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Abstract

Purpose of Review Bioengineering of functional cardiac tissue composed of primary cardiomyocytes has great potential
for myocardial regeneration and in vitro tissue modeling. 3D bioprinting was developed to create cardiac tissue in hydrogels
that can mimic the structural, physiological, and functional features of native myocardium. Through a detailed review of
the 3D printing technologies and bioink materials used in the creation of a heart tissue, this article discusses the potential
of engineered heart tissues in biomedical applications.

Recent Findings In this review, we discussed the recent progress in 3D bioprinting strategies for cardiac tissue engineer-
ing, including bioink and 3D bioprinting methods as well as examples of engineered cardiac tissue such as in vitro cardiac
models and vascular channels.

Summary 3D printing is a powerful tool for creating in vitro cardiac tissues that are structurally and functionally similar to
real tissues. The use of human-induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) enables the generation of
patient-specific tissues. These tissues have the potential to be used for regenerative therapies, disease modeling, and drug

testing.
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Introduction

Cardiovascular disease (CVD) is still one of the leading
causes of death worldwide due to its high mortality and mor-
bidity [1]. Currently, heart transplantation is the best option
at the end-stage of CVD [2]. However, since the shortage of
heart donors, new sources of cardiac regenerative medicine
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are greatly needed to regenerate an infarcted heart [3].
Recently, engineered cardiac tissues provided an alterna-
tive approach for addressing the growing demand for heart
transplantation due to its potential to repair a cardiac tissue
by integrating cardiac cells with biomaterials [4—6].
Cardiac tissue engineering aims to repair, regenerate,
and replace the damaged heart tissue, which develops tech-
nologies to form cardiac constructs by using a combina-
tion of cells, biomaterials, and signaling molecules [7-9].
In addition to restoring the function of an infarcted tissue,
a cardiac tissue that is derived from autologous cells is less
likely to trigger an immune response [10, 11]. Given these
possible benefits, cardiac tissue engineering has the poten-
tial to develop cardiac tissue constructs for the treatment of
CVD [12]. To manufacture tissue-engineered scaffolds, 3D
bioprinting emerged as a powerful tool that can accurately
deposit biomaterials and cardiac cells in accordance with a
certain spatial pattern [13—15]. In addition, it can produce
a highly continuous and stable biological pattern, which
can achieve a high resolution simulating the key state of
the heart and paving the way for myocardial tissue repair
and regeneration [16—18]. To mimic the complex architec-
tural features of native tissue and create patient-specific 3D
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models, a wide variety of imaging technologies such as 3D
scanners, computed tomography (CT), magnetic resonance
imaging (MRI) systems, and computer-aided design (CAD)
software have been used [19, 20].

Additionally, various biomaterials have been utilized as
bioinks for 3D bioprinting cardiac constructs, including
alginate, gelatin, collagen, and decellularized extracellular
matrix (ECM). These biomaterials are used in conjunction
with various bioprinting methods such as extrusion, inkjet,
laser-assisted, and light-based techniques [21, 22]. Depend-
ing on the type of engineered cardiac tissues (e.g., myocar-
dium, vascularization) being created, specific combinations
of biomaterials and bioprinters are selected [23-26]. In this
review, we present the state-of-the-art of 3D bioprinting
techniques and biomaterials (bioinks) for 3D bioprinting of
cardiac constructs. We also emphasize the recent advance-
ments in using 3D bioprinting and bioinks to develop rel-
evant tissue models for cardiovascular tissue engineering.

Printing Techniques for 3D Tissue Fabrication

3D printing technology has the potential to automate the
creation of artificial cardiac tissues by recreating key char-
acteristics such as position, size, shape, number and type of
cells, and physiological complexity [22, 27, 28]. Customized
structures can be realized through an additive manufacturing
process using computer-aided design (CAD) models [29].
By controlling the spatial positions of cells and providing
topological, chemical, and complex cues, 3D printing can
promote the morphogenesis of cardiac tissue and the devel-
opment of neovascularization and maturation in engineered
cardiovascular tissues [30]. To ensure the structural and
functional operation of cardiac tissues, several aspects must
be considered, including bioprinting methods and the use of
printable biomaterials [30].

Bioinks

Bioinks are used to construct a temporary ECM in a tissue-
engineered scaffold in order to provide a tissue-specific
microenvironment to guide cellular behaviors and promote
cell recruitment, migration, adhesion, proliferation, differen-
tiation, and maturation. [31, 32] Additionally, this transient
ECM ought to give cells the necessary mechanical sup-
port. When developing bioinks for 3D bioprinting, certain
properties should be taken into consideration. A variety of
materials have so far been explored for the development
of bioinks. The two most popular natural biomaterials that
have been thoroughly explored for cardiac tissue regenera-
tion using 3D printing are gelatin and alginate [33]. Gelatin
is a biodegradable polymer with unique properties such as
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amino acid composition, gel strength, isomeric point, and
charge [34]. One of the best-known derivatives of gelatin is
its methacrylated gelatin (GeIMA). GelMA exhibits promis-
ing qualities as a bioink due to its strong biocompatibility,
ability for photocrosslinking, and programmable physico-
chemical features [35]. An anionic polysaccharide, alginate
is a natural biopolymer that is non-toxic, non-immunogenic,
biocompatible, and inexpensive [36]. Alginate can be ioni-
cally crosslinked with Ca2 4+, making it a suitable material
for bioprinting [37]. Alginate’s ability to support cell encap-
sulation and cell growth throughout the bioprinting process
is an additional benefit when employing it as a cell-laden
material for 3D bioprinting [38]. Additionally, other natural
polymers like collagen, silk, chitosan, and hyaluronic acid
are also extensively applied [21, 39-41].

Synthetic polymers, on the other hand, offer a mechani-
cally robust structure with better control of chemical and
mechanical properties, but the absence of active binding
sites, which can activate the biological signaling pathway,
hinders cell adherence, and may even cause cell death [42].
Therefore, a limited number of synthetic polymers with
adjustable mechanical strength and degradation capabil-
ity, such as poly(ethylene glycol) diacrylate (PEGDA), are
utilized to directly encapsulate cells for printing operations
[43]. Comprehensive descriptions are available in a number
of pertinent publications [43, 44].

Bioprinting Method

For creating 3D cell-laden constructions for tissue engi-
neering purposes, 3D bioprinting is the most up-to-date
technique currently available to scientists. The in situ cell
encapsulation empowered by 3D bioprinting facilitates the
reorganization of the fabricated model into functional tis-
sue constructs [45]. High accuracy and flexibility are two
other key advantages of 3D bioprinting. The two primary
categories of 3D bioprinting techniques are light-based (such
as digital light processing (DLP), two-photon polymeriza-
tion (TPP), and laser-assisted bioprinting) and nozzle-based
(such as inkjet and extrusion bioprinting) [46, 47].

DLP Bioprinting

In DLP bioprinting, photon energy (e.g., LED light) is used
to induce photopolymerization of a bioink to form 3D struc-
tures in a projection and layer-by-layer fashion. DLP bio-
printing controls tissue architectures in all three dimensions
with high resolution and precision [48]. Photocrosslinking
of the bioink with cells minimizes the shear force and heat
impact on the cells and provides better spatial and temporal
control during the polymerization process [49]. In particular,
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microscale continuous optical printing (WLCOP) has emerged
as an advancement of DLP printing. This method involves
converting a 2D image into a volume of prepolymer solution
while combining continuous stage movement with adjust-
ments to digital masks. This results in higher spatial resolu-
tion and can create millimeter- or centimeter-scale structures
in seconds to minutes [50]. In apCOP printer, a digital micro-
mirror device (DMD) chip composed of an array of millions
of micromirrors is employed to project user-defined patterns
by turning on or off each micromirror [51]. The projection
optics direct the light that is reflected by the “on” mirrors
onto the prepolymer solution, where it immediately starts to
polymerize layer by layer. The printer is designed to allow
continuous movement in the Z-stage, therefore creating a 3D
structure that replicates the desired pattern in a continuous
fashion with much improved structural integrity. Cells can
be directly patterned into a 3D hydrogel using appropriate
bioinks, allowing control over cell alignment and concentra-
tion in the printed tissue construct [52]. Higher cell viabilities
can be achieved using DLP bioprinting approaches without
the high sheer pressures that occur in nozzle-based bioprint-
ing, even for sensitive cell types such as stem cells [46].

Extrusion-Based Bioprinting

Extrusion-based bioprinting is a well-developed 3D bio-
printing technique used in tissue engineering [15]. In this
method, the bioink is typically placed in a syringe-like tool
that uses a controlled force—pneumatic pressure or mechan-
ical force generated by a piston or screw—to propel the
bioink through a nozzle [53]. The size and structure of the
nozzles placed at the end of the syringe are selected accord-
ing to the specification of the structural design [54]. This
bioprinting technique can deposit highly viscous bioinks
with high cell concentrations at a large deposition rate [55].
Moreover, multi-nozzle extrusion bioprinters facilitate
simultaneous deposition of heterogeneous constructs [56],
enabling direct bioprinting of different cardiovascular cell
types, i.e., fibroblasts, endothelium, smooth muscle cell
(SMC), and stroma into a single tissue abridge by co-print-
ing [57]. Extrusion-based bioprinting represents a conveni-
ent, intensively explored rapid prototyping platform with
reasonable resolutions and costs. In extrusion bioprinting,
however, the main factor affecting cell viability is the shear
stress acting on the bioink, which depends on the viscosity
of the bioink, nozzle dimension, and printing pressure [58].
Although printing resolution can be improved by smaller
nozzles, a decrease in nozzle diameter results in higher shear
stress (i.e., lower cell viability) and nozzle clogging. There-
fore, the resolution of this method is usually limited. The
minimum feature size is generally 150 pm, which is much
worse than other bioprinting techniques [59, 60].

Inkjet Bioprinting

Inkjet bioprinting has been largely adapted from commercial
inkjet printers, making it available at low costs [61]. Because
it is based on the mechanical pulse of the printing head to
generate and precisely position small droplets (1-100 picolit-
ers), inkjet printing has a high-resolution characteristic [62].
The bioink is poured into a chamber with an inkjet head, and
thermal or acoustic pressure is then applied to cause small,
controllable droplets of bioink to be released onto a collection
plate. Thermal and piezoelectric methods are commonly used
to deposit bioink from the head, and the motion stage allows
for the generation of specific 2D patterns or 3D structures [32].
A thermal inkjet printer, in particular, produces bioink drops
via a heating pulse from a microheater. A piezoelectric inkjet
printer generates a direct mechanical pulse, which causes a
force to expel bioink droplets from the printing head [63]. This
technique’s main advantages are its high resolution and abil-
ity to form thin layers and patterned constructs. Inkjet printers
can produce a high-resolution structure (around 20-100 pm)
at a high printing speed of 1-1000 drops/s. [64] However, one
limitation of inkjet bioprinting is that high-viscosity bioinks are
difficult to be bioprinted properly due to clogging at the outlet
nozzle. Consequently, using low-viscosity bioinks with lower
cell content results in fewer cells delivered per unit time. Fur-
thermore, because inkjet bioprinters can only use low-viscos-
ity bioinks (3—12 mPa/s), a crosslinking step is almost always
required after bioprinting to achieve a stable structure [39, 65].

Laser-Assisted Bioprinting

The essential parts of a laser-based bioprinter include a
continuous or pulsed laser source, a laser-transparent print-
ing ribbon covered with a layer of cell-filled bioink, and a
substrate slide mounted on a moveable plate [64]. Laser-
based methods are classified according to the type of these
components: (1) laser-induced cell transfer technologies and
(2) laser stereolithography. Light-induced forward transfer
(LIFT) and direct write processes are examples of cell trans-
fer technologies. LIFT consists of a laser, a donor substrate
layered with liquid enclosing biological elements (bioink),
and a receiver substrate that receives the printed liquid [66,
67]. By pulsing onto a layer of bioink that contains cells
(referred to as ribbon) that is positioned beneath a layer that
absorbs laser energy, the LIFT technique creates a droplet
that contains cells [68]. The main advantages of laser-based
bioprinters are high resolution (the ability to bioprint a sin-
gle cell per droplet), no clogging, the ability to bioprint low-
viscosity bioinks (1-300 mPa s), and the ability to fabricate
cellularized constructs with a high cell density (up to 108
cells per mL) [69-71]. The main drawbacks of laser-based

@ Springer



508 Current Cardiology Reports (2023) 25:505-514

Sacrificial Cell-laden H9-EVCs
hydrogel hydrogel e
T (9500

EVC /\. . EVC
Spheroids 0 2% % Single cells

PCL

-

AL RLR LR R
\\\\\\\\\\\\\‘\\ 2

Relaxation Contraction

4 Uf\‘&_-vs

C H9C2 cells - Alginate
Ve Gelatin Fibrinogen
- Aprotinin

Compacted
Bioink

Day 7, Surface
Shear-Induced
Alignment

Printed aOBB Alignme
Ve

2

@ Springer



Current Cardiology Reports (2023) 25:505-514

509

«Fig. 1 A Representative and schematic images of BIO-X 3D bio-
printer for bioprinting cardiac tissue. Typical three components of

“,

the bioprinter were marked as a, b, and c. Thereinto, “a” represents
thermoplastic printhead, “b” represents conventional pneumatic print-

TR

head, and “c” represents temperature-controlled printhead (reprinted
from: Liu Y et al. [82]; Creative Commons user license https://creat
ivecommons.org/licenses/by/4.0/) B Fabrication of the cardiac micro-
tissue and Schematic of DLP-based bioprinter consisting of a (1) UV
light source, (2) DMD, (3) focusing optics, (4) prepolymer solution,
(5) 3D sample stage, and (6) fully printed scaffold (reprinted from:
Miller KL et al. [90], with permission from Elsevier). C Schematic
illustration of fabrication of biomimetic cardiac tissue using scaffold-
free de novo 3Dprinting technique, which is applied for in situ detec-
tion of drug-induced sodium ion channel responses (reprinted from:
Samson AAS [91], with permission from Elsevier). D Schematic
illustration of aOBB orientation within the compacted bioink, which
depicts their initial random orientation in the syringe reservoir fol-
lowed by their shear-induced alignment during ink extrusion from
nozzle and multiscale alignment generated via bioprinting cardiac
inks composed of aOBBs (reprinted from: Ahrens JH [92], with per-
mission from John Wiley and Sons)

bioprinting, on the other hand, include the possibility of
cell damage caused by laser radiation, the complexity of
controlling laser pulses, the challenge of manufacturing the
cell-embedded ribbons before printing, difficulty and low
throughput for 3D tissue formation, and the high cost of the
laser system [72, 73].

In laser stereolithography, tissue formation via laser-
induced photopolymerization is possible in the presence of
photosensitive bioinks and cells [67]. A 3D scaffold is formed
by laser scanning of the bioink in a dot-by-dot or line-by-line
fashion. To improve printing resolution, two-photon polym-
erization (TPP) is employed by using a ultrafast laser [74]. By
exposing photosensitive materials to focused low-energy fem-
tosecond (fs) laser pulses (near-infrared (NIR) light) with the
ability to direct laser focal point in the desired spot, biocom-
patible, high-resolution, and selective consolidation of pho-
tosensitive materials is made possible [75]. The method has
been utilized to fabricate scaffolds in biocompatible hydrogels
with focus spots as small as sub-micron utilizing a femto-
second laser (100 fs pulse, 800 nm wavelength, at 80 MHz,
0.1-10 nJ per pulse) [76, 77]. Sub-micrometer scale features
can be obtained since the diffraction limit of the light source
is not a constraint on TPP’s resolution. However, the printing
speed is typically slower than DLP due to the point-by-point
or line-by-line polymerization process [78].

3D Printing Scaffolds for Vascularized
Organoids

Cells are highly dependent on the blood supply for oxy-
gen and nutrients to maintain their proper function, pro-
liferation, and viability [79]. Several studies have found
that oxygen and nutrient diffusivity is only adequate over

short distances (200 m) [80, 81]. As a result, the vascu-
lar network is a critical component in tissue engineering.
Liu et al. investigated early vascular cells (EVCs) derived
from human embryonic stem cells (hESCs) as seeding
cells for vascular engineering in cardiac tissues (Fig. 1A)
[82e¢]. The authors demonstrated that 3D bioprinting of
cardiomyocytes (CMs) and EVC spheroids mediated vas-
cular differentiation and self-assembling, leading to the
fabrication of functional cardiac microtissues with well-
organized microvasculature. Based on these vascularized
cardiac organoids, it was discovered that the presence of
EVCs carrying CD34% progenitor cells during the vascu-
lar induction stage is necessary for the effective differ-
entiation of microvascular cells. The ability of EVCs to
form 3D networks in engineered matrices demonstrated
that hydrogel plays an essential role in the formation of
self-organized vascular networks. The authors applied
an anchorage-dependent cardiac tissue 3D bioprinting
strategy in order to construct EVC spheroid-laden cardiac
patches. This strategy induced in situ differentiation and
microvasculature self-assembly in the contractile cardiac
tissue with the cellular organization. Also, EVC spheroids
showed better 3D vascular network formation than EVC
single cells in 3D bioprinted myocardial tissues. Finally,
they developed centimeter-scale cardiac tissues with well-
organized and dense microvasculature using 3D printing
with self-assembly EVC spheroid, which has great poten-
tial for cell-based therapy of in vivo myocardial infarction
(MI) test.

3D Printing Vascular Channels

Blood vessels are the conduits through which blood
is distributed to body tissues. They are responsible for
transporting oxygen, nutrients, and blood cells to the
tissue as well as for removing carbon dioxide and other
waste products [83]. Recently, synthetic grafts made from
poly(ethylene terephthalate) and expanded polytetrafluoro-
ethylene have been widely used [84, 85]. However, these
grafts for the heart have significant downsides, such as
low patency rates and graft failure due to hyperplasia and
atherosclerosis [86, 87]. To overcome the limitations of
conventional artificial vascular grafts, Wang et al. devel-
oped a tough double-network hydrogel bioink to fabricated
mono- and dual-layered hollow conduits to mimic the real
vein and artery tissues, respectively [88ee]. The bioink
comprised of sodium alginate and gelatin (or GelMA)
forms a double-network hydrogel with energy-dissipative
ionically crosslinked alginate and enzyme—crosslinked gel-
atin. Microfluidic coaxial extrusion bioprinting with two
or three channels was utilized to fabricate monolayered
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or dual-layered vascular conduits, respectively, with this
bioink. Coaxial extrusion bioprinting offers a number of
significant benefits for creating vascular conduits. First,
conduits made using the approach would have structurally
appropriate tubes with tunable wall thicknesses. Addition-
ally, this method allowed for the high-throughput produc-
tion of lengthy, continuous tubes. Finally, coaxial bio-
printing allowed for successful conduit manufacture with
minimal bioink waste, making it ideal for the economic
and mass production of conduits. With the recapitulation
of important characteristics of natural blood vessel, the
in vitro test demonstrated that these vascular conduits can
be used as a reliable preclinical model to investigate the
vascular responses to SARS-CoV-2 infections. Ex vivo
and in vivo tests demonstrated that the bioprinted conduit
could be glued to an ex vivo explanted mouse aorta and
vena cava without causing visible leakage. This set of find-
ings demonstrated that bioprinted conduits have a high
potential for future translational applications of in vivo
vascular reconstruction.

In another study, Skylar-Scott et al. manufactured the
organ-specific tissues with a high cellular density and
embedded vascular channels [89]. They reported a bio-
manufacturing method by using sacrificial writing into
functional tissue (SWIFT) with living organ building
blocks (OBB) matrix. First, a cold OBB-ECM slurry was
centrifuged to produce a living tissue matrix containing
approximately 200 million cells/ml. The tissue construct
was warmed to 37 °C after SWIFT. The sacrificial gelatin
ink melted and was removed from the tissue build, leaving
behind a network of tubular channels imbedded within the
tissue construct. To sustain cell viability, the resultant tissue
was immediately linked to an external pump and perfused
in oxygenated medium. As a result, SWIFT was able to
integrate vascular channels into living matrices made up
of a diverse set of OBBs. Next, they introduced HUVECs
to manufacture a perfusable endothelial-lined channels by
SWIFT. Endothelial cells were seeded specifically by first
passing a suspension of HUVECs through an embedded,
bifurcating vascular network within a SWIFT construct. It
was allowed for the cells to attach to the luminal surface.
Finally, using cardiac structural data from the National
Institutes of Health 3D Print Exchange, they printed a 3D
CAD model of a typical human heart, comprising a portion
of the left anterior descending (LAD) artery and a diago-
nal branch within a cardiac OBB matrix. In conclusion,
they presented SWIFT, a new biomanufacturing technol-
ogy that employs OBB tissue matrices with a cell density,
microarchitecture, and function similar to that of real tis-
sues. SWIFT can be used with a variety of OBBs, such as
embryoid bodies (EBs), differentiated organoids, and multi-
cellular spheroids.
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3D Printing of Cardiac Model

Accurate and high-throughput drug testing is critical since
cardiac disease is a reigning problem in the world. With
the 2D culture of cells on flat surfaces, it is difficult to
understand their original functions inherited from their
3D existence. To address the limitation of current models,
3D-printed cardiac tissue is a promising approach that repro-
duces the cell—cell, cell-matrix interaction, and tissue archi-
tecture to imitate the structural and functional complexity of
heart tissues [26]. Miller et al. reported a novel method for
cardiomyocyte encapsulation in 3D GelMA scaffolds with
micropatterns using an in-house designed microcontinuous
optical printing system (Fig. 1B) [90]. They designed an
asymmetric, cantilever-based tissue scaffold and customiza-
ble force-measuring system that directly measures the defor-
mation produced by the beating microtissue. The microtis-
sue displayed a high degree of sarcomere organization and
produced a tissue that contracted synchronously. The force
output was determined by the deflection of an integrated,
3D-printed force gauge. They showed that the 3D microtis-
sues could be sustained over an extended period, generate
significant forces, and be validated against drugs at different
doses, demonstrating corresponding and measurably differ-
ent changes in beating frequency and displacement force.
This highly customizable 3D cardiac tissue fits in multi-well
plates and could be used for high-throughput disease mod-
eling and drug discovery in the future.

In another study, Samson et al. fabricated a scaffold-free
3D printing model (SFP) for the simultaneous extrusion of
bioink [91]. The SFP method, which uses precise printed
patterns, can be used to systematically study the formation
of native cardiac tissue patterns in order to generate con-
sistent tissue structures. The cells are trapped within the
3D-printed cell-laden pattern when printing. The hydro-
gel composition keeps the original printed shape since it
is stiff. The 3D-printed structure provides the necessary
space for printed cells to grow and proliferate. This print-
ing method can print cell-laden 3D structures as well as
structures with mechanical support that can generate tissue
structures with desired patterns. They assessed the maturity
of the constructs through the modulation that occurred in
Na* channels, and they used Na* indicators to monitor the
effect of drugs on intracellular Na* levels, which evaluated
the functionality of the SFP-engineered cardiac constructs.
This study demonstrated that drug response in 3D-printed
cardiac tissue can be accurately assessed by measuring the
fluorescent signal and can be assessed both qualitatively and
quantitatively from 3D-reconstructed images.

Most recently, the Lewis group has developed engineered
cardiac tissue with programmable alignment via bioprinting
of anisotropic organ building blocks (aOBBs) [92ee]. Gelatin



Current Cardiology Reports (2023) 25:505-514

511

and fibrinogen are employed as the bioinks. The initial stage
in developing their heart bioink is to use stereolithography to
create scalable micropillar arrays (SLA). Tens of thousands of
aOBBs with controlled aspect ratio and cellular composition
are produced using these micropillar arrays. These aOBBs are
elongated microtissues made up of cellularly aligned hiPSC-
CMs that may be constructed modularly into a printed bioink.
Individual aOBBs in this bioink align along the print path
due to shear and extensional forces similar to those that ori-
ent acellular fibers when extruded via a tapered nozzle. They
created cardiac tissues with a high cell density and controlled
alignment at various length scales, from aOBBs in isolation
to the sarcomeric machinery that controls the contractile func-
tion of the tissues. Cardiovascular macrofilaments made of
aOBBs showed a preferred cellular alignment along the print-
ing direction that was higher than the spheroid-based controls
after bioprinting. The functional characterization of aligned
cardiac macrofilaments showed that the conduction velocity
(CV) was gradually increased and Connexin-43-positive gap
junctions and N-Cadherin-positive adherens junctions, which
are signs of tissue fusion, were also observed between cardio-
myocytes. Finally, they emphasized the capacity to alter the
amplitude and direction of contractile force in printed cardiac
tissue sheets with a varying aOBB orientation.

Conclusion

Recent advancements in 3D bioprinting technology have
demonstrated its potential as a powerful tool for the field
of cardiac tissue engineering. 3D bioprinting provides a
platform for exploring new avenues in development, regen-
erative medicine, and drug responsiveness by enabling the
construction of complex, organ-mimicking cellular struc-
tures on scaffolds with precision and flexibility in design.
In addition, the use of 3D printing to fabricate scaffolds for
vasculature is becoming an increasingly viable approach in
biofabrication, offering the potential for creating physiologi-
cally informed blood vessel networks in tissue engineering.
Furthermore, the convergence of 3D bioprinting with stem
cell engineering allows for the creation of 3D tissue mod-
els that accurately reflect individual characteristics in vivo,
leading to a greater impact in treatment outcomes. However,
there are still areas where further research is required to
fully realize the potential of 3D bioprinting in the field of
cardiac tissue engineering. One such area is the coordina-
tion between bioink material and bioprinting parameters,
which greatly influence the mechanical properties of scaf-
folds, biocompatibility, printing resolution, and flexibility.
This underscores the importance of selecting appropriate
bioink materials and 3D printing parameters for optimal
tissue generation. The use of iPSC-derived cardiomyocytes
in 3D-printed tissues will enable patient-specific treatment

and drug testing. However, maturing the iPSC-CMs needs
further research. Furthermore, incorporating multiple cell
types according to in vivo architecture in 3D bioprinting still
remains a challenge. In conclusion, continued investigations
are necessary to better understand the intricacies of cardiac
biology and fully realize the potential of 3D bioprinting for
the field of cardiovascular disease modeling and treatment.
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