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Abstract: Three-dimensional (3D) printing, also known as additive manufacturing, was developed 
originally for engineering applications. Since its early advancements, there has been a relentless 
development in enthusiasm for this innovation in biomedical research. It allows for the fabrication 
of structures with both complex geometries and heterogeneous material properties. Tissue engineer-
ing using 3D bio-printers can overcome the limitations of traditional tissue engineering methods. It 
can match the complexity and cellular microenvironment of human organs and tissues, which 
drives much of the interest in this technique. However, most of the preliminary evaluations of 3D-
printed tissues and organ engineering, including cardiac tissue, relies extensively on the lessons 
learned from traditional tissue engineering. In many early examples, the final printed structures 
were found to be no better than tissues developed using traditional tissue engineering methods. This 
highlights the fact that 3D bio-printing of human tissue is still very much in its infancy and more 
work needs to be done to realise its full potential. This can be achieved through interdisciplinary 
collaboration between engineers, biomaterial scientists and molecular cell biologists. This review 
highlights current advancements and future prospects for 3D bio-printing in engineering ex vivo 
cardiac tissue and associated vasculature, such as coronary arteries. In this context, the role of bio-
materials for hydrogel matrices and choice of cells are discussed. 3D bio-printing has the potential 
to advance current research significantly and support the development of novel therapeutics which 
can improve the therapeutic outcomes of patients suffering fatal cardiovascular pathologies. 

Keywords: Cardiac tissue engineering, vasculature network, 3D bio-printing, biomaterials, micro-environment, cardiovascular 
diseases. 

1. INTRODUCTION 

 Adult cardiac muscle cells (cardiomyocytes) are consid-
ered to be terminally differentiated and are not capable of 
proliferation [1]. Hence, mammalian cardiac tissue has  
limited regenerative capabilities following any damage  
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caused by a myocardial infarction. This is due to the limited 
capability of reactivating the cellular functions required for 
normal proliferation. However, several studies have shown 
that cardiomyocytes have the ability to dedifferentiate and 
proliferate into active cardiomyocytes. To date, natural tissue 
regenerative capacity has shown to be insufficient to repair 
scar damage in a severely damaged heart. Reports also sug-
gest that the adult mammalian heart contains its own bank of 
progenitor cells, which could be used for tissue regeneration 
[2]. Adult heart cells do not multiply and are seen to exit the 
cell multiplication machinery immediately after birth. Fur-
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thermore, the proteins essential for cellular specialisation are 
considered to be accumulated inside the cells which drive 
them to their final form and required functions. In general, 
reciprocity exists between cell proliferation and differentia-
tion i.e. cells, which rapidly proliferate but do not differenti-
ate, and terminally differentiated cells that cannot proliferate 
[2].  
 Cardiac regeneration is a complex biological process, 
which not only requires the structural and functional recrea-
tion of myocardial tissue, including stroma, vessels, extracel-
lular matrix and the conduction system, but also needs strict 
control over the various signalling cascades and check 
points. Development of thick cardiac tissue in vitro without 
vessels is the biggest challenge. However, the recent use of 
3D printers in tissues and organs allows for the fabrication of 
structures with complex spatial arrangements with various 
biomaterials (cellular and non-cellular), which have revolu-
tionised the field of tissue regeneration. The application of 
this technology to biological structures that matches the na-
tive tissue complexity is of great interest to researchers. Re-
search work in 3D cardiac tissue and vessel regeneration 
could extend our capabilities of developing multi-material 
3D cardiac tissue with vessels. In the future, this will not 
only bring us one step closer to creating complex 3D cardiac 
tissue architecture for tissue repair and regeneration, but also 
for transplantation. In this review, current progress of 3D 
printing for fabricating artificial cardiac tissues and vessels 
has been discussed. Here, we reviewed the most recent in-
formation concerning the capacity of 3D bio-printers in 
managing cardiovascular disorders. 

2. 3D BIO-PRINTING  

 3D printing, also known as additive manufacturing, was 
initially developed as an industrial application, but it is now 
an important technology used for tissue engineering (3D bio-
printing). Bio-printing for 3D biofabrication is a process of 
arranging cellular and extra-cellular matrices in space to 
mimic the anatomy and physiology of tissue. 3D bio-printing 
possesses the promise to fabricate physiologically complex 
tissues or organs with digital control. Computerised control 
over the printing process with a high throughput outcome 
makes 3D bio-printing unique when compared with classical 
2D tissue engineering. Specificity and selectivity makes this 
technology ideal for basic and translational research. Other 
than tissue engineering, it has the potential application for 
drug delivery, clinical and preclinical research and drug dis-
covery [3]. 3D bio-printing possess the capacity for fabricat-
ing tissues and organs through bottom up or top-down ap-
proaches.  
` In top-down approaches, cells are homogenously sus-
pended in biomaterials often shaped to look like biological 
morphologies. On the other hand, in bottom-up approaches, 
singular units of cells and biomaterials are combined to form 
the desired tissue morphology. Although a top-down ap-
proach has been in use for many years, it not only often fails 
to control cell distribution in the scaffold, but it has also been 
seen to be inappropriate for arranging extracellular matrix in 
the scaffold [4]. In a top-down approach, cells are expected 
to populate in the scaffold and develop their own extracellu-
lar matrix. However, an extracellular matrix, which is the 

key for the survival of the cell, is often inappropriately orga-
nized and hence the cell cannot function as tissue fabricated 
by a top-down approach. The bottom down method has a 
much greater potential to address this issue by building up 
the tissues in a layer by layer approach. A bottom down 
method focuses on engineering nanoscale tissue building 
blocks with a predesigned microarchitecture and assembling 
all nano unites to form larger tissue constructs [5]. 

3. BIO-PRINTING TECHNIQUES 

 To date no bio-printing technique enables the production 
of tissues and organs with anatomical and physiological 
complexities. Four major bio-printing techniques viz inkjet, 
laser-assisted, extrusion bio-printing and stereolithography 
are available with their specific strengths, weaknesses, and 
limitations.  

3.1. Inkjet Bio-printers 

 Inkjet bio-printers, also known as the drop-on-demand 
printers, are the modification of a conventional 2D inkjet 
printer. 3D injet printers use a thermal, piezoelectric or elec-
tromagnetic force and non-contact technique to deposit drop-
lets of bioinks on the surface [6]. It was observed that inkjet 
bio-printing methods could reduce cell viability due to the 
high localised temperature at the nozzle which sometimes 
increases to 300 °C [7]. However the exposure of bioink to a 
higher temperature is extremely short (∼2 µs) and could only 
increase the temperature to not more than 10°C in extreme 
cases. Studies have demonstrated that short exposure to the 
high temperature does not significantly affect the mammal-
ian cell viability [8]. High speed and relatively low cost are 
the key advantages whereas; a lack of uniformity in droplet 
size and their placement are the key disadvantages. The need 
for less viscous bioink in an injet printer eliminates the pos-
sibility of it being used with several viscous bioinks which 
offer the advantage of better cell survival. 

3.2. Microextrusion 3D Bio-printing 

 Microextrusion 3D bio-printing uses mechanical or 
pneumatic forces to deposit cell leaden bioink through a 
nozzle [9]. Unlike injet bio-printers which produce droplets, 
microextrusion bio-printers produce a continuous stream of 
materials. This stream of materials (bioink) is controlled by 
the computer program connected to the microextrusion 3D 
bio-printers. The key advantages of microextrusion 3D bio-
printers are the compatibility with viscous bioinks and they 
can also print with very high cell densities. One of the major 
disadvantages is the use of high pressure to expel the bioinks 
which sometimes could distort the cellular morphology and 
even reduce the cell viability [10]. 

3.3. Laser-assisted 3D Printing 

 Laser-assisted 3D printing was initially developed for 
high resolution metals patterning required for electronic chip 
manufacturing. Laser-assisted 3D bio-printing is a nozel free 
printing with no surface contact [11]. Laser-assisted 3D bio-
printing utilized a lazer pulse to create and deposit the bioink 
droplet on to the surface. The key benefit of this printing 
method is the high degree of precision and resolution which 
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enables the patterning of peptides, DNA, and cell arrays 
[11]. Other major advantages are the ability to print tissues 
of very high cell density; no viscosity limitations or clogging 
issues; and finally, the retention of cellular phenotypes dur-
ing and after printing. One of the major limitations of laser 
bio-printing is its relatively lower cellular viability when 
compared with other printing methods.  

3.4. Stereolithography 

 Stereolithography works by focusing an ultraviolet (UV) 
light or laser beam on to a vat of photopolymer resin [12]. In 
stereolithography, objects are created by selectively photo-
curing the photosensitive polymer layer by layer. UV light or 
a laser beam follows the computer directed patterns pro-
grammed on CAD software onto the surface of a light sensi-
tive polymer vat. This technique is particularly useful when 
curable acrylics and epoxies are used as the photopolymeriz-
able material. The main drawback of stereolithography is the 
use of intense UV radiation for the cross-linking process. 
Other limitations are the lengthy post-processing time re-
quirement and the relative few materials that are compatible 
for use with Stereolithography [12]. A comparative analysis 
of these approaches is also provided in Table 1 [13, 14]. 

4. 3D BIO-PRINTING OF CARDIAC TISSUES 

 Inefficiencies in both the contraction and relaxation of 
the cardiac muscle leads to ineffective cardiac output. The 
resultant decreased output gives rise to cardiac ischemia 
which is now one of the leading causes of death worldwide. 
As discussed above, restricted cardiomyocyte regeneration 
and shortage of suitable organs for allotransplant is a major 
cause of concern. Cardiac tissue regeneration has been an 
intense area of research for tissue engineers. One of the ma-
jor concerns of cardiac tissue regeneration is the formation 
of a complex micro-vasculature within the tissue for efficient 
blood and nutrient supply. 
 Moreover, in cellular therapy, the damaged heart tissue 
could be repaired by implanting cells at the damaged site. 
However, the effectiveness of this approach depends upon 
cell survival at the site of implementation and how well the 
cell tissues integrate with the implanted cells and vice versa. 
Cell therapy alone is not sufficient to regenerate the physio-
logical function of the heart tissue, and hence techniques of 
tissue engineering and more recently 3D bio-printing are 
being explored. 

Table 1. A comparative analysis of 3d-bioprinting techniques. 

Bio-printing Technique 
Parameter  

Inkjet Laser assisted Extursion Stereolithography 

Cost Low  High  Moderate Low 

Print speed 1 to 10000 droplets /sec 200 – 1600 mm /sec 10-50 µ/s 0.3 – 0.7 in/hr 

Accuracy  Medium High Medium–low High 

Resolution 50 µm 10 µm 100 µm 100 µm 

Cell viability >85% > 95% 40% – 80% > 85% 

Material Viscosity  <10 mPa s* 1-300 mPa s* 30–6 × 107 mPa s*  No limitation 

Advantages High speed. 

Availability. 

Low cost. 

Ability to introduce concen-
tration gradients in 

3D constructs. 

High degree of precision and 
resolution. Ability to use 
high viscosity bioink and 

print high cell density. 

A nozzle-free, noncontact 
process; cells are printed 

with high activity and high 
resolution. High degree of 
control of ink droplets and 

precise delivery. 

Ability to use high viscos-
ity bioink.  

Print high cell density. 

High degree of fabrication accu-
racy, and low printing time.  

Solid freeform and nozzle-free 
technology. Highest fabrication 

accuracy.  

Compatibility with an increasing 
number of materials.  

Light-sensitive hydrogels can be 
printed layer-by-layer. 

Disadvantages Lack of precision in droplet 
placement and size, need for 

low viscosity bioink. 

Time consuming, and high 
cost. 

Distortion of cell structure. Use of high intensity UV light, 
lengthy post-processing, lack of 

compatible materials. 

Operating Principle  Thermal, piezoelectric, or 
electromagnetic forces expel 
successive drops of bioink 

onto a substrate. 

Bioink and cells are sus-
pended on the bottom of a 
ribbon and when vaporized 

by a laser pulse, they are 
propelled onto a receiving 

substrate. 

Mechanical or pneumatic 
forces dispense bioink 

through a nozzle. 

Use digital light to cure bioink 
in a layer by layer fashion. 

*Millipascal-second. 
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 Efficient transport of the oxygen to the cells of in vitro 
generated tissue could be achieved by either limiting the 
thickness to <200 µm and/or by integrating open pores or 
channels to facilitate the oxygen to reach the distant cells by 
simple diffusion or by convective mass transport [15]. One 
of the major disadvantages of restricting the thickness in 
vitro, is that several such constructs are needed to implant 
surgically in time gaps. A time gap is also essential because 
of the development of the proper vascularisation by the hosts 
which needs time in terms of days [16]. This issue was tried 
to be solved by integrating the vascular system inside the 
tissue before implantation and the method was able to de-
velop tissue of 100 µm thickness [17]. 
 The method of integrating pores or channels into the en-
gineered tissue looks promising but ultimately the cellular 
density equal to natural tissues is still not achievable. Less 
cellular density in the construct is one of the limiting causes 
of achieving the desired physiological heart function. In-
creasing the cellular density is not the solution to the prob-
lem, as increased cellular density increases the cellular me-
tabolism for which an increased supply of oxygen, nutrients 
and blood supply is required. Higher cellular densities also 
lead to the increased metabolic products in the surrounding 
area which needs to be relocated to avoid cell damage. How-
ever, this is difficult to achieve. Firstly due to the vascular 
system needed to move oxygen and nutrients to the cells and 
metabolic products away from the cells that are embedded 
inside the tissue. Secondly, cardiomyocytes do not prolifer-
ate, so the use of stem cells is needed if sufficient densities 
of cardiomyocytes are not seeded initially. 3D bio-printing 
has the ability to overcome this issue by virtue of its capabil-
ity to uniformly disperse the cells to match the density of the 
natural tissues. Current methods are not efficient enough to 
recapitulate the complex vascularisation, geometry and self-
renovation of the organ. Kolesky et al, in order to overcome 
the drawbacks associated with traditional tissue engineering 
methods, proposed the novel 3D printing of the thick tissue 
with a complex vascular pattern [18]. Kolesky et al. were 
able to arrange cells, extracellular matrices, vascular systems 
in a growth stimulated micro-environment which helped the 
engineered tissue to survive for an extended period of time 
[18]. The tissue constructed was of 1 cm in thickness and 
could be perfused onto a chip for long periods of time (>6 
weeks). Notably Kolesky et al. was able to assimilate 
hMSCs and human neonatal dermal fibroblasts (hNDFs) 
within a tailored extracellular matrix along with an embed-
ded vascular system, which was subsequently lined with 
human umbilical vein endothelial cells (HUVECs). Further-
more, the cell (hMSCs to an osteogenic) of this thick tissue 
was actively stimulated with growth factors to get the suffi-
cient survival time in vitro [18]. 
 Unlike Newt and Zebrafish hearts, which could regener-
ate cardiac tissue, mammal cardiomyocytes cannot regener-
ate after being damaged. The damage caused was tried to be 
reversed by using the reactivation of fetal genes in the adult 
failing heart. As transcriptional, posttranscriptional and epi-
genetic factors regulated the fetal genes, reactivation using a 
manipulation of these factors to date has shown limited suc-
cess. However, as discussed, cardiomyocytes can proliferate 
and regenerate by dedifferentiation, which is somehow nega-
tively regulated by various proteins. For example, p38 MAP 

kinase is one of the most important negative growth regula-
tors of cardiac tissue [19]. MKK3bE which is an activator of 
the p38 has been found to hamper the fetal cardiomyocyte 
proliferation whereas cardiac-specific p38 knockout mice 
have shown an increase in neonatal cardiomyocyte mitoses. 
Both, growth factors and p38 inhibitors could be used in  
in vitro (in a traditional way) or a 3D bio-printed cardiac 
tissue engineering method.  
 This approach could be further supplemented with the 
proper maintenance of a microenvironment [19]. Similarly, 
cell cycle regulators/promotors like Cyclin D2 were ex-
ploited to enhance the DNA synthesis in cardiomycytes [20]. 
Although these studies presented indirect proof of prolifera-
tion (increased DNA synthesis and mitosis), the clear evi-
dence suggests that adult cardiomyocytes proliferate is still 
missing [20]. Integration of molecular biology techniques to 
block p38 or an addition of cycle promoters to the cardiac 
cells, or use of stem or progenitor cells along with ultra-
modern additive printing techniques for scaffold preparation 
could be the future of cardiac tissue regeneration. Biomate-
rial mesh devices such as a scaffold act as a mechanical sup-
port for the cells of the heart tissue. For example, Yeong  
et al. used a selective laser sintering printing (SLS) tech-
nique to fabricate a porous scaffold with poly(caprolactone) 
(PCL). This scaffold was porous enough (85% porosity) to 
ensure enough mass transport inside the tissue [21].  
 Recently, for spontaneous and synchronous muscle con-
traction, Wang et al, constructed dense cardiac tissue that 
could mimic the structural, physiological, and functional 
features of native myocardium [22]. Neonatal rat ventricu-
lar cardiomyocytes were isolated and used to construct car-
diac tissue using an in-house developed integrated tissue-
organ printing system. For the cardiac tissue constructs, cell-
laden fibrin-based composite hydrogel, sacrificial hydrogel, 
and poly(ε-caprolactone) (PCL) was used separately. The 
most important observation of the study is the formation of 
dense and uniformly aligned heart muscle bundles, elon-
gated α-actinin positive cells and the formation of a clear 
sarcomere structure [22]. 
 Another recently reported approach for 3D bio-printed 
cardiac tissue includes the use of HUVECs and iPSC-derived 
cardiomyocytes [23]. A HUVECs and iPSC-derived cardio-
myocytes approach is exciting since bone marrow, adipose 
tissue derived-mesenchymal cells, skeletal myoblasts, em-
bryonic stem cells and resident cardiac stem cells have been 
tested to treat myocardium injuries with limited success. The 
major limitation observed was that of the inadequate physio-
logical integration of immature cardiomyocytes which is 
essential for the rhythmic and spontaneous contraction of the 
cardiac tissue [24, 25]. Pluripotency of iPSC cells offers the 
distinct advantage of overcoming the ethical concerns. On 
the clinical front, iPSC can be derived from adult patients’ 
own cells, have unlimited proliferation capacity, and they 
can be differentiated into any type of tissue which could be 
crucial for future research.  
 Biomaterials are an important component of 3D bio-
printing. Blending of several biomaterials for the better bio-
logical and mechanical properties is the recent trend. Jia et 
al. presented a unique strategy for generating a properly or-
ganized, perfusable vascular construct using a simple one-
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step advance extrusion based 3D bio-printing technique. The 
combination of polymers used were gelatin methacryloyl, 
sodium alginate, and 4-arm poly(ethylene glycol)-tetra-
acrylate along with a multi-layered coaxial extrusion system. 
This blend of polymers was then crosslinked using calcium 
ion to form the stable construct. Cell leaden bioink that was 
based on these polymers was found to have the required 
rheological properties with enough mechanical strength suf-
ficient for the bio-printing process [26]. The bioink was also 
found to support the proliferation of loaded endothelial and 
stem cells in the construct, leading to the formation of me-
chanically and biologically relevant and highly perfusable 
vessels. 
 The use of biomaterials faces some serious challenges, 
such as the toxicity of degraded biomaterials, fibrous tissue 
formation and immunogenicity, that could affect the long-
term viability of the fabricated tissue. To address these chal-
lenges, Ong et al. developed a unique biomaterial-free 3D 
bio-printing of cardiac tissue using human iPSC derived car-
diomyocytes, fibroblasts and endothelial cells [27]. All 
these cells were aggregated to form the mix cell spheroids. 
Cardiac patches were created later using a 3D bio-printing 
technique that had different cell ratios. Cardiac patches 
were not only found to beat spontaneously, but were also 
found to exhibit the proper generation of electrochemical 
waveforms and conduction systems. The most important 
was the immunofluorescence observation which confirmed 
the presence of the cardiac gap junction protein Cx43. This 
could be considered as a major step forward towards the 
generation of more versatile cardiac tissue that has limited 
drawbacks. A few other notable works in cardiac tissue 
patches which are worthy of mention here are first, the 
cardiac patch composed of cardiac-specific extracellular ma-
trix and progenitor cells for heart repair; and second, a UV-
assisted 3d bio-printing of nanoreinforced hybrid car-
diac patch for myocardial tissue engineering [28, 29].  

 The replacement of necrotic heart tissue with the cardiac 
tissue patch is theoretically a viable alternative. Such a patch 
could assist in contraction; however, their functionality can 
be improved further with the help of contractile cells. Unfor-
tunately, contractile cardiomyocytes have negligible prolif-
eration rates. Stem cell solutions are currently being sought 
to generate sufficient functional cardiomyocytes for this ap-
plication. One important feature, along with the use of stem 
cells which could improve the functions of the cardiac tissue, 
are the channels and grooves on the bio-printed tissues. 
Channels and grooves could positively influence the mor-
phology and physiological functions of cells; such an effect 
is known as topological or surface guidance. Tijore et al. 
prepared a cell aligning hydrogel microchannel scaffold us-
ing a 3D extrusion bio-printing method (Fig. 1) [30]. This 
team also studied the effect of different widths on cell mor-
phology and its functions. The channels and the groves on 
the surface were found to positively affect the synchronized 
beating heart. A possible application of this technique not 
only includes the in vitro cardiac tissue modelling for myo-
cardial regeneration, but also for cardiac cytotoxicity studies.  
 One other challenge associated with polymeric biomate-
rials used in cardiac tissue bio-printing is the poor conduc-
tion of electrochemical signals between the cells. Zhu et al. 
developed a gold nanorod that incorporated a gelatin 
methacryloyl polymer based bioink for printing functional 
cardiac tissue [31]. This low density bioink was not only 
found to support cell integration, but was also found to im-
prove the cell-to-cell coupling and support synchronized 
tissue contraction. 
 Oxygen and nutrient supply to the cells of construct is 
another major challenge [32, 33]. Proper vascularization 
could be the key to the development of 3D bio-printed tis-
sues and organs. To solve the issue of nutrient and blood 
supply, scientists have turned their attention to nature and 
first evidence of this comes from the work recently pub-

 

Fig. (1). 3D bioprinting and characterization of a gelatin hydrogel features. (A) Schematic representation of the process. (B) Image of 3D 
patterned gelatin hydrogel. (C) Bright field microscope image of bioprinted gelatin pattern on gelatin film coated coverslip [30]. 
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lished by Gershlak et al. [34]. In this work spinach leaves 
were converted to a beating human heart tissue. This ground 
breaking work, has exploited the similarities between the 
vascular structure of plant and animal tissues and replaced 
the plant cells (spinach leaves) with the heart and vessel cell 
to get the beating heart [34]. Spinach leaves were first decel-
lularised leaving behind the cellular scaffold made up of the 
cellulose. The cellulose skeleton remained after decellurisa-
tion was used as a prevascularised natural scaffold for car-
diac tissue engineering and was found to conduct the micro-
particles (Fig. 2). The cellulose scaffold thus formed was then 
used to form the vasculature network by recellularising it with 
human endothelial cells. After recellularising the scaffold with 
human endothelial cells, vacant spaces were filled with car-
diomyocytes obtained from human mesenchymal stem cells 
and human pluripotent stem cells. This study shows the poten-
tial for a new branch of science that investigates lessons 
learned from the plant kingdom and its application in im-
proving the overall health of the patients. Overall, all of 
these new approaches cannot only help to improve our un-
derstanding of the pathophysiological conditions, but could 
serve the most important need of tissue engineering.  
 At present, bio-printed cardiac tissue is nowhere near the 
structural and functional substitute of the natural cardiac 
tissue. Scaffold and vasculature related research which are 
discussed here indicate a gradual progression in 3D printing 
of cardiac tissue with uniformity in the use of materials and 
printing methodology. Advancement in biomaterials and 
printing methodology could ultimately lead to the enhanced 
synchronous contraction, relaxation and optimum oxygen 
supply in the later stages of cardiac tissue development. 

5. 3D BIO-PRINTING OF BLOOD VESSELS 

 Irrespective of the size and shape, almost all tissues and 
organs need blood vessels to work properly. A perfusable 

blood vascular networking 3D dense cardiac tissue is a pre-
requisite for the maintenance of the proper physiological 
function and extended survival. If cardiac tissue engineering 
has to reach the fruitful therapeutic application, the thickness 
of the engineered tissue must cross the limit of 100–200 µm. 
Tissue engineering must overcome the challenge of creating 
the blood vasculature network to supply cells with oxygen 
and nutrients and to remove the waste products. One of the 
possible solutions and a common technique for the introduc-
tion of a vascular network into the engineered tissue is co-
culturing the progenitors of heart cells / cardiomyocytes with 
vascular endothelial cells [35]. Vascular endothelial cells 
could form a capillary network similar to that of an in vivo 
heart when they are co-cultured with cardiac cells or cardiac 
progenitor cells, fibroblast and myoblast. Levenberg et al. 
demonstrated the transport system by engineering 3D vascu-
larised skeletal muscle constructs from myoblasts, fibro-
blasts and endothelial cells [36]. 
 A large number of the thick tissue engineering is based 
on research that took place in the angiogenesis. Angiogene-
sis could be stimulated in the engineered tissue by using the 
angiogenesis stimulation molecules like vascular endothelial 
growth factor (VEGF) at the required site. However, when 
VEGF was used alone it was observed that the newly formed 
vascular network was largely disorganised and leaky [37].  
Such leaky and unorganised vessels are not suitable to meet 
the physiological and metabolic demands. To overcome this 
serious issue, a cocktail of the molecules essential for the 
angiogenesis and vasculature network maturations needs to 
be delivered at the required site. The molecules which could 
support the angiogenesis process include VEGF, placental 
growth factor (PlGF), Ang1, platelet-derived growth factor-
BB (PDGFBB), and transforming growth factor β (TGF- β) 
[38]. The sequence of the administration of these molecules 
could also be vital for the angiogenesis process, for example. 
Richardson et al. has shown that the PDGF-BB delivery after 

 
Fig. (2). Recellularization of spinach cellulose skeleton vasculature network with human endothelial cells [34]. 
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the VEGF using a controlled released device inside the skin 
and in a hind limb ischemia model induces the formation of 
the new mature blood vasculature with a coat of smooth 
muscle cells of the appropriate thickness [39]. Delivery of 
such molecules in the specific quantity is one of the barriers 
in therapeutic angiogenesis. One possible solution to over-
come this issue is the site specific generation of such mole-
cules by regulation of the transcription factors which con-
trols the expression of the gene. For example, regulation of 
the transcription factor hypoxia-inducible factor 1α is now 
under consideration for the ultimate regulation of the angio-
genicgenes [38]. 
 Vascularisation, as discussed above, could be achieved 
by providing the essential cellular components (endothelial 
cell) directly onto the engineered construct. The cellular 
component could then induce the host vasculature to gener-
ate the new blood capillaries from it. Survival of the vascular 
system is found to be increased after the introduction of the 
human telomerase reverse transcriptase or the anti-apoptotic 
Bcl2 gene into endothelial cells [40]. Such manipulations are 
sometimes oncogenic in nature. Complementation of the 
endothelial cells with other cells like perivascular cells in the 
constructs can lead to the formation of a more robust blood 
vasculature network [41]. Perivascular cells are important 
because several studies have shown that they express various 
angiogenic factors [38]. 
 Levenberg et al. combined the co-culture of myoblasts, 
endothelial cells and embryonic fibroblasts which allows for 
the creation of vascularised skeletal muscle tissue. In another 
experiment, Levenberg et al. pursued the importance of em-
bryonic fibroblasts, a perivascular cell precursor, by adding 
it to the myoblasts and endothelial cells where it was ob-
served that the perivascular cell is a crucial partner of the 
endothelial cell in forming healthy blood vessels which was 
mediated via VEGF expression. This finding proves that 
perivascular cells not only provide the physical support for 
endothelial cells, but also release growth factors essential for 
angiogenesis. One other important notion concluded that the 
pre-vascularisation is not only essential to reduce apoptosis, 
but it is also essential for increased blood supply. Collec-
tively, Levenberg et al. demonstrated the benefits of pre-
vascularisation, micro-environment, co-culturing and tri-
culturing for engineering larger pieces of tissue [36]. 
 Tissue engineering is moving closer to being investigated 
in clinical trials. A notable challenge now is the selection of 
the proper stem cell and its source. Human embryonic stem 
cell–derived endothelial cells and HUVECs could be the 
potential stem cells for the vascular network. HUVECs are 
terminally differentiated vascular endothelial cells with a 
limited proliferation capacity, whereas embryonic stem cells 
may be a rich source of easily expandable bipotential vascu-
lar—endothelial and perivascular cell—precursors [42]. 
Adult tissues, such as bone marrow, blood or fat, may be 
additional sources of vascular precursor cells [43]. The obvi-
ous question is which types of endothelial cells and endothe-
lial or perivascular cell precursors can perform in engi-
neered-tissue experiments? It is known that several pheno-
types of endothelial cells exist depending on vessel type and 
organ. This essentially makes it compulsory to select the 
tissue-specific endothelial cell progenitors. One important 

thing to be noted here is the therapeutic angiogenesis and 
pathological angiognesis that have striking similarities. A 
better understanding of vessel stabilisation and maturation in 
the context of malignant tissues will likely benefit both the 
delivery of therapeutics to tumours and tissue engineering 
for regenerative medicine [44].  
 The tissue engineering approach of Levenberg et al. is 
essential to fabricate the thicker cardiac tissue which can be 
coupled with a 3D printer to arrange the desired spatial ar-
rangement of various cells in a 3D construct. For example, 
Bertassoni et al. has made progress towards the fabrication 
of blood vessels for tissue engineering using 3D bio-printing 
technology and have tried to address the challenge of vascu-
larisation of the complex bioengineered tissue by presenting 
an exclusive approach for vascularisation of a hydrogel con-
struct that combines advances in 3D printing technology and 
biomaterials [45].  
 The common manufacturing approach of blood vessels 
includes many aspects such as, induced formation, the re-
moval of sacrificial materials and direct construction. In-
duced blood vessel formation is based on the angiogenesis 
principle. This could however sometimes lead to unlimited 
proliferation [46]. Direct formation allows the vessel printing 
directly from bioinks but lacks the precision. On the other 
hand a sacrificial method is more flexible with better control 
over the operation [46]. In this method, vessels that are 
formed from the sacrificial materials, are coated with hy-
deogels loaded with the cells. After crosslinking, sacrificial 
materials are then removed using the appropriate solvents 
[47]. One of the major limitations of this approach is that it 
is difficult to control the precise distribution of the cells in 
thick tissues.  
 Higher blood vessels are more complicated as they are 
formed with up to 3 different layers. Several different ap-
proaches for the manufacturing of blood vessels are reported 
in the literature. Notably the drop-on-demand approach pro-
posed by Schöneberg et al. to generate a blood vessel model 
was unique in terms of the presence of all three layers of 
higher vessels i.e. tunica intima, tunica media and tunica 
adventitia [48]. Similarly, in order to address the manufac-
turing challenges of blood vessels, Xu et al. developed a 
novel strategy that employs a custom built 3D bio-printer 
that used bio-compatible polymers. This team biofabricated 
blood vessels with a hierarchal arrangement that had more 
flexibility and a more precise control over the thickness of 
the wall [46]. Whereas the Qia et al. approach of fabricating 
the blood vessel was based on the sacrificial method. Su-
crose was used as the sacrificial material to make the vascu-
lar base. A spraying process was then used to coat the so-
dium alginate and polyvinyl alcohol gel on the vascular base 
and later it was cross-linked in a CaCl2 solution. Sucrose was 
then sacrificed in the aqueous solution. Good internal con-
nectivity of the blood vessel was the highlight of this work 
[49].  
 Finally, extensive application of the 3D bio-printed ves-
sels is not only limited to the increase in the viability of 3D 
bio-printed tissues and organs, but in the near future such 
blood vessels could play a crucial role in the drug develop-
ment process. For example, such blood vessels could serve 
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as the thrombus model in blood pathological studies and for 
clinical and preclinical screening of drugs in vitro. 

6. 3D BIO-PRINTING OF CORONARY ARTERIES 

 Plaques in a coronary artery reduce the blood flow to the 
heart muscles and increase the risk of a heart attack or a 
stroke. Depending upon the percentage of the artery block-
age, health care providers manage the symptoms by lifestyle 
modification, prescriptions (e.g. antiplatelet agents, statins, 
PCSK9 antibodies, etc.), angioplasty or by coronary artery 
bypass grafting (CABG) [50]. CABG is a type of surgery 
that improves blood flow to the heart by diverting the blood 
flow around a section of the severely narrowed or the 
blocked artery using grafts harvested from other parts of the 
body (e.g. internal thoracic arteries, radial arteries, or saphe-
nous veins). CABG elevates the symptoms associated with 
blocked arteries and improves the survival rate. However, 
many patients are not eligible for the procedure because of 
the unavailability of the suitable autologous vessels. Artifi-
cially grown human arteries known as Tissue Engineered 
Vascular Grafts (TEVGs) could be the big breakthrough that 
could revolutionise CABG [51]. TEVGs not only have the 
potential to meet the clinical challenges of the coronary ar-
tery bypass and peripheral vascular surgery, but they could 
be equally useful to patients on haemodialysis who are often 
on the grafts made of plastics.  
 The main synthetic material used to fabricate the graft is 
expanded poly(tetrafluoroethylene) (ePTFE) and woven 
poly(ethylene terephthalate) (PET), commonly known as 
Dacron. PTFE is the non-biodegradable inert fluorocarbon 
polymer made more microporous by extrusion and sintering 
to form an expanded PTFE (ePTFE) [52]. One of the major 
disadvantages associated with a graft made up of ePTFE is 
the poor compliance and the lack of endothelial cells on the 
inner lining of the lumen which contributes to its poor 
patency. Dacron on the other hand is a type of multi filament 
poly(ester) either woven or knitted into vascular grafts [53]. 
In vivo results of the grafts made up of these classic materi-
als, particularly low flow grafts are not encouraging. Some 
reports have shown that the human umbilical vein can be 
used as a biological graft with patency rates of 46% between 
3— 13 months [54]. Along the same line Vrandecic et al. 
has used a Bovine Internal Mammary Artery (BIMA) graft 
in the surgical treatment of small arteries [55]. Perloff et al. 
implanted two glutaraldehyde-tanned poly(ester) mesh sup-
ported sheep connective tissue tubes (6mm in diameter) into 
the left and right main coronary artery bypasses in one pa-
tient [56]. They confirmed the patency angiographically at 
19 months. The patency rate of the biological grafts were 
observed to be no better than PTFE grafts and were also 
found to undergo dilatation and degenerative changes [57].  
 After limited success with the PTFE, PET and biological 
grafts, the research focus has now shifted towards the devel-
opment of more bio-compatible materials. The current re-
search is now mostly focused on embedding synthetic grafts 
with endothelial cells, antithrombic drugs (heparin coated 
grafts) or the development of new biomaterials. This approach 
also includes embedding synthetic grafts with dipyridamole, 
hirudin, tissue factor pathway inhibitors or non-thrombogenic 
phospholipid polymers [58]. Traditionally, synthetic materi-

als could not satisfy the requirements of the ideal prosthetic 
conduit. In the search for synthetic biomaterials, 
poly(urethane)s were studied for their utility in designing the 
artificial coronary graft. Poly(urethane)s were found to be 
more compatible than the PTFE and Dacron, due to their 
better mechanical and flow parameters [59]. 
 Over the next few years, improved biomaterials will al-
most certainly be available for the optimised graft function. 
Improved biomaterials could be best supplemented with 
modern tissue engineering and 3D bio-printing techniques. 
3D bio-printing is a promising approach to fabricate the pa-
tient specific grafts. Vascular networks, made from stem 
cells with the help of 3D bio-printers, will undoubtedly be 
the major breakthrough in vascular system generation. In this 
approach stem cell bioink made of the adipose mesenchymal 
stem cells, for example, can be used to print out the vessels 
designed using imaging techniques like CT or MRI scans. 
Current research in 3D bio-printing of vascular systems is 
mostly focused on the in vitro generation of patient specific 
vascular networks with the inner lining of the endothelial 
cells. Another especially important focus of the 3D bio-
printing vascular system engineering is the formation of mi-
crovascular networks to study the pathology involved in the 
plaque and thrombus formation. 
 Vascular networks within engineered tissues can be gen-
erated using either “bottom-up” or “top-down” approaches. 
In addition to this, another popular approach for the con-
struction of the vessels is the sacrificial template approach. 
Using this approach Lee et al. developed 3D microvascular 
networks within gelatin hydrogels using thermo responsive 
sacrificial microfibers [60]. Lee et al. used solvent-spun 
poly(n-isopropylacrylamide) (PNIPAM) fibres as the sacrifi-
cial material to produce 3D microvascular networks in cell-
laden gelatin hydrogels (Fig. 3). The typical physio-chemical 
character of PNIPAM allows for an aqueous fabrication 
process thereby avoiding the use of organic solvents and 
extreme temperatures. Diameters of the capillaries formed 
after high speed spinning of PNIPAM was found to range 
from 3 to 55 µm. This study confirmed that the perfusion of 
the tissue using these microfibers causes considerable im-
provement of the cells when compared with the non-perfused 
counterparts [60]. Kolesky et al. reported a similar approach 
in which a 3D printed sacrificial template was printed in the 
presence of a cell-laden hydrogel by exploiting the thermore-
sponsive behaviour of Pluronic F127 (Poloxamer 407). 
However, removing Pluronic F127 requires cooling the scaf-
fold to 4 °C, which potentially damages the encapsulated 
cells [61].  
 Wu et al. used the approach of direct ink writing to print 
the 3D microvascular networks [62]. In this approach an 
escapable ink is patterned, which then encapsulates into a 
curable resin and is then removed by a liquefaction process. 
Escape of the ink generates a network of 3D microvesicles. 
A similar approach was used by Hansen et al. in which they 
used dual escapable inks in conjugation with vertical printing 
to create 3D interpenetrating microvascular networks [63]. 
Wu et al. demonstrated the new omnidirectional printing, a 
new variant of direct ink writing. In this approach, fugitive 
ink filaments are printed within a curable reservoir, which 
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physically supports the patterned features thereby allowing 
truly omnidirectional freeform fabrication (Fig. 4) [62].  
 To enable omnidirectional printing of a 3D biomimetic 
microvascular networks, Wu et al. developed a fluorescent 
dye and a fugitive ink made up of Pluronic F127 a triblock 
copolymer with a hydrophobic poly(propylene oxide) (PPO) 
segment and two hydrophilic poly(ethylene oxide) (PEO) 
segments arranged in a PEO-PPO-PEO configuration and a 
diacrylate-functionalised Pluronic F127 solution of varying 
concentration as the fluid filler and physical gel reservoir, 
respectively. Using this system Wu et al., developed micro-
channel diameters ranging from 200–600 µm, in which two 
large parent channels are subdivided into several smaller 
microchannels. The ink from the system can be subsequently 
removed by liquefaction under a modest vacuum to yield the 
desired microvascular network within the solidified gel ma-
trix [62]. 
 Miller et al. used the template sacrificial approach for 
rapid casting of patterned vascular networks for perfusable 
engineered three-dimensional tissues [64]. In a template sac-
rificial approach, the template base of the network is fabri-
cated from fugitive material, which is subsequently removed 
forming a fluidic network into a bulk material [65]. In their 
approach, carbohydrate glass was used to print a robust 3D 
filament into an engineered tissue containing live cells. Car-
bohydrate filament thus formed was then sacrificed to gener-
ate a vascular system. This network was then lined with the 
cells of interest such as endothelial cells. The endothelial 
cells lined network was later perfused with high pressure 
pulsated blood flow. The authors reported that the proposed 
network sustained the metabolic function of rat liver cells in 
a tissue construct that otherwise exhibited suppressed func-
tion.  
 Miller et al. printed a rigid pattern of vascular networks 
in fabricated tissues using extrusion through a syringe 
mounted on a custom-modified Rep Rap Mendel 3D printer 
[64]. Using a sacrificial approach, a network of channels can 

be fabricated by creating a rigid 3D lattice of filaments and 
its subsequent sacrifice leads to the formation of a microflu-
idic network. Originally this method requires organic sol-
vents of cytotoxic nature or adverse processing to remove 
the sacrificial material. The Miller et al. approach however, 
utilises simple bio-compatible, economical and easily avail-
able carbohydrates as a sacrificial template material. To 
demonstrate the flexibility of the carbohydrate glass ap-
proach, they patterned vascular channels in the presence of 
living cells with a wide range of natural and synthetic ex-
tracellular materials (ECM) [64]. 
 Golden et al. also used the sacrificial approach to form 
the interconnected microfluidic networks. In this approach, 
Golden et al. used gelatin as a sacrificial material. A gelatin 
network mesh was first formed and then encapsulated into 
hydrogel. Gelatin was then subsequently melted and flushed 
out to form the channels in the hydrogel [66]. Zhao et al. has 
fabricated uniaxial meso-scale fluidic channels in hydrogels 
using gelatin as a sacrificial template. Collagen and gelatin 
were co-extruded such that a fibre of gelatin (~1 mm) was 
enclosed in a bulk collagen matrix [67]. Subsequent removal 
of the gelatin template at 37 °C resulted in the formation of 
the microfluidic network. 
 As most of the organs, including the heart, are made from 
more than one type of cell, organising different cell types 
and extracellular matrices in the same tissue construct is a 
promising approach to bio-fabricate 3D tissues and organs. 
Li et al. has fabricated a hybrid cell/hydrogel construct by 
two-nozzle assembly technique [68]. Li et al. first con-
structed digital models to mimic a liver anatomy. Hepato-
cytes were first dispersed in the hydrogel composed of gela-
tin/alginate/chitosan (2:1:1 v/v/v at 37 °C) (final density be-
ing 1 x 106 cellsml-1) and adipose-derived stromal cells 
(ADSC) were dispersed in the hydrogel constructed of gela-
tin/alginate/fibrinogen (2:1:1 v/v/v.) (final density being 1 x 
06 cellsml-1). Both the solution of the hydrogel were then put 
into a sterile syringe and mounted onto the nozzle fixer. 

 
Fig. (3). a) Schematic diagram of device fabrication and the perfusion system. b) SEM image and c) diameter distribution of PNIPAM mi-
crofibers [60].  
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Later the mixtures were extruded from the respective sy-
ringes into the chamber with a low temperature to get the 
pattern of the liver designed digitally. The construct was 
stabilised in a thrombin/CaCl2/Na5P3O10 solution after as-
sembly. ADSC were subsequently differentiated into endo-
thelial cells using an endothelial growth factor. After a 2-
week culture, an albumin secretion level was found to be 
increased whereas the level of urea and alanine transaminase 
was decreased. The result of this experiment confirms the 
potential of the two nozzle assembling technique in complex 
bio-fabrication of cardiac tissue. 
 As VEGF alone and in combination with other growth 
factors are not enough to give rise to complete microvascular 
networks, Cui et al. used human microvascular endothelial 
cells in conjugation with fibrin as a scaffold to fabricate mi-
crovasculature using thermal inkjet printing technology [69]. 
In fact, Cui et al., was among the first few scientists who 
utilised the commercial (HP and/or Cannon) printers to print 
cells and biomaterials to fabricate 3D cellular scaffolds. In 
this experiment, it was observed that cells not only aligned 

themselves on the inner side of the channel but were also 
found to proliferate well. Another important part of this 
study is the modification of the HP Deskjet 500 thermal ink-
jet printer which was used simultaneously to deposit human 
microvascular endothelial cells and fibrin to form the digi-
tally designed microvasculature.  
 Analyzing the overall trend, the sacrificial approach is 
also becoming popular along with 3D printing (extrusion-
based printing and stereolithography) of fluidic based net-
works. However, extrusion-based printing and stereolitho-
graphy have their own limitations. For example, small chan-
nels formed from direct extrusion printing have the tendency 
to collapse under their own weight. This issue can be over-
come by printing in the presence of a support material (Sac-
rificial template). Stereolithography utilises light as a pat-
terning tool for additive fabrication and hence conventional 
stereolithography (light-based 3D printing) requires the pho-
topolymerisable materials (e.g. poly(ethylene glycol) acry-
lates), and printing protocols must be designed to minimise 
phototoxicity or excessive exposure to photoinitiator [70]. 

 
Fig. (4). a–e) Schematics of omnidirectional printing of 3D microvascular networks within a hydrogel reservoir. a) Deposition of a fugitive 
ink into a physical gel reservoir allows hierarchical, branching networks to be patterned. b) Voids induced by nozzle translation are filled 
with liquid that migrates from the fluid capping layer. c) Subsequent photopolymerization of the reservoir yields a chemically cross-linked, 
hydrogel matrix. d,e) The ink is liquefied and removed under a modest vacuum to expose the microvascular channels. f) Fluorescent image 
of a 3D microvascular network fabricated via omnidirectional printing of a fugitive ink (dyed red) within a photopolymerizedPluronic F127-
diacrylate matrix. (scale bar 10 mm) [62]. (The color version of the figure is available in the electronic copy of the article). 
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 The above results indicate the future applications of 3D 
printing technology in bio-fabrication of vasculature net-
works. Nevertheless, it is also clear that several challenges 
need to be overcome in order to translate the success in the 
laboratory to patients who are waiting for a coronary bypass 
graft. The most important challenge in 3D printing of the 
autologous blood vascular network is the construction of 
various layers of the blood vascular system, which are com-
posed of different cell types. Seeing the present resolution 
and scale of the latest technology, it appears to be challeng-
ing to scaffold all layers of the vasculature network into a 
single construct. Second, and the most important limitation 
in the bio-fabrication of the autologous blood vascular sys-
tem, is the blood supply to the coronary bypass graft, be-
cause to keep the cells of the coronary arteries alive, a con-
tinuous supply of oxygen and other nutrients is essential. In 
normal physiological conditions, vasa vasorum (small capil-
laries) provide the necessary nutrients for the coronary arter-
ies. Taking this into account in the future, graft engineering 
essentially needs to not only consider the bigger arteries, but 
it should also give due consideration to the microvascular 
network. 

7. BIOMATERIALS 

 Biomaterials are undoubtedly the primary limitation for 
3D bio-printing. Several biocompatible synthetic and natural 
polymers are available and have been developed for the scaf-
fold formation. Synthetic materials provide the mechanical 
strength and natural polymers are more favourable for cell 
attachment, proliferation and differentiation. Crosslinking 
methodology and viscosity determines its printability. Vari-
ous cross-linking mechanisms to obtain stable scaffold in-
clude photocross linking, pH based crosslinking, and tem-
perature- based cross-linking. The selection between natural 
and synthetic polymers is critically important for the bio-
printing process and for the final construct.  

7.1. Natural Polymers 

 Natural sources have been used to improve the biological 
features of printed constructs. Natural polymers can be clas-
sified according to their composition as proteins, polysaccha-
rides or glycosaminoglycans. Natural polymers can with-
stand harsh fabrication conditions like temperature and or-
ganic solvents, thereby allowing for the printing of cells and 
bioactive components. However, there are several key limita-
tions associated with natural biopolymers. One of them is the 
inconsistent viscosity and moisture content which make 
printing reproducible scaffolds an immediate challenge. Ow-
ing to the selection criteria and challenges, the number of 
natural polymers that have been successfully used for bio-
printing are limited. Commonly used natural polymers in-
clude collagen, gelatin, alginate, hyaluronic acid, dextran, 
fibrin, etc. For better rheological properties and durability, 
combinations of these polymers have been used.  

7.2. Synthetic Polymers 

 While natural polymers provide a positive cell environ-
ment through mimicking native components of the extra cel-
lular matrix, synthetic polymers allows for the chemical ma-
nipulation of the structure to make it biocompatible and 

more durable. However, the lack of active binding sites, ac-
tivates various cellular signalling pathways, which could 
hamper the cell adhesion and adversely affect the cellular 
viability. To impart the biological recognition found in natu-
ral materials, these synthetic polymers can be equipped with 
molecular agents to enhance bioactivity. Moreover, they can 
be spatially deposited to stimulate cellular responses via 
mechanotransduction pathways. Some of these synthetic 
polymers that are used for bio-printing include polyethylene 
glycol (PEG), poly(lactic-co-glycolic acid) (PLGA), poly(ε-
caprolactone), and Poly(lactic acid) (PLLA). 
 Before the use of 3D bio-printing for scaffold designing, 
several materials and methods were studied for the prepara-
tion of the biocompatible cardiac scaffold. Cardiac scaffold, 
perfectly mimicking the natural proteins, was fabricated us-
ing the materials sourced from natural sources such as algi-
nate, collagen or by using synthetic materials like 
poly(glycolic acid), poly(lactic acid), poly(p-dioxanone), 
poly(glycerol sebacate), poly(urethane), etc. For example, 
Chen et al. prepared a fibrous scaffold for cardiac tissue en-
gineering using poly(urethane)/cellulose. Uniform fibrous 
nanostructures, and high mechanical and three dimensional 
porous networks is the highlight of this work [71]. Park  
et al. used a mixture of poly(DL-lactide-co-caprolactone), 
poly(DL-lactide-co-glycolide) (PLGA), and type I collagen 
to fabricate a re-absorbable novel scaffold compatible with 
neonatal rat heart cells suspended in Matrigel and seeded 
into the scaffolds at a density similar to that of natural car-
diac tissue. In this scaffold, PCL provided the mechanical 
stability and elasticity, collagen provided the sites for cell 
attachment and PLGA lowered the degradation rate of PCL 
[72].  
 Chitosan, a polymer of natural origin, has also been stud-
ied for its effectiveness in cardiac tissue regeneration [73]. It 
is not only biodegradable, bio-compatible and non-
immunogenic but also has antithrombogenic properties and 
supports neo-vascularisation which makes it one of the best 
suitable candidates for scaffold fabrication in tissue engi-
neering [74]. Recently, research interest has been growing 
towards developing the scaffold, not only with the desired 
mechanical properties, but also with electrical properties. A 
lot of work has already been done to generate the scaffold 
with appropriate mechanical and electrical properties [75]. 
According to this, a Chitosan-based scaffold can combine 
almost all the property of interest which are essential for 
cardiac tissue engineering including electrical conduction. 
Although, Chitosan is non-conductive, its electrical proper-
ties could be enhanced by adding materials with good con-
ductivity. Martins et al. has done the same modification by 
combining chitosan with carbon [76].  
 It was observed that electrically conductive scaffolds 
improved the cardiomyocyte function by increasing the ex-
pression of cardiac genes. In a similar line of research, scaf-
fold based on poly(urethane) (PU), collagen, PU/collagen, 
PU/CNT and PU/collagen/CNT was fabricated by electro-
spinning and spray methods. The scaffolds were seeded with 
H9c2 cardiac myoblasts and cultured for 8 days to investi-
gate cell viability, adhesion and morphology in scaffolds. 
The important finding of this study was that the carbon nano-
tube and collagen presence in the scaffold not only provided 
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the mechanical strength, but also helped to increase the elec-
trical conductivity [77, 78]. Patra et al. has investigated the 
suitability of a non-mulberry silk protein fibroin as a scaffold 
for engineering a cardiac patch obtained from the Indian 
tropical Tasar silkworm Antheraea mylitta [79]. Moreover, 
they have tested cell adhesion, cellular metabolic activity, 
response to extracellular stimuli, cell to cell communication 
and contractility of 3-days postnatal rat cardiomyocytes on 
silk fibroin. Their data demonstrates that A. mylitta silk fi-
broin exhibits similar properties as that of fibronectin, a 
component of the natural matrix for cardiomyocytes. In 
comparison to the mulberry, a fibroin obtained from A. 
mylittais is superior probably due to its RGD domains (Arg-
Gly-Asp). 3D scaffolds made up of this protein can be effi-
ciently loaded with cardiomyocytes resulting in contractile 
patches [80]. 
 Poly(urethane) is an important and widely trusted elas-
tomer for cardiac tissue engineering because of its favour-
able mechanical properties [81]. However, few of the major 
drawbacks associated with the fibres made from 
poly(urethane) include intertwining and stickiness. This is-
sue has been solved by the Wei-Fang Su et al. approach in 
which they blended rigid cellulose into poly(urethane) made 
from aromatic diisocyanate and polyether diol [82]. 
Poly(urethane) fibres are non-biodegradable. Various bio-
degradable poly(urethane)s analogues made from aromatic 
isocyanate have been previously reported [83]. Aliphatic 
analogues like 1,4-diisocyanatobutane and 1,6-diisocyanato 
hexane are prepared and used instead of aromatic isocyanate, 
but they come with the drawback of crystallisation [84, 85]. 
Their approach was successful in synthesising nontoxic, bio-
degradable, non-crystalline poly(urethane)s that can be fabri-
cated into a 3D scaffold. It was concluded that the scaffold 
made from this polymer blend has the potential to be used in 
myocardium engineering [82]. 
 In addition, the scaffold made from the autologous mate-
rials does not have the risk of immune response foreign body 
reaction. One such material could be the fibrin which was 
exploited by Jockenhoevel et al. to fabricate the biodegrad-
able scaffold for cardiovascular tissue engineering [86]. One 
other non-immunogenic material used for scaffold fabrica-
tion is the small intestinal submucosa which is a naturally 
derived bio-polymer material and cellular xenogeneic ex-
tracellular matrix material. Small intestinal submucosa does 
not trigger the immunologic reactions as confirmed by test-
ing in several species and by direct immunogenic challenge 
testing [87]. To reduce undesired immune reactions, the use 
of a bio-polymer from blood proteins is a desirable approach 
because such proteins are biodegradable and non-
immunogenic. A proof of concept was given by Kuhn et al. 
who developed blood protein based scaffolds for cardiovas-
cular tissue engineering using anti-coagulated porcine blood 
and an electrospinning method [88]. 

8. CELL SOURCE  

 Cells are the structural and functional unit of the tissue. 
Cells exhibit an intrinsic ability to self-assemble into tissue-
like structures if placed in a similar geometry to that of the 
native tissue. Exogenous electrochemical stimulus from ex-
tracellular matrices helps cells to get organized into the ana-

tomical and physiological unit. This makes the cell source 
selection an important issue. Autologous or allogeneic stem 
cells are the two typical cell sources in tissue engineering 
and regenerative medicine. Important properties like a high 
proliferation rate, paracrine stimulation and pluripotency of 
stem cells makes them the most favoured source.  
 Embryonic, mesenchymal, and induced pluripotent stem 
cells are the most commonly used cell source. Each has their 
distinct advantages and disadvantages. Embryonic stem cells 
have the highest degree of multi-potency, but drawbacks 
include difficult procurement, ethical issues, and immuno-
genicity. Mesenchymal stem cells are less difficult to pro-
cure, and they have been shown to stimulate immunotoler-
ance in target tissue, but they do not possess the same degree 
of multi-potency as embryonic stem cells. Induced pluripo-
tent stem cells have increased multi-potency, but they have 
been linked to tumorigenesis in some studies. 
 Patient-derived hPSC-derived cardiovascular cells, which 
can present the genetic, environmental, and physical differ-
ences of individuals, are particularly interesting in cardiac 
tissue engineering. Wang et al, using iPSC derived cardio-
myocytes, first developed the in vitro testing 2D model for 
the Barth syndrome which is a mitochondria related genetic 
disorder [89]. This model was useful in studying the patho-
physiology involved in the Barth syndrome. 
 In traditional tissue engineering, seeding cells in a biode-
gradable scaffold without proper arrangement for the oxygen 
supply, limits the thickness of the tissue. As an alternative 
approach, Masuda, et al. has developed cell sheet engineer-
ing as a scaffold-free approach for cardiac tissue engineer-
ing. Layered cardiac cell sheets were found to be efficiently 
conducting the electrical stimulus with improved functions 
in the damaged heart. Pre-vascularised scaffolds within car-
diac tissue and multi-step transplantation methods could fur-
ther facilitate the fabrication of the thick vascularised tissues 
in vivo. Vascular beds further allow for the fabrication of 
thick 3D tissues within the functional transport system. 
 Carrier et al. in a report has shown that optimum oxygen 
perfusion not only improves the cell culture condition, but 
also allows for the uniform distribution of the cells and en-
hanced expression of heart specific proteins [90]. Dvir et al. 
developed a well perfused bioreactor which allowed for the 
thorough flow of the medium and oxygen to ultimately en-
hance the survival of the cell [91]. Improvement of the cell 
culture was observed when cells are grown in the porous 
scaffold having separate compartments for growth medium 
supplemented with an oxygen carrier [92]. Three dimen-
sional cardiac tissues fabricated by cell sheet engineering 
and the provision of oxygen and medium supply may be ap-
plied to treat heart disease and tissue model construction 
[93]. 
 De-cellularised cardiac tissue is another approach where 
3D complex natural architecture and vasculature can be pre-
served. A De-cellularised heart was seeded with a human 
iPSC and was found to conduct the electrical stimulus and 
has also shown an intended response towards the drugs act-
ing on the cardiovascular system [94]. 
 Cells inside the tissue must not only replicate the elec-
trical conduction system of the cardiac tissue, but they must 
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also have the equivalent mechanical forces for efficient 
relaxation and contraction of the myocardium. These prop-
erties can be re-orchestrated by the precise arrangement of 
the cardiomyocytes along with other components. Taking 
this into account, Choi et al. has evaluated the potential for 
generating human cardiac muscle cells in vivo from adi-
pose-derived stem cells (ASC) by co-implanting it in a vas-
cularised tissue engineering chamber with rat cardiomyo-
cytes (rCM) [95]. hESC is another important cell source for 
tissue engineers. They are capable of proliferating indefi-
nitely and can be differentiated into many clinically rele-
vant cell types. In response to angiogenic factors, early 
differentiation of hESCs in an in vivo microenvironment 
that induces vascular network formation has already been 
demonstrated [96]. Scaffolds derived from biodegradable 
materials could be used to support vascular development 
from hESCs. One other possible source of the cells for car-
diomyocyte regeneration is the embryonic cardiac progeni-
tor cells (CPCs) [97]. CPCs have already demonstrated 
their ability to differentiate into smooth muscle cells, endo-
thelial cells and cardiomyocytes and hence they are consid-
ered to have greater potential to repair the damaged heart 
tissue and in tissue engineering [97]. 
 Adult cells reprogramming to stem cells by Takahashi et 
al. has had a dramatic impact on the field of regenerative 
medicine, especially in the field of tissue engineering [98]. 

Takahashi used Oct3/4, Sox2, Klf4 and c-Myc genes to 
transform the skin cells of adult mice into stem cells, known 
as induced pluripotent stem cells (iPS). iPS cells have the 
potential to transform the regeneration of the cardiac tissue 
for therapeutic and transplantation applications. As iPS cells 
are reprogrammed from the patient’s own cells, the issue of 
tissue rejection associated with solid organ transplantation is 
automatically circumvented [99]. iPS cells can be expanded 
in vitro, while maintaining their capacity to undergo differ-
entiation towards endothelial cells, vascular smooth muscle 
cells and cardiomyocytes [100]. Testing these cells in car-
diovascular injury models and in 3D printing of the cardiac 
tissue would help to gain a fundamental understanding of 
their functional properties. Several methods are available to 
differentiate the iPS to cardiomyocytes and most of them are 
very similar to that of the generation of cardiomyocytes from 
human embryonic stem cells [101]. Zhang et al. generated 
the cardiomyocytes from iPS [102]. In this study the authors 
compared the differentiation potential of iPS with embryonic 
stem cell and concluded that their differentiation into cardio-
myocytes is almost similar. iPS was also differentiated into the 
cardiovascular tissue lineages and has shown comparable 
properties to those of the cardiomyocytes generated from the 
embryonic stem cells [103]. Similarly, Martinez-Fernandez et 
al. developed the method for the differentiation of the iPS 
into cardiomyocytes without c-Myc [104]. 
 The results of the experiments with various stem cells, 
scaffolds and extracellular matrices are promising; more 
studies are needed in vitro, animal models and in 3D orienta-
tion to gain insights into the potential benefits. As evident 
from the literature discussed above, 3D bio-printing is useful 
for building porous constructs that can maintain the viability 
of cells, however, to date this technology has not been found 
to be successful in printing tissues that have clinical rele-
vance. To meet the scientific demand, scientists have used 

3D printing technology in tissue engineering, however so far 
none of the available technology is able to bio fabricate the 
functional heart. As cited before the biggest problem in en-
gineering heart muscle is getting blood flow to all of the 
cells, and in particular the cells which are very densely ar-
ranged in thick heart tissue. None of the currently available 
technology is close enough to construct the tissue dense 
enough so as to match the natural cardiac muscle. Moreover, 
none of the available technology is sufficiently advanced 
enough to correspond with the dense micro vasculature net-
work of blood supply to the cells.  

9. FUTURE OF 3D BIO-PRINTING IN CARDIOVAS-
CULAR DISORDER 

 3D bio-printing technology certainly has a lot of advan-
tages over the traditional tissue culture approach, but it still 
has several hurdles to overcome to become a technology of 
choice for biomedical research and clinical applications. 
Several universities and companies like Organovo are invest-
ing heavily in 3D bio-printing. For example, Organovo’s 3D 
bio-printer has delivered a liver using in-house developed 3D 
printing technology and it has seen the potential for the 
transplantation and in toxicity screening [105]. Similarly, 
bio-printing of a human kidney, bones, skin, cartilage, ears, 
tumour models, using 3D bio-printing technology has al-
ready been reported in the literature. The future of 3D bio-
printing is just not limited to mimicking the anatomical 
structures, but 3D bio-printed tissue and organs have the 
potential to overcome the issues related with organ trans-
plantation and also with clinical and preclinical testing of the 
drugs in animal models. The present scenario indicates that 
3D bio-printing has revolutionised the field of nano-
medicine, pharmaceuticals and prostate organs [106, 107].  
3D organ and dense tissue fabrication is the ultimate goal in 
tissue engineering. A few of the major challenges involved 
are the development of an organised system to transport nu-
trients and oxygen to all of the cells; the integrity of the 3D 
printed scaffold; a lack of formal protocols for cell isolations 
and polymer selections for the scaffold; longer production 
timelines; and finally, ethical issues. 
 The use of 3D bio-printers in cardiac tissue and vascula-
ture engineering is in its early stages of development. How-
ever, 3D bio-printing has the potential for the fabrication of 
the functional cardiac tissue because of its intrinsic capabil-
ity of building the structure of the complex geometries using 
various biomaterials. Since vascularisation is the major chal-
lenge, one of the solutions to this is to employ the biology of 
the cells themselves and use the endothelial cell for the de-
velopment of the vasculature network. This is best supported 
by our basic knowledge of tissue architecture, development 
and its component. This knowledge would be useful to re-
program the printers according to the tissue geometry, com-
plexity and biological components. Research findings dis-
cussed in our review have shown that porous structures, 
proper oxygen and nutrient supply through micro blood vas-
cular systems not only preserves the viability of the cells in 
the constructs but also allows for the fabrication of the tissue 
thicker than 200nm. 
 Since 3D bio-printing involves layer by layer deposition 
of the cells, integrity of the construct and cell survival inside 
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it is another major challenge. The issue of cell survival and 
integrity of construct has already been attempted to be re-
solved by developing bio-inks which become stiff after being 
deposited and by employing an extrusion base deposition. 
Many of these approaches require the use of photo or ther-
mal sensitive materials which need light or heat for curing, 
for example, hydrogel crosslinking. These materials and ex-
trusion base deposition requires heat to lower the viscosity 
which could affect the survival of the cell. Alternatively, 
strength to the scaffold could be provided by using additives 
such as nanofibres. Cell survival within the scaffold is the 
function of the deposition method, ECM and materials used 
in its construct. Development of bio-inks that are biocom-
patible, non-toxic, stable and which degrade into non-toxic 
metabolite over a period of time is certainly a difficult task. 
This will be the crucial area of research which could affect 
the success of 3D bio-printing. In cardiac tissue engineering 
the materials used in the construction of the cardiac tissue 
should essentially capture the essence of the cardiac physiol-
ogy such as electrical properties. The material should be 
compatible with the various types of cells and should in-
crease the viability of the cells inside the construct. Hydro-
gels and the microenvironment should be tuned in such a 
way that it should promote the stem cell differentiation and 
proliferation [108].  
 Nanoscale printing is possible using 3D printers with 
two-photon lithography, however this printer cannot trans-
late it into thicker tissue as it is not compatible with cells and 
they cannot be built big enough to build the larger tissues. 
Therefore, the priority at this moment is the development of 
3D printers which should be compatible with various kinds 
of cells and materials and should also be able to construct 
hierarchical structures of at least the 7 orders of magnitude. 
Therefore, an ideal bio-printer for cardiac tissue should be 
able to produce an ECM at a microscale level and then 
should immediately switch to printing of the cells. 
 In cardiac tissue regeneration, adult cardiac progenitor 
cells, iPS’s, embryonic stem cells, adipose-derived stem cells 
are some of the most promising cell sources for regeneration 
because of their natural cardiac commitment and for their 
high proliferative capability. After isolation, spatial ar-
rangement of the cells requires more sophisticated 3D bio-
printers of increased resolution, high speed and compatibility 
with cells and other biomaterials used in ECM and scaffold 
preparation. Collaboration of 3D bio-printing technology, 
polymer science and biotechnology with proper stem cells 
source is the ultimate need of cardiac tissue engineering. 
Various reports discussed in this review have demonstrated 
that stem cells can be printed and cultured in biocompatible 
scaffolds composed of synthetic or of a natural origin. Cell 
viability is also found to be dependent on the various factors 
present in the extracellular matrix. Matching the component 
of the ECM with cardiomyocyte proliferation represents an-
other step forward in the in vitro development of the fully 
functional cardiac tissue. 
 Despite the potential of 3D bio-printing, it would appear 
that most of the particle applications of the 3D bio-printing 
of the cardiac tissues are developing slowly compared to the 
traditional tissue engineering approach. Several limitations 
appear to prevent this technology being applicable in clinical 

settings. For example, the ideal cell source for the cardio-
myocytes and vasculature generation has not yet been identi-
fied and standardised. Similarly, the protocol essential for 
the isolation of the cardiomyocyte progenitors or the stem 
cells has not yet been properly established. As discussed 
before, vascularisation of the construct is essential to provide 
proper nourishment and oxygen, however due to the limita-
tion in the development of proper vascular network, devel-
opment of functional thick cardiac tissue is still a matter of 
intense research. One other important concern is the choice 
of the material and the approach for the vessel construction. 
It is very important to note that the vasculature network 
should not collapse under its own weight, and at the same 
time it should not be so stiff that it hinders the transport of 
the oxygen and other nutrients. 
 Most of the limitation and problems of 3D bio-printers 
discussed here are associated with fundamental issues like 
cell source and cell extraction protocols which need to be 
improved. It is noteworthy that advances in the area of bio-
printing will improve the living standard of the patients 
which depends on a timely, synergistic approach from the 
field of material science, engineering and biology. 

CONCLUSION 

 Bio-printing, despite certain shortcomings and technical 
challenges, will remain a powerful technology for bioengi-
neers to construct organs and tissues from digital files. In 
future, in vitro cardiovascular tissue engineering will amal-
gamate decade old lessons of cellular differentiation and de-
differentiation, basic biology of animal and plant cells, mate-
rial science and 3D bio-printing to fabricate tissue mimick-
ing the native cardiac tissue. Innovations, especially in the 
field of material science and cardiac tissue with electrical 
conduction systems, are important and are the major chal-
lenges in the near future. 3D bio-printing based advances 
made in the medical field are very exciting but 3D organ 
printing using bio-printers and bio-materials will need time 
and investment to realise their full potential. 
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