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Abstract: Vascular networks inside organs provide the means for metabolic exchange and adequate nutrition. Similarly, vascular
or nutrient networks are needed when building tissue constructs >500 pum in vitro due to the hydrogel compact pore size of bioinks.
As the hydrogel used in bioinks is rather soft, it is a great challenge to reconstruct effective vascular networks. Recently, coaxial
3D bioprinting was developed to print tissue constructs directly using hollow hydrogel fibers, which can be treated as built-in
microchannels for nutrient delivery. Furthermore, vascular networks could be printed directly through coaxial 3D bioprinting. This
review summarizes recent advances in coaxial bioprinting for the fabrication of complex vascularized tissue constructs including
methods, the effectiveness of varying strategies, and the use of sacrificial bioink. The limitations and challenges of coaxial 3D

bioprinting are also summarized.
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1 Why is coaxial 3D bioprinting needed?

Applications with 3D bioprinting to design and
manufacture 3D cellular structures for use in trans-
plantation therapies are emerging. The unique ad-
vantage of this technology is its ability to build 3D
structures with bioactive components, such as cells
and biocompatible materials (Lee and Yeong, 2016;
Mandrycky et al., 2016; He et al., 2019, 2020). The
ultimate goal of 3D bioprinting is to produce func-
tional living organs for regenerative medicine or or-
gan prototypes for drug screening (Ng et al., 2019).
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The fabrication of functional tissue constructs in vitro
is a big challenge that requires the long-term hard
work of biologists and engineers. Among them, vas-
cularization is one of the key factors in the fabrication
of large organ prototyping, especially ways to accel-
erate cell interaction in long-term cultures (Ji et al.,
2019). If the thickness of the tissue construct is
greater than 500 pum, it requires a vascular network for
the delivery of oxygen and nutrients to cells (Fig. 1)
(Rouwkema et al., 2008; Mironov et al., 2009; Shaw
et al., 2014). The main function of this network is to
improve the diffusion of nutrients and oxygen be-
tween blood and tissue through endothelial cells (ECs)
(Radisic et al., 2004; Griffith et al., 2005).

In the last decade, the direct printing of porous
networks inside cell-laden constructs became a clas-
sic method to enhance nutrient delivery (Fig. 1a).
Unfortunately, the constructed porous structures eas-
ily collapse due to the weakness of the bioink fibrous
unit resulting in local blockage and malnutrition
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Requirements of large-scale organ prototyping:

(i) Sacrificial biomaterial: (iii) Biofabrication technique:

- enable complex
cell-laden constructs

- fabricate vascular structure
into organ prototype

- printability

- provide biocompatibility for
encapsulating ECs

- ability to cooperate with the
outer tissue cell-laden
bioink for co-bioprinting

—>[IF | >l

(iii) Dissolving  (iv) Seeding endothelial
containing living cells sacrificial bioink cells in vascular network
with perfusion

Advantages of coaxial bioprinting of vascular organs:

- Simple setup and direct printing of vascular network

- Providing a feasible strategy for channel endothelialization

- Creating complex with vascular network by coculturing
ECs with multiple cell types

Fig. 1 Requirements to fabricate vascular organ prototypes by coaxial bioprinting: (a) typical bioprinting; (b) sacrificial

bioprinting; coaxial bioprinting (c)

(Kolesky et al., 2014; Murphy and Atala, 2014;
Paulsen and Miller, 2015; Cornelissen et al., 2017,
Datta et al., 2017; Hann et al., 2019; Xie et al., 2020a,
2020b). To overcome these obstacles, sacrificial bi-
oprinting has been used for prototyping vascular or-
gan structures. This technique embeds sacrificial ink
into a hydrogel matrix, then removes the ink and
seeds ECs via perfusing cell suspension into channels
(Jietal., 2019). Several studies have reported the use
of sacrificial bioprinting for vascular prototyping.
Miller et al. (2012) printed rigid filament networks of
carbohydrate glass to be used as a cytocompatible
template lined with living ECs. Bertassoni et al.
(2014) constructed microchannel networks to vascu-
larize tissue using a hydrogel construct from bi-
oprinted agarose template fibers, while Lee et al.
(2014) fabricated a perfused vascular channel within
a collagen scaffold using a 3D bioprinting method.
Nonetheless, the difference in functional capac-
ity between printed vascular tissue and natural tissue
persists, particularly in fabricated biomimetic

multilayered vascular structures composed of multi-
ple materials. Thus, sacrificial bioprinting has dis-
advantages in vascular prototyping for the following
reasons. It is a slow, multistep process due to the
necessity to use a mold for creating the vessel-like
channel. It is easy to seed ECs in simple and straight
channel structures, however, it is unrealistic to
achieve this in complex channels. Complex tissue/
organ constructs are limited in their ability to provide
the environment favorable to cells that can promote a
duplication of channel morphology and function re-
quired of highly vascularized organs (Fig. 1b).
Coaxial bioprinting overcomes the above limi-
tations by combining classical and sacrificial bi-
oprinting to fabricate biomimetic hollow structures in
a single-step process. This approach has a simple
setup of complex vascular networks, and provides a
feasible strategy for channel endothelialization. It
creates complex constructs with vascular networks by
co-culturing ECs with multiple cell types (Fig. 1c).
Sacrificial inks play a critical role in maximizing the
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advantages of coaxial bioprinting of vascular organs
because of the inherent qualities of the ink. It allows
for printability with short cross-link periods while
retaining requisite mechanical strength. Furthermore,
it provides biocompatibility for encapsulating ECs. It
also facilitates cooperation with the shell ink for
co-bioprinting. The coaxial bioprinting approach
achieves nutrient and oxygen supply to cells present
in the prototyping vascular structure. Ozbolat et al.
(2014) experimented with the fabrication of micro-
fluidic channels using alginate via the coaxial nozzle
to print hollow tubes. A multi-arm bio-printer was
designed to print filament structures and deposit cell
spheroids between the filaments to create a hybrid
structure that supports the cell spheroids in three di-
mensions. The research group of the present review
(Gao et al., 2015) developed a coaxial 3D bioprinting
method to create hollow filament constructs. This
technique includes the concurrent fabrication of both
microchannels and scaffolds. The microchannel sys-
tem involved allows nutrient delivery for cell growth,
while bioink supports cell proliferation. Relevant
achievements open up new avenues for vascular or-
gan prototyping. Recently, we further developed a
novel method to print cell-laden structures with vas-
cularized channels directly via coaxial 3D bioprinting
(Shao et al., 2020a).

This review focuses on the latest progress, and
compares the efficacy of various techniques and bi-
omaterials used in coaxial bioprinting for vascular
organ prototyping. It attempts to elucidate topics such
as: (1) factors that must be considered when bi-
oprinting vascular organ prototyping; (2) a list of
preferred biomaterials; (3) the principle of fabrication
of endothelialized-channels including its potential
mechanisms; (4) the most notable achievements
stemming from this technology; (5) the next big
challenges.

2 Potentially useful biomaterials for coaxial
3D bioprinting

Considering that bioink is a mixture of cells and
biomaterials, the biomaterials most suitable for use in
coaxial 3D bioprinting should have the following
characteristics (Murphy and Atala, 2014): (i) They
can act as an extracellular matrix (ECM). (i1) Degra-

dation behavior could be controlled both in short- and
long-term functions (Haycock, 2011). (iii) They have
good printability performance, i.e. printed cells are
able to maintain proper shapes. The shape fidelity of
printed cells is affected by parameters such as sub-
stance concentration, surface tension, and shear-
thinning behavior. Shear-thinning reduces the shear
force required for the flow of material extruded from
the printer nozzle. Printing parameters, such as speed
and nozzle size, also impact the final constructs (Kyle
et al., 2017; Townsend et al., 2019). (iv) The me-
chanical strength of a biomaterial must support the
continued function of a construct using different
crosslinks (Guvendiren et al., 2016). Until recently,
this has been the feature absent from most bio-
materials. (v) As alluded to above, an immediate
crosslink ensures the formation of shape fidelity.
Rapid crosslinking allows the biomaterial to retain
structural integrity after deposition. It also prepares a
suitable environment for the encapsulated cells (Pe-
reira and Bartolo, 2015). An appropriate crosslinking
mechanism leads to the structural development of an
individual layer with strong mechanical properties for
stability maintenance.

Hence, hydrogels are often perceived to be
suitable biomaterials for the direct printing of vascu-
lar constructs by coaxial bioprinting, because they
have a structure similar to the ECM with desirable
capabilities, such as of nutrient and oxygen diffusion
(He et al., 2016; Blaeser et al., 2017; Spang and
Christman, 2018). Hydrogels commonly used in co-
axial bioprinting are made from natural or synthetic
polymers including gelatin, collagen, alginate, and
gelatin/methacrylate (GelMA) (Ng et al., 2019).
Generally speaking, natural and synthetic polymers
should be combined into bioink for better biocom-
patibility, crosslinkability, mechanical and thermal
properties, and printability.

2.1 Alginate

The properties that make alginate attractive for
use as a biomaterial include non-immunogenicity,
rapid crosslinkability, low toxicity, and good bio-
degradability and biocompatibility (Axpe and Oyen,
2016). Alginate is a naturally derived polymer of
B-mannuronic acid (M) and a-guluronic acid (G)
(Pawar and Edgar, 2012). The physical properties of
alginate hydrogels are determined by the ratio of M to
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G component blocks. The larger the molecular weight
of the blocks, the greater the strength of the alginate.
Its physical properties tend to improve with its mo-
lecular weight (George and Abraham, 2006). Alginate
dissolves in water at ambient temperature to form a
hydrogel via intermolecular crosslinking between
divalent calcium (Ca2+) ions and G component
blocks. The success of gelation depends on alginate
concentration and its crosslinker. During 3D bi-
oprinting, cells are embedded in alginate hydrogel.
Higher concentrations of alginate restrict cell bioac-
tivity, while lower concentrations reduce the me-
chanical properties of the construct. Thus, the appro-
priate alginate concentration must be used for effec-
tive vascular organ prototyping. According to Park et
al. (2017), an alginate hydrogel of 3% (in weight)
with a low to high molecular weight ratio of 1:2 has
good printability and provides a suitable environment
for cell growth and proliferation. Although alginate
has properties similar to those of extracellular matri-
ces, it lacks bioactivity. The blend of alginate hydro-
gel with other polymers, however, improves cellular
activity and printing resolution. To this point, He et al.
(2016) concurred regarding the importance of vis-
cosity, air pressure, nozzle feed rate, and printing
distance between nozzle and substrate, when they
related to the successful use of alginate/gelatin
printability. The best parameters to print high-quality
scaffolds with diffusion and fusion and without
damage cells were set in this manner (Fig. 2a). A mix
of alginate/gelatin/collagen and human corneal epi-
thelial cells (HCECs) can be incubated in a sodium
medium to construct a cell-laden tissue with excellent
cell viability, as demonstrated by Wu et al. (2016).
When Chung et al. (2013) combined alginate with
gelatin, they observed enhanced cell growth and im-
proved mechanical properties on par with pre-
crosslink alginate.

The crosslinking mechanism of bioink-based
alginate is an important factor in the coaxial bi-
oprinting method. The bioink to be used in coaxial
bioprinting must have the proper viscosity to be ex-
truded through the nozzle to rapidly stabilize, thus
maintain a structure. The pre- and situ-crosslink
principles are important in choosing the desirable
method. The pre-crosslink approach uses high vis-
cosity bioink for rapid extrusion (Aguado et al., 2012;

Unagolla and Jayasuriya, 2020). To achieve this, the
flow properties of a solution should be controlled to
ensure bio-printability. The number of crosslinking
agents is important in material solutions to assure
uniformity during extrusion (Hennink and van Nos-
trum, 2012; Ouyang et al., 2017). For example,
alginate-based bioinks are used in coaxial nozzle
bioprinting due to their fast ionic crosslinking ability,
which is determined by optimal concentrations of
alginate and crosslinker (Onoe et al., 2013; Costantini
et al., 2018). Therefore, alginate has the potential to
fabricate microfibers and vascularized organs using
the core/shell crosslink principle. In this method, the
bioink-based alginate and crosslink solutions simul-
taneously extrude through the nozzle, with the gela-
tion mechanism occurring at the end of the process
within the dispensing head. The bulk alginate is con-
structed by bioink extruded through the outer nozzle,
while the crosslinking solution is pumped from the
sheath part of the inner nozzle resulting in an imme-
diate crosslink for the fabrication of a hollow vascular-
like structure (Costantini et al., 2018) (Fig. 2b).

2.2 Gelatin (GelMA)

Gelatin has been widely used as a preferred bi-
oink in coaxial 3D bioprinting (Wang et al., 2017) due
to its high biocompatibility, rapid biodegradability,
non-immunogenicity, and printing fidelity (Yao et al.,
2009; Wang et al., 2013). It is a water-soluble natural
polymer obtained from the hydrolysis of the triple
helix of collagen into single-strand molecules by
chemical pre-treatment followed by heat treatment,
whereby non-covalent bonds within collagen are
broken and proteins are destabilized altering the helix
structure, thus soluble gelatin is formed (Kuijpers et
al., 2000; Gomez-Guillén et al., 2011; Liu F et al.,
2018). The solid form of gelatin requires dissolution
in phosphate-buffered saline or a cell culture medium
to form a solution to prepare for printing. Different
types of cells or bioactive agents can be used as bio-
ink in the gelatin hydrogel (Madl et al., 2016). The
behavior of the gelatin solution is dependent on
temperature, pH, concentration, and crosslink mech-
anism. In sol-gel transitions, for example, when the
temperature of a gelatin solution drops below 35 °C,
the viscosity increases, which changes the gelatin
random coil to a coil helix structure leading to the
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Fig. 2 Schematic description of biomaterials in coaxial 3D bioprinting
(a) Structure printability of alginate; (b) Schematic illustration of crosslink step in coaxial bioprinting; (c) Process of bioprinting
of a multilayered hollow tube; (d) Bioink printability assessment under different printing parameters. EDTA: ethylenediamine
tetraacetic acid; PBS: phosphate-buffered solution; Pr: Prandtl number. Fig. 2a is reprinted from He et al. (2016), Copyright 2016,
with permission from Springer Nature; Fig. 2b is reprinted from Costantini et al. (2018), Copyright 2018, with permission from
IOP Publishing Ltd., licensed under the Creative Commons Attribution; Fig. 2c is reprinted from Pi et al. (2018), Copyright 2018,

with permission from John Wiley and Sons

fabrication of a gelatin chain aggregation (Suntorn-
nond et al., 2017; Zhang et al., 2017, 2019). However,
gelatin hydrogel has shown low mechanical strength
above 35 °C and structural instability in normal
physiological conditions. The physical cross-link
bond breaks down into gelatin molecules at temper-
atures above melting point (Liu F et al., 2018).

As the human body temperature is near 37 °C,
gelatin alone is not suitable for bioprinting (Sekine et
al., 2013; Suntornnond et al., 2015); however, physi-
cal and chemical crosslinking techniques may en-
hance its mechanical properties to acquire greater
stability. For example, gelatin can be chemically
modified with a methacrylate group to create gelatin/
methacrylate (GelMA) (van den Bulcke et al., 2000;
Xing et al., 2014). It is a favorable material for use in
printing vascular organ prototype directly by coaxial
3D bioprinting (Shao et al., 2018, 2020a), as it pro-
vides accurate printability and an appropriate

environment for cell proliferation, spreading migra-
tion, and differentiation (McBeth et al., 2017). The
unique characteristics of GeIMA stems from having
the biocompatibility of gelatin and the mechanical
strength of the methacrylate group crosslinking. Note
that gelatin printability and mechanical properties still
vary based on factors, such as the bloom value
(Gomez-Guillén et al., 2011), which determine gel
strength by gel concentration, temperature, matura-
tion time, and ultraviolet (UV) exposure time while in
the photo crosslink, cell density, and bioink status at
the nozzle tip. The use of a dual-crosslink step in
coaxial bioprinting to fabricate a multilayered hollow
tube was reported by Pi et al. (2018). Alginate in
bioink is crosslinked with CaCl, in the coaxial nozzle.
Subsequently, the GelMA/PEGOA (eight-arm poly-
ethylene glycol (PEG) acrylate with tripentaerythritol
core) bioink is photo-crosslinked by exposure to UV
light, which leads to the construction of hollow tubes
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(Fig. 2c¢). Ouyang et al. (2016) showed how the
properties of gelatin/alginate bioink combine with
specific printing parameters to affect the shape fidel-
ity of a 3D construct. Bioink printability is evaluated
using the status report of the bioink needle (under-
gelation, proper-gelation, or over-gelation) to fine-
tune parameters to achieve the best possible printing
fidelity (Fig. 2d). If gelatin or GelMA proportions or
concentration are increased, the viscosity and printa-
bility of hybrid GeIMA hydrogel is enhanced for use
in bioprinting according to van den Bulcke et al.
(2000). However, high concentrations of GeIMA can
reduce cell activity due to its highly cross-linked
hydrogel network (Liu et al., 2017). The GeIMA hy-
drogel enables photopolymerization by the means of a
water-soluble photoinitiator and UV-light. The UV
exposure dramatically enhances mechanical strength
and structural fidelity; the UV light crosslink can
improve cell viability of the GelMA hydrogel
by approximately 83% with a cell density of
1.5%10° cells/mL (Liu WJ et al., 2018; Das and Basu,
2019).

Additionally, low concentration of GelMA is
used appropriately for cell activity in coaxial 3D bi-
oprinting, but it requires alginate to provide me-
chanical support for the bioink (Liu et al., 2017;
Ashammakhi et al., 2019). A type of PEG acrylate
having a tripentaerythritol core was embedded into
GelMA to enhance alginate hydrogel’s mechanical

properties, cell viability, and stability in another study.

It was demonstrated that GelMA enables the con-
struction of the vascular channel at 37 °C, extending
cell life and improving cell function by selecting the
appropriate GelMA concentration and UV crosslinks
(Ashammakhi et al., 2019). Consequently, alginate
and gelatin/GeIMA are widely used as biomaterial
sources in the process of vascular organ prototyping
(Table 1).

2.3 Collagen and other biomaterials

Collagen protein is a major component of the

ECM—a key element in the structure of blood vessels.

It is a biodegradable, biocompatible substance with
low immunogenicity that can improve the adhesion
and proliferation of cells on scaffolds (Abraham et al.,
2008; Glowacki and Mizuno, 2008; Parenteau-Bareil
et al., 2010; Nagel and Kelly, 2013). Collagen mol-
ecules share structural similarities RGD (the tripep-

tide Arg-Gly-Asp consists of arginine, glycine, and
aspartate peptide) with gelatin having three polypep-
tide chains, such as glycine, alanine (Ala), proline,
and hydroxyproline, which make up their triple helix
structure (Persikov et al., 2005; Liu F et al., 2018).
The acid solubility of collagen is affected by hydrogel
pH and temperature, and results in limited applica-
tions and difficulty with 3D printing. Pure collagen
hydrogel demonstrates weak mechanical properties,
low viscosity, and a rapid degradation rate (Helary et
al., 2010; Liu F et al., 2018). Collagen needs to be
embedded in other polymers, such as alginate, fibrin,
agarose, and hyaluronic acid, to enhance the proper-
ties and printability of collagen for use as bioink
(Riicker et al., 2006; Nagel and Kelly, 2013).

For example, the combination of type I collagen
with thermo-responsive agarose hydrogel increases
the printability and mechanical properties of a pure
collagen hydrogel, and achieves improved print con-
tours of constructs and good cell viability after 21 d
(Duarte Campos et al., 2016). The 3D-bioprinting of
fresh collagen hydrogel to fabricate components of
the human heart was described by Lee et al. (2019).
The pH of collagen hydrogel can be controlled by
embedding the collagen self-assembly in a buffered
support material and adjusting filament resolution to
20 mm. In order to reduce gelation time, improve
mechanical properties, and speed biodegradation, the
mechanical properties of collagen hydrogel may be
improved by increasing collagen concentration from
12 to 24 mg/mL and combining it with shear-thinning
biomaterials such as chitosan hyaluronic acid and
fibrin. Improved printability is achieved when colla-
gen hydrogel is combined with other hydrogels.

3 Overview of the principal methods of co-
axial 3D bioprinting

Coaxial 3D bioprinting has simplified the pro-
cess of directly printing vascular constructs for nu-
trient delivery. The most commonly used method
involves core-shell flows within a coaxial nozzle. In
this approach, one or multiple materials in laminar
flow can be used in parallel streams. The multiple
phase filaments thus include multiple materials fab-
ricated as fiber. These multiple phases have several
capillaries connected in a coaxial form. During
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Table 1 Biomaterials used in coaxial bioprinting

865

Bioprinting

Bioink composition Cell type Crosslink mechanism . Reference
technique
GelMA-Alginate HVECs, MDAMB-231, MCF7 CaCl, and UV crosslink Coaxial extrusion Liu W] et al.,
breast cancer cells, NIH/3T3 bioprinting 2018

mouse fibroblast

GelMA-alginate, HUVECs and MSCs Ca*" ion covalent and UV Coaxial extrusion Jia et al., 2016
4-arm PEGTA photo crosslinking bioprinting
Alginate Bovine cartilage progenitor 2%—5% CacCl, solution Coaxial nozzle in  Yu et al., 2013;
cells (CPCs) single arm Zhang et al.,
robotic printer 2013
Alginate/ HUVECs/iPSC-CMs CaCl, and UV crosslink Coaxial extrusion Maiullari et al.,
PEG-fibrinogen bioprinting 2018
Alginate/GelMA/ HUVECs/hMSCs Calcium ions Coaxial extrusion Wu etal., 2016
PEGTA bioprinting
Alginate/GeIMA/PEG HUVECs/HBdSMCs/HUCs/  In situ crosslink: CaCl, Coaxial extrusion Pietal., 2018
hMSCs post crosslink: UV exposure  bioprinting
GelMA/Gelatin Osteoblast, human umbilical ~ Photo-crosslinking mechanism Coaxial extrusion Shao et al.,
vein endothelial cells bioprinting 2020b

Note: PEGTA: poly(ethylene glycol)-tetra-acrylate; HUVECs: human umbilical vein endothelial cells; iPSC-CMs: induced pluripotent stem
cell-derived cardiomyocytes; hMSCs: human mesenchymal stem cells; HBASMCs: human bladder smooth muscle cells; HUCs: human

urothelial cells

printing, for example, when two materials have been
loaded and dispensed individually from inner and
outer capillaries via a coaxial nozzle, the structure can
be created by the dispensed materials. Therefore,
two-phase filaments are achieved by these two mate-
rials in coaxial distribution. The utilization of a co-
axial nozzle in extrusion-based bioprinting increases
the possibility of producing a hollow structure. The
coaxial nozzle is fixed on the axis that moves along a
pre-planned path. In this approach, if the calcium
chloride solution is dispensed from the inner capillary,
whereas the alginate solution is delivered from the
outer capillary of the coaxial nozzle, the result is the
construction of a hollow fiber. The material used in
this method must have a rapid crosslinking mecha-
nism to impede collapse within the nozzle (Fig. 3a)
(Gao et al., 2015). If the bioink is pumped into the
inner capillary and the crosslink agent solution to the
outer capillary of the nozzle, a single-phase filament
is printed. Furthermore, the size of the hollow fiber
can be adjusted by controlling pressure (Colosi et al.,
2016).

In a different method, the non-viscous GeIMA
solution was loaded into the internal needle, and a
viscous solution containing sodium alginate to the
external needle. Due to a low Reynolds number, these
materials created laminar flow in the transparent

capillary channel. The crosslinking mechanism was
the blue light created by the GelMA fiber as the
standard product (Fig. 3b) (Shao et al., 2019). Mi-
crofluidic bioprinting using a coaxial nozzle is an-
other strategy to create micro-fibrous constructs,
where GelMA/alginate is printed through a
core/sheath coaxial nozzle. This coaxial nozzle,
which is assembled in extrusion bioprinting, is stable
and concentric, leading to a continuous generation of
hollow microfibers. In this method, alginate can be
crosslinked with CaCl, and GeIMA bioink in an al-
ginate sheath with a form of in situ gelation, and
photo-crosslinked with UV light. Printing can be
improved if the bioink extrusion rate is matched with
nozzle speed (Liu WJ et al., 2018).

In another approach, bioink is extruded by two
coaxial nozzles to print a hollow filament in a rotating
rod temple. As bioink from the outer needle contains
alginate, a crosslink solution is extruded from the
inner needle. The flow rate of both solutions is the
same, resulting in a hollow filament twined over a rod.
This hollow alginate filament is partially attached to
the crosslink-loaded fibroblasts and smooth muscle
cells via the use of the coaxial nozzle rolling process.
Concurrently, ECs are seeded in the inner wall. In this
formation, multilevel fluidic channels with multiple
layers of cells are fabricated, whereby smooth muscle
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cells are printed in the first layer onto which the
fibroblast-laden cells are printed. A blood vessel-like
structure is fabricated as a result (Fig. 3¢c) (Gao et al.,
2017).

The fabrication of hollow tubular channels can
also be achieved by coaxial nozzle printing, where
these channels print the encapsulating cells in sacri-
ficial biomaterial to mimic the vascular construct. The
coaxial nozzle is capable of direct fabrication of
cell-laden hollow tubular channel. Sacrificial materi-
als with crosslink mechanisms are frequently pro-
vided to create a stable vascular hollow construct. The
sacrificial material could be introduced through the
shell part of nozzle, while the crosslink solution can
be integrated into core side of the coaxial nozzle. The
flow rheology of sacrificial material and crosslinker,
as well as the core diameter of nozzle and hydrogel
percentage, could affect the diameter of hollow tub-
ular. This approach has led to the fabrication of vas-
cularized tissue constructs (Yu et al., 2013).

‘ CaCl,

4 Achievements by coaxial bioprinting

The creation of vascular organ prototyping has
been a challenge for scientists in tissue engineering.
In this regard, the use of the coaxial 3D bioprinting
technique has yielded promising results. In this sec-
tion, various approaches devised for using coaxial
bioprinting to build vascular organs are considered
(Sasmal et al., 2018). Vascular tissue has been primar-
ily constructed using dual-nozzle, extrusion-based
bioprinting (Maiullari et al., 2018) with multiple hy-
drogels used for immediate crosslinking to enhance
cell viability. Pinnock et al. (2016) endorsed a con-
struction method, whereby supportive fibrin hydrogel
sheets encourage cellular self-organization into a
tubular form resembling a natural artery. Kolesky et al.
(2014) studied a system where multiple cell types
were added with precise control to mimic tissue con-
struction. These various types of cells were printed
separately from the tissue construct with vasculature.

Coaxial bioprinting
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Fig. 3 Schematic illustration fabrication by coaxial bioprinting
(a) Core/Shell fabrication process; (b) New strategy of coaxial bioprinting used for the continuous generation of GeIMA micro-
fibers; (c) Fabrication process of vessel-like channel by multiple scale coaxial nozzle bioprinting over a rod. Fig. 3a is reprinted
from Gao et al. (2015), Copyright 2015, with permission from Elsevier; Fig. 3b is reprinted from He et al. (2019), Copyright
2019, with permission from John Wiley and Sons; Fig. 3c is reprinted from Gao et al. (2017), Copyright 2017, with permission

from American Chemical Society
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According to this technique, the four-layer construct
is fabricated by co-printing by four inks. These in-
clude polydimethylsiloxane (PDMS), fugitive Plu-
ronic F127, fibroblast-laden GelMA, and human ne-
onatal dermal fibroblast-loaded GeIMA. The fabri-
cated vascular network was encapsulated into GeIMA
and subjected to fugitive ink removal procedure at
4 °C. A coaxial nozzle system for printing vascular
conduits, which are reinforced with multi-walled
carbon nanotubes, was used by Dolati et al. (2014).
These carbon nanotubes (CNT) enhance the me-
chanical properties, printability, and biocompatibility
of alginate conduits that perfuse and thus support cell
growth (Fig. 4a). However, this method cannot print
vascular structures with capillary diameters, therefore,
oxygen and nutrient transport within the vessel-like
microchannels remains difficult in the created struc-
ture. Subsequent studies utilized a core/shell flow and
nozzle to fabricate the hollow channel via immediate
crosslinking with alginate to maintain the structure
(Attalla et al., 2016; Yeo et al., 2016). We found that
this approach created bulky cell structures with high
strength vessel-like microstructures. Coaxial bi-
oprinting with a Z-shaped platform is used to fabri-
cate layer-by-layer cell-laden scaffolding with algi-
nate microchannels that deliver oxygen and nutrients.
The facilitation of the fusion and printing of hollow
filament in this method requires carefully adjusted
concentrations of alginate and crosslink solutions
(Fig. 4b) (Gao et al., 2015).

During the fabrication of vessel-like printable
microfluidic channels by Zhang et al. (2013), the
hollow alginate filament of cartilage progenitor cells
(CPCs) was printed using a pressure-assisted bi-
oprinter with a coaxial needle to build the tubular tis-
sue scaffold. The microfluidic hollow channel allows
the flow of materials to and from cells (Fig. 4c). An-
other study described how a perfusable vascular con-
struct is fabricated by multilayer coaxial nozzle bi-
oprinting. In this method, the blended bioink contains
alginate, GeIMA, and 4-arm poly(ethylene glycol)
-tetra-acrylate (PEGTA). It has characteristics that
favor the proliferation of encapsulated vascular cells
and tunable mechanical properties of printed perfus-
able vascular constructs. Perfusable tubes with dif-
ferent outer and inner diameters are fabricated by
changing nozzle diameter, flow rate, and printing
speed (Jia et al., 2016) (Fig. 4d). Liu WJ et al. (2018)

fabricated cell-laden constructs with tunable micro-
environments for different cells (HUVECs, MDA-
MB-231, MCF7 breast cancer cells, and NIH/3T3
mouse fibroblasts) by coaxial bioprinting, with
GelMA/alginate as the shear-thinning bioink used for
fabricating core/sheath microfibers. The GelMA
construct was fabricated at low concentrations
(<2.0%) to support the proliferation and distribution
of cells.

Additionally, Hong et al. (2019) described the
fabrication of vascular constructs by coaxial bi-
oprinting, where bioink includes gelatin, PEG, tyra-
mine (GPT), and multiple vascular cells that utilize a
single-step rapid-crosslinking mechanism during
printing ((4.24+0.08) s). The core contained
HUVECs/Gelatin/H,O,, whereas GPT-50/horseradish
peroxidase (HRP)/human dermal fibroblasts (HDFs)
were settled within the sheath. The rapidly gelling
bioink shows the potential of this technique in the
fabrication of vascular constructs (Fig. 4e). Results by
Shao et al. (2018) showed that the GelM A microfibers
encapsulated in calcium alginate can fabricate straight,
wavy, or helical-shaped fibers by controlling the flow
rate. The Janus, multilayered, and double-helix fiber
structures were constructed by using different coaxial
nozzles (Fig 4f). In a subsequent study, the same re-
searchers demonstrated that cell-laden microfibers
can be constructed as a standard product by coaxial
bioprinting. These GelMA microfibers can tolerate
long-term storage using cryopreservation. Vascular
organs, angiogenic sprouts, and tumor angiogenesis
have been duplicated as standard products in this
manner (Fig. 4g) (Shao et al., 2019).

In classical coaxial bioprinting, a core/shell
nozzle is applied where crosslinker solution and hy-
drogel are pumped from the inner/outer needle. Al-
ginate is the most commonly used bioink due to its
rapid ionic crosslinking mechanism. However, its
application comes with certain drawbacks. For ex-
ample, it can affect the survival and migration of
embedded cells arising from the use of alginate-lysing
enzymes or EDTA. The use of calcium chloride for
fast ionic crosslinking may be limited due to its re-
quirement to be in a phosphate-buffered solution
(PBS). Interactions between phosphate salts and cal-
cium ions can affect the behavior of encapsulated
cells. The application of gelatin/GelMA in the coaxial
nozzle for vascularized constructs solves this problem.
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Fig. 4 Schematic illustration of current progresses in vascular organ prototyping
(a) Printed vascular CNT-reinforced conduits; (b) Printed alginate hollow filaments; (c) Tubular channels with perfused cell type;
(d) Human umbilical vein endothelial cells (HUVECsS) culture of perfusable hollow fibers with different layers; (¢) Schematic of
GPT-50 bioprinting with HUVEC-core, HDFs, and HRP-sheath configuration (scale bar: 1000 um); (f) Blood vessel structures
from GelMA microfibers; (g) Non-cryopreserved (left) and cryopreserved (right) bone marrow mesenchymal stem cells
(BMSCs)-laden microfibers at 0 and 3 d of culturing. Fig. 4a is reprinted from Dolati et al. (2014), Copyright 2014, with per-
mission from IOP Publishing Ltd., licensed under the Creative Commons Attribution; Fig. 4b is reprinted from Gao et al. (2015),
Copyright 2015, with permission from Elsevier; Fig. 4c is reprinted from Zhang et al. (2013), Copyright 2013, with permission
from IOP Publishing, Ltd.; Fig. 4d is reprinted from Jia et al. (2016), Copyright 2016, with permission from Elsevier; Fig. 4e is
reprinted from Hong et al. (2019), Copyright 2019, with permission from The Royal Society of Chemistry; Fig. 4f is reprinted
from Shao et al. (2018), Copyright 2018, with permission from John Wiley and Sons; Fig. 4g is reprinted from Shao et al. (2019),

Copyright 2019, with permission from John Wiley and Sons

Shao et al. (2020b) described a novel coaxial nozzle
design, in which a single filament prints half sacrifi-
cial ink and half bioink simultaneously. Methacry-
lated gelatin/gelatin is used as sacrificial ink with a
reversible thermo-crosslinking mechanism, while
GelMA as the cell-laden bioink with an irreversible
photo-crosslinking mechanism. The gelatin dissolves

after printing to construct nutrient networks for the
delivery of oxygen and nutrients, waste diffusion, and
easy fabrication of large-scale tissue (Fig. 5a). A
further study described a combination of sacrificial
bioprinting and common coaxial bioprinting to form a
direct printing strategy for the fabrication of large-
scale 3D vascularized constructs with self-seeding
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ECs and without perfusion (Shao et al., 2020a).
Complex bioprinted tissue constructs and vascular
networks are fabricated simultaneously with this ap-
proach. The two materials extruded from the same
coaxial nozzle can rapidly print vascular constructs
without changing the nozzle (Fig. 5b).

In this technique, the GeIMA of tissue and ECs
are extruded from an outside nozzle, whereas gelatin
is present in the inside nozzle resulting in the fabri-
cation of core-sheath fibers appropriate for printing
large-scale vascularized tissue. ECs will automati-
cally settle and adhere to the inner wall of the vascular
networks forming the vascular structure. The size of
relevant vascular tissue constructs therein was >1 cm,
which were cultured for 20 d (Fig. 5¢).

These advances indicate good potential for con-
structing large-scale vascular tissues through tissue
engineering applications and organ prototyping.
Other attempts for prototyping vascular organs via
coaxial bioprinting are detailed in Table 2. Coaxial
3D bioprinting has the potential for the construction

(i) Synchronous 3D

bioprinting " € Luer plug
-
Gelatin GelMA
pre-bioink

pre-bioink

¥

Parallel nozzle [

B¢ 0¢ e e e B

Cooling platform 1 °C

(i) Photo-crosslinking

of GelMA «

Solid structure

Vertical section

of vascular structures within organ prototypes. Novel
coaxial bioprinting techniques have utilized bioinks
both to support cell viability and to provide the ability
of constructing a multilayered vessel-mimicking
structure or hollow tubes by extrusion, thus allowing
multiple kinds of cells and biomaterial to be cultured
in a single-step process.

5 Conclusions and future directions

Vascularization is a critical factor for the bio-
fabrication of volumetric tissue. In addition, vascular
networks must be prefabricated to promote cell pro-
liferation. This is a major impediment to successful
tissue engineering and bioprinting. Coaxial 3D bi-
oprinting, a novel technique in bioprinting, enables
the formation of a directly deposited biomimetic
vascular structure, potentially solving the problem of
complex vascularized tissue construct fabrication.
Classic coaxial bioprinting uses a core/shell nozzle

(iii) Dissolve away gelatin to
make nutrient networks

37 °C culture 3
Gelatin lique

‘ ‘ faction

Vertical section

Structure with
nutrient networks

Fig. 5 3D bioprinting strategy for engineering large-scale tissue constructs with nutrient networks (a); 3D bioprinting
multi-compartmental construct and its vertical sections (b); confocal laser scanning microscopy (CLSM) images of the

vascularized osteogenic tissue constructs (c)

Fig. 5a is reprinted from Shao et al. (2020b), Copyright 2020, with permission from John Wiley and Sons; Figs. 5b and 5c are
reprinted from Shao et al. (2020a), Copyright 2020, with permission from IOP Publishing, Ltd.



870

Ramezani et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2020 21(11):859-875

Table 2 Reports of vascular organ prototypes created by coaxial bioprinting

B1opr1T1t1ng Bioink composites Printed construct Pr1nt1r.1g Description Reference
technique resolution
Coaxial nozzle Alginate/HUVSMCs  Vasculature conduits 9901500 2o ‘:: ’ ' Zhangetal.,
bioprinting wm 2015
AN n"j." 507“
(Fig. T1)
Core-sheath nozzle Collagen/Alginate/ Hollow channel 400-1000 Yeo et al,,
3D bioprinting Osteoblast-like cells pm 2016
(MG63), human
adipose-derived stem
cells (hASCs)
Multichannel coaxi- GelMA/hMSCs, HU- Tubular hollow fibers with 600-1000
al extrusion system VECs cells and multiple circumferential pm
HUCs, HBdASMCs layers i
(Fig. T3)
Coaxial extrusion  Alginate /PEO/ Core/Shell cell-laden collagen 300-800 Nucleus/F-actin Lee et al.,
bioprinting Osteoblast-like cells  scaffold um 2018
(MG63), hASCs
Coaxial extrusion  Alginate/L929 Vessel structure from hollow  800-1500 Gao et al.,
bioprinting in ro- filaments pm 2017
tated rod template
Coaxial extrusion ~ Low viscosity of Fibers with stem cells ~300 um Colosi et
bioprinting GelMA/alginate al., 2016
/hMSC cells
Core—shell strands ~ Alginate/hybrid Formation of fibrous ~800 um ® Mistry et
coaxial bioprinting  gels-PEGDA vascular-like structure al., 2017
/HUVECs

Hybrid strategy base GelMA/alginate/
coaxial bioprinting HUVECs

Coaxial extrusion  Alginate and
bioprinting PEG-fibrinogen
(PF)/HUVCs/
iPSC-CMs

Endothelialized microfibrous
hydrogel scaffolds and for-
mation of endothelialized
cardiomyocytes

3D cardiac tissue composed of 100 um

iPSC-derived CMs, vessel-
like structure with a lumen

Zhang et al.,
\ 2016

(Fig. T8)

Maiullari et
al., 2018

(Fig. T9)

Note: Fig. T1 is reprinted from Zhang et al. (2015), Copyright 2015, with permission from The Royal Society of Chemistry; Fig. T2 is reprinted

from Yeo et al. (2016), Copyright 2016, with permission from American Chemical Society; Fig. T3 is reprinted from Pi et al. (2018), Copyright

2018, with permission from John Wiley and Sons; Fig. T4 is reprinted from Lee et al. (2018), Copyright 2018, with permission from American
Chemical Society; Fig. TS is reprinted from Gao et al. (2017), Copyright 2017, with permission from American Chemical Society; Fig. T6 is
reprinted from Colosi et al. (2016), Copyright 2016, with permission from John Wiley and Sons; Fig. T7 is reprinted from Mistry et al. (2017),
Copyright 2017, with permission from John Wiley and Sons; Fig. T8 is reprinted from Zhang et al. (2016), Copyright 2016, with permission from
Elsevier; Fig. T9 is reprinted from Maiullari et al. (2018), Copyright 2018, with permission from Springer Nature, licensed under a Creative

Commons Attribution
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(double-layered coaxial nozzle), whereby a cross-
linked solution and cell-laden hydrogel are pumped
from the inner/outer needles. A multi-layer coaxial
nozzle can be used to attain a more biomimetic mul-
tilayered vascular structure. Because of the popularity
of the rapid ionic crosslink mechanism, alginate-
based hydrogels are the most commonly used hy-
drogel for encapsulating cells; however, the presence
of alginate inevitably affects the behavior of encap-
sulated cells. Thus, novel bioink combinations need to
be developed to promote cell functionalization. Cur-
rently, gelatin/GelMA is the optimal core/shell hy-
drogel candidate for prototyping vascularized tissue
constructs due to their superior biological performance
and photo-/thermo-crosslinking mechanisms.

Looking forward, prototyping vascularized tis-
sue constructs involves two crucial factors: (i) a fea-
sible strategy for channel endothelialization and (ii)
perfusable channels and extended perfusion cultures
for angiogenesis. The new form of coaxial bioprinting
that supports self-seeding ECs is promising, although
perfusion culturing must progress further to promote
angiogenesis. Subsequently, bioprinted tissues can
slowly vascularize via angiogenesis for biomedical
applications in vitro. Future advances may include the
introduction of nerve cells for producing tissue con-
structs with both vascular and neural functional
capacity.

Nevertheless, limitations to the current approach
of coaxial 3D bioprinting exist. Creating branched
vascular structures in different ranges is challenging.
The walls of blood vessels contain several layers of
proteins and cells; they branch to form an intricate
system throughout the body. The physiological func-
tion of a blood vessel determines the number of layers
and thickness of the vessel. Therefore, one goal of
coaxial bioprinting is the successful fabrication of a
branched vascular network capable of angiogenesis.
A further limitation of coaxial 3D bioprinting is the
inability to print high length vascular networks.
Hence, it is important to foster coaxial bioprinting
approaches that are most likely to produce large di-
ameter constructs retaining shape fidelity without
shrinkage during the printing process. Furthermore, it
is difficult to bioprint submicron-sized capillaries
with current coaxial bioprinting techniques. In order
to keep pace with patient demand and ever-expanding
clinical needs, we expect an increasing focus on co-

axial 3D bioprinting applications for the rapid pro-
duction of vascularized tissue. Therefore, the goal of
future efforts could be to print microvascular net-
works concurrent with other large tissues.
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