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Vascularization is a leading limitation for the clinical application of in vitro engineered tissue constructs
because of the insufficient blood supply in the initial phase after implantation. In spite of decades of
progress in the tissue engineering field, vascularization is a major issue that remains unsolved. The
advent of 3D bioprinting technology provides a powerful means to resolve the vascularization problem
for its advanced time and spatial control, capacity to be changed in size or scale, as well as reproduc-
ibility, compared to traditional fabrication processes.

This paper aims to review the recent progress of 3D bioprinting technology in the fabrication of blood
vessel, vasculature and vascularized tissue constructs. 3D bioprinting methods and the engineered
bioinks for vascular-structure constructions are discussed and compared, followed by a concise discus-
sion of limitations and challenges encountered towards current 3D bioprinting of vascularized tissue.
Finally, future research directions on the development of 3D bioprinting processes and bioinks for

natural tissue constructions are also discussed.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Cardiovascular disease (CVD) is the most common cause of
death worldwide. An estimated 16.5 million cardiovascular disease
(CVD) deaths were reported each year which accounts for 20% of
global mortality [1]. While significant progress has made in medical
therapy to bring up with potential solutions to reduce the death
rate of CVD, cardiovascular transplantation turns out to be the only
definitive therapy for CVD for now [2]. Disadvantages exist for
allograft transplantation such as paucity of donor tissue, com-
plexities in procurement and handling, transplant rejection and the
possibility of disease transmission which have brought difficulties
and limitations in CVD therapy [3,4]. Synthetic implants are playing
more and more important role in the supply for transplantation.
The idea of engineered vessels and vascularized tissues have been
presented in tissue engineering for several decades [5,6]. However,
engineered tissues are yet to be applied in clinical therapies due to
lack of biological functions [7]. One major obstacle regarding bio-
logically functioned tissue constructs is the need of vascular
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network in engineered tissues [8]. Vascular network is essential in
engineered tissues since studies proved that if the engineered tis-
sue thickness is ever to surpass 100—200 pum, vascularized struc-
ture must be created for the tissue to transport nutrients and
oxygen to tissue cells [8,9]. However, the complexity of blood vessel
networks makes the regeneration process complicated. Different
types of blood vessels can contain different cell types, range
different in sizes from millimeters to micrometers, and support
different tissue-specific functions [10,11].

Vascular networks, which are composed of a series of blood
vessels, are embedded in most human tissues to serve the function
of providing nutrients and oxygen to sustain vitality of the tissues.
These tissues supported by the vascular network are referred to as
vascularized tissues. When constructing blood vessels or building
vascular networks in engineered tissues, several factors have to be
considered. Specifically, reproduction of anatomical complex con-
structs, biomimicry of the extracellular matrix (ECM) [12], reca-
pitulating the diverse biological function [13] are key
considerations in blood vessels and vascularized tissue network
formation.

In the literature, methods for constructing blood vessels varies
depending on whether a single blood vessel or a vascular network
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is created. In terms of constructing single vascular structure, several
methodologies have been developed including cell-seeded biode-
gradable scaffolds, programmed modular cell self-assembly as well
as acellular techniques [14]. As for vascularized network, besides
the methods used for constructing blood vessels, angiogenic factors
and prevascularization are other strategies capable of enhancing
vascularization in engineered tissues [15]. All those traditional
methods of engineering tissue constructs can be considered as a 2-
step procedure: first, mix the cells with growth factors and the
scaffold constructs, which are created by natural or synthetic bio-
materials; second, immerse the mixture in an in vitro bio-
environment [16]. Limitations revealed in this process are low ef-
ficiency and inability to control the size of products, which makes it
unable to satisfy customized needs [17].

3D bioprinting technology provides a promising way to resolve
previous problems for its high efficiency, scalability, time, and
spatial control, among other things [18]. It has been applied to
medical prostheses [19], organ models [20], and clinical-related
tissue constructs for tissue engineering [10,13,20—29]. 3D bio-
printing has also made impressive progress in printing two-
dimensional (2D) tissues such as skin [13], which has been suc-
cessfully commercialized. This brings confidence towards printing
more complex structures such as blood vessels and vascular
networks.

Current significant advances of 3D bioprinting have been ach-
ieved by printing hollow geometry as well as the vascularized
network geometry [10] with limited biological functions. However,
evident gaps exist between synthetic tissues and nature tissues.
The main reasons that caused the gaps remained in three fields:
bioprinting technique, materials of bioink and fabrication of nature
like extracellular matrix (ECM). From the aspect of bioprinting
technologies, the resolution of the contemporary printing method
still cannot match the precision of real human tissues, such as
capillaries (diameter around 10 pm). Considering the bioink, a
mixture of materials that is not only easy to print, but also can
provides the compatible environment for cell growth need to be
developed to support the biological function of the printed struc-
ture. For biomimicry of nature like ECM, our understanding of cells
and ECM regarding their contents and functions is not thorough.
Because of all these reasons, difficulties remain in the construction
of highly biological functionalized tissues.

This review aims to provide an overview of the current progress
in 3D bioprinting technology in regard to printing blood vessels and
vascularized tissue networks. Different types of bioprinting
mechanisms such as: micro-extrusion based bioprinting (MEB),
drop-let based bioprinting (DBB) and laser-assisted bioprinting
(LAB) are reviewed. A variety of bioinks that researchers developed
for different printer mechanism using different nozzle and forma-
tion process are introduced. The application of blood vessel and
vascular network tissue formation are also included. And the cur-
rent limitations and future research direction in 3D bioprinting of
blood vessel and vascular tissue networks are discussed.

2. 3D bioprinting technique

3D printing was first described by Charles W. Hull in 1986. He
developed a system for generating 3D objects by creating a cross-
sectional pattern of the object via UV light to cure thin layers of a
UV curable material and named it ‘stereolithography’ [30]. Then, 3D
printing has been widely studied for its advantages including pre-
cise control of the 3D architectures, highly customizable structures,
automated and tool-less manufacturing processes, high cost-
effectiveness, and others [18]. The success of 3D printing technol-
ogy then quickly spread to the biomedical field employing special
materials such as synthetic polymers, fasteners, and natural cell/

biomaterials (hydrogel, alginate etc.) to form 3D integral constructs.
As early as 1999, Odde and Renn [4] used laser direct writing of
living cells for the first time. The cells blended with a range of
particular materials are guided and deposited on the surface to
form 3D patterns on the bottom platform. Recent decades witness
the great progress of 3D bioprinting in tissue engineering with the
advances in computer science, material science and biomedical
engineering [16]. Compared to traditional tissue engineering
techniques, 3D bioprinting has the advantage of up to 10—200 pm
high-resolution cell deposition [20,31].

Different printing modalities may require different properties
for the material and the substrate [32]. They are also based on
different printing mechanism which yields different printing pro-
cedures and different parameters for blood vessels and vascular-
ized tissue printing, thus, yields different results. Each technique
has its strengths, and limitations, but none of the single technique
can satisfy all the requirements and concerns needed for fabricating
the implantable complex tissue constructs [24,25,28,33,34]. For all
3D bioprinting modalities, the process can be described in the same
fashion, (see Fig. 1).

2.1. Micro-extrusion based (MEB) bioprinting technique

The MEB technique is the integration of two processes: extru-
sion and bioprinting. They are controlled by a fluid-dispensing
system and 3D spatial automatic movement controlling system
[33]. MEB is one of the most commonly studied methods in 3D
bioprinting [10,28,33]. It is the most cost effective printing method
among the three above mentioned printing techniques. The
working principle of extrusion printing system is that it dispenses
the ink using either pneumatic [36] or mechanical (includes piston
or screw) dispensers [37,38].

The suitable printing material viscosity for MEB ranges from
30 mPa/s to more than 6 x 10’ mPa/s [39]. The materials which
meet this requirement include biocompatible hydrogels, copolymer
as well as spheroids (a type of cell aggregates) [40]. Materials with
higher viscosity is easier to form structure, but come with lower cell
viability. Studies reported that the cell survival rates range from
40% to 97% depending on the material and the dispensing system
[40]. Some studies used the two-step crosslinking method of the
hydrogel to improve cell viability. Specifically, they prepared the
partially polymerized alginate-based hydrogel [41]. In MEB, the
materials used are non-Newtonian and can be thermally cross-
linked. For non-Newtonian material, the increase of shear rate will
cause the decrease in viscosity [42], due to pseudoplastic or shear
thinning effect. Shear thinning enables the formation of the desired
structure by the material when it endures high shear rate at the
nozzle head, where the viscosity of the material increase and form
the structure after flowing out the nozzle upon deposition [40].

Increasing printing resolution is a challenge to all printing
methods. Current MEB technique enables to achieve 5 pm to mil-
limeters wide resolution at low printing speed (5—10 pm/s). But the
real tissues requires even nanoscale printing resolution [43] which
is still a technology gap for researchers to overcome. Cell viability of
MEB can be lower than other printing method, possibly due to the
shear stresses applied to the biomaterials while extruding them out
from the nozzle. Higher viability can be achieved at the cost of
resolution.

Aortic valves, vascular, branched vascular trees have been
fabricated using MEB [40]. Adaptation has been made to both the
nozzle and printing process which to be more compatible to
vascular formation. Yu et al. designed a pressure-assisted freeform
fabrication process using coaxial nozzles where two different fluids
flow through the tubes, and then meet and trigger the gelation
process to print hollow filaments [44] (see Fig. 2 (A)). Later, the
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(A) 3D Scanning

(E) Application

Fig. 1. 3D Bioprinting Process (A) CT scanning/MRI technique gets the 3D image of the damaged part for patients. The 3D images generate the size and geometrical information. The
image is adapted from Ref. [13]; (B) CAD models and slicing determine the contour structure and the inner structure while creating G-code. The image is adapted from Ref. [35]; (C)
Optimal materials are selected based on constructs’ application and the biomaterials are prepared for bioprinting. The image is adapted from Ref. [13]; (D) Bioprinting of the 3D
constructs using 3D Bioplotter; (E) Application of 3D bioprinted parts in bioreactor before implantation [13].

printing principle and the mechanics models were established by
the same group [45]. Besides, Jia et al. published a method where
nozzle size can be tuned to satisfy multiple dimension re-
quirements [36] (see Fig. 2 (B)). They also developed a multi-arm
bioprinter that can print multiple materials concurrently with in-
dependent motion path and dispensing parameters [46]. Gao et al.
[47] modified the printing process by the motorized XY stages and
with the coaxial nozzle attached to form hollow filament in precise
location. A Z-shaped platform moves up and down to print vertical
layers, (see Fig. 2 (C1)). Recently, Gao's group designed a new
fabrication method using the rolling process [48], (see Fig. 2 (C2)).

Though MEB is not the first printing technique used in bio-
printing, it is the most widely studied one [33] for its advantages
including the ability to deposit high cell densities, relatively precise
spatial control of the desired constructs compared to other two
methods. The flexibility of nozzle size and shape design also facil-
itate the improvement of MEB in vascular tissue construction. For
example, one possible way to form hollow structure and branching
structures toward vascular structure is adapting the coaxial nozzles
and introducing the rolling process.

2.2. Droplet based bioprinting (DBB) technique

DBB is widely used both in biological and nonbiological printing
[40]. DBB yields continuous liquid droplets rather than beads of
material to predefined locations. Early versions of DBB printers
were modified from commercial 2D inkjet printers. The ink is
substituted with bioink, which is composed of biomimetic extra-
cellular matrix and encapsulated cells in the matrix. The droplet is
squeezed out of the printhead using thermally induced, piezo-
electric, acoustic radiation or electrostatic induced methods
[35,40,50]. The main difference between MEB and DBB is the

printing principle. For DBB, the bioink is dispensed out of the nozzle
and generates series of droplet under thermal or piezoelectric,
acoustic radiation or electrostatic control [51]. Similar to MEB, the
bioink used here is composed of biomimetic extracellular matrix
and encapsulated cells in the matrix which is biocompatible
[38,51].

Multiple hydrogels such as agarose [52], alginate [53], collagen
type I [37], Matrigel™ [19] of this type have been studied by re-
searchers. However, the process of squeezing out the droplet from
nozzles require materials printed tuned to low viscosity for them to
be easier to be dropped. This is one of the major drawbacks using
droplet-based printing because it is more difficult to transform low
viscosity materials to solid state structure.

Other concerns such as low cell concentration, high risk of
exposing cells and materials to thermal and mechanical stress, low
droplet directionality, non-uniform droplet size, frequent clogging
of the nozzle, and unreliable cell encapsulation also hampers the
progress of DBB processes [10,54—59]. However, frequent clogging
of the nozzle and unreliable cell encapsulation inhibit the use of
these printers in bioprinting field. Practice has been launched to
deal with some of the issues. Acoustic-based inkjet printer is
developed to print a uniform droplet and avoid the heat and
pressure imposed on cells [60]. Later, Tasoglu et al. developed an
open-pool nozzle-less ejection system is created to reduce the
shear stress at the nozzle tip [61].

2.3. Laser-assisted bioprinting (LAB) technique

LAB uses laser energy to transfer prepared liquid form bio-
materials to substrate to fabricate tissue constructs or high-
precision patterning of biologics [10,13,32] Typically, LAB is influ-
enced by laser frequency, gas composition, thickness and viscosity
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Fig. 2. Coaxial 3D Bioprinting for MEB (A) Coaxial nozzle assembly and associated mechanical forces demonstration [44]; (B) Direct 3D printing perfusable vascular structure [49)]
(B1) Biomaterial composition and coaxial nozzle demonstration; (B2) The designed multilayered coaxial nozzles and schematic diagram showing fabrication of perfusable hollow
tubes with constant diameters and changeable sizes; (B3) Schematic diagram and representative fluorescence micrographs showing the bioprinted perfusable tubes displaying
different outer diameters; (C) 3D bioprinting three-layered vascular structure [48] (C1) Fabrication process of 3D alginate vessel-like structures with multiscale fluidic channels; (C2)

Vertically printed vascular structure and horizontally printed vascular structure with inner and outer hollow structure.

of the biomaterials, surface tension, wettability of the substrate
[13]. A layer of biomaterial is prepared in a liquid solution attached
on a support substrate. When laser focuses on the support layer and
absorbs the energy, it generates a high-pressure bubble that pro-
pels the biomaterial toward the receiving substrate. Compared to
the former mentioned printing method, laser-assisted 3D bio-
printing has the advantages of precise control to print desired

number of cells [28,62] including even single cell (under 5 Hz fre-
quency, speed up to 1600 mm/s [63]). High cell density achieved by
LAB, which is above 102 cell/ml is another advantage. Besides, since
LAB is nozzle free, clogging problem is eliminated. The viscosity for
the material suitable for LAB ranges from 1 mPa/s to 300 mPa/s
[32]. Despite the listed advantages, LAB is inefficient both in
printing process and material preparation. Low printing speed is



due to rapid gelation kinetics to achieve high shape fidelity [64].
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Preparation needs longer time because individual ribbon is

required for each printed cells or hydrogels. Accurate cell posi-
tioning is difficult to achieve because of the ribbon coating
[28,62,63]. Highly costly LAB facility to achieve the printing process

is another obstacle [13].

2.4. Comparison of three bioprinting methods

283

The detailed description of three 3D bioprinting modalities is
demonstrated in Fig. 3 (A). The comparison of MEB, DBB and LAB
bioprinting methods are summarized in Table 1. The printing pa-

rameters of three methods and bioinks for 3D bioprinting
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Fig. 3. (A) Bioprinting Methods and Bioinks explored for MEB [10,71] A) Bioprinting Technologies. A1) Micro-extrusion bioprinters use mechanical or pressure working principle;
A2) Thermal inkjet bioprinters; A3) Laser-assisted bioprinters use pulsed laser beams focused on an energy-absorbing substrate to generate pressure that propels cell-containing
material to deposit onto a receiving substrate. Images adapted from Ref. [71] B,C) Bioink materials. B1) Hydrogel [72]; B2) dECM [73]; B3) Microcarriers [74]; C1) Tissue spheroids
[75]; C2) Cell pellet [76]; C3) Tissue strands [77].

Table 1
Comparison of Bioprinting techniques.
Micro-extrusion Based Droplet-based Laser-assisted Reference
Part I Parameters of 3D Bioprinting Technique
direct/indirect Both direct and indirect Direct Direct [28]
Scaffold/Non-scaffold based Scaffold-based and scaffold-free Scaffold-based Scaffold-based [10]
printing resolution (um) 200 200 Cell size (10) [31]
Printing Homogeneity Uniform Non-uniform Non-uniform [10]
3D Bioprinting Capability High Medium Medium [31]
Degree of Research High Medium Low [13]
Printing Cost Low Medium High [31]
Print Speed Slow (10—50 mm/s) Fast (1—10,000 droplets per Medium (200—1,600 mm/s) [13]
second)
Part II Parameters of Bioink
Cell Density High (>10° cells/ml), Cell-only Low (<10° cells/ml) High (108 cells/ml) [13]
Bioink
Types of Materials for Bioink Cell-free, Cell-laden Cell-only Cell-free, Cell-laden Bioink Cell-laden Bioink [28]
Bioink
Vertical mechanical structure quality High Poor Medium [54]
bioink viscosity (mPa/s) High (30 - >6*107) Low (3.5—-12) Medium (1—-300) [13]

Part III Advantages and disadvantages of Bioprinting Methods

Advantages

Disadvantages

High cell density, Spatial
control, Support scaffold-free
printing

Moderate speed, Clogging issue
(at 150 pm)

High Speed, Medium resolution

Low cell concentration, Non-
uniform droplet size, Clogging

No clogging issue

Difficult to target precise cell
position, High cost, Low cell
viability, Un-uniform size of ink
droplet

[10,13,17,28,31,
33,45,65—-70]
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techniques are listed in the table. The advantages and disadvan-
tages for each modality are demonstrated as well.

3. Bioinks for vascular and vascularized tissue

Above discussed bioprinting methods provide a variety of ap-
proaches for soft tissue and scaffold fabrication. The functionality of
printed constructs depends on both the printing method (printing
mechanism, resolution etc.) as well as the chosen biomaterials and
cells used for printing. Moreover, the bioinks designed for each
printing method varies based on their bioprinting mechanism and
the printing parameters. Likewise, for each printing method, when
printing constructs with different function or geometry, the fea-
tures of designed bioinks varies. This variety is the result of not only
manufacturing ability, but also many other features of the ideal
construct including mechanical integrity, stability, insolubility in
cell culture, biodegradability, biocompatibility, toxicity and cell
adhesion etc.

Among the bioinks used in MEB bioprinting methods, Bioink
materials can be categorized into two major types depending on
their printing processes [32]. One type is scaffold-based bioink
materials where the printed constructs need a scaffold support.
Another type is scaffold-free bioink materials where cells are
printed without the use of an exogenous support [32]. For each type
of bioinks, researchers have fabricated blood vessels in a different
scale and structures, vascular networks as well as the thick vascu-
larized tissue in vitro [28,32,72,78].

3.1. Scaffold-based bioinks

The scaffold-based bioprinting is the most common bioprinting
technique for tissue constructions. Scaffold plays an important role
in tissue regeneration where they provide a space for cell adhesion
[79] as well as biological cues for cell differentiation [80]. Typically,
scaffolds with a high porosity yields large surface area enabling cell
adhesion and formation of blood vessels. Previously studied
scaffold-based bioinks can be generally classified into three cate-
gories: hydrogel, decellularized extracellular matrix (dECM) and
microcarrier.

3.1.1. Hydrogel

Hydrogel is composed of a series of hydrophilic polymer chains
that are crosslinked through physical bonding such as thermal,
chemical bonding like CaCl, solution [41,81], or enzymatic bonding,
in the presence of water [82]. Hydrogels can be categorized into
natural hydrogels which include gelatin [83], fibrin [84], alginate
[44], chitosan [45] and hyaluronic acid [85], and synthetic hydro-
gels such as Poly(2-hydroxethyl methacrylate) (PHEMA) [86],
Poly(vinyl alcohol) (PVA) [86] and Poly(ethylene glycol) (PEG) [38].
In order to mimic the in vivo environment, properties of hydrogels
such as rheology (viscosity, viscoelasticity, shear thinning, yield
stress), crosslinking mechanism, physical behavior, and solute
transportation are key to human tissue regeneration [86]. The
choice of hydrogel in bioinks is based on both the properties and
the requirements of the printing method. Though hydrogels are
widely studied and accepted by researchers for its biocompatibility,
printability and tunability in bioprinting, the weak mechanical
strength, as well as the shape fidelity hinder their further appli-
cations [87]. To deal with these issues, researchers have fabricated
hydrogels with higher toughness and succeeded 3D bioprinting the
tough hydrogel [88]. Incorporating hard and biodegradable syn-
thetic non-toxic polymers to enhance mechanical properties, pro-
vided a better shape fidelity in the meantime [89]. Another way to
achieve high mechanical structure is incorporating carbon nano-
tubes (CNTs) in printing biomaterials [90—92]. Dolati et al. [90]

direct printed vascular conduits where conduits were reinforced
with CNTs which turns out to improve the mechanical properties
and bioprintability as well. They also concluded that for large-scale
tissue fabrication, CNTs could be replaced with natural protein
nanofibers.

A great number of researchers are working on the fabrication of
vascular and vascular network involving different types of hydro-
gels [93,94]. Alginate and GelMA are the two commonly studied
hydrogels for their good compatibility compared to other synthetic
ones. Jia et al. [95] tuned the cell-laden alginate bioink and found
that consistent cell distribution and high cell viability can be ach-
ieved by homogeneous cell suspension while using extrusion bio-
printers. Yu et al. used the coaxial nozzle to print alginate to mimic
the natural vascular system [44]. The same group used chitosan
powder which is another natural material used in vascular forma-
tion [45]. However, Ozbolat et al. [44] reported that compared to
chitosan, alginate based structure exhibit higher mechanical
strength.

Methacrylated gelatin (GelMA) is another widely used
biocompatible material in printing vascular structures. GelMA is
denatured from collagen and conjugated amine to its side groups.
Bertassoni et al. [96] printed cell-laden photolabile GelMA via
direct-write printing with varying range of concentrations, cell
densities and mechanical properties. A series of experiments
revealed that higher mechanical strength facilitates the printing of
pre-polymerized GelMA. Later, GeIMA is combined with other
synthetic polymers such as polyethylene glycol diacrylate (PEGDA)
and photo-initiator into composite materials [97]. Jia et al. [49]
designed a more complicated bioink consisting of GelMA, so-
dium alginate, and poly (ethylene glycol)-tetra-acrylate (PEGTA). A
multilayered coaxial MEB is used to direct print 3D vascular
structure. The bioink is ionically crosslinked by calcium ions and
stable constructs are formed by photocrosslinking GelMA and
PEGTA. Rutz et al. proposed a general method of fabricating multi-
material bioinks for 3D printing tunable, cell-compatible PEG [98].
Precursor solution with lightly crosslinked, soft hydrogels is pre-
pared ahead of printing. These bioinks show the prospects to print
various tissue constructs including vascular structure. Recently,
Ouyang et al. [99] discovered a non-viscous photo-crosslinkable
hydrogels for in situ crosslinking. This method excels in main-
taining high cell viability as well as tunable cell behavior. Het-
erogeneous and hollow filaments are printed using this method
which brings hope of printing blood vessels and vascular network
tissues.

3.1.2. Decellularized extracellular matrix (dECM)

Extracellular Matrix (ECM) serves as a medium that foster cell
attachment, proliferation, signaling, and tissue development. ECM
is composed of cell-secreted molecules. dECM has been developed
to recapitulate natural tissue environment [32]. dECM material is
by removing the original cells from the tissue using chemical,
physical and enzymatic processes, but leaving the ECM compo-
nents. DNA quantification assays are launched to determine the
degree of decellularization [73]. To form a bioink using dECM, the
material is solubilized in a gel-like form. dECM can provide the
complex natural tissue environment which are able to reconstitute
the intrinsic cellular morphologies and functions. This is a property
that the majority of the matrix materials used so far for bioprinting
cannot achieve [73]. Pati et al. showed that there are no cytotoxicity
of printed cell laden dECM/Polycaprolactone (PCL) constructs [73].
PCL acts as the supporting material for maintaining the stability of
the constructs. However, dECMs are difficult to acquire because the
source comes from tissues of human body. Bioprinted tissues using
dECMs also has a risk of causing immunoreaction by the recipients
[38].



Z. Zhang et al. / Composites Part B 123 (2017) 279—291 285

3.1.3. Microcarrier

Biomaterials incorporating microcarriers compound system is
another kind of bioink developed for 3D bioprinting. Microcarriers
act as a reinforcement block in building constructs with large sur-
face area to transfer cells. Common materials for microcarriers are
dextran, plastic, glass, gelatin and collagen [38]. One notable
advantage using microcarriers is the high cell density with high cell
viability in bioinks. Besides, microcarriers can support the differ-
entiation of stem cells to desired lineages [38]. Levato et al. used
microcarriers in hydrogel to form the 3D constructs [85]. Levato's
study showed that cells that are integrated with microcarriers
merely suspend in hydrogels, which improves interaction, and
aggregation of cells as well as stem cell differentiation. However,
degradation of the microcarrier material can be toxic to cells, and
using microcarriers can cause clogging of the nozzle tip. There are
not as many researches launched in microcarriers, but research
regarding microcarriers is highly meaningful to improve the cell
density as well as not losing resolution in MEB.

3.2. Scaffold-free bioinks

Scaffold free bioinks are cell-adhesive, structurally supportive
bioinks for vascular and vascular network fabrication. Scaffold-free
bioinks can be extruded from the nozzle to form the complex
vascular structure which then followed by cellular integration or
cell suspension perfusion. There are three types of scaffold-free
bioinks for MEB bioprinting: tissue spheroids [100], cell pellet
and tissue strands [38], (see Fig. 3 (C)). Compared to scaffold based
bioinks, the process of fabricating scaffold free bioinks are more
complicated and difficult. Thus, relatively less research are reported
for scaffold-free bioinks.

3.2.1. Tissue spheroids

Tissue spheroids are cell aggregates in 200—400 um diameter
which serve as building blocks in regenerative medicine. The
spheroids are formed either by using a micro-well where cells are
cultivated or using gravity to aggregate the cells and drop them
[32]. After the spheroids are formed, they are assembled into a
dispensing tip to be printed one by one. A successive of spheroids
are dispensed on the bottom substrate and the printed spheroids
fused together then formed larger scale patterned tissues.

3.2.2. Cell pellets

A cell pellet is a concentration of cells that are formed at the
bottom of the conical tubes through gravitational force [32].
Forming cell pellets does not need complex process, but cell
viability is relatively low because of insufficient oxygen supplier
during the preparation [32]. This type of bioink has been utilized to
fabricate aortic constructs [76] and nerve grafts [101].

3.2.3. Tissue strands

Tissue strands are a promising way of building large scale tissue
constructs with high cell density as well as preserving high cell
viability [31]. The hollow and porous alginate tubes are formed
before inserting cells into the tube. Cells are injected and packed
into hollow alginate tubes with high density [32]. The porous
structure provides enough oxygen and nutrients to the cells to
achieve higher cell viability. This method has been used in printing
cartilage [70].

4. Application
4.1. Blood vessels

With the development of printing techniques and the material

fabrication, a growing number of biomaterials can be printed to
reliable constructs with biological functions suitable for implanta-
tion. Based on the scaffold and scaffold-free construction principles,
a number of works have reported successful printing of vascular-
like structures [102—104] (see Fig. 2).

4.1.1. Scaffold based bioprinting

Previous studies regarding scaffold based tissue engineering
have shown that scaffolds act as a supporting structure which
provide a place for cells to adhere and proliferate [105]. Different
structure, different shape and different printing materials will
provide different biological cues for cell proliferation and differ-
entiation [32]. Skardal et al. [106] used cell-free thiol-modified
hyaluronic acid, gelatin, and gold nanoparticles as dynamic,
multivalent crosslinkers to form the tubular constructs that support
cell proliferation and matrix remodeling. Later, Bertassoni et al. [96]
used cell-laden GelMA hydrogels to form the vascular construct.
Both methods print hydrogel based material as scaffolds to form
vascular structure using layer by layer method. Another groups of
researchers [44,45,47] invented coaxial nozzle to extrude alginate-
based hydrogel and crosslinking material (such as CaCly) separately
to form the hollow structure. Zhang's experiment result showed a
printed blood vessel with roughly 100 um wall thickness, which is
thin enough for oxygen and nutrition transition [42]. The advantage
of the coaxial printing system is that it can directly form the hollow
structure while printing. Nevertheless, this technique still faces
shortcomings such as limited cell viability, limited tissue versatility
and undesired mechanical properties of print vessel [42]. Later, a
microfluidic print head was developed allowing the printing of low
viscosity materials and multiple materials in various dimensions, as
shown in Fig. 3 (B) [49]. A branched vascular structure was formed
using a horizontal-direction printing with a rod recently by Gao
et al. [107].

4.1.2. Scaffold free bioprinting

The scaffold-free method was developed for printing vascular-
like structure, one typical material form used is spheroids [10].
MEB is more adaptable for scaffold-free bioink (or cell-only bioink)
[33]. A layer-by-layer deposition in the form of spheroids as
building blocks is firstly proposed by Mironov et al. [87]. Horizontal
printing is another way to form a vascular shape using pre-
fabricated tissue strands [75]. Using Organovo [108], a commer-
cial 3D bioprinter, researchers printed cylindrical agarose strips
(support material) and cellular bioink alternatively to form
designed vascular construct in horizontal position. This eliminated
the need of spheroids, but the lengthy printing process made it
hard for the cells to survive through the whole process. More
reliable printing method has been developed later by introducing a
concentric mold in printing process: Tan et al. [108] built a blood
vessel vertically using alginate-based spheroids and direct molding
technique. 3D hydrogel mold was fabricated by depositing alginate
microdroplet on calcium substrates for gelation. Vascular tissue
was then formed via fusion of the spheroids which consist of
endothelial cells (ECs) and smooth muscle cells (SMCs) by roboti-
cally placing them into the molds mentioned above using a 3D
printer. Despite the progresses made in scaffold-free printing,
laborious material preparation process and difficulties in printing
operation, biocompatibility, time of printing and scale up problem
are main concerns that prevent further the development of the
above mentioned techniques.

4.2. Vascularized tissue network

In the past decades, vascularization played as the key limitation
in the fabrication of complex thick tissue and functional organs. 3D
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bioprinting is a promising technique to create desired vascular
network pattern. Current researches can be categorized into
microscale (which has a diameter < 100 pm) and macroscale
(which has a diameter > 100 um) vascular network generation.
Progress is significant in both microscale and microscale vascular
network fabrication (see Fig. 4).

Several methods have been adapted to generate the clinically-
relevant volume of tissues with vascular structure
[23,28,72,78,109—112]. One typical method is to use sacrificial
material, such as Pluronic F127 [112], agarose [109], carbohydrate
glass [110]and gelatin [113]when printing the vascular hollow
structure. Sacrificial materials are temperature sensitive [10,79,86].
For Pluronic F127, it can transform from solid state to liquid when
temperature cool down below ca. 4 °C [72], (detailed process see
Fig. 4 (A)). GelMA is the type of material with opposite property of
Pluronic F127. For GelMA, gelation happens below approximately
23 °C. By lowering temperature, GelMA crosslinks and forms syn-
thetic ECM matrix while Pluronic F127 liquifies and flow out,
leaving the hollow network structure. Kolesky et al. [72,78] also
tuned concentration, and degree of methacrylation of GelMA in
bioinks to modify the shear yield stress and elasticity of the
aqueous GelMA systems. Moderate cell concentration (2 x 10° cell/
ml fibroblast cells) in the 15 wt/v% GelMA ink were printed and cell
viability as high as 82% were maintained after 7 days of printing,
(detailed process see Fig. 4 (B)). Bertassoni et al. [109] use the same
methodology to form vascular network in synthetic tissue
substituting Pluronic F127 by agarose as sacrificial material. Inter-
estingly, agarose fibers did not adhere to the surrounding GelMA
hydrogels, thus it can be easily removed via aspirating with the
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light vacuum or manually pulling out. Then, the vascular network
was formed in the hydrogel tissue. Incorporating the sacrificial
material in tissue fabrication process helps to lower the require-
ment for printing technique and material property, but may also
complicate the printing process. Miller et al. [110] used the similar
process to fabricate vascular network using carbohydrate glass as
sacrificial material, (detailed process see Fig. 4 (C)).

Direct printing is another method to form vascular network
[96,114]. Bertassoni et al. [96] direct-printed the photolabile cell-
laden methacrylated gelatin (GelMA) hydrogels using a metallic
piston. Kang et al. [ 114] used integrated tissue—organ printer (ITOP)
to fabricate stable, human-scale tissue constructs of any shape.
They incorporated vascular network into the printed tissue con-
structs which facilitates diffusion of nutrients to printed cells,
thereby overcoming the diffusion limit of 100—200 um for cell
survival in engineered tissues. The coaxial nozzle which can
directly form hollow structure are also utilized to form vascular
network [44,45,47,48].

The vascular system in thick tissue and human organ in vivo is
characterized by a multi-scale organization, which is not practical
by most bioprinting technologies [115]. The integration of direct
and sacrificial printing methods provided a way to fabricate multi-
scale network. Lee et al. [116] proposed this idea. They 3D bio-
printed larger (lumen size of ~1 mm) fluidic vascular channels and
connected the channels with capillary network formed through
angiogenic sprouting from the edge of large channels. Two large
fluidic vascular channels are formed through sacrificial printing
method, and the capillary is formed in preprinted fibrin cell
mixture. After perfusion of vascular channels, cells migrated to the

Print a 3D Encapsulate Dissolve
carbohydrate- |,ttice and living lattice in
glass lattice cells in ECM cell media

Flow —»
Living cells in
monolithic ECM
with perfusable
vascular architecture

Fig. 4. Three-dimensional vascularized tissue fabrication. (A1) Schematic illustration of the tissue manufacturing process [72] (i) Fugitive (vascular) ink, which contains and
thrombin, and cell-laden inks, which contain gelatin, fibrinogen, and cells, are printed within a 3D perfusion chip; (ii) ECM material, which contains gelatin, fibrinogen, cells,
thrombin, and TG, is then cast over the printed inks; After casting, thrombin induces fibrinogen cleavage and rapid polymerization into fibrin in both the cast matrix, and through
diffusion, in the printed cell ink. Similarly, TG diffuses from the molten casting matrix and slowly cross-links the gelatin and fibrin; (iii) Upon cooling, the fugitive ink liquefies and is
evacuated, leaving behind a pervasive vascular network, which is (iv) endothelialized and perfused via an external pump; (A2) Interpenetrated sacrificial (red) and cell inks (green)
as printed on chip (Scale bar: 2 mm); (A3) Printed tissue construct housed within a perfusion chamber; (B) 3D bioprinted vascular-like structures with GelMA and Pluronic F127
bioinks [78]; (C) 3D bioprinting vascularized cubic tissue constructs [110]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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edge of fluidic channels and gradually formed the capillary
network. This result provides a feasible solution to connect capil-
lary network with large channels and exhibit the potential in
printing desired 3D vascular patterns in thick tissues. In the same
year, they also developed a 3D bioprinting method to create a
vascular channel with perfused open lumen using only cells and
biological matrices, (see Fig. 5). Capillary network was observed on
the vessel surface, which can be explained as active angiogenic
sprouting as well [113].

Some researchers are exploring direct printing microvascular
network in thick tissue. In 2010, Wu et al. [42] omnidirectionally
printed a 3D microvascular network within a hydrogel reservoir
using the angiogenesis characteristics of living tissue. Maturation of
the printed structure is a challenge for current printing technology.
Recently, Lee et al. [117] fabricated a capillary-like network in the
printed liver tissue using a multi-head building system. The bioink
was infused into the PCL to induce the formation of capillary-like
networks and hepatic tissue growth. The study proved the impor-
tance of capillarization that it can greatly improve the cell viability
as well as protein secretion, and showed the potential of vascu-
larization for printed tissue with complex structure as well.

Though a number of works have been done, 3D printing of
macro-micro integrated vascular network is yet to be achieved
because of the current technology limitations in time and spatial
resolution for printing capillary network (~10 umin diameter) at
single cell level. More researches are needed to help create the
complex structure in a more organized and controllable way by the
advancement of 3D bioprinting technology. Angiogenesis is a po-
tential way to partially solve this issue, but higher resolution
printer is also highly demanded.

5. Future directions

In tissue engineering, one of the most important challenges that
researchers must surpass is vascularization. Studies have proved
that if the engineered tissue thickness is ever to surpass 100—200
um, vascularized structure must be created for the tissue to provide
nutrients and oxygen to tissue cells [8,9]. 3D Bioprinting is a
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promising solution to solve this issue. 3D bioprinting has a
powerful strength to replicate micro-architecture with precise time
and spatial control.

The challenge of vascularization can be further specified as
fabricating functional vascular tree structure including macroscale
and microscale vessels, differentiating the inserted stem cells to the
desired lineage, and aggregating to act as integral functional con-
structs and maintained adequate mechanical strength [13]. Current
research is still struggling with the first task, leaving a big knowl-
edge gap between fabricated tissue and real functional tissue.

In order to close the research gap and finally fabricate functional
tissue, one important challenge for researchers is scale up of
printed tissue. More specifically, most of the current research can
only print a small piece of tissue or a piece of the vascular structure
instead of a human-scale tissue or vascular network. One reason
behind this is the speed of current 3D printing methods is not fast
enough to print a whole vascularized structure to immediately
satisfy a real demand. Kolesky et al. [35]. estimated that to print an
adult human liver using a single nozzle of 200 um diameter, it
would take 3 days. Rapid 3D printing design is strongly needed that
can print complex vascular structure in any fashion needed.

Due to the complex structure of the vascular system, a complete
biomimicry of the blood vessels with exact shape and function is
barely possible, not to mention millions of capillaries in complex
tissues. Macrovascular structures have been created by many re-
searchers, while few managed to build microvascular system, partly
because of the limitation of resolution of contemporary 3D bio-
printing technologies. More research need to be done to eventually
create a microvascular network in tandem with the rest of macro-
sized tissue.

Another challenge regarding 3D bioprinting is to adapt tech-
nologies designed to print molten plastics and metals to print
sensitive biomaterials [13]. This difficulty is caused by the com-
plexities of biological issues, for example, choice of biomaterials
with desired functions, cell types, growth factors and technical
challenges related to the sensitivities of living cells and the con-
struction of tissues. Specifically, there are two central problems to
consider. The first is to reproduce the complex micro-architecture

100um

Fig. 5. Cell-secreted Collagen I can improve cell-cell adhesion, tissue formation and maturation [116].
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Table 2
Integrated challenge for 3D bioprinting vascular and vasculature.
Challenge for Bioprinting Challenge for Bioink Reference
Microextrusion-based Trade-off among cell viability, Printing speed, Nozzle Shear thinning material only, Shear rate cause [13,27]
diameter (resolution) cell death in higher bioink viscosity
Droplet-based Low cell concentration, Risk of exposing cells and materials Lower viscosity bioink, Lower cell density [10,51]
to thermal and mechanical stress, Low droplet
directionality, Nonuniform droplet size, Frequent clogging
of the nozzle, Unreliable cell encapsulation.
Laser-assisted Lowest cell viability among three methods, Difficult to Limited materials which fuse but do not [10,13]
target precise cell position, High cost. decompose under the laser beam
Common issue for all Uniform Printing Modality Un-uniform printing modality need different [33,68,98]

bioprinting methods
Scale up

Fabricating the tissue with exact same functionality

Vascularization, current research is limited to preliminary

state

bioink properties

Bioink with high similarity to natural ECM
Fabricating the tissue with exact same
functionality

Vascularization, current research is limited to
preliminary state

of ECM components. The second is to print multiple cell types in
sufficient resolution to achieve multiple biological functions.

Since the appearance of 3D Bioprinting technology, great
progress has been made. Still, many limitations regarding 3D Bio-
printing of blood vessels and vascularized tissues exist which are
listed above (Table 2). Possible solutions require more advanced
technique, material modification and further understanding of
biological structure and biological performance.

Speaking of 3D bioprinting technique, more advanced printing
strategies are highly desired. The optimal 3D printing method is to
be able to print both the large-scale blood vessels as well as the
small-scale capillaries at the same time which can eliminate the
problem of vessel connection when it comes to complicated
branched structure. Time-wise efficient is also a requirement for
ideal 3D bioprinting. The printing speed will also influence the
printed structures' performance and the printing resolution.
However, lengthy printing process will impact cell viability both for
the cells remained in the printing cartridge and the cells contained
in the printed constructs as well [118]. In this case, reducing time
without decreasing printing resolution and the printed constructs’
performance is an ideal way for 3D bioprinting. Current printing
speed for viscous biomaterials (especially when they contain cells)
in EBB is around 10 mm/s to 50 mm/s. Previous study has shown
that it would take 3 days to print an engineered tissue construct
with a volume of ca. 1000 cm?, comparable to a typical adult human
liver, using a single (200 pm) nozzle at typical printing speeds [35].
However, the same volume could be printed in 1 h using a 64 multi-
nozzle array. Furthermore, incorporating multiple nozzles in the 3D
printing system to print at the same time also enables the printing
of more complicated structure. This can further realize the bio-
mimicry the biological structure of vascularized tissue. Rolling is
another possible solution to the scale-up issue. Bioprinting blood
vessel structure, is not easy to achieve using a single roller. For
larger scale and regular repetition pattern, roll to roll system has
been implemented in many another field including flexible elec-
tronics [39]. Introducing this technique in 3D bio-fabrication of
blood vessel and vasculature tissue is a promising solution for
current limitations.

As mentioned in the previous section, there are many bio-
materials fabricated for various types of 3D bioprinter, such as
hydrogel, dECM and microcarriers. Hydrogels have been widely
studied including synthetic ones and natural ones. But there are
multiple strict requirements regarding 3D printing bioink, such as
shear thinning property, the property of viscosity of a Non-
Newtonian fluid depending on time, temperature and shear rate,
and thixotropic property when considering MEB printing modality.
Only limited number of biomaterials have the shear thinning and

thixotropic property which is a disadvantage for extruding the
material out of the nozzle, let alone when considering cell
compatibility of the material. Material compatibility becomes a
concern when cells are added for printing. Fabricating new
biomaterial or modification of the current biomaterial is highly
needed: one type of material is difficult or unable to satisfy these
requirements, so one of the possible solutions is to combine
different kinds of material (composite material) that can exhibit
multi-properties. The materials chosen as the ingredients are
important because the compatibility and final performance highly
depend on the composition of the materials. Nano-structured
materials have unique property, so incorporating nanomaterial
such as nanoparticles in the bioink is a way to modify the me-
chanical properties of the bioink. More unknown properties and
effects of nanomaterial incorporation need to be explored by
researchers.

Cell performance will influence the biological function of the
printed constructs which is always a complicated issue to study.
Cell viability is one of the essential factors to the printed tissue
performance. In the literature, cell viability is usually studied for
two weeks or less, which is far from enough for us to fully under-
stand the cell behavior and construct performance. Longer studies
need to be done regarding this matter. Stem cell has a strong dif-
ferential potential which can be further studied in 3D bioprinting
field. The majority of works towards bioprinting vascular or vas-
cularized tissue networks used highly specialized cells such ECs,
SMCs, Human Umbilical Vein Endothelial Cells (HUVECs) etc.
Though the use of specialized cells has the advantage of pheno-
typically relevance, physiological functionality, isolation property
and easiness to use, it can lead to poor in vitro differentiation and
limited expansion capacity. So, the use of stem cells (especially
Human umbilical vein endothelial cell) for vascular and other soft
tissue formation is highly promising. Stem cells are pluripotent
cells and are able to differentiate into other cell types upon expo-
sure to correct physical and chemical guidance cues [90]. Stem cells,
though studied for a long time in tissue engineering, have not been
popular in 3D bioprinting area for its difficulties in operation.

As a type of tissue engineering method, 3D bioprinting has the
unique advantages in specific dimensional control (cell seeding and
geometric control), complex structure fabrication and so on, which
makes it a promising method to achieve tissue regeneration and
push forward the development of tissue engineering.

6. Conclusion

This paper reviews 3D bioprinting techniques and bioinks used
for vascular-structure constructions. Among the three types of 3D
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bioprinting methods: MEB, DBB and LAB, MEB is the most widely
studied method for vascular-structure printing and huge progress
has been made in printing thick vascularized tissue constructs us-
ing MEB. Future efforts need to be put in the evolution of modified
or improved printing processes as well as the discovery of advanced
bioinks for manufacturing functional vascularized tissue con-
structs. Current knowledge of tissue construction is still far from
fabricating tissues with structure and biological functions like real
one due to the limitation of printing scale and resolution, as well as
the properties of bioinks, such as, mechanical properties, biological
cues for cell-cell interactions and propagations. Some potential
directions of research are suggested regarding these limitations.
With the advent of bioprinting processes and the various
compatible engineered bioinks for bioprinting, 3D bioprinting
vascularized tissue constructs has a promising future in resolving
the vascularization issue in tissue regeneration field. 3D bioprinting
technology will be a key technology in tissue engineering.
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