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bioprinting refers to the use of AM technologies to produce functional 
living things from biological components such as cells, biomaterials, and 
growth factors [9]. 3D bioprinting has experienced significant growth in 
medicine and bioengineering in the recent 10 years, enabling the 
fabrication of tissues, organs, prosthetic devices, and drug delivery 
techniques [8,9]. 

To address the limitations of traditional tissue engineering ap
proaches, 3D bioprinting emerged as a rapid prototyping technique that 
uses computer-aided design to create complex tissue constructs, such as 
a heart valve, myocardium, and a vascular graft [8]. Additionally, bio
printing enables the production of tailored and patient-specific equip
ment, which enhances its efficiency, durability, and cost-effectiveness 
[10,11]. 3D bioprinting employs approaches such as inkjet [12], 
extrusion [13] and laser-based approaches [14] to create geometrically 
complex and scalable tissues. 3D bioprinting offers the potential to 
reproducibly develop 3D structured tissue with controlled and opti
mized microenvironment where intrinsic cellular morphologies and 
structures can be reconstituted. High order assembly of the 3D func
tional cell-printed constructs can be developed with organized spatial 
pattern and tissue specific gene expression. 3D bioprinting offers the 
potential to fabricate multi-cellular constructs by sequential deposition 
of different cell types localized to specific domains. This platform is 
promising for fabrication of thick perfusable, endothelialized and vas
cularized tissues with heterogenous integration, biocompatibility and 
long-term stability of 3D printed constructs for human tissue and organ 
generation [15]. Here, we summarize the new generation of 3D bio
printing techniques, bioinks, and state-of-the-art engineered cardiovas
cular tissue models. We also highlight the translational applications of 
3D bioprinting in engineering the myocardium, cardiac valves and 
vascular grafts. 

2. Bioinks 

3D printing involves deposition or printing of material formulations 
such as living cells, bioactive molecules, cell aggregates such as micro
tissues, biomaterials or hybrid cell constructs in a layered pattern to 
generate 3D structures with high reproducibility due to the automated 
deposition process [16]. Bioinks refer to the formulations of bio
materials and/or viable cells required to print a 3D construct [17] that 
are crosslinked or stabilized during or immediately after bioprinting to 
create the final intended tissue construct structure. Bioinks serve as a 
medium for delivering cells during the printing process, as well as for 
forming a bio-scaffold to support growth of the 3D construct. Bioinks 
have viscoelastic properties and higher water content to protect the cells 
during the printing procedure from exogenous risk factors, such as 
mechanical stress that occur while passing through the nozzle, drying 
and potential contamination. In cardiovascular tissue engineering, pri
mary cardiac cells, cell lines and stem cell-derived cardiac cells are used 
as major cellular components of bioinks. 

An ideal bioink must possess characteristics of biodegradability, 
bioprintability, mechanical stability, rigidity, shape fidelity, stimuli 
enhanced self-assembly and exhibit tunable gelation to exhibit extru
sion, along with the potential to promote viability and cellular func
tionality with post-printing maturation for the culture period under 
specific culture conditions [18]. Other desirable qualities are cross
linking ability, industrial scalability (with minimum batch-to-batch 
variations), cost-effectiveness, reasonable bioprinting time and perme
ability to gaseous and nutrients exchange [19]. 

Both natural and synthetic biomaterials have gained interest for 
developing bioinks in cardiac tissue engineering. Natural materials are 
biocompatible have intrinsic properties similar to the native extracel
lular matrix (ECM) of a cell. Natural materials are polysaccharide based 
(eg., alginate, agarose, chitosan), protein based (collagen, fibrin), 
glycosaminoglycan based (hyaluronic acid) and decellularized ECM 
(dECM) [20–23]. The applications of natural materials are limited by 
low mechanical properties, immunogenicity, batch-batch variability 

and low tunability [24]. Naturally derived hydrogels have gained 
attraction for use as tissue scaffolds for their biocompatibility, biode
gradability, ease of photo-crosslinking and specific cell-binding sites for 
cell attachment, spreading and differentiation [25]. Hydrogel bio
materials include collagen, fibrin/fibrinogen, dECM, hyaluronic acid 
(HA), agarose, chitosan and silk. 

In contrast to naturally derived bioinks, the advantages of synthetic 
biomaterials are that they have low immunogenicity and high tunability 
for physical, chemical and mechanical properties. Synthetic materials 
can be processed with a wide range of physical and chemical modifi
cations using pH, temp, crosslinking methods [26]. Polymeric nano
particles have also been studied to regulate release of cells and bioactive 
molecules in a spatiotemporal manner [27] and to also to modulate the 
mechanical and rheological properties of the inks to make them 
compatible [27,28] 

In cardiovascular tissue engineering, bioinks and materials are used 
to fabricate a 3D construct and to create a cardio-inductive microenvi
ronment with respect to physicochemical and mechanical properties. 
Accordingly, bioinks modulate cellular growth and phenotype. Table 1 
and Table 2 [29] summarize some of the natural, synthetic and com
mercial biomaterials used for cardiac tissue regeneration. 

3. 3D bioprinting techniques 

3D bioprinting involves rapid prototyping techniques to generate 
functional living constructs of 3D architecture and hierarchy with high 
precision, high throughput, repeatability and reproducibility [50]. It 
provides precise control on deposition of cells and bioactive factors to 
mimic native tissues to guide regeneration for patient specific treatment 
[50]. To mimic the native organization of the myocardium, bioprinted 
constructs should have anisotropic structure (heart contraction), 
perfusion (vascularization) and mechanical strength and electrical 
signal propagation. Medical imaging techniques such as computed to
mography (CT) and magnetic resonance imaging (MRI) help to provide 
spatial information to direct the computer-aided design (CAD) map of 
3D bioprinted tissues. The generation of cardiovascular tissues using 3D 
bioprinting is achieved using several techniques, including inkjet-based, 
extrusion-based, laser-based, and scaffold-free bioprinting (Table 3). 
These are described in greater detail below. 

3.1. Inkjet-Based Bioprinting (IBB) 

IBB uses various energy sources such as laser, thermal and piezo
electric to generate bioink inkjets for deposition of cellular material and 
bioactive factors on a substrate [50] (Fig. 1A). This approach has the 
advantages of rapid fabrication and can generate tissues with high res
olution. 3D constructs can be formed with concentration gradients with 
controlled fluid-drop densities, shapes and sizes. Multi-jet bioprinters 
offer the ability to deposit different types of cells and biocomponents 
deposited synchronously using multiple cartridges. IBB has been shown 
to promote 80% cellular viability [51]. On the other hand, IBB requires 
bioinks with lower viscosity in a range of 3.5-20 mPa▪s, such that their 
mechanical properties are low. 

To illustrate some examples of IBB, microvascular endothelial cells 
(ECs) and fibrin have been bioprinted to form functional 3D microvas
culature of high elastic modulus and burst pressure. The ECs proliferated 
and were confluent for 3 weeks of culture [51]. IBB has limitations of 
material viscosity, mechanical strength and cell density [52]. Low cell 
densities and viscosities bioinks are needed in order to diminish nozzle 
clogging, achieve inkjet ejection and shield from high-shear stresses that 
results in low structural integrity and strength. 

3.2. Extrusion-Based bioprinting (EBB) 

EBB uses pneumatic or mechanical induced forces to generate a 3D 
architecture by depositing bioinks such as cell-laden hydrogels, 
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microcarriers, cell aggregates, decellularized matrices, microcarriers, 
and growth factors in a controlled manner (Fig. 1B) [53]. This technique 
has been most utilized for generation of cardiac tissue constructs due to 
the capability to deposit physiological cell densities (108-109 cells/mL) 
and for biocompatibility with a wide range of biomaterials and cells. 
High viscosities of bioinks in the range 6x107 mPa▪s could be used to 
ensure bioprintability and minimize cellular damage. An integrated 
tissue-organ printer (ITOP) has been demonstrated to for potential to 

fabricate mandible and calvarial bone, cartilage and skeletal muscle for 
clinical translation [54]. Other advantages for EBB include fast bio
printing rate, ease of procedure, wide selection of usable bioinks and 
relatively low cost compared to other bioprinting techniques. Some 
advanced features have been developed for extrusion bioprinter car
tridges including temperature-controlled cartridge or stage systems, 
multiple nozzles and chambers direction controlled independently and 
coaxial nozzle systems [55]. Geometry and size of the nozzle orifice, 

Table 1 
Natural bioinks and printing materials used in 3D bioprinting.  

Biomaterial Printing method Cell culture Cardiac function/ cellular response Reference           

Alginate  

Pressure-assisted solid 
freedom fabrication 
method  

CPCs    
• Cell viability (> 95%) for 7 days, printed semi-permeable microfluidic channels 

support mechanical integrity and fluid transport and provided an environment 
conducive to cell growth and function.   

[30] 

Extrusion-based L929 murine FBs  • Cell viability (>70%) at day 7, high-strength structure was formed with high 
concentration of sodium alginate. 

[31] 

Inkjet NIH-3T3 Murine FBs  • Cell viability (>80%) at day 4. [32] 
Inkjet Rat vascular ECs and 

FBs  
• Cell viability (>85%) at day 21. [33] 

Extrusion based CPCs  • Cell viability (>90%) at day 4, CPSs maintained the progenitor cellular functions 
and ECM secretion. 

[34] 

Extrusion based HUVSMCs  • High proliferation up to day 10; formation of ECM observed.  
• Higher alginate concentration resulted in higher burst pressure, young’s modulus 

and tensile strength. Printed conduits maintained structural integrity and ECM 
deposition after 6 weeks of in vitro culture. 

[35] 

Fibrin Laser-based ASCs and ECFCs  • ASC-ECFC interaction resulted in stable vascular network formation for 2 weeks. [36] 
Hyaluronic acid Laser-based HAVIC  • Cell viability (>90%) for 7 days, remodeled matrix with deposition of collagen and 

glycosaminoglycans. HAVIC expressed αSMA and vimentin 
[37] 

Agarose Extrusion-based Human 
mesenchymal stem 
cells  

• Cell viability (>95%) at day 21, ECM production, increased compressive strength 
of the printed gels in 2 weeks 

[38] 

Inkjet- based Rat SMCs  • Cell viability (>95%) for 30 days, matrix deposition, cells expressed actin and 
connexin-43 over the culture period. 

[39] 

Decellularized matrix 
based bioinks 

Extrusion based Human ASCs, MSCs  • High cell viability and proliferation; ECM production in printed constructs [40] 

Matrigel Inkjet-based EPCs  • VEGF-mediated high EPC proliferation. [41] 

Abbreviations: MI (Myocardial Infarction); ECs (Endothelial cells); SMCs (Smooth muscle cells); CMs (Cardiomyocytes); MSCs (Mesenchymal stem cells); CPSs 
(Cardiac Progenitor Cells); HUVSMCs (Human Vascular Smooth muscle cells); ECFCs (Endothelial colony forming cells); ASCs (Adipose derived-stem cells); HAVIC 
(Human Aortic Valvular Interstitial cells); αSMA (smooth muscle α-actin); EPCs (Endothelial progenitor cells); VEGF (Vascular Endothelial growth factor) 

Table 2 
Synthetic and composite/bioactive molecule bioinks used in 3D bioprinting  

Bioink Printing 
method 

Cell culture Cardiac function/ cellular response Reference 

HA/Gel (Hyaluronic acid/gelatin) Extrusion- 
based 

hCMPC  • hCMPC attachment and proliferation was facilitated with cardiogenic 
phenotype. The printed patch maintained heart function and myocardial 
viability. 

[42] 

GelMa-cECM (Gelatin methacrylate- 
decellularized cardiac extracellular matrix 
hydrogel) 

Extrusion- 
based 

hCPC  • hCPC maintained >90% viability and proliferation with increased 
cardiogenic gene expression  

• Improved angiogenic potentila with improved endothelial cell tube 
formation  

• In vivo vascularization of patches over 14 days. 

[43] 

Cell Aggregate Extrusion 
based 

Chicken CMs and 
Human ECs  

• After 5 days, self-assembly of bio-ink particles resulted in synchronous 
beating, early signs of vascularization. ECs organized into vessel-like 
conduits. 

[44] 

Inkjet Human ESCs  • Cell viability (>95%) at day 5, cell aggregates of uniform size and density 
were formed. 

[45] 

Ultra-Short Peptides Extrusion 
based 

Human MSCs  • Cell elongation observed, in vivo biocompatibility and stability [46]     

NovoGel 

Extrusion 
based 

HASMCs, HAECs, 
hDFs,  

• Histological analysis reveals vascular structures with cells and collagenous 
ECM production and organization within the vessel wall over 21 days. 

[47] 

Extrusion 
based 

Embryonic 
fibroblast cells  

• No cell apoptosis at 2 weeks [48] 

Extrusion 
based 

NIH-3T3 
fibroblasts  

• Cell viability (>80%) post 2-week printing period. [49] 

Abbreviations: PEG (Polyethylene glycol); ECs (Endothelial cells); SMCs (Smooth muscle cells); CMs (Cardiomyocytes); MSCs (Mesenchymal stem cells); CPSs (Cardiac 
Progenitor Cells); ESCs (Embryonic stem cells); ECM (Extracellular matrix); AuNP (gold nanoparticles); sECM (semi-synthetic extracellular matrix); HAECs (Human 
aortic Endothelial cells); HASMCs (Human Aortic Smooth muscle cells); CMs (Cardiomyocytes); MSCs (Mesenchymal stem cells); hDFs (Human dermal fibroblasts); 
hCMPC (Human cardiac derived progenitor cells); hCPC (Human cardiac progenitor cell). 
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bioprinting speed and temperature, extrusion pressure, physicochemical 
properties of the bioink-substrate interaction for example, rheological 
properties of bioink, surface tension of bioink, and wetting properties of 
bioprinting surface are some of the parameters that tune bioprinting 
precision and accuracy [56]. One of the limitations of the technique 
include the possibility of nozzle clogging, low cellular survival and 
damage to cellular function/morphology due to use of high-viscosity 
bioinks that are mainly used for EBB. The high viscosity materials may 
also impact gap junctions, contractile function and electrical conduction 
among bioprinted cells [57]. 

3.2.1. Co-axial bioprinting 
While post-crosslinking a 3D structure necessitates a highly viscous 

bioink, pre-crosslinking can cause extrusion of overly gelated bioinks 
that expose the encapsulated cells to increased shear stresses. Recently, 
co-axial bioprinting has gained interest as an approach to combine 

various biomaterials, cells and cross-linking agents having different 
mechanical and biochemical properties in two distinct layers often 
called the shell and core. Co-axial printing of two materials with 
different properties can form a synergistic effect on printability, struc
tural complexity, shape fidelity and biocompatibility. Co-axial printing 
can allow a stiffer material included in the core with mechanical support 
and relatively low strength materials located in the shell to provide 
microenvironment suitable for call viability and proliferation [58–60]. 
For example, Connell et al. developed an in situ photo-crosslinking 
approach using a light exposure strategy to demonstrate rapid and 
direct crosslinking of the bioink as it gets extruded from the nozzle 
obviating the need for a tubing to stabilize the filament [56]. They 
developed a highly stable co-axial free form extrusion system that 
enabled encapsulation of a liquid core within a cross-linked shell to print 
a human cell line Saos-2 with high viability. Coaxial bioprinting has 
been widely used to develop hollow or tubular structures that can mimic 
natural vascular networks due to its ability to deliver nutrients, oxygen 
and other biochemical components through the core [61–63]. Print
ability is an important factor in extrusion based bioprinting to develop 
3D printed structures with high fidelity and precise positioning. As an 
example, Kim et al. developed alginate-based 3D tubular constructs with 
high shape fidelity using co-axial bioprinting [61]. 

3.2.2. Freeform Reversible Embedding of Suspended Hydrogels (FRESH) 
bioprinting 

One of the challenges in 3D bioprinting strategies is maintaining 
shape fidelity and suitability for cell-embedding, proliferation and tissue 
maturation. There is ongoing research on development of bioinks suit
able for printability, resolution and stability to better promote cell 
migration, proliferation and differentiation. FRESH bioprinted cell- 
laden natural hydrogel approach has recently gained attention for 
printing low viscosity and slow polymerizing solutions with good spatial 
resolution [64]. The formation of functional vascular network is 
important for transport of nutrients to the cells especially for larger 
implants. Eman et. al developed a human-heart model using FRESH- 
printed alginate to fabricate mechanically tunable cardiac tissue 
construct using patient-derived magnetic resonance imaging (MRI) data 
sets [65]. Different strategies for in vitro vascularization have been 
employed such as co-culture of ECs with supporting fibroblasts (FBs) to 
form a delicate capillary vessel network by growth factors secreted by 
both cell types [66,67]. For example, Hinton et al. employed the FRESH 
technique for printing of cell-laden biological hydrogels with collagen, 
fibrinogen or alginate with an elastic modulus of less than 500kPa 
(Fig. 1F) [68]. This approach can fabricate highly complex 3D structures 
with diverse low viscosity bioinks, construct fidelity and high viability of 
99.7%. Lee et al. developed a method to 3D-bioprint collagen using 
FRESH to engineer human heart components from capillaries to full 
organ [69]. They fabricated pH-driven gelation controlled a 20-μm 
resolution porous microstructure that enabled rapid cellular infiltration 
and microvascularization. he anatomical structure had mechanical 
strength for fabrication and perfusion of multiscale vasculature and tri- 
leaflet valves. Cardiac ventricles printed with human cardiomyocytes 
(CMs) showed synchronized contractions and directional action poten
tial propagation. These examples highlight the advancements of FRESH 
3D bioprinting for improved complexity and higher resolution than 
previous bioprinting approaches. 

3.3. Laser-based bioprinting 

Laser-based bioprinting (LBB) uses laser energy such as UV, visible 
light or near-infrared light to cross link cell-laden bioinks in a reservoir 
and mold high precision patterns to form 3D constructs (Fig. 1C) 
[70,71]. One of the printing methods that use digital micromirror arrays 
to adjust the light intensity of each pixel for the bioprinting area is 
stereolithography (SLA). Laser light is applied in a point-by-point 
fashion to a liquid photosensitive substance during SLA printing to 

Table 3 
Advantages and limitations of bioprinting techniques.  

3D 
bioprinting 
technique 

Advantages Limitations Ref. 

IBB  • Uses thermal, 
electromagnetic or 
piezoelectric 
technology to deposit 
inkjets of “ink” 
(materials)  

• Rapid printing speeds 
and high resolution.  

• Capable to print low- 
viscosity biomaterials. 
Availability and ease 
of replacement of bio
inks. High-cell 
viability and relatively 
low cost  

• Low material 
viscosity (<10 Pa▪s) 
and low inkjet 
directionality.  

• Lack of precision 
with respect to 
inkjet size. 
Requirement for low 
viscosity bioink.  

• Nozzle clogging and 
cellular distortion 
due to high-cell 
density.  

• Low mechanical 
strength. Inability to 
provide continuous 
stream of material. 

[109] 

EBB  • Ability to print 
biomaterials with high 
cell densities (higher 
than 1x 106 cells/mL) 
comparable to 
physiological cell 
densities. Can produce 
continuous stream of 
material.  

• Can successfully print 
high viscosity bioinks 
such as polymers, clay- 
based substrates.  

• Low printing 
resolution (> 100 
μm) and slow 
printing speeds.  

• Loss of cellular 
viability and 
distortion of cellular 
structure due to the 
pressure to expel the 
bioink. 

[110] 

LBB  • Rapid printing speeds 
and ability to print 
biomaterials with wide 
range of viscosities (1- 
300 mPa/s). High 
degree of precision 
and resolution (1 cell/ 
inkjet). Can 
successfully print high 
density of cells 108 

/mL  

• Time consuming – 
need to prepare 
reservoirs/ribbons.  

• Lower cellular 
viability compared 
to other methods. 
Loss of cells due to 
thermal damage.  

• SLA requires intense 
UV radiation for 
crosslinking 
process.  

• Requires large 
amount of material.  

• High cost.  
• Long post 

processing time and 
fewer materials 
compatible with 
SLA. 

[111] 
[112,113]] 

Abbreviations: IBB (Inkjet Based Bioprinting); EBB (Extrusion-based bio
printing); LBB (Laser-based bioprinting) 
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generate a solidified layer. Once the first layer has been solidified, the 
platform rises by a predetermined height, and a second layer is photo
crosslinked. This procedure is iterated until the entire shape has been 
printed. SLA does not necessitate extrusion through a nozzle and is 
faster, more precise, and yields a greater resolution (< 100 μm) than 
extrusion-based printing [72]. Related to SLA bioprinting is Digital Light 
Processing (DLP) bioprinting technique. It is similar to SLA bioprinting 
with the difference in using a projector to reflect light onto photo
polymerized materials [73] DLP prints especially larger objects at a 
higher speed than SLA does. Nevertheless, due to the limitations arising 
from the project area and resolution of the digital light mirrors, the 
printable area in DLP is less than that in SLA [74]. Varying from pico- to 
micro-scale properties, the resolution is impacted by a number of as
pects, such as the thickness of the biological components on the film, the 
substrate’s wettability, their rheological features, the energy of the laser 
pulse, and the printing speed and structure organization. LBB can be 
beneficial for volumetric bioprinting, where in just a few seconds or tens 
of seconds, volumetric bioprinting can create whole cell-laden grafts of 
any size and structure with great cell survival (>85%) [75]. 

The advantages of this technique include the ability to generate tis
sue constructs with high resolution (10-100 μm) and the ability to print 
different biological materials with a wide viscosity range (1-2000 
mPa▪s). This technique offers the ability to facilitate high CM deposition 
densities for it is a nozzle-free approach and has clogging or cellular 
damage issues due to high shear stress. However, one of the limitations 
of the technique is that it is only suitable for photopolymerizable bio
inks. Other challenges for stereolithographic technique include long 
printing times, high equipment cost, low mechanical strength and dis
torted 3D structures and patterns use to repeated laser exposure [76]. 

3.4. Scaffold-free bioprinting 

3D bioprinting techniques including inkjet-, extrusion- and laser- 
assisted approaches have also gained attention for bioprinting cardiac 
patch constructs without biomaterial/scaffolds (Fig. 1E) [77,78]. 
Scaffold-free 3D bioprinting of cardiac tissue has gained interest as 
scaffold related complications such as immunogenicity, fibrous tissue 
formation, biomaterial degradation and degradation product toxicity. 
For example, Hibino and collaborators developed “biomaterial-free” 3D 
bio-printed cardiac patches using aggregates of iPSC-derived CMs, FBs, 
and ECs forming mixed cell spheroids [78]. Cardiac patches exhibited 
ventricular-like action potential and uniform conduction within 3 days 
of printing. In vivo implantation resulted in vascularization of 3D bio
printed cardiac patches into native rat myocardium [79,80]. However, 
the 3D bioprinted cardiac patches were limited by low mechanical 
strength and electrical transmission speed. 

Recent advances in development of organoids having self-assembled 
human embryonic stem cells and induced pluripotent stem cells (iPSCs) 
have displayed characteristics similar to native organs [81–82]. These 
organoids can serve as organ building blocks (OBBs) for bio
manufacturing of organ specific tissues with needed cellular density, 
composition, microarchitecture and function possible with a perfusable 
network of vascular channels within the living matrices (Fig. 1I) [83]. 
Embedded 3D printing was employed by Lewis et al. who demonstrated 
the fabrication of a viscoelastic, sacrificial ink within acellular silicone 
[84] and hydrogel [85] matrices to create a 3D network of inter
connected channels. Other studies have developed biopolymer and 
synthetic matrices that exhibit a viscoplastic response for patterning of 
complex 3D architectures [86]. However, their methods have only been 
successful to construct acellular or sparsely cellular matrices. For 
example, Skyler-Scott et. al developed a biomanufacturing method based 
sacrificial writing into functional tissue (SWIFT) made from a living 
densely cellular iPSC derived OBB matrix as embryoid bodies (EBs), 
organoids or multicellular spheroids patterned via 3D embedded bio
printing to fabricate perfusable organ specific autologous tissues with 
high cell density and desired functionality [87]. Additionally, Kolesky 

et al. developed a method for 3D bioprinting thick (>1 cm) heterogenous 
cell-laden long-term (> 6 weeks) perfusable vascularized tissues by co- 
printing multiple inks composed of human mesenchymal stem cells 
(hMSCs) and human neonatal dermal fibroblasts (hNDFs) with an ECM 
and embedded vasculature customized and lined with human umbilical 
vein ECs (HUVECs) [88]. These thick vascularized tissues perfused with 
growth factors facilitated in situ differentiation of hMSCs to osteogenic 
lineage tissues containing a pervasive, perfusable and endothelialized 
vascular network. This 3D tissue manufacturing platform holds great 
potential for recapitulating physiologically relevant complex microen
vironments for both ex vivo and in vivo human tissue generation. 

In another example, Arai and collaborators developed scaffold-free 
cardiac tubular constructs by placing spheroids optimized ratio 
(50:25:25) of iPSC-derived CMs, HUVECs and normal human dermal 
fibroblasts (NHDFs) on a needle array [89]. The engineered cardiac 
tubular constructs show cellular organization and beat rate similar to 
that of native cardiac tissue in vivo. This study was successful in gener
ation of a functional scaffold-free cardiac tubular construct. One of the 
limitations of the study was shrinkage of the constructs after removal 
from the needle array because of cell-cell interactions, cell-extracellular 
interactions, and surface tension of spheroids. Another limitation was 
the use of HUVECs, which do not share the same tissue-relevant endo
thelial population of the myocardium. Despite the limitations, scaffold- 
free bioprinting has advantages of high cell density and cell-cell inter
action characteristics similar to the native cardiac tissue microenvi
ronment compared to 3D bioprinting using scaffolds. 

3.5. Other bioprinting techniques with translational relevance 

3.5.1. Aspiration-assisted bioprinting 
Aspiration-assisted bioprinting (ABB) is a hybrid bioprinting method 

for bioprinting cellular aggregates (i.e., tissue spheroids and honey
combs) and organoids with dimensions between 80 and 800 μm into or 
onto hydrogels for both scaffold-free and scaffold-based applications 
(Fig. 1D) [94]. AAB rely on back-pressure to pick spheroids from the cell 
media and lift to the air then it bioprint into functional hydrogel (fibrin, 
collagen, GelMA) or onto sacrificial hydrogels such as alginate and 
agarose in higher positional precision (~11) and accuracy (~15%) with 
respect to tissue size. It is a unique platform to study effects of distance 
on angiogenic sprouting, paracrine signaling, tissue-tissue and tissue- 
material interactions. Various applications of AAB have been demon
strated including articular cartilage [95], bone [96], and osteochondral 
tissue [97] biofabrication in a scaffold-free manner. Recently, Ayan et al. 
demonstrated combination of AAB and FRESH methods to fabricate 
freeform tissues in self-healing hydrogels using tissue spheroids [98]. 
With this technique cardiac organoids can be bioprinted precisely 
(~34% with respect to the size of organoids) to fabricate cardiac 
patches. 

3.5.2. 4D bioprinting 
4D bioprinting involves the creation of an initial 3D bioprinted 

product that morphs into its final form “over time” in response to 
external stimuli [99,100]. 4D bioprinting allows for dynamic, structural 
and cellular changes of a tissue overtime, adding a fourth dimension of 
“time” to the static nature of 3D bioprinting. An and collaborators 
proposed two approaches to define 4D bioprinting. The first one is the 
folding of tissue into a desired shape, driven by a stimulus. The second is 
the self-assembly of the tissue. For example, Kirillova and collaborators 
fabricated hollow self-folding tubes (comparable to small-diameter 
blood-vessels) using a shape-morphing hydrogel made of both alginate 
and hyaluronic acid) [101]. Cell viability was maintained for 7 days of 
culture. Apsite and collaborators performed spontaneous folding of 
multilayer scaffolds made of thermo-responsive polymers at different 
temperatures in an aqueous environment to form a tube with distinct 
layers [102]. The study also demonstrated the improvement in cell 
viability and adhesion by adding collagen. Self-healing hydrogels have 
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also shown to improve the life of a functional material and exhibit 
properties similar to native human tissue. CMs cultured in a shape- 
forming hydrogel have been shown to form a three-dimensional struc
ture over time. Neonatal CMs encapsulated in fibrin hydrogel and 
cultured for 2 weeks under static conditions were shown to remodel the 
construct and generate contractile force under electrical pacing condi
tions [103] (Fig. 1H). With advances in CM viability on bioprinted 
stimuli-responsive hydrogels, this approach can facilitate spatial 
arrangement of cells and internal structure of engineered myocardium. 
The second approach is the stimulus-driven self-assembly of tissues that 
can induce tissue structural and cellular changes over time. For example, 
cell deposition by printed microinkjets that can conform to another 
pattern upon stimulation [104]. Chemical factors have been shown to 
stimulate scaffold-free 3D bioprinted cardiac patches to facilitate better 
tissue organization and maturation [105,106]. 

Recent advancements in 4D bioprinting have been made for cardiac 
regeneration. Miao and collaborators developed a 4D hierarchical 
micropattern by employing a photolithographic-stereolithographic- 
tandem strategy (PSTS) for regulating human bone marrow mesen
chymal stem cell (hMSC) cardiomyogenic behavior [107]. The tech
nique was validated by printing well-defined cand consistent micro- 
surface featured scaffolds and growth of hMSC with highly aligned 
micropatterns promoting cardiomyogenesis. The advanced dynamic 4D 
shape change and features seems promising to provide seamless inte
gration with the damaged tissues and organs. This study developed and 
demonstrated a proof-of-concept 4D micropatterned patch to have the 
potential to facilitate cardiac regeneration. Some of the advantages and 
limitations of commonly employed 3D bioprinting techniques are 
highlighted in Table 3 [108]. 

4. Translational applications of stem-cell-laden 3D printed 
tissue constructs 

In order to develop advanced bioprinted cardiovascular devices and 
tissue models using synthetic or biological components, incorporation of 
biomimetic or physiological characteristics into the structures and 
functionalities is required for a successful cardiovascular tissue regen
eration model. Bioprinting research for cardiovascular tissue regenera
tion largely focuses on myocardium, vascular grafts and heart valves. 

4.1. Bioprinted myocardium 

One of the key challenges in tissue reengineering and regenerative 
medicine is bioprinting of a functional myocardium. Myocardial 
infarction (MI) leads to cellular death, matrix remodeling, degradation 
of fibrillar collagen network and accumulation of fibrotic scar tissue. 
The scar tissue cannot conduct electrical and mechanical stimuli 
resulting in reduced pumping efficiency of the heart. This leads to 
disruption of ventricular wall, ventricular dilation resulting in conges
tive heart failure and myocardial rupture [114,115]. 

An approach for cardiac repair is cellular therapy which involves 
implanting cells at the site of damaged tissue [116]. The effectiveness of 
cellular therapy depends on cellular viability post implantation and 
integration into the heart tissue that enhances cardiac output. There are 
several constraints that limit the application of cellular therapy, 
including availability of oxygen [117]. Oxygen transport is facilitated by 
either: i) limiting the thickness of the cell construct (<200 μm) [118], 
and/or, ii) facilitating oxygen diffusion or convective mass transport all 
through the construct by integrating open pores. Limiting construct 
thickness requires multiple construct implantations in vivo and repeated 
surgeries to obtain vascularization and optimum clinical; outcomes 
[119]. Current therapies are pursued by fabricating and integrating 
thicker multi-layered tissues pre-implantation. Constructs of only 100 
μm thickness have shown to exhibit low cellular survival [120]. 
Therefore, limiting cell construct thickness is not a viable strategy. The 
approach to introduce pores into large scaffolds allows for very low 

cellular densities cultured compared to in vivo tissue, that is not enough 
for cardiac tissue repair [121]. Increasing cell densities is also not 
feasible since its challenging to meet metabolic requirements of tissues 
for vascularization at very high cell densities, increasing the likelihood 
of cell death. Furthermore, due to limited proliferation potential of CMs, 
seeding high cell densities require stem cells culture in addition to CMs. 

There has been interest in 3D bioprinting to overcome the limitations 
of cellular therapy for fabrication of thick 3D constructs of defined ge
ometry and complexity and well-aligned cellular network. Ventricular 
function lost in myocardial infarction can be regained by augmenting or 
replacing the necrotic tissue with a tissue engineered “heart patch” 
[169,115,122]. Bioengineered functional cardiac tissue composed of 
primary CMs has been studied extensively for myocardial regeneration 
potential and in vitro tissue remodeling. One of the challenges in 
designing a functional cardiac tissue is well-defined cell alignment and 
contraction [123]. The ideal design requirements of cardiac patches are 
that they should be electrically conductive, mechanically robust and 
elastic and pre-vascularized for functional integration into organ ar
chitecture resulting in improved systolic and diastolic function. Some of 
the in vitro and in vivo studies on 3D bioprinting of a functional 
myocardium have been described here: 

4.1.1. 3D printing of endothelialized myocardium 
Researchers have made advancements in 3D printing applications to 

generate an endothelialized myocardium. Zhang and collaborators 
bioprinted a scaffold using an EC-laden bioink with sodium alginate and 
GelMA seeded with CMs to develop an endothelialized myocardium 
[124]. A rigid three-dimensional structure was formed due to cross
linking of alginate with calcium ions followed by UV of the GelMA 
hydrogel. ECs migrated towards periphery of the bioprinted scaffold 
fibers and formed a confluent layer. CMs seeded into the scaffold with 
controlled anisotropy formed an aligned myocardium with contractions 
in a synchronous manner. This developed a functional myocardium with 
an interlacing endothelium and well-aligned CMs. Even though this 
approach was designed for use in a heart-on-a-chip platform, the study is 
a step towards fabrication of functional tissues with biomimetic function 
and structure. Jakeb and collaborators performed a similar study to 
reveal the potential of ECs to promote vascularization in 3D bioprinted 
cardiac constructs [125,126]. These examples illustrate the feasibility of 
bioprinting endothelialized myocardium. 

4.1.2. Regenerative potential of hMSCs in myocardium 
Besides using CMs within 3D bioprinted constructs, stem cells such as 

hMSCs have also been tested. Gaebel et al. developed an in vivo model of 
3D bioprinted myocardium implanted in animal hearts with enhanced 
vascularization and therapeutic effects. The group developed a LIFT 3D 
bioprinted myocardium seeded with hMSCs and HUVECs in a systemic 
pattern [127]. At 10 weeks after infarction, primitive vascular networks, 
high density capillary networks, host vasculature integration and 
improved cardiac function were observed. This study was performed 
based on the proposed potential of hMSCs to improve angiogenesis in 
postinfarcted myocardium facilitating cell repair and regeneration. 

4.1.3. 3D printed cardiac scaffolds composed of stem cell-derived CMs 
With the advances in CM differentiation from iPSCs, many bio

printed constructs utilize iPSC-derived CMs in bioprinting of cardio
vascular tissues. For example, Ong et al. used Kenzan technique to 
bioprint iPSC-derived CMs, ECs and human fibroblasts seeded cardiac 
patches [128]. In vitro culture of the constructs displayed electrical 
conduction and ventricular-like action potentials of the whole construct. 
The patches implanted in nude rats demonstrated vascularization and 
engraftment into the native rat myocardium, which suggests clinical 
translation potential. In another example, Maiullari et al. constructed an 
alginate/PEG-fibrinogen printed cardiac tissue with HUVECs and iPSC- 
derived CMs [129]. The tissue displayed formation of blood vessels and 
well-defined cell alignment. Furthermore, implantation of the tissues 
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into non-obese diabetic SCID mice demonstrated integration with the 
host vasculature signifying the potential and functionality of the bio- 
printed cardiac tissues. Gaetani et al. studied the functionality of a 3D- 
bioprinted patch composed of human cardiac-derived progenitor cells 
(hCMPCs) in a hyaluronic acid/gelatin matrix in post-MI murine hearts. 
The hCMPCs retained the cellular viability, proliferation and differen
tiation potential to form CM-like cells [130]. The 3D-printed patch 
transplanted in the murine model of MI supported in vivo survival, 
proliferation, maturation and engraftment of HCMPCs and increase in 
cardiac and vascular differentiation markers for over 4 weeks, suggest
ing viability of the 3D printed cardiac patches. Additionally, Gao et al. 
fabricated ECM scaffold using laser-based multiphoton-excited (MPE) 
3D printing. Human iPSC differentiated SMCs, ECs and CMs were used to 
develop the cardiac patch. After a 1- and 7-day seeding period, the 
cardiac patch displayed enhanced electrophysical properties and gene 
expression for contractile behavior. After the 4-week implantation 
period in murine hearts, cardiac function, infarction size and vascular 
density were significantly superior in cell-laden cardiac patches 
compared to cell-free scaffolds [131]. Together these examples illustrate 
several 3D bioprinting strategies for the engineering and vascularization 
of cardiac tissue. 

4.2. Cardiac valves 

Valvular diseases such as stenosis and calcification are significant 
causes of heart failure. Currently, there are two clinical treatments for 
heart valve replacement surgery, namely mechanical heart valve and 
biological heart valve implantation [132]. Traditional mechanical or 
bio-prosthetic conduits of valve replacements have limitations including 
need for anticoagulation, along with limited durability and non- 
physiological characteristics [133,134]. Therefore, advancements in 
3D valve bioprinting have been explored to engineer valves with the 
design requirements of having structural, physicochemical, biological 
and functional properties that better reflect that of native cardiac valves. 
Tissue engineered heart valves hold the potential of using autologous 
cells, having improved hemocompatibility of the replacement valve, 
obviating anti-coagulation therapy, and improving the integration and 
repair of the valve with native tissue [132,135,136]. 

4.2.1. 3D printed constructs with spatial heterogeneity of cardiac valve 
3D bioprinting holds the potential to enhance clinical success of 

tissue engineered heart valves by fabricating constructs with patient- 
specific valve geometry, spatial heterogeneity of valve mechanical 
characteristics, and spatial heterogeneity of the encapsulated cells. For 
example, Butcher et.al. fabricated an artificial valve by extrusion-based 
3D printing of two types of photo-crosslinkable hydrogels, a rigid one 
(75 kPa) for the root and soft (5kPa) for the leaflet [137]. This method 
allowed 3D printing of an artificial valve with geometries ranging be
tween 12 mm-22mm in diameter. In addition, printing two materials 
simultaneously with distinct mechanical properties to mimic the thick
ness of the root and leaflets of native heart valves. The group seeded 
porcine aortic valve interstitial cells (PAVIC) into the 3D printed heart 
valves and demonstrated cell viability up to 3 weeks. In another study, 
the Butcher group fabricated heart valve and encapsulated the root and 
leaflet regions with two types of cells, aortic root sinus smooth muscle 
cells (SMCs) and aortic valve leaflet interstitial cells (VICs) respectively 
[138]. The cells exhibited mechanicals properties of the alginate/gelatin 
mixture for over a week compared to weak mechanical strength of 
acellular heart valve. In a recent study, Butcher and collaborators seeded 
human aortic valvular interstitial cells (HAVIC) on methacrylated 
hydrogels (mixture of gelatin and hyaluronic acid) [139] and demon
strated that the HAVIC cells deposited ECM and remodeled the hydrogel 
with cellular phenotypic modulation based on the printed hydrogel 
stiffness. These studies illustrate the potential of 3D bioprinting to 
generate constructs with spatial heterogeneity of the mechanical prop
erties of the heart valves and modulation of different types of seeded 

cellular behavior. 

4.2.2. 3D printed cell-laden hydrogels for generating the aortic valve 
Besides engineering values with spatial heterogeneity, aortic valves 

have also been bioprinted with increasingly complex cellular composi
tions. For example, Lockaday et al. developed a heterogenous aortic 
valve scaffold using 3D photocrosslink-printing of poly (ethylene 
glycol)-diaacrylate (PEG-DA)/alginate hydrogels seeded with porcine 
aortic valve interstitial cells (PAVIC) [140]. The scaffolds had signifi
cantly high elastic modulus, shape fidelity and cellular growth and 
viability. In another study, Duan et al. developed 3D printed living 
alginate/gelatin hydrogel conduits. In vitro co-encapsulation of aortic 
root sinus SMCs and aortic VICs showed growth and cellular viability 
within 3D printed aortic valve conduits over 10 days [141]. SMCs 
showed contractile morphology and expression of elevated α-smooth 
muscle actin and VICs expressed elevated levels of protein vimentin. In 
another study, Duan et al. developed 3D printed hybrid hydrogels using 
methacrylated hyaluronic acid (Me-HA) and methacrylated gelatin (Me- 
Gel) [142]. The heart valve conduits encapsulating HAVICs. Optimized 
concentration of Me-Gel and Me-HA resulted in fabrication of a trileaflet 
valve with high cellular viability of HAVIC and remodeling of the initial 
matrix with collagen and glycosaminoglycans. This study of generating 
anatomically accurate bioprinted design of cardiac valves is a big step 
towards understanding cell-valve interactions and generation of de novo 
living valve replacements. In another study, van der Valk et al. engi
neered a three-dimensional printed calcified aortic valve disease model 
using methacrylated gelatin (GelMA)/methacrylated hyaluronic acid 
(HAMA) hydrogels encapsulated with human VIC (valvular interstitial 
cells) [143]. This study was successful to mimic the ECM of native tissue 
and maintain VIC quiescence under basal conditions. The research was 
helpful to understand the effect of nano and micro-calcification and 
pathological differentiation of naïve VIC driven by layer specific me
chanical properties similar to those of disease probe fibrosa layer of the 
human aortic valve. Together, these studies highlight the application of 
3D printing for engineering cardiac valves with increasingly complex 
geometry, suitability stiffness heterogeneity achieved by using multiple 
print heads and optimal cellular growth and function for a heart valve 
that usually do not require a complex and highly ordered vascular 
network. 

With respect to limitations of bioprinted valves, there are still major 
areas of concern when printing cardiovascular structures such as cardiac 
valves such as limited availability of printing materials for representa
tion of vessel-like properties [144] and transparent nature of the ma
terials for visual inspection of internal structures [145]. 3D printing has 
limitations in using the imaging data from ultrasound that is used as the 
primary imaging technique in cardiac imaging. Precise representation of 
valve leaflets and chordae tendinae requires high spatial and temporal 
resolutions and any abnormalities in these structures are associated with 
significant hemodynamic functional consequences. Other limiting fac
tors in applications of 3D printing in patient care include the high cost of 
printers, software, and printing materials, along with the time- 
consuming process of building structures with several layers. The post- 
processing is labor-intensive and requires skillful and experienced 
imagers. 

4.3. Cardiac grafts/vasculature 

Despite improvements in therapies, coronary artery disease affects 
16 million adults annually in the US and accounts for one out of three 
deaths in the US [146]. Based on the coronary artery disease stage, 
different treatments are available including lifestyle changes, coronary 
angioplasty and coronary artery bypass grafting (CABG). For vessels 
with complex multiple lesions, CABG is the preferred choice that in
volves bypassing blood flow around a severely narrowed or blocked 
artery using autologous veins or vessels such as internal thoracic ar
teries, radial arteries and saphenous veins [147,148]. While CABG has 
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been successful in improving the survival rate of patients with coronary 
artery disease, approx. 30% of the population especially elderly and 
patients with compromised immune system due to metabolic disorders 
such as diabetes are not recommended the surgery due to unavailability 
of healthy autologous vessels and post-surgery complications such as 
poor patency rates, accidental graft damage and morbidity at the donor 
site. Therefore, synthetic polymeric conduits gained interest for bypass 
graft application The most popular polymeric grafts used are expanded 
polytetrafluoroethylene (e-PTFE), woven polyethylene terephthalate 
(PET), also known as Dacron [149–152] and polyurethanes [153]. 
However, low patency rates of these synthetic polymeric conduits for 
small diameter vessels (<6mm in diameter) bypass have led to re
searchers moved their focus to exploring more compliant materials, 
pharmaceutical drug loaded conduits and tissue engineered constructs 
[154]. 

The ideal design criteria of 3D printing of vessels consist of having 
physiological, anatomical and biochemical characteristics to native an
alogues. [155–157]. One of the critical parameters that define the suc
cess of a engineered vascular conduit is formation of an endothelialized 
layer over the lumen [158–161]. Vascular tissue engineering has gained 
interest to develop coronary bypass grafts that promote endotheliali
zation, render non-thrombogenic surface properties and exhibit patient 
specific geometry and comparable mechanical properties to the native 
blood vessel. 

Current research focuses on in vitro generation of models to study 
endothelialization and microvascular network formation to facilitate 
angiogenesis and transport of nutrients and oxygen to the engineered 
tissue. Miller et al. developed a biocompatible sacrificial carbohydrate 
based material and printed 3D filament networks in engineered tissues 
using a custom-designed RepRap Mendel (Extrusion based) 3D printer 
[162]. Using this approach, the group patterned vascular channels in 
natural and synthetic materials and seeded living cells. They demon
strated three sections of vascularized solid tissues (i.e lumen, ECs, and 
interstitial zone residing cells and matrix). In another study, Li et al. 
developed a hybrid cell/hydrogel vascular network and seeded adipose 
derived stem cells (ADSCs) combined with alginate/gelatin/fibrinogen 
network [163]. Endothelial growth factor was provided to induce dif
ferentiation of ADSCs into endothelial-like cells. ADSCs at the vascular 
network-like periphery exhibited EC-like properties. In another 
example, Cui et. al. fabricated a microvasculature using thermal-inkjet 
printing and simultaneously seeded human microvascular ECs 
(HMVECs) and fibrin [164]. The HMVECs were shown to align inside the 
channels and proliferated to form a confluent layer in a week followed 
by formation of microvasculature. Additionally, Zhang et al. bioprinted 
perfusable vascular conduits of optimal mechanical properties with 
encapsulated human umbilical vein smooth muscle cells (HUVSMCs) 
[165]. Higher cell viability and ECM deposition was observed on both 
luminal and peripheral surfaces. 

To generate vascularized thick tissues with multilevel or multi- 
branch channel architectures, pre-vascularized cell-layer blood vessels 
could be biofabricated by using cell-laden dECM as a matrix material 
and Pluronic F127 as a sacrificial material [166]. The construct showed 
improved stability and high biocompatibility. A supporting scaffold 
(SE1700) with a double-layer circular structure was 3D bioprinted to 
provide mechanical strength and structural integrity prior to the for
mation of the media, intima, and adventitia. Such constructed small- 
diameter blood vessels can be used for the in vitro pathological models 
such as a thrombus model to understand the effect of damaged endo
thelial layer on migration of fibroblasts, study of vascular cell biology 
mechanisms, and pharmaceutical therapeutics. 

3D printing has shown potential for generation of tubular structures 
for CABG replacement. However, there are certain limitations in trans
lation of a microvascular 3D printed structure as an ideal artificial cor
onary bypass graft. First, it is difficult to print a construct seeded with 
multiple cell types with distinct mechanics and functions to mimic the 
three-dimensional multilayered structure of a blood vessel. Second, 

seeding the printed structures with multiple cell types on a microscale 
level of a few millimeters in diameter is difficult. Third, clinical trans
lation of these studies is also limited due to the challenge of replicating 
the hierarchy and multi-layered architecture of the vessels with cellular 
components and functionality. Transport of nutrients and oxygen within 
the coronary graft requires fabrication of sophisticated microvascular 
and macrovascular structures to mimic the native vasa vasorum (capil
laries in the vessel wall) of native coronary arteries. Translational ap
plications of 3D printing techniques for generation of a functional 
myocardium, cardiac valves and vasculature are presented in Table 4 
and Fig. 1G. 

5. Bioprinting for in vitro modeling 

Bioprinting technology has also paved the way for more advanced in 
vitro model development. In recent years, there have been several major 
advances in bioprinted constructs for in vitro disease modeling and organ 
scale printing for modeling of patient specific cardiac anatomy. 

5.1. Disease modeling 

3D bioprinted microtissues are a promising platform for generating 
personalized cardiac disease models. Myocardial fibrosis in particular is 
a promising target, as nearly all forms of cardiac disease involve some 
form of fibrosis [167,168]. Althoughthe use of bioprinted constructs for 
disease modeling is still in its infancy, there have been advances in this 
application area, particularly involving modulation of construct me
chanics to simulate fibrosis-prone tissue. For example, Shin and col
leagues created a composite bioink enabling tunable construct stiffness 
from 13.4-89kPa, spanning the range from normal (5-15kPa) to fibrotic 
(80-100kPa) cardiac tissue [169]. The stiffness of the bioprinted 
construct was controlled by varying the amount of PEGDA in the bioink 
mixture. Despite limited cell spreading or invasion in the highest stiff
ness condition, stromal cells, fibroblasts, and iPSC-derived CMs were 
maintained in the device with high viability for up to 7 days. Langer and 
colleagues also used a multicomponent gel system to mimic the layer- 
specific mechanical properties of a human heart valve. A combination 
of gelatin methacrylate and hyaluronic methacrylate was used to pro
duce gel stiffnesses of 15-37kPa, and multi-layer leaflet models showed 
selective microcalcification in the stiffest and most disease prone fibrosa 
layer [170]. These examples highlight the application of 3D bioprinting 
for cardiac disease modeling. 

5.2. Tissue and organ models 

Bioprinting has also been used to fabricate macroscale tissues models 
of patient anatomy [171]. This typically begins with clinical imaging 
(CT or MRI) to generate a 3D reconstruction of the area of interest. This 
3D topography file is then used as a blueprint in the bioprinting software 
to reconstruct tissue geometry using single or multiple bioinks. This has 
been most successfully executed using embedded bioprinting in a sup
port bath. Embedded bioprinting was used to generate anatomy- 
matched, full-thickness cardiac patches using reprogrammed iPSCs 
and ECM-based bioinks derived from the patient’s omentum tissue 
[172]. FRESH and SWIFT bioprinting have also been used to bioprinting 
large scale cardiac models. SWIFT was used to bioprint anatomically- 
correct vasculature (left anterior descending coronary artery) in a 
model of a section of patient myocardium [87], while FRESH was used 
to print a neonatal scale human heart using a collagen ink [173]. 
Additionally, a novel Hyprinter has been developed to engineer a cell 
laden hydrogel based major vessel with a co-axially polymer shell to 
enable surgical anastomosis between the printed cell laden hydrogel 
based major vessel and the host major vessel during implantation [174]. 
A dual hydrogel system was also bioprinted for creating a vascular bed, 
comprising a relatively slow degradable hydrogel for a long-term 
perfusion and a relatively fast degradable hydrogel for rapid capillary 
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Table 4 
Translational applications of 3D engineered myocardium.  

Tissue Scaffold/Bioink/ 
Bioprinting technique 

Seeded cell culture Cardiac function/ response Ref 

Myocardium EC laden-sodium alginate and GelMA/Co- 
axial bioprinting 

CMs  • ECs migrated towards periphery of the bioprinted scaffold fibers 
and formed a confluent layer.  

• CMs seeded into the scaffold with controlled anisotropy formed an 
aligned myocardium with contractions in a synchronous manner. 
This developed a functional myocardium with an interlacing 
endothelium and well-aligned CMs. 

[124] 

Myocardium Polyurethane polyester urea (PEUU)/Laser- 
Induced-Forward Transfer (LIFT) cell 
printing 

HMSCs and HUVEC  • 10 weeks after infarction, primitive vascular networks, high 
density capillary networks, host vasculature integration and 
improved cardiac function were observed. 

[127] 

Myocardium Biomaterial free bioprinting Mixed cell spheroids of iPSC- 
CMs, human adult ventricular 
fibroblasts and HUVEC  

• In vitro culture of the constructs displayed electrical conduction 
and ventricular-like action potentials of the construct. High cell 
density, functional cell contacts and spontaneously beating cardiac 
tissue was produced. 

[128] 

Myocardium Alginate/PEG-fibrinogen/Extrusion based 
bioprinting 

HUVECs and iPSCs-CMs  • The tissue displayed formation of blood vessels and well-defined 
cell alignment. Implantation of the tissues into non-obese diabetic 
SCID mice demonstrated integration with the host vasculature 

[129] 

Myocardium Hyaluronic acid- gelatin matrix/Extrusion 
based bioprinting 

HCMPC  • HCMPCs retained the cellular viability, proliferation and 
differentiation potential [6]. The 3D-printed patch transplanted in 
the murine model of myocardium infarction supported the in vivo 
survival, proliferation, maturation and engraftment of HCMPCs 
and increase in cardiac and vascular differentiation markers over 4 
weeks 

[130] 

Myocardium Gelatin hydrogel/Inkjet based bioprinting hMSC and CM  • hMSC displayed well-defined F-actin anisotropy and elongated 
morphology, Well-aligned CMs and synchronized beating was 
observed depicting the potential of tissue to promote CM growth 
and contractility. 

[131] 

Myocardium ECM scaffold/Biomaterial free bioprinting iPSC-derived SMCs, ECs and 
CMs  

• After a 4-week implantation period in the murine heart, cardiac 
function, infarction size and vascular density were significantly 
superior in cell-laden cardiac patches compared to cell-free 
scaffolds 

[132] 

Myocardium Collagen-fibrinogen Matrigel/Extrusion- 
based bioprinting 

C2C12 myoblasts and MC3T3 
fibroblasts 

• A high-density cellular network was formed with a robust me
chanical structure. 

[133] 

Myocardium Fibrin based hydrogel and poly-caprolactone 
(PCL) polymeric frame/Inkjet bioprinting 

CMs  • These constructs exhibited cellular organization, cardiac 
contractile function, scalability and uniform contraction 6 weeks 
post MI in vivo. MI-induced fibrosis was also reduced significantly 
and led to increased heart function. 

[134] 

Myocardium Methacrylated collagen (MeCol) and alginate 
matrix/Laser based bioprinting 

HCAECs  • In vitro culture of 10 days resulted in HCAEC migration, 
proliferation and differentiation and lumen-like formation. The 
carbon nanotube (CNTs) 3D printed constructs exhibited higher 
viscoelastic behavior, stiffness, electrical conductivity. 

[135] 

Myocardium dECM scaffold/Inkjet based bioprinting iPSC-CM  • The tissue construct showed an upregulation of proteins expression 
of typeI/IV collagen, fibronectin, glycosaminoglycans and myosin 
regulatory light chain 2 (associated with actin filaments). CMs 
exhibited well-defined alignment and contraction: both features 
result in generation of directional force.  

[136] 

Myocardium Decellularized human skin (dhUsK)/ 
Extrusion based bioprinting 

hCPCs  • hPSCs exhibited cellular engraftment and organization similar to 
native cardiac tissue and upregulated expression of markers for 
cardiac myocytes such as type I/III/IV collagen, elastin, 
glycosaminoglycans and connexin-43.  

[137] 

Myocardium     GelMA (methacrylated gelatin) hydrogel/ 
Extrusion-based bioprinting 

hESC-CMs  • The cells displayed a contractile and elongated morphology. This 
technique allows for modulating scaffold stiffness, cardiac tissue 
like contractility and orientation.  

[138] 

Myocardium Decellularized ECM/Inkjet based bioprinting Rat Myoblasts cells  • Increased expression of cardiac specific genes (Myh6 and Actn 1) 
and cardiac myosin heavy chain (ß-MHC) compared to collagen 
constructs. 

[139] 

Cardiac 
Valves 

Alginate-gelatin hydrogel/Inkjet bioprinting Aortic root sinus SMCs and 
aortic valve leaflet interstitial 
cells (VIC)  

• Cellular growth and viability within the 3D printed constructs 
maintained upto 10 days. SMCs showed contractile morphology 
and expression of elevated alpha-smooth muscle actin and VICs 
expressed elevated levels of protein vimentin.  

[141] 

Cardiac 
valves 

Methacrylated hyaluronic acid (Me-HA) and 
methacrylated gelatin (Me-Gel)/Extrusion 
based bioprinting 

HAVIC  • High cellular viability of HAVIC and remodeling of the initial 
matrix with collagen and glycosaminoglycans was observed.  [142] 

Cardiac 
Valves 

Methacrylated gelatin (GelMA)/ 
methacrylated hyaluronic acid (HAMA) 
hydrogels/Extrusion based bioprinting 

Human VIC  • Successful recapitulation of ECM of native tissue and VIC 
quiescence was maintained under basal conditions  [143] 

Cardiac 
Valves 

poly (ethylene glycol)-diacarylate (PEG-DA)/ 
alginate hydrogels/Laser based bioprinting 

PAVIC  • The scaffolds had significantly high elastic modulus, shape fidelity 
and cellular growth and viability.  [140] 

Cardiac 
Valves 

Photo-crosslinkable hydrogels, a rigid one 
(75 kPa) for the root and soft (5kPa) for the 
leaflet/Laser based bioprinting 

PAVIC  • Cellular viability up to 3 weeks.   

[137] 

(continued on next page) 
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network formation [175]. These examples highlight the generation of 
tissue and organ models using 3D bioprinting. 

6. Challenges, perspectives and conclusions 

6.1. Challenges and opportunities in 3D bioprinting for cardiac 
regeneration 

3D bioprinted constructs for the myocardium, cardiac valves and 
vasculature have been successfully developed with structure and func
tional properties that better mimic to native analogues. However, there 
are several challenges that need to be addressed for the design of 3D 
bioprinted analogues with complex and hierarchical microarchitecture 
and biological functionality. Achieving physiological distribution and 
confluency of human-derived cardiovascular cells is difficult. Sourcing 
of multiple human cardiac cells using iPSCs remains a limitation due to 
their immaturity and potential safety issues. The potential immunoge
nicity of non-autologous cell sources is also a concern. Advancing 3D 
bioprinting also requires multiple bioinks that are biocompatible and 
have mechanical strength to ensure that cellular viability, biological 
function and healthy phenotype are maintained. 3D bioprinting with 
optimal bioprinting speed and resolution is important. During scaffold 
delivery, cells could be exposed to unavoidable effects of vibrational 
energy and shearing forces. Immunogenicity of the scaffold is a concern 
as well and more research is warranted to study the effects of by- 
products released as a result of short-term and long-term scaffold 
breakdown. Another challenge is to design perfusable vasculature with 
thick constructs for circulation of adequate oxygen and nutrients in 
physiological shear stress conditions for effective functional and 
biomechanical integration with the host vasculature [174], as well as 
allowing for surgical anastomosis for connecting major vessel during 
implantation for blood reperfusion [175]. It is also essential for 3D 
printed constructs to possess, good tensile strength to withstand forces of 
myocardial contractions, structural stability, controlled degradability, 
physiological contraction and cellular viability and proliferation for 
long culture periods to ensure cellular confluence, ECM deposition, and 
tissue integration. Optimizing ideal cellular composition of cardiac 
constructs is challenging as altering the composition of non-CMs such as 
FBs and ECs impact the viability, vascularization and function of the 3D 
bioprinted myocardium. In vivo long-term study of the 3D printed 

constructs implantation in large animal models to analyze the biological 
safety and efficacy is one the major limitations as well. 

Despite these challenges, the translational potential of 3D 
bioprinting-based cardiac tissue engineering remains high. The ability to 
improve heart function without the requirement for donor implantation 
is the primary benefit of 3D cardiac tissue bioprinting. Higher efficiency 
and in vivo functionality of cardiac tissue constructs can be attained 
with continued improvements in bioprinting technologies [176]. 
Furthermore, cardiac 3D bioprinting presents significant potential for 
the micropatterning of the scaffold as well as scaffold-free techniques to 
recreate the native cardiac tissue’s histological architecture. It is 
reasonable that the bioprinting of tailored tissue constructs based on a 
patient’s specific anatomy can improve the positive impacts of regen
erative cardiology. 

The potential of 3D bioprinting to develop heterogeneous tissues 
with multiple cell types and biomaterials of optimal mechanical char
acteristics is remarkable. A major advantage of using 3D cardiac bio
printing is its potential to enhance cardiac function without donor 
implantation. Advancements in 3D printing for cardiovascular regen
eration include enhanced vascularization, CM alignment and viability, 
biomimetics and mechanical properties demonstrating the potential of 
the 3D printing approach to design large scale functional cardiovascular 
tissue. Bioprinting strategies have also been used to design miniature 
tissue arrays to generate organ-on-chip or microphysiological systems to 
understand pharmacological effects of drugs and toxicological mecha
nisms. Cardiac 3D bioprinting offers potential for micropatterning of the 
scaffold and generation of scaffold -free systems to replicate the complex 
hierarchy and architecture of the native cardiac tissue. 

6.2. Technical challenges tissue vascularization using 3D bioprinting 

A major limitation in the scalability of bioprinted cardiovascular 
tissues is the inability to supply sufficient essential nutrients and meta
bolic waste removal via well-aligned vascular networks. Since there are 
increased requirements for vascular supply in cell-dense tissues, trans
plantation of cell-dense tissues lacking a pre-formed vasculature results 
in necrosis due to insufficient nutrients and gaseous mass transport in 
the engineered tissue, inhibiting growth and cell mass [177,178]. 
Furthermore, other major challenges of pre-vascularized engineered 
cardiovascular tissues include their suturability and anastomosis to the 

Table 4 (continued ) 

Tissue Scaffold/Bioink/ 
Bioprinting technique 

Seeded cell culture Cardiac function/ response Ref 

Cardiac 
Valves 

Photo-crosslinkable hydrogels, a rigid one 
(75 kPa) for the root and soft (5kPa) for the 
leaflet/Laser based bioprinting 

Aortic root sinus SMCs and 
aortic VICs respectively  

• The cells exhibited mechanicals properties of the alginate/gelatin 
mixture for over a week compared to weak mechanical strength of 
acellular heart valve  

[138] 

Cardiac 
Valves 

Methacrylated hydrogels (mixture of gelatin 
and hyaluronic acid)/Inkjet based 
bioprinting 

HAVIC  • HAVIC cells deposited ECM and remodeled the hydrogel with 
cellular phenotypic modulation based on the printed hydrogel 
stiffness 

[139] 

Vascular 
Grafts 

Hybrid cell/hydrogel/Inkjet based 
bioprinting 

ADSCs  • ADSCs differentiated into endothelial like cells at the vascular 
network periphery. 

[163] 

Vascular 
Grafts 

Micro-sized fibrin fiber/Inkjet based 
bioprinting 

HMVECs  • HMVECs aligned inside the channels and proliferated to form a 
confluent layer in a week followed by formation of 
microvasculature. 

[164] 

Vascular 
Grafts 

Sodium alginate hydrogel/Extrusion based 
bioprinting 

HUVSMCs  • Higher cell viability and ECM deposition was observed on both 
luminal and peripheral surfaces. 

[165] 

Vascular 
Grafts 

Pluronic F 127 & SE 1700scaffold/Inkjet 
based bioprinting 

HUVECs, HA-VSMCs, HDF-n  • The printed scaffold exhibited an elastic modulus comparable to 
native aorta. The decellularized scaffold had a high cell viability 
and structural integrity.  

[166] 

Abbreviations: MI (Myocardial Infarction); ECs (Endothelial cells); SMCs (Smooth muscle cells); CMs (Cardiomyocytes); hMSCs (human Mesenchymal stem cells); 
CPCs (Cardiac Progenitor Cells); HUVSMCs (Human Vascular Smooth muscle cells); ECFCs (Endothelial colony forming cells); ASCs (Adipose derived-stem cells); 
HAVIC (Human Aortic Valvular Interstitial cells); EPCs (Endothelial progenitor cells); VEGF (Vascular Endothelial growth factor); HUVEC (Human Vascular Endo
thelial cells); iPSC-CMs (induced pluripotent stem cell derived cardiomyocytes); hCMPCs (human cardiac-derived progenitor cells); HCAEC (Human coronary artery 
endothelial cells); hCPCs (human cardiac progenitor cells); hESC-CMs (Human embryonic stem cell derived cardiomyocytes); hVIC (human valvular interstitial cells); 
HUVSMCs (human umbilical vein smooth muscle cells); PAVIC (porcine aortic valve interstitial cells); ADSCs (adipose derived stem cells); HMVECs (human micro
vascular endothelial cells); HUVECs (Human umbilical vein endothelial cells); HA-VSMCs (Human aortic vascular smooth muscle cells); HDF-N (Human dermal fi
broblasts-neonatal) 
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host vasculature. Therefore, new engineering approaches to reconstruct 
and rapidly perfuse thick three-dimensional cell-dense functional tissues 
with a strong vascular network that obviates hypoxia and necrosis 
require further development. 

The SWIFT and Hyprinting biomanufacturing methods allow for 
large volumes of perfusable OBB based tissues patterned with an 
embedded vascular network. However, there are limitations of this 
method for clinical applications. For instance, the current method for 
iPSC-derived organoids OBBs lack adequate cell maturation and 
microvascularization. Hence, lower observed SWIFT cardiac tissue 
contractility is achieved compared to adult cardiac tissue. There is need 
to study new approaches for SWIFT to fabricate mature micro
vascularized OBBs such as employing living matrices composed of pri
mary cell spheroids harvested from adult tissues. The field of organ 
engineering has gained interest as recent studies have reported 3D 
embedded printing of heart shaped constructs using the “cells in gels” 
technique. However, long term in vitro perfusion of the tissues has not 
yet been achieved using the current approaches. 

6.3. Perspectives and outlook 

With some new advancements to generate constructs with dynamic, 
structural and cellular changes of the tissue over time, 4D bioprinting 
technique is still in its infancy. 4D bioprinting allows application of 
stimuli-responsive materials and shape-memory polymers to generate 
3D patterned biological structures that can be morphed in shape and 
structure driven by a stimulus. This technique provides a great oppor
tunity to build dynamic structures that are similar to native tissue. Also, 
by conditioning structures to respond to stimulus, cardiac models could 
be build based on unique cellular cues which can greatly broaden the 
application of the 4D bioprinting technique for various treatments. One 
limitation of this technique is the cytotoxic effects of the stimulus which 
could hamper the cardiac construct function and hence, requires prior 
analysis for tuning or titration of the stimulus. 

In summary, 3D printing technology holds great potential for crea
tion of patient tailored implants that have enhanced host integration and 
less immune rejection. Although we have not fully reached the desirable 
qualities of controlled porous structure, tissue-like mechanical proper
ties, and biomimetic cell signaling, we have made tremendous progress 
in recent years. Addressing the remaining challenges will advance the 
development of 3D printed cardiac tissues with the native vasculature, 
architecture and functionality for clinical translation. 
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