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ABSTRACT

Stem cell-laden three-dimensional (3D) bioprinted cardiac patches offer an alternative and promising therapeutic and regenerative approach for
ischemic cardiomyopathy by reversing scar formation and promoting myocardial regeneration. Numerous studies have reported using either mul-
tipotent or pluripotent stem cells or their combination for 3D bioprinting of a cardiac patch with the sole aim of restoring cardiac function by
faithfully rejuvenating the cardiomyocytes and associated vasculatures that are lost to myocardial infarction. While many studies have demon-
strated success in mimicking cardiomyocytes’ behavior, improving cardiac function and providing new hope for regenerating heart post-
myocardial infarction, some others have reported contradicting data in apparent ways. Nonetheless, all investigators in the field are speed racing
toward determining a potential strategy to effectively treat losses due to myocardial infarction. This review discusses various types of candidate
stem cells that possess cardiac regenerative potential, elucidating their applications and limitations. We also brief the challenges of and an update
on the implementation of the state-of-the-art 3D bioprinting approach to fabricate cardiac patches and highlight different strategies to implement
vascularization and augment cardiac functional properties with respect to electrophysiological similarities to native tissue.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0030353

I. INTRODUCTION

Cardiovascular diseases (CVDs), which are well recognized as a
non-communicable killer disease, account for 32% of the global deaths
and comprise a broad terminology, assigned for a set of pathologies
that affect the heart.”” Myocardial infarction (MI), generally recog-
nized as a “heart attack,” occurs due to partial or complete obstruction
of one of the coronary arteries, which irrevocably decreases or stops

number of patients and extremely expensive treatment, MI represents
a significant monetary burden to the healthcare systems." The limita-
tion in treatments is due to the previously prevailing viewpoint of the
heart being terminally differentiated and incapable of regeneration
endogenously in the post-natal life.”* However, it is now understood
that the heart has the very restricted ability to regenerate cardiomyo-
cytes by itself (approximately 1% of cardiomyocytes turnover per year

blood supply to the heart and causes necrosis of the cardiac tissue.’
Billions of cells, reaching up to 25% of the total left ventricular mass,
are lost within few hours post-ML'" Eventually, scar tissue is formed in
the injured or necrotic cardiac muscle, which is incapable of conduct-
ing electrical or mechanical stimuli and leads to abnormal contractility
of the heart." Approximately 25% of MI patients tend to have left
ventricular dysfunction (LVD) and continue to be at a high risk of
progressive heart remodeling.” In addition, 36% of MI survivors are
expected to develop the risk of heart failure.” With an increasing

in adulthood).” With documented findings, it has been reported that
at the age of 20, the cardiomyocytes’ renewal rate reaches 1%, and at
the age of 70, it reduces to 0.4% per year.'

Existing pharmacological approaches with drugs (e.g., f-blockers,
thrombolytic agents, angiotensin-converting enzyme inhibitors,
neprilysin inhibitors, and aldosterone antagonists) are often consid-
ered as the first treatment options offered to the patients.'”"’
However, they provide only a temporary solution, rather than effec-
tively rejuvenating the diseased myocardium.'” Other strategies,
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such as invasive balloon angioplasty, stent insertion, and invasive
coronary artery bypass grafting, can only slow or retard the
advancement to end-stage heart failure and extend human life.'’
These surgical approaches still face the challenge to either avert or
reverse disease progression, thereby causing a continuous surge in
hospitalization and mortality rates.'”'" To date, “heart trans-
plantation” remains the gold standard, life-extending, curative, and
the definitive option to improve cardiac function in patients with
end-stage heart failure.'”"” Nevertheless, serious concerns associ-
ated with heart transplantation, including (1) long waiting time, (2)
insufficient organ availability, (3) immune rejection, and (4) high
incidences of post-operative complications, with patients depending
on lifelong immunosuppressive regimen, can significantly impact
the recipient’s quality of life."*'> Thus, it is recognized that heart
transplantation is a non-pragmatic and difficult option for most
patients. Similarly, medical practices involving autologous or alloge-
neic tissue grafting or synthetically made constructs are associated
with challenges pertaining to immune rejection, anticoagulation
therapy, and limited durability.'®'” Therefore, the development of a
new, advanced, and cost-effective modality that can significantly
benefit heart failure patients in terms of (1) reducing adverse cardiac
remodeling, (2) promoting stable repair or regeneration of myocar-
dial functions that are lost to an ischemic event, and (3) correcting
the molecular or genetic defects that are cues to disease onset and its
progression is urgently required.

An ideal approach to regenerate a damaged or diseased myocar-
dium is to either promote the proliferation of resident cardiomyocytes
in vivo or exogenously provide new cardiomyocytes to replace the
necrotic tissue.'" Cell-based therapy or cellular cardiomyoplasty, in
which cells are injected into the infarcted myocardium, has gained
attention as a potential and highly promising treatment strategy that
aims to prevent or reverse injured myocardial function and promote
endogenous cardiac tissue repair or regeneration in MI survi-
vors.' "' Preclinical and clinical studies have demonstrated that cell-
based therapies attenuate myocardial damage.” Although the detailed
mechanisms are insufficiently addressed, it is believed that paracrine
signaling essentially takes part in cell-mediated tissue repair.'” '
Nevertheless, there are several caveats to cell-based therapies, and their
clinical impact is severely hampered by (1) a low rate of cell retention
or engraftment after delivery,” (2) a low viability of injected cells,'”
(3) an insufficient oxygen and nutrient supply, and (4) a lack of proper
integration with the recipient’s tissue.”” Moreover, with continuous
attempts to identify the optimal cell types, interest has also shifted
toward adult or pluripotent stem cells.

Bioengineering approaches have been developed as alternative
treatment strategies to increase the efficacy of transplanted cells by
enhancing their retention or engraftment during the early integration
phase."” In particular, cardiac tissue engineering endeavors to mimic
the native microenvironment of the host cardiac tissue using biocom-
patible materials loaded with living cells, bioactive molecules, and vari-
ous stimulating factors.'”'® The most widely applicable biocompatible
material is a biodegradable polymer, especially for the construction of
3D-structured tissues and organs. However, the synthetic biodegrad-
able polymers are usually rigid to support the dynamic motion of
cardiovascular tissues and difficult to be remodeled by the cells, result-
ing in a gradual decrease in the number of intercellular connections. It
can also cause inflammatory reactions and pathological fibrotic states
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by polymer degradation.”* To overcome this, cell sheet engineering
was developed to create a 3D structure by separating and layering 2D
monolayers of cells that are grown at confluence without biodegrad-
able polymers.'“*” The functional and thick engineered cardiac patch
encompassing living cardiomyocytes is fabricated by layering the
detached cell sheets and is used to replace or repair the damaged
myocardium.'* Ishigami et al. demonstrated functional recovery of the
infarcted myocardium in a porcine MI model using clinical-sized large
cardiac tissue sheets. The sheets consisted of various human-induced
pluripotent stem cells (iPSCs)-derived cardiac cells, including cardio-
myocytes, vascular endothelial cells (ECs), and vascular mural cells.”®
Although a cell sheet-based bioengineered cardiac patch represents an
effective tool to study tissue morphogenesis and its functionalities,"
such as the intrinsic limitations to recreate biological properties, its
functionality, microenvironment, dynamic interactions with niche
cells, and signaling pathways similar to the native complexity of
human tissues restrict their applications.”’ In addition, uncertainties
associated with the number of cell layers that can be stacked to avoid
interruptions in nutritional supplies to the cells create serious hin-
drance to the effective utilization of the cell sheet-based cardiac patch.
Addressing these limitations, 3D bioprinting serves as a potential and
promising modality to develop a functional cardiac tissue patch in a
geometrically precise and organized manner to replace or regenerate a
diseased or damaged myocardial tissue."”* Hence, with the aim of
restoring the functions of a damaged myocardium, efforts have been
made to fabricate the 3D bioprinted cardiac patch involving either nat-
ural (e.g., alginate,”” gelatin,”*" and fibrin®) or synthetic hydrogels or
decellularized extracellular matrix-based bioinks (dECM)* encom-
passing living stem cells or their derivatives either singly or in combi-
nation with others.

This review discusses the types of candidate stem cells with car-
diac regenerative potential (e.g., adult and pluripotent stem cells) and
elucidates their applications and limitations. Furthermore, we provide
challenges and an update on the implementation of the state-of-the-
art 3D bioprinting approach to fabricate the cardiac patch based on
the use of either types of stem cells or a combination of cells. In addi-
tion, we highlight the different approaches to implement vasculariza-
tion and augment cardiac functional properties with respect to
electrophysiological similarities to the native tissue, which can further
aid in myocardial repair.

Il. CANDIDATE STEM CELLS IN MYOCARDIAL REPAIR

Interest in stem cell-mediated cardiac repair has significantly
increased with accumulating evidence from preclinical and clinical
studies. Stem cells possess properties such as plastic adherence, self-
renewal, immunomodulation, and multilineage transdifferentia-
tion.”” " These cells also release growth factors and extracellular
vesicles that assist in cardiac repair by paracrine effects. Acellular-
based approaches that maximize these effects are also being actively
researched for cardiac regeneration.”* " Multiple types of stem cells
from autologous or allogeneic sources are being exploited for cardiac
regeneration. Broadly, they can be categorized into (1) multipotent
adult stem cells [e.g., bone marrow (BM)-derived mesenchymal stem
cells, skeletal myoblast, and cardiac stem cells (CSCs)] and (2) pluripo-
tent stem cells (e.g., embryonic and induced pluripotent stem cells),
wherein either the differentiated cells are used for transplantation or
differentiated in situ post-transplantation.”'”
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A. Multipotent adult stem cells

Multipotent adult stem cells can be generated from different
sources (e.g., BM, peripheral blood, or resident tissues). Because adult
stem cells possess cardiogenic differentiation capability, the focus is
now shifting toward the development of stem cell sources for repairing
or regenerating the damaged myocardial tissues.

Mesenchymal stem or stromal cells (MSCs) are characterized by
their (1) self-renewal ability, (2) low immunogenicity, (3) multipo-
tency to transdifferentiate, (4) plastic adherence characteristics, (5)
homing ability to tissue injured areas, and (6) participation in vasculo-
genesis and myogenesis.”””*”** MSCs are a rich source of growth fac-
tors that substantially contribute to cardiac repair through the
proangiogenic, anti-apoptosis, anti-inflammatory, and fibrosis by
secreting secretomes.”””*' In practice, MSCs infused into the MI
mouse model are activated to secrete anti-inflammatory proteins in
the lung, thereby improving the myocardial infarction and increasing
cardiac function.”” MSCs are the majorly used cells in preclinical
research as well as relevant clinical settings for cell-based therapy.”'’
MSCs are harvested from the BM, skin, muscle, and adipose tissue,
with BM aspirates and adipose tissue being the common sources for
experimental use.””” Importantly, MSCs are immune-privileged or
possess potent immunosuppressive properties, in that they express low
levels of major histocompatibility complex (MHC) class I and also
lack MHC class I and B-7 costimulatory molecule expressions, mak-
ing them excellently suitable for use as allografts.”'**” In experimental
systems, MSCs are differentiated into cardiomyocytes and ECs in vivo
upon transplantation to the myocardium in both non-injury and MI
models. When characterized with immunohistochemistry, differenti-
ated MSCs show specificity for both cardiac and ECs and gap junction
proteins.">** Despite low engraftment rates of MSCs, a numerous
in vivo studies have reported improvements in cardiac function.””*
However, in one such study, electrophysiological analysis revealed that
the differentiated cardiomyocytes did not demonstrate electrical prop-
erties comparable to those obtained from native cardiomyocytes."”
Similarly, in terms of clinical studies, many trials have been conducted
to examine the therapeutic potency of MSCs (either with autologous
or allogeneic sources) to regenerate a diseased or damaged
myocardium,***’

Another cell source selected for cardiac regeneration is BM-
derived mononuclear cells (BM-MNCs), because these cells are widely
available and also feasible to isolate from patients through BM aspira-
tion.”” However, several clinical trials have reported significant but
marginal improvement in the resulting cardiac function with BM-
MNCs."” Perin et al. transplanted autologous BM-MNC in patients
with coronary artery disease or LV dysfunction and found no differ-
ences in any of the outcomes, including cell therapy and clinical
improvement between placebo and BM-MNCs.” Similarly, skeletal
myoblasts are used for cardiac cell therapy and were one of the first
cell types to be evaluated.”” In this regard, Shudo et al. demonstrated
improved therapeutic benefits of primary skeletal myoblasts in a rat
MI model by co-culturing the myoblasts with MSCs; the addition of
MSCs to skeletal myoblasts’ cell sheets led to enhanced angiogenesis
due to increased secretion of a hepatocyte growth factor (HGF) and a
vascular endothelial growth factor and consequently augmented car-
diac functional recovery in the MI model, thereby suggesting it as a
strategy for clinical applications.™
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Similar to MSCs, resident CSCs are multipotent and self-
renewing, differentiate in vitro, and secrete cytokines and growth
factors that stimulate endogenous stem cells and regeneration mecha-
nisms through a strong paracrine signaling.”'***** In humans, autolo-
gous CSCs are derived from either surgical or endomyocardial
biopsies and are expanded clonally in vitro.”® CSCs are majorly found
in the atrium and ventricular apex of the heart, albeit at a very low
density of one cell per 10000 cardiomyocytes.”* The first reported
primitive CSCs were isolated and identified based on the expression of
CD117 or c-kit."” In addition, CSCs are positive for stem cell antigen-
1, MDR-1 (ABCG2), and markers specific to cardiac stem and progen-
itor cells (e.g., CD166, PDGFro, CD105, and CD90).10 Beltrami et al.
successfully isolated c-kit™ CSCs from a rat heart and showed their
multipotency in vitro and the ability to regenerate cardiomyocytes and
blood vessels following MI.”* To further evaluate the safety of CSCs, a
study was performed wherein 20 x 10° c-kit" CSCs were infused into
swine hearts via the intracoronary route.”” The results demonstrated
neither liver nor renal damage nor any myocardial injury due to
microembolism. Nevertheless, cellular retention in the myocardium
remained low despite the infusion of high cell numbers.

Although the risks in terms of immunogenicity and possible
arrhythmic occurrence related to adult stem cell transplantation are
usually rare and safety and feasibility have been proven in various pre-
clinical and clinical studies, the cardiac output or function is rather
inferior." For instance, phase 2, randomized, double-blind, placebo-
controlled trial (PreSERVE-AMI) demonstrated the safety and bioac-
tivity of intracoronary administration of the BM-derived autologous
CD34+ cells in patients having residual LVD post-ST segment eleva-
tion MI (STEMI). Upon adjusting the ischemic time, CD34+ cell
dose-dependent improvements were significant in terms of greater left
ventricular ejection fraction (LVEF) change, reduced infarct size, and
increased survival period. In addition, the study also indicated low
mortality rates among the control (3.6%) and treatment (0%) groups
and highlighted the clinical success of infusing autologous CD34 cells.
This study represents the largest clinical trial that had been completed
successfully for STEMI patients in USA using cell-based therapy.”
However, the randomized placebo-controlled, double blind-BOne
marrOw transfer to enhance ST-elevation infarct regeneration
(BOOST)-2 trial that had included 153 patients did not report signifi-
cant improvements in LVEF between the groups when autologous
nucleated BM cells were infused through the intracoronary route in
patients with large STEML™ Several other limitations pertaining to
available adult stem cell therapeutics include (1) challenges in analyz-
ing the results obtained from clinical trials due to discrepancy in
patients’ cohort selection and variation in choice of cell population,’
(2) low numbers of BM-derived cells, (3) restricted replicative capacity
of adult stem cells, and (4) most importantly, constraint of adult stem
cells to certain lineages and their regeneration capability declining
with age.”" %

B. Pluripotent stem cells

Pluripotent stem cells (e.g., embryonic and induced pluripotent
stem cells) are characterized by their unlimited self-renewal (stemness)
and multilineage differentiation abilities and are among the most
attractive cell sources for cardiac research.””** Highly purified human
embryonic stem cell-derived cardiomyocytes (ESC-CMs) can be gen-
erated by exposing ESCs to activin A and bone morphogenic protein 4
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(BMP4).” Briefly, undifferentiated human ESCs were seeded on
Matrigel-coated plates and cultured in media including a basic fibro-
blast growth factor (bFGF) for 6 days. For directed differentiation,
ESCs were further cultured in media supplemented with human
recombinant activin A for 24h, followed by human recombinant
BMP4 for another 4 days. The study hypothesized that exposing the
undifferentiated ESCs to activin would lead to the mesendoderm for-
mation and subsequently treating them with BMP4 would define the
cardiac lineage. This kind of directed differentiation of ESC-CMs
based on activin and BMP4 has proven efficiently cardiogenic with
consistent yields of >30% and purity >82.6%. Subsequently, the dif-
ferentiated cardiomyocytes were subjected to a cocktail of pro-survival
factors that demonstrate enhanced survivability of cardiomyoctes
in vivo and continue to maintain the regional and global contractile
function after MI. Nevertheless, further studies are warranted for
understanding mechanistic insights, and tests should be conducted for
analyzing the occurrence of arrhythmic events in species with slower
heart rates. Similarly, human ESC-CMs demonstrate the capability to
couple electromechanically with recipient’s cells, which enables syn-
chronous contraction between the transplanted cardiomyocytes and
the host tissue.”® In addition, the differentiated ESC-CMs engraft and
promote heart regeneration when injected into the failing myocardium
of a non-human primate MI model.”” However, the authors also
reported the inevitable occurrence of concomitant ectopic arrhythmia,
which was probably caused by the immature phenotype of the injected
ESC-CMs. Moreover, clinical application of human ESC-CMs is hin-
dered because of serious concerns related to genetic instability, immu-
nogenic and tumorigenic properties, and ethical and legal debates.”**”
Despite these limitations, human ESCs continue to be an important
laboratory tool to understand and gain insights into the pluripotency
and differentiation steps in the cardiogenesis process and to generate
an ideal and novel in vitro testing platform for cardiomyocytes.””

In order to circumvent the ethical concerns and legal debates sur-
rounding the use of ESCs, induced pluripotent stem cells (iPSCs) have
been developed by cellular programming through retroviral transduc-
tion of a defined combination of transcription factors.”””" These semi-
nal studies pave way for developing human iPSCs (hiPSCs) from adult
somatic cells (e.g., skin, blood, or hair follicle) by a reprogramming
process, thereby revolutionizing the field of regenerative biology.””
Similar to ESCs, hiPSCs are clonogenic, multipotent, and possess wide
ability to differentiate into cells of any lineage.”””* Although iPSCs
share several common characteristics with ESCs, they have signifi-
cantly different genetic profiles, microRNA patterns, and methylation
signatures.””’® Differentiation of hiPSCs to cardiomyocytes (hiPSC-
CMs) is initiated by committing the cells to the mesodermal lineage
using controlling factors such as activin A, BMP4, and/or Wnt3A.”
Several studies have demonstrated the use of hiPSC-CMs in different
animal models (e.g., mice, rats, and pigs) to induce a cardiac regenera-
tion post-myocardial injury.”*”” In addition, the cardiogenic potential
of the iPSCs has been already studied with iPSCs derived from mice*’
and humans.®' Despite the encouraging results of iPSCs-based thera-
peutics for MI, some preclinical studies have shown non-fatal ventric-
ular arrhythmias or low survival periods in non-human primate
models using hiPSC-CMs.”* Human pluripotent stem cell-derived car-
diovascular progenitor cells (hPSC-CVPCs) were investigated in cyno-
molgus monkeys after MI, which showed that the transplantation of
hPSC-CVPCs in acute MI monkeys can increase LV function in the

scitation.org/journal/apb

short-term with immunosuppressants. However, the transplanted cells
do not survive for long durations (approximately 140 days), thus
excluding remuscularization. Moreover, it is challenging to cost-
effectively and efficiently generate an adequate number of autologous
cells within a stipulated therapeutic time period.”” Another important
issue with iPSCs cardiogenesis is the achievement of long-term stabil-
ity and its adequate integration with the host’s myocardium, because
of partial or incomplete differentiation of iPSCs.” In addition, the plu-
ripotency and unlimited proliferative capacity to self-replicate and dif-
ferentiate may lead to teratoma formation due to either remainder of
immature pluripotent cells in the differentiated lineage or impaired
differentiation in situ." Plausible reason behind this is that the prepara-
tion of iPSCs, starting from proliferation to targeted differentiation, is
time-consuming and involves a prolonged culture period. This may
promote the upregulation of miRNAs that are usually seen in the can-
cerous state, which, in turn, enhances the probability of epigenetic and
genetic deformities.' Thus, as a solution, hiPSCs need to be differenti-
ated before implantation or administration.””*

Taken together, cardiomyocytes differentiated from pluripotent
stem cells significantly differ from those derived from adult stem cells
in terms of their structural, functional, metabolic, and molecular char-
acteristics at the fetal stage.” Although several studies have reported
encouraging results, there is no gold standard on the ideal cell type to
be used (or the question persists whether it may be functionally benefi-
cial to use the combination of cells to promote both vasculogenesis
and cardiomyogenesis). Moreover, following an MI event, all non-
myocytes, each possessing the homeostatic function, contribute
synergistically to preserve the cardiac structure and its physiological
function.” In Sec. 111, we provide an update on the 3D bioprinting
approach to fabricate the cardiac patch based on the use of either types
of stem cells or a combination of cells along with different strategies to
implement vascularization and augment cardiac functional properties.
We also provide a comprehensive table that outlines the types of stem
cells, bioinks, and 3D printing strategies adapted by different research-
ers globally and the subsequent significant features obtained by using
the fabricated cardiac patch in vitro and in vivo (Table I).

lll. BIOPRINTED STEM CELL-LADEN CARDIAC PATCH

An ideal approach to regenerate a damaged myocardium is to
either promote the proliferation of resident cardiomyocytes or exoge-
nously provide cells to replace the necrotic tissue.'* The direct injec-
tion of cells to regeneration has shown some success in restoring
myocardium function.”* However, most cells have been reported to
die after injection. The survival time of the injected cells is short due to
the lack of ECM and the supply of nutrients.” In addition, it is diffi-
cult to mimic the complex properties of the native myocardium to
develop cardiac tissue with constant contraction and relaxation.
Therefore, special bioengineering approaches are needed to provide
structures to retain the injected cells and improve regeneration.”

3D bioprinting enables the possibility to biofabricate clinically
applicable, viable, and organized cardiac tissue analogs in vitro with
the primary aim to deliver cells to the infarcted site, attract native pro-
genitor cells for endogenous regeneration, and maintain the geometry
during remodeling.**° It is strongly believed that transplantation of
the bioprinted cardiac patch may facilitate significant and enhanced
functional recovery post-ML" To date, researchers have creatively
employed 3D bioprinting along with the use of biomimetic materials
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TABLE 1. Types of stem cells, bioinks, and 3D printing strategies adapted by researchers globally and subsequent significant features obtained using the fabricated cardiac

patch in vitro and in vivo.

Cell source

Bioinks/biomaterial

Bioprinter

Number of cells

Dimensions of the
patches

Significant features

hCPCs™

hCPCs™

hCPCs”!

hiPSC-CMs™

Human inferior
turbinate-tissue derived
mesenchymal stromal
cells (nTMSCs)*”

hCPCs™

hMSCs, hiPSC-CMs”?

HGF-eMSCs,
BM-MSCs”’

Sodium alginate,
RGD-modified
alginate

Hyaluronic-gelatin

GelMA-hdECM

Fibrin-furfuryl
gelatin

hdECM

hdECM

hdECM

hdECM

BioScaffolder tissue
printer from SYS
+ ENG

BioScaffolder tissue
printer from SYS
+ ENG

EnvisionTEC 3D-
bioplotter Developer
Series

Allevi 2, formerly
BioBot 1

In-house extrusion-
based 3D bioprinter

In-house extrusion-
based 3D bioprinter

In-house extrusion-
based 3D bioprinter

3DXPrinter, (T&R
Biofab)

30 x 10° cells/ml

30 x 10° cells/ml

1 % 10° cells/ml

2 % 10° cells/ml

1-5 x 10° cells/ml

5 % 10° cells/ml

hMSCs 1 x 10%/ml,
hiPSC-CMs 1 x 10°/rat

BM-MSC 1 x 10°,
HGF-eMSCs 1 x 10°,
BM-MSC + HGF-
eMSCs 5 x 10°
+5x%x10°

Final size 2 x 2 cm?
(after the polymeri-
zation to
1.8-1.9cm)

Final size
2 % 2cm?, 400 um
thick

10 mm in diameter,

0.6 um thick, three

layers, a pattern of
90° grids with
0.5 mm spacing

Square-shape,
1 x 1cm?, 500 um
thick
1-10 layers, line-
width 100-200 um

Line diameters
114.2 £25.3
-860.3 * 67 um, up
to ten layers

Thick 3 mm,
diameter 8§ mm

Thick 3 mm, diam-
eter § mm

Cell viability >85%
Retention of cardiac
lineage
Upregulation of Nkx
2.5, GATA-4, Mef2c,
and cTnT
Formation of tube-like
structures
Reduced adverse
remodeling
Preservation of cardiac
performance
In vivo survival and
engraftment of hCPCs
Enhanced cardiac and
vascular differentiation
Cell viability >75%
30-Fold increase in car-
diospecific gene
expression
Increased angiogenic
potential
ECs tube formation
Vascularization over
14 days in vivo
Excellent viability,
proliferation
Expression of ¢Tnl
>95% cell viability
post-printing
Minimal apoptotic cells

High cell viability and
active proliferation
Increased expression of
GATA4, Nkx 2.5,
MEF2C and c¢Tnl
Amplified cardiac
repair
Improved cell retention
and engraftment
Enhanced vascular
regeneration
Longer cell
survivability
Improved vasculogenic
potential
Enhanced vascular
regeneration
Restored cardiac
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TABLE I. (Continued.)
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Dimensions of the

Cell source Bioinks/biomaterial Bioprinter Number of cells patches Significant features
function
hCPCs, hMSCs™® hdECM In-house extrusion- hCPCs 5 x 10°, hMSCs Disk, diameter Improved cell-cell

based 3D bioprinter

hiPSC-CMs, Cardiac Biomaterial free Regenova—3D

fibroblasts (FB), bioprinter
HUVEC”
HUVEC, hiPSC- Alginate and PEG-  Extrusion based with
CMs'” fibrinogen custom microfluidic
printing head
hMSCs, neonatal rat Gelatin Pressure-controlled
cardiomyocyte robotic dispensing
(NRCM)™”® system
hiPSC-CMs, hiPSC- GelMA Multiphoton-excited,

smooth muscle cells
(SMCs), hiPSC-ECs™*

three-dimensional
printing (MPE-3DP)

hiPSC-CMs, hiPSC- Omenta tissue- 3D discovery printer

Ecs, human neonatal derived dECM, (regenHU)
dermal fibroblast gelatin
(HNDF)'"!

5 % 10°, hCPCs and 8 mm, height interactions and
MSCs 5 x 10°% 4 x 10° 0.5mm differentiation
cells/patch Cellular infiltration
into infarcted area
Neomuscle and capil-
lary formation
Enhanced cardiac
function
33000 Cells/cardio- Cardiospheres Spontaneous beating
sphere, Uniform electrical
CM:FB:HUVEC conductivity

(70:15:15, 70:0:30,
45:40:15 ratio)

Vascularization and
successful integration
of patch
High orientation index
of hiPSC-CMs
Neovessel formation
Well integration of
patch

HUVEC 6 x 10° cells/
ml, hiPSC-CM
40 x 10° cells/ml

Fiber diameter
100 um, 50 um dis-
tance, ten layers-
thick, perpendicu-
lar to each other
(0°-90° fiber orien-
tation), overall

dimension
8 x 8 x I mm®
hMSCs 5500 cells/cm®  Microchanneled Well defined F-actin
NRCM 2 x 10° cells/  and plain hydrogel Synchronized beating
cm? scaffold
22 x 22mm?*
Total ~50000 cells/ 2 x2mm? 100 um  Improved cardiac
patch, hiPSC- thickness function
CMs:SMCs:ECs (2:1:1 Reduced infarct size
ratio) Improved vascular and
arteriole density
hiPSC-ECs, Several mm thick-  High cell viability and

1.5-2 x 107 cell/ml, ness vascularized contractile activity

hiPSC-CMs 1 x 10° patch (thickness Elongated cardiomyo-
cell/ml, HNDF 3 x 10° 2 mm), heart cytes with massive acti-
cells/ml (height 20; diame- nin striation
ter 14 mm)

and an increasing number of cardiac cell types to recreate the native
heart microenvironment. Gaetani et al. employed extrusion-based 3D
bioprinting to develop an in vitro cardiac patch that has precise pore
size and microstructure by using arginine-glycine-asparagine (RGD)-
modified alginate”” and hyaluronic acid/gelatin® loaded with human
cardiac progenitor cells (hCPCs). These studies portrayed the applica-
bility of bioprinting and showed better cell viability, cardiac commit-
ment with expression of early and late cardiac markers, and in vivo
engraftment over time. Similarly, Wang et al demonstrated 3D

bioprinting of cardiomyocytes loaded in a fibrin-based bioink into car-
diac tissues that showed contractility with cellular organization and
uniformity.” Fibrin-gelatin-based 3D printed cardiac patch encom-
passing hiPSC-CM:s could also mimic the native tissue, with respect to
both cellular behavior and mechanical properties.”””" In the realm of
seeking novelties for therapeutic or regenerative cardiac research, it is
noted that cardiomyocyte maturation significantly improves in
dECM-based bioinks that represent a powerful class of biomaterials.””
A promising first-in-man clinical research with “VentriGel” was
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reported by Traverse et al. It is a porcine heart-derived dECM-based
hydrogel that has appropriate rheology for delivery. In their study,
VentriGel was applied in both early and late post-myocardial patients,
from 60 days to 3years post-MI, having LVD by transendocardial
delivery, and it caused revascularization. There were no discontinued
patients, side effects related to mapping and injection, or significant
ventricular arrhythmias. This clinical research showed the safety and
feasibility of VentriGel by percutaneous coronary intervention in the

UVA light
30 mW/cm?

B 100 e

patients.”” In terms of printing, an initiative was taken by Pati et al.
who demonstrated the concept and success of 3D bioprinting using
specific tissue-derived dECM-based hydrogels, efficiently utilizing its
thermoresponsive phenomenon to bioprint cell-laden tissue analogs
with engineered porosity.”” The encapsulated hTMSCs in the fabri-
cated heart dECM (hdECM)-based cardiac patch showed high cell via-
bility post-printing and tissue-specific functionality. Taking the
research further with the aim of tailoring the mechanical properties of
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FIG. 1. (a) Schematic representation of the two-step cross-linking procedure based on thermal and chemical cross-linking using vitamin B2 and UVA irradiation. (b) Gene
expression analysis of cardiac-specific genes at days four and seven (error bars represent standard deviation, *: p <0.05, **: p <0.005). (c) Immunostaining images showing
the expression of cardiac troponin T (cTnT, green) and connexin 43 (Cx43, red) at day seven (scale bar, 10 um; white arrows designate Cx43 expression at the cell-cell junc-
tion). [Reproduced with permission from Jang ef al., Acta Biomater. 33, 88-95 (2016). Copyright 2016 Elsevier.”]
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hdECM-based bioink, Jang et al. reported an easy, versatile, and bio-
compatible two-step process to improve its printability.”’ The physical
and rheological tailoring of the bioink was done based on thermal and
chemical cross-linking using vitamin B2 (0.02% VB2, also called ribo-
flavin) and ultraviolet-A (UVA) irradiation during the bioprinting
process. This two-step cross-linking procedure enhanced the stiffness
of the VB2-mixed hdECM (almost 33-times) with mechanical strength
comparable to that of native cardiac tissue. In addition, the bioprinted
cardiac patch supported high cell viability and active proliferation of
encapsulated neonatal hCPCs and demonstrated enhanced mRNA
expression of the cardiac-specific genes (GATA4, Nkx 2.5, MEF2C,
and cTnl) (Fig. 1). Reviewing the literature in-depth, a dECM-based
3D bioprinted cardiac patch was developed with bioinks comprising
hdECM, gelatin methacrylate (GelMA), and hCPCs.”" The encapsu-
lated hCPCs in the patch maintained cell viability over 75% with 30-
fold surged in cardiac-specific genes compared to hCPCs in only
GelMA. In addition, the conditioned media from the hdECM-based
cardiac patch supported enhanced angiogenic potential (>twofold)
with improvements in ECs tube formation. In vivo implantation in rat
hearts demonstrated good retention of the cardiac patch with evidence

Decellularization
Lyophilization
Digestion

hdECM
solution gel
Heart-derived decellularized
extracellular matrix bioink
(hdECM bioink)

hdECM

Porcine heart

Pressure
controller

Motion
controller
(3-axis)

Headfor &
thermoplastic *
polymer

Temperature
controller

hdECM

PCL platform hMSC-patch

of vascularization over 14 days. Hence, the potential therapeutic appli-
cation of these patches has been suggested for pediatric patients with
right ventricular heart failure or as an allogeneic reparative patch for
adult cardiac dysfunction.

Considering the efficacy and avoiding the potential undesired
effects in vivo, the fabricated cardiac patch needs further contempla-
tions in terms of cellular maturation, oxygen and nutrient diffusion
avoiding creation of hypoxic condition, integration with host tissues,
to name a few.'"”” Neovascularization is indeed a necessity for the sta-
ble survivability and functioning of an engraftment.”” Following MI
aftermath, both myocardial tissues and vasculatures are equally and
severely damaged; therefore, therapeutic or regenerative approaches
should be planned to target both of them concurrently to achieve a
successful cardiac repair.” Employing a 3D bioprinting strategy to
geometrically control the spatial patterning and using dual stem cell
therapy or its co-culture can play an important role in promoting
and synergistically improving vascularization as well as cardiac func-
tion following ML"* * In this regard, Park et al. demonstrated a con-
comitant method to examine the synergistic effects of two types of
stem cells to promote cardiac repair.”’ The reported strategy exploited

D 1 Week

FIG. 2. (a) Development of porcine hdECM bioink. (b) Schematic representation of fabricating the polycaprolactone (PCL) framework using an in-house extrusion-based 3D
bioprinter. (c) lllustration to show the development of the hMSC-PA patch. Scale bar, 4 cm. (d) Epicardial implantation of the hMSC-PA patch in the MI heart at 1 week.
[Reproduced with permission from Park ef al., Nat. Commun. 10(1), 3123 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license.”]
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the benefits of hiPSC-CMs and an hdECM-based 3D bioprinted car-
diac patch loaded with human MSCs (hMSC-PA) and held the ability
to substantially augment cardiac repair in a rat MI model by enhanc-
ing the retention and engraftment of transplanted cells within the
myocardium. The epicardially implanted cardiac patch contributed to
improved vascular regeneration due to the prolonged secretion of
paracrine factors. Most importantly, significant improvement in the
retention, engraftment, distribution, and maturation of intramyocar-
dially injected hiPSC-CMs was noted, which was attributed to the
secretomic milieu of the hMSC-PA cardiac patch and creating pleio-
tropic effects in vivo; collectively rejuvenating the injured myocardium
and vessels post-MI (Fig. 2). However, authors reported some limita-
tions with their complementary approach, thereby requiring consider-
ations in further studies in terms of (1) applicability to models with
advanced heart failure, (2) utilizing advanced cardiac imaging tools to
ensure accurate cardiac analyses, and (3) its requirement for compli-
cated surgical procedures for successful implantation of the cardiac
patch to the heart. The research was taken further to augment the

A

REVIEW scitation.org/journal/apb

therapeutic potential of BM-MSCs.”” Here, Park et al. reported a strat-
egy that demonstrated the in vivo priming of BM-MSCs through an
epicardially implanted cardiac patch that was loaded with genetically
engineered HGF-expressing MSCs (HGF-eMSCs).” BM-MSCs
encapsulated in the cardiac patch in rat MI hearts were primed
through sustained release of paracrine factors (particularly HGF) by
the genetically engineered HGF-eMSCs (Fig. 3). Subsequently, primed
BM-MSCs in the patch survived longer, released higher amounts of
beneficial paracrine factors, and conferred cardioprotection, as dem-
onstrated by significantly high cardiomyocytes viability in the MI
region. In addition, the results exhibited improved vasculogenic poten-
tial that promoted increased vascular regeneration and restored the
lost cardiac functions. This remarkable study provides evidence that
in vivo priming can be an efficient approach to maximize the thera-
peutic potential of BM-MSCs and enhance cardiac repair of infarcted
hearts.

With respect to printing, a convincing example can be found in a
study that demonstrated the multicellular and multilayered 3D spatial

B Pressure

controller ¢

Motion
controller
G axs)

Tem perature
controller

Syringe
with PCL
Micronoze

PCL
4 famework

(8 weeks)

FIG. 3. (a) Schematic representation of fabricating the BM-MSC/HGF-eMSCs patch using an hdECM bioink. (b) lllustration showing the printing process using an extrusion-
based 3D bioprinter. (c) Macroscopic view of the BM-MSC/HGF-eMSC patch. Scale bar, 1 mm. (d) Epicardial implantation of the developed patch in the Ml heart. (e) Implanted
patch at 8 weeks. [Reproduced with permission from Park et al., Sci. Adv. 6(13), eaay6994 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution

(CC BY) license.]
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patterning of a pre-vascularized cardiac patch by using a porcine
hdECM loaded with hCPCs and MSCs and growth factors.”” The
patch demonstrated increased cell-cell interactions and differentiation
ability and improved functionality for tissue regeneration. The in vivo
implantation of a bioprinted pre-vascularized cardiac patch to the rat
MI model demonstrated cell infiltration into the infarcted area and
evidenced the formation of neomuscle and capillary, in addition to an
enhanced cardiac function [Fig. 4(a)]. Another interesting report illus-
trated the 3D bioprinting of the cardiac patch (free of biomaterial) by
assembling multicellular cardiospheres constituting a mixture of
hiPSC-CMs, fibroblasts (FBs), and ECs in varied ratios.”” The 3D bio-
printed cardiac patch from each ratio displayed spontaneous beating
and ventricular-like action potential waveforms, along with uniform
electrical conductivity. Additionally, immunohistochemistry revealed
the presence of rudimentary CD31+ blood vessels formed by ECs.
Immunofluorescence data showed the expression of cardiac gap junc-
tion protein connexin-43, which was localized to cell-cell borders.
Furthermore, the patch remained stably engrafted upon implantation
onto rat hearts, and in vivo analysis showed vascularization and suc-
cessful integration of the 3D bioprinted cardiac patch into the native
rat myocardium. This experimental study is a good example to show
that along with the 3D bioprinting technique, co-culture of different
cell types may aid in improving cell maturation, neovessel formation,
and cell viability. However, there are certain limitations associated
with the fabricated cardiac patch, in terms of its short-term culture,
concerns related to vascularization, slow conduction velocity (due to
immatured hiPSC-CMs), and inferior mechanical properties that
could be attributed to the fabrication of a single layer of spheroid cells.
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Maiullari et al. reported multicellular 3D bioprinting of the cardiac
patch comprising of human umbilical vein ECs (HUVECs) along with
hiPSC-CMs.'” Cells encapsulated in alginate and polyethylene glycol
(PEG)-fibrinogen were extruded through a customized microfluidic
printing head, which enabled precise tailoring of their 3D spatial depo-
sition and guaranteed a high print fidelity and resolution. The Janus-
based biofabricated cardiac patch contained hiPSC-CMs with a high
orientation index due to varied, yet defined geometries. The formation
of neovessels demonstrated well integration of the patch with recipi-
ent’s vasculature upon its in vivo grafting [Fig. 4(b)]. This study sug-
gested potential application of the fabricated Janus-based cardiac
patch for a reconstructive therapy to re-vascularize an ischemic or
damaged organ. Recently, Noor et al. contributed substantially to the
field by reporting the fabrication of a patient-specific thick and func-
tional perfusable vascularized cardiac patch, eliminating the need for
immunosuppression treatment.'’’ The approach adopted in the study
utilized patient-derived hydrogels as bioinks with combinations of
hiPSC-CMs and hiPSC-ECs followed by printing the two different
cell-laden bioinks into superimposed layers, where one layer contained
cardiomyocytes and the other contained ECs. The bioprinted thick
and vascularized cardiac patch (2-7 mm) exhibited high cellular viabil-
ity and contractile activity (Fig. 5). Furthermore, the assessment of car-
diac cell morphology post-transplantation revealed elongated
cardiomyocytes with massive actinin striation. In addition, the authors
utilized this approach to engineer small-scale human hearts having a
natural anatomical architecture and demonstrated its potential for
either organ replacement or drug screening in the patient-specific bio-
chemical microenvironment. Although the bioprinted cardiac patch

I Geometry || CMs ||

HUVECs |

Janus

| 4:2:4

2:2:2:2:2

I

FIG. 4. (a) (i) Schematic representation of fabricating the multicellular and multilayered pre-vascularized cardiac patch by using an hdECM bioink and the supporting PCL
framework. (i) Macroscopic view of the implanted patch. (iii) Ejection fraction values at baseline and after 4 and 8 weeks. Error bars represent (“p <0.05 comparison with MI;
#p < 0.05 comparison with CPC; +p < 0.05 comparison with mixed groug C/M containing both CPC and MSCs), POD: post-operative day. [Reproduced with permission from

Jang et al., Biomaterials 112, 264-274 (2017). Copyright 2017 Elsevier.

®] (b) Janus-based 3D bioprinted cardiac tissue constructs consisting of HUVEC and hiPSC-CMs.

Representative images showing the expression of cardiac troponin | (TNNI, red) and Cx43 (green) in cardiomyocytes and the von Willebrand factor (vVWF, green) in HUVECs
at sevendays. Scale bar, 50 um. [Reproduced with permission from Maiullari et al., Sci. Rep. 8(1), 13532 (2018). Copyright 2018 Authors, licensed under a Creative

Commons Attribution (CC BY) license.'”’]
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layer+ EC

FIG. 5. (a) A 3D model showing the cardiac patch. (b) Schematic representation of the printing concept and distinct bioinks. (c) Macroscopic view of the fabricated cardiac
patch. (d) Quantitative analysis of cell viability post-printing. (e) A printed blood vessel tagged with green fluorescent protein (GFP)-expressing ECs. (f) A printed iPSCs-
derived cardiac patch showing blood vessels (CD31, green) and cardiac tissue (actinin, pink). (g) and (h) Cross sections of a single lumen, illustrating the interactions of GFP
and RFP (red)—expressing ECs and fibroblasts, respectively. (i) Calcium imaging of the printed vascularized cardiac patch (different colors indicate separate regions of interest
and white arrow represents signal direction). (j) and (k) Quantification of calcium transients. (I) Macroscopic view of the transplanted printed patch; dashed white line indicates
the patch border. (m)—(0) Immunostaining images showing the expression of sarcomeric actinin (red) and nuclei (blue). Panel (o) represents the magnified view of the marked
area in (n). Scale bars: (c) =1cm, (e), (9), (h), (I), and (m) =100 um, (f) =500 pm, (n) =50 um, (0) = 25 um. [Reproduced with permission from Noor et al., Adv. Sci. 6(11),
1900344 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license.™"']

demonstrated an improved therapeutic efficacy, electrical stimulation
is necessary for initiating cardiomyocytes’ contraction and its success-
ful synchronization with native tissue. Ideally, the electrophysiological
properties of a non-human heart are significantly distinct to those
from a human heart, posing a crucial limitation to most types of car-
diac patch research.'”” Several strategies have been reported to fabri-
cate the in vitro tissue-engineered cardiac patch with improved
electrical conduction and generating electrophysiological properties
similar to those from a native heart.'”” '’ However, with respect to
cardiac regeneration or its applicability in preclinical and clinical
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studies, the available approaches have been seen to possess limited
potential to emulate physiological functions of native adult myocar-
dium, such as (1) excitation-contraction coupling, (2) positive force-
frequency relationship, and (3) efficient energy conversion, which are
notably absent.'””"'"" Moreover, with iPSCs, even if gradually
improved, the cells persist the major concern of maturation following
cardiac induction in vitro. In native, cardiomyocytes are uniquely
organized to perform synchronous and spontaneous beatings and
contain mitochondria, densely packed sarcomeres, sarcoplasmic or
endoplasmic reticulum, and transverse tubules.' "’ Although the
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hiPSC-based 3D bioprinted cardiac patch could serve as platforms for
a patient-specific disease and physiological studies, they are currently
limited by the immature cell phenotype.'””'**"'%!"" The extended cul-
ture period, hemodynamics, and mechanical and electrical stimulation
are some reported ways to mature hiPSC-CMs.'"*"'"” Zhang et al. pro-
duced endothelialized myocardium tissue based on 3D bioprinting. A
hydrogel lattices scaffold with microfibers was fabricated using a low vis-
cosity bioink developed by mixing alginate and GelMA. HUVECs are
encapsulated in this bioink and printed directly. The cells move to the
edge of the microfiber to form a layer of confluent endothelium. The
migration and layering of HUVECs within the hydrogel lattices microfi-
ber scaffold were made possible by the low viscosity composite bioink
and facilitated by intrinsic polarization tendency and nutrient gradients.
Thereafter, hiPSC-derived cardiomyocytes were cultured on a 3D aniso-
tropic endothelial microfiber scaffold to create an aligned myocardium
tissue capable of spontaneous and synchronous contraction.'* Zhu et al.
developed a nanocomposite bioink, gold nanorods incorporated gelatin
methacryloly (GelMA), for 3D bioprinting of functional cardiac tissue.
In general, conventional bioinks are composed of polymeric biomateri-
als, which have low conductivity and interfere with an efficient electrical
coupling between adjacent cardiac cells. To solve this problem, the gold
nanorods in the nanocomposite bioinks connect the electrical resistive
pore walls of the polymer, improve intercellular bonding, and promote
the synchronized contraction of the 3D bioprinting structure to enhance
electrical propagation and functionality in cardiac tissue.'”” However,
the maturation in vitro may not conform to the developmental paradigm
in vivo. As differentiation progresses, the response of hiPSC-CMs to the
induced physical stimuli declines; therefore, the electromechanical stim-
ulation should commence during the period of cell plasticity.'” A worth
mentioning example comes from the reported study of Ronaldson-
Bouchard et al., in which the early stage hiPSC-CMs that were exposed
to myocardium-like physical conditioning (e.g., electrical stimulation
and mechanical forces), with gradually increasing intensity (from 2 to
6Hz ]1% 4 weeks), promoted cells to attain the unprecedented maturation
level.

Altogether, these studies indicate that stem cell-laden 3D bio-
printed cardiac patches have the potential to be used as a model plat-
form to gain insights into human cardiac functions with respect to
their force, pacing activity, contractile properties, and electrophysio-
logical parameters. In addition, with more in-depth analysis and
research on its applicability for further preclinical studies and clinical
trials, a 3D bioprinted cardiac patch strongly represents a promising
modality or resource for the upcoming future cardiac regenerative
therapies.

IV. CONCLUSION AND FUTURE ASPECTS

Stem cell-laden bioprinted cardiac patches are a promising treat-
ment modality for cardiac repair and regeneration for patients with
ischemic cardiomyopathy. Multiple types of stem cells are suggested as
candidates for cardiomyocytes regeneration. Nevertheless, there is no
gold standard on the specific cell type to be used, and the search is
ongoing for cardiac repair. Given the complexity of the myocardial tis-
sue that accommodates diverse cell types, its regeneration process
demands multiple coordination from varied cell types with synergistic
effects, along with an established ECM microenvironment. Globally,
researchers have made substantial progress in developing the hiPSC-
CMs for better understanding the mechanistic aspects of these cells. In

scitation.org/journal/apb

addition, advances in bioengineering approaches (3D bioprinting),
along with the potentially powerful autologous cell source (hiPSC-
CMs), offer a new realistic option with the capacity to resuscitate
injured cardiomyocytes and vasculatures and may provide new
insights into the pathogenesis of CVDs. Despite the promising preclin-
ical results, the approach is still at its infancy for subsequent clinical
translation, demanding further in-depth analyses to develop as an
effective and efficient strategy to achieve cardiac regeneration in vivo.
Significant uncertainties remain, and improvements in terms of (1)
rapid vascularization, (2) functional and mechanical properties of the
engineered cardiac patch, (3) perfusion by host’s coronary circulation,
and (4) enhanced integration with host tissue are mandatory before a
bioprinted cardiac patch can be considered for routine use in relevant
clinical settings for treating patients with myocardial diseases. Another
challenging aspect is identifying factors that drive cardiomyocytes’
synchronous electrical activity, keeping in pace with that of the host
tissue as it is highly desirable in order to further ameliorate the bio-
printed cardiac patch. However, as the enthusiasm for cardiac regener-
ation charges and science continues to advance, the 3D bioprinted
cardiac patch will soon become an increasingly feasible, viable, and
functional option, unblocking the barriers to achieve cardiomyocytes
properties. This will open new avenues for cardiac research, paving the
way toward clinical translation for treating patients with CVDs.
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