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Vascularization

The vascular system, being responsible for connecting 
all other tissues of the body, is indispensable to human 
life. Malfunction of vascular system is associated with 
tissue over-growth (e.g., angiogenesis in cancer) as well 
as cell death and necrosis. Role of vascular abnormalities 
have been identified in cardiovascular, neurovascular and 
musculoskeletal diseases, which happen frequently as age 
increases (1,2). The importance of vascular system thus 
spurs intensive interests in studying the molecular and 
genetic nature of blood vessels, and their pathological 
implications, in which two-dimensional (2D) culture models 
in vitro and animal models in vivo are used traditionally. 
However, neither the animal nor 2D models have been able 
to fully recapitulate all the features of human vasculature, 
which drives efforts of researchers towards generating 
three-dimensional (3D) models of the vasculature (3,4). 

Therefore, there has been an interest in fabrication of 
functional vascular networks integrated within other organ 
models while successful fabrication of vessel like structures 
is expected to have applications in several domains as 
represented in Figure 1.

Recently, notable developments made in areas of 
microfluidics and 3D bioprinting offer unprecedented 
opportunities to fabricate functional 3D vascular constructs (6). 
Microfluidics and lab-on-a-chip devices allow flow to be 
controlled to match the physiological condition and provide 
spatiotemporal variations over chemical cues. Therefore, 
microfluidic devices are applied increasingly in building 
pathological models and drug screening. On the other 
hand, 3D bioprinting is a promising technique to fabricate 
3D structures with various combinations of cells and 
materials under physiologically amenable conditions, which 
has also drawn intensive attention in tissue engineering and 
drug development. By integrating microfluidic devices and 
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bioprinting, bioprinting is capable of fabricating complex 
devices to tune the flow conditions of microfluidics, in 
which microfluidic channels are able to imitate native 
vasculature. Moreover, for fabricating vascularized tissue 
models, in which vasculature is branching, free-standing 
microfluidic channels are not sufficient, and it needs the aid 
of bioprinting to fabricate mimetic constructs (7).

Anatomy of vasculature 

In human body, the vasculature develops from an embryonic 
vascular plexus into a hierarchically complex structure 
as shown in Figure 2. Blood vessel consists of different 
concentric layers varying with respect to cellular and extra-
cellular matrix (ECM) (8). The number of layers also depends 
upon the location of the blood vessel and physiological 
functions they perform. Intima is the innermost layer of 
the blood vessel composed of a single layer of endothelial 
cells which communicates with the lumen wall and provides 
the barrier between tissue and blood compartment. The 

endothelial layer also prevents bacterial infestation and is 
lined by tight junctions to avoid exposure to sub-intimal 
layer, which may trigger thrombus formation. The intima 
is the basement membrane comprised of collagen type 
IV, laminin and fibronectin. A predominant elastin layer 
encircles the basement membrane. The next cellular layer is 
the tunica media consisting of smooth muscle cells (SMCs), 
possessing capacity of synchronized contractions along with 
elastin, proteoglycan and collagen type I and III (9,10). The 
collagen and SMC are helically oriented along the vessel axis. 
Tunica media layer is relatively thick in large arteries like 
aorta. Tunica adventitia is the outermost layer circumventing 
the tunica media, which consists of fibroblasts as the cellular 
component embedded in a loosely arranged matrix of 
collagen. The thickness of individual layer depends upon the 
location of blood vessel. For example, in capillaries embedded 
in tissues, whose principal function is rapid nutrient diffusion, 
only the endothelial intima layer composed of endothelial 
cells is present and provides a semi-permeable membrane for 
diffusion of oxygen, nutrients, and metabolic wastes between 
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Figure 1 Successful fabrication of blood vessel-like structures is expected to have applications in several domains like (A) engineered vascular 
networks, (B) circulatory system, (C) perfusable in vitro culture systems, and (D,E,F) surgical simulation for cerebral [reprinted (adapted) 
with permission from Gao et al. (5)]. 
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the systemic circulation and local tissue environment, while 
the other inner layers are absent (11). Each type of cells 
performs a distinct function in maintenance of vascular 
homeostasis. The endothelium also influences the behaviour 
of SMCs, which are composed of several macromolecules 
such as collagen, lamellae and elastin.

Several attempts have been made in the last decade to 
mimic the vascular structure in vitro. Before the advent 
of microfluidics, the initial vascular models were mostly 
static platforms, which did not completely recapitulate 
the functions in vivo (12). Subsequently, vascular models 
were fabricated using technologies such as self-assembly, 
lithography patterning, use of sacrificial templates, and pre-
patterned micro-channel fabrication vasculature in vitro.

Vascular cells seeded within hydrogels can reconstitute 
3D networks representing a physiologically-mimetic 
method for device fabrication. Using such an approach, 
anatomic flow conditions have been replicated in fibrin gel. 
Such devices have led to revelation of significant roles of 
pro-angiogenic factors in interstitial flow. Self-assembly of 
pro-vascular cells have been employed to generate several 
tissue-specific microvasculature microenvironments (6).

In other attempts, Human Umbilical Vein Endothelial 
Cells (HUVECs) were seeded on patterns created by 
photolithography (13). This process provides 2D perfusable 
biochips with optimum flow control and high-throughput 
capabilities. These techniques have also been extended 
to fabricate multi-layered polydimethylsiloxane (PDMS)  
chips (14). Other microfluidic methods have relied upon use 
of temporary molds, needles or rods made of materials such 
as gelatin, which are removed prior to cell seeding (6). In 
addition, vascular models inside bulk collagen gel have been 
used to study angiogenic sprouting or tumor-expressed 
angiogenic factors. However, most of these methods are 
inadequate to obtain the complex torturous structure of 

vascular system as well as not able to fabricate structures 
with multiple cell types.

Bioprinting

In vivo models provide the most physiologically-relevant 
environment for studying tissue development and function, 
while the advancement of 3D bioprinting technology offers 
an enhanced feasibility and precision to tissue construct 
fabrication in vitro. 3D bioprinting offers a reproducible and 
scalable fabrication along with precise 3D control compared 
to conventional tissue fabrication methods. This 3D tissue 
fabrication has been improved to maintain high cell viability 
and normal function through the constructs.

Classification of bioprinting processes

Bioprinting processes can be classified into extrusion-, 
droplet- and laser-based bioprinting. Moreover, bioprinting 
of 3D vasculature can be performed through either scaffold-
based or scaffold-free approaches. In extrusion- and droplet-
based bioprinting, methods of fabrication can be further 
sub-classified into indirect or direct bioprinting. Indirect 
bioprinting involves the bioprinting of a sacrificial structure 
that is subsequently removed leaving behind the lumen. 
Direct bioprinting methods involve active bioprinting 
of hollow constructs with cell-loaded or cell-compatible 
bioinks. This method requires quick gelation/crosslinking 
to maintain a stable construct. Classification based on 
mechanism of scaffold-based bioprinting is expounded in 
the following subsections.

Extrusion-based bioprinting (EBB)
EBB is a process for the most bioinks at higher viscosities 
where bioinks are dispensed continuously out of the nozzle 
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Figure 2 Development of hierarchical vascular structure from embryonic plexus (left panel) in healthy (central panel) and pathological 
tissues (right panel) [reproduced/adapted with permission from (7)].
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by a pneumatic or mechanical screw plunger (15,16). 
Pneumatic-based bioprinting is a simple and extensively 
used method to drive biomaterials/cells from a syringe and 
nozzle at a controllable volume flow rate by compressed air. 
The flow properties and viscosity of the solution are the 
key parameters of material deposition (17). Biomaterial/cell 
solutions are mechanically pushed by a linear moving piston 
or a screw driver in piston-based bioprinting (18), which 
provides large deposition force. In the dispensing process, 
EBB is compatible with a wide range of fluid viscosities. 
Higher viscosity materials are more suitable in terms of 
providing structural support for the tissue scaffolds while 
lower viscosity materials are more appropriate for cellular 
bioactivities (19,20). Increasing the diameter of dispensed 
filaments can increase the mechanical stability of structures, 
which however prevents the exchange of nutrients and 
metabolic wastes. On the other hand, reducing the diameter 
of filaments can eliminate diffusion barriers but weaken 
mechanical properties. Various crosslinking mechanism 
with respect to temperature, ionic bonding and covalent 
bonding, is crucial for various hydrogel in bioprinting. 
Compared to DBB, EBB can be applied to various materials 
such as viscous polymers and cell-encapsulated hydrogels 
at high cell density. The cell viability is significantly 
compromised with the increase of extrusion pressure due to 
the higher shear stress applied to cells.

Droplet-based bioprinting (DBB)
DBB is a non-contact technique, which was first introduced 
about 20 years ago. It reproduces digital pattern information 
onto a substrate with tiny ink droplets and generates constructs 
in a layer-by-layer approach. The bioinks used in DBB 
include hydrogels, living cells, and biological substances (21).  
The droplets for bioprinting can be generated by thermal, 
piezoelectric, or electromagnetic actuation mechanisms. 
However, in DBB, the range of viscosities of bioink is 
limited due to forces of actuation that can be attained. 
Moreover, high viscosity of the bioink and high cell density 
may lead to uneven deposition and nozzle clogging (8). The 
small print head orifices may also cause high shear force 
to the bioprinted cells which can cause damage to the cell 
membrane, leading to cell death (22-25).

Laser-based bioprinting (LBB)
LBB is based on the principles of laser-induced forward transfer 
or vat photopolymerization (8,26). Vat photopolymerization is 
a very fast and continuous 3D printing process. It is based on 
hardening of photopolymer on exposure to the ultraviolet 

radiation. Stereolithography (SLA) is the traditional 
technique in which light patterning is accomplished by vector 
scanning, mask projection or two-photon polymerization 
techniques (27). Continuous liquid interface production 
(CLIP) has been developed as a new technique, which 
particularly accords fabrication of overhang structures (28).  
The major components of a laser bioprinter include a pulsed 
laser beam source, a focusing system, a target plate, and a 
collector substrate slide. A ribbon is also included to support 
the donor layer. The top layer of the ribbon is usually made 
of gold or titanium to absorb the energy of the laser beam 
and the bottom layer is loaded with a bioink. During the 
bioprinting process, a laser pulse is focused onto the top layer. 
The absorbed energy produces a bubble in the bottom layer 
and the generated shock waves push the bioink out of the 
ribbon into the collector slide. The bioprinting resolution of 
LBB depends on laser energy, pulse frequency, layer thickness 
and bioink viscosity, the distance between donor and collector 
layers as well as the substrate wettability. LBB is the only 
nozzle- and orifice-free printing technology. The problem 
of nozzle clogging does not exist in LBB. Since there are no 
nozzles, the bioink viscosities can vary from 1 to 300 mPa·s.  
Higher bioprinting resolution is another advantage of  
LBB (29-32). The drawbacks of LBB processes can be 
discussed in two groups. Laser-induced forward transfer is 
a tedious and time consuming process with a high cost of 
instrumentation. A complex set of process parameters are 
involved with nonlinear physical interactions. In addition, this 
process requires a metal film and thus is subject to metallic 
particle contamination. Vat polymerization processes, on the 
other hand, are compatible with a limited number of bioinks, 
which is further constrained with other issues such as the 
toxicity concerns of UV light and photoinitiators (33). 

Early studies on acellular printing of vasculature

Several studies for bioprinting of vasculature can be 
considered to be inspired by traditional 3D printing 
techniques for obtaining vascular models (34). The results 
of vascular models fabricated by 3D printing technologies 
(i.e., without use of cell as bioink components) provide 
useful appraisal on the channel dimensions required for 
bioprinting of vascular constructs. For example, Yang et al.  
have utilized 3D printing-enabled hydrogel casting for 
developing microfluidic vascular channels (35). The 
presented process in his work contained three major steps. 
Initially, murine 10T1/2 cells were UV crosslinked within 
gelatin methacrylate (GelMA) hydrogel. Following template 
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casting, they developed a hollow L-shaped channel within 
GelMA with confluent endothelium lining and sufficient 
cell viability. Afterwards, HUVECs were cultured within 
the channel and visualization of endothelial monolayers was 
achieved through immunostaining. Furthermore, the barrier 
function of HUVEC monolayer was indicated by diffusion/
permeability studies on endothelialized channels (35).  
Similarly, Zhang et al. have developed hydrogel chips, 
in which 3D microfluidic channel  networks with 
physiologically-relevant size was embedded by SLA, to 
provide long-term perfusion (36). A layer of pre-polymer 
of PDMS was cast against photosensitive material coated 
silicon mold to construct similar topography from PDMS 
substrate. The microfluidic device was developed from this 
substrate by further bonding with blank PDMS slab or cover 
glass. An aqueous resin composed of poly (ethylene glycol 
diacrylate) (PEGDA), photoinitiator (lithiumphenyl-2,4, 
6-trimethylbenzoylphosphinate, LAP) and photoabsorber 
(quinoline yellow, QY) was developed for SLA-based 
printing. Although microchannels with cross-section as 
small as 200 µm × 200 µm could be printed, perfusion of 
printed microchannels could only be achieved in channels 
with larger cross-section (at least 300 µm × 300 µm).  
Similarly, a hybrid 3D printing technique has also been 
demonstrated for vasculature-on-a-chip applications. This is 
reflected in work of Liu et al. who have fabricated a variable 
height micro-mixer (VHM) using projection 3D printing 
combined with soft lithography (37). Soft lithographic based 
fabrication of microchannels have also been demonstrated 
to form confluent endothelial cells layer the walls of the 
channels along with expression of a in vivo-mimetic 600 nm 
glycocalyx layer within the lumens, as shown Figure 3 (38). 

In situ user-defined cell-laden scaffolds were directly printed 
in VHM. PDMS was used in micro-casting the PEGDA-
based structural mold. This study described the ability of 
efficiently mixing two fluids within a microfluidic device 
such that a tissue scaffold can be printed in situ within the 
device. Microfluidic mixers with low flow rate can be used 
in a wide variety of applications where in-device mixing of 
reagents is preferable to pre-mixing external to the device. 
For example, mixing live cells with pre-polymer solutions 
may be deleterious. 3D printing using nano-hydroxyapatite 
as a material and biomimetic micro-channel architecture 
designed in CAD software has also resulted in the formation 
of vascularized bone tissue constructs (39).

Bioprinting for vasculature modelling

EBB has been the most widely employed technique for 
fabrication of vascular constructs using direct extrusion 
as well as indirect extrusion with the aid of fugitive 
inks. In direct extrusion methods, bioinks containing 
cells with hydrogels are directly extruded as per design. 
Post-extrusion, bioink components are solidified in a 
physiologically amenable environment to provide constructs 
with acceptable mechanically and biologically compatible 
properties. In EBB, cell viability is affected by method of 
solidification and shear-induced stresses experienced by 
cells. Examples of EBB for vascular tissue fabrication can be 
found in the work of Li et al., who constructed vascularized 
liver tissue using a dual nozzle extrusion bioprinting with 
two cell-laden bioinks (i.e., gelatin/alginate/chitosan 
hydrogel containing hepatocytes and gelatin/alginate/
fibrinogen containing adipose derived stem cells (ADSCs) 
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on a cooled substrate (40). The multiple compositions of 
hydrogels provided both immediate crosslinking due to 
presence of alginate and long-term cell viability due to 
presence of gelatin, fibrinogen, or chitosan. In this method, 
mixture of thrombin, calcium, and sodium triphosphate 
was used for crosslinking wherein proliferation and 
histochemical assays indicated appreciable cell survival. 
An affordable extrusion bioprinter, Fab@Home, was 
demonstrated to be capable of forming vessel-like constructs 
using polyethylene glycol (PEG) pentaerythritol derivatives 
co-crosslinked with gelatin and sulphated hyaluronic 
acid (41). Though bioprinted NIH 3T3 cells exhibited 
significant viability, formation of vascularized perfusable 
constructs using this system have not been reported so 
far. There have been similar efforts showing promise for 
fabricating constructs with hollow channels of different 
diameters. In most such cases, alginate has been the popular 
option, and hollow channels up to 15 mm in height has 
been successfully fabricated (42). To circumvent the stability 
concern on structural stability for fabricating constructs 
with large aspect ratio, some innovative approaches have 
been employed with the use of support baths. One of 
these techniques has been termed as freeform reversible 
embedding of suspended hydrogels (FRESH), which used 
support baths with Bingham plastic rheological behaviour, 
and hollow constructs with collagen, gelatin, myoblasts 
and fibroblasts have been fabricated into vascular network-
like structures (43). Pinnock et al. have also presented an 
innovative method for producing customizable and self-
organizing vascular constructs by replicating the tunica 
media (44). To form the vascular constructs, 3D printed 
inserts were first attached to tissue culture plates followed 
by the deposition of fibrin hydrogels around the inserts. It 
has the potential for future applications including disease 
modelling, drug testing, and studies of cell-cell interactions.

In bioprinting of vessel-like constructs, EBB has been 
modified to be dual-nozzle or coaxial extrusion processes. 
This concept was first introduced by Ozbolat and co-
workers, in which different nozzle assemblies for feeding 
of hydrogel and crosslinker were used (45,46). The 
crosslinking was accomplished when hydrogel contacted 
the crosslinker solution at the tip of the coaxial nozzle. 
Bioprinting of human umbilical vein SMCs with alginate 
hydrogel using this process showed about 84% viability after 
seven days of perfusion culture (46,47). Based on coaxial 
extrusion, perfusable conduits up to sub-mm range in size 
were also demonstrated. For example, Novogen MMX 
Bioprinter™ have been used to fabricate constructs of 500–

1,500 µm outer diameter, 400–1,000 µm inner diameter, 
and 60–280 µm wall thickness using bioink composed 
of GelMA, multi-layered poly(ethylene glycol) acrylate 
derivate, sodium alginate and MSC and HUVEC as cell 
phase (48). Another variant of EBB has used microfluidic 
print head to substitute for coaxial head. This method has 
been shown to print GelMA with methacrylated hyaluronic 
acid (HAMA) and alginate bioinks, in which inner layers 
are solidified instantly while peripheral layers crosslink after 
some time lag due to diffusion of Ca2+ (48-51).

Bioprinting for perfusable constructs

In order to fabricate vascularized perfusable constructs, 
one of the most popular modifications of EBB is indirect 
bioprinting using fugitive inks. Fugitive inks or sacrificial 
inks are extruded in the form of solid tubular structures, 
followed by extrusion of other hydrogels as the bulk 
adjacent layers, and the initial sacrificial ink is then 
removed by dissolution leaving behind a hollow conduit 
in the gel. Through a two-step procedure, indirect EBB 
has been successfully explored for bioprinting of vascular 
models. Initial works in this direction were carried out 
using agarose as template bioink in constructs composed 
of several hydrogels including GelMA and poly(ethylene 
glycol) diacrylate (PEGDA) polymers (52). Perfusable 
microchannels lined with viable endothelial cell monolayers 
were successfully demonstrated. Human MSC-alginate-
gelatin hydrogels were printed using dual-syringe layout 
with a thermal control, in which bioink at elevated 
temperatures was deposited onto a cooled (10 ℃) substrate, 
and gelatin was used as a sacrificial bioink. This experiment 
also showed that bioprinting orientations can affect the 
cross-sectional area of bioprinted constructs (53). In one of 
most important works on fabricating perfusable constructs 
using fugitive works, Miller et al. employed a RepRap 
Mendel 3D printer using a glucose, sucrose and dextran 
mixture as a sacrificial phase (54). The sugar solution was 
first extruded at elevated temperatures, followed by manual 
injection of cells and hydrogels. Several hydrogels like 
PEGDA, fibrin-fibrinogen-thrombin and alginate were 
tested for feasibility along with several vascular architectures 
like curved filaments, perpendicular lattices, and Y-junctions 
of 150–750 µm in dimension. Important achievements of 
the work were the novel strategy for capillary formation and 
viable endothelial cells inside the perfusable channels with 
inner thickness up to 1 mm.

To overcome limitation of high temperature for removal 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyaluronan
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyaluronan
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of sacrificial bioinks, perfusable microchannels have been 
built using Pluronic F127 as the sacrificial materials with 
PDMS, GelMA and human neonatal dermal fibroblast cells 
(HNDFs)/10T1/2s/mouse fibroblast-laden bioink (55).  
Though fabrication of multi-layered constructs was 
accomplished, thick constructs could not be perfused 
directly and hence the bioprinted constructs were limited 
in long-term culture time (up to 14 days) or increased 
thickness (1–2 mm), which has prompted further research. 
Kolesky et al. fabricated a thick (e.g., over 1 cm) engineered 
bone tissue construct using fibrin/gelatin blended hydrogel 
and multiple cell types (56). Key idea of this scheme was to 
fabricate a perfusion chip and allow for generating viable 
constructs of over 1 cm thickness. The mold was fabricated 
using PDMS elastomer and a Pluronic F127/thrombin 

blend fugitive ink. The cell-laden ink composed of gelatin, 
fibrinogen, transglutaminase and thrombin, was cast into 
the prefabricated mold and the fugitive ink was perfused 
out of the construct. Endothelial cells were then injected to 
perfuse the hollow tube for vascularization. Employing the 
same principles but using Pluronic as the sacrificial bioink, 
fabrication of an on-chip thrombosis model was achieved 
with fibroblasts and HUVECs embedded within GelMA. 
It has shown a perfused (up to 14 days) thrombosis-on-
a-chip model using Pluronic as sacrificial bioink to form 
microchannels lined by HUVECs within a GelMA matrix 
loaded with fibroblasts (57,58). Both thrombus formation 
and thrombolysis has been recapitulated in this model 
in this model as shown in Figure 4. In a similar study, 
EBB of Pluronic fugitive microvascular channels in a 
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Figure 4 Thrombus formation and thrombolysis in a thrombosis-on-chip model shown by (A) perfusion of endothelial cells, (B) thrombus 
formed inside the channel, (C) H&E-stained sections of a thrombus with/without HUVECs on 7 days post-clotting, (D) schematic of 
thrombolytic study with tPA and (E) thrombolysis of clot on different time points [reproduced from (58) with permission of The Royal 
Society of Chemistry].
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collagen construct has been used to study evolution of 
microcirculatory architecture after angiogenesis. A better 
simulation of microenvironment of blood vessels in organ-
on-a-chip devices can be achieved by multilevel fluidic 
channels in 3D hydrogel-based vascular structures fabricated 
using EBB. Endothelial cells can be seeded into the inner 
walls of a bioprinted tube template along with partially 
crosslinked hollow alginate filaments laden with fibroblasts 
and SMCs. The fusion of hollow filaments promoted 
development of two-level fluidic channels with a cylindrical 
macro-channel in the center and microchannels around 
the wall. The structures bioprinted using 4% alginate 
exhibited ultimate strength of 0.184 MPa, and the L929 
mouse fibroblasts encapsulated in the constructs showed 
over 90% survival within one week. Moreover, bioprinting 
with three kinds of vascular cells exhibited uniform cell 
distribution with relatively high mechanical strength (5). 
Using agarose as a sacrificial material, micro-vessel-mimetic 
channels in the 3D liver constructs has been successfully 
printed using HepG2/C3A cells loaded GelMA as bulk 
hydrogel. HUVECs were seeded into the micro-channel 
for vascularization in the liver construct. Incorporation of 
vascular cells was found to delay permeation of molecules in 
the construct as well as an increase in survival of embedded 
cells in bulk constructs, and thus provided a physiologically-
accurate vascularized model for drug screening (59).

Bioprinting vasculature with DBB

Several studies have demonstrated that DBB can be a 
suitable method to obtain vascularized structures. The first 
demonstration came with the use of a modified Hewlett-
Packard (HP) bioprinter with hematopoietic stem cells-
embedded hydrogel that was bioprinted in liquid media (60). 
The stem cells differentiated into multiple cell lineages after 
bioprinting. Further, Boland et al. obtained multi-layered 
cells-laden alginate constructs with uniform pore sizes, 
while the same group also fabricated micro-vessel constructs 
using Human Umbilical Vein Endothelial Cells (HUVECs)-
laden bioink contained in pico-liter droplets with a 
thermal inkjet printer containing 50 firing nozzles (61).  
Rapid post-bioprinting gelation was achieved by using 
fibrinogen, thrombin and Ca2+. Confluent HUVECs lining 
along branched tubular constructs resembling capillaries 
was observed after 21 days of culture. Electrostatic print 
head was applied to build alginate-based tubular constructs 
(with 35–40 µm thickness and 30–200 µm in inner diameter) 
in a CaCl2 pool (62-64). 

In DBB, piezoelectric print heads were also successfully 
used for vascular tissue bioprinting (65,66). Hemi-branching 
bifurcations and zigzag-shaped constructs composed 
of alginate and CaCl2 has been well demonstrated (67). 
Interestingly, this work showed that buoyancy properties of 
CaCl2 solution can be used to provide substantial support 
during bioprinting apart from acting as the crosslinking 
medium. DBB allowed both horizontal and vertical vessel-
like bifurcations, maintaining with less than 10% cell 
damage (68). In another related approach, valve-based 
bioprinting of vascular conduits within a high-density 
fluorocarbon as liquid support bath was performed to 
obtain constructs with high aspect ratio of 30, without any 
significant loss of cell viability (96% to 99%) (69). 

Similar to EBB, direct DBB is only suitable for creating 
in vitro models of blood vessels but not for fabrication 
of vascularized tissue models. For generating perfusable 
constructs, indirect DBB methods have found immense 
applicability. In indirect DBB with micro-valve bioprinters, 
gelatin has been used as a sacrificial bioink and was 
deposited in a cylindrical shape, which was successful to 
deposit cells (70). Gelatin was removed by temperature-
induced decross l inking.  The conduits  were then 
vascularized by endothelial cell seeding. To achieve this, 
a collagen layer in a flow chamber was first bioprinted. 
Thereafter, gelatin strands were bioprinted as a second layer 
followed by bioprinting of gelatin/HUVECs layer at room 
temperature for solidification of gelatin. Subsequently, a 
collagen layer was deposited as top layer and gelatin was 
liquefied by incubation at 37 ℃ leaving behind vascular 
channels in bulk hydrogel. Once the chamber was enclosed 
and physiological fluid flow conditions initiated, HUVECs 
proliferated and fully covered the inner surface within 2 to 
3 days of dynamic culture compared to 70–80% of inner 
surface area coverage of the fluidic channel on Day 0. 
Immunostaining of E-cadherin showed that the confluent 
HUVEC monolayers formed adherent junctions on Day 5.  
The fluidic vascular channel was capable of supporting 
viability of tissue up to 5 mm in distance with 5 million 
cells/mL density under the physiological perfusion 
conditions. The same group has also shown fabrication 
of larger perfusable (lumen size of 1 mm) fluidic vascular 
channels wherein the spouting was initiated on Days 3–4 
throughout the channel edge and extended up to 400 µm 
on Day 7 (71). The formation of capillary network and its 
integration within the construct is represented in Figure 5.  
Use of agarose as sacrificial template to bioprint hollow 
vessels within hydrogel constructs are also shown to be 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hematopoietic-stem-cells
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possible with DBB, in which agarose solutions (>2 wt%) 
formed a solid gel below 32 ℃ to function as a fugitive 
bioink. A cell-laden hydrogel precursor [SMCs and 
fibroblasts in 5–20 wt% GelMA or polyethylene glycol 
diacrylate (PEGDA) solution] was then poured around the 
patterned agarose fibers and photo-crosslinked to form the 
matrix. Hollow channels with diameters down to 100 µm  
were achieved by removing agarose fibers under mild 
vacuum. Enhanced nutrient and oxygen delivery through 
these channels promoted the viability of surrounding 
stromal cells. Not only endothelium-coated microchannel 
but also smooth muscle, tunica intima and tunica adventitia 
can be assembled to recapitulate the biological function 
of the newly formed microvasculature. Due to an increase 
consumption of oxygen and nutrients caused by additional 
ECs embedded within the matrix around the channel, a 
considerable amount of cell death was observed.

LBB for vascular models

LBB has been used for branched vessel-like patterning of 
HUVECs, which evidently formed cell-cell interactions 
within a day post-bioprinting (72). The branched 
architectures exhibited very short stability. However, 
stability could be improved by bioprinting layer a human 
umbilical vein smooth muscle cells (HUVSMCs) above 
the HUVEC layer (72). Similarly, LBB can be used to 
form constructs made up of alginate hydrogel and mouse 
fibroblasts in the shape of stable 3D overhang bifurcated 
structures (73). 

Digital light processing (DLP) based 3D printing is 
known for its superior speed, resolution, scalability and 
flexibility. A micr-oscale continuous optical bioprinting 
(mCOB) based on DLP can also be employed for developing 
pre-vascularized tissue at high speed and resolution (74). 
Bioprinting of endothelial cell and mesenchymal cells 
directly into designed vascular channels enabled perfusion 
and minimized the overall complexity and duration of the 
process. This process further promoted spontaneous in vitro 
formation of lumen-like structures of endothelial cells, and 
cell survival with progressive endothelial formation was 
also achieved in pre-vascularized tissue while implanted 
in vivo. Anastomosis between the bioprinted endothelial 
network and host circulation was observed with functional 
blood vessels containing red blood cells. Using various 
LBB platforms such as direct write (75) or biological laser 
printing (BioLPTM) (31,76,77) or laser induced forward 
transfer (LIFT) (78), several research groups independently 
fabricated cardiovascular models with endothelial cells, 
vascular smooth muscles, HUVECs and human MSCs 
with various combinations of alginate, polyester urethane 
urea (PEUU) and/or PEG acrylate hydrogels (78,79). 
Particularly with LIFT-based processes for cardiac patch 
bioprinting, improved vessel formation was evident. LBB 
has also shown successful pattern formation of vessel conduit 
on stackable collagen or porous poly-lactide-co-glycolide 
(PLGA) substrates (80). In an interesting advancement 
using near-infrared femtosecond laser, it has been observed 
that cell-laden collagen hydrogels can produce 3D vascular 
patterns in situ induced by absorption of laser energy by 
nano rods and resultant denaturation of adjacent collagen. 
The process can maintain high depositing speeds, and 
>90% cell viability with efficient migration of endothelial 
cells with 3D alignment thus presenting a facile technique 
for vascular tissue modelling (81). Digital micro-mirror 
device-based projection printing (DMD-PP) is another 
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Figure 5 Two vascular channels and fibrin-cell mixture deposited 
in between. (A) HUVECs (green) were embedded within fibrin 
part for micro-vascularization. HUVECs (red) were seeded on the 
two fluidic channels to form vasculature. (B) HUVECs embedded 
within fibrin gel formed capillary network after 14 days of culture. 
(C,D,E) Integration of capillary network (green) and ECs sprouted 
from the parental vascular channel (red) [reprinted by permission 
from (71)].
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LBB technique, which can be employed for fabrication 
of micro-channels with widths of 25–120 µm (82).  
Though above technique are suitable for fabricating 
vascular models, they have shown limited applicability for 
creating perfusable vascular channels for vascularized tissues 
modelling. However, a novel LBB technique, laser guided 
direct writing (LGDW) has been used by Nahmias et al. 
to form 2D and 3D patterns of HUVECs on MatrigelTM. 
Embedding HUVECS on MatrigelTM directed vasculature 
formation as per the design. Co-culturing of the vascular 
structure with hepatocytes resulted into formation of 
tubular structures which can be used for studying different 
biological processes involving heterotypic interactions such 
as liver and pancreas morphogenesis, or angiogenesis (83).

Scaffold-free vasculature bioprinting

Notwithstanding the pivotal role of scaffolding hydrogels in 
tissue engineering, hydrogels have also been considered to 
induce several inflammatory reactions, hindrance to tissue 
growth and non-approximation of native tissue mechanical 
properties due to differences with natural ECM. An 
alternative method to obtain vascular models by bioprinting 
is to use single cells or tissue spheroids as bioinks. Since 
last decade, it has been known that micro-tissues made of 
HUVEC-coated myofibroblasts can self-assemble to form 
macro-tissues with a simultaneously developed vascular 
system (84). Such vasculature could be easily integrated with 
the vascular system of a chicken embryo. Coaxial EBB has 
been demonstrated to fabricate tubular tissue strands with 
well-defined morphology by exploring the self-assembly of 
fibroblasts and insulinoma cells, which can be extended for 
vascular models. These tissue strands can be used for scale-up 
tissue biofabrication (85). The Multi-Arm BioPrinter is yet 
another platform for scale-up tissue bioprinting and can be 
integrated with a macro-level tubular vascular structure (45).  
Self-assembled fibroblast strands underwent fusion in a day 
and further tissue maturation was observed within a week, 
which yielded smooth muscle vascular constructs up to 
1.5 cm in length. Histological examinations have further 
confirmed tight adhesion within the smooth muscle ECM, 
and the vasculature confirmed the potential for large-
scale tissue models. Another pioneering achievement in 
this direction was demonstrated by the ability to fabricate 
multi-layered vascular models using HUVSMCs, porcine 
aortic smooth muscle cells (PASMCs) (86), and human skin 
fibroblasts (HSFs). In that study, cell pellet was extruded 

into cylindrical shapes in capillary micropipettes capillary 
micropipettes (300–500 µm in diameters) and rounded 
off to smaller spheroids after culture. A mechanical ram-
operated EBB system was used to dispense the spheroids 
inside an agarose mold to induce bifurcated shapes. In 
another study, tissue spheroids composed of endothelial 
cells and SMCs were bioprinted in to alginate molds, and 
fused to form vascular constructs with type-I collagen 
secreted by the proliferating cells. Bioprinting of pellet 
of mouse embryonic fibroblasts (MEF) with agarose 
support was also shown to mature to form aorta-like 
constructs (87). It is evident from scaffold-free bioprinting 
that a mold structure is still required to form large scale 
structures as cellular collagen deposition is usually very 
slow. Moreover, the mould can interact with bioprinted 
constructs and alter the biological, mechanical and chemical 
properties of the constructs. For example, due to strong 
bond between the support and construct, the removal of 
support material can result in mechanical damage to the 
tissue and break a part of the constructs. Moreover, cell 
aggregates (i.e., spheroids) often adhere to the support due 
to the deposition of ECM components at the boundary of 
cell aggregates and the mold. Cell aggregates (i.e., pellet) 
can also leak through the gaps at the interface of printed 
support structures. Continuous vascular channels within 
spheroid assembly accompanied by angiogenic sprouting 
and formation of anastomosis between two spheroids, 
were observed and can be used to form a contiguous 
vascular network. Self-assembly has also been exploited for 
bioprinting of a functional vascularized thyroid construct. 
It is embedded by using embryonic tissue spheroids and 
allantoic spheroids respectively in a collagen hydrogel. 
The embryonic tissue spheroids were observed to fuse into 
integrated constructs, along with formation of a capillary 
network around follicular cells, thus showing the promise 
of the approach to obtain vascularized tissue models (88). 
Several other cell types, which have shown promise towards 
formation of microvascular tissues, can also be explored for 
bioprinting vasculature. For example, culture of spheroidal 
micro-tissues that were made by embedding microvascular 
endothelial cells inside fibrin, exhibited the formation of 
endothelial sprouts (as shown in Figure 6A) (89), In a recent 
development, sprouting angiogenesis is demonstrated in 
islets engineered using mouse insulinoma endothelial cells 
under angiogenic conditions (see Figure 6B), which showed 
promise to be utilized for bioprinting of vascularized 
pancreatic models in the future (90). 
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Micro-vascular network models

Parallely, there have been efforts to fabricate micro-
vasculature constructs like capillaries to overcome the 
practical limitations of bioprinting of large scale vascular 
networks. This is exemplified by bioprinting of vascularized 
bone constructs with various bioink components like 
MatrigelTM, alginate, endothelial progenitor cells (EPCs) 
and multi-potent stromal cells. Bone tissue with notable 
vascularization was observed six weeks post bioprinting, 
though with inferior mechanical strength (91). Similarly, 3D 
cell-laden capillarized liver constructs were obtained after 
bioprinting hepatocytes, HUVECs, and human normal lung 
fibroblasts with collagen bioink over a polycaprolactone 
(PCL) frame using multi-head tissue/organ building system, 
as shown in Figure 6C (92). Encouraging results both with 
respect to hepatic tissue growth and capillary formation 
were evident. In another interesting work, 3D bioprinting 
with dual growth factors to pre-vascularized bone tissue 
has been attempted with human dental pulp stem cells 

(DPSCs) as the cell source, which has both osteogenic and 
vasculogenic potential (93). The growth factors used for 
bioprinting were bone morphogenetic protein-2 (BMP-2) 
in the peripheral zone of the bioprinted construct, and the 
vascular endothelial growth factor (VEGF) in the central 
zone. DPSCs encapsulated within collagen type I with 
BMP-2, and gelatin/alginate mixed hydrogel with VEGF. It 
was seen that 60% of the encapsulated BMP-2 was released 
within seven days, and ~80% was consistently released by  
40 days. Since pre-vascularized constructs showed promising 
results for in vivo bone regeneration purposes, such models 
can be ideal for studying bone growth in vitro. 

Comparative evaluation of bioprinting 
technologies for vascular modelling

The principal consideration in selecting the correct bioprinting 
modality is based on the ability to generate constructs 
with adequate structural integrity, mechanical strength, 

Figure 6 Bioprinting for formation of sprouting micro-vessels. (A) Formation of sprouting neovessels and (B) vessel networks inside 
micro-tissues embedded in fibrin hydrogel [reprinted (adapted) with permission from (89)]. (C) Immunocytochemistry images illustrating 
endothelial cells sprouting from pancreatic islets [reprinted (adapted) with permission from (90)].
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functionality of tissues, and anatomical accuracy. It is also 
logical to state that the choice of bioprinting modalities 
and bioinks would be influenced by the physiological 
considerations of the target tissue model wherein 
vascularization is desired. For example, EBB generally 
results in constructs with highest mechanical strength 
followed by DBB and LBB.

In general, EBB allows for fabrication of constructs with 
larger sizes or higher aspect ratios compared to DBB or 
LBB. While direct EBB is more suitable for bioprinting 
blood vessel models, indirect bioprinting has greater 
applicability for fabricating complex, perusable and 3D 
vascularized models. In EBB, coaxial nozzle modality 
can be applied to generate constructs with higher aspect 
ratios; though obtaining branched structures still remains 
a challenge. The other great benefit of EBB is the indirect 
bioprinting approach, where fugitive inks can be easily 
bioprinted in highly complex patterns to generate open 
lumens for perfusion. However, stair stepping effects due 
to occlusions are observed during removal of sacrificial ink, 
which needs to be carefully considered before selecting the 
layer thickness with indirect EBB. 

For vascularized bioprinting using indirect EBB, it has 
been observed that channels are easy to fabricate, but lining 
the lumen with endothelial cells or formation of tight 
junctions between the cells has still remained a challenge. 
Nevertheless, this appears to be a highly feasible technique 
for studying vasculature-related diseases or drug effects 
in vitro. While effects of drugs that are expected to act on 
endothelial cell receptors can be studied, many drugs are 
designed to act on receptors of vascular SMCs. For these 
studies, the concentric and multi-layered lumen should 
be fabricated inside the bulk hydrogel, which has been 
addressed till date. Moreover, when such multi-layered 
constructs (e.g., intimal, medial and adventitial layers) 
with heterogeneous material and cellular composition 
are fabricated, the different rate of growth of cellular 
components and different degradation rates of hydrogel 
components have to be taken into account. In absence of 
such designs, vascularized models might not be able to be 
stably perfused for the duration required for a particular 
biological investigation. Along with bioink selection, 
resolution of EBB would also require to be improved 
substantially to generate such heterogeneous constructs 
with high anatomical precision, which is probably the 
reason for the lack of micro-capillaries fabricated with EBB 
compared to DBB. 

EBB is also utilized for fabrication of complex neurovascular 

units (NVU). To maintain the brain health, the neural, 
vascular and ECM components form an inter-connected 
functional unit (94). Collagen with its slow gelation 
properties has been used to create mixed hydrogel-based 
bioinks with agarose, GelMA, MatrigelTM or alginate with 
altered shear thinning properties to create effective bioinks 
for bioprinting of neural and vascular cells. The combination 
of fibrin, hyaluronan and laminin was also used with neural 
and vascular stem cells to produce a 3D construct niche. 
This hydrogel took advantage of fibrin for neural stem 
cells, and crosslinked through interpenetrating networks 
of hyaluronan to mimic the native neural ECM (95).  
Also, two-photon lithography-based techniques will also be 
actively pursued for the purpose (94). 

On the other hand, DBB provides superior bioprinting 
resolution, which is necessary to generate models of micro-
capillaries. DBB also offers unique capabilities to bioprint 
co-culture models in pre-defined patterns with high-
throughput, making them highly suitable for drug screening 
studies. The extremely small droplet sizes are probably 
the greatest advantage of DBB to fabricate the micro-
vasculature models. However, the principal disadvantage 
of DBB is the inability to generate large scale vascular 
constructs. Therefore, DBB constructs may be considered 
more for investigations concerning micro-capillaries. 
Stand-alone constructs with low aspect ratio directly 
fabricated in a crosslinker bath has been demonstrated by 
DBB. Though their further mechanical characterization 
and bioprinting of supporting parenchyma tissue would be 
required before consideration for clinical transplantation, 
these models can be readily applied for in vitro biological 
testing, once evaluation under perfusion culture is 
performed. In DBB, indirect approach has already shown 
potential for oncological testing. Another limitation with 
DBB is the range of bioink viscosity that can be handled 
due to clogging issues. DBB also suffers from shear-stress 
that induces damage to cells, bioink sedimentation and 
cell-cell aggregation. As a consequence, bioinks are not 
all compatible with DBB, which reduces versatility of this 
technique.

The third bioprinting modality, LBB also presents 
unique advantages and disadvantages for fabrication of 
vasculature models. For example, LBB inspired by SLA has 
been used to generate branched configurations resembling 
native vasculature. However, cell densities compatible with 
EBB are less compared to both DBB and LBB. Like DBB, 
there exists constraint on the range of bioinks that can be 
processed as there are limited options of photo curable 
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hydrogels with photo-initiators, which is crucial for LBB. 
There are toxicity concerns of the photo curable hydrogels, 
photo initiators and the light (mostly UV), though effects 
of these agents are not all completely known. Since LBB 
constructs are mechanically inferior to EBB, the former 
may be considered more appropriate for fabricating tissue 
models than tissue engineering. The resolution of LBB 
is also higher than EBB. On the other hand, LBB causes 
reduced cell damage compared to both EBB and DBB 
and generally renders more than 95% cell viability. LBB 
bioprinters are also more sophisticated and expensive. 
Given the fact that hydrogel components of bioinks are 
major limitations for all bioprinting modalities, scaffold-
free bioprinting of vascular models should be given more 
attention. One advantage of scaffold-free approach is that 
multi-cellular constructs are able to mature and deposit 
their own ECM (e.g., collagen and elastin) after cultivation 
in perfusion bioreactors. Several bioreactors can be designed 
to give additional mechanical stimulation to improve 
maturation rates. Such models can be more biomimetic and 
provide more physiologically-relevant information.

The relationship between cell density and mechanical 
properties of differently made constructs are the crucial 
factor in influencing the cellular viability and damage to 
cell membrane. During bioprinting of cells, mechanical 
strength i.e., shear stress has a negative impact on cellular 
viability, which leads to damage to cell membrane. So it is 
desirable to select low viscous (<10 mPa·s) bioinks with low 
cell densities (<106 cells/mL) (96). The viscosity range of a 
bioink should be selected between 1 to 300 mPa·s for the 
LBB process (97). EBB Processes are able to print viscous 
bioinks (3×107–6×107 mPa·s) with a very high cell density 
without affecting cellular viability considerably (98). Less 
viscous bioinks (< 10 mPa·s) with lower cellular densities 
(<1.6×106 cells/mL) is employed with inkjet bioprinting (99).  
Generally higher cell densities increase the viscosity of the 
bioink that results in clogging during bioprinting.

Conclusions and future perspectives

Developments in bioprinting are enabling the fabrication of 
vascular organ-on-a-chip models for more physiologically-
accurate pathological and pharmacological investigations 
compared to conventional microfluidic devices. In this 
review, we have presented and analyzed the bioprinted 
vascular tissue constructs used for in vitro modelling of 
vessel functions. Applications of each of the bioprinting 
modalities along with their comparative assessment for 

vasculature structure and function have been presented. 
Specific results of scaffold-free and scaffold-based 
bioprinting were also expounded with relation to their 
applicability for obtaining  in vitro vascular models. 
However, achieving higher accuracies of material and 
architectural integrities is still required. Solving this 
problem would require future integration of different 
bioprinting modalities, bioinks and perfusion systems 
to allow long-term cultures. It would be also assumed 
significant to enhance bioprinting resolutions and culture 
condition with different biophysical stimulation to closer 
mimic in vivo behaviour. Another area of improvement 
would be the incorporation of different electrochemical 
and optical sensors for real-time and in situ monitoring 
of growth activities. The efforts would be in direction of 
obtaining functional organ-on-a-chip devices, which will 
be completely automated and consume less reagents and 
power. It is also observed that successful creation of such 
models will invariably need inputs from different disciplines 
including biological, material and instrumentation sciences. 
To date, bioprinted vascular models have revealed their 
potential, which can serve as an additional instrument 
for early disease and drug screening. The effect of ECM 
parameters can also be investigated within the bioprinted 
organ-on-chip constructs. Simultaneously, anatomy of 
native tissue should be understood in greater depths along 
with in vivo/vitro validations of the models. In following this 
manner, it may be expected that bioprinting can yield not 
only vascular models for drug testing but also for fabrication 
of vascular and vascularized organs.
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