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Abstract

Purpose of Review Tissue engineering has expanded into a highly versatile manufacturing landscape that holds great promise for
advancing cardiovascular regenerative medicine. In this review, we provide a summary of the current state-of-the-art bioengi-
neering technologies used to create functional cardiac tissues for a variety of applications in vitro and in vivo.

Recent Findings Studies over the past few years have made a strong case that tissue engineering is one of the major driving forces
behind the accelerating fields of patient-specific regenerative medicine, precision medicine, compound screening, and disease
modeling. To date, a variety of approaches have been used to bioengineer functional cardiac constructs, including biomaterial-
based, cell-based, and hybrid (using cells and biomaterials) approaches. While some major progress has been made using cellular
approaches, with multiple ongoing clinical trials, cell-free cardiac tissue engineering approaches have also accomplished multiple
breakthroughs, although drawbacks remain.

Summary This review summarizes the most promising methods that have been employed to generate cardiovascular tissue
constructs for basic science or clinical applications. Further, we outline the strengths and challenges that are inherent to this field
as a whole and for each highlighted technology.

Keywords Cardiac tissue engineering - Bioprinting - 3D modeling - Vascular network - Cardiovascular regenerative medicine -
Patient-specific precision medicine

Introduction heart biology, and medicine. It is a complex area of research,

but in that complexity lie its strengths—the potential to create
Cardiovascular tissue engineering straddles the crossroads be- ~ regenerative implants, improve drug screening platforms for
tween biomaterials engineering, 3D design and modeling, = more effective and controlled delivery of therapeutics, and
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model various diseases in vitro [1-6]. Borrowing expertise
from these various areas enables a multidisciplinary approach
towards biomanufacturing of functional, living tissues and
organs, be it for basic science or translational research for
cardiovascular applications.

With applications ranging from patient-specific medical
implants, drug screening platforms, and in vitro disease
models, the field of biological additive manufacturing has
greatly expanded in recent years. Improved control over spa-
tial resolution, biomaterial/hydrogel properties, and biological
pathway understanding has enabled tissue engineering to be-
gin its transition from a strictly research tool into the clinical
and biotech areas. This review summarizes the current tissue
engineering approaches that have shown most promise as a
translational tool, focused predominantly on cardiac and car-
diovascular engineered tissues.

Importantly, to maintain cell viability and functionality, the
scaffolds that are employed in tissue engineering must satisfy
several key biophysical and biochemical requirements, both
during and post manufacturing, such as cell viability, proper
niche recapitulation, spatial fidelity, and biodegradability
[7-9]. These parameters, together with a reliable method to
generate functional vascular networks within the engineered
constructs, are critical for generating high-fidelity tissue ana-
logs [10]. A balance must be maintained between the mechan-
ical properties of scaffolds and their biocompatibility to allow
for incorporated cells to remodel their microenvironment,
which is a critical step towards intercellular connections and
adequate tissue function [11, 12]. Here, we will explore sev-
eral tissue engineering methods that have been used to gener-
ate viable and functional tissue analogs, for use in in vitro
research or translational applications, outlining the specific
methods are most capable of producing vascularized tissue/
organ mimics for the heart and other target organs.

Scaffold-Free Cellular Approaches

A common, substantial issue in most cardiovascular diseases
(CVDs) is the irreversible loss of cardiomyocytes (CMs) and
scar tissue formation, which could eventually lead into ar-
rhythmia and heart failure. While conventional therapies pri-
marily focus on minimizing scar formation and adverse re-
modeling, they rarely address the massive loss of muscle tis-
sue. Therefore, new therapies are currently being explored. In
particular, cell-based therapies have become a new focal point
for the treatment of various CVDs, aiming to restore function
and structure of damaged heart by implantation of cells into
the pathologic tissue using a variety of techniques (e.g.,
intracoronary, intravenous, intramyocardial, and trans-
endocardial injection methods) [13].

To date, a variety of cell sources have been used in
scaffold-free cardiovascular repair processes including bone
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marrow-derived (BMSCs), mesenchymal (MSCs), and em-
bryonic stem cells (ESCs) [14-16], induced pluripotent stem
cells (iPSCs) [17, 18], cardiac stem and progenitor cells [19,
20], skeletal myoblasts [21], cardiac fibroblast [22] and endo-
thelial cells [23], and a variety of CMs [24-26]. While a large
number (> 200) of clinical trials have established the effective-
ness and safety of most cell types in treating CVDs, the effi-
cacy of scaffold-free, cell-based therapies remains challenging
due to factors including inadequate consistency of cell
sources, poor cell retention and survival after transplantation,
and risk of tumorigenicity [10, 27, 28].

Difficulties in replicating native tissue functionality and
mechanical stability have limited the progress of scaffold-
free approaches towards fabrication of viable cardiovascular
tissues [29]. Considering the significance of spatial distribu-
tion of cells in recapitulating organ/tissue structure and func-
tion, cell 3D bioprinting has recently been explored as a robust
tool to engineer tissue constructs [30, 31]. 3D bioprinting can
also be helpful in creating highly complex vascular tissue
constructs at dimensions greater than 500 wm, given that dif-
fusion limit of oxygen in living tissues is ~ 100-200 um [32]).

Direct cell printing has already been used successfully to
create a variety of cardiovascular tissues. For example, smooth
muscle cells (SMCs) and FBs were laid down to mimic layered
tissue constructs. Printed tissues underwent perfusion-
mediated maturation [33]. Scaffold-free, near-solid tissue
strands have been printed without any need for a liquid medi-
um. This approach better matched the mechanical and bio-
chemical characteristics of the host tissue [34]. In another
study, ten-thousand spheroids, composed of CMs, FBs, and
ECs, were fused together to form contractile cardiac patches
[35]. The patches were grafted into rat hearts to assess their
potential for translational applications. Multicellular patches
showed remarkable electrophysiological and mechanical con-
tractility coupling, and more mature tissue and host anastomo-
sis [35]. While scaffold-free cell self-assembly has shown suc-
cess for specific cell types, not all cells are conducive to
forming aggregates and need anchoring (e.g., osteoblasts) [29].

Cell-Free Biomaterial Approaches

Cardiac tissue engineering aims to generate high-fidelity ana-
logs of human heart tissue for in vitro disease modeling or
in vivo repair of damaged tissue. Successful application of
such efforts requires selecting proper cell sources, and impor-
tantly, developing functional biomaterials that can support tis-
sue viability, maturation, and function. The field of cardiovas-
cular tissue engineering has spent considerable resources to
develop functional biomaterials for applications that can be
addressed without the need for an exogenous cellular compo-
nent. Such approaches are especially relevant to large-scale
tissue/organ reconstruction [36, 37]. Acellular cardiac
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scaffolds can provide the unique signaling environment that
will allow for endogenous cardiac tissue repair and improved
restorative therapies [38].

Biomaterials that can recapitulate the native heart extracel-
lular matrix (ECM), while maintaining adequate mechanical
integrity, can be difficult to create, due to the complexity and
tight regulations inherent to these tissues. Such materials
should exhibit relatively low, myocardial-mimetic stiffness
(~1-10 KPa [11, 39]), biodegradable at proper rate to allow
ECM remodeling and intercellular connections [11, 40], while
supporting the cardiac cell viability and function. To address
these requirements, a variety of bioengineering methods have
used synthetic and natural biomaterials, including
decellularization techniques, additive manufacturing ap-
proaches, electrospinning, 3D casting, and micropatterning
(Fig. 1) [45].

Hybrid (Cellular Scaffold) Approaches

A majority of cardiovascular tissue engineering efforts utilize
a combination of cells and biomaterials to create biomimetic,
functional tissue constructs for a variety of in vitro and in vivo
applications. In these strategies, engineered biomaterials will
have to fulfill a wide spectrum of physiomechanical, biologi-
cal, and biochemical requirements to recapitulate the highly
complex microenvironment of the native heart tissue [46—48].
Employed biomaterials—in the form of injectable hydrogel or
ex vivo fabricated patch/scaffolds—will help significantly to
retain transplanted cells at the site of injury, provide 3D orga-
nization to the cells, protect, stimulate and guide their growth
and function, and increase the thickness of cardiac tissue,
resulting in diminished wall stress and adverse cardiac remod-
eling [13, 49].

3D printing and bioprinting
(additive manufacturing)

organ-on-a-chip

electrospinning

micropatterning
& microstamping
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Methods

cell self-assembly
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Fig. 1 Schematic summary of cardiovascular tissue engineering
paradigms (inner circle) and commonly used bioengineering
approaches (outer circle), including 3D printing and bioprinting, cell
self-assembly approaches, cell/hydrogel/gene injection therapies, 3D

cast tissue constructs (reconstructed from [41]), decellularized tissue
scaffolds (reconstructed from [42, 43]), micropatterning and stamping
(reconstructed from [44]), electrospinning, and organ-on-a-chip methods
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Engineered scaffolds, when paired with patient-specific
stem cells, can be used to deliver novel therapies and advance
regenerative medicine [46, 50]. In the field of cardiac tissue
engineering, polymeric biomaterials can be derived from nat-
ural or synthetic sources. Most common biologically derived
polymers include collagen, gelatin, Matrigel, chitosan, algi-
nate, and decellularized ECM [51, 52]. Synthetic cardiac bio-
materials, such as polyesters (e.g., FDA-approved
polycaprolactone, poly-L-lactic acid, and poly(lactic-co-
glycolic acid) [13]), could be attractive alternatives to natural
polymers, offering facilitated chemical-physical modifications
and enhanced reproducibility [13, 52]. Additionally, other op-
timized materials such as silk and conductive materials like
graphene and carbon nanotubes have been recently utilized
[53]. The range of validated scaffolds is further enhanced by
the different crosslinking methods that are available to solidify
the material, from ionic based, to enzymatic and UV or visible
light initiated [46, 54, 55].

To accurately simulate their target environment, scaffolds
require directed assembly of the biomaterial components
using various approaches including casting, bioprinting, or
electrospinning, which are covered in more detail later in this
review. In the case of synthetic scaffolds, polymer
functionalization using a variety of small molecules, peptides,
and proteins is often required to facilitate cellular integration
and maturation within the engineered tissue construct [48, 50].
For any of these scaffolds to be a viable long-term translation-
al option, they must support vascularization, either directly, or
through their porous structure. Below, we outline briefly some
ofthe most common bioengineering approaches used to create
functional cardiovascular constructs for in vitro and in vivo
applications.

3D Printing and Bioprinting (Additive Manufacturing)

Current approaches of 3D bioprinting in CVDs primarily uti-
lize a microextrusion method where the bioink is expelled
from the nozzle at a controlled rate [9, 56]. This provides a
significant control over the spatial and cellular composition of
the manufactured tissues. The ability to incorporate patient-
derived cardiac cells (e.g., iPSC-derived CMs, FBs, ECs, and
SMCs) into supportive bioink allows fabrication of functional,
personalized tissue constructs that can aim to repair the dam-
aged heart, or other target organs [57, 58¢¢]. While major
progress has been made in bioengineering functional scaffolds
for in vitro modeling and cardiac tissue repair and regenera-
tion, these applications remain limited due to multiple com-
plex features of cardiovascular tissues [57, 59e¢].

One of the most important components of 3D bioprinting is
preparation of the bioinks that are used as a medium to support
the cells, and maintain the tissue geometry and design at the end
of the process [60]. Bioinks can be a biomaterial which acts as
scaffolding support, one that can be incorporated with specific
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cells, or a cell-derived material that can imitate a biological tissue
[60, 61]. Different types of bioinks offer a range of advantages,
but also bring unique challenges to tissue manufacturing, de-
pending on the instrument setup as well as the chemistry of the
material [61]. In the case of cardiovascular tissue printing,
bioinks often must contain different cell types including cardiac
CMs, ECs, and SMCs [62], which makes formulating and opti-
mization of cell-specific bioinks challenging. Materials used for
this purpose must be biocompatible, exhibit adequate
rheological-biomechanical properties to achieve printability and
post-print stability, and biodegradable to allow cell remodeling
and intercellular connection [9]. They should also allow for flex-
ible design of complicated structures, resembling the target vas-
cular structures. Examples of such hydrogels include gelatin [63,
64, fibrin-based composites [57, 65], and sodium alginate [66].

Current studies in bio-additive manufacturing have focused
on biocompatibility, cell viability, and support for heteroge-
neous bioprinting, which imposes more strict constraints on
viable bioinks. Thus, it is important to focus on developing
improved methods for characterization and screening of novel
bioinks (Table 1).

Cell Self-Assembly Approaches

Cell self-assembly utilizes the inherent ability of the cells to
organize in tissue-specific manner to recapitulate the desired
tissue/organ structure. Such bottom-up approaches that ex-
ploit autonomous cell aggregation can significantly facilitate
engineering of functional cardiovascular tissues [80]. As car-
diac patches for treating myocardial infarct (MI), self-
assembled cell sheet constructs have demonstrated engraft-
ment associated with CM proliferation, neovascularization,
and intercellular junctions [81-85]. Further, cardiac functional
enhancement has been reported, with reduced left ventricular
remodeling, less fibrosis, and preserved wall thickness and
ejection fraction [81, 83, 86, 87]. Electromechanical coupling
with synchronized pacing and limited arrhythmias has been
also validated in cell sheet-treated MI hearts [82, 85].
Currently, various methods are being tested to move beyond
the current diffusion barrier of three-sheet thickness.
Perfusable vascular beds cultured via bioreactor systems have
produced viable twelve-layer tissues [88, 89]. Future efforts
must focus on scaling tissues to billions of cells, optimizing
vascularization, and providing better nutritional media that
also incorporate biological feedback assays [89].

Cell and Hydrogel Injection Therapies

Injection of a variety of cells and/or hydrogels has been eval-
uated as an alternative therapy to treat CVDs, including MI
and severe end-stage heart failure (> 200 trials over past two
decades) [90-92]. Direct cell/hydrogel injections are particu-
larly promising methods as they offer less invasive therapy in
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comparison to other tissue engineering approaches [91, 93,
94]. For this purpose, to date, a variety of cardiac cell types
(e.g., cardiac stem/ progenitor cells, FBs, ECs and SMCs, and
CMs [16, 18,22, 23]) and injectable hydrogels (e.g., collagen,
dECM, alginate, chitosan, fibrin, poly(ethylene glycol)
diacrylate (PEG-DA), PNIPAm, and gelatin methacrylate
[91, 92, 95]) have been used to repair damaged or diseased
heart. Some of the main requirements for these biomaterials
include injectability (or printability), biocompatibility and bio-
activity to support exogenous/endogenous cell function, en-
hanced mass transfer properties, and biodegradability [91].
Cells and/or biomaterials have been delivered via administra-
tion routes including intracoronary, intravenous,
intramyocardial, and trans-endocardial [13].

While evidence-based standard of care therapies such as
angiotensin-converting enzyme inhibitors and (3-blockers have
shown success in reducing heart failure (HF) mortality rates and
healthcare costs, drug therapy is shown to be efficacious only in
a subset of HF patients [90, 96]. Thus, cell transplantation has
been proposed as an adjunct therapy to treat CVDs. Grafted cells
may contribute to cardiac tissue repair in multiple ways [96].
Most commonly, paracrine signaling has been identified as the
primary mechanism of action, through transplanted cell secretion
of growth hormones, cytokines, exosomes, and metalloprotein-
ases [97-99]. Such paracrine factors, in turn, can stimulate and
modulate endogenous repair mechanisms. Considering that most
cell therapies have shown poor long-term retention and engraft-
ment of transplanted cells [100, 101], indirect paracrine mecha-
nisms are more likely to be responsible for the regenerative
effects and improved cardiac function. Although, stem cell dif-
ferentiation into CMs (or other cardiac cell types), damaged
tissue remuscularization [102, 103], and neoangiogenesis [104,
105] have been reported as other potential mechanisms.

Hydrogel injections for cardiovascular regeneration provide
an opportunity to concurrently introduce patient-derived organ-
specific cells and bioactive agents, which can act locally to the
injured area to regenerate cardiac tissue [106]. Biologically de-
rived, synthetic, or hybrid materials have been designed for this
purpose [92, 95]. In vivo studies have demonstrated significant
functional benefits associated with injection of hydrogels with
varying compositions. Injectable hydrogels can provide a func-
tional delivery strategy for novel pharmacological agents and
cellular therapies that can supplement existing strategies to im-
prove cardiovascular recovery post-MI [91]. The field of tissue
engineering has seen numerous injectable hydrogels that have
been developed and tried for application in cardiac repair after
M1, and there is hope that such therapies will make it to the
clinic in the near future [92, 93, 107].

3D Cast Tissue Constructs

Casting 2D hydrogels into molds with shape/geometry of in-
terest has been the most common bioengineering approach to
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create cardiac tissue constructs for both in vitro and in vivo
applications [11, 41+, 108—111]. Ease of use, flexibility in
employing a large variety of biomaterials, simple
crosslinking/curing methods, and relatively rapid manufactur-
ing processes are some of the main advantages of 3D casting
[111]. For example, acellular type I collagen gels have been
cast, encapsulating cardiogenic peptides (e.g., follistatin like-1
protein (FSTL1)), iron oxide nanoparticles, and other biolog-
ical reagents, providing a 3D cardiac tissue analog with
physiomechanical properties resembling those of the native
heart tissue [1, 41, 108, 110, 112]. Application of FSTL1-
laden cardiac patch in mouse and pig models of MI demon-
strated significant effect of the cast patch in regenerating dam-
aged tissue [41°].

The lack of functional vascular network in cast cellular
scaffolds may lead to formation of necrotic/apoptotic cores
within thick tissues [113]. Yet, there is a lack of standardized
approaches to construct such vascular networks, which is a
major challenge for bioengineering 3D tissue grafts at the
clinical scale [114]. A promising approach utilizes simple vas-
culature casting that allows for consistent control of cardio-
vascular network geometry and endothelialization. It is com-
patible with a range of cell types, synthetic and natural ECMs,
and crosslinking strategies. Such perfused vascular channels
can also sustain metabolic function in engineered tissue con-
structs [115, 116]. For this purpose, sacrificial materials (e.g.,
carbohydrate glass or pluronic) are used for rapid casting of
patterned vasculature within engineered tissues [115].

Notably, casting and 3D bioprinting methods have been
recently combined together, to allow integration of important
advantages of each technique to create complex, heteroge-
neous tissue constructs laden with a variety of cells and bio-
logical reagents [62, 64, 115]. These hybrid tissue engineering
techniques are usually used to create 3D vascular scaffolds,
where a sacrificial biomaterial is often used first to form the
vasculature, followed by casting hydrogel (with or without
cells) to fill the interstitial space in a mold [64]. Cast matrices
contain either thrombin, transglutaminase (TG), or analogs
that can diffuse into adjacent printed filaments, facilitating a
continuous, interpenetrating polymer network. Such ap-
proaches can generate arbitrarily thick tissues, as the hydrogel
matrix does not require UV curing, which can limit
crosslinking due to lower penetration range [117].

Decellularized Tissues

Patients suffering from end-stage organ failure often require
organ transplantation, which is complicated by organ short-
age. For those patients, the need for chronic, lifelong immu-
nosuppression and procedures to assess for rejection are not
trivial. A promising approach in the field is to decellularize
existing (donor) organs, recover their intact ECM, and reseed
them with patient’s own cells to rebuild the target tissue/organ
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for implantation without the need for immune-suppressive
drugs [118]. By taking advantage of cells self-assembly,
decellularized ECM scaffolds can significantly facilitate engi-
neering of whole functional organs at scales that are attractive
for diverse clinical applications.

Decellularized tissues rely on isolation of the ECM from
any given tissue with minimal loss, damage or disruption,
while maximizing native cell removal. This is usually
achieved through physical, chemical, and enzymatic methods.
Some example methods include agitation in solution, thermal
shock, convective flow, and manual disruption [119]. One of
the more consistent methods is perfusion decellularization
[120], which can be applied to cadaver hearts or any other
target organ [121]. Importantly, this technique uses the organ’s
existing vasculature for perfusion, while also preserving the
vessels” ECM structure at both macro- and micro-scale.
Native vasculature perfusion-based techniques are well-
suited for translating decellularization processes for whole
human organs, as they would provide a more even distribution
of decellularizing agents, hence avoiding overexposure and
potential toxic effects [118, 121].

Decellularized heart scaffolds have been repopulated with
human-derived ESCs and MSCs, delivered through coronary
perfusion [122]. Differentiated cells expressed canonical car-
diac markers (cardiac troponin T and Nkx2.5) and had differ-
ential expression of myosin heavy and light chains.
Importantly, in case where the native vasculature was pre-
served during decellularization, there were CD31+ cells,
pointing to some stem cells having differentiated into vascular
ECs. Combining the properties of native acellular scaffolds
with recellularization techniques will provide a functional
platform for cardiovascular organ engineering and regenera-
tion with significant potential for clinical applications. The use
of decellularized scaffolds to bioengineer functional organs
may overcome the most significant challenges in organ trans-
plantation: donor shortage and immunosuppression [123].

Micropatterning and Microstamping

Micro patterning and stamping are well-suited for large-scale
engineered tissue studies, drug discovery, and pharmacological
testing, since they can generate reproducible and consistent
patterns that can be leveraged for cell-cell interactions
[124-126]. As these technologies are inspired by the semicon-
ductor industry, they are capable of creating patterns with res-
olutions from sub-micron to multiple centimeters, while main-
taining high fidelity. Micropatterning and microstamping can
be used to produce vascular tissue scaffolds at scales that other
techniques would struggle [126—128]. Microstamping tech-
niques often rely on surface modifications to adhere proteins,
such as peptides and antibodies, or surface functionalization,
such as plasma treatment, to guide cell attachment and migra-
tion along predefined patterns [124, 128-131].

Micropatterning has been extensively used in the development
of functional cardiovascular constructs, where cellular arrange-
ment, ECM dimensions, and precise localization of factors are
critical for functional recapitulation of the tissues [55, 125, 126,
132]. The ability to integrate multiple cell types on the same
surface has also been shown to benefit maturation and func-
tional development of the tissue mimics [124, 130-132].

In the field of cardiac and skeletal muscle tissue engineer-
ing, scaffolds that are capable of directing cellular alignment
are of great significance, as they would provide a highly bio-
mimetic microenvironment to support mechanical function of
cultured cells [133, 134]. For example, micro-molding and
micro-ablation methods have been used together in order to
fabricate elastomeric scaffolds with well-defined anisotropic
surface patterns. The micropatterned substrates directed for-
mation of highly aligned, engineered muscle tissues
consisting C2C12 cells [133]. In another study,
micropatterning was used to align neonatal rat ventricular
CMs, at both micro- and macroscopic scales, to follow the
realistic murine ventricular microstructure [134].

A novel micropatterning approach to create cardiac tissues
was recently developed by using bio-acoustic wave patterning
(BAWP) to generate 3D cellular assemblies [135]. The process
uses the Faraday waves to pattern cells into dense aggregates in
a predefined 3D structure. To sustain these patterns, the hydro-
gel will be subsequently crosslinked using light-based or
chemical crosslinking. This approach could be potentially used
for alignment or separation of a variety of cells [135, 136]. In
comparison to other tissue engineering techniques, BAWP is
relatively quick and straightforward. Further, BAWP’s inherent
ability to generate reproducible and repeating patterns over
large surface areas [137] makes this approach an attractive
candidate for large-scale, high-throughput drug screening and
tissue manufacturing applications. For example, BAWP was
recently used to pattern hiPSC-CMs into 3D tissue constructs
at a cell density similar to that of native myocardium (10 cells/
mL), much greater than the packing densities achievable by
alternative methods [136].

Electrospinning

Electrospinning is a simple and cost-effective biofabrication
approach that is increasingly used to create tissue constructs.
Common electrospinning setups consist of a syringe pump
loaded with a polymer solution with voltage applied to the
syringe tip [138]. The system is then grounded at the
collecting metal surface where fibers are collected. The pump
drives the polymer solution out of the syringe needle at a
controlled dispensation rate and the DC voltage applied to
the metal needle tip induces a charge in the solution, which
repulses similar charges in the solution. This forms a Taylor
cone when the electrical forces are balanced by the polymer
surface tension [139]. When the forces exceed this balance, a
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fiber jet is ejected from the Taylor cone and accelerates to the
grounded surface. Varying the different parts of the setup and
polymer composition can create discrete fiber morphology at
diameters ranging from 100 nm to 5 pm [138].

Considering that electrospun fibers can replicate the native
ECM in terms of morphology and scale, and can be modified
for enhanced cellular adhesion, proliferation, and infiltration,
this technique has been used to produce scaffolds for a range
of tissue engineering applications including cardiac, vascular,
nerve, bone, and tendon/ligament tissues [140-142].
Electrospinning methods can be readily scaled up to produce
tissue scaffolds for clinical and industrial applications [140].
Further, a large variety of polymers can be used. These char-
acteristics have made electrospinning a great candidate for the
biofabrication of cardiac tissue engineering scaffolds. For in-
stance, modulating the rotating drum and mandrel collectors
in electrospinning systems can help to form aligned nanofi-
bers, which can in turn generate aligned/guided cardiac mus-
cle assemblies [143].

A variety of both natural and synthetic polymers have been
used to electrospun cardiovascular tissue constructs. These
include fibrinogen, silk fibroin, chitosan, gelatin, and collagen
(natural polymers) [140, 144], and polycaprolactone (PCL),
poly-L-lactic acid (PLLA), poly(lactic-co-glycolic acid)
(PLGA), and polyethylene glycol (PEG) (synthetic polymers)
[145]. Electrospun cardiac scaffolds have been cultured with a
variety of cells including rat neonatal cardiac FBs and CMs,
human aortic ECs, iPSC-CMs, for both in vitro and in vivo
testing [140]. To date, the electrospun nanofiber cardiac scaf-
folds have found many applications as drug delivery and dis-
ease modeling systems, cardiac patches, heart valve, and pros-
thesis [146].

Organ-on-a-Chip Methods

Over the past decades, the emergence of micro- and nano-
biofabrication technologies has made major contributions to
the advancement of patient-specific, cardiac tissue engineering
[147]. In particular, high-throughput applications such as com-
pound screening for novel drug candidates for CVDs require
organ-on-a-chip devices that can incorporate whole-organ func-
tionality in a reproducible production pipeline [148]. As new
market pharmaceuticals, on average, take 12 years in research
and development (R&D), and clinical trials before making it to
patients [149], organ-on-a-chip platforms can serve to reduce
time in R&D by mimicking human physiological environments
in vitro to assay the effects of target drugs [148].

To increase functional mimicry of the engineered device,
important parameters such as vascularization, cell density and
organization, and biomechanical properties must be consid-
ered during the device development. For the heart, for exam-
ple, an organ-on-a-chip device would require a functional
myocardium, blood vessels that deliver nutrients to the
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myocardium, and various smooth muscle and fibroblast sup-
port cells that are involved in the proper function of the heart
[150, 151]. Appropriate organization and density of these cell
types must be accounted for in the device to successfully im-
itate the heart tissue. For example, CMs can be seeded on top
of an established vascular bed and perfused [152]. The density
of such vasculature allows for transport of nutrients and sub-
sequently provides energy for CMs.

Soft polymer materials can be used to generate microvas-
cular networks with microfluidic channels capable of leakage-
free perfusion. Such networks can support vasculogenesis,
angiogenesis, and anastomosis in addition to co-culture of
different cells inside the same tissue chamber across multiple
microfluidic devices [153]. Taken together, a successful heart-
on-a-hip device will have to incorporate appropriate valve
function, pressure points, and flow rates. Cardiac
microsystems that could accomplish these include biomimetic
contractile myocardium-on-a-chip, tissue-engineered bio-hy-
brid actuator, and cardiovascular systems incorporating syn-
thetic engineered cardiac pumps and valves [151]. Ability to
record electrophysiological responses and contractile motion
of CMs under various biochemical factors and fluidic condi-
tions would also be critical. Further, patterned CMs can be
stimulated using electrodes and their electrical signals can be
monitored to assess contractility in the presence of changing
environmental factors [154]. On-chip sensors can be also in-
tegrated into a microfluidic circulatory system to verify the
physiological systemic circulation measured in vitro [155].

Summary and Future Directions

This review provides a summary of tissue engineering ap-
proaches as it pertains to cardiovascular tissues, specifically,
and other organs in general. The field of tissue/organ
biomanufacturing has been progressively expanding and is
in the transitional phase, moving beyond a tool predominantly
used for basic science research, into the more clinical and
translational applications. This is aided in large part by the
wide range of specialized methods that can be used to generate
rationally engineered tissue mimics, the major ones of which
we have summarized here.

The one method that tends to stand out when it comes to
bioengineering functional tissues is 3D bioprinting, which has
shown great promise to translate tissue scaffolds towards
clinical-industrial applications. Bioprinted tissues are also be-
ing used as improved platforms for drug testing and disease
modeling in vitro. It is envisioned that the field of cardiac
tissue engineering will move towards techniques that would
allow for higher spatial control over the cellular arrangement
in tissue construct. Bioprinting excels in producing such
predefined, high-resolution architectures that can better reca-
pitulate the complex structure and function of cardiovascular
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tissues. There has been increasing reliance on bioprinting as a
one-of-a-kind technique capable of creating biomimetic vas-
cular tissues.

Recent advances in bioprinting technology allow for fabri-
cation of complex, patient-specific, 3D architectures in a spa-
tial resolution where rational design of organ/tissue is possi-
ble, while supporting the viability and function of the incor-
porated cells. There remain several challenges for the clinical
application of bioprinted cardiac and other tissue constructs.
Most importantly, there is a lack of functional tissue-specific
FDA-approved bioinks. Development of cardiac-specific
bioinks using tailored biomaterials and a selection of macro-
molecules, implicated in cardiovascular development, would
be an important milestone towards clinical bioprinting of the
cardiac tissues.

The ability to design and generate vascular networks that
enable perfusing thick tissue constructs and integrating them
into the target tissue post-engraftment is another unique capa-
bility of bioprinting technologies. Being able to generate large
perfused tissue mimics brings us one step closer to being able
to treat severe cardiac injuries such as M1, and congenital heart
defects. As tissue engineering advances in its biofabrication
capabilities, there will be increasingly more faithful tissue
constructs, ushering breakthroughs that would allow for truly
regenerative, rather than palliative, medicine, which will im-
prove long-term outcomes, decrease direct and indirect med-
ical costs, and improve drug discovery and disease modeling
effectiveness.
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