PUBLISHING PTE. LTD.

International Journal of Bioprinting

*Corresponding authors:
Jun-Nan Tang
(fectangjn@zzu.edu.cn)
Jing-An Li
(lijingan@zzu.edu.cn)
Jin-Ying Zhang
(jyzhang@zzu.edu.cn)

Citation: Hou Y-C, Cui X, Qin Z,
et al., 2023, Three-dimensional
bioprinting of artificial blood
vessel: Process, bioinks, and

challenges. Int J Bioprint, 9(4): 740.

https://doi.org/10.18063/ijb.740
Received: July 31, 2022
Accepted: October 02, 2022
Published Online: April 28, 2023

Copyright: © 2023 Author(s).
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: Whioce
Publishing remains neutral with
regard to jurisdictional claims in
published maps and institutional
affiliations.

REVIEW ARTICLE
Three-dimensional bioprinting of artificial blood
vessel: Process, bioinks, and challenges

Ya-Chen Hou'?3, Xiaolin Cui*, Zhen Qin'*3, Chang Su'?*3, Ge Zhang'??3,

Jun-Nan Tang"?*?¥, Jing-An Li**¥, Jin-Ying Zhang'*3*

'Department of Cardiology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan,
China

2Henan Province Key Laboratory of Cardiac Injury and Repair, Zhengzhou, Henan, China

3Henan Province Clinical Research Center for Cardiovascular Diseases, Zhengzhou, Henan, China
4School of Medicine, The Chinese University of Hong Kong, Shenzhen, China

5School of Material Science and Engineering and Henan Key Laboratory of Advanced Magnesium

Alloy and Key Laboratory of Materials Processing and Mold Technology (Ministry of Education),
Zhengzhou University, 100 Science Road, Zhengzhou, China

(This article belongs to the Special Issue: Fine-tuned Hydrogels for 3D Bioprinting)

Abstract

The coronary artery bypass grafting is a main treatment for restoring the blood
supply to the ischemic site by bypassing the narrow part, thereby improving the
heart function of the patients. Autologous blood vessels are preferred in coronary
artery bypass grafting, but their availability is often limited by due to the underlying
disease. Thus, tissue-engineered vascular grafts that are devoid of thrombosis and
have mechanical properties comparable to those of natural vessels are urgently
required for clinical applications. Most of the commercially available artificial
implants are made from polymers, which are prone to thrombosis and restenosis.
The biomimetic artificial blood vessel containing vascular tissue cells is the most
ideal implant material. Due to its precision control ability, three-dimensional
(3D) bioprinting is a promising method to prepare biomimetic system. In the 3D
bioprinting process, the bioink is at the core state for building the topological
structure and keeping the cell viable. Therefore, in this review, the basic properties
and viable materials of the bioink are discussed, and the research of natural polymers
in bioink, including decellularized extracellular matrix, hyaluronic acid, and collagen,
is emphasized. Besides, the advantages of alginate and Pluronic F127, which are the
mainstream sacrificial material during the preparation of artificial vascular graft, are
also reviewed. Finally, an overview of the applications in the field of artificial blood
vessel is also presented.

Keywords: Three-dimensional bioprinting; Tissue-engineered vascular grafts; Artificial
blood vessel; Bioink; Decellularized extracellular matrix

1. Introduction

Cardiovascular disease is the leading cause of morbidity and mortality worldwide, with
an estimated 17.8 million deaths/year (233.1/100,000)""]. Bypass surgery is a conventional
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treatment for cardiovascular disease, through which
blood grafts are used to bypass the blockage, and about
450,000 patients undergo bypass surgery in the United
States alone in a year®. Organ transplantation is one of
the most important research topics in the 21% century.
Despite the improved quality of transplantation and the
increased survival rate in recent decades, organ shortage is
still the biggest challenge remaining to be overcome. Tissue
engineering was proposed by Joseph P. Vacanti in 1980 who
put forward some theoretical basis about artificial organs.

The human vascular system is a complex network
of blood vessels of various sizes, and the blood vessel is
constituted by vascular endothelial cells (EC, which form
the intima), vascular smooth muscle cells (SMC, which
form the tunica), and fibroblasts®?. The extracellular
matrix (ECM) is used as the supporting structure and
filling material®. At present, commercially available
artificial implants are made from polymers called expanded
ePTFE (Gore-Tex) or PET (Dacron), both of which can
be prepared into various large-diameter (>6 mm) blood
vessels for storage”®. However, the polymer vessels are
hard, rough, and highly hydrophobic, resulting in poor
biocompatibility and activation of the blood coagulation
cascade; therefore, the polymer is not suitable for small-
diameter artificial vessels®®!‘l.

From the perspective of bionics, three-dimensional
(3D) printing is the most ideal method to obtain artificial
blood vessels with different functions by forming the three
cells according to their distribution in natural blood!""?.
The conventional 3D bioprinting is based on the additive
manufacturing, which adopts layer-by-layer stacking of
special print and bioink to combine organs cells""®. The core
issue of 3D printing is to choose the suitable and functional
bioink to load the cells at designated locations!".. The bioinks
should have better biocompatibility, structural stability, and
enough mechanical and rheological properties, especially the
ability to allow cell adhesion, proliferation, and diffusion.
The hydrogels contain a large number of water and porous
microstructures, which provide the nutrient substances to
cells''®l. Besides, due to their mechanical properties and the
ability to change their physical state between liquid and solid
using simple methods, hydrogels are regarded an important
bioink for 3D printing. The prime candidate hydrogels can
be divided into synthetic polymers and natural polymers!'”.
The synthetic polymers mainly contain Pluronic F-127
and polyethylene glycol (PEG), while the natural polymers
comprise alginate, fibrous protein, hyaluronic acid (HA),
and collagen®. Nevertheless, the hydrogel is too weak to
undergo surgical procedures and high pulse pressure of
the blood pressure. To improve the properties, a suitable
method for cross-linking hydrogel has to be chosen. The
principal cross-linking methods can be divided into two

categories: (i) Adding chemical cross-linking agents or using
various chemical reactions to form irreversible covalent
bonding between polymer chains and (ii) using physical
cross-linking by H bond and electrostatic attraction, which
results in hydrogels with weaker mechanical properties but
better biocompatibility*-2!l,

Although no clinical cases of bioprinting of vessels or
vascular structures have been reported, progress in this
regard has been noted in several animal experiments.
For example, artificial blood vessels prepared by poly(L-
lactide-co-caprolactone)-heparin/silk gel were implanted
into the carotid artery of New Zealand white rabbits in
2020. It was found that the lumen could form a continuous
endodermis 8 months after surgery™??. Figure 1 shows the
papers in the field over the past 20 years®! and the patent
application status in the past 10 years with data derived
from the database of the Patent Office. In this review, the
necessary properties of artificial blood vessels, the cross-
link method, and the type of hydrogel were discussed to
evaluate the possible candidate materials in 3D bioprinting
area of the artificial blood vessel.

2. Performance requirement of hydrogel
2.1. Physical performance requirements

The ultimate aim of the artificial blood vessel is to mimic
the structure and function of human blood vessels. Based
on the “Cardiovascular implants and extracorporeal
systems - vascular grafts and vascular patches - in vitro
systems tubular vascular grafts and vascular patches (ISO
7198: 2016),” simulating the mechanical properties of the
human internal mammary artery is the main purpose
of artificial blood vessel?. The theoretical and actual
burst strength of the natural blood vessel are 3775 and
3099 mmHg, respectively!. The systolic blood pressure of
hypertensive patient can reach 180 mmHg, so the artificial
blood vessel made with the polymer should have a rupture
pressure of 1000 mmHg with natural tissue compliance of
10-20%/100 mmHg and tensile strength of >1 MPa?!. The
properties of the hydrogel and the artificial blood vessels are
discussed in this subsection to present the basic standard
for guiding the perpetration process. Besides, the tensile
strength of the natural blood vessel ranges from 0.2 - 0.6
MPato 2 - 6 MPa. It is important for the artificial vessels to
have similar mechanical properties®?. The artificial blood
vessel with a diameter of 18-24 mm can be used for the
replacement of artificial blood vessel in the thoracic aorta,
and the artificial blood vessel with a diameter of 6-10 mm
can be used for the diversion of artificial blood vessel in
the arteries of extremities and neck. The main mechanical
properties of the natural blood vessel and artificial blood
vessel are listed in Table 1.
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Figure 1. (A) Papers in the field over the past 20 years®; and (B) the patent application status in the past 10 years with data derived from the database of
the Patent Office. Figure 1A reproduced from ref. with permission from Elsevier B.V. (License Number: 5398071195762).

Table 1. Mechanical properties of natural blood vessel and artificial blood vessel

Mechanical properties Natural blood vessel Artificial blood vessel
Burst pressure 3775 mmHg 1000 mmHg
Tensile strength 0.2-0.6 MPa to 2-6 MPa >1 MPa

Diameter 18-24 mm (thoracic endovascular aortic repair); 6-10 mm (other blood vessel)
Suture retention Yes Yes
Kink and compression resistance Yes Yes
Maintenance of a functional endothelium Yes Yes
Low manufacturing costs Yes
Easy storage Yes

2.2. Hydrogel requirements

The main properties of the hydrogel or bioink include
shear thinning, yield stress, viscosity, and molding ability
that may be influenced by the embedded cell®. Shear
thinning is a phenomenon in which the viscosity decreases
with the increase of shear stress, and it is caused by the
untangling and orientation of polymer chain during the
flow of polymer solution®). Especially for extrusion type
bioink, non-Newtonian fluid behavior occurs during
extrusion, which increases the shear rate and reduces the
viscosity®. During the printing process, bioink must shift
from high-viscosity gel to low-viscosity fluid, and then, the
internal structure is quickly renewed, thereby improving
the viscosity to maintain the structural integrity®?. Thus,
the basic of shear thinning is proper viscosity behavior,
which is usually described in terms of storage (or elastic)
modulus G’ and loss (or viscous) modulus G’ The
loss modulus G” measures the energy dissipated by a

material and is related to viscous flow®. An increase
in the viscosity of hydrogel slows down the flow and
deformation, thereby reducing the possibility of collapse of
the topological structure during the primary and secondary
cross-linking®™!. However, higher viscosity could result
in plugging around the injection port. Changing the
molecular weight and concentration of polymer, or adding
modifier, are some of the approaches used to enhance the
viscosity. For example, the viscosity of 1.5% HA is about
22 Pa. s, the viscosity of collagen at a concentration of
1.5 - 1.75% is around 1.7 - 1.8 Pa-sP¢l. Taken together, the
influence of viscosity on the performance of bioink should
be considered comprehensively™”.

In addition to meet the basic rheological properties and
mechanical properties, the cellular compatibility of the
hydrogels also needs to balance during preparation”®.. The
bioink is the only environment that supports and provides
nutrition to the cells; on the contrary, the existence of the
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cells influences the physical properties and forming ability
of hydrogels™!. Before printing, the hydrogels need to keep
the cell in suspended state; during extrusion printing, the
cell activity will be influenced significantly by the stress.
After the forming process, the solid printed structure needs
to ensure the smooth transport of nutrients“”. The inserted
cells will occupy specific positions in the bioink, which may
affect the cross-linking efficiency and viscoelasticity of the
bioink!*!l. In the HA hydrogel, the gelation time remains
the same with a cell density of 2.5 x 107 cell/mL; however,
the gelation time increases from 20 to almost 60 min
when the cell density rises to 1 x 10°® cell/mL. After the cell
density achieving 2.50 - 5.0 x 10° cell/mL, the HA cannot
cross-link as usual, resulting in a significant decrease in
viscosity®. Billiet et al. found that the blending of cells
impacts solution viscosity. Above the gelation temperature,
the viscosity decreased by 2-fold until the cell density
reached 1.5x 10° cell/mL. Increasing the cell density
further to 2.5 x 10°¢ cell/mL increased this factor to 4.
Cell metabolism also affects the chemical process of cross-
linking; for instance, the reactive oxygen species produced
by photoinitiators can be absorbed by cells, decreasing the
efficiency of cross-linking*.

2.3. Forming requirements

The blood vessel is a structure that delivers blood under
hemodynamic pressure; thus, the artificial blood vessels
must be strong enough to withstand the pressures*. Burst
pressure compliance, anti-fatigue perfusion, in vivo graft
effectiveness, and suture retention are the most important
criteria for vascular graft selection™®. Bursting pressure is
the maximum pressure; the graft can withstand before the
occurrence of acute leakage. This pertains to the relation
between the maximum circular force () and burst pressure
(P) per unit area. From the formula 6=Pd/2t, the bursting
pressure increases as the diameter decreases, which means
that the burst pressure of the small-caliber blood vessel will
be higher than that of the normal caliber blood vessel*”..
Therefore, the microvessel structure prepared using
hydrogel has higher requirement on strength.

Besides, the stiffness (elasticity) of vascular structure is
an important attribute that determines cell activity. Several
studies found that the cell migration decreased with an
increase of stiffness, and the differentiation of marrow
mesenchymal stem cells (MSCs) is also dependent on
hydrogel stiffness*=". Compared with MSCs cultured on
100 kPa hydrogels, the MSCs cultured on 30kPa hydrogels
secrete more immunomodulatory and regenerative factors,
indicating that the MSC differentiation may be determined
by the stiffness of basement: The soft, medium hardness,
and hard basements could facilitate the differentiation
of the MSCs into nerve cells, muscle cells, and bone-like

cells, respectively® 3. The proliferation rate of EC varies
with the hardness of their growth surface, and all the
experimental results pointed to the importance of stiffness
as a determinant of cellular behavior!®!.

At present, the mechanism of the printing process with
hydrogels or bioinks loaded with cells for a long term is
not very clear®. The shear forces always contribute to the
deformation of cells, leading to the rearrangement of the
cytoskeleton after a few rounds of printing process®®*. The
change of cellular morphology has been found to regulate
the cell behavior and differentiation®. For example,
the MSCs differentiate into osteogenic lineages on the
stimulation of stretch®™, and the stretching state induces
the EC to release more nitric oxide®®. Thus, the external
and internal factors that influence the cell behavior are
complex and related to many physical factors, as shown
in Figure 2. Therefore, a deep understanding of the factors
underlying cell stress would help lay a foundation in the
relevant bioprinting protocol in the future®-¢!,

3. Bioinks for 3D bioprinting

With the rapid development of material printing, many
companies have developed bioinks for specific tissue
engineering applications; for example, Organovos Novo-
Gel has been used for bioprinting aortic vascular grafts®.
It is difficult for the existing hydrogel system to fulfill
the requirements, such as attaining the same mechanical
property of some organs and the optimal biocompatibility!®.
The novel bioink should always be strategically designed
based on the requirements of the arterial blood vessel and
prepared using suitable cross-linking methods and composite
recipe. According to the function of hydrogel in the printing
process, the hydrogels are classified into support materials
and scarified materials, and the support materials are further
categorized into natural and synthetic polymers®l. The
major reason that the bioprinting of arterial blood vessel
would fail is the lack of intact inner intima, which leads to
platelet adhesion and aggregation as well as thrombosis®>!.
It is better to use the EC as the bioprinting materials to
rebuild the inner intima as soon as possible. The shear force
from the nozzle could influence the micromorphology and
function of the bioprinted cells, decreasing the adhesion,
proliferation, and viability of cells™!. Thus, the other purpose
of the hydrogels is to protect the cells during the printing
processi®l. In this section, the advantages of each hydrogel in
the preparation of arterial blood vessel are discussed.

3.1. Support hydrogel
3.1.1. Synthesis hydrogel

As proven by the U.S. Food and Drug Administration
(FDA), PEG is a biocompatible material, whose main chain

Volume 9 Issue 4 (2023)

412

https://doi.org/10.18063/ijb.740



International Journal of Bioprinting

3D bioprinting of artificial blood vessel

»

Mechano- or
Jsmosensitive
lon Channels

Fluid
Shear Stress

‘wz \/ 15y
i— Cs"m ¥

Physical Gelation

Coordinated Gelation
and Crosslinking

Increasing Storage Modulus

(<

Figure 2. (A) Transduction of mechanical factors and the regulation of stem cell fatel®.. (B) The difference of physical and chemical gelation below the
thermal gel point and the morphological change of cell with the stiffness of the hydrogel®. Figure 2B reproduced from ref. 1!} with permission from John

Wiley and Sons, Inc. (License Number: 5355060311460).

is (-CH,-CH,-O-), indicating that the material is bioinert
and not suitable to be directly used as a bioink!®!. The use
of dimethacrylate and diacrylate modified PEG (named
as PEGDMA) is possible to improve its performance as
bioink”. The PEGDMA could increase the EC adhesion
and proliferation after adding GelMA to form complex
hydrogel”". To further improve the properties of the PEG,
4-arm poly (ethylene glycol)-tetra-acrylate (PEGTA) has
been synthesized. The presence of multiple active cross-
linking sites on the PEGTA could increase the strength
and keep the porous structure after cross-linking”.
Compared with PEGDMA, PEGTA with porous structure
could promote cell growth and diffusion within the gel and
increase the rapid exchange of nutrients. PEGTA, which
has a low molecular weight (3350 g/mol), could be cleared
by the kidneys to ensure biosafety”. More importantly,
adding 3 - 4% w/v nanosilicates (nSi) into the poly(ethylene
glycol)-dithiothreitol could obtain better shear-thinning
characteristics and precision deposition ability during the
printing process, as shown in Figure 3174,

3.1.2. Natural hydrogel
(A) HA

HA, which is a major component of ECM, is a linear and
non-sulfated glycosaminoglycan consisting of alternating
units of -1, 4-D-glucuronic acid, and -1, 3-n-acetyl-d".
HA has good flexibility, biocompatibility, biodegradation,
and bio-absorbability, and its high porosity is conducive to
the exchange of nutrients”. With the rich negative charges
in its structure, HA can absorb a great deal of water and then
increase its volume by 1000 times, forming a loose hydration
network that acts as a sieve to control water transport and
limit the movement of pathogenic plasma proteins and
protease into the matrix network, thus playing a key role as an
immune modulator and anti-inflammatory factor””.. HA also
shows antioxidant effects for its ability to react with oxygen-

derived free radicals”!. Pure HA is not suitable for direct use
as bioink because HA aqueous solutions give viscous shear-
thinning preparations a neat prevalence of viscous modulus,
implying that no yield stress and no shape retention will
be resulted on printing. Thus, HA is always combined with
other hydrogel for use as bioink™. There are two methods
to use HA as a bioink: (i) Using HA in the form of a single or
multiple chemical derivatives as the main constituent and (ii)
using HA with natural polymer to enhance the mechanical
property of the structure®™. A HA-g-pHEA-gelatin is created
by cross-link polymerization of hydroxyethyl acrylate
(HEA) to HA and then grafting of gelatin-methacryloyl
by radical polymerization. With 6 and 8% concentrations
of methacrylic anhydride, the hydrogel showed excellent
printability and cellular biocompatibility®). Small-diameter
(4.0 mm) and heterogeneous double vascular structure were
made with GelMA, HA, glycerin, and gelatin, together with
EC and SMC that construct the inner and outer tissue so as to
mimic natural blood vessels and maintain high cell viability
and proliferation!®?.

The normal cell seeding process is divided into two
steps: (i) Printing the 3D hollow structure using a variety
of hydrogels and using the sacrificial material to create
the hollow and (ii) seeding the cells on the inner wall®.
Although this strategy is widely used to manufacture the
arterial blood vessel, another strategy, which relies on the
enzymatically digestible photopolymers, has also been
used in the same process®!. HA could be hydrolyzed into
smaller molecules by hyaluronidase; the special properties
are involved in the printing process to control degradation
kinetics, which introduce further changes to the geometry of
the implants, rather than dissolving the material completely.
The application of hyaluronidase enables the creation of
hollow structures of any geometry®. By applying this
knowledge, Thomas et al. printed vessel mold with EC,
which demonstrated better cellular viability (28 days).
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Figure 3. (A) Schematic showing interaction of poly(ethylene glycol)-dithiothreitol (PEGDTT) and nanosilicates before and after cross-linking. The inset
shows printability of PEGDTT/nSi bioink. (B) Schematic of printing process through barrel, needle, and on printing bed. (C) Proposed mechanism of
nanoparticle-induced degradation of PEGDTT!".. Figure 3 reproduced from ref. "* with permission from John Wiley and Sons, Inc. (License Number:

5355130231370).

HA is a kind of low cross-linked hydrogel solution
that exhibits non-Newtonian behavior. Cross-linking by
chemical, enzymatic, physical, or photo-cross-linking
mechanisms could enhance the mechanical property
of the HA blood vessel. The most common sites for HA
chemical modification are the carboxyl (~-COOH) and
primary (C6) hydroxyl (~OH) groups on D-glucuronic
acids®l. Two HA derivative-based bioinks have been
reported, namely, HA methacrylate (HAMA) and
tyramine-modified HA (HA-Tyr)®. HAMA could confer
the photo-cross-linking ability to HA, and ultraviolet (UV)
cross-linking could enhance the long-term structural
stability and provide better shape fidelity!***. About
3% w/v HAMA could be used as single composition to
print tissue containing MSCs. HAMA with 12 kinds of
complementary hydrogels supplemented with 5% gelatin
has been studied systematically to find a suitable complex
bioink system. The results in Figure 4A show that the
0.5 wt% HAMA could not support the structure, and
adding 2.5 wt% GelMA confers better properties to the
printed bone tissue®. The HA-Tyr has better cellular
biocompatibility as it could cross-link under the green
light®. After mixed with the nanocellulose, the shear-
thinning characteristics and mechanical stability of HA
were increased and the cells were bestowed the ability
to differentiate®. As shown in Figure 4B, Li et al. used
the HAMA synthesized with low-molecular-weight HA
and alginate to produce microvessels, which have better
mechanical strength and enable the free migration of EC
with outstanding angiogenesis function®.

To enhance the differentiation of MSC after
bioprinting, a biofunctional peptide having an SH-group
in the N-terminal has been connected on the acrylated
HA through Michael addition in a two-step reaction®.
This hydrogel had higher viscosity and better mechanical
integrity after the cells were embedded in it®". Besides,
the traditional 3D bioprinting blood vessel relies on the
sacrificial materials and the layers of support materials.
A novel method, which is based on a self-healing hydrogel
made of HA, is suitable for the bioprinting arterial blood
vessel due to its high precision and supramolecular
self-assembly  characteristics®. ~ Adamantane  (Ad)
or B-cyclodextrin (B-Cd) was used to modify HA to
form Ad-HA and Cd-HA, which can then rapidly form
supramolecular assemblies by intermolecular guest -
primary bonds"”!. After filling other bioinks using syringe
needle, this kind of hydrogel will change the shape, and
then, the Ad-HA and CD-HA will fix itself to support the
constructor of the bioinks. For example, the MSCs could
be printed to format the shape of the vessel and then the
fibroblast 3T3 cell population could be used to print the
first MSC constructor®. To improve the mechanical
property and storage modulus of this system, Irgacure 2959
was added to the system for second photo-cross-linking, as
shown in Figure 5100,

(B) Collagen

Collagen is one of the key proteins in ECM and is also a core
biological material for the application of 3D bioprinting of
artificial blood vessels!'"!l. Collagen has two a.1(I) chains
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and one 02(I) chain, and the repetitive nature of the amino
acid sequence consists of —[Gly (glycine)-X-Y-] , where X
and Y are always proline and hydroxyproline residues®?..

Collagen bioinks show excellent biocompatibility and
can self-assemble to form hydrogels under physiological
conditions!"”. The cross-linking time of collagen is
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longer than 1 h at room temperature, which decreases
the structural fidelity and mechanical strength. Thus,
enhancing the storage modulus of the ink is the principal
direction of improving the collagen bioinks. One of the
methods is to increase the collagen concentration in
solution. Some studies showed that single-component
collagen with a concentration of higher than 20 mg/mL
could be used to create accurate 3D structures, and it is
important to note that the cell encapsulation and activity
could always be influenced by higher concentrations.
Therefore, using the methacrylate group to modify the
collagen allows the photopolymerization of the hydrogel
without causing protein denaturation, and this kind of
hydrogel is known as methacrylated collagen (ColMA)
or carboxymethyl agarose. ColMA contains small
randomly oriented fibers, which allow spontaneous
fibrous self-assembly and keep cell activity as normal
collagen with enzymatic biodegradability. ColMA still
contains small randomly oriented fibers, which could
spontaneous fibrous self-assembly and keep cell activity
as normal collagen with enzymatic biodegradability®".
Another frequently used method is adding cross-
linking agent: For example, the collagen cross-linked by
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide =~ and
N-hydroxysuccinimide had the strength of 853 kPa and
1000 kPa, respectively!*>!l. Muthusamy et al. added the
xanthan gum into the collagen to form the collagen-XG as
bioink, and the hydrogel could support the EC to form a
network of interconnected blood vessels!'*”l.

(C) Gelatin

Gelatin is a denatured form of collagen, with high viscosity,
good biocompatibility, and degradation ability in vivo.
However, gelatin is a thermal gel that turns into a solution
above 37°C, and the printing accuracy is so low that it
cannot be directly used as bioink!*®.. Therefore, combining
gelatin with other biological materials or chemical
modification is the main method of applying gelatin!'®..
GelMA is a photo-cross-linked hydrogel formed by
modified gelatin with methacryloyl group (MA), and the
chemical modification of gelatin only involves less than
5% of the amino acid residues in molar ratio, which will
not significantly decrease the arginyl-glycyl-aspartic
acid (RGD) content of the gelatin’. The RGD, which
is a fragment of GelMA, gives EC better adhesion and
differentiation abilities!""). The matrix metalloproteinases
on the GelMA enable the marking and degradation of
the complex by enzyme!'?l. Due to the exiting lots of
primary amine (-NH,) and hydroxy (-OH), which are
unsaturated photo-cross-linkable groups, the GelMA is
easy to polymerize under the light-induced condition.
Besides, GeIMA could be cured by reduction-oxidation
reaction, heating, gamma irradiation or electron beam,

and other methods. Meanwhile, photoinitiators such as
lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate
(LAP) and Irgacure 2959 are more suitable for bioprinting
the arterial blood vessel""®. The advantages of Irgacure
2959, which is the most common photoinitiator, include
being slightly soluble in water and having low cytotoxicity
without UV irradiation'". After irradiation, Irgacure 2959
can efficiently generate free radicals and cross-link the
required content, culminating with an acceptable level of
cell survival'*l. Nevertheless, the UV (337 nm) may induce
endogenous oxidative damage to deoxyribonucleic acid
(DNA) through the action of reactive oxygen species'!¢..

The cross-linking method of HAMA and GelMA is
similar, and using the mixture of the two hydrogels could
create adjustable 3D microenvironment to regulate cell
behavior''”. Due to the very low viscosity, the pure HAMA
is difficult to maintain the shape of the printed object.
Adding 6% - 12% GelMA into 4% HAMA could increase
the print resolution and regulate the tissue stiffness. The
mixture could also support the encapsulated cells and
regulate the cellular response!"®l. In theory, the ideal ink
should exhibit gelatinous properties (the storage modulus
G’ is dominant and higher than 200 Pa) and shear-thinning
behavior for high-fidelity printing. To further reinforce the
bioink made by HAMA-GelMA, the cellulose nanocrystals
(CNCs) were added into the system. The structure printed
by HAMA-GelMA-CNCs could keep the printed structure
stable after 20% strain circulation"). Besides, the fidelity
of printed filaments could be improved by mixing HAMA
with GelMA. Mouser et al. found that the yield stress of
GelMA/gellan/HAMA was relatively high and the addition
of HAMA increased the stability of the filament™\. The
filaments made of 10% GelMA began to collapse after
bridging an 8 mm gap, but following the addition of
HAMA, a single filament can close a gap of 16 mm!?’),
Nguyen et al. studied the cytotoxicity under 405 nm light
and found that the concentration below 17 mmol/L (0.5
wt%) did not induce obvious cytotoxicity!"?!l. Yin et al.
used LAP as the photoinitiator to prepare the GelMA/
gelatin bioink'??), as shown in Figure 6. The shear-thinning
behavior and the biocompatibility of the 5% GelMA and
30% gelatin were higher than those of the pure 5% GelMA,
and the swelling behavior of the GelMA/gelatin was lower
than that of the 5% GelMA!?2.,

The proportion of methacryloyl substituents in GelMA
is another factor that influences cross-linking density and
modulus of compressibility!"?. After light curing the low
concentration (5 wt%) GelMA with 0.5 wt% Irgacure 2959
at 5 mW/cm? for 300 s, the cells had better embedded
cell properties. On the other hand, it is very difficult to
culture cells with high concentration GelMA. Therefore,
the mechanical properties of GelMA-based 3D-bioprinted
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Bioprinting of Low Concentration Cell-Laden Gelatin Methacrylate (GelMA) Bioinks with a Two-Step Cross-linking Strategy. ACS Appl Mater Interfaces,
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structures and the cellular viability of these structures
are related to the degree and concentration of GelMA
methacrylate™. Jin et al. loaded SMC in the GelMA
bioink and printed the outer layer of a tubular structure
and then seeded the EC on the surface of the internal
surface to form a bionic vascular vessel with dual layers?*).
After 7 days of culture, the SMC distributed in the outer
layer showed long spindle shape, and the cell survival rates
were 95.62 + 1.31%. The CCK-8 absorption value of EC
was 0.315 £ 0.0179, indicating that the structure has better
proliferation ability?.

GelMA/catechin groups can rapidly cross-link to
form artificial vessels with core-shell structure with
human coronary artery smooth muscle cells, and EC
is encapsulated in the shell and inner layer. This kind of
vessel had better bionic properties and could connect with
normal blood vessel in 2 weeks and finish the rebuilding of
the structure in 6 weeks!"?l. Cui ef al. designed a GelMA/
polyethylene (ethylene glycol) diacrylate/alginate hybrid
gel containing lyase and SMC. The complex had better
ability to exchange the nutrient substance and improve
the cell proliferation”.. With the alginate being gradually
degraded by lyase, more space is made available with the
alginate is gradually degraded by lyase, more space had
been!"!. Ruther et al. also used the double-needle extrusion
systems to prepare a 4 mm vessel with fibroblast (normal
human dermal fibroblasts) and EC on the outer and inner
sides of the structure, and the vessel could improve the cell
vitality and migration in 3 weeks!'?l.

GelMA-based bioinks showed good biocompatibility
with cells due to the presence of RGD peptide. Nevertheless,
the challenges of using GelMA as bioink remain, especially
in extrusion printing. Zhuang et al. have proposed a layer-

by-layer UV-assisted bioprinting strategy to fabricate
complex 3D bioprinting structures with high aspect ratios
using GelMA-gellan gum bioink for tissue engineering of
soft tissues!'®!. To strike a balance between printability and
biocompatibility, a minimum yet ideal amount of gellan
gum was added to enhance the printability of the bioink
without compromising biocompatibility!?.

3.1.3. Decellularized extracellular matrix (dECM)

The ECM of vascular tissues is special in both composition
and topology, and the dynamics and reciprocity between
the cells and the microenvironment are fundamental to the
stable existence of blood vessel*"). However, these features
cannot be completely simulated by single materials, and
the embedded cells are not able to rebuild the cell-cell
connections and microenvironments of 3D cell tissues!!*!l,
Li et al. discovered ECM at MeHA, a biocompatible bioink
with suitable mechanical support and visible printable
properties, which contains thermosensitive ECM,
methacrylate hyaluronic acid, and photoinitiator (Eosin Y,
TEOA, and NVP)"*2, As shown in Figure 7, the bioprinting
strategy based on extrusion and digital light processing
successfully encapsulate cells, and the cell viability rate
was maintained at 94.27 + 3.00% after 7 days!"*?. Pati et al.
developed a new dECM from the porcine dermal tissue,
which had better mechanical and biocompatibility"**. The
cross-linking conditions were detected by Pati et al.*? The
results showed that the 3% dECM is a suitable concentration
for 3D printing system. The pH of the extracted acidic
dECM needs to be regulated to physiological condition,
and it has to be kept below 10°C before cell embedding.
This dECM is a kind of heat-sensitive material, which could
be in solution state below 15°C and turn into a gel after
the temperature rises to 37°C. This bioink was extruded
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Figure 7. Schematic diagram of the preparation of 3D-bioprinted scaffolds loaded with cells using visible light cross-linking!"*.

in filamentous form and 1-10 layers of structure were
successfully printed. The bioink could protect the cell in
the extrusion process, and the structure can be potentially
used in cardiac remodeling*1341,

In addition to the dECM, the Matrigel is also important
in the 3D bioink system. In 1988, Bilozur et al. found
that Matrigel could increase the proliferation of neural
crest cells!*. Matrigel is the first ECMs synthesized
with laminin in the developing embryo at two-cell stage,
which has a profound effect on the cell differentiation*!.
Therefore, the Matrigel has been used to culture various
kinds of undifferentiated embryonic stem cells"). It is
hard to simulate the connection and signal transduction
pathway using artificial materials, especially in rebuilding
blood vessel!*l. There has been a surge of relevant studies
in the past decade pointing out a clear path to improve
the resemblance of fabricated tissue to natural tissue!'*..
The microenvironment composited by the ECM plays
an important part in guiding and mediating stem cell
differentiation and proliferation, and some researchers
found that the cell-lECM interactions are extremely
complex in nature!',

3.1.4. DNA material

The advantages of the DNA hydrogel include its mechanical
strength and non-expansion/contraction characteristics
with outstanding ability to keep the cells alive!™*!. DNA is a
nucleic acid composed of a nitrogen base and a phosphate
skeleton. According to the Watson-Crick base pairing
principle, DNA is a highly programmable material that can
achieve high-precision self-assembly at the molecular level

and confer excellent biocompatibility to the material™*. In
1996, Nagahara et al. reported the first polymeric hydrogel
containing DNA!*#I. Following the pioneering work, many
DNA hydrogels had been studied™*..

Wu et al. chose human serum albumin, a naturally
abundant plasma protein, to construct the polypeptide
backbone of the hydrogel, added PEG to increase water
content, and reduce non-specific protein absorption; the
synthesis of a protein-DNA hybrid hydrogel is shown
in Figure 8Al%] Tj et al. studied a supramolecular
polypeptide-DNA hydrogel, which was first used in the
3D bioprinting system, as shown in Figure 8B and C. The
polypeptide-DNA hydrogel was combined with two kinds
of bioinks, namely, Bioink A and Bioink B. Bioink A is a
polypeptide-DNA conjugate, while Bioink B is a double-
stranded DNA, which consists of two “sticky ends” with
sequences complementary to the sequences on the single-
stranded DNA on Bioink A. Both Bioink A and Bioink B
could format the hydrogel under phosphate-buftered saline
in seconds and the G’ is about 5000 Pa, indicating that the
hydrogel is capable of self-supporting after printing!'.
The hydrogel has dual-enzymatic responsiveness:
The polypeptide backbone could be degraded by the
endoproteinase, and the nuclease would cut the DNA linkers
in 24 h. In further study, after adding the cells into the
DNA-hydrogel, it was found that the ink could help the cell
suspended in solution and keep the cells active for along time,
and the cell survival rate could reach 98.81% at the initial
stage of printing*”l. Hydrogels uses cross-linking between
polypeptide-DNA and DNA linker and guides protein
synthesis in situ. The basic theory that relies on this is the
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central dogma of molecular biology: DNA acts as a template
to make mRNA (messenger RNA), which is translated into
proteins that regulate cell behavior!*®. Park et al. used a
cell-free system to prepare the protein using DNA gels!'*).
The cell-free protein-producing hydrogel (a “P-gel”) could
produce 16 proteins at very minute level (in mg/mL), and
compared with traditional method, the P-gel could be used as
bioink in artificial tissuel'*. The polypeptide-DNA hydrogel
is a promising cross-linking strategy after bioprinting that
could fabricate items with better mechanical property and
could produce special protein to regulate the cell’s behavior.
Thus, this bioink is promising in terms of biocompatibility,
tissue maturation, and functional regeneration.

3.1.5. Other hydrogels

The fibrin, agarose, and nanocrystalline cellulose play an
important part in the areas of bioprinting and bioink. The

fibrous protein, which has a randomly arranged fibrous
network, participates in the clotting process*". Fibrous
protein also supports the EC proliferation in the bioink
by directing associated cells to growth factors, such as
vascular endothelial growth factor and fibroblast growth
factor, to promote angiogenesis, and shows shear rigidness
under high strain to mimic the non-linear elastic behavior
of soft tissuel™®*1%, Therefore, the fibrous protein can be
combined with other hydrogels to enhance the mechanical
property and tissue remodeling. Freeman et al. added the
fibrous protein into the gelatin to bioprint the blood vessel
structure with rupture pressure reach 1110 mmHg, which
is about 52% of that in human’s great saphenous vein**.
Li et al. used the Pluronic F-127 (10% w/v) as scarified
rod materials and printed fibrous protein/gelatin on it to
form the blood vessel structure, with a burst pressure of
only about 1000 mmHg, which is lower than the minimum
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standard™*¥. To enhance mechanical property, the sodium
alginate and carbon nanotubes were mixed in the fibrous
protein/gelatin!***l,

Agarose is a natural polysaccharide with a hot gel
temperature of 30 — 40°C!"**]. Agarose has good mechanical
properties since it is inert, it is difficult for cells to attach
and proliferate on its surface!*\. The 5% agarose-alginate
mixture is more suitable to be used as extruded bioink
without the additional cross-linking steps or as scarified
material to ensure high structural fidelity!'””). Combining
carboxymethyl-hexanoyl  chitosan (CA) hydrogels
(8% w/v) with Pluronic F-127 could build the vessel
structure under the parametric design, which creates vessel
structure by expressing parameters in an algorithm!'5>1%8],

Nanocellulose refers to three types of nanomaterials:
Bacterial nanocellulose (BNC), cellulose nanofilaments,
and CNCs!'*l. Among them, BNC can be synthesized by
bacteria, such as gluconacetobacter xylinus, in glucose and
xylose medium and secreted in the form of extracellular
polysaccharide to produce structural hydrogels with a
length of about 100 m and a diameter of about 100 nm!*’!.

3.2 Scarified hydrogels
3.2.1. Pluronic F-127

Pluronic F-127 is a kind of synthesized block
copolymers that combine with hydrophilic polyethylene
oxide and two hydrophobic polypropylene oxides on both
sides!'®!l. Below 10°C, Pluronic F-127 is at liquid state
but it could self-assemble at room temperature, and the
structure could be dissolved in 4°C cold water to form
hollow structure'®. Pluronic F-127 is bioinert to many
cells, easy to print, and stress free to cells during formation.
These features make Pluronic F-127 a promising support
and scarified hydrogel®'¢*]. Xu et al. used Pluronic F-127
as a sacrificial material to form the blood vessel through
a multi-nozzle 3D bioprinting system. After printing,
Pluronic F-127 was removed to obtain multistage hollow
channels for attaching EC, human aortic vascular smooth
muscle cells, and neonatal dermal fibroblasts, as shown in
Figure 9A]. The structure and materials could provide
better cellular biocompatibility and elastic modulus that
are close to natural aorta'®l. A biodegradable multilayered
bioengineered vascular construct with a curved structure
was prepared by Liu et al.l'®"l, as shown in Figure 9B. The
gelatin and Pluronic F-127 were used as vessel wall and
scarified materials to build the vessel mold, while the inner
channel of the structure was seeded with EC; this construct
showed better cellular biocompatibility**.. O’Connell et al.
used an on-board light exposure strategy that is capable of
quick (<1 s) and direct cross-linking when the bioink is
being extruded from the nozzle!'*),

On this basis, more stable and harder gels can be
obtained by adding photo-cross-linking groups to the
hydroxyl groups at the end of Pluronic F-1270%. For
example, cross-linking acrylates to the hydroxyl group of
Pluronic F-127 allows cross-linking under UV to produce
a stable hydrogel and improve the printing properties,
and the structure can sustain cellular activity for up to
14 days!'**l. Some studies have combined Pluronic F-127
with collagen and used Irgacure 2959 initiator to prepare
bioink. The bioink shows shear-thinning behavior and has
reversible sol-gel transformation related to temperature. It
is relatively tough, elastic, and biocompatible with EC as
well as can be prepared with an average diameter of 0.20 +
0.01 mm and an average outer diameter of 0.74 + 0.01 mm
for the vessel structure!'*.,

3.2.2. Alginate

The alginate is a kind of anion (negatively charged)
hydrophilic polysaccharide derived from the brown
seaweed!”). The properties are the same as those of
GAG and could cross-link with many materials to form
hydrogel"”". The disadvantages of the alginate hydrogel are
the lack of porosity for nutrient substance exchange and the
lack of adhesion properties, along with lower degradation
rate in vivo, making it hard to be exclusively used in
bioprinting!"”?l. Normally, the alginate is cross-linked using
the Ca?* ions (calcium chloride or calcium sulfate solution)
in ionic cross-linking, which means that the structure is
reversible under the presence of ionic solution. The shell
and core of the printing nozzle contain alginate bioink
and calcium chloride solution, respectively, while calcium
chloride solution can be used as a supporting structure
for the direct printing of vessels structure!'”?. Thus, the
alginate-Ca hydrogel system is a useful scarified complex
to form the hollow structure of arterial blood vessel.

Gao et al. suspended the SMC and fibroblast in the
alginate-Ca hydrogel and used two coaxial nozzles on the
rotating rod to print artificial vessels to form SMC on the
inner side and fibroblast on the outer side to simulate the
structure of the vessel!”, as shown in Figure 10A. The
ultimate strength of the structure is 0.184 MPa, and the
survival rate of the cells embedded in the vessel exceeds
90% after being cultured for 7 days!'’*. Jia et al. also used
the similar method to prepare the vascular constructs!'”.
The multilayer coaxial nozzle device was used to prepare
highly organized perfusion vascular structures containing
EC and MSC. This method could manufacture vessels of a
wide range of diameters, with an average outer diameter of
almost 500 — 1500 um, an average inner about 400 — 1000
pwm, and a wall thickness of around 60 - 280 wm, which
allow perfusion, nutrient diffusion, and cell growth!'”l.
Zhang et al. prepared arterial blood vessel with alginate-Ca
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hydrogel containing SMC by the sheath and core sections
of the coaxial nozzle, with the vascular inner and outer
diameters of 990 + 16 wm and 1449 + 27 um, respectively,
and the human umbilical vein smooth muscle cells had
better cell viability in the vessel hydrogel"7l. Jang et al. used
PCL, alginate, and EC to prepare a 4 mm arterial vessel, and
the EC and alginate were contained within the PCL shells.
The vessel implanted onto the bilateral carotid and femoral
arteries in dogs had a patency rate of 64.3% after 2 weeks,
and the embedded cells also had better viability!"””.

At present, cell-based 3D bioprinting is not suitable
for commercial production due to several challenges,
such as cell sedimentation membrane damage and cell
dehydration. The traditional alginate hydrogels are ion
cross-linked, indicating the poor stability and structure
in vivo. Therefore, chemical modification of alginate
to achieve secondary and covalent bonding is used to
stabilize the performance. Karen et al. used 10 proline-
rich peptide domains or seven repeats of a complementary

peptide to modify each alginate chain so as to obtain a
new gel-phase bioink Mitch-Alginate'”*. A weak hydrogel
molecule was created between two complementary
peptide domains to prevent cell sedimentation and provide
mechanical protection from membrane damage, as shown
in Figure 10B.

3.2.3. Discussion on the existing hydrogel

The main challenge of the artificial blood vessel is using
suitable gels to prevent structural collapse, which is caused
by the lack of the strength and stiffness!"”!. Table 2 shows the
advantages and disadvantages of the bioink. Nevertheless, at
present, bioinks with satisfactory mechanical, rheological,
and biological properties have not yet been developed!'®!.
Therefore, developing composite hydrogel offers a basic
solution. Although the normal bioink could provide a
“synthetic” environment to the cells, and the added factors
could induce the cell behavior to some extent, it is still hard
to simulate the real environment. Thus, the better solution
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is to use the natural ECM as the bioink to construct the
organs to ensure higher cell viability and induce specific
cell behavior. The natural ECM contains compounds and
growth factors unique to natural tissues, but also with a
topology that compounds cannot mimic. Nonetheless, it is
difficult to produce the natural ECM required as purifying
and extracting ECM is a time-consuming and labor-
intensive procedure. Despite the ECM shortage, we believe
that the ECM is the promising bioink which could fully
simulate the complex environment of organs.

4. 3D bioprinting techniques

Bioprinting approaches include extrusion-based, inkjet-
based, and stereolithography-based techniques. Among
these approaches, extrusion-based bioprinting is the most
common method due to fast fabrication speed, ease of
operation, and compatibility with various bioinks. Table 3

demonstrates the advantages and disadvantages of different
bioprinting techniques in blood vessel construction.

4.1. Material extrusion

Extrusion-based bioprinting platform is a promising method
to form vascular structures®!. Norotte et al. discovered a
method for scaffold-free fabrication of small-diameter blood
vessels using spheroid or cylindrical-shaped aggregates
containing SMCs and fibroblasts™®?. The spheroid- or
cylindrical-shaped aggregates were extruded by agarose rods
and then fused to form single- or double-layered vessels with
an outer diameter ranging from 0.9 to 2.5 mm'®2.. Park et al.
demonstrated extrusion-based bioprinting of artificial blood
vessel with a tubular structure by manufacturing a single
strand of polyvinyl alcohol (PVA) as a core and printed a
biocompatible polydimethylsiloxane (PDMS) filament
coating. The PVA core could be removed by hydrogen
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Table 2. Advantages and disadvantages of bioinks

Bioink Advantages Disadvantages
Hyaluronic acid/HAMA Mimics the natural ECM « High viscosity « Highly hydrophilic
« Shear-thinning property « Not mechanically stable
« Photo-cross-linking « Slow gelation rate
« Easily modifiable to enhance cell
regulatory activities
Collagen « Biodegradability « Gelation depends on its concentration
« ECM-mimic material in clinical
application
Gelatin/GelMA « Good biological activity « Liquifies at physiological temperatures
« Better printability « Poor mechanical properties
« Shear-thinning behavior
« Photo-cross-linking
dECM/Matrigel « Biochargeable paper » Matrigel is obtained from murine
« Good biological activity sarcoma cells
« Limited applicability for clinical
translation (only Matrigel)
DNA material « Better mechanical strength « High cost
« Shear-thinning behavior
» Maintain cellular activity
Agarose « Better cell compatibility « Lack of cell adhesion motifs

« pH response
o Thermal gelling property

« Non-degradable

Nano-crystalline cellulose

« Shear-thinning behavior
« Fast cross-linking
« Relatively high stiffness

« Lower shape fidelity if cells are added
« Lower cell viability

Alginate

As sacrificial structure

« Better printability and
rheological properties

« Gels at room temperature

« Fast gelation property under
physiological conditions

« Lesser harmful byproducts

« Reduced laser-induced shock during

« Biological inert material
« Slow degradation when not cross-linked
« Low mechanical strength

« Dissolves when cooled

laser printing process

Pluronic F-127

* Poor biocompatibility

HAMA: Hyaluronic acid methacrylate, dECM: Decellularized extracellular matrix, DNA: Deoxyribonucleic acid, ECM: Extracellular matrix

peroxide leaching under sonication, and the remaining
PDMS tube was the artificial blood vessel"®!. The extension
technology of the extrusion bioprinting is a ferromagnetic
soft catheter robot (FSCR) system. This magnetic actuation-
based system controls bioprinting in situ with a computer
a minimally invasive manner. The FSCR is designed by
dispersing ferromagnetic particles in a fiber-reinforced
polymer matrix, with stable bioink extrusion, and allows
printing of a variety of materials with different rheological
properties and biofunctionalities, and the superimposed
magnetic field drives the FSCR to complete the printing
process. This technology allows the minimally invasive
biofabrication in a rat model"!. Even this method has not
been used for in situ angiogenesis or rebuilding of the blood
vessel system, it still improves the thought and field of vision.

Extruding-based bioprinting is a common and valuable
method for fabricating artificial blood vessel. Although
being popular due to its inexpensive and simple process,
it has some limitations, such as low resolution and cell

damage due to shear stress during extrusion™¥. Therefore,
there is a trade-off between printability and cell viability in
extrusion printing. On the one hand, the printed gel can be
improved in terms of viscosity and yield stress of the gel,
and higher pressure is needed when extruding with high
extrusion shear stress, which could lead to cell damage. On
the other hand, a smaller needle size is needed to improve
the resolution, but smaller nozzle size yields higher pressure
to guarantee continuous extrusion, which, however, leads
to more serious cell damage. The bio ink is suitable for
extrusion based bio printing that is cross-linked layer by
layer under UV irradiation to increase structural stability,
but it will also damage cell vitality. Therefore, changing the
cross-link method and enhancing the ability of the gel to
maintain cell activity are the main future directions.

4.2. Material jetting

The inkjet technique is capable of forming droplets in a
volume range measured in picoliter and then launching
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Cost

System

Resolution

Cell

Material

Table 3. The advantages and disadvantages of different bioprinting techniques in blood vessel construction
Process Cross-linking

Bioprinting
technique

Medium level

Low-to-medium Low printing speed

« High densities

« Viscous bioinks

. Light

Simple

Extrusion

» Moderate cell viability

(30 mPa-s — 6x10” mPa-s)

o Multi-material

« Temperature

.pH

Low

Medium printing speed

High (30 um)

o Low cell density (<10° cells/mL)

o Multi-material

« Chemical

Simple

Jetting

» Low viscous bioinks (3.5-12 mPa-s) « High cell viability (80-90%)

Simultaneous cross-linking High

of the whole 2D layer

High (~1 pm)

o Medium cell density (10° cells/mL)

« High cell viability (>85%)

High variety of printable bioinks

Complex Transparent and

Stereolithography

photosensitive bioink

avoids the need of X-Y

movement

thousands of droplets in seconds through printing in a
non-contact manner®?. The inkjet bioprinting methods
are characterized by microdropletization as well as
high-throughput, non-contact, and drop-on-demand
process!'®l. The key factors of material jetting include
biopaper, bioink, printing parameters, and 3D models.
The biopaper, which is agar or collagen coating on the
culture dishes to fix the cells and increase the cell viability,
is especially important. However, the rigid substrate of the
biopapers always influences the cell functions. Besides,
the injection process exerts pressure to cells in bioink.
Therefore, inkjet bioprinting has more restrictions on
the viscosity of the bioink, which undoubtedly limits
the choice of biomaterial for stimulus response. The
bioink should have better biocompatibility, degradability,
fluidity, and viscosity properties. The alginate and CaCl,
have been widely used in inkjet bioprinting, and they are
used in inkjet bioprinting methods to form alginic acid
nanoparticles in CaCl, solutions and then assemble the
particles into tubular structure!!$¢157),

Being a non-contact printing method, inkjet printing is
suitable for in situ bioprinting, where bioink is deposited
directly onto injured tissue, and it has greater potential
in clinical applications. 4D bioprinting is considered a
mature version of 3D bioprinting for fabricating cell-laden
structures. This method allows cells to adapt to the in vivo
microenvironment from the very beginning, eliminating
the need for in vitro culture. In the future, 4D-bioprinted
objects could change their shape or physiological activity
in response to physical or biological stimuli from the local
microenvironment in the body, and fuse or act in concert
with surrounding cells or tissues with better design. The
picoliter level of high resolution enables the design of
complex geometry, making inkjet printing the most likely
method for single-cell printing, which allows cells to be
arranged one by one without additional biomaterials to
support or link them, thus accelerating the process of cell
fusion!®,

4.3.Vat polymerization

Vat polymerization is a 3D printing method that performs
in a layer-by-layer manner using photopolymerization
to fix the bioink in a vat into a construct™. The flow
properties of blood vessels are strongly dependent on their
3D shape. Therefore, it is essential to replicate the natural
shape to accurately simulate in vivo flow conditions.
The core technology of the vat polymerization takes
into consideration the physiological requirements at
macro- and micro-scales to optimize structure. To obtain
accurate in vivo shape, computed tomography angiography
scans of human organs are segmented into cross-section
and converted to 3D model™. Stereolithography, as
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the primary technique of vat polymerization printing,
enables relatively fast production of volumetric structures
with precise internal and external architectures.
Stereolithography was developed in the 1980s and was
one of the first commercial additive manufacturing
processes!®l. The 3D models (inlets, outlets, and a box-
like container) for stereolithography were designed in
Blender CAD software("?. Han et al. developed a vascular
network by adhering to a set of comprehensive design rules
to design a blood vessel network on a skin patch*.

Some of the advantages of vat polymerization are the
improved the manufacturing rate and the ability to generate
objects with smooth surface (overall high resolution), which
overcome major disadvantages of contemporary additive
manufacturing. The limitation of this method is the diameter
of the vessel that needs to be narrowed down to a range of
100 - 400 um[*?I, Tt is important to note that comprehensive
studies on using vat polymerization to rebuild blood vessel
are scarce. Besides, the materials with low stiffness are suitable
to rebuild the soft tissue that needs better cell viability, while
stronger materials are used in stereolithography to achieve
high-resolution construction, which hinders the application
of this method in blood vessel bioprinting.

4.4. Freeform reversible embedding of suspended
hydrogel (FRESH)

To bioprint the complex blood vessel structures, FRESH is
a method using a thermoreversible support bath to enable
deposition of hydrogels*". The technique revolves around
printing a structure in the support bath to maintain
the expected structure and printing fidelity!. The
thermoreversible support bath is made of gelatin particles,
which is similar to Bingham plastics, and they behave as
rigid bodies at low shear stresses but as viscous fluids at
higher shear stresses!!*l. These properties ensure that the
bath is at a low mechanical resistance when the needle
moves across, while the hydrogel is kept in place after
being extruded from the nozzle at 22°C. After completing
the structure, the temperature is increased to 37°C and the
gelatin will melt in a nondestructive manner. This method
requires that the bioink must gel quickly to a fine wire
without spreading in the support bath. Hinton et al. used
the alginate-CaCl, 0.16%) system to print in the FRESH
and obtained the 199 + 41 wm fine wire, and fabricated the
right coronary artery vascular tree with a wall thickness
of <1 mm, as shown in Figure 111%%. Lee et al. also used
the FRESH to design the human heart components of
all sizes, from the capillaries to the whole organs™7.
Following the regulation of the collagen pH, the resolution
of fabricated items could reach up to 10 microns with cells,
and the microvessels fabricated using FRESH had optimal
mechanical strength and cell viability!"”.

5. Conclusion and future perspectives

Bioprinting has an important place in the field of tissue
repair due to its ability to spatially deposit biological
materials in a layer-by-layer manner. Bioinks are a
core aspect of bioprinting because they undertake
the responsibilities in organizational formation and
supporting cell viability. Therefore, bioink consists of
special elements, such as ECM component and nutrient
substance. The ideal bioink should have better printability,
high degree of biocompatibility and biodegradability, as
well as can be completely cured by cell-friendly treatment.
Designing the ideal bioinks that have high mechanical
strength and can support cell migration or proliferation is
highly challenging. Until now, various kinds of hydrogel
have been introduced in this area, such asthe HA, collagen,
alginate, fibrous protein, and dECM. However, it is hard
for these materials to simulate the natural ECM due to
the complex topologies and components. The dECM is
a promising bioink material with bionic properties for
establishing artificial blood vessel; however, enhancing
support capability is a challenge. Common methods for
addressing this include increasing the concentration
of the dECM, adding biological molecules such as HA,
collagen or alginate, or changing the cross-linking
method.

The ultimate objective of 3D bioprinting is to print the
injured or damaged organ in situ. At recent stage, only
bioprinting of the shallow tissue (such as skin, cornea, or
cartilage) is almost achievable. In regard to the artificial
blood vessel, the current technology is only capable of
pre-fabrication and further in vitro maturation before
implantation. In the in situ printing of blood vessel, a faster
cross-linking method is needed in the FSCR system, which
needs to be combined with the scanning system and 3D
rebuild software. Besides, more attention should be paid
to the sterilization and safety of the in situ bioprinting
systems.

The challenges that hinder the development of artificial
blood vessel are the regulatory processes and funding
approval. The Current Good Tissue Practice for human
cell, tissue, and cellular and tissue-based product by the
FDA requires that the bioinks must be manufactured
in adherence to the stipulated guideline. For example,
the preparation of bioink and cells should be more than
1 - 3months, and in vitro cell culture maylead to unexpected
cell differentiation, increase the risk of infection, and raise
the production cost. Besides, the FDA guidelines clearly
require that no more than 1 living microbe can be detected
in every million sterilized final products of the blood
vessel prosthesis. Therefore, for bioinks made by natural
materials, sterilization technique is the final difficult aspect
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Figure 11. (A) A schematic of the freeform reversible embedding of suspended hydrogels (FRESH) process showing the hydrogel (green) being extruded
and cross-linked within the gelatin slurry support bath (yellow). (B) A model of a section of a human right coronary arterial tree from 3D magnetic
resonance imaging is processed at full scale into machine code for FRESH printing!*!,

that needs to be addressed. Some researchers found that
the autoclave sterilization is the most destructive method,
which will significantly reduce the viscosity and mechanical
properties after cross-linking. Only ethylene oxide is the
least destructive sterilization method, especially for the
photo-cross-linking materials, such as HAMA and GelMA.
Ethylene oxide could wipe out Escherichia coli without
causing a decrease in viability and proliferation of MSCs.
More importantly, the lack of manufacturing standards for
bioprinting process is a great challenge to 3D bioprinting on
a clinically relevant scale. Meanwhile, it is difficult to obtain
regulatory approval for bioprinted blood vessels, given the
complex clinical operation environment.

In the future, the construction of artificial blood vessels
should fully consider the beneficial properties of natural
materials, with a focus on adjustable mechanical properties
and biocompatibility. As the barriers are being gradually
overcome, using minimum number of components and
simple designs in clinical applications will become possible.
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