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ABSTRACT

To successfully engineer large-sized tissues, establishing vascular structures is essential for
providing oxygen, nutrients, growth factors and cells to prevent necrosis at the core of the
tissue. The diameter scale of the biofabricated vasculatures should range from 100 to 1,000 um
to support the mm-size tissue while being controllably aligned and spaced within the diffusion
limit of oxygen. In this review, insights regarding biofabrication considerations and techniques
for engineered blood vessels will be presented. Initially, polymers of natural and synthetic
origins can be selected, modified, and combined with each other to support maturation of
vascular tissue while also being biocompatible. After they are shaped into scaffold structures
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by different fabrication techniques, surface properties such as physical topography, stiffness,
and surface chemistry play a major role in the endothelialization process after transplantation.
Furthermore, biological cues such as growth factors (GFs) and endothelial cells (ECs) can be
incorporated into the fabricated structures. As variously reported, fabrication techniques,
especially 3D printing by extrusion and 3D printing by photopolymerization, allow the con-
struction of vessels at a high resolution with diameters in the desired range. Strategies to
fabricate of stable tubular structures with defined channels will also be discussed. This paper

provides an overview of the many advances in blood vessel engineering and combinations of
different fabrication techniques up to the present time.
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IMPACT STATEMENT

This review covers several aspects and advancements of engineered blood vessel biofabrica-

tion, which are essential for establishment of large-sized tissues in different areas of biomedical
applications.

1. Introduction inside the human body [1-3]. Blood vessels play an
important role in the delivery of oxygen, nutrients,
growth factors (GFs), and cells to functional tissues,
as well as removing metabolic waste products, to
prevent necrosis and cellular death [4,5]. The struc-
ture, function, and cell composition of each type of
vasculature varies greatly throughout the size scale,

The circulatory system comprises complicated vas-
culature networks of differing vessel types with
different diameters, including the aorta and vena
cava (25-30 mm), arteries and veins (0.6-16 mm),
arterioles and venules (20-25pm), and capillaries
(~9 um), totaling more than 100,000 km in length
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where the vascular wall becomes thinner in smaller
vascular constructs [5,6]. The first generations of
blood vessel grafts from the 1970s were mostly
based on synthetic materials such as poly(ethylene
terephthalate) (Dacron) or poly(tetrafluoroethylene)
with diameters larger than 6 mm, limiting their use
for the treatment of large-diameter vessels such as
aortic, iliac, and femoral arteries [6,7]. However,
there are requirements for fabrication technologies
that allow the construction of blood vessels with
smaller diameters to thoroughly supply essential
molecules within the volume of tissue at the
implanted site. Decreasing blood vessel size also
makes it easier to control the vascular alignment
within a tissue so that the spacing does not exceed
100-200 um from each other, due to the diffusion
limitation of oxygen [4,8,9]. Development of fabri-
cation techniques for small-diameter vessels could
satisfy the demand for large-scale tissue construc-
tion in different applications including clinical
transplantation, pathological models, drug testing,
and in vitro cultivated meat.

Although they have already reached the commercia-
lized stage, clinical applications of synthetic grafts can
result in several complications including undesirable
immune responses, mechanical mismatch to host vas-
culature, and disruption of blood flow that eventually
leads to thrombosis [6,7]. In later generations of vascular
replacement research, biomimetic constructs were
developed by incorporating cells and/or pro-
angiogenetic GFs into 3D scaffolds, where the interac-
tion of these components was thoroughly investigated
[10]. This is when the discipline of tissue engineering,
which focuses on the involvement of scaffold, signaling,
and cells in tissue regeneration has started to contribute
to this area of research [11]. Endothelial cells (ECs) and
pericytes can be integrated into the fabricated structure
by mixing cells with a pre-solution of scaffold materials
and/or seeding cells into the fabricated tubular scaffolds
[8]. To date, several technologies have been developed to
fabricate highly organized, precisely controlled micro-
environments for ECs to attach, proliferate, secrete
native vascular extracellular matrix (ECM), and even-
tually develop into engineered blood vessel constructs.
Nano-scaled aspects of scaffolds such as surface rough-
ness and pore size can also be adjusted to control the
endothelial barrier functionality of the engineered vessel
constructs [8]. Furthermore, the resolution of the fabri-
cation techniques should be in the scale of 100-1,000
pm to mimic the size of mesoscale vasculatures includ-
ing arterioles and small arteries to control the orienta-
tion of capillary branches throughout the target tissue,
where the diffusion of gases and transport of molecules
take place [6]. Hydrogels of both synthetic and natural
polymers are widely used as a component of vascular
scaffolds due to their high water content and viscoelastic
characteristics which are similar to the physiological
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vessel extracellular environments. Protein-based hydro-
gels possess cell instructive features but still need che-
mical modification or blending with polysaccharide-
based and/or synthetic hydrogels for better control of
the mechanical properties [12]. There have been several
strategies to enhance the rigidity of hydrogels but
demonstration of these materials” capability to construct
a high-resolution tubular scaffold with a complex archi-
tecture as well as testing their functionality after in vivo
implantation is still a work in progress [8].

In this review, several micro-scaled blood vascula-
ture fabrication techniques, strategies, and challenges
will be compared and discussed. Considerations in
different areas including selection of the main compo-
nents and optimal characteristics of fabricated vessel
scaffolds will be thoroughly explained (Scheme 1).
Furthermore, recent advances in several blood vessel
fabrication strategies will be discussed. It is anticipated
that this work will provide insights for the develop-
ment of blood vessel engineering to support large-
scaled tissue engineering in the future.

2. Materials

Several vessel fabrication strategies require scaffolding
to provide support during vessel formation and
maturation even though scaffold-free strategies
including spheroid or cell-sheet technologies are also
available [12]. Hydrogels have been widely used as
a material for vasculature scaffold fabrication because
they share similarities with native ECM including high
biocompatibility, high water retention capacity, high
permeability, and have viscoelastic properties [8,12].
They can be formed by physically and/or chemically
crosslinking hydrophilic polymers from natural and
synthetic sources, which advantages, disadvantages,
and possible modifications of different hydrogel mate-
rials are summarized in Table 1. However, some
hydrogel materials possess relatively weak mechanical
properties, leading to difficulties when processing into
a defined structure, especially fabrication of hollow
channels [4]. Hydrogels of both natural and synthetic
origin can be combined to maintain cell-instructive
and biocompatible properties while adequate mechan-
ical properties are achieved [12]. Furthermore, to ease
the fabrication procedure for a blood vessel structure,
the suitable material should also be selected based on
rheological parameters, such as viscosity [99]. In case
of using bioinks, which is composed of hydrogel mate-
rial and cells, lower viscosity is preferable for main-
taining cell viability as it lowers the shear stress
occurring during fabrication [100].

2.1. Protein-based hydrogels

Hydrogels containing ECM and basement membrane
(BM) proteins such as collagen, gelatin, fibrinogen,
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Scheme 1. Different areas of considerations for biofabrication of engineered blood vessels (created with BioRender.com).

laminin, elastin, fibronectin, and Matrigel® possess
intrinsic bioactivity and cell adhesion ligands to
enhance cell adhesion, proliferation and differentia-
tion [4,5,12]. They can also influence the endothelial
barrier function and tissue remodeling including acti-
vation of avp3 integrin signaling during migration of
ECs to form lumenized structures [5,30]. Collagen and
elastin, which are the main components in ECM, are
responsible for elasticity and stiffness of the tissue and
can provide strength and elasticity in fabricated vas-
cular constructs [8]. Homogenization and sonication
of crosslinked collagen sponges result in high water-
dispersible collagen microfibers, which is reported to
guide cell alignment inside hydrogels and on scaffolds
by acting as a micro-sized scaffold for cell adhesion.
This alignment can be easily controlled by shear stress
compared to a 6 mg/mL collagen hydrogel that
requires manipulation of the casting mold strain
[13,14]. Furthermore, ECM and BM-derived proteins
can provide binding sites for several GFs responsible
for the formation of new blood vessels during angio-
genic sprouting and for BM remodeling [6,12]. Even
though ECM protein-based material is present with
proteolytic degradable sites, their degradation rate is
difficult to control, resulting in an inability to with-
stand high stress and pressure while maintaining the
lumen structure of blood vessels [8,12]. During in vitro
culture, highly glycosylated adhesive molecules in nat-
ural ECM can interact with bioactive molecules and
protein components in the cell culture medium, affect-
ing the cell function and microenvironment. In some
experiment settings, the mentioned interaction can
hinder the analysis of target parameters [30]. To over-
come these limitations, plastic compression, chemical
modifications, and fabrication of hybrid scaffolds with
polysaccharides or synthetic components can be

performed [8,12,86]. In the case of synthetic polymers,
poly(ethylene glycol) (PEG) is usually incorporated
with ECM proteins, such as fibrin and collagen
[101,102]. Furthermore, hydrolysis of collagen results
in gelatin, which is also a widely used ECM-based
material that still possesses many characteristics of
collagen such as providing cell adhesion sites and
matrix-metalloproteinase (MMP) degradation sites.
However, phase transition of gelatin hydrogels occurs
at 37°C so it cannot form gels in in vitro and in vivo
conditions [12,34]. Methacrylated gelatin (GelMA)
has become popular due to its excellent biocompat-
ibility and biodegradability, and ability to tune its
mechanical properties by changing crosslinking con-
ditions. The crosslinking mechanism, which occurs
when exposed to light irradiation in the presence of
photoinitiators, allows a wide range of applications on
several 3D printing platforms. There have been several
publications regarding GelMA-based composite mate-
rials to date, where their light-induced crosslinking
ability complements the characteristics of other mate-
rials [34]. Additionally, tropoelastin (Tro), which is
the form of elastin before native enzymatic crosslink-
ing, can be modified with methacryloyl groups to
synthesize photo-crosslinkable MeTro [18]. Lee et al.
mixed human-recombinant-derived MeTro with
GelMA as a new biomaterial approach for 3D bio-
printing of vascularized soft tissues. Incorporation of
MeTro in the widely used GelMA improved elasticity
and stability of the printed hydrogel structures. It was
demonstrated that the degradation of printed GelMA
constructs is faster than printed MeTro constructs due
to the greater MMP-sensitiveness of GelMA [19].
These examples demonstrate that several ECM-
derived molecules can be modified for vascular con-
struct fabrication by photo-crosslinking.
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2.2. Polysaccharide-based hydrogels

Apart from proteins, ECM also contains glycosamino-
glycans (GAGs) such as hyaluronic acid and heparin.
These polysaccharide molecules can bind to GFs, inter-
act with cell-surface receptors, and are degradable by
enzymes. However, they require additional modifica-
tion with biologically functional molecules such as
small peptides or protein domains to encourage cell
adhesion and microenvironment remodeling [12].
Hyaluronic acid (HA) is a non-sulfated GAG that can
form receptor-ligand interactions with ECs via CD44
to promote cell proliferation and migration but has
difficulty forming gels and exhibits fast degradation
[40,99]. It has been reported that HA oligosaccharides
exhibit anti-coagulation and endothelialization proper-
ties, allowing their emerging application by immobili-
zation on vascular graft surfaces [41,42]. HA can also be
used with other materials such as gellan gum (GG) and
collagen to enhance cell adhesion properties and gain
more control of the mechanical properties and degra-
dation rate [40,43]. Furthermore, HA can be acrylated,
modified with arginine - glycine - aspartic acid (RGD)
moieties, and polymerized using a thiol crosslinker with
matrix metalloproteinase (MMP)-sensitive peptides to
increase its bioactivity [12,44]. On the other hand,
heparin contains many sulfate groups which contribute
to the overall negative charge available for binding of
GFs. Thus, heparin is widely used for incorporation of
biological cues, and also for the enhancement of hemo-
compatibility on several vascular tissue engineering
scaffolds [12,50,51]. Polysaccharides with origins other
than ECM are also used in tissue engineering applica-
tions due to their sustainable sources and unique char-
acteristics. Sodium alginate (SA), an anionic
polysaccharide derived from brown algae, is widely
used due to its ability to form hydrogels in the presence
of bivalent cations, such as Ca®* [4,54]. Although it is
a biocompatible material, SA is bioinert in that it does
not promote effective human cell adhesion, cell prolif-
eration, and only exhibits partial biodegradation inside
the human body. Hence, sodium alginate is mostly used
along with ECM derived materials such as gelatin
[9,55]. Furthermore, oxidation of SA with sodium per-
iodate to generate aldehyde groups on the chains,
allows control of the degradation rate according to
their oxidation percentages [56,57]. In contrast to SA,
chitosan possesses an overall cationic charge and pro-
vides several amino groups which can react with multi-
ple aldehydes through Schiff’s base reaction [4].
Chemical modification of chitosan side groups includ-
ing amino and hydroxyl groups can improve its solu-
bility in water, although chitosan is originally more
soluble in weak acidic conditions [62]. However, chit-
osan exhibits low angiogenic potential which can be
overcome by the addition of ECM components such
as fibrin [63,64]. Other than SA and chitosan, GG,
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which is a water-soluble polysaccharide of microbial
origin, is also widely used in tissue engineering applica-
tions due to its thermoreversible gelation and shear-
thinning properties. GG bioinks can be easily extruded
while forming a gel by ionic crosslinking with multi-
valent cations, even though they possess a high mole-
cular weight [69,70]. Application of GG as a sacrificial
material for fabrication of pseudo blood vessels was
demonstrated by Matsusaki et al., where GG hydrogels
can be removed by cytocompatible Tris-HCl buffer
[71]. Most of the polysaccharide-based hydrogels can-
not be used by themselves and need further chemical
modification and incorporation of ECM components to
obtain bio-instructive and mechanically stable hydro-
gels for vascular tissue engineering.

2.3. Decellularized extracellular matrix (dECM)

The whole ECM can be decellularized (dECM) and
utilized as a biomaterial, which is applicable for
fabrication techniques of engineered blood vessels
such as 3D printing [103]. Compared to proteins
and polysaccharides, dECM possesses intrinsic
bioactivity and can provide specific tissue and
organ microenvironments, which is beneficial for
stem-cell based vascular engineering strategies
[104,105]. It was demonstrated by Lee et al. that
dECM material prepared from porcine blood vessel
promoted GFs expression, and fibroblast migration
and proliferation compared to atelocollagen [106].
This is due to mixtures of different collagen, proteo-
glycans, glycoproteins, and GFs present in dECM
with unique spatial distribution in each type of tis-
sues and organs that can provide synergistic effect to
cultured cells [74,107]. However, protein and pro-
teomic analysis of human vascular dECM has not
been reported yet. Most of the studies only reported
analysis of porcine-derived dECM materials from
different organs, such as heart, liver, skin, and cor-
nea up to date [104,108]. To utilize dECM as
a bioink, it can be solubilized to acquire the printa-
ble form by enzymatic acidic digestion. At the same
time, optimization of solubilization process is
needed to preserve ECM components including
GFs and low MW peptides [74,106,109]. Collagen
fibrils and BM assembly mainly contribute to the
gelation of solubilized ECM with some contribution
from other ECM components especially heparin
[74,110]. Nevertheless, pure dECM possesses weak
mechanical properties and slow gelation time
[74,111]. Hence, further chemical modification and
incorporation with other materials can be done to
enhance printability. For example, Gao et al. incor-
porated porcine vessel-derived dECM bioinks, with
alginate hydrogel to enhance mechanical properties
and balance matrix stiffness. This dECM-based
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bioink formulation was successfully used in fabrica-
tion of tissue engineered blood vessel by 3D coaxial
bioprinting [75,76]. In the recent work of Isik et al.,
they orthogonally crosslinked bovine aorta dECM
with sodium alginate and tyramine-modified hya-
luronic acid to further enhance mechanical proper-
ties of the bioink [45]. Even though dECM is an
attractive biomaterial, its availability is limited espe-
cially for human donors [74]. Obtaining dECM from
sustainable animal sources is possible, especially pigs
that share anatomical and physiological similarities
to humans [108]. Even though porcine dECM is
possible to cause immune rejection, its safety and
feasibility in a clinical setting has already been pro-
ven by a study from Traverse et al. [74,112].

2.4. Synthetic polymer-based hydrogels and
scaffolds

Hydrogels of synthetic origin have advantages in terms
of improved mechanical properties and controllable
matrix adhesiveness, stiffness, and degradability to
mimic the native vessel microenvironment [30].
Several types of synthetic polymers have been shown
to be biocompatible and provide a suitable degradation
rate and by-products for tissue regeneration [113]. The
implanted synthetic vascular grafts are expected to last
for more than 2 months to allow complete organization
of endothelial cells, especially at the anastomosis site
[113,114]. Modification of PEG into the form of poly
(ethylene glycol) diacrylate (PEGDA), and poly(ethylene
glycol)-tetra-acrylate (PEGTA) allows the polymers to
form hydrogels by photocrosslinking, making them
applicable for UV/visible light assisted printing techni-
ques. To compare, PEGDA is a better candidate than
PEGTA for vascular scaffold fabrication due to its avail-
ability of multiple crosslinking sites [77]. Another inter-
esting candidate is  Pluronic®,  which is
a polyoxyethylene - polyoxypropylene — polyoxyethy-
lene (PEO-PPO-PEO) amphiphilic triblock copolymer
with a unique thermoreversible gelation characteristic at
4°C. It is usually used as a sacrificial material for fabrica-
tion of vascular channels, but its low liquid transition
temperature limits its application to 3D printing tech-
niques other than extrusion-based printing [77].
Recently, poly(N-acryloyl glycinamide) (PNAGA)-
supramolecular hydrogels have also been introduced as
candidates for bioink formulation due to their favorable
mechanical properties and stable swelling characteristics
[83,84]. It was reported that PNAGA synthesized from
25wt% N -acryloyl glycinamide (NAGA) possess high
fracture energy of over 1000 J.m > and remained stable
in shape even after immersion in deionized water for 24
hours [83]. In a study by Liang et al., PNAGA-based
hydrogel ink has been prepared via incorporation of
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reversible hydrogen bonds of N-acryloyl 2-glycine
(ACQG) into GelMA hydrogel networks and mixed
with nanoclay to demonstrate fabrication of tubular
structures with tunable diameters from 0.5 to 3.0 mm
[85]. On the other hand, degradable synthetic polymers
such as poly(lactide-co-glycolide) (PLGA), polylactide
(PLA), poly-L-lactic acid (PLLA), polycaprolactone
(PCL), and polyglycolic acid (PGA) can be electrospun,
cast, patterned, or 3D printed as scaffolds with high
mechanical durability for wvascular engineering
[6,92,115]. PGA is especially noted for its elasticity and
ability to promote neovascularization [86,87].
Composite scaffolds can be prepared by blending syn-
thetic polymer with natural polymer prior to electro-
spinning, or coating and grafting electrospun constructs
with natural polymers to improve their bioactivity
[43,50,116,117]. Even though synthetic polymers pos-
sess tunable crosslinking, some points on crosslinking
design should be considered. Especially, to maintain
structural integrity when swelling occurs and maintain
desirable degradation rate in presence of hydrolytic
crosslink cleavage. Physical and mechanical properties
should also be characterized during the swollen state to
prevent obtaining inaccurate results [4]. Synthetic
hydrogels and scaffolds are mostly modified with cell-
adhesion moieties or incorporated with ECM-based
hydrogels to improve ECs viability, spreading and pro-
liferation that eventually results in the successful
endothelialization of fabricated 3D tissue constructs.

3. Physical and chemical properties, and
incorporation of biological cues

To ensure successful vascular engineering, several phy-
sical and chemical parameters affecting the vascula-
ture’s function need to be optimized. Biological cues
including GFs and ECs can also be incorporated in the
scaffolds as they play a major role in vascular modeling,
especially after implantation in vivo. In this section,
these parameters will be discussed as a guideline for
designing and characterizing engineered blood vessels.

3.1. Mechanical properties

3.1.1. Burst pressure, elastic modulus, and stiffness
Optimal mechanical properties in macro-scale, micro-
scale, and nanoscale are essential for maintaining blood
vessel structure, cell attachment, and cell signaling.
Burst pressure, compressive modulus, tensile strength,
and elastic modulus of the fabricated structure should
be adequate to prevent shrinkage or narrowing of blood
vessels in the presence of blood flow pressure (80-120
mmHg at physiological condition) and the presence of
surrounding cells [99,118]. Perfusion of vascular grafts
can generate internal pressure, where the highest
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pressure that the structure can withstand before failure
is defined as burst strength: Py, = 0, X t /1, where oy
is yield stress, t is wall thickness, and r is radius of the
graft [99]. Furthermore, when the tubular engineered
vasculature is embedded inside the tissue, there will be
an external force that acts towards the vessel wall that
may result in scaffold collapse if the scaffold strength is
insufficient [103]. Uniaxial compressive modulus,
which is correlated to elastic modulus of native vascular
structures, is mostly in the MPa range. However,
hydrogel-based structures usually possess lower com-
pressive modulus values in the kPa range [119].
Reinforcement strategies for hydrogels such as the
incorporation of nanomaterials and microporous scaf-
folds make it possible to overcome these limitations [8].
For example, Wu et al. incorporated montmorillonite
(MMT) nanocomposite in a gelatin-alginate bioink that
achieved an elastic modulus of 25.8 MPa, which is
similar to the native mammary artery, and a burst
strength of 3,196 + 1,264 mmHg, which is greater than
physiological blood flow pressure [120]. To develop
vascular scaffolds with an elastic modulus and stiffness
similar to native vessels, which range from 1 to 4 MPa
and from around 10kPa to 1.5 MPa respectively, the
optimal concentration of material compositions as well
as crosslinking strategies need to be investigated
[103,118]. Mechanical properties of vessel equivalents
should be designed to match the physiological values
because they can affect ECs survival, proliferation, and
their specific characteristics at the microenvironmental
level [5]. For example, stiffness of vascular scaffolds can
be adjusted by introduction of different crosslinking
strategies. Duan et al. developed a pH-responsive dou-
ble network HA hydrogel consisting of vinyl double
bond and Schiff base crosslinking. The change of pH
from 7.4 to 5 can decrease crosslinking degree by
degradation of Schiff base crosslinking, causing the
compression modulus to decrease from 15.77 +3.96
kPa to 4.8 £ 1.35kPa [46]. Nevertheless, precaution
should be taken to avoid the loss of the endothelial
phenotype through endothelial-to-mesenchymal tran-
sition in the presence of material with a high stiffness,
which is correlated to elastic modulus [121]. It was
demonstrated by Zhang et al. that ECs could not
attached on poly(L-lysine)/hyaluronate acid polyelec-
trolyte film with lower stiffness of 196 + 41 kPa but can
maintain ECs phenotype at elastic modulus of 317 + 30
to 431 + 39 kPa. However, when substrate elastic mod-
ulus reaches 491 + 63 kPa, ECs lose expression of CD31
endothelial markers [122]. Endothelial to mesenchymal
transition can also be mediated through TGF-p cyto-
kine, while the sensitivity and signaling can be adjusted
by several mechanical contributors including lumen
wall stiffness, strain, and flow shear stress [123].
Vascular BM, which is the structure underlying the
vascular endothelium, provides several biophysical
cues to the ECs [118]. The response of ECs to substrates
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are mediated by their integrins, where endothelial per-
meability, cell morphology, and cell migration are
enhanced depending on substrate stiffness. On stiff
substrates, intracellular contractile forces are promoted
through a Rho-associated signaling pathway, causing
cell-cell junctions to be pulled apart and increase cell
permeability [7]. On the other hand, increased expres-
sion of MMP-2, 9, 13 and 14 reduces the ECM stiffness
to allow microvessel sprouting during angiogenesis
[124]. It has been reported in the literature that ECs
form more focal adhesion and exhibited a more spread
morphology on stiff substrates (20 kPa-2 MPa) than
soft substrates (1-5kPa) in 2D conditions
[118,123,124]. However, when ECs complete the estab-
lishment of cell-cell contact, the difference between cell
morphology on substrates with low and high stiffness
disappeared [123]. Interestingly, ECs exhibit a more
spread morphology in the presence of softer 3D sub-
strates, which is the opposite to the presence of 2D
substrates [118]. This happens due to the ability of
ECs to migrate and assemble into microvascular struc-
tures [118,124,125]. To gain control of cell adhesion,
cell migration, and vessel permeability on the engi-
neered blood vessels, scaffold matrix stiffness can be
adjusted by varying polymer or crosslinker concentra-
tions of their components. Other factors that influence
ECs behavior including scaffold density and pore size
may also be changed accordingly [6].

3.1.2. Surface topographies

Other than stiffness, the BM can also influence the
formation of endothelium through its topography
[118]. ECs can sense topographical features in micro
and nanoscale including basement membrane rough-
ness, thickness, pore architecture, and fiber alignment
then change their cellular behavior through mechano-
signaling [121]. Thus, different behaviors such as cell
elongation, cell alignment, chemokine secretion, ECM
production, and tissue remodeling capacity can be
regulated through adjustments of scaffold topography
[6]. In native blood vasculatures, ECM proteins and
vascular membranes provide surface topographies
through fibrous and porous structures where collagen
I fibrils with diameters of 20-200 nm are assembled
into larger collagen bundles with diameters of 1-20
pum [124]. The topography of vessel BM is also
a complex meshwork of pores and fibers within the
dimensional range of 100-1000 nm that can influence
cellular behavior without depending on external bio-
chemical factors [124,126-128]. In biomimetic blood
vessel engineering, scaffolds with designed fibrous and
porous structures can control cytoskeletal reorganiza-
tion of ECs by regulating integrin binding and focal
adhesion complex formation [124]. For example, layer-
by-layer assembled electrospun nanofilms with greater
roughness present inhibiting effects on adhesion of
human umbilical vessel endothelial cells (HUVECs)
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[121]. In the case of porous structures, the pore size of
vascular support scaffolds can be adjusted to control
vessel invasion to adjacent tissue constructs [86]. It was
demonstrated by Yu et al. that PEG hydrogels with
a larger pore size (50-150 um) allow vascular ingrowth
within the material volume while hydrogels with
a smaller pore size (25-50 um) only support vascular-
ization at the surface [129]. Furthermore, scaffold pore
architecture and fiber orientation could provide micro-
patterns for ECs alignment during regeneration of vas-
cular structures. Uniaxially aligned and highly
interconnected pores have been shown to promote
cell-cell interactions, when compared to randomly
oriented pores (Figure 1(a))[6,130]. Different strategies
such as electrospinning of aligned fibers and introduc-
tion of collagen fibers to cells have been applied to
guide ECs alignment and their interaction to form
capillary-like structures so far [132-134]. Control on
ECs orientation is especially necessary for fabrication of
tissue-specific structures with highly organized vascu-
latures such as in skeletal and smooth muscles [13]. For
example, as mentioned in Section 2.1. Liu et al. used
aligned collagen microfibers (CMF) with length of 20
pm to control ECs orientation, induce luminal capillary
formation, and achieve aligned capillary network
(Figure 1(b)). Because the microfibers are purely
made of collagen, ECs can interact and adhere to
CMF via integrin f1 molecules as shown in the immu-
nostaining images of Figure 1(b). Interestingly, signifi-
cant aggregation of CMF with longer length of 200 pm
occurred, which leaded to less capillary formation and
no interconnection compared to their shorter counter-
parts [13]. On the other hand, melt-electrospun net-
works of PCL needed fibronectin coating to facilitate
ECs adhesion. In the study conducted by Bertlein et al.,
PCL networks with different pore sizes all guided newly
forming microvasculature orientation at day 3
(Figure 1(c)). However, the microvessel became non-
oriented and migrated towards the pore volume in case
of larger pore size at day 7 (Figure 1(c)) [94].
Independent control on collagen fiber anisotropy and
directionality can also be achieved by utilization of
a non-uniform microfluidic channel network, as
demonstrated by Ahmed et al. in their collagen micro-
engineering attempt (Figure 1(d)). This presents
a potential production method for manufacturing
directional defined 3D gels applicable as flow channels
such as vascular microenvironment models [131].
Control of scaffold surface topography is also possible
by other fabrication techniques including soft lithogra-
phy and laser photolithography. However, this
approach is mostly utilized for the purpose of micro-
vascular network formation and guidance [124].

3.1.3. Shear stress
Intraluminal shear stress on ECs is a key mechanical
stimulus for vascular adaptation and maintaining
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vascular homeostasis from microvessel sprouting,
cell-cell interactions, cell alignment, endothelium per-
meability, and vessel maturation [6,123]. The shear
stress participates in vasculature remodeling where
high shear stress increases wall thickness and diameter
and low shear stress reduces vessel diameter to main-
tain the luminal shear force at a physiological level
[99]. Definition of blood vessel wall shear stress is the
frictional force per unit area, which can be explained
through the Hagen-Poiseuille equation: shear stress
(1) = 32nQ/nd®, where 1 is mean viscosity, Q is mean
blood flow rate, and d is the vessel diameter [99]. In
physiological conditions, the normal level of time-
averaged shear stress is ~1 Pa in the aorta, ~5Pa in
arterioles, ~2 Pa in venules, and ~0.1 Pa in the vena
cava [118]. A healthy wall shear stress of ~1.2Pa
produced by laminar flow is reported to resist accu-
mulation of lipids, which is associated with athero-
sclerosis [123]. However, shear stress throughout the
same vessel can be varied markedly according to geo-
metric features such as vessel curvature and branching
[118]. At the same time, branching of vessels accord-
ing to Murray’s law occurs to maintain homogeneous
wall shear stress during hemostasis [9,135]. Increasing
shear stress results in capillary sprouting, while reduc-
tion of shear force results in capillary retraction [7].
When the flow shear stress is at a non-physiological
level, it will result in cell cytoskeleton disassembly,
leaky vessel walls, and inflammatory responses [6].
A multi-complex unit of cytoskeletal remodeling and
adjustment of barrier functions has been activated
through the NOTCH1-mediated mechanosensitive
pathway in ECs, taking place at the flow sensing com-
plex located at EC junctions including VE-cadherin,
VEGFR?2, and CD31 [7,123]. Recognized by the flow
sensing complex, laminar flow encourages expression
of eNOS and production of nitric oxide (NO), while
disturbed flow results in oxidative stress and inhibits
NO production [123]. Other than expression of eNOS,
shear stress from blood flow and electrochemical sti-
mulation also manages the expression of VEGF-A
and angiopoietin in ECs and pericytes that stimulate
survival, proliferation, and migration of ECs
[124,136-138]. Furthermore, laminar and steady
blood flow influences the morphology and alignment,
where ECs are elongated in the direction of flow and
control flow shear stress by spreading to increase cell
surface area [118,124]. The effect of flow on cell mor-
phology is also dependent on cell stiffness sensing. ECs
alignment required only 0.6 Pa shear stress on 10 kPa
substrates, while 2.2 Pa shear was required on 100 Pa
substrates. On the other hand, the spreading of ECs
only slightly increased with flow shear on 10 kPa
substrates, while the cell spreading markedly increased
in the presence of 100 Pa substrates at shear stress
above 1.2Pa [123,139]. In a study of perfusable 3D

microvascular networks on a chip, it was
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Figure 1. Effect of scaffold surface topologies on ECs cellular orientation (a) SEM images showing cross-sections of collagen scaffolds
with different pore orientations at lower and higher magnifications (left), fluorescence images of HUVECs, both in mono- and co-
culture with osteoblasts (HObs), seeded on porous collagen scaffold with different pore architectures. endothelial cell marker CD31 is
shown in green, actin in red and cell nuclei in blue (right), reprinted with permission from ref [130]. Copyright 2019, Elsevier (b)
Observation of 3D fabricated tissues presented alignment of capillary networks and orientation of ECs to the same direction with
CMFs, scale bars are 200 um in Ph and top right fluorescence image, 50 um in bottom right fluorescence images (left), immunostain-
ing images of integrin f1 suggested that there was an interaction of ECs to CMFs during microvascular formation, scale bars are 20
um (right), reprinted with permission from ref [13]. Copyright 2020, John Wiley and Sons (c) Fibronectin-coated PCL scaffold fibers
with different pore sizes serves as orientation guide for ECs at the beginning of cell culture, while non-oriented microvascular
formation to fill in pore volume can be observed at day 7, scale bars are 200 um, reprinted with permission from ref [94]. Copyright
2018, John Wiley and Sons (d) Anisotropy of collagen fibers were tuned by a microfluidic platform, which affect actin filament
alignment of HUVECs, scale bars are 100 um, reprinted with permission from ref [131]. Copyright 2021, John Wiley and Sons.
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demonstrated that constant blood flow with shear
stress below 10 dyn. cm ™ influences NO synthesis
and ECs cytoskeleton remodeling [5,140]. However,
shear stress of >10 dyn.cm_2 (1 Pa) stimulates micro-
vessel sprouting towards the interstitial fluid flow
through activation of MMP-1. The resulting higher
density of microvasculature then reduces the flow
stress as a part of the angiogenic negative feedback
mechanism [7,141]. In addition, interstitial flow was
reported to participate in controlling morphogenesis
and sprout formation where physiological interstitial
flow (0.1-10 um.s~") could weaken spatial VEGF gra-
dients to provide avp3 integrin-mediated directional
cues against the interstitial flow for microvascular
sprouting [7,142,143]. Furthermore, it was demon-
strated that shear stress of both luminal and trans-
mural blood flow induced angiogenic sprouting
when a threshold of 10 dyn.cm™ (1 Pa) is surpassed
[141]. Other than steady flow, the effect of non-
reversing, reversing, and oscillatory blood pulsatile
flow on cell signaling have also been demonstrated in
some studies [103,118].

Other than intrinsic mechanical properties of vas-
cular scaffolds, external mechanical stimulation can
also be recognized by the ECs and vascular smooth
muscle cells (vSMCs) and act as a mechanosensitive
barrier. These cells are responsible for adaptive mod-
eling during anastomosis of vascular grafts to host
vessels, which results in a state of mechanical home-
ostasis [7]. Mechanical stimulations such as cyclic
strain can result in upregulation of integrin avp3/
avB5 expression in ECs to promote branching of
blood vessels [124,144]. Notably, external cyclic
stretch of physiological range (5-10%) in the uniaxial
direction was reported to markedly promote vascular
growth in a particular direction [6,145]. For example,
muscle induced mechanical stimulation can enhance
MMP expression responsible for EC sprouting and
was mimicked in mechanically constrained hydrogels
to improve microvascular alignment [124,146,147].
Overall, mechanical properties in the larger scale
including elastic modulus and burst pressure, as well
as mechanical properties in the microenvironmental
scale including stiffness, topography, and shear stress
of vascular scaffold, can be tailored to obtain endothe-
lialized, functional, and stable vascular structures.

3.2. Chemical properties

The chemical properties of vascular scaffolds includ-
ing degradation time, crosslinking degree, and swel-
ling, can be controlled by optimization of polymer
concentration and adjustment of molecular interac-
tions within the network [12]. In the case of scaffold
material degradation rate, it should match the ECM
synthesis rate of ECs to provide enough stability for
the engineered vessels, while the degradation product
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should not cause cytotoxicity nor impede blood vas-
culature tissue regeneration [8]. Furthermore, there
will be a change in mechanical properties during
degradation that can influence maturation and orga-
nization of the microvasculature that needs to be con-
sidered during the design and fabrication of scaffolds
[124]. The ability of ECs to migrate and the remodel-
ing of the matrix to form lumen structures is highly
dependent on the degradation of scaffolds including
hydrogels [30]. However, materials with high degrad-
ability result in single-cell migration rather than mul-
ticellular migration, which hinders the tubular
structure formation [30]. In hydrogels, the mechanism
behind their degradation is mainly ion exchange,
hydrolysis, breaking down of crosslinked networks,
and enzyme-induced digestion [8]. When vascular
cells are in the presence of ECM-derived hydrogels,
enzymatic activities are induced to break down the
matrix, leaving biocompatible by-products including
glycolic acid, glucose, and lactic acid [8]. Interestingly,
it has been reported that degraded hyaluronan could
block shear stress-driven spreading of cells on soft
hydrogels (100Pa) up to 2.2Pa of shear force
[123,139]. In the case of ionic crosslinked hydrogels,
degradation activities are difficult to control due to the
reversible gelation mechanism. For example, cations
in a cell culture medium can contribute to the
exchange of divalent cations and dissociation of algi-
nate hydrogel crosslinks [8]. On the other hand, the
hydrolysable linkages in synthetic materials such as
ester and amide bonds can be easily designed, and
adjustments including grafting and copolymerization
with degradable macromers are possible to achieve the
desired degradation rate [4,8]. However, the hydroly-
tic degradation of synthetic hydrogels such as poly-
ethylene  glycol  (PEG)  hydrogels  from
photopolymerization of poly(ethylene glycol) diacry-
late (PEGDA) is relatively slow in vitro and in vivo due
to limited bioactivity to cellular signals and enzymes
[8]. To increase the degradation rate, MMP-sensitive
crosslinkers can be used to increase sensitivity towards
physiological enzymes [4]. This modification allows
matrix metalloproteases (MMP) and plasmin to
break down ECM proteins for the release of angio-
genic GFs, and for ECM turnover during vessel for-
mation [12]. On the other hand, equilibrium between
degradation and stability of matrices can be controlled
by enzyme counterparts such as alpha 2-antiplasmin
and tissue inhibitors of metalloproteinases [12].
Different crosslinking strategies including ionic
and covalent crosslinking can be used on hydrogels
to achieve suitable stiffness, pore size, swelling ratio,
and degradation. Non-covalent crosslinking provides
viscoelastic bonding due to reversible organization of
breaking and reforming interactions between polymer
chains, while covalent bonding provides rubber-like
elasticity on hydrogels [4]. The crosslinking strength
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can be controlled by changing crosslinking agent con-
centration and modification of crosslinking sites on
polymer chains, where the density of crosslinking
bonds markedly affects the mechanical properties of
hydrogels [4,8]. However, an excessive or insufficient
crosslinking degree can hinder cell migration and cell
adhesion [124]. To overcome the challenge of balan-
cing hydrogel crosslinking strength, several studies on
the development of double-network hydrogels have
been published to date [4]. For example, a SA and
GelMA solution blend were ionically crosslinked,
and then exposed to UV for 30 seconds to achieve an
elastic modulus between 15 and 25 kPa. After 10 days
of cell culture, this alginate-GeIMA hydrogel group
showed the highest cell viability and spreading com-
pared to other experimental groups that were exposed
to UV irradiation for more than or less than 30 sec-
onds [100]. Furthermore, incorporating nanomater-
ials that are not participating in crosslinking is also
possible to strengthen the hydrogel and increase the
elastic modulus [4,8].

After fabrication of scaffolds to support blood ves-
sel engineering, surface modification by physical mod-
ification, surface adsorption, plasma treatment, and
chemical modification can be performed to further
improve the surface characteristics of biomaterials
such as hydrophilicity/hydrophobicity and hemocom-
patibility [99,113,148]. The surface of a scaffold mate-
rial should be smooth and possess hydrophilicity to
avoid adhesion and accumulation of platelets, while be
able to interact with vascular cells [121,149,150]. Cell
adhesion on the scaffold surface is also greatly influ-
enced by hydrophilicity where very highly hydrophilic
surfaces have no affinity to protein and resulting in
poor cell adhesion [103]. Precautions should be taken
during surface modification since incorporation of
some highly hydrophilic functional groups may
cause challenges in controlling swelling ratio, resulting
in reduced mechanical strength [148].

To achieve vascular tissue engineered structures
with optimal chemical properties both as a bulk con-
struct and locally at the surface, several strategies can
be applied to the available materials before or after the
printing process. Furthermore, pro-angiogenic cues
can be incorporated into the fabricated structures to
enhance ECs growth, ECM secretion, and maturation
of blood vessel tissue in a shorter period of time.
Following this, requirements related to the printing
process and the final structure are also essential during
the design of vascular scaffold chemical characteristics
to ensure successful fabrication.

3.3. Incorporation of biological cues

Although the fabricated vessel hydrogel scaffolds pos-
sess excellent chemical characteristics, they may still
need angiogenic signaling cues for local environment
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remodeling as occurs in the native vessel basement
membrane [12]. Main vascular angiogenetic GFs
including vascular endothelial GFs (VEGF), platelet-
derived GFs (PDGF), fibroblast GFs (FGF), and angio-
poietins are selectively affinitive at distinct ECM loca-
tions, mostly on fibrin and fibronectin [6,12].
However, fibrin hydrogels have a relatively fast degra-
dation rate that results in a limited time of GFs expo-
sure to surrounding vascular cells. For example, fibrin
hydrogels that were covalently linked to VEGF had
almost all disappeared within 12 days in vivo based on
experimental results from Largo et al. [12,151]. To
overcome this limitation, fibrinolysis inhibitors such
as a2-antiplasmin have been applied to slow down
degradation of fibrin biomaterials and release of
(VEGF)-A and (PDGF)-BB according to Liu et al.
[152]. Furthermore, several mechanisms to improve
sustained release on different hydrogel systems have
thus far been developed and studied including cova-
lent bonding, use of linker molecules, physical adsorp-
tion, and loading into microparticles [86]. In 2013,
prominin-1 derived peptide (PR1P), which is also
known as CD133, was investigated to directly interact
and stabilize with VEGF in endothelial progenitor
cells and was applied to several biomaterials by cova-
lent conjugation to prolong VEGF release [153-155].
Nevertheless, VEGF structural integrity can be com-
promised during the scaffold encapsulation process,
which can be overcome by the use of de novo engi-
neered VEGF-mimic peptide alternatives [156].
Another possible strategy is the introduction of col-
lagen-mimetic peptide tethers (CMP)-mediated GFs
gene delivery to control VEGF activity, which has been
demonstrated to modulate ECs vascular network for-
mation with a larger diameter (up to around 70 um)
and larger volume [157].

Even though different incorporation strategies
have been introduced to achieve controlled release
of GFs, they can become instable over time [158].
However, the required amount of GFs in the
microenvironment can be replenished by secretion
from ECs, which can be added to materials for
engineered blood vessel fabrication [159]. The
selection of ECs needs consideration on heteroge-
neity among different types of blood vessels in
different types of organs, and possible immune
rejection [8,124,160]. Different types of ECs includ-
ing HUVECs, human microvascular ECs
(HMVECs), endothelial progenitor cells (EPCs),
and embryonic stem cells have been utilized in
vascular tissue engineering with HUVECs being
the most prevalent choice [8]. HUVECs are used
in most of the vascular engineering studies due to
their abundant source, non-invasive harvesting
method, and can facilitate capillary remodeling
and connect to host vasculature in an in vivo
study [114,161]. Because of vascular heterogeneity
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in different types of organs as mentioned in
Section 3.1. usage of stem cells and progenitor
cells are beneficial for recapitulation of specific
microenvironments by multipotent differentiation
[160,161]. For example, Gao et al. stated the
importance of EPCs on treatment of ischemic dis-
eases and developed engineered blood vessels to
enhance the survival and differentiation capability
of the cells [76]. Furthermore, perivascular cells
including pericytes, smooth muscle cells (SMCs),
and fibroblasts are usually cocultured with ECs to
assist in stabilizing the newly formed vasculature
by interaction with ECs and secretion of GFs,
MMPs, and ECM secretion [1,13,162-164]. This is
especially beneficial for vascular tissue engineering
for applications in specific types of tissue, where
particular type of fibroblasts were co-cultured with
ECs [130,165]. However, there are still some chal-
lenges on optimization of cell ratio and appropriate
cell culture medium during cocultures [5].

4. Fabrication techniques on 3D engineered
blood vessels

Up to date, there have been several fabrication tech-
niques and strategies with purpose ranging from
controlling cellular orientation to providing scaffold-
ing structures for ECs. For example, microfibers are
mostly utilized to facilitate the orientation of ECs as
mentioned in Section 3.1, while microparticles are
used as encapsulating and adherent platform for ECs
with ability to assemble into larger structures
[13,15,166,167]. Utilization of microparticles was
demonstrated by Twal et al., where HUVECs were
cocultured with human aortic smooth muscle cells
(HASMC:s) inside gelatin microcarriers, then were
assembled into tubular tissue constructs. However,
this approach is limited to construction of tubular
tissues with inner diameter above 2mm [166].
Encapsulation of ECs or other types of cells inside
microcarriers can provide spacing for nutrient deliv-
ery or introduction of angiogenesis to maintain cell
viability and function after implantation as demon-
strated by Correia et al. and Zhao et al. [15,167]. In
the larger scale, there are several challenges to over-
come in creating lumen structures within the vessel
architecture. Templating strategies and needle-based
micromolding allow casting of polymer solutions
into a desired architecture, but it is quite difficult
to maintain the same 3D structure after removal
from the mold [119,168-172]. Subtractive techni-
ques, where a sacrificial material template is
embedded inside a bulk matrix is easier to remove
or dissolve away by temperature variations or sol-
vents [5,56]. These materials can act as a support to
prevent the collapse of channels because of the sur-
rounding hydrogel weight [4]. Furthermore,
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utilization of sacrificial materials with several fabri-
cation techniques including 3D printing and electro-
spinning is possible to acquire luminal structures
with complex architectures. In this section, different
fabrication strategies to achieve engineered blood
vessels with diameter ranging from 100 to 1000 pm
is going to be discussed.

4.1. 3D printing

There are two main categories of 3D printing
according to the incorporation method of cells in
the printing material. In conventional printing, ECs
are seeded onto a pre-shaped structure post-printing.
In 3D bioprinting, the bioinks consisting of cells and
printing material are mixed and printed together to
fabricate a vessel structure [103,173,174]. In bioinks,
the printing material should be able to protect the
encapsulated cells from mechanical forces and other
external factors during the printing process, while at
the same time be printable and possess shape reten-
tion [99]. There are four main methods of 3D print-
ing that are commonly utilized in the literature
regarding the fabrication of blood vessels: inkjet
printing, extrusion-based printing, 3D printing by
photopolymerization, and laser-assisted printing
[5]. These 3D printing techniques have been utilized
in fabrication of blood vessels targeting application
in different types of tissues up to date, which has
been summarized in Table 2.

Inkjet-based printing, especially the commonly used
drop-on-demand type, allows accurate positioning of
the droplets into structures with complex architecture
[77]. During fabrication, the ink with or without cells is
deposited dropwise on the crosslinking substrate or
reservoir using of thermal or piezoelectric actuators
[6,103]. This fabrication method allows low cost and
high-resolution (50 pm) printing but is limited to
bioinks with a low viscosity (around 10 mPa-s and
below) and low cell densities to prevent the clogging
of nozzles [5,6,9]. Furthermore, high working tempera-
tures and mechanical stress during the depositing of
bioink droplets can compromise the viability of cells
[5]. Application of inkjet printing allows both pattern-
ing of ECs deposition and construction of 3D tubular
structures. For example, bioprinting by patterning of
ECs within multilayered 3D human liver tissue chips
was conducted by Matsusaki et al. in 2013 [175]. In
addition, it was demonstrated that droplet-based bio-
printing of alginate hydrogels allows free-form fabrica-
tion of complex constructs such as structures with
bifurcations on a crosslinking and supporting calcium
chloride bath [184]. However, process-induced defor-
mation decreased the resolution of printed structures.
There have been several attempts to improve the reso-
lution of droplet-based printing including improve-
ment of viscosity of CaCl, bath with hyaluronan or
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PVA, and positioning of droplets on substrates such as
gelatin-Ca®* hydrogel and a fibrinogen surface
(Figure 2(a)) [185,189,190]. Nevertheless, inkjet-based
printing is not widely used for vascular tissue engineer-
ing yet because of difficulties to fabricate thick con-
structs and it requires more time to create larger
vascular network structures [56,124].

Extrusion-based printing is another type of 3D
printing and uses pneumatic pressure, mechanical
force, or thermal extrusion rotation to deposit the
bioink loaded in cartridges into a columnar or rod-
like structure [191]. Several parameters such as dis-
pensing force and pressure, extrusion rate, extrusion
volume, and nozzle diameter can be adjusted to con-
trol the printing resolution [6]. However, using small
nozzle diameters as well as highly viscous printing
materials can cause high shear stress that results in
low cell viability retention, which is a limitation for
high-resolution bioprinting. The viscosity of the
bioink should be carefully balanced since a lower visc-
osity can result in structures with poor shape retention
[99]. For example, bioprinted cell-laden strands with
5% GelMA concentration exhibited a lower elastic
modulus (<1 kPa) and resulted in non-uniform struc-
tures compared to constructs printed with 7-15%
polymer concentrations [192]. However, it is still chal-
lenging to fabricate a structure that does not collapse
without supporting materials. Use of suspension baths
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or a supporting bath allows the bioink to be wrapped
and held by the surrounding material to prevent grav-
ity-induced deformation. The supporting reservoir
can be a crosslinking solution, sacrificial ink, or soft
granular gels. There are emerging trends in the devel-
opment of granular gel baths due to their ability to
support ECM-based printing, which is fragile and
requires a longer gelation time, into highly complex
large-scale structures (Figure 2(b))
[4,115,186,193,194]. Furthermore, core-shell bioprint-
ing or coaxial deposition can be implemented with
extrusion-based printing to design tubular structures
with controllable diameters [115]. This approach
allows instantaneous crosslinking during the extrusion
process and simultaneous printing of core and shell
structures applicable for fabrication of multi-layered
vascular structures [5]. For example, SA-based hydro-
gels can either be extruded in a partially crosslinked
form as a shell structure or extruded from an inner
nozzle in the presence of a CaCl, solution flow sheath
from the outer nozzle [195,196]. Co-axial extrusion-
based 3D bioprinting also allows fabrication of self-
standing tube constructs without support and have
been reported in several publications [197-200].

To avoid direct contact with the printing material
during the printing process, photopolymerization has
been widely implemented with 3D printing platforms.
This 3D printing approach can overcome the
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Figure 2. Schematics of 3D printing techniques for fabrication of engineered blood vessels (a) Droplet-based printing of alginate
ink on a gelatin hydrogel substrate loaded with CaCl,, reprinted with permission from Ref. [185]. Copyright 2011, John Wiley and
Sons (b) Cell-embedded extrusion printing of fibrinogen in granular gel bath loaded thrombin solution to form fibrin hydrogel,
reprinted with permission from Ref. [186]. Copyright 2023, John Wiley and Sons (c) Working mechanism of DLP- based and SLA-
based printing, adapted with permission from Ref. [187]. (d) Schematic representation of LAB technique, which was used for

patterning of ECs, reprinted with permission from Ref. [188].
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limitations of soft lithography molding for microchan-
nel fabrication, which allows tubes and branched
channels to be fabricated in the scale of 50-200 um
but results in non-physiological rectangular channels
[4,6,124]. A similar limitation was also found in the
use of photodegradation or photoablation-based 3D
printing, where subtractive fabrication of complex
structures using focused laser beams to create chan-
nels mainly resulted in an oval or rectangular cross-
section due to the difficulties in controlling the z-axis
resolution on the light path [4,115]. 3D printing tech-
niques such as digital light processing (DLP), stereo-
lithography (SLA), and two-photon polymerization
(2PP) allow printing of high spatial resolution struc-
tures via curing photo-sensitive synthetic polymers in
the presence of a liquid-based supporting phase
[115,187]. DLP-based 3D printing can pattern the
photo-sensitive material using a digital micro-mirror
device (DMD) in a layer-by-layer manner, allowing
fast fabrication of 3D constructs with high spatial
resolution up to micrometer scales [56,187,201]. On
the other hand, SLA is carried out by using a laser
beam to trace line profiles or projecting light in con-
tinuous small pixels on the specified layer to induce
crosslinking of the printing material (Figure 2(c))
[6,115,187]. Compared to DLP and SLA, the 2PP
fabrication technique provides a markedly higher spa-
tial printing resolution but there are still some limita-
tions on printing structure size, printing speed and
2PP-compatible bioinks [115]. Nevertheless, this type
of 3D printing has been applied for patterning of RGD
moieties for regulating ECs migration, organization,
and micro-vessel growth in several studies [124].
Overall, 3D printing by photocrosslinking eliminates
the mechanical stress generated from the extrusion
presented in droplet-based and extrusion-based 3D
printing strategies. However, there have been some
reports that oxidative stress from light sensitive moi-
eties and exposure to light sources can compromise
cell viability and proliferation [5].

There has been recent emerging interest in the use of
laser-assisted bioprinting (LAB) for fabrication of vas-
cular constructs or vascular channels. The mechanism
of this technology is based on projecting a pulsed laser
beam on the donor slide on top of an energy-absorbing
layer, while the resulting shockwave allows the bioink
underneath to be deposited dropwise on the collector
slide [5]. The ability to print of printing highly viscous
bioinks, availability of nozzle-free strategies, and high
precision (5-10 um resolution) are the attractive factors
of this approach [5,77]. This method has been mostly
used in the organization of capillary vascularization in
a defined pattern [180,188,202]. For example, Koch
et al. used LAB techniques to print ECs as a 2D pattern
of a grid or lines on Matrigel® where capillaries with
a lumenized structure of ~ 30 to 100 um diameters were
formed after 24 h (Figure 2(d)) [188]. Furthermore,
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in situ patterning of ECs within a mouse calvaria defect
was shown to be possible using this printing technique
[180]. LAB can also be used implementation to con-
struct mouse fibroblast cell-laden 3D alginate tubular
structures with a diameter of 5 mm without any sup-
porting structure by the drop-on-demand approach, as
demonstrated by Xiong et al. in 2015. However, the
post-printing cell viability inside Y-shaped tubes was
only 68.1% immediately after printing and 70.8% after
24 h of incubation [203]. Better cell viability should be
achieved for this fabrication technique to be further
applicable to ECs printing and for ECs proliferation
and vascular ECM secretion. Photonic cell damage,
possible cell sedimentation, high cost of printing equip-
ment, and limited scalability can explain the lack of
demonstration of this method for implantable vascular
constructs to date [5,77].

Nevertheless, there are still some challenges on
fabrication of 3D printed tubular structures with com-
plex architectures, including deformations or collapse
without supporting materials. To overcome this lim-
itation, combination of this 3D printing technique
with sacrificial materials such as carbohydrate-glass
lattice, PVA, gelatin, and Pluronic F127 allows
fabrication of perfusable and stable channels
[35,178,204-206]. The sacrificial materials should be
easily removed by dissolving or temperature-
dependent phase change. For example, Ryma et al.
demonstrated the use of thermoresponsive poly
(2-cyclopropyl-2-oxazoline) (PcycloPrOx) for melt-
electrowriting of physiological-like branching struc-
tures within different types of hydrogels [135]. Most
of the sacrificially fabricated vascular channels are
seeded with ECs afterwards, where SMCs or fibro-
blasts can be incorporated in the bulk volume of
surrounding materials to mimic the in vivo vascular
microenvironment [1,176]. Compared to other types
of 3D-printing, sacrificial materials are mostly com-
bined with extrusion printing techniques (Table 2).

4.2. Electrospinning

Fabrication of vascular scaffolds by electrospinning
polymer solutions results in native ECM-like fibrous
and porous nanoenvironments which are essential for
maturation of vascular tissues [5]. Dispensing polymer
solutions through a strong electrical field allows nano-
to microscale fibers to be drawn, where pore size, fiber
diameter, and fiber alignment can be precisely con-
trolled [4]. A wide range of synthetic and natural
materials are applicable to this technique and can be
dispensed together to form composites using several
tailored strategies such as co-electrospinning, coaxial
electrospinning, and sequential electrospinning
[6,207]. Synthetic polymers provide higher mechani-
cal durability to constructs, while electrospun fibers
could be functionalized or grafted with different
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moieties such as peptides, GFs or drugs to increase
bioactivity and provide therapeutic capabilities [5,6].
Moreover, coaxial electrospinning allows fabrication
of tubular structures with thicker walls and with sev-
eral layers [5,95,208,209]. In 2020, Yan et al. fabricated
double layered tubular constructs with an inner and
outer diameter of 4 mm and 6 mm by electrospinning
of eggshell membrane (ESM) and thermoplastic poly-
urethane (TPU). ESM, which is a fibrous structure
similar to ECM, was functionalized with dopamine
and heparin, and enhanced the adhesion and prolif-
eration rate of HUVECs [210]. Combining electro-
spinning constructs with hydrogels such as
nanofiber/hydrogel core/shell scaffold is also possible
to provide a moisturized microenvironment and allow
infiltration of perivascular cells [50,116]. However,
this fabrication technique requires more time to fab-
ricate long vascular constructs and the resulting pore
size and fiber density may impede cell infiltration
inside the structure. Several modifications of electro-
spun scaffolds such as surface treatments and coupling
with a laser cutting fabrication method can overcome
the aforementioned issues regarding porosity [5,211].
Apart from solution electrospinning, there is another
variation of electrospinning called melt electrowriting
[116]. In this electrospinning approach, polymer melts
were used instead of solutions, which improves the
degree of precision on fiber deposition due to lower
electrical conductivity and higher viscosity. However,
the choice of material applicable to this technique is
limited to synthetic thermoplastics [212]. It is also
possible to combine electrospinning with other fabri-
cation strategies such as sacrificial methods and melt
electrowriting. It was demonstrated that dual electro-
spinning with sacrificial poly(ethylene oxide) (PEO)
fibers and electrospraying of sacrificial PEO micropar-
ticles can increase cell infiltration within electrospun
scaffolds [213,214]. Furthermore, combination of
solution electrospinning with electrowriting makes it
possible to adjust the electrospun scaffold mechanical
properties to match native vessels from different
organs. The recent publications regarding electrospin-
ning vascular scaffolds from 2022 onwards mostly
consider attempts to optimize endothelialization and
in vivo model studies [96,97]. Nevertheless, the lumen
diameter of tubular constructs fabricated by electro-
spinning in general are limited to larger (mm) scales.
One possible direction for fabrication of multi-scale
engineered vasculatures is to combine 3D printing
with electrospinning techniques.

4.3. Decellularization of blood vessels from
donors

Compared to other fabrication strategies, decellulari-
zation of blood vessels from different allogeneic or
xenogeneic sources can provide a scaffold structure
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full of native biomolecules, GFs and topography read-
ily for ECs cell seeding [107]. It is important to empha-
size that the obtained dECM will not be solubilized for
this purpose, which is different to what was mentioned
in Section 2.3. The objective of decellularization is to
prepare a scaffold with compatible shape for specific
types of blood vessels including carotid artery, aorta
artery, internal mammary artery, umbilical artery,
saphenous vein, coronary artery, femoral vein, and
the vena cava without immunological responses
(88,215-223]. During decellularization, donor cells
and DNA were removed from the ECM by a variety
of techniques and then replaced by autologous ECs
before transplantation [224]. Several publications have
reported different decellularization protocols includ-
ing use of ionic and non-ionic detergents, osmotic
pressure gradients, enzymes, chelating agents, and
dehydration [212]. The criteria of tissue decellulariza-
tion is that the tissue samples must contain less than
50 ng dsDNA per mg of dry ECM and the residual
DNA fragment lengths must be less than 200 base
pairs. Moreover, DAPI or H&E staining of sample
sections should not show any visible nuclei
[212,225]. At the same time, the decellularization pro-
tocols should allow the preservation of native ECM
characteristics such as composition, architecture,
topography, and mechanical properties which contri-
bute greatly to enhancing vascular cell proliferation
and vessel maturation [6]. A widely used protocol of
vascular decellularization by with
(3-((3-cholamidopropyl) dimethylammonio)-1-pro-
panesulfonate) (CHAPS) buffer and sodium dodecyl
sulfate (SDS) was established by Gui et al., where
decellularized umbilical arteries could support
endothelialization and remained functional in vivo
for up to 8 weeks [226]. Moreover, vascular cells
could be grown on an engineered scaffold to form
ECM available for implantation in patients, then
decellularized to eliminate possible immune
responses. For example, human SMCs were seeded
on PGA scaffolds to produce vascular ECM before
the structure was subjected to decellularization. This
product is currently commercially available for treat-
ment of chronic hemodialysis in end-stage renal dis-
ease [227]. Decellularized blood vessels derived from
different organs of different species are currently avail-
able for clinical use as summarized by Wang et al.
[228]. However, the limitation of this scaffold fabrica-
tion technique is lack of sustainable resources, diffi-
culties in establishing a reproducible protocol, batch-
to-batch variations, and possible alterations of ECM
characteristics [6]. Most of the resulting vessels from
this approach are also limited to mm-scale inner dia-
meters, where constructs with the smallest dimensions
have inner diameters of around 1 mm [229,230].
Nevertheless, there are continuous developments in
the areas of decellularized vascular grafts such as

treatment
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comparison of scaffolds from different origins and
further clinical investigation of long-term endothelia-
lization [231,232].

To conclude, 3D printing strategies especially
extrusion-based and photo-crosslinking based techni-
ques, enable fabrication of microvascular structures
within the scale of 100-1,000 pum, that are crucial for
establishing cell viability within large-sized (mm-
scale) tissue constructs. Droplet-based 3D printing
still faces limitations of long and complex fabrication
procedures for larger vessel networks, and printing
resolution that it is not very widely applied compared
to the other two 3D printing techniques.
Electrospinning and decellularization techniques are
also widely used, but they are only available for fabri-
cation of vascular scaffolds with an inner diameter of
1 mm or larger.

5. Conclusion and future perspectives

It is still challenging to fabricate vascular scaffolds
using ECM-based hydrogels with optimal biological
functions and mechanical properties at the same time,
where the implanted engineered vascular constructs
need to withstand the pressure from surrounding cells
[9]. Several strategies such as incorporation of nano-
spun fibers, porous scaffolds, and nanomaterials are
required for fabrication of load bearing, durable scaf-
folds. To optimize endothelialization and vessel
maturation of vascular grafts, precise control of the
topography and surface chemistry are essential, espe-
cially to the remodeling process by cells after implan-
tation. Then, mechanical properties of both macro and
micro scale including compressive modulus, elasticity,
shear stress, and stiffness should be thoroughly exam-
ined to ensure physiological endothelial cell biome-
chanics and stability of the overall structure.
Sometimes, bioactivity of the engineered vascular scaf-
folds of synthetic and natural origins is insufficient
and immobilization of GFs is required for neovascu-
larization induction. To establish a mm-size engi-
neered tissue without necrosis within the structure,
the scale of the vascular structure should be in the
range of 100-1,000 um, which has thus far been mostly
achieved by extrusion-based 3D printing and 3D
printing by photocrosslinking. As the native small
vasculature branches into smaller capillaries, fabrica-
tion strategies of multi-scale vasculature are also
necessary [233]. Within the engineered blood vessel,
the luminal structure can be achieved using fabrica-
tion strategies such as co-axial sacrificial 3D printing.
Furthermore, important blood vessel characteristics
such as molecular size exclusion properties, contribu-
tion to surrounding cell viability, and hemocompat-
ibility should be confirmed to assess the functionality
of the resulted engineered vasculature.
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Several studies regarding fabrication of engineered
blood vessels are still focused on demonstrating the
advantages of the newly developed techniques and
in vivo implantation to confirm biocompatibility and
tissue integration but lack thorough characterization of
the functionality. Moreover, most of the fabricated vas-
cular systems co-cultured with organ-specific cells
in vitro require complicated perfusion systems with
high maintenance costs to support nutrient distribution
within the construct. Development of 3D-printed arti-
ficial blood vessel fibers that can perform the functional
responsibilities of native blood vessels is a promising
concept to overcome the addressed limitations of perfu-
sion systems. For example, the supplementation of oxy-
gen, nutrients, as well as GFs of blood vessel-mimic
constructs as well as their tissue remodeling capabilities
and scaffold degradation profiles should be carefully
monitored for more than 2 weeks to ensure their applic-
ability as biomedical models or implants [234-236].

To date, most of the tissue-engineered grafts are
still under research or in clinical trials and have not
been commercialized yet, resulting in a lack of cover-
age of characterization standards for cell-based pro-
ducts in the ISO 7198:2016 regulations regarding
vascular prostheses [237]. Because of that, most of
the commercialized products are synthetic grafts and
decellularized blood vessels, which are mostly limited
to constructs with larger diameters [99,228]. Further
establishment of standards for cell-based graft pro-
ducts from the production process to clinical or indus-
trial applications is still a work in progress.
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