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Abstract

Over the past years, the fabrication of adequate vascular networks has remained the main
challenge in engineering tissues due to technical difficulties, while the ultimate objective of tissue
engineering is to create fully functional and sustainable organs and tissues to transplant in the
human body. There have been a number of studies performed to overcome this limitation, and as a
result, 3D printing has become an emerging technique to serve in a variety of applications in
constructing vascular networks within tissues and organs. 3D printing incorporated technical
approaches allow researchers to fabricate complex and systematic architecture of vascular
networks and offer various selections for fabrication materials and printing techniques. In this
review, we will discuss materials and strategies for 3D printed vascular networks as well as
specific applications for certain vascularized tissue and organ regeneration. We will also address
the current limitations of vascular tissue engineering and make suggestions for future directions
research may take.
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1.

Introduction

The primary aim of tissue engineering is to develop fully functional and sustainable tissues
and organs /n vitro and in vivo for repairing or replacing damaged tissues in the body (1-4).
Approaches involved in tissue engineering have varied among their specific applications
such as regeneration of bone, skin, heart, and others (5). Although there have been many
studies performed in that regard, only a few of them have presented successful results from
the Jn vitro level to clinical transplantation (6, 7). The lack of acquired data in tissue
engineering mainly originates from insufficient technical advancement in the creation of
blood vessels, which are referred to as vascularized networks (8). Vascularization is essential
for the supplementation of oxygen and nutrients, as well as the removal of waste, which is
necessary for tissues and organs to maintain their functions (5, 9). In general, vascular
networks can be created via vasculogenesis and angiogenesis (9). Vasculogenesis involves
the generation of new blood vessels from endothelial cells (ECs), whereas angiogenesis is
assisted by germination from existing vessels (9).

Many techniques have been adopted to fabricate vascular networks with complex, unique
structures and functionality for mimicking blood vessels in the human body so far; however,
3D printing techniques have attracted researchers particularly during the past years due to
outstanding advantages including controllability, reproducibility, and repeatability (5). Since
3D printing was first developed in the 1980s, there have been enormous advancements in
tissue and organ regeneration (10, 11). As a result, it has become common to generate
vascular networks in organs or tissues by utilizing several different 3D printing techniques
with a varied selection of materials due to its quickness compared to microcirculation /n
vivo (5). However, 3D printed vascularization still remains a challenge since it has been
unable to fully mimic the complex structure and function of natural vasculature.

In this review, we focus on 3D printing techniques, materials, and other elements that are
taken into account for the successful formation of vascular networks with relevant
applications as means to discuss the current limitations of vascular tissue engineering and to
propose future research directions.

2. 3D Printing Methods for Vascular Fabrication

Although the fabrication of perfectly functional vascular networks remains a challenge for
most tissue engineers (12), there are considerable types of 3D printing methods that are
expected to overcome current limitations. Commonly, many researchers have categorized 3D
printing into two types by cell seeding method: Direct-Cell-Seeding and Post-Cell-Seeding
by incorporating laser-assisted, droplet-based, and extrusion-based manufacturing processes
(5, 13). Regarding the methodologies to create vascular constructs, there are two major
approaches that can be taken into consideration. First, vascularization promoting cells can be
co-cultured within the scaffolds to generate vascular networks. Second, perfusable blood
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vessels can be created via direct fabrication. Specifically, in the fabrication of 3D vascular
networks, it is conventional to utilize extrusion-based and stereolithography apparatus (SLA)
printing techniques.

Extrusion-based techniques including fused deposition modeling (FDM) and bioplotting are
the most universally used 3D printing platforms for direct writing. The FDM technique
employs ample heating for the transition of materials from solid to the semi-molten state
before solidification at the time of printing (10). It is compatible with a wide selection of
plastic biomaterials and offers great versatility in the study of 3D printing in general.
However, FDM also possesses some drawbacks such as a notably limited printing resolution
and restriction of hydrogel use. For example, the minimum feature size of 100 pm and
compulsory “molten-solid” state transition for the extrusion step are considerable downsides
compared to other 3D printing strategies (14). Comparatively, bioplotting is a fluid-
dispensing system, capable of employing a wide selection of cell-laden bioinks such as cell
aggregates, hydrogels, micro-carriers, and decellularized matrices (5).

SLA involves a surface photopolymerization of a liquid or gel state polymer induced by an
ultraviolet (UV) laser. SLA primarily utilizes laser energy to generate subsequently thick
and solidified layers in the bioink reservoir. Although scaffolds created by SLA are not
mechanically robust, this strategy offers precise control of resolution accompanied by a
microscale laser tip. Unlike FDM, SLA offers a limited selection for bioinks that must be
photopolymerizable. To date, modification of polymers has been investigated to overcome
this restriction, but the number of bioinks are still limited compared to FDM (10). Also, an
excessive exposure to the UV light can result in geometrical distortion or shrinkage (10).

Here, we focus on the methods to create perfusable 3D vascular networks by classifying
them into two different regimes, direct and indirect printing systems, where the most
important aspect in 3D printing vascular networks is biomimicry and implementing their
complex and hierarchical design (Figure 1 and Table 1).

2.1 Direct Printing

The first approach is direct patterning to implement internal tubular shapes within a scaffold.
This approach requires fewer fabrication steps as it performs the creation of blood vessels
and tissue in a continuous, layer-by-layer process. All printing systems mentioned above can
be utilized for direct printing. Therefore, to date, there have been a variety of studies
performed to demonstrate vascularized tissue and organ regenerations using this method. For
example, the study done by Suri et a/. utilized a method in which partially UV cured
photopolymerizable glycidyl methacrylate hyaluronic acid (GMHA) was used to fabricate a
microchannel incorporated 3D scaffold. Selective reflection of UV light using the pre-
patterned substrate under the SLA system led to partial photopolymerization of the ink. A
sequential deposition-wash off-deposition process between each layer was incorporated (15).
Also, different microscale structures with various inner shapes were printable in
polyethylene glycol diacrylate (PEGDA) and lithium phenyl-2, 4, 6-
trimethylbenzoylphosphinate (LAP) using SLA (16). In addition, Laschke et a/. utilized a
3D bioplotting technique to fabricate polylactic-glycolic acid (PLGA) based scaffolds in
order to create vascular networks capable of angiogenesis in the presence of growth factor
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(17). The notorious issue with direct horizontal 3D printing is an erratic fluid stream within
printed internal microchannels due to blockage or pleated shape caused by gravity (18).
Another interesting direct 3D printing platform was recently introduced by Hinton et a/.
They modified a thermoplastic extrusion-based 3D printer by adding a custom-built syringe
pump extrusion system to it (19). The system incorporated a thermo-reversible support bath
with gelatin microparticles for specialized use in 3D printing of hydrogel bioinks in a layer-
by-layer fashion. Upon the completion of printing, sufficient heating removed the gelatin
support, leaving only the printed structure. The authors showed that this modified extrusion
3D printer was capable of fabricating complex geometrical structures, such as coronary
artery vascular trees and embryonic chick heart (19). Thus, this platform can be considered
useful for 3D printing of complex biological structures with hydrogels.

Indirect Printing

The utilization of a sacrificial template that leads to indirect printing overcomes the main
drawback of direct patterning on the substrate. Golden et a/. fabricated a minimum of 6 pm
wide internal channel using the liquefaction temperature difference between the
Polydimethylsiloxane (PDMS) substrate and the gelatin mesh that they used. In their study,
heating at room temperature for 1 hour was substantial to allow the gelatin to melt. As a
result, scaffolds with hollow microchannels consisting of open ends were fabricated (20).
Similarly, multiple studies utilized gelatin as an impermanent template to generate vascular
channels within collagen-based tissue structures (21, 22). In one of the earlier studies, Wu et
al. printed a 3D microvascular network using thermal and chemical characteristics of a
fugitive ink consist of Pluronic® F127 (23). Although the use of a sacrificial template
suggests an advantage over the direct printing methods in the aforementioned geometrical
and microfluidic aspects, as it is still left with constraints in fabrication and feasibility during
and after printing. First, this approach is surrounding hydrogel or polymer construct
dependent, thereby precise control on the outer material are restricted (5). Second, an
efficient method to interconnect the vessels with a complicated design to mimic the natural
vascular network needs to be resolved. The previously performed studies are mostly
implementable to vascularized networks which lie horizontally between the layers or simply
stack vertically, which is a limited approach to model the complex design of native
vascularized networks.

3. Material and Cell Selections

The next aspect of 3D printing is the selection of versatile bioinks and cells. There are
properties required that biomaterials must fulfill in order to achieve a desired 3D printed
construct with its biological functionalization. Above all, biomaterials should exhibit
suitability to implement innate features of native blood vessels, which are composed of
collagen and elastic fibers, elastic lamellae, and proteoglycans (24). Besides bearing
resemblances to the material properties of native blood vessels, a bioink must also have
characteristics which can be explicitly summarized in terms of printability, biocompatibility,
biodegradability, and suitable mechanical properties. Among various groups of chemicals,
polymers occupy the majority of conventional bioinks due to the possession of the listed
properties above. Polymers for bioinks are divided into two major categories by their
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origins, natural and synthetic (Table 2). The natural polymers are naturally obtained or
extracted from humans, animals, bacteria, or plants, whereas synthetic polymers are man-
made and intentionally synthesized to supplement the drawbacks of natural polymers, which
will be discussed in the following sub-sections. To formulate a suitable bioink, there are a
number of biological and mechanical characteristics of the materials which must be taken
into consideration. Regardless of the classification, the bioink should exhibit degradability
and biocompatibility for cell proliferation and growth as well as printability (10). Especially
in the case of vascular fabrication, shape fidelity, stability (e.g., swelling) and flexibility are
also some considerable requirements for material selection as they are directly relevant to
the sustainability of tubular and pore structures (10). According to the “biofabrication
window” described by Malda et a/. and Sun et al., the printability of bioinks is proportional
to polymer concentration, which affects crosslinkability and shape fidelity for 3D printing of
vascular networks (25, 26). However, a densely crosslinked environment interferes with cell
viability, which means the degree of biocompatibility of the printed construct is constrained
by its mechanical properties (25). Therefore, moderate crosslinking of the biopolymer is
necessary to obtain suitable biological and mechanical properties.

In addition to the listed properties of bioinks, microenvironmental conditions must be
considered for the initiation of vasculogenesis and angiogenesis. For example, one of the cell
types to be discussed in the following section, endothelial progenitor cells (EPCs), have been
shown to be influenced by laminar shear stress, which in turn promotes vasculogenesis. (27).
According to the study by Yamamoto et a/., laminar shear stress was found to stimulate EPC
proliferation and morphological changes. Thus, vasculogenesis was promoted in dynamic
culture conditions, while greater angiogenesis was observed in static conditions (27).
Another microenvironmental condition for ECs to form vascular networks is the inclusion of
bioactive growth factors, such as the use of vascular endothelial growth factor (VEGF) (28).
Although concentrations of VEGF outside of the ideal range may result in abnormal
constructs, proper use of VEGF is crucial to accelerate the formation of vascular networks
(28).

3.1 Natural Polymers

Natural polymers are widely used as the fundamental elements to obtain biomimetic
characteristics of the extracellular matrix (ECM), which is considered the biggest advantage.
However, there are noteworthy drawbacks to natural polymers as wells, such as their lack of
mechanical strength and controllability over their chemical structure (5). Selection of natural
polymers for 3D printing varies depending on which physical and chemical characteristics
are to be exploited such as chemical crosslinkability, temperature sensitivity, or others. In
addition to the inherent characteristics of natural polymers, the selection of bioink is printing
method dependent. For instance, extrusion-based printing and SLA are capable of printing
hydrogels, micro-carriers, tissue spheroids, cell pellets, tissue strands, and decellularized
matrix components (5, 14). Here, we classify natural polymers for 3D printing into two
categories based on their basal components such as proteins and polysaccharides. Natural
polymers include collagen, gelatin, elastin, fibrinogen, and Matrigel are protein derived,
while cellulose, alginate, hyaluronic acid, agarose, and chitosan are polysaccharide derived
polymers. Collagen is one of the generally used proteins in tissue engineering as it is the
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most abundant protein of ECM in the human body (29). Among 28 different types of
identified collagen, type-I collagen occupies the largest portion in the mammalian body and
cell culture. Gelatin is a derivative of collagen obtained via partial hydrolysis of collagen
(30). In previous studies, gelatin has demonstrated an important role /n vivo for its
biodegradability and a sacrificial template in vascularization by using its temperature
sensitivity (21, 22, 31). Fibrinogen is a protein that has been extracted from the bloodstream.
Once fibrinogen is combined with the enzyme thrombin, it forms monomeric fibrin (32).
Due to its superb cytocompatibility, many researchers have utilized fibrinogen in the form of
fibrin to promote cell adhesion in their studies (32, 33). Matrigel is a mixture of ECM
proteins secreted from Englebreth-Holm-Swarm mouse sarcoma cells (34, 35), and is
notable for its ability to mimic the ECM of various cancer and stem cell lines, as well as its
capacity to maintain the stem cells in an undifferentiated state (35).

Similarly, polysaccharide derived polymers possess the same biomimicry of natural
polymers. Alginate (alginic acid) is a polysaccharide refined from brown seaweed and
composed of (1-4)-linked B-D-mannuronic acid and a-L-guluronic acid monomers (36).
Alginate is capable of forming ionic hydrogels with moderate cell attraction (5, 36). In order
to enhance cell adhesion of native alginate, prior studies introduced covalent modification
(37). Hyaluronic acid (HA) or hyaluronan is a key component of the ECM, and therefore has
been clinically used in the past decades. HA is composed of (1-4)-linked B-D-glucuronic
and (1-3)-linked p-N-acetyl-D-glucosamine residues (38). Unmodified HA has several
limitations to be used as a bioink due to its high viscosity and weak formability so that it
requires chemical modifications and mixing with a photocrosslinkable material such as
methacryloyl to induce crosslinked formation (39). Agarose is another type of
polysaccharide-based natural polymer, which is derived from red seaweed and is largely
composed of (1-3)-p-D-galactopyranose-(1-4)-3, 6-anhydro-a.-L-galactopyranose units (40,
41). Due to its poor capacity to promote cell adhesion and proliferation, agarose normally
undergoes chemical modification or combination with other biocompatible polymers to be
used for the scaffold fabrication. One of the reported techniques to promote cellular
adhesion and mechanical stability of agarose is blending agarose with gelatin (42). Chitosan
is created by alkaline hydrolysis of chitin from the shells of crustaceans and consists of p-
(1-4)-linked N-acetyl-D-glucosamine and D-glucosamine subunits (43). Chitosan offers
multiple options for chemical modifications due to its unique characteristics, such as pH-
sensitive solubility, hydrophilicity, and biocompatibility (41). As a result, chitosan has been
successfully exploited in many tissue engineering studies (44, 45).

With regards for the aspect of natural ECM biomimicry, decellularized extra-cellular
matrices (AECM) are excellent candidates for tissue-specific bioinks. There have been a
number of dECM based bioink preparation protocols reported, and researchers have utilized
them for both vasculature and other cell studies (46—48). To promote the printability and cell
viability of dECM based bioinks, it is a common practice to blend them with synthetic
polymeric hydrogels or covalent crosslinkers (46, 49, 50).

Transl Res. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hann et al.

Page 7

3.2 Synthetic Polymers

The biggest advantage of synthetic polymers over natural polymers is controllability of their
physical and chemical properties, which implies they can be custom-formulated for (51)
particular printing platforms and methods. However, synthetic polymers also exhibit
limitations which inhibit their greater usability such as a lack of biocompatibility, toxic
degradation, and loss of mechanical properties during degradation (13).

Here, we focus on the prevalent synthetic polymers for 3D printing inks that have been used.
Among the variety of bioinks available, polylactic acid (PLA) exhibits biodegradability,
nontoxicity, printability, easy processability, and biocompatibility so that it has become the
outstanding synthetic polymer for use in FDM printing (51-53). However, high processing
temperature limits its availability for cell-laden bioprinting. Additionally, PLA has
insufficient mechanical strength and bioactivity for utilization in bone replacement, so it is
necessary to be used in combination with other biocompatible ceramics (52).
Polycaprolactone (PCL) has also attracted many researchers as it offers nontoxicity and low
liquefaction temperature, which lead to easy blending with other natural polymers and
relatively higher cell viability for extrusion-based printing (54). Polyethylene glycol
diacrylate (PEGDA) is also used for cell-laden bioprinting, due to its excellent
crosslinkability under UV or visible light exposure although it is not degradable material.
PEGDA is commonly combined with photo-crosslinkable natural polymers such as gelatin
methacryloyl (GelMA) to improve biodegradability and bioactivity (55). Polypropylene
fumarate (PPF) is a biocompatible and biodegradable polymer and possesses
photocrosslinkability, so it is suitable for SLA based 3D fabrication techniques. In a recent
study, PPF was used as a favored material for vascular study which includes venous and
aortic graft models (56). As mentioned in the previous section, Pluronic® F127 is one of the
promising candidates among synthetic polymers for sacrificial templates for 3D vascular
fabrication study. Pluronic® F127 belongs to the poloxamer class of polymers, which are
nonionic triblock copolymers composed of polyoxypropylene (PPO) bridging two
polyoxyethylenes (PEQO) to maintain PEO/PPO ratio of 2:1 by weight (57). As a fugitive ink,
the concentration of aqueous Pluronic® F127 solution must be greater than 20%, which is
the transitional point to exhibit temperature sensitive gelation behavior (57). Chemically
modifying Pluronic® F127 through acrylation or methacrylation offers greater
crosslinkability under UV or visible light exposure, which enhances its benefit as a bioink
(5). The combination of the two properties, thermal reversibility of gelation and
photocrosslinkablity, allows Pluronic® F127 to be employed for patterning of 3D vascular
networks (23).

3.3 Cell Sources

The choice of cell types is extremely significant to construct the intended tissue with its
associated functionality. As such different tissues and organs consist of various types of cells
with multiple biological functions that must be recapitulated in the regenerated tissue (5,
13). Besides, the primary functional cells, most tissues contain multiple ancillary functional
cell types to provide supportive, structural or barrier functions for vascularization or provide
a necessary environment for stem cell maintenance and differentiation (13). To that end, it is
essential to take into account that the choice of cells for 3D printing incorporates the
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functionalities of primary and other cells as well as the interactions between them. Cells
chosen for 3D printing are expected to mimic their behavior and functionalities /7 vivo such
as cellular homeostasis, self-renewability, responsiveness to tissue damage, and integration
with host tissue (5, 13, 58). The proper control of cell proliferation in vivoand in vitro is
also significant since an insufficient number of cells may result in the loss of tissue and cell
viability, whereas the excessive proliferation may result in hyperplasia or apoptosis (13).

The preferable source of cells is autologous due to their adaptability and minimal immune
response, as they are obtained via reprogramming or differentiation of autologous stem cells.
However, there are constraints for autologous and many primary cells to be utilized in 3D
printed constructs, which involves the isolation of cells to be used in the in vitro
environment and their finite lifespan (5, 13). Stem cells, such as human embryonic stem
cells (ESCs) and human induced pluripotent stem cells (iPSCs), are key cell sources to
overcome the obstacles associated with the current cell reservoirs. ESCs and iPSCs exhibit
the capability to differentiate into unlimited lineages, which include ECs, cardiomyocytes,
chondrocytes, osteoblasts, hepatocytes, insulin-secreting beta cells, and neural cells (59).
Specifically, in the case of vascularization studies, it is critical to understand that native
blood vessels vary in dimension and number of layers. Therefore, it is apparent that the cell
composition of each layer may differ. Among all types of cells, ECs are the basic
components of the innermost layer of native blood vessels (5). The presence of ECs is
ubiquitous in the entire vascular network from arteries to capillaries. Also, they play a
critical role in angiogenesis, vasoconstriction, and vasodilation. Therefore, ECs are of the
most important cell-type to consider for vascularization study (1). EPCs from bone-marrow,
are known as supportive cell sources for angiogenesis and differentiation toward ECs (1, 60).
Along with ECs, the main cell components of the middle layer of large vessels, smooth
muscle cells (SMCs), can also be utilized for angiogenesis due to their self-assembly
capability (5). In addition, co-culture systems using multiple types of cells to improve
vascular network generation have been widely used in related studies. For instance, human
mesenchymal cells (hMSCs) can be co-cultured with ECs to promote angiogenesis and cell
viability in cardiovascular studies (1, 61).

In 3D printing of tissues or organs, cells can be directly encapsulated in bioinks during the
printing process or seeded on 3D constructs after printing. For direct cell encapsulation, they
must present robustness to endure physical and biological stresses including the existence of
external forces, pressure, and others (13). In post seeding, the positioning of cells at the
desired location of the fabricated 3D construct remains a critical challenge (5).

4. Vascular Network Fabrication and Applications

To preserve and mimic the metabolic functions of native tissues, including transportation of
nutrients and oxygen, as well as the removal of cellular waste and CO,, the robust formation
of a perfusable vascular network is significant for 3D printed tissues or organs (9). For
example, cells located further than 200 um from the closest capillaries experience hypoxia
and apoptosis due to limited oxygen and nutrient supply (5, 8). It is known that native blood
vessels vary in scale from centimeters (aorta) to microns (capillaries) with different blood
pressures (18). As mentioned above, the native blood vessels are classified into three major
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components: 1) arteries (arterioles), 2) capillaries, and 3) veins (venules). Arteries hold the
highest blood pressures and transport blood from the heart, while veins carry blood back to
the heart, and capillaries bridge them. The blood vessels consist of three primary layers,
tunica adventitia, tunica media, and tunica intima. The outmost layer, tunica adventitia, is
comprised of collagen, fibroblasts, and ECM. The tunica media, the middle layer is the
thickest layer and primarily consists of SMCs and pericytes, which demonstrate distinctive
cardio-protective functions such as angiogenic generation and chronic inflammation
reduction. The tunica intima is the innermost vascular layer and is comprised of ECs. It is
responsible for conducting blood flow regulation, as well as platelet and leukocyte control
(62).

Hierarchical integration of the listed features above within a 3D printed structure is currently
incomplete as it requires precise geometric and functional controls over fabrication,
especially at the submicron scale. Herein, we mainly introduce the current techniques for
modeling a 3D vascular network incorporated into tissues and organs, such as vascularized
bone, vascularized skeletal muscle, cardiovascular system, liver, and brain to analyze their
innovativeness in biofabrication of complicated structural and functional characteristics.

4.1 Vascularized Bone

In the human body, bone tissue is highly vascularized and metabolically active, and is
comprised of a rigid natural composite of collagen and hydroxyapatite. It is classified into
two mineralized tissues, cortical bone which has 10-30% porosity and a hard outer layer,
and cancellous bone with a 30-90% porosity interior (63). Such a vascularized system
enables the supply of nutrients, oxygen, and blood, as well as the removal of waste products
to preserve skeletal coherence (64, 65). For this reason, intraosseous vasculatures in the
human body stay within 100 um from their closest capillaries. Otherwise, insufficient blood
supply by incomplete vascularization will result in avascular necrosis. In addition,
intraosseous vasculature offers advanced functions to maintain skeletal integrity, such as
bone remodeling, development, and fracture repair (66).

Traditionally, an ideal bone graft model was expected to possess a hnumber of properties
including osteointegration, osteoconduction, osteoinduction, and osteogenesis (67). Since
the 3D printing technique has attracted many researchers as a superb substitute for
traditional bone graft fabrication, various studies have demonstrated the importance of
vascularization for 3D bone printing. As a result, vasculogenesis and angiogenesis have
become characteristic processes that must be taken into account for the design of 3D bone
regeneration studies. Wang et al. demonstrated a method using a virus-activated matrix
(VAM) with arginine-glycine-aspartic acid (RGD) peptide phage nanofibers incorporated 3D
printing to induce vascularized osteogenesis. In their study, the rat mesenchymal stem cell
(rMSC) seeded scaffold was used as a bone void filler and generated new blood vessels in
the bone defect area (64). The researchers in our lab, Holmes et al., previously performed
nanocrystalline hydroxyapatite (nHA) incorporated microfeatured vascularized bone
scaffold (68). Temple et a/. designed and fabricated anatomically shaped vascularized bone
grafts with PCL, which is synthetic and biodegradable, and human adipose-derived stem
cells (hASCs) using 3D printing technology (69). Similarly, Yan et al. recently reported a
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study of PCL-based, vascularized 3D printed bone scaffolds that can control the release of
deferoxamine (DFO), which is regarded as a desirable material to enhance vascularization
and bone regeneration (70-72). A PLGA and nHA based 3D bioplotting technique to
fabricate hyperelastic vascularized bone has also been recently reported (73). In our lab, we
have successfully created an engineered vascularized bone with a fluid perfusble
microstructure by 3D FDM printing. A biologically inspired nanocoating technique was
incorporated into the 3D printed scaffolds, in order to obtain the smart delivery of dual
growth factors (BMP-2 and VEGF) with the sequential release in spatiotemporal
coordination (Figure 2a—d) (2). In another recent study, we proposed an integrated approach
for complex vascularized bone regeneration, which combines an advanced dual 3D printing
platform with regional immaobilization strategies of bioactive factors. The combination of
hard PLA bone scaffolds and soft GelMA vessels provided a promising platform to obtain a
hierarchically biomimetic construct, with multiphasic characteristics (Figure 2e—i) (3). These
approaches present clinical potential to generate biomimetic vascularized bone grafts with
complex 3D structure and biocompatible functionalities.

4.2 Vascularized Skeletal Muscle

Muscles are primarily responsible for the movement control and force generation through
tendons by contraction as they are bonded to bones or internal organs (74). Muscles
including skeletal muscles, cardiac muscle (myocardium), and smooth muscles are mainly
comprised of muscle fibers, which consists of myofibrils with myofilaments as sub-
composites and interweaved high-density vessels (74). Among the three major muscle types,
skeletal muscles are attached to bones directly or indirectly via tendons, which have been
independently investigated for the development of artificial fabrication techniques, while
cardiac and smooth muscles are commonly combined with the corresponding internal
organs. Vascular networks are directly linked to the primary role of skeletal muscles, the
actuation of contraction.

In order for 3D printed skeletal muscles to possess therapeutic potential, seamless
propagation of applied load must be taken into account, as natural skeletal muscles are
capable of achieving efficient force transmission (74). In addition, natural muscle, like bone,
is a highly vascularized tissue type and accounts for most of the energy consumption in the
human body. In other words, more precise control and even dispersion of the vascular
network fabrication are required for 3D printed skeletal muscles to perform adequate force
delivery.

Many researchers have utilized genetically modified myoblasts or growth factor delivery
matrices to enhance vascularization on fabricated skeletal muscle tissue (75-78). For
example, Von Degenfeld ef a/. demonstrated an approach to generate new blood vessels
using myoblasts with growth factors including VEGF and fibroblast growth factor (FGF)
(77). After the transition to the 3D printing era, a number of techniques have been utilized to
generate vascularized muscle tissue constructs. Levenberg ef al. engineered vascularized
skeletal muscle tissues /n vitro by co-culturing myoblasts, embryonic fibroblasts, and ECs in
poly-(_-lactic acid) (PLLA) and PLGA based 3D scaffolds (75). Their results have shown
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that pre-vascularized skeletal muscle tissues generated by an endothelial co-culture system
help induce vascular networks /n vivo (Figure 3).

4.3 Vascularized Skin

The skin accounts for approximately 16% of the body’s weight and is the primary
component of the integumentary system of the human body (79). The most common
misunderstanding with regard to the skin and its accessory structures is that they belong are
a single type of tissue. In fact, the skin consists of multiple layers of tissues and is classified
as the largest organ of the human body, and provides the outmost barrier against the
environment and pathogens (47, 79). The human skin consists of three primary layers: the
epidermis, dermis, and hypodermis, with each having various subdivisions (79).

Fabrication of artificial skin has been actively pursued for cosmetic and therapeutic
purposes, such as substitution of skin loss or defects. Before significant attention had been
drawn towards the 3D printing approach, and even still in the present day, autografts and
allografts have been the most prevalent treatment for large skin injuries (80). However,
limited donor site supply for autografts and potential risk of unexpected transplant rejection
for allografts have accelerated the need for an alternative solution (80). As a result, a number
of studies for vascularized skin with 3D printing have been performed. (47, 81-83)

In the recently reported study by Kim et al., porcine skin-derived dECM was utilized as a
raw material in a bioink to fabricate a 3D printed pre-vascularized skin patch. In their study,
extrusion-based and inkjet-based 3D printing techniques were exploited to model the human
dermis and epidermis in a layer-by-layer fashion for an in vitro experiment. Simultaneously,
hASCs and EPCs laden bioinks were used in the creation of the pre-vascularized skin patch
for /n vivo study (47). Michael et al. used a laser-assisted 3D printing technique to engineer
skin substitutes 7n vivo. The multiple layers of fibroblast-based and keratinocyte-based
collagen were 3D printed onto a sheet of the stabilization matrix. In their study,
vascularization was promoted by the presence of keratinocytes, which are known to generate
VEGF (81, 84). Moreover, Skardal et a/. utilized a direct 3D printing approach of amniotic
fluid-derived stem cells to promote vascularization of skin /n vivo (82). These 3D printing-
based experimental results have suggested the use of different cellular approaches to
conventional cell-based methods, which typically include ECs or MSCs for the fabrication
of vascularized skin.

4.4 Cardiovascular System

The cardiovascular system includes the heart, blood vessels (arteries, veins, arteriovenous
shunts, and capillaries), and lymphatic vessels (1). Based on the statistics provided by the
American Heart Association (AHA), cardiovascular disease (CVD) directly or indirectly
accounts for beyond 55% of all deaths in the United States, and has been the No. 1 reason
for death since 1900 (85). Although CVD has been recognized as the primary risk of
decreasing the average life expectancy during the past century, the clinical approaches
incorporating organ transplantation still experience remaining challenges due to a lack of
donor tissue.
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The primary organ of the cardiovascular system, the heart consists of several types of cardiac
tissues such as myocardium, endocardium, and pericardium (86). The myocardium is a thick
muscle wall, composed of cardiomyocytes (or cardiac muscle cells) to perform contraction
and relaxation to supply blood (5). The endocardium lies in the innermost layer and
primarily consists of ECs, and the pericardium is a double-walled layer which covers the
exterior of the heart (86). A high-density capillary network (3000/mm?) is located in the
myocardium a functions to regulate the metabolic activity of contraction, and works to
confine the distance between cardiomyocytes and ECs within a range of 2-3 um.
Additionally, the blood vessels in the cardiovascular system have complex tree-shape
structures, and exhibit vessel diameters in the range of ~5-10 um for the smallest capillaries,
to 30 mm for the largest artery (1). Therefore, along with the development of 3D
vascularized network, the replacement of these cardiovascular tissues using 3D printing
technology has been considered as an important issue in the clinical perspective.

4.4.1 Perfusable Vascular Networks—As mentioned above, the absence of
perfusable vascular networks in 3D printed scaffolds ultimately leads to necrosis of core
tissue, referred to as avascular necrosis, which results from over population of seeded cells
and a lack of nutrition and oxygen supply (87). One of the reported studies to fabricate 3D
printed perfusable vascular tubes used a coaxial extrusion platform with a blended bioink of
GelMA, sodium alginate, and 4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA) (88). In
this study, 3D printed perfusable blood vessels were created in various diameters and shapes
to prove physical and biological stabilities. Miller ef al. have created 3D multiscale
interconnected vascular networks with carbohydrate glass as a sacrificial material using
extrusion-based 3D printing. They demonstrated the key components of vascularized tissues
including a vascular lumen, human umbilical vein endothelial cells (HUVECS), and cells
matrix in the interstitial zone (87). Cui et a/. used a modified 3D thermal inkjet printer to
fabricate microvasculature. The authors utilized the simultaneous deposition of human
microvascular endothelial cells (HMVECS), which are capable of forming capillaries, and
fibrin, which has the capability of wound healing and promoting cell migration (89). This
study demonstrated the integrated formation of perfusable microvasculature as cells
proliferate. Thus, their approach can be considered for cardiovascular networks formation
based on 3D thermal inkjet printing.

4.4.2 Vascularized Cardiac Tissues—Along with a notable focus on the fabrication
of perfusable tubular constructs, there have been a number of investigations on integrated
cardiac tissues. For example, Zhang et al. performed 3D double crosslinked printing of
vascularized myocardial constructs (90). In order to generate blood vessels, they utilized the
combination of the two aforementioned approaches including vasculogenesis and
angiogenesis using the self-promotion of ECs and direct fabrication using the 3D printing
technique (90). Their strategy to encapsulate ECs in the 3D printed microfiber structure
offers a convincing approach to develop hydrogel based vascular myocardial tissues.
Moreover, our lab recently developed novel gelatin-based 3D printed vascular constructs
with two distinctive layers that are comprised of ECs and SMCs. As shown in Figure 4, the
uniform distribution of ECs and SMCs was demonstrated inside and outside the lumen,
respectively. In addition to that, the 3D printed vascular constructs have shown outstanding
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abilities of myogenesis and vasculogenesis. In another recent study, we fabricated a 3D
printed vascularized cardiac patch and successfully implanted into the infracted heart of
mice (Figure 4). The experimental results prove that our innovative techniques possess the
feasibility to create biomimetic structures for cardiac tissue regeneration.

Most of the current 3D printed cardiovascular systems primarily lack mechanical robustness
due to the inherent mechanical characteristics of their bioink materials, especially when
hydrogels are used (91, 92). The poor mechanical properties of the hydrogels in comparison
to the native blood vessels and valves of the cardiovascular system are considered to be the
biggest impedance to successful 3D cardiac printing. The limited mechanical strength of
hydrogels leads to poor structural integrity and clinical failure after implantation. As such,
prospective research with emphasis on the development of new suitable materials is
ultimately required. In the same context of structural integrity, another considerable
challenge to fabricate translational 3D printed vascularized cardiac tissues is the
electrophysiological connection of cardiomyocytes to determine the proper activity of the
sinoatrial node as a pacemaker (93). From the 3D printing techniques perspective, 3D inkjet-
based printed cardiovascular systems are restricted to low viscosity bioinks to prevent nozzle
clogging. On the contrary, bioinks with high viscosity are only applicable for extrusion-
based 3D printing of cardiovascular systems, which results in poor cell viability. Cell-laden
cardiovascular systems that are 3D printed by the SLA method often result in poor cell
viability due to both the DNA damage incurred by resident cells during the UV
photocrosslinking process, and the cytotoxicity caused by various photoinitiators (1).

The liver is considered one of the most significant organs in the human body due to its
special characteristics. The liver is responsible for a number of important roles related to
metabolism and metabolic regulation, such as filtration of blood from the digestive tract,
detoxification of chemicals, accessory digestion, and nutrient storage in the form of
glycogen (5, 79). The liver is primarily classified into two major lobes, left and right lobes.
The right lobe, which is much bigger than the left lobe, involves two minor lobes such as
quadrate and caudate lobes. Blood is supplied to the liver through two different vessels. The
hepatic artery supplies arterial blood from the heart to the liver, and the hepatic portal vein
carries blood consisting of nutrients and toxins from the intestines to the liver (79).

Previously, Griffith et a/. fabricated a vascularized liver on a small scale with the 3D printing
technique (6). Up until now, many tissue engineers have attempted to fabricate biomimetic
3D printed vascularized liver constructs with the incorporation of the characteristics listed
above and its own unique properties such as a rapid restoration ability even after
considerable damage (94). For example, 3D printing of hepatocytes using a hydrogel has
been introduced (95). Robbins et a/. from one of the 3D printing companies for human
tissue, Organovo ', presented /n vitro models of 3D vascularized liver. The researchers
demonstrated a multi-cellular liver structure involving hepatocytes, hepatic stellates, and
ECs (96). The liver transplantation into the patient’s body performed by Zein et al. also
proved the validity of the 3D printing techniques for the vascularized liver. Prior to the
transplantation, the dimensions of the donor and recipient livers in detail were recorded
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including the diameters of veins to fabricate a vascularized liver using the 3D printing
technique. To implement the external vascularization, the authors utilized a permanent
adhesive to attach to the liver lobe (Figure 5) (7). These results demonstrate the potential
efficacy of a 3D printed synthetic liver with a vascular network in the human body as a
valuable tool for drug delivery and a substitute for treating partially or irreversibly damaged
liver tissue.

The brain, along with the spinal cords, is the main component of the human central nervous
system (CNS). Although the peripheral nervous system (PNS), which accounts for the rest
of the nervous system, possesses the capacity of innate regeneration, the CNS remains
permanently damaged after severe injury due to the glial scar formation (gliosis) (97). The
brain consumes approximately 25 percent of the total amount of oxygen in the human body
to maintain its functionality as the command center. Therefore, sufficient blood supply is a
critical requirement, as the brain is comprised of a complex vascularized system (79, 98).
Furthermore, the brain has a distinctive mechanism called the blood-brain-battier (BBB),
which is formed by brain ECs, to regulate the microenvironment (99). Considering these
special characteristics and importance, the 3D printing technique for a replicable brain has
attracted many researchers.

The blood is supplied into the brain via two major pairs of arteries, which are vertebral and
internal carotid arteries. A pair of vertebral arteries merge into the basilar artery, and divided
further into the posterior cerebral and superior cerebellar arteries. The internal carotid
arteries also split into the middle and anterior cerebral arteries. Ultimately, the internal
carotid and basilar arteries converge into the circle of Willis (cerebral arterial circle) (79,
98). In 3D printing of neural tissues, one of the most crucial requirements for bioink
selection is the balance of biofunctionality with biocompatibility (100-103). As neural cells
possess comparably high sensibility, bioinks must exhibit cell recognition sequences to
avoid potential immunological rejection after implantation (103). In addition, biomaterials
with electrochemically conductive properties, such as polypyrrole (PPY) and poly-3,4-
ethyenedioxythiophene (PEDOT), are worthwhile to consider since interactions between
nerve cells are primarily electrochemical in nature (103-105). Carbon-based biomaterials
including carbon nanotubes (CNTs) and graphene are other viable candidates for 3D
printing neural tissues due to their superior capacity for neuronal cell-specific adhesion and
outstanding electromechanical characteristics (100, 103).

Due to the inherent complexity of the BBB structure, the 3D printing incorporated
vascularization of the brain still remains challenging. As a result, the current progress of the
associated studies is mostly limited at demonstrating an external shape of the brain including
skulls or focusing on the fabrication of neural networking. For instance, Naftulin et a/.
performed a study in that manner to demonstrate an FDM based 3D printed brain with
synthetic polymers such as PLA and acrylonitrile butadiene styrene (ABS) (106). Lozano et
al. designed and demonstrated a 3D printed brain shape construct using a novel peptide
modified polymer, gellan gum-RGD with primary cortical neurons. Utilizing a simplified
hand-held extrusion-based 3D printing system, they obtained successful results of neural
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projections, networks formation, and encapsulation of cortical tissues (107). In a recent
study, Xu et al. created a 3D printed segmental model of intracranial arteries from magnetic
resonance angiography (MRA) images as a feasible solution to the intracranial stenosis
(108). As noted above, studies performed in 3D printing of the vascular brain are somewhat
limited by now. However, these approaches suggest the potential of 3D printing as a solid
platform with further optimization and investigation to construct a functional brain
replacement containing vascularized channels (Figure 6).

5. Conclusion and Future Direction

3D printing as integration of innovative techniques offers remarkable benefits in terms of a
vascular network formation in tissue and organ. During the past years, researchers involved
in tissue engineering, material science, and medicine have developed a variety of distinctive
3D printing techniques and biocompatible materials with high-throughput, long-term
sustainability, and non-cytotoxicity to make the 3D printed platform functional. 3D printing
has especially attracted many researchers as a hon-substitutable technique for the permanent
vascular network formation due to its feasibility, a variety of available printing methods, and
precise controllability.

The current and prospective research in 3D printed vascularization aims to overcome several
technical limitations, such as accounting for the dimensions of blood vessels. For example,
capillaries in the human body vary as low as 5-8 um in diameter. The thickness of the blood
vessel walls varies immensely as well. Therefore, improvements in printing resolution and
precise controllability are necessary to generate refined features. The suitable biomaterial
selection also enhances resolution, printability, biocompatibility, and cell viability as an
inequivalent match of biomaterial and cell may result in poor biological functionality. In the
particular case of 3D printing with multiple cell types, the choice of print material is very
important (9). In addition, rapid printing speed must be taken into consideration for use in
clinical applications. Despite miniaturization and simplification of native tissues and organs,
the creation of 3D vasculature still takes a considerable amount of time.

Currently, many researchers contribute to the improvement of 3D printed vascular networks
on a best effort basis to make the technique more commercially useful in the medical
industry. As previously noted, complete 3D printing of some tissues or organs such as the
liver and brain are still multiple steps away from clinical application as of now. In other
words, promotion of sufficient angiogenesis for tissues and organs in a shorter time, as well
as enhancement of mechanical properties of 3D printing materials for vascular networks, are
the main obstacles. To overcome the addressed limitations, prospective research on the
development of new methods, materials, and cells with combinations of existing components
will be actively pursued. Examples of such research developments include: the introduction
of a novel dual 3D printing method, a newly formed biocompatible hydrogel for structural
integrity of vascular networks, and supportive novel cell sources to help ECs generate
angiogenesis more reliably. Surmounting the current constraints listed above in the near
future, the 3D printed vascular network will be considered a future-oriented promising
technology based on its unlimited repeatability after optimization and punctuality in
fabrication.
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Figure 2.
(a) Schematic illustration of the fabrication process of 3D bioprinted vascularized bone

scaffolds with bioactive growth factor nanocoatings. (b) A 3D confocal fluorescence image
of hMSCs (green) and HUVECs (red) co-cultured for 5 days. (c) Immunofluorescence
images of hMSCs and HUVECs with CD31 antibody for 2 and 4 weeks on different
scaffolds. A PLA based control scaffolds (left) and a genipin crosslinked bioactive
nanocoating with growth factors (cBCG) based scaffold (right). Scale bars, 100 um. (d)
Mineralization of osteogenic differentiation of hMSCs and hMSCs/HUVECSs on PLA and
c¢BCG based scaffolds analyzed by Alizarin red staining. (¢) Schematic illustration of a dual
3D bioprinting platform. (f) Schematic representation of the microstructural design of a
biomimetic biphasic vascularized bone construct based on a matrix metalloprotease (MMP)
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sensitive GelMA hydrogel. The evolution of vascular lumen and capillary network formation
can be achieved in different regions during the culture period. (g) Computer-aided design
(CAD) model of the biphasic vascularized bone construct, including the bone region and
vascular channels (left). Microscopic photo image of manufactured vascularized bone
construct (right). Red circles show tubular vascular hydrogel regions. (h) A 3D
immunofluorescence image of the vascular capillary network with CD31 antibody in the
designed different regions of the 10 wt% GelMA hydrogel printed by the dual 3D
bioprinting platform after 4 weeks. Scale bar, 50 um. (i) A 3D immunofluorescence image
of a vascular lumen in the 3D bioprinted vascularized bone. Scale bar, 50 um. Images are
adapted from (2, 3).
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Figure 3.
(a) 3D printed scaffold before cell seeding. Scale bar, 1 mm. (b) Immunostaining images of

vascular network generation /n vitro within skeletal muscle construct after one month.
Skeletal myoblasts, ECs, and mouse embryonic fibroblasts were tri-cultured. Scale bar, 50
um. (¢) Immunostaining images of /n vivo study of the vascularized skeletal model after two
weeks of transplantation into immunodeficient mice. The constructs underwent
immunostaining with human-specific CD31 antibody. Scale bar, 50 pm. Images are adapted
from (75).
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Figure 4.
(a) 3D printed vasculature with hollow and interconnected structure after 24 hours of

perfusion culture. (b) An immunofluorescence image of 3D printed vasculature (CD 31
antibody and a.-smooth muscle actin (a-SMA)) in a dynamic culture condition. (c) An
optical microscopic image of dynamic flow in the 3D printed vasculature. (d) An optical
microscopic image of anisotropic honeycomb constructs of 3D bioprinted vascularized
cardiac patch. (e) A fluorescence image of 3D bioprinted vascularized cardiac patch
(cardiomyocyte (CMs) and ECs).(f) /n vivo implantation of 3D bioprinted vascularized
cardiac patch into infarcted heart of mice.
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Figure 5.
(a) Side view of 3D printed liver and extracted liver of a patient, where long, short, and

double arrows indicate hepatic artery, hepatic vein, and portal vein, respectively. (b) Right
lobes of 3D printed and extracted livers with indications of the hepatic artery (single arrows)
and portal vein (double arrows). (c) Cross-sectional views of 3D printed and extracted livers
with indications of hepatic vein (single arrows) and portal vein (dotted arrows). Images are
adapted from (7).
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@

Figure 6.
(a) A 3D arterial construct of magnetic resonance imaging from a patient. (b) A magnified

image of the highlighted region. (c) A magnetic resonance angiography image and (d) 3D
printed model of the indicated region with arrows. Images are adapted from (108).
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Table 1.

List of 3D Printing Methods for Vascular Fabrication (5, 10, 13, 14, 109)

Page 30

Technical
classification

Printing technique

Unique properties

Advantages

Disadvantages

Laser-assisted

Stereolithography
apparatus (SLA)

Surface photopolymerization

High resolution

Limited selection for bioinks
and cell damage by UV light

Droplet-based

Inkjet

Adjustable droplet size and
shape

Low cost, least damage
to printed cells, and rapid
fabrication

Limited 3D resolution and
restricted cell density

Extrusion-based

Fused deposition
modeling (FDM)

Heating for state transition of
materials

Good versatility and a
wide selection of bioinks

Limited resolution and
restricted hydrogel use

Bioplotting

Simultaneous use of multiple
bioinks

Wide selection of bioinks

Slow fabrication
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Table 2.
List of Natural and Synthetic Materials for Bioinks (4), (5), (14), (23), (35, 38), (41, 42), (25, 46-48, 76-78,
110-129)
. A Printing Solidification
Material classification technique mechanism Strengths Drawbacks
: Droplet, Physical or :
Collagen and its . p . . Low cell adhesion
A extrusion, and chemical Nonimmunogenic - e
derivatives SLA crosslinking without modification
: : Droplet, Physical or Weak mechanical
GZE{‘til\?atair\]/(islts extrusion, and chemical Nonimmunogenic properties without
SLA crosslinking modification
Calcification,
Protein Elastin Droplet and Self-assembling Good biocompatibility hydrophobicity, and
extrusion : 2
insolubility
Droplet . . .
. L 3 ] Angiogenesis Low mechanical
Fibrin extrug:i)g, and Self-assembling enhancement property
Self-renewal and :
- Droplet and ] : Low mechanical
Matrigel extrusion Self-assembling plurlpotecr;(ﬁgfor stem property
Droplet and Physical - Low cell adhesion
Agarose extrusion crosslinking Thermo-reversibility without modification
. Biocompatibility, fast .
Alginate “oxiusion. | crossinidng gelation, and without modifsaion
nonimmunogenic
Polysaccharide H-sensitive solubilit
: - Chemical pr- e Y o
Chitosan Extrusion crosslinkin biocompatibility, and High viscosity
9 hydrophilicity
. : . Droplet, Physical or - .
SLA crosslinking
Physical or Natural ECM .
Decellularized ECM Dg)((’t’:lﬁggd chemical biomimicry and tissue Comple);tgriparatlon
crosslinking specificity P
Poly(ethylene glycol) Covalent - : -
Polyethers diacrylate SLA crosslinking Nonimmunogenic Low cell adhesion
. Temperature or
Poly(caprolactone) and Extrusion and . - .
Polyesters its derivatives SLA covalent Good biocompatibility Very slow degradation
crosslinking
Poly(lactic acid) Extrusion T emperature Good biocompatibility Immunogenicity
Poly(propylene Covalent . o -
fumarate) SLA crosslinking Good biodegradability Immunogenicity
- : : Poor mechanical
. - Physical Nonimmunogenic and
Poloxamer Pluronic F127 Extrusion crosslinking high printability property and slow

gelation
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