires the use of viral vectors before advancement into clinics
(Li et al., 2009, Cambria et al., 2017).

Table 1. Cell therapy types to treat heart diseases

Cell types [Type of Delivery |Advantages Disadvantages References
First-generation [Skeletal Myoblasts |[ntramyocardial -Positive data and |Higher rate of (Gavira et al.,
SMs) injection excellent arrhythmias 2006,
engraftment Menasché et
al., 2001)
Bone Marrow- Delivered -Safe, abundant, |Limited (Kajstura et
Derived cells either systemically orjand easy to isolate differentiation al., 2005,
BMMCs) intramyocardially Ballard and
Edelberg,
2007)
Mesenchymal Stem|LV injection -Multipotent - Little (Mazo et al.,
Cells (MSCs) -Reduce any risk |differentiationto 2012, Schuleri
of immune cardiomyocytes et al., 2009,
rejection -Minimal cell Valina et al.,
engraftment 2007)
Second Cardiac stem cells |LV injection - Multipotent, self--Limited amount  |(Bolli et al.,
generation CSCs) renewing -Minimal cell 2011, Doppler
~Reduce engraftment et al., 2013)
imyocardial
damage
Embryonic Stem  [[ntramyocardial - Pluripotent, self- |-Ethical concerns  |(Evans and
Cells (ESCs) injection renewing FIncrease risk of  [Kaufman,
[mprove cardiac [ventricular 1981, Lee and
function arrhythmias 'Walsh, 2016,
Thomson et
al., 1998)
Human induced Intramyocardial ~Pluripotent, self- |Less mature than |(Jonsson et al.,
pluripotent stem  [injection renewing adult 2012,
cells (hiPSCs) -Same benefits as [cardiomyocytes Kamakura et
IESCs al., 2013)

3.3 — 2D vs 3D Cultures
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Cardiac cells are typically cultured either as 2D monolayers or more recently, 3D cell cultures,
such as spheroids, engineered heart tissues and cell sheets. Both cell culturing techniques
include advantages and disadvantages, though previous downsides of 3D culturing are easing
in recent years.

Monolayer cell cultures are cheap with access to high throughput assays but often display
biological activity that deviates from the in vivo response (Duval et al., 2017, Mathur et al.,
2015). This is largely due to access to transformed cell lines, genetically modified cells that
lower semblance to in vivo counterparts but allow unrestricted proliferation. For this reason,
transformed cells are often used as the foundation for drug discovery and cardiotoxicity studies
(Novakovic et al., 2014). Primary cardiac cells derived from animals or humans are difficult to
isolate and therefore not a reliable source for CTE, though the experiments conducted with
such cells may be considered necessary as proof-of-concept studies (Zimmermann and
Eschenhagen, 2003). While useful for looking at certain biochemical, genetic and functional
mechanisms, 2D cultures ultimately lack compete physiology such as cell-cell and cell-ECM
interactions. This 1s especially significant when recapitulating the human heart
microenvironment as factors such as electrical conductivity and mechanical contraction are
unique to the heart to serve specialized functions, generating and carrying the cardiac action
potential and acting as a pump for the cardiovascular system, respectively.

3D cell cultures and technologies are the response to this drawback of 2D cardiac models and
are rapidly gaining recognition for their potential to model heart tissues and diseases (Roche et
al., 2020b, Duval et al., 2017, Jang, 2017, Giinter et al., 2016, Fitzgerald et al., 2015). EHTs
have been used through numerous studies as a therapeutic tool as they have been demonstrated
to improve cardiac function following myocardial injury. Another EHT-application is for
disease modelling using the patient-specific hiPSC-SM to evaluate mutations, drug screening
and individual risk of a patient such as drug-induced side effects (Katare et al., 2010,
Zimmermann et al., 2006, Naito et al., 2006, Eder et al., 2016). Also, compared to 2D cultures,
EHTs can be a promising model to study cardiac function and contractility, and are accessible
to perform all types of evaluations as a cardiac muscle tissue in the heart. This includes
contraction kinetics, rhythm and rate, genetic and protein analyzes, and histological analyzes
of semithin, paraffin or ultrathin sections (Hirt et al., 2015, Eder et al., 2016). While there are
limitations in 2D cell systems in term of viability, proliferation, differentiation and function of
cardiomyocytes; the advantages of using EHTs are that they are easy to execute and provide a
great quality of research outcome as well as allow long-term experimentation and repeated
measurements under steady and controlled conditions (Katare et al., 2010, Eder et al., 2016).

Cells can be grown in scaffolds, scaffold-free or matrices environment aiming to mimic the
ECM aspects of the heart; for example, biomaterial scaffolds such as collagen and fibrin;
provide a 3D environment for cells to attach, interact with each other and conduct electrical
signals (Vunjak Novakovic et al., 2014, Eschenhagen and Mummery, 2014). Cardiac myocytes
cultured in 3D often employ a biomaterial such as a hydrogel or biocompatible polymer to
mimic the ECM, providing a 3D architecture for cell to interact in all spatial dimensions, both
with other cells and their environment. This allows for fine-tuning of the microenvironment by
modifying properties such as elasticity, stiffness, conductivity and porosity (Novakovic et al.,
2014). These are core aspects of CTE as the utility of 3D culturing and bioengineering to
simulate blood flow, observe contractile forces and relaxation velocity in cardiac myocytes
with variable mechanical and electrical cues are the tools necessary to create a complex and
accurate microenvironment (Hirt et al., 2012, Bouten et al., 2011, Wang and Hill, 2010,
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Fitzgerald et al., 2015, Ryan et al., 2016). With the increase in controllable parameters there is
also an increase in complexity. Lack of standardised protocols compared to 2D culturing means
experimental design is more demanding and without high-throughput testing.

Cell spheroids can be generated in several ways, both with and without a scaffold to support
the development of the spheroid depending on the method chosen such as hanging-drop or low
surface adhesion plates (Sharma and Gentile, 2021, Zuppinger, 2016). Spheroids display
phenotypes that are conditional or absent in 2D cultures such as contractile activity in cardiac
myocytes and T-tubule formation with endothelial cells. Engineered heart tissues were first
introduced by Eschenhagen et al. (1997) and are still utilized today in several variants. These
tissue constructs contain cells seeded onto a biomaterial scaffold (see below) and is subjected
to mechanical forces, aligning cells along the force lines (Eschenhagen and Mummery, 2014).
Cell sheets utilize temperature sensitive surfaces to culture monolayers of cells that can be
detached as a sheet of cells and continuously stacked over each other, resulting in a thick sheet
of cells (Sakaguchi et al., 2013). Cell sheets are seeing increasing work in vascularized tissue
studies, which will be covered in greater detail below.

3.4. — Biomaterials for Cardiovascular Tissue Engineering: Polymers, Scaffolds &
Hydrogels

Advancements in cell therapies have allowed the direct introduction of cells to the damaged
heart to ascertain any therapeutic benefits of long-term regenerative effects. However, these
studies have demonstrated a consistent deficit in exogenous cell survival following
transplantation (Menasche, 2011, Oh et al., 2016, Yanamandala et al., 2017). As biomaterials
have demonstrated a utility in increasing cell retention, survival and proliferation, various
natural and synthetic polymers are now being explored to enhance current therapies and
innovate novel approaches as scaffolds for recapitulating human heart physiology.

Typically, in vitro tissue engineering methods involve the use of porous scaffolds to either a.
provide structural support for a diseased tissue or b. transfer cells to the damaged tissue (Bouten
et al., 2011, Giraud et al., 2007, Jawad et al., 2007). Determining a biomaterial for CTE is
largely dependent on the specific goal of the research or clinical outcome; if a construct is to
regenerate a tissue over a longer period of time, a highly porous structure is necessary that
allows nutrients to properly exchange between cells and their environment while promoting
tissue vascularization (Chen et al., 2007). Each biomaterial currently used in tissue engineering
has its own profile of benefits and drawbacks inherent in the properties of the material when
applied to cardiac cells and tissues.

3.4.1 — Natural Biomaterials

Naturally-derived biomaterials are desirable options when attempting to recapitulate human
physiology as they can be used to produce biomimetic organ scaffolds (Wang et al., 2020b,
Huyer et al., 2015). Well-characterised biomaterials such as alginate, chitosan, gelatin and
decellularized extracellular matrix (dECM) are commonly used in CTE due to their strong
profile of benefits with relatively small drawbacks. Alginate, generally sourced from brown
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algae, can generate highly porous structures in the form of a hydrogel that allows high cell
seeding numbers at physiologically relevant cell densities with little-to-no immunological
response (Dar et al., 2002). Chitosan is a polysaccharide derived from the crustacean
exoskeleton polymer chitin, the latter can be used to generate a number of scaffolds and
hydrogels when combined with other polymers (Ahmadi et al., 2015, Lam and Wu, 2012). Liu
et al. (2012) reported chitosan hydrogels may improve the myocardial environment following
myocardial infarction (MI) via reactive oxygen species regulation and recruiting chemokines.
Gelatin is produced from denaturing the ECM protein collagen, resulting in a bioactive protein
capable of enhancing cell-scaffold interactions (Kharaziha et al., 2013). For this reason, gelatin
and collagen-based scaffolds are commonly utilized in the production of cardiac patches that
have seen success in multiple animal studies of regenerating damaged cardiac tissue following
MI (Serpooshan et al., 2013, Zimmermann et al., 2006). Silk fibroin (SF) has been also
explored as a natural source to 3D bioprint cardiac cells, but his intrinsic properties prevent its
use by itself (Vettori et al., 2020). A more recent method of producing favourable scaffolds for
cardiac cells is isolating the ECM from tissue without damaging, while removing any cells
normally found within (Gilbert, 2012, Ott et al., 2008). This can be performed for example by
enzymatically treating human cadaver hearts to recover human cardiac ECM and re-seed with
patient-specific cells, without fear of major immunological response (Guyette et al., 2014).
Natural biomaterials generally perform well in CTE. However, they are less mechanically
stable, possess variable biodegradation rates and are difficult to tweak when possible.

3.4.2 Synthetic Biomaterials

Synthetic biomaterials generally offer favourable and diverse properties at the cost of less
semblance to in vivo tissue. Plastics such as polylactic acid (PLA) and polyglycolic acid (PGA)
have already been widely used in surgical therapies as products such as sutures and stents.
Synthetic biomaterials are primarily used as structural scaffolds for cell seeding specific
components such as the heart valves engineered on PLA, PGA and polycaprolactone (PCL)
scaffolds (Theus et al., 2019). As synthetic compounds, tweaking the properties is possibly by
chemically altering structure and combining multiple polymers together for novel desirable
features. Recently, conductive and elastic properties have been added to polymers with
promising results (Balint et al., 2014, Sales et al., 2007, Stella et al., 2008, Zhao et al., 2017).
Spearman et al. (2015) reported a polymer blend of conductive polymer polypyrrole (PPy) and
PCL was assessed for cardiac cell sheet development and yielded electrical resistance
resembling human heart tissue. Similarly, (Davenport Huyer et al., 2016) suggested the
potential application of a novel polymer, named 124 polymer, that yielded elastic properties
mimicking adult heart myocardium and supported rat cardiac cell attachment as a scaffold
comparable to PLA scaffolds. Furthermore, the 124 polymer elastic properties can be modified
before polymerisation and before UV cross-linking. The advancement in synthetic biomaterials
is the foundation for innovating novel semi-synthetic scaffolds that incorporate the tissue
modelling of natural biomaterials with the versatility of synthetics.

3.4.3 — Hybrid Biomaterials
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No individual biomaterial, natural or synthetic, can faithfully recapitulate the human heart
microenvironment (Shapira et al., 2016). Hybrid biomaterials, natural biomaterials that have
either been biochemically altered or combined with a synthetic biomaterial, can perform a vast
range of functions in CTE. Though this does not provide a single hybrid biomaterial that
perfectly mimics the cardiac microenvironment, it does provide the foundation for future work.
Park et al. (2005) developed a hybrid scaffold with improved capacity to seed and attach cells
using the synthetic biomaterials poly-lactic-co-glycolic-acid (PLGA) and poly(DL-lactide-co-
caprolactone) in conjunction with collagen coating to incorporate binding factors found in
natural ECM, and found the hybrid scaffold promoted cardiac tissue contractile and metabolic
performance when compared to either biomaterial alone. Since the Park et al. (2005) study,
approaches with similar methodologies have reported promising results, such as Sapir et al.
(2011) and Rai et al. (2013) utilising alginate and poly-glycerol-sebacate (PGS), respectively,
bound with additional cell adhesion binding domains found naturally on collagen, fibronectin
and laminin. These types of hybrid scaffold are vital to the development of functional cardiac
patches for clinical use due to their ability to maintain cell viability at high populations while
promoting cardiac gene expression and metabolic activity (Shapira et al., 2016).

The physical characteristics of scaffolds can also be enhanced utilising composites of natural
and synthetic biomaterials to tweak mechanical properties to closely resemble in vivo
myocardium (Shapira et al., 2016). Engineered scaffolds require mechanical features to support
cell viability, proliferation and function of contractile tissue that will not weather when
introduced to the native myocardium which is constantly beating. Hybrid biomaterials address
this challenge by incorporating biomaterials with stiffness and elasticity akin to the in vivo
myocardium supplemented with natural ECM proteins. Kai et al. (2011) utilized
electrospinning, a method to produce fibres at nanoscale using electrical force, to mix gelatin
and PCL resulting in improved cardiac myocyte attachment and alignment compared to
electrospun PCL fibres alone. Kharaziha et al. (2013) electrospun gelatin and PGS at varying
ratios and chemically cross-linked the resulting matrix resulting in a hybrid gelatin matrix that
demonstrated elasticity like native myocardium and improved cardiomyocyte contraction.
Similarly, PGS has been used as a core for a scaffold with a gelatin, fibrinogen or collagen
shell for cell adhesion, all resulting in improved elastic properties and increased expression of
cardiomyocyte contractile proteins troponin-T and a-actinin (Ravichandran et al., 2011,
Ravichandran et al., 2013). Furthermore, cardiac dECM hydrogels are desirable but lack
properties such as appropriate stiffness and degradation rates. In response to this, Lee et al.
(2017) developed a gelatin hydrogel with tuneable stiffness and degradation via varying
degrees of vinyl sulfone polymerization and reported stiffness at 9kPa resulted in improved
cardiomyocyte network formation and contractile velocity with enhanced a-actinin and
connexin-43 expression.

The development of natural, synthetic and hybrid scaffolds have advanced CTE by
demonstrating novel methods to both produce and combine biomaterials that can better mimic
in vivo tissue properties to recapitulate aspects of the heart microenvironment. The next
limitation of optimising the performance of engineered cardiac tissues, is providing a
supporting vascular network for oxygen and nutrients transport.

3.5 — The Vascularization Problem
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During in vitro cell culture, nutrients can be easily supplied to cells, though once an engineered
tissue is implanted this becomes severely limited without vasculature in close proximities to
cells. CTE builds upon research already aimed at restoring function to ischemic tissue by
innovating and testing methods of inducing vasculogenesis, formation of new blood vessels de
novo, and angiogenesis, formation of new blood vessels from existing vasculature, primarily
focusing on the latter. While biomaterial scaffolds have advanced greatly, allowing for
clinically relevant tissues to be produced, vascularization remains a great challenge in the field
of tissue engineering. An adult human heart houses approximately 10% of the total capillaries
in the body, resulting in a densely vascularized structure (Stoker et al., 1982). Therefore, an
engineered cardiac tissue requires not only a degree of vascularization to survive in the host,
but a highly dense vascular network capable of meeting the metabolic demands of in vivo
cardiac tissue.

Current strategies for promoting vascularization in engineered tissue primarily consists of
either: tissue grafts that are progressively vascularized by the host, or pre-vascularizing tissue
constructs (Roche et al., 2021, Esser et al., 2019). There is a large body of evidence that
demonstrates a host’s vascular system will slowly extend into a non-vascular construct
following transplantation, largely dependent on the presence of vessels at the implantation site
(Riegleretal., 2015, Tiburcy et al., 2017, Zhang et al., 2001). Therefore, damaged myocardium
is an unideal region for relying on endogenous vascularization alone due to poor pre-existing
vasculature. The addition of vascular endothelial cells has previously demonstrated self-
assembly into tubular structures without external stimuli, and are capable of fusing with host
vasculature after transplantation (Stoehr et al., 2016). Though this is promising, endogenous
vascularization both with and without endothelial cells takes days at minimum while cell death
without oxygen occurs in minutes. Omentum tissue has been explored as another biomaterial
to support vascular myocardial regeneration (Wang et al., 2020a). A systematic review by
Wang et al. (2020a) reported bioengineered cardiac tissue with omentum support improved cell
retention and induced angiogenesis in transplanted tissue. Pro-angiogenic growth factors,
notably vascular endothelial growth factor (VEGF), has seen utility in both 2D and 3D cultures
to stimulate vascular formation, though the vessels are immature and risk leakage of plasma
resulting in further complications (Esser et al., 2019, Fagiani and Christofori, 2013, Visconti
et al., 2010). Additionally, extensive VEGF is known to be the cause of vascular tumours in
multiple tissue types. While these strategies can increase the rate of endogenous
vascularization, other strategies have explored prolonging cell survival in unfavourable
conditions (Don and Murry, 2013). Cocktails of enzymes and factors such as caspase inhibitors
and insulin-like growth factor-1, have seen success in rats by giving cardiomyocytes protection
from a range of cell death mechanisms (Laflamme et al., 2007). It is important to note that
while these appear promising for CTE, this strategy is yet to be clinically verified in large scale
trials.

Pre-vascularization may be equally as important as endogenous vascularization for engineered
cardiac tissues (Roche et al., 2020b). The premise with pre-vascularization is similar to
endogenous vascularization, to reduce the amount of time transplanted tissues are without
vasculature and subject to harsh conditions such as hypoxic environments. Multiple biomaterial
scaffolds mentioned previously have demonstrated formation of vascular networks when
seeded with endothelial cells and some have incorporated dECM to produce complex
vascularization that fused with endogenous vasculature following transplantation (Ott et al.,

15



2008, Yang et al., 2014). Other cell vascularization methods include spheroids and cell sheets.
Spheroids are a round 3D clusters of cells that can be pre-vascularized when subjected to
certain growth methods. Cardiac spheroids can be pre-vascularized by culturing cardiac
endothelial cells, fibroblasts and myocytes. Vascularized cardiac spheroids have previously
been used to study the heart microenvironment and have been proposed as a method to improve
transplanted tissue survival (Caspi et al., 2007, Polonchuk et al., 2017). Cell sheets are a
scaffold free, monolayer culture technique, utilising temperature sensitive surfaces to allow
cells to detach while maintaining cell-cell connections and ECM (Masuda and Shimizu, 2016).
Culturing cells in this manner allows for multiple layers of cell sheets to be produced that can
be harvested for tissue implantation. Multiple studies have established cardiac cell sheets as
promising for therapeutic applications as they can be pre-vascularized with endothelial cells
co-cultured with cardiac myocytes that anastomose to host tissue after transplantation
(Sakaguchi et al., 2013, Sekine et al., 2008, Sekiya et al., 2006). More recently, newer
techniques to pre-vascularize cardiac tissue have been explored. Song et al. (2020) utilized cell
sheets with reprogrammed fibroblasts via known cardiac cell-fate factors (Gata4, Mef2c, TbxS5,
Hand2, Myocd) on nanoporous PLGA membranes with layers of endothelial cells between cell
sheets. This approach proved effective in implantation on the epicardium and preventing
adverse cardiac remodelling in rat hearts post-myocardial infarction. Another method of
vascularization is the combination of 3D printing technology with cells and biomaterials called
bioprinting.

3.6 — 3D Bioprinting of Heart Tissues

Like all technologies, different bioprinting methods have advantages and disadvantages
(Serpooshan et al., 2017). Extrusion based bioprinting dispenses material continuously in a pre-
defined shape using either pneumatic or mechanical forces. This technique is the most common
and accordingly the least expensive. Additionally, extrusion bioprinting allows rapid printing
times and can print extremely high cell densities such as those required for cardiac tissue
implants and patches. However, material choice is somewhat limited as highly viscous bioinks
are required and therefore high printing pressure can disrupt cell viability. Kolesky et al. (2016)
used pneumatic bioprinting to construct preformed vascular networks followed by lining with
human umbilical vein endothelial cells (HUVECs) resulting in thick vasculature that was
maintained for 6 weeks. Inkjet bioprinting involves the release of fluid droplets at precise
locations via thermal or acoustic forces. This method yields high print resolutions as low as
20um, is compatible with a large range of bioinks and results in high cell viability. Because
there are low pressures on the bioink, delicate cell types can be used, but this comes at the cost
of lower structural integrity and therefore lower cell densities can be printed. Xu et al. (2009)
used primary feline and H1 cardiomyocytes on a controlled porosity alginate hydrogel with
viable cell populations, indicating inkjet bioprinting may be useful in engineering designed
cardiac tissues. Stereolithography is unlike the previous methods as instead of placement of
material, the construct is hardened via light from a vessel of fluid containing photoactive
polymers. This method is rapid and removes physical stress on the cells and bioinks resulting
in moderately high resolutions as low as 50pum and high cell viability. The range of materials
accessible are extremely limited as photoactive polymers are a requirement and are further
restricted by an ultraviolet wavelength to activate the polymer that does not harm the cells
(Theus et al., 2019). Stereolithography bioprinting has been used to generate patient specific
models to assist in surgical planning and to create vascularized tissue constructs from
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photoactive polymers with modifiable elasticity and tensile strength (Baudis et al., 2010,
Dankowski et al., 2014).

Bioprinted cardiac tissues have been generated to mimic several features of the cardiac
microenvironment for both in vitro and in vivo applications (Duan, 2017, Roche et al., 2020b).
These applications include modelling for diseases, drug screening and potential transplantation
to replace or support the regeneration of damaged myocardium. The vascularization problem
previously discussed has seen progress with the advent of bioprinting by generating vascular
networks through several methods including vascular structures via simultaneous bioprinting
of cells and biomaterials; addition of angiogenic factors in bioprinted constructs; and
bioprinting of channel-based constructs for pre-fabricated vascular networks (Duan, 2017).
Previously generated spheroids have been bioprinted, used as building blocks and subsequently
fused into vascular constructs with a range of cell types including human smooth muscle cells,
human dermal fibroblasts and more importantly cardiac fibroblasts, endothelial cells (EC) and
iPSC-CM (Kolesky et al., 2016, Roche et al., 2020b, Wang et al., 2018, Ong et al., 2017). Ink-
jet bioprinters can be utilized to deposit biomaterial scaffolds and EC simultaneously to form
microvasculature scaffolds allowing EC proliferation into tubular structures with clinically
relevant cell viabilities and maintained structural integrity of vasculature (Cui et al., 2018,
Yeung et al., 2019). Angiogenic growth factors have been explored in bioprinted constructs
with some success. HUVECs cultured in VEGF before bioprinting with iPSC-CM were
reported to integrate with host vasculature when transplanted in mice (Maiullari et al., 2018).
Furthermore, VEGF slowly released into scaffolds (demonstrated with both Matrigel and
alginate) promotes vessel formation and CD31 expression, which similarly have seen
promising results in mice transplants (Kuss and Duan, 2017). Clinically relevant constructs
require vasculature that supports flow throughout the entire structure. Bioprinting uniquely
offers this feature of manufacturing complex and organized networks to promote nutrient,
waste and oxygen transport (Jia et al., 2016). This can be accomplished by bioprinting a
hydrogel containing a removable internal structure, yielding hollow networks that can be
populated with ECs to mimic in vivo vasculature (Lee et al., 2014, Bertassoni et al., 2014).
Additionally, direct bioprinting of perfusable constructs is possible using multiple print-heads
containing an outer cross-linkable hydrogel (e.g. Gel-MA) and an inner head with the
appropriate cross-linking solution (Duan, 2017, Jia et al., 2016).

Contractility of bioprinted cardiac tissues remains a challenge to overcome before wide-use of
clinically relevant constructs are readily available (Roche et al., 2020b). Cardiac spheroids
from iPSC-CM already have been demonstrated to spontaneously contract, but are limited by
immature phenotypes (Polonchuk et al., 2017, Birket and Mummery, 2015, Gentile, 2016).
Improving the environment of iPSC-CM demonstrates an increase in cell contractility and
contributes to overall cardiac tissue development (Wang et al., 2018). Strategies to improve
bioprinted cardiac environments include addition of conductive polymers for electrical
propagation support and elastic polymers for mechanical support unique to the myocardium
(Jiang et al., 2017, Mawad et al., 2016, Baudis et al., 2010, Davenport Huyer et al., 2016).
Though these biomaterials have been used in CTE previously, optimising such biomaterials for
bioprinting is possible and slowly progressing but still a work-in-progress (Mehrotra et al.,
2019, Roche et al., 2020b).
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Figure 3. Applications of 3D bioprinted cardiac tissues. 1) The process of bioprinting
cardiac tissue, the challenges of EHTs are cell adhesion and alignment, the cardiac tissue
contractility and vascularization, oxygen supply, and can cause tissue rejection and immune
reaction during transplantation. 2) The applications of 3D bioprinted cardiac tissue for in vitro
testing are drug screening, disease modelling, toxicity assays and patient-specific models. For
in vivo testing, 3D bioprinted cardiac tissue are transplanted on ischemic in vivo models to
promote cardiac regeneration.

3.6.1 — in vitro testing of 3D bioprinted cardiac tissues

Cardiac bioprinting provides an alternative approach to regenerate infarcted heart by
integrating cardiac cells and 3D biomaterials/ biomaterial-free. The application of the cardiac
bioprinting has shown promises as an option to create functional cardiac tissue to regenerate
or replaced damaged tissue in the myocardium (Wang et al., 2018, Noor et al., 2019). The
bioengineered cardiac tissue can mimic the structural, physiological, and functional features of
native myocardium but also, can be used for disease modelling of myocardial infarction,
ischemia-reperfusion injury and heart failure (Cui et al., 2018, Maiullari et al., 2018). This
approach allows a 3D structure of the complex arrangement of cells and ECM, supporting the
cells and enhance their reorganization into functional cardiac tissues (Noor et al., 2019, Birla
and Williams, 2020).The engineered cardiac patch has to undergo in vitro maturation and
testing before being transplanted onto the defected heart. For example, in this research, the in
vitro testing done on the 3D cardiac patch were maturation testing and vascularization testing
(Jangetal., 2017). Jang et al. (2017) developed a 3D pre-vascularized myocardium patch using
cardiac progenitors and MSCs with the decellularized extracellular matrix ({ECM) bioink, they
showed that dECM enhanced structural maturation of cells and promote vascular formation as
well as the functionality of cells for tissue regeneration. Also, other in vitro tests are done on
the 3D cardiac patch for quality control and to look at the cardiac patch structural, mechanical,
and electrical properties. The tests performed are flow cytometry, immunohistochemistry,
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immunofluorescence, cell viability assays and optical-electrical mapping (Jang et al., 2017,
Maiullari et al., 2018, Ong et al., 2017, Tijore et al., 2018).

3D bioprinted cardiac tissue approach could give the possibility to have patient-specific tissue
models that could be used to test therapeutic schemes, help in clinical diagnosis and treatment
of diseases through replacement of the injured tissues (Jang, 2017). Considerable limitations
in currently available in vitro and in vivo models of myocardial infarction are related to their
limited ability to recapitulate the complex pathophysiology typical of the human heart tissue
and their inability to directly translate from the bench to the bedside (Sharma et al., 2021).
Furthermore, a study demonstrated that 3D cardiac tissues derived from hiPSC-CMs coated
with extracellular matrix (fibronectin and gelatin nanofilm) have the potential to be used as a
drug screening system for drug discovery and cardiotoxicity assay (Takeda et al., 2018).
However, 3D tissue culturing requires not only the biological factors but also, the mechanical
and electrical simulations as they are required to accustom the engineered cardiac tissues to
their new functions. Such functions consist of contraction, reception, delivery of blood and
electrical signalling (Alonzo et al., 2019).

Bioreactors or microfluidic “organ-on-chips” devices provide precise control by mimicking the
various mechanical and chemical factorsin vivoand, recapitulate the cellular
microenvironment of the heart and monitor the critical parameters such as pH, nutrient supply
and oxygen level (Jin et al., 2015, Zhang et al., 2017, Alonzo et al., 2019). Bioreactors and
microfluidic devices promote and maintain cellular morphology and cell-specific
functionality of the 3D biofabricated tissue but also prevent shear stress and control the flow
rates (Paez-Mayorga et al., 2019, Visone et al., 2018). These devices allow the bioprinted
tissue to develop a perusable microvascular network which is fundamental for treating ischemic
diseases (Qasim et al., 2019). For example, Zhang et al. (2016) encapsulated endothelial cells
with microfibrous hydrogel bioink which was then seeded with human induced pluripotent
stem cells (HiPCS)-Cardiomyocytes/neonatal rat cardiomyocytes to get spontaneous and
synchronous contractions. The 3D engineered endothelialized myocardial tissues were then
added to a microfluidic perfusion bioreactor to evaluate cardiovascular toxicity (Zhang et al.,
2016). Hence, they demonstrated that the organ-on-a-chip model could be used as drug
screening and could act as a 3D organ model system to improve treatment efficacy, but more
research needs to be done to find the ideal device for the 3D bio fabricated cardiac tissue.

The limitation is that many biofabricated cardiac tissues are either not conductive for perfusion
or do not translate properly from bioprinter to bioreactors/microfluidic systems. Therefore, the
development of cardiac engineered tissues that are nurtured in those devices, are not yet
suitable for animal models or clinical use (Smith et al., 2018). For example, the perfusion
bioreactor design is able to generate and cultured biofabricated/bioprinted vascular networks
from human mesenchymal stem cells (hMSCs) cocultured with fibroblast, however,
transferring those vascular networks to an animal or patient lead to the destruction of those
delicate networks (Ball et al., 2016, Smith et al., 2018). The goal is for the bioprinted cardiac
tissues to be cultured and transferred from the setting (bioreactor/microfluidic systems) to be
used for clinical purposes.

3.6.2. — in vivo testing of 3D bioprinted cardiac tissues
The recent advancements of 3D bioprinted cardiac tissues have showed great promises for

cardiac regeneration in ischemic in vivo models after the engraftment of bioprinted cardiac
patches in small animals such as mice and rats (Roche et al., 2020b, Cui et al., 2018, Yeung et
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al., 2019, Ong et al., 2017, Maiullari et al., 2018, Roche and Gentile, 2020b). In particular, in
vivo models of permanent left anterior descending (LAD) ligation seem suitable for the
preclinical testing of 3D bioprinted patches for cardiac regeneration (Roche and Gentile,
2020a). Research of cardiovascular tissue regeneration using bioprinting mainly focuses on the
vasculature, myocardium and heart valves (Cui et al., 2018). To fully investigate whether the
cardiac patches improve cardiac function in ischemic models, the in vivo tests done are
echocardiography, hemodynamics, histological analyzis on the infarct size and fibrosis, cell
viability, flow cytometry, gene expression and protein analyzes (Jang et al., 2017, Maiullari et
al., 2018, Yeung et al., 2019, Ong et al., 2017).

Jang et al. (2017) developed a 3D-vascularized stem cell patch with cardiac progenitor and
MSCs using heart tissue-derived dECM (hdECM) bioink to mimic tissue-specific ECM
composition. The cardiac patches were implanted subcutaneously in mouse model. The results
showed that the developed 3D stem cell patch promoted significant vascularization and tissue
matrix formation in the infarcted heart model in vivo (Fig 4A). The patch also shown to
improve cardiac functions, reduced cardiac hypertrophy and fibrosis and increased migration
from patch to infarct area (Jang et al.,, 2017). In another research, Maiullari et al.
(2018) integrated the wuse of 3D bioprinting (PEG-Fibrinogen) with iPSC-derived
cardiomyocytes and HUVECs, and the 3D bioprinted cardiac patch was subcutaneously
implanted in mice models. They demonstrated that the bioprinted pre-vascularized stem cell
patch can effectively develop vasculature in the transplanted tissues and support the host's
vasculature. Also, it canprovide cardiac niche-like microenvironment which leads to
beneficial results for cardiac repair (Maiullari et al., 2018). However, more pre-clinical studies
using bioink and hydrogel are needed to gain an understanding of their potential to effectively
treat myocardial infarction before translating them into human clinical trials (Alonzo et al.,
2019). Furthermore, the use of biomaterials faces challenges such as adverse host responses,
that is, inflammatory response, immunogenicity, but also fibrous tissue formation, biomaterial
degradation and toxicity of the biomaterial products that could affect the long term function of
the 3D bioprinted cardiac tissue construct (Norotte et al., 2009, Ong et al., 2017).

Consequently, other pre-clinical studies are using 3D bioprinted biomaterial-free cardiac tissue
onin vivomodel and are yielding satisfactory outcomes. For example, Ong et al. (2017)
bioprinted tissue spheroids composed of hiPSC-CMs, fibroblast and endothelial cells into
myocardial patches (Fig 4B). These cardiac patches were implanted onto rat models showing
vascularization and engraftment into native rat myocardium, suggesting the therapeutic
regenerative potential of this 3D biomaterial-free method (Alonzo et al., 2019, Ong et al.,
2017). But the limitation of this biomaterial free cardiac patch is that the heart rate of the rats
was different from the cardiac patches. Hence more studies need to be executed and extended
to understand the effect of the cardiac patch in rat myocardium and the long-term regenerative
potential in the damaged heart before being clinically studied on humans. Wang et al. (2018)
demonstrated that the omentum can be used to support the engraftment of cardiac patches to
overcome those challenges. Yeung et al. (2019) implanted the 3D bioprinted biomaterial-free
cardiac patch followed by the omentum patch into rat myocardial infarction model resulting in
an increased in blood vessels, smaller scar area and improvement of the cardiac function
(via echocardiography study) (Fig 4C). Concluding that the 3D bioprinted biomaterial—free
cardiac patches have the potential to improve regeneration in cardiac tissue, promote
angiogenesis and reduce scar tissue formation in the infarcted area followed by the omentum

20



patch (Yeung et al., 2019). But the limitation of this biomaterial free cardiac patch is that the
heart rate of the rats was different from the cardiac patches. Hence more studies need to be
executed and extended to understand the effect of the cardiac patch in rat myocardium and the
long-term regenerative potential in the damaged heart before being clinically studied on
humans. Also, further studies are required to understand the omentum mechanism to improve
functional cardiac benefit which is crucial for clinical translation (Wang et al., 2020a). Despite
the improvement and new avenues of 3D bioprinted cardiac tissue, limitations remain in in vivo
models such as, poor vascularization and not synchronous contractile activity (Roche et al.,
2020b).

Figure 4. Types of 3D b
3D bioprinted pre-vascularized stem cell sheet patch using hdECM bioink with hCPCs and
human MSCs on the mouse heart (Jang et al., 2017). B) 3D bioprinted biomaterial-free
cardiac patch made from spheroids of co-cultured hiPSC-CM:FB:EC onto the rat heart (Ong
et al., 2017). C) 3D bioprinted biomaterial-free cardiac tissue followed by omentum patch.
Cardiac patch made from spheroids of co-cultured hiPSC-CM:FB:EC (blue arrow) and
omentum patch (yellow arrow) implanted in the rat model (Yeung et al., 2019). D) 3D
bioprinted hydrogel-based cardiac patch was transplanted on the mouse heart (hydrogel made
of alginate 4% and gelatine 8% in media) (Roche and Gentile, 2020b).

4. Discussion

In the past decades, cardiovascular regeneration has been the focus to improve cardiac function
and prevent heart failure in ischemic adult heart. New approaches such as reactivating the
endogenous regenerative capacity through paracrine mechanisms and deliver cells to the heart
are undergoing pre-clinical studies and clinical studies. Cell-free therapies have given
researchers a potential strategy for regenerating tissue endogenously, yet further studies are
required. Notably, most studies require further validation, safety confirmation for the method
of delivery, appropriate dosage and ideal duration of expression of the paracrine factors as
prolonged expression might lead to unwanted side effects. On the other hand, approaches
utilising cells and biomaterials have seen mixed results. Investigation of some cellular therapies
involving SMBs have ceased due to potential complications while other stem-cell based
therapies that is, MSCs, BMCs, CSCs, and iPSCs are all still being considered for their clinical
potential. However, the current limitation of cell-based therapies is their limited amount and
little differentiations to cardiomyocytes. More studies need to be done to elucidate their
paracrine mechanisms for cardiac repair and with a larger cohort. HiPSCs in particular, have
propelled cell-based therapy and CTE forward as an abundant source of previously lacking
cardiomyocytes. Furthermore, HiPSCs can be differentiated into functional cardiomyocytes
and be utilized to study patient-specific disease model but is cost-prohibitive. Furthermore,
1PSCs are less mature than adult cardiomyocytes and the optimum level of maturation still need
to be found. The major concerns of cell therapies are the patient’s immunological response,
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teratoma formation caused by pluripotent stem cells and arrhythmias. These concerns have
been somewhat addressed via numerous strategies such as patient-derived iPSC and
biomaterials to support regeneration of myocardium that have limited-to-no immune response.
However, with the cell-based and cell-free approaches, more studies need to be executed to
understand the long-term regenerative potential and their mechanism effects to improve cardiac
function and improve cardiac myocytes proliferation.

CTE has allowed the use of each component, that is, cell types, biomaterials, bioinks and
bioprinting as well as growth factors to recapitulate the microenvironment of the human heart.
Leading the ability to design and manufacture cardiovascular tissues that could improve CVD
patient outcome and quality of life. The tools and concepts currently studied and utilized in
CTE are beginning to transition from scientific research to clinical applications (Roche et al.,
2020a, Wang et al., 2020b, Birla and Williams, 2020, Theus et al., 2019). This is undoubtedly
due to the multi-disciplinary actions of biology and engineering that have yielded several
avenues to explore methods of cardiac regeneration using 3D printing. Bioprinting has emerged
as a technology that stands out, largely due to the incorporation of aspects from across the field
of CTE and the possibility of producing functional cardiac tissues with complex architecture
and reproducibility. Currently there are challenges to be answered before the promise of fully
functional bioprinted cardiac tissues can be realized. Tailor-made bioinks that uniquely suit the
cardiac environment are still some time away from recapitulating cardiac physiology in terms
of electrical signalling and physical properties specific to the cardiac niche. Furthermore,
engineered heart tissues currently in development need validation from large scale in vivo
studies to determine the best method of properly integrating with host vasculature after
transplantation. At present, both pre-vascularization and activation of endogenous
vascularization mechanisms have been promising. Contractility, both synchronicity and
magnitude, of bioprinted tissues is another hurdle that must be overcome before therapeutic
interventions like bioprinted cardiac patches can be readily available.

5. Conclusions

The future of cardiac engineering requires a more integrated approach to recapitulate the niche
environment of both the physiological myocardium and the pathophysiological. Unique and
complex bioinks that are tailored to providing these biochemical and structural intricacies and
highly specialized biofabrication technologies such as advanced 3D culturing platforms and
bioprinters capable of ultra-high resolutions while maintaining high cell viability and
populations are significant milestones for translating research to clinical practice and
supportive therapy to truly regenerative.

The 3D bioprinted cardiac tissue could replace in vitro 2D cultures model system and could be
used as disease modelling, drug and toxicity testing. Furthermore, bioprinted cardiac patch
have been studied in small animals and have shown that they have therapeutic regenerative
potential. However, the limitations of grafting 3D cardiac patches on small animals are poor
vascularization and not synchronous contractile activity. Omentum could be used to overcome
those challenges as well as support the engraftment of cardiac patches. However, further studies
need to be done before bioprinted cardiac tissues can be tested clinically on humans.

22



6. Acknowledgments

CG was supported by a University of Sydney Kick-Start Grant, CDIP Grant, Cardiothoracic
Surgery Research Grant, UTS Seed Funding and Catholic Archdiocese of Sydney Grant for
Adult Stem Cell Research. A particular thank to Dr Christopher D. Roche (The University of
Sydney/UTS) for the critical review provided.

7. References

AHMADI, F., OVEISI, Z., SAMANI S. M. & AMOOZGAR, Z. 2015. Chitosan based
hydrogels: characteristics and pharmaceutical applications. Research in
pharmaceutical sciences, 10, 1.

ALONZO, M., ANILKUMAR, S., ROMAN, B., TASNIM, N. & JODDAR, B. 2019. 3D
Bioprinting of cardiac tissue and cardiac stem cell therapy. Translational Research,
211, 64-83.

AMBROSY, A. P, FONAROW, G. C., BUTLER, J., CHIONCEL, O., GREENE, S. J.,
VADUGANATHAN, M., NODARI S., LAM, C. S., SATO, N. & SHAH, A. N. 2014.
The global health and economic burden of hospitalizations for heart failure: lessons
learned from hospitalized heart failure registries. Journal of the American College of
Cardiology, 63, 1123-1133.

BALINT, R., CASSIDY, N. J. & CARTMELL, S. H. 2014. Conductive polymers: Towards a
smart biomaterial for tissue engineering. Acta biomaterialia, 10,2341-2353.

BALL, O., NGUYEN, B. B., PLACONE, J. K. & FISHER, J. P. 2016. 3D Printed Vascular
Networks Enhance Viability in High-Volume Perfusion Bioreactor. Ann Biomed Eng,
44,3435-3445.

BALLARD, V. L. & EDELBERG, J. M. 2007. Stem cells and the regeneration of the aging
cardiovascular system. Circulation research, 100, 1116-1127.

BAUDIS, S., PULKA, T., STEYRER, B., WILHELM, H., WEIGEL, G., BERGMEISTER,
H., STAMPFL, J. & LISKA, R. 2010. 3D-printing of urethane-based photoelastomers
for vascular tissue regeneration. MRS Online Proc. Libr. Arch, 1239.

BEHFAR, A., CRESPO-DIAZ, R., TERZIC, A. & GERSH, B. J. 2014. Cell therapy for cardiac
repair--lessons from clinical trials. Nat Rev Cardiol, 11, 232-46.

BELTRAMI, A. P., BARLUCCHI, L., TORELLA, D., BAKER, M., LIMANA, F.,
CHIMENT]I, S., KASAHARA, H., ROTA, M., MUSSO, E. & URBANEK, K. 2003.
Adult cardiac stem cells are multipotent and support myocardial regeneration. Cell,
114, 763-776.

BERTASSONI, L. E., CECCONI, M., MANOHARAN, V., NIKKHAH, M., HHORTNAES,
J., CRISTINO, A. L., BARABASCHI, G., DEMARCHI, D., DOKMECI, M. R. &
YANG, Y. 2014. Hydrogel bioprinted microchannel networks for vascularization of
tissue engineering constructs. Lab on a Chip, 14, 2202-2211.

BIRKET, M. J. & MUMMERY, C. L. 2015. Pluripotent stem cell derived cardiovascular
progenitors—a developmental perspective. Developmental biology, 400, 169-179.

BIRLA, R. K. & WILLIAMS, S. K. 2020. 3D bioprinting and its potential impact on cardiac
failure treatment: An industry perspective. APL bioengineering, 4, 010903-010903.

BOLLI, R., CHUGH, A. R., D'AMARIO, D., LOUGHRAN, J. H., STODDARD, M. F.,
IKRAM, S., BEACHE, G. M., WAGNER, S. G., LERI, A., HOSODA, T., SANADA,
F., ELMORE, J. B., GOICHBERG, P., CAPPETTA, D., SOLANKHI, N. K,
FAHSAH, I., ROKOSH, D. G., SLAUGHTER, M. S., KAJSTURA, J. & ANVERSA,

23



P.2011. Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial
results of a randomised phase 1 trial. Lancet, 378, 1847-57.

BOLLINL S., SMART, N. & RILEY, P. R. 2011. Resident cardiac progenitor cells: at the heart
of regeneration. Journal of molecular and cellular cardiology, 50, 296-303.

BOUTEN, C., DANKERS, P., DRIESSEN-MOL, A., PEDRON, S., BRIZARD, A. &
BAAIJENS, F. 2011. Substrates for cardiovascular tissue engineering. Advanced drug
delivery reviews, 63, 221-241.

BRAAM, S. R., PASSIER, R. & MUMMERY, C. L. 2009. Cardiomyocytes from human
pluripotent stem cells in regenerative medicine and drug discovery. Trends in
pharmacological sciences, 30, 536-545.

BUI A. L., HORWICH, T. B. & FONAROW, G. C. 2011. Epidemiology and risk profile of
heart failure. Nature Reviews Cardiology, 8, 30.

BURCHFIELD,J. S. & DIMMELER, S. 2008. Role of paracrine factors in stem and progenitor
cell mediated cardiac repair and tissue fibrosis. Fibrogenesis & Tissue Repair, 1, 4.

CAMBRIA, E., PASQUALINI, F. S., WOLINT, P., GUNTER, J., STEIGER, J., BOPP, A.,
HOERSTRUP, S. P. & EMMERT, M. Y. 2017. Translational cardiac stem cell therapy:
advancing from first-generation to next-generation cell types. npj Regenerative
Medicine, 2, 17.

CASPIL O., LESMAN, A., BASEVITCH, Y., GEPSTEIN, A., ARBEL, G., HABIB, I. H. M.,
GEPSTEIN, L. & LEVENBERG, S. 2007. Tissue engineering of vascularized cardiac
muscle from human embryonic stem cells. Circulation research, 100, 263-272.

CHEN, Q., HARDING, S., ALI, N., JAWAD, H. & BOCCACCINI, A. 2007. Cardiac tissue
engineering. Tissue Engineering Using Ceramics and Polymers. Elsevier.

CITRO, L., NAIDU, S., HASSAN, F., KUPPUSAMY, M. L., KUPPUSAMY, P., ANGELOS,
M. G. & KHAN, M. 2014. Comparison of human induced pluripotent stem-cell derived
cardiomyocytes with human mesenchymal stem cells following acute myocardial
infarction. PLoS One, 9, €116281.

CUL H., MIAO, S., ESWORTHY, T., ZHOU, X., LEE, S.-J., LIU, C., YU, Z.-X., FISHER, J.
P., MOHIUDDIN, M. & ZHANG, L. G. 2018. 3D bioprinting for cardiovascular
regeneration and pharmacology. Advanced drug delivery reviews, 132, 252-269.

DANKOWSKI, R., BASZKO, A., SUTHERLAND, M., FIREK, L., KALMUCKI, P.,
WROBLEWSKA, K., SZYSZKA, A., GROOTHUIS, A. & SIMINIAK, T. 2014. 3D
heart model printing for preparation of percutaneous structural interventions:
description of the technology and case report. Kardiologia Polska (Polish Heart
Journal), 72, 546-551.

DAR, A., SHACHAR, M., LEOR, J. & COHEN, S. 2002. Optimization of cardiac cell seeding
and distribution in 3D porous alginate scaffolds. Biotechnology and bioengineering, 80,
305-312.

DAVENPORT HUYER, L., ZHANG, B., KOROLJ, A.,, MONTGOMERY, M., DRECUN, S.,
CONANT, G.,ZHAO, Y., REIS, L. & RADISIC, M. 2016. Highly elastic and moldable
polyester biomaterial for cardiac tissue engineering applications. ACS Biomaterials
Science & Engineering, 2, 780-788.

DEATON, C., FROELICHER, E. S., WU, L. H., HO, C., SHISHANI K. & JAARSMA, T.
2011. The global burden of -cardiovascular disease. European Journal of
Cardiovascular Nursing, 10, S5-S13.

DON, C. W. & MURRY, C. E. 2013. Improving survival and efficacy of pluripotent stem cell-
derived cardiac grafts. Journal of cellular and molecular medicine, 17, 1355-1362.

DOPPLER, S. A., DEUTSCH, M.-A., LANGE, R. & KRANE, M. 2013. Cardiac regeneration:
current therapies-future concepts. Journal of thoracic disease, 5, 683-697.

24



DUAN, B. 2017. State-of-the-art review of 3D bioprinting for cardiovascular tissue
engineering. Annals of biomedical engineering, 45, 195-209.

DUVAL, K., GROVER, H., HAN, L.-H., MOU, Y., PEGORARO, A. F., FREDBERG, J. &
CHEN, Z. 2017. Modeling physiological events in 2D vs. 3D cell culture. Physiology,
32,266-277.

EDER, A., VOLLERT, 1., HANSEN, A. & ESCHENHAGEN, T. 2016. Human engineered
heart tissue as a model system for drug testing. Advanced Drug Delivery Reviews, 96,
214-224.

EPPLER, S. M., COMBS, D. L., HENRY, T. D., LOPEZ, J. J., ELLIS, S. G, YL, J. H,,
ANNEX, B. H,, MCCLUSKEY, E. R. & ZIONCHECK, T. F. 2002. A target-mediated
model to describe the pharmacokinetics and hemodynamic effects of recombinant
human vascular endothelial growth factor in humans. Clin Pharmacol Ther, 72, 20-32.

ESCHENHAGEN, T., FINK, C., REMMERS, U., SCHOLZ, H., WATTCHOW, J., WEIL, J.,
ZIMMERMANN, W., DOHMEN, H. H., SCHAFER, H. & BISHOPRIC, N. 1997.
Three-dimensional reconstitution of embryonic cardiomyocytes in a collagen matrix: a
new heart muscle model system. The FASEB journal, 11, 683-694.

ESCHENHAGEN, T. & MUMMERY, C. 2014. Myocardial tissue engineering: in vitro
models. Cold Spring Harbor Perspectives in Medicine, 4.

ESSER, T. U., ROSHANBINFAR, K. & ENGEL, F. B. 2019. Promoting vascularization for
tissue engineering constructs: current strategies focusing on HIF-regulating scaffolds.
Expert opinion on biological therapy, 19, 105-118.

EVANS, M. J. & KAUFMAN, M. H. 1981. Establishment in culture of pluripotential cells
from mouse embryos. Nature, 292, 154-6.

FAGIANIL E. & CHRISTOFORI, G. 2013. Angiopoietins in angiogenesis. Cancer letters, 328,
18-26.

FERREIRA, J. P., KRAUS, S., MITCHELL, S., PEREL, P., PINEIRO, D., CHIONCEL, O.,
COLQUE, R., DE BOER, R., GOMEZ-MESA, J. E. & GRANCELLI, H. 2019. World
Heart Federation Roadmap for Heart Failure. Global heart, 14, 197.

FITZGERALD, K. A., MALHOTRA, M., CURTIN, C. M., O'BRIEN, F. J. & O'DRISCOLL,
C. M. 2015. Life in 3D is never flat: 3D models to optimise drug delivery. Journal of
controlled release, 215, 39-54.

GAO, R., ZHANG, J., CHENG, L., WU, X., DONG, W., YANG, X,, LI, T., LIU, X., XU, Y.,
LI, X. & ZHOU, M. 2010. A Phase II, Randomized, Double-Blind, Multicenter, Based
on Standard Therapy, Placebo-Controlled Study of the Efficacy and Safety of
Recombinant Human Neuregulin-1 in Patients With Chronic Heart Failure. Journal of
the American College of Cardiology, 55, 1907-1914.

GAVIRA, J. J.,, HERREROS, J., PEREZ, A., GARCIA-VELLOSO, M. J., BARBA, J.,
MARTIN-HERRERO, F., CANIZO, C., MARTIN-ARNAU, A., MARTI-CLIMENT,
J. M., HERNANDEZ, M., LOPEZ-HOLGADO, N., GONZALEZ-SANTOS, J. M.,
MARTIN-LUENGO, C., ALEGRIA, E. & PROSPER, F. 2006. Autologous skeletal
myoblast transplantation in patients with nonacute myocardial infarction: 1-year
follow-up. J Thorac Cardiovasc Surg, 131, 799-804.

GENTILE, C. 2016. Filling the gaps between the in vivo and in vitro microenvironment:
engineering of spheroids for stem cell technology. Current stem cell research &
therapy, 11, 652-665.

GERBIN, K. A. & MURRY, C. E. 2015. The winding road to regenerating the human heart.
Cardiovasc Pathol, 24, 133-40.

GILBERT, T. W. 2012. Strategies for tissue and organ decellularization. Journal of cellular
biochemistry, 113,2217-2222.

25



GIRAUD, M.-N., ARMBRUSTER, C., CARREL, T. & TEVAEARAI, H. T. 2007. Current
state of the art in myocardial tissue engineering. Tissue engineering, 13, 1825-1836.

GO, A. S., MOZAFFARIAN, D., ROGER, V. L., BENJAMIN, E. J., BERRY, J. D.,
BORDEN, W. B., BRAVATA, D. M., DAL S., FORD, E. S., FOX, C. S., FRANCO,
S., FULLERTON, H. J., GILLESPIE, C., HAILPERN, S. M., HEIT, J. A., HOWARD,
V. J., HUFFMAN, M. D., KISSELA, B. M., KITTNER, S. J., LACKLAND, D. T.,
LICHTMAN, J. H,, LISABETH, L. D., MAGID, D., MARCUS, G. M., MARELLI,
A., MATCHAR, D. B.,, MCGUIRE, D. K., MOHLER, E. R., MOY, C. S,
MUSSOLINO, M. E., NICHOL, G., PAYNTER, N. P., SCHREINER, P. J., SORLIE,
P.D., STEIN, J.,, TURAN, T. N, VIRANL S. S., WONG, N. D., WOO, D. & TURNER,
M. B. 2013. Heart disease and stroke statistics--2013 update: a report from the
American Heart Association. Circulation, 127, e6-¢245.

GOMZIKOVA, M. O. & RIZVANOV, A. A. 2017. Current Trends in Regenerative Medicine:
From Cell to Cell-Free Therapy. BioNanoScience, 7, 240-245.

GUNTER, J., WOLINT, P., BOPP, A., STEIGER, J., CAMBRIA, E., HOERSTRUP, S. P. &
EMMERT, M. Y. 2016. Microtissues in Cardiovascular Medicine: Regenerative
Potential Based on a 3D Microenvironment. Stem Cells International, 2016, 9098523.

GUYETTE, J. P., GILPIN, S. E., CHAREST, J. M., TAPIAS, L. F.,, REN, X. & OTT, H. C.
2014. Perfusion decellularization of whole organs. Nature protocols, 9, 1451-1468.

HANSEN, T., SALEH, S., FIGTREE, G. A. & GENTILE, C. 2019. The Role of Redox
Signalling in Cardiovascular Regeneration. /n: CHAKRABORTI S., DHALLA, N. S.,
GANGULY, N. K. & DIKSHIT, M. (eds.) Oxidative Stress in Heart Diseases.
Singapore: Springer Singapore.

HE,J. Q.,MA, Y., LEE, Y., THOMSON, J. A. & KAMP, T. J. 2003. Human embryonic stem
cells develop into multiple types of cardiac myocytes: action potential characterization.
Circ Res, 93, 32-9.

HEIDENREICH, P. A., TROGDON, J. G., KHAVIJOU, O. A., BUTLER, J., DRACUP, K.,
EZEKOWITZ, M. D., FINKELSTEIN, E. A., HONG, Y., JOHNSTON, S. C. &
KHERA, A. 2011. Forecasting the future of cardiovascular disease in the United States:
a policy statement from the American Heart Association. Circulation, 123, 933-944.

HENRY, T. D., ANNEX, B. H, MCKENDALL, G. R., AZRIN, M. A., LOPEZ, J. J,,
GIORDANO, F. J., SHAH, P., WILLERSON, J. T., BENZA, R. L. & BERMAN, D.
S. 2003. The VIVA trial: Vascular endothelial growth factor in Ischemia for Vascular
Angiogenesis. Circulation, 107, 1359-1365.

HIRT, M. N., SORENSEN, N. A., BARTHOLDT, L. M., BOEDDINGHAUS, J., SCHAAF,
S., EDER, A., VOLLERT, L, STOHR, A., SCHULZE, T. & WITTEN, A. 2012.
Increased afterload induces pathological cardiac hypertrophy: a new in vitro model.
Basic research in cardiology, 107, 307.

HIRT, M. N., WERNER, T., INDENBIRKEN, D., ALAWI, M., DEMIN, P., KUNZE, A.-C.,
STENZIG, J., STARBATTY, J., HANSEN, A., FIEDLER, J, THUM, T. &
ESCHENHAGEN, T. 2015. Deciphering the microRNA signature of pathological
cardiac hypertrophy by engineered heart tissue- and sequencing-technology. Journal of
Molecular and Cellular Cardiology, 81, 1-9.

HUYER, L. D., MONTGOMERY, M., ZHAO, Y., XIAO, Y., CONANT, G., KOROLJ, A. &
RADISIC, M. 2015. Biomaterial based cardiac tissue engineering and its applications.
Biomedical materials, 10, 034004,

JANG, J. 2017. 3D bioprinting and in vitro cardiovascular tissue modeling. Bioengineering, 4,
71.

JANG, J., PARK, H.-J., KIM, S.-W., KIM, H., PARK, J. Y., NA, S.J., KIM, H. J., PARK, M.
N., CHOIL S. H. & PARK, S. H. 2017. 3D printed complex tissue construct using stem

26



cell-laden decellularized extracellular matrix bioinks for cardiac repair. Biomaterials,
112,264-274.

JAWAD, H., ALI, N., LYON, A., CHEN, Q., HARDING, S. & BOCCACCINI, A. 2007.
Myocardial tissue engineering: a review. Journal of tissue engineering and
regenerative medicine, 1, 327-342.

JIA, W., GUNGOR-OZKERIM, P. S., ZHANG, Y. S., YUE, K., ZHU, K., LIU, W., P1, Q.,
BYAMBAA, B., DOKMECI, M. R. & SHIN, S. R. 2016. Direct 3D bioprinting of
perfusable vascular constructs using a blend bioink. Biomaterials, 106, 58-68.

JIANG, L., GENTILE, C., LAUTO, A., CUI, C., SONG, Y., ROMEO, T., SILVA, S. M.,
TANG, O., SHARMA, P. & FIGTREE, G. 2017. Versatile fabrication approach of
conductive hydrogels via copolymerization with vinyl monomers. ACS applied
materials & interfaces, 9, 44124-44133.

JIN, G., YANG, G. H. & KIM, G. 2015. Tissue engineering bioreactor systems for applying
physical and electrical stimulations to cells. Journal of Biomedical Materials Research
Part B: Applied Biomaterials, 103, 935-948.

JONSSON, M. K., VOS, M. A., MIRAMS, G. R., DUKER, G., SARTIPY, P., DE BOER, T.
P. & VAN VEEN, T. A. 2012. Application of human stem cell-derived cardiomyocytes
in safety pharmacology requires caution beyond hERG. J Mol Cell Cardiol, 52, 998-
1008.

JOSEPH, P., LEONG, D., MCKEE, M., ANAND, S. S., SCHWALM, J.-D., TEO, K.,
MENTE, A. & YUSUF, S. 2017. Reducing the global burden of cardiovascular disease,
part 1: the epidemiology and risk factors. Circulation research, 121, 677-694.

KAI, D., PRABHAKARAN, M. P., JIN, G. & RAMAKRISHNA, S. 2011. Guided orientation
of cardiomyocytes on electrospun aligned nanofibers for cardiac tissue engineering.
Journal of Biomedical Materials Research Part B: Applied Biomaterials, 98, 379-386.

KAJSTURA, J., ROTA, M., WHANG, B., CASCAPERA, S., HOSODA, T., BEARZI, C.,
NURZYNSKA, D., KASAHARA, H., ZIAS, E. & BONAFE, M. 2005. Bone marrow
cells differentiate in cardiac cell lineages after infarction independently of cell fusion.
Circulation research, 96, 127-137.

KAMAKURA, T., MAKIYAMA, T., SASAKI, K., YOSHIDA, Y., WURIYANGHAL Y.,
CHEN, J., HATTORI, T., OHNO, S., KITA, T., HORIE, M., YAMANAKA, S. &
KIMURA, T. 2013. Ultrastructural maturation of human-induced pluripotent stem cell-
derived cardiomyocytes in a long-term culture. Circ J, 77, 1307-14.

KANAZAWA, H., TSELIOU, E., MALLIARAS, K., YEE, K., DAWKINS, J. F., DE COUTO,
G., SMITH, R. R., KREKE, M., SEINFELD, J., MIDDLETON, R. C., GALLET, R.,
CHENG, K., LUTHRINGER, D., VALLE, 1., CHOWDHURY, S., FUKUDA, K.,
MAKKAR, R. R., MARBAN, L. & MARBAN, E. 2015. Cellular postconditioning:
allogeneic cardiosphere-derived cells reduce infarct size and attenuate microvascular
obstruction when administered after reperfusion in pigs with acute myocardial
infarction. Circ Heart Fail, 8, 322-32.

KATARE, R. G., ANDO, M., KAKINUMA, Y. & SATO, T. 2010. Engineered heart tissue: a
novel tool to study the ischemic changes of the heart in vitro. PloS one, 5, €9275-€9275.

KHARAZIHA, M., NIKKHAH, M., SHIN, S.-R., ANNABI, N., MASOUMI, N,
GAHARWAR, A. K., CAMCI-UNAL, G. & KHADEMHOSSEINI, A. 2013. PGS:
Gelatin nanofibrous scaffolds with tunable mechanical and structural properties for
engineering cardiac tissues. Biomaterials, 34, 6355-6366.

KOLESKY, D. B.,, HOMAN, K. A., SKYLAR-SCOTT, M. A. & LEWIS, J. A. 2016. Three-
dimensional bioprinting of thick vascularized tissues. Proceedings of the national
academy of sciences, 113,3179-3184.

27



KUSS, M. & DUAN, B. 2017. 3D bioprinting for cardiovascular tissue engineering. Rapid
Prototyping in Cardiac Disease. Springer.

LAFLAMME, M. A., CHEN, K. Y., NAUMOVA, A. V., MUSKHELLI, V., FUGATE, J. A.,
DUPRAS, S. K., REINECKE, H., XU, C., HASSANIPOUR, M. & POLICE, S. 2007.
Cardiomyocytes derived from human embryonic stem cells in pro-survival factors
enhance function of infarcted rat hearts. Nature biotechnology, 25, 1015-1024.

LAM, M. T. & WU, J. C. 2012. Biomaterial applications in cardiovascular tissue repair and
regeneration. Expert review of cardiovascular therapy, 10, 1039-1049.

LEE, J. S., ROMERO, R., HAN, Y. M., KIM, H. C., KIM, C. J., HONG, J. S. & HUH, D.
2016. Placenta-on-A-chip: A novel platform to study the biology of the human placenta.
Journal of Maternal-Fetal and Neonatal Medicine, 29, 1046--1054.

LEE, R. T. & WALSH, K. 2016. The future of cardiovascular regenerative medicine.
Circulation, 133, 2618-2625.

LEE, S., SERPOOSHAN, V., TONG, X., VENKATRAMAN, S., LEE, M., LEE, J,,
CHIRIKIAN, O., WU, J. C., WU, S. M. & YANG, F. 2017. Contractile force generation
by 3D hiPSC-derived cardiac tissues is enhanced by rapid establishment of cellular
interconnection in matrix with muscle-mimicking stiftness. Biomaterials, 131, 111-
120.

LEE, V. K., KIM, D. Y., NGO, H., LEE, Y., SEO, L., YOO, S.-S., VINCENT, P. A. & DAI,
G. 2014. Creating perfused functional vascular channels using 3D bio-printing
technology. Biomaterials, 35, 8092-8102.

LL S. C., WANG, L., JIANG, H., ACEVEDQO, J., CHANG, A. C. & LOUDON, W. G. 20009.
Stem cell engineering for treatment of heart diseases: potentials and challenges. Cell
biology international, 33, 255-267.

LIU, Z., WANG, H., WANG, Y., LIN, Q., YAO, A., CAO, F., LI, D., ZHOU, J., DUAN, C.
& DU, Z. 2012. The influence of chitosan hydrogel on stem cell engraftment, survival
and homing in the ischemic myocardial microenvironment. Biomaterials, 33, 3093-
3106.

LUL K. O., ZANGI, L. & CHIEN, K. R. 2014. Cardiovascular regenerative therapeutics via
synthetic paracrine factor modified mRNA. Stem cell research, 13, 693-704.

LUL K. O., ZANGI, L., SILVA, E. A., BU, L., SAHARA, M,, LI, R. A, MOONEY, D.J. &
CHIEN, K. R. 2013. Driving vascular endothelial cell fate of human multipotent Isl1+
heart progenitors with VEGF modified mRNA. Cell Research, 23, 1172-1186.

MAIULLARI, F., COSTANTINI, M., MILAN, M., PACE, V., CHIRIVI, M., MATULLARI,
S., RAINER, A., BACIL, D.,, MAREI, H. E.-S., SELIKTAR, D., GARGIOLI, C.,
BEARZI, C. & RIZZI, R. 2018. A multi-cellular 3D bioprinting approach for
vascularized heart tissue engineering based on HUVECs and iPSC-derived
cardiomyocytes. Scientific Reports, 8, 13532.

MAKKAR, R. R., SMITH, R. R., CHENG, K., MALLIARAS, K., THOMSON, L. E.,
BERMAN, D., CZER, L. S., MARBAN, L., MENDIZABAL, A., JOHNSTON, P. V.,
RUSSELL, S. D., SCHULERI K. H., LARDO, A. C., GERSTENBLITH, G. &
MARBAN, E. 2012. Intracoronary cardiosphere-derived cells for heart regeneration
after myocardial infarction (CADUCEUS): a prospective, randomised phase 1 trial.
Lancet, 379, 895-904.

MALLIARAS, K., MAKKAR, R. R., SMITH, R. R., CHENG, K., WU, E., BONOW, R. O.,
MARBAN, L., MENDIZABAL, A., CINGOLANI, E., JOHNSTON, P. V.,
GERSTENBLITH, G., SCHULERIL K. H., LARDO, A. C. & MARBAN, E. 2014.
Intracoronary cardiosphere-derived cells after myocardial infarction: evidence of
therapeutic regeneration in the final 1-year results of the CADUCEUS trial

28



(CArdiosphere-Derived aUtologous stem CElls to reverse ventricUlar dySfunction). J
Am Coll Cardiol, 63, 110-22.

MANUEL, D. G., TUNA, M., HENNESSY, D., BENNETT, C., OKHMATOVSKAIA, A.,
FINES, P., TANUSEPUTRO, P., TU, J. V., FLANAGAN, W. & TEAM, S. T.F. A. R.
2014. Projections of preventable risks for cardiovascular disease in Canada to 2021: a
microsimulation modelling approach. CMAJ open, 2, E94.

MASUDA, S. & SHIMIZU, T. 2016. Three-dimensional cardiac tissue fabrication based on
cell sheet technology. Advanced drug delivery reviews, 96, 103-109.

MATHUR, A., LOSKILL, P., SHAO, K., HUEBSCH, N., HONG, S., MARCUS, S. G.,
MARKS, N., MANDEGAR, M., CONKLIN, B. R. & LEE, L. P. 2015. Human iPSC-
based cardiac microphysiological system for drug screening applications. Scientific
reports, S, 8883.

MAWAD, D., MANSFIELD, C., LAUTO, A., PERBELLINI F., NELSON, G. W., TONKIN,
J., BELLO, S. O., CARRAD, D. J., MICOLICH, A. P. & MAHAT, M. M. 2016. A
conducting polymer with enhanced electronic stability applied in cardiac models.
Science advances, 2,¢1601007.

MAZO, M., HERNANDEZ, S., GAVIRA, J. J., ABIZANDA, G., ARANA, M., LOPEZ-
MARTINEZ, T., MORENO, C., MERINO, J., MARTINO-RODRIGUEZ, A.,
UIXEIRA, A., GARCIA DE JALON, J. A., PASTRANA, J., MARTINEZ-CARO, D.
& PROSPER, F. 2012. Treatment of reperfused ischemia with adipose-derived stem
cells in a preclinical Swine model of myocardial infarction. Cell Transplant, 21, 2723-
33.

MEHROTRA, S., MOSES, J. C., BANDYOPADHYAY, A. & MANDAL, B. B. 2019. 3D
printing/bioprinting based tailoring of in vitro tissue models: Recent advances and
challenges. ACS Applied Bio Materials, 2, 1385-1405.

MENASCHE, P. 2011. Cardiac cell therapy: lessons from clinical trials. Journal of molecular
and cellular cardiology, 50, 258-265.

MENASCHE, P., HAGEGE, A. A., SCORSIN, M., POUZET, B., DESNOS, M., DUBOC, D.,
SCHWARTZ, K., VILQUIN, J. T. & MAROLLEAU, J. P. 2001. Myoblast
transplantation for heart failure. Lancet, 357, 279-80.

NAITO, H., MELNYCHENKO, 1., DIDIE, M., SCHNEIDERBANGER, K., SCHUBERT, P.,
ROSENKRANZ, S., ESCHENHAGEN, T. & ZIMMERMANN, W. H. 2006.
Optimizing engineered heart tissue for therapeutic applications as surrogate heart
muscle. Circulation, 114, 172-8.

NASSERIL B. A., EBELL, W., DANDEL, M., KUKUCKA, M., GEBKER, R., DOLTRA, A.,
KNOSALLA, C., CHOIL, Y. H.,, HETZER, R. & STAMM, C. 2014. Autologous
CD133+ bone marrow cells and bypass grafting for regeneration of ischaemic
myocardium: the Cardio133 trial. Eur Heart J, 35, 1263-74.

NOOR, N., SHAPIRA, A., EDRL R., GAL, I., WERTHEIM, L. & DVIR, T. 2019. 3D printing
of personalized thick and perfusable cardiac patches and hearts. Advanced Science, 6,
1900344.

NOROTTE, C., MARGA, F. S., NIKLASON, L. E. & FORGACS, G. 2009. Scaffold-free
vascular tissue engineering using bioprinting. Biomaterials, 30, 5910-7.

NOSEDA, M., PETERKIN, T., SIMOES, F. C., PATIENT, R. & SCHNEIDER, M. D. 2011.
Cardiopoietic factors: extracellular signals for cardiac lineage commitment. Circulation
research, 108, 129-152.

NOVAKOVIC, G. V., ESCHENHAGEN, T. & MUMMERY, C. 2014. Myocardial tissue
engineering: in vitro models. Cold Spring Harbor perspectives in medicine, 4, a014076.

NUSSBAUM, J., MINAML E., LAFLAMME, M. A, VIRAG, J. A., WARE, C. B., MASINO,
A., MUSKHELI, V., PABON, L., REINECKE, H. & MURRY, C. E. 2007.

29



Transplantation of undifferentiated murine embryonic stem cells in the heart: teratoma
formation and immune response. Faseb j, 21, 1345-57.

OH, H., ITO, H. & SANO, S. 2016. Challenges to success in heart failure: cardiac cell therapies
in patients with heart diseases. Journal of cardiology, 68, 361-367.

ONG, C. S., FUKUNISHI, T., ZHANG, H., HUANG, C. Y., NASHED, A., BLAZESKI, A.,
DISILVESTRE, D., VRICELLA, L., CONTE, J., TUNG, L., TOMASELLI G. F. &
HIBINO, N. 2017. Biomaterial-Free Three-Dimensional Bioprinting of Cardiac Tissue
using Human Induced Pluripotent Stem Cell Derived Cardiomyocytes. Scientific
Reports, 7, 4566.

ORLIC, D., KAJSTURA, J., CHIMENTI, S., JAKONIUK, I., ANDERSON, S. M., LI, B.,
PICKEL, J., MCKAY, R., NADAL-GINARD, B., BODINE, D. M., LERI, A. &
ANVERSA, P. 2001. Bone marrow cells regenerate infarcted myocardium. Nature,
410, 701-5.

OTT, H. C., MATTHIESEN, T. S., GOH, S.-K., BLACK, L. D., KREN, S. M., NETOFF, T.
I. & TAYLOR, D. A. 2008. Perfusion-decellularized matrix: using nature's platform to
engineer a bioartificial heart. Nature medicine, 14, 213-221.

PAEZ-MAYORGA, J., HERNANDEZ-VARGAS, G., RUIZ-ESPARZA, G. U., IQBAL, H.
M., WANG, X., ZHANG, Y. S., PARRA-SALDIVAR, R. & KHADEMHOSSEINI,
A. 2019. Bioreactors for cardiac tissue engineering. Advanced healthcare materials, 8,
1701504.

PALOMERAS SOLER, E. & CASADO RUIZ, V. 2010. Epidemiology and risk factors of
cerebral ischemia and ischemic heart diseases: similarities and differences. Current
cardiology reviews, 6, 138-149.

PARK, H., RADISIC, M., LIM, J. O., CHANG, B. H. & VUNJAK-NOVAKOVIC, G. 2005.
A novel composite scaffold for cardiac tissue engineering. In Vitro Cellular &
Developmental Biology-Animal, 41, 188-196.

POLONCHUK, L., CHABRIA, M., BADI, L., HOFLACK, J.-C., FIGTREE, G., DAVIES, M.
J. & GENTILE, C. 2017. Cardiac spheroids as promising in vitro models to study the
human heart microenvironment. Scientific reports, 7, 1-12.

QASIM, M., HAQ, F., KANG, M.-H. & KIM, J.-H. 2019. 3D printing approaches for cardiac
tissue engineering and role of immune modulation in tissue regeneration. /nternational
journal of nanomedicine, 14, 1311-1333.

QIAN, L., HUANG, Y., SPENCER, C. I, FOLEY, A.,, VEDANTHAM, V., LIU, L.,
CONWAY, S. J, FU, J.-D. & SRIVASTAVA, D. 2012. In vivo reprogramming of
murine cardiac fibroblasts into induced cardiomyocytes. Nature, 485, 593-598.

RAIL, R., TALLAWI, M., BARBANI, N., FRATI, C., MADEDDU, D., CAVALLI, S.,
GRAIANI, G., QUAINI, F., ROETHER, J. A. & SCHUBERT, D. W. 2013.
Biomimetic poly (glycerol sebacate)(PGS) membranes for cardiac patch application.
Materials Science and Engineering: C, 33, 3677-3687.

RAIK, S., KUMAR, A. & BHATTACHARYYA, S. 2018. Insights into cell-free therapeutic
approach: Role of stem cell “soup-ernatant”. Biotechnology and Applied Biochemistry,
65, 104-118.

RAVICHANDRAN, R., VENUGOPAL, J. R., SUNDARRAIJAN, S., MUKHERIJEE, S. &
RAMAKRISHNA, S. 2011. Poly (glycerol sebacate)/gelatin core/shell fibrous
structure for regeneration of myocardial infarction. Tissue Engineering Part A, 17,
1363-1373.

RAVICHANDRAN, R., VENUGOPAL, J. R., SUNDARRAJAN, S., MUKHERIJEE, S.,
SRIDHAR, R. & RAMAKRISHNA, S. 2013. Expression of cardiac proteins in
neonatal cardiomyocytes on PGS/fibrinogen core/shell substrate for Cardiac tissue
engineering. International journal of cardiology, 167, 1461-1468.

30



RIEGLER, J., TIBURCY, M., EBERT, A., TZATZALOS, E., RAAZ, U., ABILEZ, O. ],
SHEN, Q., KOOREMAN, N. G., NEOFYTOU, E. & CHEN, V. C. 2015. Human
engineered heart muscles engraft and survive long term in a rodent myocardial
infarction model. Circulation research, 117, 720-730.

ROCHE, C., SHARMA, P., ASHTON, A., JACKSON, C., XUE, M. & GENTILE, C. 2021.
Printability, durability, contractility and vascular network formation in 3D bioprinted
cardiac endothelial cells using alginate-gelatin hydrogels. Frontiers in Bioengineering
and Biotechnology.

ROCHE, C. D., BRERETON, R. J., ASHTON, A. W., JACKSON, C. & GENTILE, C. 2020a.
Current challenges in three-dimensional bioprinting heart tissues for cardiac surgery.
European Journal of Cardio-Thoracic Surgery.

ROCHE, C. D., BRERETON, R. J. L., ASHTON, A. W., JACKSON, C. & GENTILE, C.
2020b. Current challenges in three-dimensional bioprinting heart tissues for cardiac
surgery. European Journal of Cardio-Thoracic Surgery.

ROCHE, C. D. & GENTILE, C. 2020a. Transplantation of a 3D Bioprinted Patch in a Murine
Model of Myocardial Infarction. J Vis Exp.

ROCHE, C. D. & GENTILE, C. 2020b. Transplantation of a 3D Bioprinted Patch in a Murine
Model of Myocardial Infarction. Journal of visualized experiments: JoVE.

ROSSINIL A., FRATI, C., LAGRASTA, C., GRAIANI, G., SCOPECE, A., CAVALLL S.,
MUSSO, E., BACCARIN, M., DI SEGNI, M., FAGNONI, F., GERMANI, A.,
QUAINL E., MAYR, M., XU, Q., BARBUTI, A., DIFRANCESCO, D., POMPILIO,
G., QUAINIL F., GAETANO, C. & CAPOGROSSI, M. C. 2011. Human cardiac and
bone marrow stromal cells exhibit distinctive properties related to their origin.
Cardiovasc Res, 89, 650-60.

ROTH, G. A., JOHNSON, C., ABAJOBIR, A., ABD-ALLAH, F., ABERA, S. F., ABYU, G,,
AHMED, M., AKSUT, B., ALAM, T. & ALAM, K. 2017. Global, regional, and
national burden of cardiovascular diseases for 10 causes, 1990 to 2015. Journal of the
American College of Cardiology, 70, 1-25.

RYAN, A.J., BROUGHAM, C. M., GARCIARENA, C. D., KERRIGAN, S. W. & O’BRIEN,
F. J. 2016. Towards 3D in vitro models for the study of cardiovascular tissues and
disease. Drug discovery today, 21, 1437-1445.

SAKAGUCH]I, K., SHIMIZU, T., HORAGUCH]I, S., SEKINE, H., YAMATO, M., UMEZU,
M. & OKANO, T. 2013. In vitro engineering of vascularized tissue surrogates.
Scientific reports, 3, 1316.

SALES, V. L., ENGELMAYR JR, G. C., JOHNSON JR, J. A., GAO, J., WANG, Y., SACKS,
M. S. & MAYER JR, J. E. 2007. Protein precoating of elastomeric tissue-engineering
scaffolds increased cellularity, enhanced extracellular matrix protein production, and
differentially regulated the phenotypes of circulating endothelial progenitor cells.
Circulation, 116, 1-55-1-63.

SAPIR, Y., KRYUKOV, O. & COHEN, S. 2011. Integration of multiple cell-matrix
interactions into alginate scaffolds for promoting cardiac tissue regeneration.
Biomaterials, 32, 1838-1847.

SCHACHINGER, V., ASSMUS, B., BRITTEN, M. B., HONOLD, J., LEHMANN, R.,
TEUPE, C., ABOLMAALIL N. D., VOGL, T. J., HOFMANN, W. K., MARTIN, H.,
DIMMELER, S. & ZEIHER, A. M. 2004. Transplantation of progenitor cells and
regeneration enhancement in acute myocardial infarction: final one-year results of the
TOPCARE-AMI Trial. J Am Coll Cardiol, 44, 1690-9.

SCHULERI, K. H., FEIGENBAUM, G. S., CENTOLA, M., WEISS, E. S., ZIMMET, J. M.,
TURNEY, J., KELLNER, J., ZVIMAN, M. M., HATZISTERGOS, K. E., DETRICK,
B., CONTE, J. V., MCNIECE, 1., STEENBERGEN, C., LARDO, A. C. & HARE, J.

31



M. 2009. Autologous mesenchymal stem cells produce reverse remodelling in chronic
ischaemic cardiomyopathy. Eur Heart J, 30, 2722-32.

SEGERS, V. F. & LEE, R. T. 2008. Stem-cell therapy for cardiac disease. Nature, 451, 937-
42.

SEKINE, H., SHIMIZU, T., HOBO, K., SEKIYA, S., YANG, J., YAMATO, M.,
KUROSAWA, H., KOBAYASHI, E. & OKANO, T. 2008. Endothelial cell coculture
within tissue-engineered cardiomyocyte sheets enhances neovascularization and
improves cardiac function of ischemic hearts. Circulation, 118, S145-S152.

SEKIYA, S., SHIMIZU, T., YAMATO, M., KIKUCHI, A. & OKANO, T. 2006.
Bioengineered cardiac cell sheet grafts have intrinsic angiogenic potential. Biochemical
and biophysical research communications, 341, 573-582.

SERPOOSHAN, V., MAHMOUDI, M., HU, D. A., HU, J. B. & WU, S. M. 2017.
Bioengineering cardiac constructs using 3D printing. Journal of 3D printing in
medicine, 1, 123-139.

SERPOOSHAN, V., ZHAO, M., METZLER, S. A., WEI, K., SHAH, P. B.,, WANG, A,
MAHMOUDI, M., MALKOVSKIY, A. V., RAJADAS, J. & BUTTE, M. J. 2013. The
effect of bioengineered acellular collagen patch on cardiac remodeling and ventricular
function post myocardial infarction. Biomaterials, 34, 9048-9055.

SHAPIRA, A., FEINER, R. & DVIR, T. 2016. Composite biomaterial scaffolds for cardiac
tissue engineering. International Materials Reviews, 61, 1-19.

SHARMA, P. & GENTILE, C. 2021. Cardiac Spheroids as in vitro Bioengineered Heart
Tissues to Study Human Heart Pathophysiology. Journal of Visualized Experiments.

SHARMA, P., WANG, X., LIU CHUNG MING, C., VETTORI, L., FIGTREE, G., BOYLE,
A. & GENTILE, C. 2021. Considerations for the Bioengineering of Advanced Cardiac
In Vitro Models of Myocardial Infarction. Small.

SMITH, L. J., LI, P., HOLLAND, M. R. & EKSER, B. 2018. FABRICA: A Bioreactor
Platform for Printing, Perfusing, Observing, & Stimulating 3D Tissues. Scientific
Reports, 8, 7561.

SONG, S. Y., KIM, H,, YOO, J., KWON, S. P., PARK, B. W,, KIM, J.-J., BAN, K., CHAR,
K., PARK, H.-J. & KIM, B.-S. 2020. Prevascularized, multiple-layered cell sheets of
direct cardiac reprogrammed cells for cardiac repair. Biomaterials Science, 8, 4508-
4520.

SPEARMAN, B. S., HODGE, A. J., PORTER, J. L., HARDY, J. G., DAVIS, Z. D., XU, T.,
ZHANG, X., SCHMIDT, C. E., HAMILTON, M. C. & LIPKE, E. A. 2015. Conductive
interpenetrating networks of polypyrrole and polycaprolactone encourage
electrophysiological development of cardiac cells. Acta biomaterialia, 28, 109-120.

STELLA, J. A., LIAO, J., HONG, Y., MERRYMAN, W. D., WAGNER, W. R. & SACKS,
M. S. 2008. Tissue-to-cellular level deformation coupling in cell micro-integrated
elastomeric scaffolds. Biomaterials, 29, 3228-3236.

STEVENS, L. A., VISWANATHAN, G. & WEINER, D. E. 2010. Chronic kidney disease and
end-stage renal disease in the elderly population: current prevalence, future projections,
and clinical significance. Advances in chronic kidney disease, 17, 293-301.

STEWART, D. J., KUTRYK, M. J., FITCHETT, D., FREEMAN, M., CAMACK, N.,SU, Y.,
DELLA SIEGA, A., BILODEAU, L., BURTON, J. R. & PROULX, G. 2009. VEGF
gene therapy fails to improve perfusion of ischemic myocardium in patients with
advanced coronary disease: results of the NORTHERN trial. Molecular Therapy, 17,
1109-1115.

STOEHR, A., HIRT, M. N., HANSEN, A., SEIFFERT, M., CONRADI, L., UEBELER, J.,
LIMBOURG, F. P. & ESCHENHAGEN, T. 2016. Spontaneous formation of extensive

32



vessel-like structures in murine engineered heart tissue. Tissue engineering Part A, 22,
326-335.

STOKER, M. E., GERDES, A. M. & MAY, J. F. 1982. Regional differences in capillary
density and myocyte size in the normal human heart. The Anatomical Record, 202, 187-
191.

TAKAHASHI, K., TANABE, K., OHNUKI, M., NARITA, M., ICHISAKA, T., TOMODA,
K. & YAMANAKA, S. 2007. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell, 131, 861-72.

TAKAHASHI, K. & YAMANAKA, S. 2006. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell, 126, 663-76.

TAKEDA, M., MIYAGAWA, S., FUKUSHIMA, S., SAITO, A., ITO, E., HARADA, A.,
MATSUURA, R., ISEOKA, H., SOUGAWA, N. & MOCHIZUKI-ODA, N. 2018.
Development of in vitro drug-induced cardiotoxicity assay by using three-dimensional
cardiac tissues derived from human induced pluripotent stem cells. Tissue Engineering
Part C: Methods, 24, 56-67.

TENDERA, M., WOJAKOWSKI, W., RUZYLLO, W., CHOINOWSKA, L., KEPKA, C.,
TRACZ, W., MUSIALEK, P., PIWOWARSKA, W., NESSLER, J., BUSZMAN, P.,
GRAJEK, S., BREBOROWICZ, P., MAJKA, M. & RATAJCZAK, M. Z. 2009.
Intracoronary infusion of bone marrow-derived selected CD34+CXCR4+ cells and
non-selected mononuclear cells in patients with acute STEMI and reduced left
ventricular ejection fraction: results of randomized, multicentre Myocardial
Regeneration by Intracoronary Infusion of Selected Population of Stem Cells in Acute
Myocardial Infarction (REGENT) Trial. Eur Heart J, 30, 1313-21.

THEUS, A. S., TOMOV, M. L., CETNAR, A., LIMA, B., NISH, J., MCCOY, K.,
MAHMOUDI, M. & SERPOOSHAN, V. 2019. Biomaterial approaches for
cardiovascular tissue engineering. Emergent Materials, 1-15.

THOMAS, H., DIAMOND, J., VIECO, A., CHAUDHURLI, S., SHINNAR, E., CROMER, S.,
PEREL, P., MENSAH, G. A., NARULA, J. & JOHNSON, C. O. 2018. Global Atlas of
Cardiovascular Disease. Global heart, 13.

THOMSON, J. A., ITSKOVITZ-ELDOR, J., SHAPIRO, S. S., WAKNITZ, M. A,
SWIERGIEL, J. J., MARSHALL, V. S. & JONES, J. M. 1998. Embryonic stem cell
lines derived from human blastocysts. Science, 282, 1145-7.

TIBURCY, M., HUDSON, J. E., BALFANZ, P., SCHLICK, S., MEYER, T., CHANG LIAO,
M.-L., LEVENT, E., RAAD, F., ZEIDLER, S. & WINGENDER, E. 2017. Defined
engineered human myocardium with advanced maturation for applications in heart
failure modeling and repair. Circulation, 135, 1832-1847.

TIJORE, A., IRVINE, S. A., SARIG, U.,, MHAISALKAR, P., BAISANE, V. &
VENKATRAMAN, S. 2018. Contact guidance for cardiac tissue engineering using 3D
bioprinted gelatin patterned hydrogel. Biofabrication, 10, 025003.

VALINA, C., PINKERNELL, K., SONG, Y. H., BAIL X., SADAT, S., CAMPEAU, R. J., LE
JEMTEL, T. H. & ALT, E. 2007. Intracoronary administration of autologous adipose
tissue-derived stem cells improves left ventricular function, perfusion, and remodelling
after acute myocardial infarction. Eur Heart J, 28, 2667-77.

VAN VLIET, P., ROCCIO, M., SMITS, A. M., VAN OORSCHOT, A. A.,, METZ, C. H., VAN
VEEN, T. A., SLUIUTER, J. P., DOEVENDANS, P. A. & GOUMANS, M. J. 2008.
Progenitor cells isolated from the human heart: a potential cell source for regenerative
therapy. Neth Heart J, 16, 163-9.

VETTORI, L., SHARMA, S., RNJAK-KOVACINA, J. & GENTILE, C. 2020. 3D Bioprinting
of Cardiovascular Tissues for In Vivo and In Vitro Applications Using Hybrid

33



Hydrogels Containing Silk Fibroin: State of the Art and Challenges. Curr. Tissue
Microenviron. Rep., 1,261-276.

VISCONTI, R. P., KASYANOV, V., GENTILE, C., ZHANG, J., MARKWALD, R. R. &
MIRONOV, V. 2010. Towards organ printing: engineering an intra-organ branched
vascular tree. Expert opinion on biological therapy, 10, 409-420.

VISONE, R., TALO, G., LOPA, S., RASPONI, M. & MORETTI, M. 2018. Enhancing all-in-
one bioreactors by combining interstitial perfusion, electrical stimulation, on-line
monitoring and testing within a single chamber for cardiac constructs. Scientific
Reports, 8, 16944.

VUNJAK NOVAKOVIC, G., ESCHENHAGEN, T. & MUMMERY, C. 2014. Myocardial
tissue engineering: in vitro models. Cold Spring Harbor perspectives in medicine, 4,
a01407e6.

WANG, H., NAGHAVI, M., ALLEN, C., BARBER, R. M., BHUTTA, Z. A., CARTER, A.,
CASEY, D. C., CHARLSON, F. J., CHEN, A. Z. & COATES, M. M. 2016. Global,
regional, and national life expectancy, all-cause mortality, and cause-specific mortality
for 249 causes of death, 1980-2015: a systematic analysis for the Global Burden of
Disease Study 2015. The lancet, 388, 1459-1544.

WANG, H., ROCHE, C. D. & GENTILE, C. 2020a. Omentum support for cardiac regeneration
in ischaemic cardiomyopathy models: a systematic scoping review. European Journal
of Cardio-Thoracic Surgery.

WANG, H., ROCHE, C. D. & GENTILE, C. 2020b. Omentum support for cardiac regeneration
in ischaemic cardiomyopathy models: a systematic scoping review. Eur J Cardiothorac
Surg, 58, 1118-1129.

WANG, Y. & HILL, J. A. 2010. Electrophysiological remodeling in heart failure. Journal of
molecular and cellular cardiology, 48, 619-632.

WANG, Z., LEE, S. J.,, CHENG, H.-J.,, YOO, J. J. & ATALA, A. 2018. 3D bioprinted
functional and contractile cardiac tissue constructs. Acta biomaterialia, 70, 48-56.

WITMAN, N., ZHOU, C., BEVERBORG, N. G., SAHARA, M. & CHIEN, K. R. Cardiac
progenitors and paracrine mediators in cardiogenesis and heart regeneration. Seminars
in Cell & Developmental Biology, 2020. Elsevier, 29-51.

XU, T., BAICU, C.,, AHO, M., ZILE, M. & BOLAND, T. 2009. Fabrication and
characterization of bio-engineered cardiac pseudo tissues. Biofabrication, 1, 035001.

YAN, B. & SINGLA, D. K. 2013. Transplanted induced pluripotent stem cells mitigate
oxidative stress and improve cardiac function through the Akt cell survival pathway in
diabetic cardiomyopathy. Mol Pharm, 10, 3425-32.

YANAMANDALA, M., ZHU, W., GARRY, D. J., KAMP, T. J., HARE, J. M., JUN, H.-W.,
YOON, Y.-S., BURSAC, N., PRABHU, S. D. & DORN, G. W. 2017. Overcoming the
roadblocks to cardiac cell therapy using tissue engineering. Journal of the American
College of Cardiology, 70, 766-775.

YANG, X., PABON, L. & MURRY, C. E. 2014. Engineering adolescence: maturation of
human pluripotent stem cell-derived cardiomyocytes. Circulation research, 114, 511-
523.

YE, L., CHANG, Y. H., XIONG, Q., ZHANG, P., ZHANG, L., SOMASUNDARAM, P.,
LEPLEY, M., SWINGEN, C., SU, L., WENDEL, J. S.,, GUO, J., JANG, A,
ROSENBUSH, D., GREDER, L., DUTTON, J. R., ZHANG, J., KAMP, T. J,
KAUFMAN, D. S., GE, Y. & ZHANG, J. 2014. Cardiac repair in a porcine model of
acute myocardial infarction with human induced pluripotent stem cell-derived
cardiovascular cells. Cell Stem Cell, 15, 750-61.

YEUNG, E., FUKUNISHI, T., BAL, Y., BEDJA, D., PITAKTONG, 1., MATTSON, G.,
JEYARAM, A., LUI C., ONG, C. S. & INOUE, T. 2019. Cardiac regeneration using

34



human-induced pluripotent stem cell-derived biomaterial-free 3D-bioprinted cardiac
patch in vivo. Journal of tissue engineering and regenerative medicine, 13,2031-2039.

ZHANG, J., WILSON, G. F., SOERENS, A. G., KOONCE, C. H,, YU, J., PALECEK, S. P.,
THOMSON, J. A. & KAMP, T. J. 2009. Functional cardiomyocytes derived from
human induced pluripotent stem cells. Circ Res, 104, e30-41.

ZHANG, M., METHOT, D., POPPA, V., FUJIO, Y., WALSH, K. & MURRY, C. E. 2001.
Cardiomyocyte grafting for cardiac repair: graft cell death and anti-death strategies.
Journal of molecular and cellular cardiology, 33, 907-921.

ZHANG, Y. S., ARNERI, A., BERSINI, S., SHIN, S.-R., ZHU, K., GOLI-MALEKABADI,
Z.,ALEMAN, J., COLOSI, C., BUSIGNANI, F. & DELL'ERBA, V. 2016. Bioprinting
3D microfibrous scaffolds for engineering endothelialized myocardium and heart-on-
a-chip. Biomaterials, 110, 45-59.

ZHANG, Y. S., YUE, K., ALEMAN, J., MOLLAZADEH-MOGHADDAM, K., BAKHT, S.
M., YANG, J., JIA, W., DELL’ERBA, V., ASSAWES, P. & SHIN, S. R. 2017. 3D
bioprinting for tissue and organ fabrication. Annals of biomedical engineering, 45, 148-
163.

ZHAO, F., SHI, Y., PAN, L. & YU, G. 2017. Multifunctional nanostructured conductive
polymer gels: synthesis, properties, and applications. Accounts of Chemical Research,
50, 1734-1743.

ZIAEIAN, B. & FONAROW, G. C. 2016. Epidemiology and aetiology of heart failure. Nature
Reviews Cardiology, 13, 368-378.

ZIMMERMANN, W.-H. & ESCHENHAGEN, T. 2003. Cardiac tissue engineering for
replacement therapy. Heart failure reviews, 8,259-269.

ZIMMERMANN, W.-H., MELNYCHENKO, I, WASMEIER, G., DIDIE, M., NAITO, H.,
NIXDOREFF, U., HESS, A., BUDINSKY, L., BRUNE, K. & MICHAELIS, B. 2006.
Engineered heart tissue grafts improve systolic and diastolic function in infarcted rat
hearts. Nature medicine, 12, 452-458.

ZUPPINGER, C. 2016. 3D culture for cardiac cells. Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research, 1863, 1873-1881.

35



	1. Abstract
	2. Introduction
	3. Molecular, Cellular and Extracellular Approaches to Promote Cardiovascular Regeneration in Humans
	3.1 – Cell-Free Approaches
	3.2 - Cell-Based Approaches
	3.2.1 - Skeletal Myoblasts (SMs)
	3.2.2 - Bone Marrow-Derived Cells (BMCs)
	3.2.3 - Mesenchymal Stem Cells (MSCs)
	3.2.4 - Cardiac Stem Cells (CSCs)
	3.2.5 - Embryonic Stem Cells (ESCs)
	3.2.6 - Induced Pluripotent Stem Cells (iPSCs)

	3.3 – 2D vs 3D Cultures
	3.4. – Biomaterials for Cardiovascular Tissue Engineering: Polymers, Scaffolds & Hydrogels
	3.4.1 – Natural Biomaterials
	3.4.2 Synthetic Biomaterials
	3.4.3 – Hybrid Biomaterials

	3.5 – The Vascularization Problem
	3.6 – 3D Bioprinting of Heart Tissues
	3.6.1 – in vitro testing of 3D bioprinted cardiac tissues
	3.6.2. – in vivo testing of 3D bioprinted cardiac tissues


	4. Discussion
	5. Conclusions
	6. Acknowledgments
	7. References

