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HIGHLIGHTS

� Advances in 3D bioprinting have tremendous potential in therapeutic development for multiple cardiovascular

applications.

� 3-dimensional bioprinting is moving toward in vivo studies to evaluate printed construct functionality and safety.

� Bioprinting techniques predominantly use extrusion-based, inkjet, and light-based printing.

� Bioinks are composed of cells and matrix material and consist of both scaffold-based and scaffold-free inks.
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Three-dimensional (3D) bioprinting may overcome challenges in tissue engineering. Unlike conventional tissue engi-

neering approaches, 3D bioprinting has a proven ability to support vascularization of larger scale constructs and has been

used for several cardiovascular applications. An overview of 3D bioprinting techniques, in vivo translation, and challenges

are described. (J Am Coll Cardiol Basic Trans Science 2021;6:467–82) Published by Elsevier on behalf of the American

College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
R ecent advances in tissue engineering have
direct applications for patient-specific thera-
pies in cardiovascular disease (1–3). Whereas

the human body generally has regenerative qualities,
cardiac tissue has little regenerative capacity. Hence,
end-stage heart failure has no definitive treatment
other than heart transplantation. Tissue engineering
can theoretically address these limitations by repro-
ducing tissues that possess properties of native tis-
sues and mimic their function, which may serve to
replace dysfunctional tissues. Generally, tissue engi-
neering involves the use of cells in combination
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with matrix material to generate 3-dimensional (3D)
tissue constructs. However, key challenges in tradi-
tional tissue engineering limit the reliability and
functionality of printed tissue models. Conventional
methods of tissue engineering rely on seeding of cells
onto scaffolds (4–6). This is usually associated with
inhomogeneous distribution of cells in the scaffold
with subsequent problems and failure. More recently,
it has become possible to precisely control the type
and location of cells used in the engineered con-
structs, and this may increase the potential of their
function and success. Other challenges in tissue
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ABBR EV I A T I ON S

AND ACRONYMS

3D = 3-dimensional

ECM = extracellular matrix

hCPC = human cardiac-derived

progenitor cell(s)

hiPSC = human induced-

pluripotent stem cell(s)

HUVEC = human umbilical vein

endothelial cell(s)

MSC = mesenchymal stem

cell(s)

UV = ultraviolet
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engineering include the loss of structural
integrity with larger constructs and difficulty
vascularizing thicker printed tissues (1,7).

As a potential solution, 3D bioprinting
(Central Illustration) may overcome some of
the aforementioned challenges associated
with tissue engineering. Unlike conventional
tissue engineering approaches, 3D bioprinting
has a proven ability to support vascularization
of larger scale constructs (7,8) and has been
used for several cardiovascular applications.
For example, aortic valves and conduits
(7,9,10) have been constructed for treatment
of aortic valve disease and aortic bypass pro-
cedures. Vascular 3D bioprinting has also been used to
create grafts with enhanced biocompatibility and
structural stability that are superior to traditional tis-
sue engineering methods (11,12). Cardiac patches have
also been constructed for preservation of cardiac tissue
function in the setting of ischemic events (7,13–21).
Active research efforts in 3D bioprinting have focused
on ways to engineer 3D structures with cellular com-
ponents that mimic native cardiac tissue structure and
function. The ultimate goal of cardiovascular 3D bio-
printing is to use engineered tissues as replacement
for damaged tissues in patients.

Readers interested in a comprehensive overview of
cardiovascular tissue engineering techniques are
directed to several excellent published papers on this
general topic (1,22,23). In this review, we will focus on
providing an overview of cardiovascular 3D bio-
printing techniques, their potential applications, and
current limitations applications. The systematic
publications review was conducted in accordance
with recommendations set forth by the PRISMA
(Preferred Reporting Items of Systematic Reviews and
Meta-Analyses) guidelines (24). Figure 1 provides a
summary of the search process using PubMed and
outlines all exclusion criteria. The final set of publi-
cations consisted of 44 original research studies
focusing on 3D bioprinting of cardiovascular con-
structs. A summary of recent work on 3D cardiovas-
cular bioprinting discussed in this review is presented
in Table 1.

3D BIOPRINTING PRINCIPLES

AND TECHNIQUES

Three-dimensional bioprinting design requires syn-
ergy of multiple components including assessment of
the desired function, scaffolding components,
cellular composition, and 3D printing techniques
(1,25–28). These considerations are summarized in
our Central Illustration. Each of these components
introduces challenges relevant to cardiovascular tis-
sue engineering. The printing techniques must be
suitable for the relevant bioinks utilized, and the
printing methods must be able to print at the neces-
sary scale and correct geometry of the final applica-
tion (13,29). Adequate nutrient and oxygen diffusion
are necessary to create meaningful functional tissues,
and these processes are often limited by scaffold
thickness (30–32). Nuances in cellular composition,
assurance of cell viability in engineered tissues, and
close mimicry of function that resemble native tissues
also pose additional obstacles (9,20,31). Whereas
some 3D-bioprinted products have been tested in
animal models, further testing and development are
needed before these concepts can be applied to clin-
ical trials (2,14,15,19,33,34). In the following para-
graphs we summarize and discuss types of bioinks
and techniques for 3D bioprinting.

TYPES OF BIOINKS. Bioinks are mainly divided into
scaffold-based and scaffold-free bioinks depending
on the printing technique used. Bioink preparation
for tissue engineering consists of multiple steps
requiring optimization. First, a solution suitable for
printing with appropriate biocompatibility is pro-
duced to maximize cell viability. Second, a specific
cell type or a combination of cell types is chosen for
use in the bioink. Finally, additional cross-linking
materials are incorporated to modulate the mechan-
ical properties of the final printed structure. The
general preparation of bioinks involves first making a
hydrogel slurry with biocompatible materials. Prior to
printing, the desired cells are reconstituted into the
hydrogel slurry. The cell-hydrogel slurry is then
loaded into sterile cartridges for 3D bioprinting.
Cel l types . Several cell types have been used in
bioinks to create vessels and myocardial tissue and
the manufacturing workflow divides cell types into
autologous (patient-specific donor) and allogeneic
(universal donor) therapeutics. The decision about
cell lines often depends on the desired function of
bioprinted structures. Among human cell lines, hu-
man umbilical vein endothelial cells (HUVECs)
(n ¼ 12), vascular smooth muscle cells (n ¼ 6), and
fibroblasts (n ¼ 13) are commonly used in bioinks
(Table 1). HUVECs allow for endothelial layer forma-
tion (35), whereas smooth muscle cells and fibroblasts
are pertinent to creation of multilayer and well-
supported vasculature. Fibroblasts contribute to for-
mation of cell-based extracellular matrix (ECM).

Relative to stem cells, adult cell types or terminally
differentiated cells have limited proliferative
capabilities whereas certain cell types, such as car-
diomyocytes, may be difficult to isolate without



CENTRAL ILLUSTRATION 3D Bioprinting Overview
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(Upper panel) Several key components and considerations are needed when designing a 3-dimensional (3D) bioprinting method. (Lower panel) A sample workflow of

incorporating clinical imaging into personalized 3D bioprinting is provided. 3D digital prototype models of organs or tissues are generated from image DICOMs (Digital

Imaging and Communications in Medicine) and are used in 3D bioprinting for personalized printed structures. DICOMs are universal file types that encode image data

acquired from modalities such as computed tomography, magnetic resonance, and ultrasound.
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FIGURE 1 Publications Search

We identified 44 original research papers related to 3-dimensional (3D) bioprinting of cardiovascular constructs. The summary chart was

adapted from the PRISMA (Preferred Reporting Systems for Systematic Reviews and Meta-Analyses) (24).
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invasive procedures (36). Therefore, several attempts
have been made to use stems cells such as mesen-
chymal stem cells (MSCs) (n ¼ 8), human induced-
pluripotent stem cell (hiPSC) cardiomyocytes
(n ¼ 9), and human cardiac-derived progenitor cells
(hCPCs) (n ¼ 5) in cardiovascular 3D bioprinting
(Table 1). A large number of published reports
(25,37–39) have focused on the induction, treatment,
and differentiation of MSCs integral to cardiovascular
engineering. The use of stem cells poses many ad-
vantages. Relative to differentiated cell types, stem
cells can be induced to form various cell types and
have self-renewing properties (36). MSCs have been
known to secrete factors such as vascular endothelial
growth factor and can differentiate into cells with
vascular properties, including smooth muscle cell–
like properties (40), depending on the growth condi-
tions. Growth and culture of MSCs are also less costly
and time-consuming than the growth and culture of
hiPSCs. Use of iPSCs in bioinks does confer several
advantages. hiPSCs have greater self-renewal prop-
erties than do adult stem cells such as mesenchymal
cells. Because hiPSCs be generated from all somatic
cells, they can also be produced in a less-invasive
manner and at larger scale. The pluripotency of
hiPSCs also allows them to proliferate and differen-
tiate to a greater extent than multipotent MSCs and
hCPCs can. Although hiPSCs are less likely to invoke
immune response because they can be generated
directly from a patient’s own somatic cells, they
cannot, at this time, be directly used in the context of
patient care (36). Furthermore, hiPSC usage includes



TABLE 1 Cardiovascular 3D Bioprinting Projects, Their Printing Techniques, and Bioink Preparation

3D Bioprinting
Technique

3D-Bioprinted
Construct Research Goal

Cross-linking
Agent

Scaffold
Biomaterial Cell Type Ref. #

Digital light
processing-based:
microscale
continuous optical
printing

Cardiac tissue Development of a microscale
continuous optical bioprinting
method to create pre-
vascularized tissue and test
in vivo

LAP
Methacrylate

anhydride

GelMA
HA
HA glycidyl

methacrylate

HUVEC
C3H/10T1/2
HepG2

(33)

Digital light
processing-based

Cardiac tissue Evaluate whether 3D-bioprinted
cardiac tissue can be paced by
induction of pacemaker
cardiomyocyte fate by the Wnt
signaling pathway

LAP GelMA Human embryonic stem cell–
derived cardiomyocytes

(57)

Digital light
processing-based:
microcontinuous
optical printing

Cardiac microtissue Creation of cardiac tissue in vitro
that mimics ventricular
myocardial tissue

LAP GelMA
PEGDA
HA glycidyl

methacrylate

Neonatal mouse ventricular
cardiomyocytes

(58)

Digital light
processing-based:
microcontinuous
optical printing

Cardiac tissue Creation of cardiac scaffolds
in vitro for drug screening

LAP GelMA
PEGDA
HA glycidyl

methacrylate

Human embryonic stem cell–
derived cardiomyocytes

(59)

Extrusion-based Aortic valve Creation of a growth-sustainable
and functional multilayered
valve replacement

Eosin Y GelMA
PEGDA
PCL
Methacrylic acid

Human induced MSCs (61)

Extrusion-based Aortic valve conduit Construction of heart valve
conduits using photo–cross-
linked hybrid hydrogels

Methacrylic anhydride
Irgacure 2959

Methacrylated HA
GelMA

HAVICs (9)

Extrusion-based Aortic valve conduit Construction of heart valve
conduits using hybrid
hydrogels and dual cell types

CaCl2 Alginate
Gelatin

Porcine aortic valve
interstitial cells

Human aortic root smooth
muscle cells

(10)

Extrusion-based Blood vessel Printing perfusable vascular
conduits using a coaxial nozzle
system with focus on thick
tissue printing applications

CaCl2 Sodium alginate
powder

Human umbilical vein
smooth muscle cells

(32)

Extrusion-based Blood vessel Development of a multinozzle
multichannel temperature
deposition, and manufacturing
printing method to create a
blood vessel-like structure

Alginate
Gelatin

Not specified (63)

Extrusion-based Blood vessel Use of a multilayered coaxial
extrusion system and a blend
bioink to create perfusable
vascular constructs

CaCl2
Irgacure 2959

GelMA
4-arm PEG

tetra-acrylate
Alginate

Human MSCs
HUVECs

(40)

Extrusion-based Blood vessel Creation of small multilayered
blood vessels that can maintain
patency and endothelialize
in vivo

CaCl2 PCL
Sodium alginate

Mongrel dog
autologous MSCs

(34)

Extrusion-based Cardiac patch Creation of a nanoreinforced
hybrid cardiac patch for
application to myocardial
infarct areas

Irgacure
CaCl2

Alginate
Methacrylated

collagen

HCAECs from neonatal
atrial appendage

(13)

Extrusion-based Cardiac patch Creation of a customizable cardiac
patch using hCPCs for in vivo
testing in myocardial infarct rats

Thiol-reactive Gelatin
HA

Fetal hCPCs (14)

Extrusion-based Cardiac patch Creation of a pre-vascularized
cardiac patch to promote
faster vascularization following
patch implantation in vivo

Vitamin B2
Thermal gelation

Korea domestic
pig heart
tissue-derived
dECM

hCPCs
Turbinate-tissue-derived

human MSCs

(15)

Extrusion-based Cardiac patch Application of a potentially patient
tissue-specific cardiac patch,
composed of decellularized
cardiac ECM and pediatric
cardiac progenitor cells, to
damaged myocardium to release
paracrine signals

Eosin Y GelMA
Porcine ventricular

dECM

hCPCs (20)

Extrusion-based Cardiac patch Investigation of the effect of
bioprinting patterns on the
modulus, impedance, and
porosity of 3D bioprinted cardiac
implants

CaCl2 Sodium alginate powder HCAECs (16)

Continued on the next page
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TABLE 1 Continued

3D Bioprinting
Technique

3D-Bioprinted
Construct Research Goal

Cross-linking
Agent

Scaffold
Biomaterial Cell Type Ref. #

Extrusion-based Cardiac patch: left
ventricle

Creation of thick, vascularized,
patient-specific cardiac patch

Thermal gelation
CaCO3 (printing

support bath)

Cardiac tissue bioink:
human omental
tissue dECM

Printing support bath:
sodium alginate

Sacrificial ink:
porcine skin gelatin

Cardiac tissue bioink: iPSC-
derived cardiomyocytes or
neonatal Sprague-Dawley
rat cardiac cells

Sacrificial bioink: iPSC-derived
endothelial cells or
HUVECs þ human neonatal
dermal fibroblasts

(18)

Extrusion-based Cardiac tissue Creation of vascularized cardiac
tissue

Irgacure 2959
CaCl2

Alginate
PEG monoacrylate-

fibrinogen

HUVEC
Human iPSC-derived

cardiomyocytes

(54)

Extrusion-based Cardiac tissue Creation of endothelialized
myocardial tissue through
printing of HUVEC-laden
bioink and subsequent
scaffold-seeding with
cardiomyocytes

Irgacure 2959
CaCl2

GelMA
Alginate

HUVECs (55)

Extrusion-based Cardiac tissue Construction of cardiac tissue
in vitro and maintenance
of a cardiomyocyte progenitor
cell commitment to cardiac
cell fate

CaCl2 Sodium alginate Fetal hCPCs (88)

Extrusion-based Cardiac tissue Evaluation of cardiomyocyte
maturation in different bioink
compositions and
concentrations to assess the
impact of differential
microenvironments on
cardiomyocyte functionality

Thermal gelation Korean domestic pig left
ventricular tissue-
derived dECM

COLTRIX
PEVA

Sprague-Dawley neonatal rat
primary cardiomyocytes

(49)

Extrusion-based Cardiac tissue Enhancement of dECM bioink
mechanical properties to
improve printability and
post-printing cardiac
progenitor cell function

Vitamin B2
Thermal gelation

Domestic pig left
ventricular dECM
riboflavin

hCPCs (29)

Extrusion-based Cardiac tissue Development of a method to
create thick vascularized
tissues by coprinting bioinks

Cell-laden ink: thrombin,
transglutaminase,
thermal gelation

Silicone ink:
silicone elastomer

Fugitive ink: Pluronic F127
Cell-laden ink:

gelatin, fibrinogen

Human MSCs
Human neonatal dermal

fibroblasts

(66)

Extrusion-based Cardiac tissue Incorporation of gold nanorods in
bioink to improve conduction
and electrical coupling in the
printed cardiac constructs

Gold nanorod-
incorporated GelMA

Alginate

Neonatal Sprague-Dawley rat
ventricular cardiac cells

Cardiac fibroblasts

(89)

Extrusion-based Cardiac tissue Development of a bioink capable
of: 1) printing cardiac tissue
that mimics myocardial tissue;
and 2) coupling
cardiomyocytes and cardiac
fibroblasts

Thrombin
CaCl2
Visible light

Fibrinogen
Furfuryl-gelatin

Human iPSC-derived
cardiomyocytes

Human cardiomyocytes
Human cardiac fibroblasts

(90)

Extrusion-based Cardiac tissue Use of microextrusion to transfect
cells in situ for gene therapy-
induced cardiac repair

Polyurethane Human umbilical cord-derived
MSCs

(91)

Extrusion-based Cardiac tissue Combine reverse engineering and
3D bioprinting to create hollow
microfluid channel networks
that can be sized and shaped

CaCl2
Thrombin

Sodium alginate
Agarose
Platelet-rich plasma

H9c2 rat cardiac myoblasts
HUVECs

(92)

Extrusion-based Cardiac tissue Evaluate the effects of extrusion-
based bioprinting on cardiac
myocytes and fibroblasts

Biokey GelMA Neonatal Sprague-Dawley rat
cardiac myocytes

Neonatal Sprague-Dawley rat
cardiac fibroblasts

(93)

Extrusion-based Cardiac tissue: left
ventricle

Use freeform reversible embedding
of suspending hydrogels to
bioprint a model of the left
ventricle

Thrombin Collagen type I
Gelatin
Pluronic F-127
Gum arabic
Fibrinogen

Human embryonic stem cell–
derived cardiomyocytes

Cardiac fibroblasts

(94)

Extrusion-based Chambered heart
organoid

Development of large-scale,
complex-structure cardiac
muscle with pump function by
3D bioprinting chambered
organizations

LAP GelMA
Collagen methacrylate
Fibronectin
Laminin-11

Human iPSCs (60)

Continued on the next page
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TABLE 1 Continued

3D Bioprinting
Technique

3D-Bioprinted
Construct Research Goal

Cross-linking
Agent

Scaffold
Biomaterial Cell Type Ref. #

Extrusion-based Composite
hydrogel

Testing the effect of different
photo–cross-linking variables on
a 3D-bioprinted hydrogel
encapsulated with cardiac cells

Irgacure 2959
VA086

GelMA
PEGDA
Alginate

Adipose-derived human MSCs
HAVICs
Human aortic valve sinus

smooth muscle cells

(56)

Extrusion-based Vessel-on-a-chip Creation of a vessel-on-a-chip
model using 3D bioprinting

Ultraviolet light GelMA
Methacrylate anhydride

Human aortic endothelial cells
CRL1999 human aortic smooth

muscle cells
NIH/3T3 fibroblasts

(95)

Inkjet:
drop-on-demand

Cardiac tissue Development of computer models
to create scaffold-free aortic
tissue

NovoGel hydrogel Primary mouse embryonic
fibroblasts from C57BL/6
strain

(12)

Inkjet:
drop-on-demand

Hydrogel blend Investigation of whether creating a
cell-encapsulated hydrogel
blend offers better compatibility
following 3D bioprinting

Agarose
Collagen type I

Human umbilical artery
smooth muscle cells

(96)

Inkjet:
drop-on-demand

Blood vessel Construction of an in vitro vascular
channel

Porcine skin gelatin
Rat tail collagen type I

HUVECs (3)

Inkjet: drop-on-
demand; liquid
support-based

Vascular-like
structures

Freeform inkjet printing of cellular
structure with bifurcations

CaCl2 Sodium alginate NIH/3T3 mouse fibroblasts (97)

Inkjet: drop-on-
demand; thermal-
assisted

Blood vessel Construction of microvasculature Thrombin
Ca2þ

Fibrinogen Human microvascular
endothelial cells

(30)

Laser-assisted Cardiac patch Use of a laser-induced–forward-
transfer technique to print cells
onto a polyester urethane urea
cardiac patch for use in
myocardial infarct treatment

Gold
BD Matrigel matrix

HUVECs
Human MSCs

(17)

Laser-assisted Cardiac tissue Development of a digital light
processing-based scanning and
continuous 3D bioprinter to
print dECM-based heart tissue

LAP
Methacrylic anhydride

GelMA
Yorkshire pig heart and

liver dECM

Human iPSC cardiomyocytes (48)

Microscopic painting
needle method

Cardiac tissue Use of the painting needle method
to create cardiac tissue

Thrombin Fibronectin
Gelatin
HA

Human iPSC cardiomyocytes
Human cardiac fibroblasts

(98)

Multicellular spheroid
formation

Cardiac patch Scaffold-free creation of a cardiac
patch

Human iPSC cardiomyocytes
human adult ventricular
cardiac fibroblasts

HUVEC

(21)

Multicellular spheroid
formation

Cardiac patch Evaluate scaffold-free cardiac patch
regeneration in vivo

Human iPSC cardiomyocytes
Human adult ventricular

fibroblasts
HUVECs

(19)

Multicellular spheroid
formation

Cardiac tissue Development of a novel scaffold-
free bioprinting method to
conduct cardiac tissue for use as
a cardiac pump

Human iPSC cardiomyocytes
HUVECs
Human normal dermal

fibroblasts

(52)

Multicellular spheroid
formation

Cardiac tissue Development of a novel method to
create scaffold-free cardiac
tubular tissue and evaluate
in vivo in rat aortae

HUVECs
Human aortic smooth muscle

cells
Normal human dermal

fibroblasts

(2)

3D ¼ 3-dimensional; BD ¼ Becton Dickinson (Franklin Lakes, New Jersey); COLTRIX ¼ type-1 atelo-collagen; dECM ¼ decellularized extracellular matrix; ECM ¼ extracellular matrix; GelMA ¼ gelatin
methacryloyl/methacrylate; HA ¼ hyaluronic acid; HAVIC ¼ human aortic valve interstitial cell(s); HCAEC ¼ human coronary artery endothelial cell(s); hCPC ¼ human cardiac-derived progenitor cell(s);
HUVEC ¼ human umbilical vein endothelial cell(s); iPSC ¼ induced-pluripotent stem cell(s); LAP ¼ lithium phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiator; MSC ¼ mesenchymal stem cell(s);
PCL ¼ polycapractolone; PEG ¼ polyethylene glycol; PEGDA ¼ polyethylene glycol diacrylate; PEVA ¼ polyethylene vinyl acetate.
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the risk of teratoma formation (41). In addition, our
current knowledge of hiPSCs has centered on ven-
tricular cardiomyocyte fate. Therefore, use of hiPSC-
derived cardiomyocytes for atrial or nodal tissue is
less well-characterized (1). Relative to hCPCs, which
are already committed to cardiac cell fate, hiPSC-
derived cardiomyocytes tend to mature heteroge-
neously (1), and their differentiation into cardiac cells
is more limited (42). hCPCs, therefore, can produce
higher yield of cells with greater cardiogenic poten-
tial. Isolation of autologous hCPCs is an invasive
process, however, and more challenging due to the
limited abundance of hCPCs in the heart (43).

Three-dimensional bioprinting with autologous
cell types such as patient-specific hiPSCs is highly
advantageous due to its evasion of immune rejection,
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but direct clinical use is not possible at this juncture,
and cost may be prohibitive. Compared with autolo-
gous methods, allogeneic (universal or off-the-shelf)
approaches are significantly less costly and time-
intensive and, therefore, demonstrate greater feasi-
bility in terms of translation to patient care. There
remain translational barriers in tissue engineering of
autologous versus allogeneic cell types and bio-
printing, which relate to product commercialization,
scaling-up of manufactured products, and infra-
structure for manufacturing. Potential solutions to
overcome these barriers in manufacturing are well
summarized by Hunsberger et al. (44).
Scaffo ld-based bio inks . Scaffold-based bioinks are
composed of cells encapsulated in hydrogels that
contain biomaterials such as collagen, fibrin, alginate,
chitosan, gelatin, and polyethylene glycol diacrylate
(Figure 2A). These biomaterials are typically used in
extrusion-based printing techniques given their vis-
cosity, cross-linking conditions, and cytocompati-
bility. Scaffold materials can be classically
categorized into natural and synthetic materials.
Natural materials include collagen, gelatin, fibrin,
and chitosan and can be procured from both human
and animal tissues. Synthetic materials include
biomaterial polymers such as polyethylene glycol
diacrylate and polyethylene glycol. Other synthetic
materials include natural materials chemically modi-
fied to include synthetic materials or additional
chemical binding groups.

The majority of studies in our publications review
used natural biomaterials with the most common
being gelatin methacrylate (n ¼ 14), gelatin (n ¼ 9),
and alginate (n ¼ 15) (Table 1). Some of the key ben-
efits of using hydrogels made of natural biomaterials,
compared with synthetic materials, include good
biocompatibility, support of cell viability via cross-
linking in milder conditions, and relatively lower
immunogenic properties. Unlike synthetic bio-
materials such as polyethylene glycol diacrylate,
many natural biomaterials, including collagen, fibrin,
alginate, and chitosan, contain signaling molecules
for cell adhesion (45). Compared with traditional
scaffold cell-seeding methods, cell encapsulation in
hydrogels supports cell adhesion in a 3D environ-
ment, allows for increased homogeneity in cell dis-
tribution, facilitates cell communication, and
supports cell migration (45,46).

Several groups have developed additional formu-
lations for bioinks by either increasing cell viability
through addition of cell factors or through printing in
an environment that better mimics native tissue
(20,29). For example, Jang et al. (15,29) decellularized
a porcine heart, morcellized the remaining ECM, and
filtered the solution to obtain the protein building
blocks of natural cardiac ECM. Addition of this slurry
to the bioink resulted in no adverse reduction in
cardiomyocyte viability and resulted in greater dif-
ferentiation as assessed by various gene markers (29).
Decellularized ECM has been used as scaffold com-
ponents in studies with cardiovascular application
(15,18,20,29,47–49) because intrinsic native signaling
factors and structural maturity enable closer resem-
blance to native ECM relative to other scaffolding
materials such as natural biomaterials, synthetic
biomaterials, and cell-based ECMs. Cell-based ECMs
are advantageous in terms of scalability, but they may
not mimic surrounding ECM in vitro or in vivo as well
as more complex tissue- or organ-derived ECMs
would (47). In addition to biomaterials, factors that
prevent cell aggregation (such as ethylenediamine
tetraacetic acid), growth factors (such as vascular
endothelial growth factor), and other factors that
promote cell survival and biocompatibility are often
added to bioinks. During cell incubation on endo-
thelial cell growth media (14,50) and prior to bioink
solution creation, growth factors can be added during
the cell culture phase of bioink production. Alterna-
tively, factors such as vascular endothelial growth
factor can be directly added to the bioink solutions
(51).
Scaffold-f ree b io inks . Scaffold-free bioinks consist
solely of multicellular aggregates known as tissue
spheroids (Figure 2B). Attempts have been made to
construct cardiac patches (19,21) and cardiac tubular
constructs (2,52) composed of various cell combina-
tions using scaffold-free 3D bioprinting approaches.
Scaffold-free approaches are more limited due to the
lack of mechanical support provided to the cells by
biomaterials.
Cross- l ink ing agents . Cross-linking agents are used
to create physical or chemical links within a hydrogel
to preserve hydrogel mechanical strength and cell
viability. Photo–cross-linking, thermal cross-linking,
chemical cross-linking (53), and physical cross-
linking (45) methods have been used to cross-link
bioinks. The photoinitiators used for photo–cross-
linking in the studies we reviewed included Irgacure
2959 (n ¼ 6) (9,13,40,54–56), lithium phenyl-2,4,6
trimethylbenzoylphosphinate (n ¼ 6) (33,48,57–60),
VA086 (56), and eosin Y (20,61). CaCl2 (n ¼ 12) was
also commonly used as a cross-linking agent to
facilitate ionic interactions within hydrogels (Table 1).
The main disadvantage of cross-linking is its associ-
ation with cell cytotoxicity due to the impact of
chemicals or light on cell function.
Bio ink character i zat ion . After they are bioprinted,
the properties of cells and hydrogels are determined



FIGURE 2 Steps Involved in Extrusion-Based Printing, Scaffold-Free Printing, Non-Extrusion–Based Printing

(A) Traditional extrusion-based printing uses a formulated bioink that gets deposited by a cartridge in a layer-by-layer fashion to form a 3-dimensional (3D) structure.

(B) Scaffold-free printing is a new generation of 3D bioprinting that requires culturing cells. The cells eventually clump and produce native extracellular matrix,

forming spheroids. The spheroids may then be placed one-by-one onto a temporary support beams until the spheroids integrate with each other. The temporary support

beams may then be removed forming the final structure. (C) Non-extrusion–based printing such as stereolithography uses light to cure a biomaterial into its desired

structure. Because many non-extrusion–based printing techniques induce harsh conditions, cells are often seeded onto a pre-printed scaffold.
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by several factors such as viability, vascularization,
and cell functionality. Cell viability is often assessed
with fluorescence-based live/dead assays that
use Hoescht and calcein-AM staining (13,20) or
with metabolic activity assays such as 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bro-
mide assays (9,10). High dispensing pressure and low
nozzle diameter in extrusion-based systems (62) can
affect cell viability. Cross-linking agents can nega-
tively affect cell viability as well. Vascularization is



FIGURE 3 Distribution of Cardiovascular 3D Bioprinting Methods

Research groups have predominantly opted for extrusion-based methods due to the technique’s favorable conditions such as maintaining cell

viability and flexibility in handling different biocompatible materials. 3D ¼ 3-dimensional.
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assessed through measurement of perfusion and
endothelialization. To monitor cell functionality after
cell printing, cell differentiation and gene expression
are evaluated.

THREE-DIMENSIONAL BIOPRINTING TECHNIQUES.

Many 3D bioprinting techniques are now common-
place in tissue engineering, including stereo-
lithography, extrusion-based printing, fused filament
extraction, and selective laser sintering technologies
(Figure 3). The challenges of applying 3D printing
techniques to tissue engineering include developing
methods suitable with biocompatible materials and
under conditions that do not affect cell viability. In
cardiovascular 3D bioprinting, scaffold formulation is
paramount and scaffold mechanical stiffness, direc-
tion of fiber alignment, and chemical composition all
play key roles (16,17,27,54).

By convention, 3D printing refers to the construc-
tion of a scaffolding structure that provide cells with
temporary support. Stem cells are then seeded
directly onto the scaffold and permeate the scaffold
through diffusion. The scaffold itself degrades over
time as the cells secrete native extracellular matrix
that supports the initial printed structure. These
traditional methods, however, have a few key limi-
tations. One limitation is the time required for cells to
diffuse through the scaffold to a viable engineered
tissue with appreciable thickness. It is also well
described in tissue engineering that cell viability de-
creases substantially in scaffolds with thickness >100
to 200 mm due to insufficient nutrient diffusion.
Common workarounds include printing micro-
channels to simulate vascularization (31) as well as
directly printing vessel structures with endothelial
cells (63). Three-dimensional bioprinting with bioinks
whereby cells are directly mixed into the solutions
are also used to create the scaffolds.

Extrus ion-based methods . Much of the original
work in 3D bioprinting used extrusion-based methods
that confer several advantages (Figure 2). These
methods used nozzles that can handle a variety of
soft, biocompatible materials such as polymers, gels,
and colloids. They also do not require intense radia-
tion (e.g., ultraviolet [UV], light) or heat to print the
desired scaffold architecture. These advantages allow
for preservation of construct shape during the print-
ing process, without placing cells through conditions
that may risk decreasing cell viability (64). Further-
more, extrusion-based methods can incorporate
dedicated cartridges to house the bioinks previously
discussed.

Extrusion-based methods are divided into single-
or multiple-cartridge systems. Single-cartridge
extrusion-based printing involves a single-mix-
component bioink containing both cells and ECM
materials (20). The single-cartridge technique is ad-
vantageous because it requires production of only 1
bioink to create scaffolds with infused cells
throughout the 3D-printed structure. However,
because cells and scaffold biomaterials are combined
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into a single bioink, the scaffold biomaterial must also
have chemical properties and solidify in conditions
appropriate for cell viability, which limits the varia-
tion of the final scaffold composition (54). In contrast,
multicartridge extrusion-based printing techniques
provide additional flexibility in the types of materials
and bioinks that can be used for printing. The versa-
tility afforded by multicartridge systems offers the
advantage of including ECM, which is common for
complex tissue systems. In a multicartridge system,
individual cartridges may hold different bioinks, each
containing scaffold materials with varying cellular
composition (65). Dedicated gel or scaffold solution
cartridges along with material-bioink cartridges can
offer additional advantages (66), such as heating of
the scaffold polymer solutions at higher tempera-
tures, which results in smoother extrusion. The
scaffold cartridge also enables the use of polymers
that would otherwise be too viscous to print at lower
temperatures. These attributes promote versatility in
print design, such as printing heterogeneous struc-
tures with different cell types or porous scaffold de-
signs that can be filled with bioink (65). These
techniques show promise in cardiac tissue engineer-
ing, where the scaffold alignment and structure play a
crucial role in generating synchronized contraction
similar to native cardiac tissue (20).
Non-extrus ion–based methods . There are a wide
variety of non-extrusion–based 3D bioprinting
methods, which include inkjet printing, light-based
processes, and electrospinning. The inkjet printing
method typically involves a droplet-by-droplet
deposition of bioink delivered through a cartridge.
The main difference is the inkjet method deposits
droplets individually rather than in a continuous
stream of material. Because the droplet method re-
quires specific bioink viscosities to deposit consistent
droplets, there are more constraints that limit its
versatility relative to extrusion-based methods (67).

Other 3D bioprinting methods such as laser-based
(stereolithography) (Figure 2C) or electrospinning are
harsher for cell viability, but provide greater flexi-
bility in printing complex scaffold structures, such as
valves, at high speeds (68,69). The laser-based
printing methods typically use a UV light source to
cure biomaterials into the desired geometries. Elec-
trospinning uses a high voltage to spin biomaterials
into a fine weave that can be later seeded with cells.
In the past, these methods could not directly print
bioinks into the scaffold due to the harsh environ-
mental conditions of the printing process. More
recently, advances in fabrication techniques have
enabled higher percentages of cell viability to achieve
using electrospinning (70) and stereolithography 3D
printing (71,72). These newer fabrication methods are
still not as prevalent relative to extrusion-based and
inkjet printing processing.
Scaf fo ld-f ree b iopr int ing . Finally, a novel cate-
gory of 3D bioprinting known as scaffold-free bio-
printing (2,19,21,52,73,74) has emerged in the last
decade. Scaffold-free bioprinting arose due to multi-
ple limitations inherent with scaffold production One
such limitation is the requirement for cross-linking or
solidifying processes, which are necessary steps for
effective scaffold function but often limit cell
viability due to their use of heat or UV radiation. The
goal of scaffold-free bioprinting is to print structures
that use purely cell-based bioinks without the need
for ECM materials. Use of scaffold-free bioinks has
theoretical advantages because it allows cells to
secrete their own “native” ECM, which may enable
more direct cell-cell communication (75). This latter
step is especially important for cardiac cellular
contraction and synchronization of electrical
signaling as discussed in previous sections. Recent
work with scaffold-free cultures of human adipose-
derived stem cells has demonstrated improved dif-
ferentiation potential of stem cells (76,77). Using
scaffold-free cultures of genetically engineered car-
diac stem cells, Jeong et al. (78) demonstrated an
association between increases in paracrine factors
and cardioprotective properties in murine acute
myocardial infarction models. Finally, some early
data suggest cells may exhibit some degree of self-
organization post-printing (79). Taken together,
scaffold-free bioinks may provide the most natural
environment for cellular differentiation and prolifer-
ation. Additional studies are needed to understand
the mechanisms underlying the described results
when scaffold-free bioprinting is used.

Major scaffold-free bioprinting techniques fall un-
der 2 categories: 1) spheroid droplet method; and 2)
magnetic suspension method. The spheroid droplet
method is compatible with cardiac cells. Cardiac cells
are seeded with a mixture of endothelial cells and
fibroblasts in 96-well plates. The mixture is cultured
in appropriate culture media until the cells aggregate
into individual spheroids. These spheroids are then
collected and printed in a droplet-by-droplet method
(Kenzan method) (21,74) or layer-by-layer method
(LaBarge) (73). The droplet-by-droplet Kenzan
method (74) uses a 3D printer that deposits individual
spheroids onto a microarray of tiny needles. The
printer skewers spheroids individually onto the tiny
needles, providing the spheroids with initial struc-
tural support. The entire construct is incubated for
72 h to allow for spheroid aggregation as cells begin to
secrete native ECM. Once the construct has
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successfully aggregated, the 3D-printed structure is
removed from the microarray. The droplet-by-droplet
method has found increasing interest over time, with
other groups (21) developing a modified version of the
method. The Kenzan method has been commercial-
ized by companies such as Amuza in the United
States. The layer-by-layer method developed by
LaBarge et al. (73) sought to improve printing speed.
This method utilizes a print head with a vacuum to
hold a sheet of spheroids that is subsequently
deposited onto a needle microarray similar to the
droplet-by-droplet method. The LaBarge method is
fairly new and will require further development. Its
ability to print larger scale structures and the reso-
lution needed for cardiac applications will require
additional investigations (73).

In the magnetic suspension method (80), a solution
of magnetic nanoparticles is deposited into a cell
culture and cells are allowed to take up the particles.
An external magnetic field can then suspend or cause
the cells to hold different structures until the cells
secrete ECM to support their own shapes (80). Tseng
et al. (81) used the magnetic suspension method to 3D
bioprint cylindrical structures with aortic smooth
muscle cells. Their work produced a structure with
contractile properties that was responsive to clini-
cally used vasoactive drugs such as verapamil and
phenylephrine. Currently, a major drawback of this
printing method is the limitation in magnet shape
(81). Magnetic suspension will require further devel-
opment to enable printing of more complicated
structures.

IN VIVO STUDIES AND VALIDATION

Several groups have conducted translational research
to bring 3D bioprinting technologies closer to cardiac
clinical applications. Attempts have been made to
determine in vivo efficacy of 3D-bioprinted cardio-
vascular constructs. However, because cardiovascular
3D bioprinting remains a new tissue engineering
discipline, no clinical trials for cardiovascular bio-
printed therapeutics have been conducted.

For translational work, 3D bioprinting has been
applied for tissue replacement in myocardial
infarction and vascular pathologies. Gaebel et al. (17)
printed cardiac patches seeded with human MSCs
and HUVECs that were implanted into Rowett Nude
rats with induced myocardial infarction. Improved
left ventricular function, increased wall thickness,
and increased capillary density were observed in
rats implanted with the cardiac patches treated with
the cardiac cell lines. Similar results were obtained
using a 3D-bioprinted human cardiac-derived
cardiomyocyte progenitor cell cardiac patch following
implantation into mice infarct ventricular walls (14).

For vascular pathologies, compared with acellular
control grafts, 3D-bioprinted cell-laden vascular
grafts transplanted into canine carotid and femoral
arteries have also been shown to have less inflam-
mation and thromboses (34). Other groups have
shown endothelialization in murine abdominal aortas
following implantation of tubular tissues that were
printed using a scaffold-free approach (2). Their
translational work suggests potential use of 3D bio-
printing in therapeutic vascular repair for conditions
such as abdominal aortic aneurysms or even revas-
cularization of coronary arteries.

Other studies have also investigated in vivo func-
tionality of scaffold-free printing methods. While the
field of scaffold-free printing is relatively new, indi-
vidual groups such as Ong et al. (21) have tried to
implant cardiac patches from scaffold-independent
printing methods into murine hearts. Their work
demonstrated cell viability and signs suggestive of
engraftment into the native murine cardiac tissue. In
female Lewis nude rat models with myocardial
infarction that were treated with 3D-bioprinted car-
diac patches relative to control rats, Yeung et al. (19)
demonstrated increased survival rate, average vessel
count, left ventricular ejection fraction, and cardiac
output. Together, these studies further support early
promise for translating scaffold-free bioprinting to
relevant clinical applications.

CURRENT CHALLENGES AND

FUTURE DIRECTIONS

There are several barriers to 3D bioprinting of car-
diovascular structures. Prior to cell printing, the ma-
jor concern is scalability. Bioinks require the use of
cell lines, stem cells, and/or progenitor cells, but
production of these cell types in quantities capable of
large tissue generation remains a challenge. Culture-
based production of these cells is insufficient to
make large-scale tissues (1). The most significant
barriers in 3D bioprinting occur during and after the
printing process. During printing, the main chal-
lenges lie in developing printing technology that
maintains cell viability while minimizing printing
complications such as nozzle clogging and maxi-
mizing parameters of print efficacy including print
resolution and speed. After cell printing, issues may
arise with cell survivability, biocompatibility, and
maturation in host tissues.

There are several advantages and disadvantages to
the main types of 3D bioprinting methods: extrusion,
inkjet, and laser-assisted. Printing speeds, printing
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resolutions, cell deposition concentration, and con-
trol of cell placement during deposition differ be-
tween the various techniques. Common concerns
with extrusion-based, inkjet bioprinting, and other
nozzle-based bioprinting methods include cell clog-
ging in the nozzle and mechanical stress on the cells
during printing (33,82). Laser-assisted printing offers
improved effects on cell viability, however, it is more
costly, more time-consuming, and poses challenges
with controlling cell directionality (82,83). One
alternative solution includes combining bioprinting
techniques to reduce these problems while main-
taining cell viability. For example, combining
extrusion printing with digital light processing and
layer-by-layer UV photocuring to create soft tissues
has recently been described (84).

Huang et al. (1) addressed several current chal-
lenges with cardiovascular tissue engineering that
must be resolved. Issues such as cell maturation,
vascularization, and integration into host tissues can
influence cell viability after printing and require
additional attention. During printing, cells undergo
several mechanical changes, which affect their inte-
gration into host tissues (16). Moreover, car-
diomyocyte progenitor cells and hiPSC-derived
cardiomyocytes must be able to differentiate into
cardiomyocytes with proper morphology and stan-
dard electrical function to integrate electromechani-
cally into host tissues. Similarly, vascular tissues
must retain their functional and structural properties.
After maturation, bioprinted cardiovascular cells
must also integrate into host tissues without causing
an immune response (85). Lastly, printed constructs
must be perfusable and be capable of anastomosing
with host vasculature. While progress has been made
in vascularization of cardiac tissues (3,30,32,40,63),
the majority of this work has been conducted in vitro,
which may not be fully representative of in vivo en-
vironments. The majority of bioprinted vasculature
thus far, has been constructed using cell-scaffold
combination to create tubular structures capable of
blood flow. In contrast, maintaining microvasculature
structural integrity is highly complex due the small-
scale nature of capillary networks and requires
further improvement in printing techniques (86).
Future work will need to further investigate creation
of multilayered structures that resemble native
complex vascular microenvironments.

Although attractive, scaffold use has its limita-
tions. Synthetic hydrogels exhibit remarkable me-
chanical strength but lack the bioactive properties of
natural hydrogels that are integral to biocompatibility
after printing (45). Several combinations of synthetic
and natural biomaterials are available for use in
bioinks to balance hydrogel strength and biocompat-
ibility (87). Gelatin methacryloyl, for example, com-
bines gelatin and synthetic methacryloyl to create a
hydrogel with the advantageous properties of both
synthetic and natural biomaterials and was included
in 15 studies that we reviewed. Attempts have also
been made to construct scaffold-free bioinks, which
rely on self-assembly through cell-cell adhesion and
natural production of ECM. These approaches, how-
ever, remain limited due to the challenges of main-
taining cell viability and control of construct shape
without scaffold mechanical support. Lastly,
dissolvable, transient hydrogels have also been used
for creation of sacrificial or fugitive bioinks. These
latter bioinks contain biomaterials that provide initial
structural cell support and are degraded after
completion of cell assembly (66,75).

CONCLUSIONS

Innovation in cardiovascular research and thera-
peutics have made tremendous strides in the last 20
years. A relatively new subdiscipline of tissue en-
gineering called 3D bioprinting has shown promise
as a tool in basic science research, as well as ther-
apeutic applications such as vascular grafts and
myocardial tissue replacement. Using traditional
extrusion-based 3D bioprinting techniques and
various compositions of cell-loaded bioinks, re-
searchers have printed robust structures with
coherent contractile properties. Recent development
of spheroid-based printing removed the need for
scaffolds altogether, using only spheroids composed
of cell aggregates secreting native ECM. Although
the field is relatively young, recent in vivo work
shows promise for 3D bioprinting techniques to be
translated to the bedside.
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