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ABSTRACT: Microvasculature functions at the tissue and cell level, regulating local mass
exchange of oxygen and nutrient-rich blood. While there has been considerable success in
the biofabrication of large- and small-vessel replacements, functional microvasculature has
been particularly challenging to engineer due to its size and complexity. Recently, three-
dimensional bioprinting has expanded the possibilities of fabricating sophisticated
microvascular systems by enabling precise spatiotemporal placement of cells and
biomaterials based on computer-aided design. However, there are still significant challenges
facing the development of printable biomaterials that promote robust formation and
controlled 3D organization of microvascular networks. This review provides a thorough
examination and critical evaluation of contemporary biomaterials and their specific roles in
bioprinting microvasculature. We first provide an overview of bioprinting methods and
techniques that enable the fabrication of microvessels. We then offer an in-depth critical analysis on the use of hydrogel bioinks for
printing microvascularized constructs within the framework of current bioprinting modalities. We end with a review of recent
applications of bioprinted microvasculature for disease modeling, drug testing, and tissue engineering, and conclude with an outlook
on the challenges facing the evolution of biomaterials design for bioprinting microvasculature with physiological complexity.
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1. INTRODUCTION

The human cardiovascular system consists of a sophisticated
hierarchical network of blood and lymphatic vessels that
conduct fluids to and from tissues and organs.1,2 Each level of
this hierarchy plays a distinct role in maintaining homeostasis
throughout the body. Larger vessels like arteries and veins are
responsible for transporting large volumes of blood between
organ systems. Following Murray’s Law, large blood vessels
branch into progressively smaller vessels to control local blood
pressure and volumetric flow to the tissues and cells within
each organ system.3,4 Capillaries are the smallest and most
densely distributed vessels in the cardiovascular system and
have a specialized role in directly exchanging fluid with cells
deep within tissues. The exact distribution and orientation of
microvasculature is influenced by the metabolic activity of the
given tissue.5 While large and small vessels have specialized
roles, they operate in unison to efficiently maintain homeo-
stasis throughout the body.
The anatomy of large vessels differs from that of small

vessels.6 Large vessels (i.e., arteries and veins) have three
layers: an inner layer composed of endothelium, a middle layer
composed of smooth muscle, elastic tissue, and collagen fibers,
and an outer layer composed of elastic tissue and collagen
fibers.7 The percentage of elastic tissue in arteries is much
higher than those in veins because arteries conduct blood at
higher pressures.8 Small vessels (i.e., arterioles, venules,
capillaries) are much narrower and thinner than arteries and
veins. Arterioles and venules have thin layers of smooth muscle
and fibrous tissue, respectively.7 Capillaries are the smallest
vessels in the body and are only one cell layer thick to allow for
fluid permeability and mass exchange. The cell types within
large and small vessels also differ slightly. Arteries, arterioles,
and veins are composed of endothelial cells (ECs), smooth
muscle cells (SMCs), and pericytes.9 Venules are usually made
up of ECs and pericytes, along with SMCs, which have distinct
characteristics compared to SMCs derived from arteries.10−12

Capillaries are composed of a single layer of ECs and some
pericytes for stabilization.13 The large vessels are mainly
responsible for mass transport, while the small vessels,
especially capillaries, are involved in multiple biological
processes, including mass exchange, immune response,
lymphocyte migration, and homing, etc.1,2,13 The varied
structures and functions of blood vessels exemplify their
remarkable complexity.
Engineering the complexity of microvasculature has been a

key obstacle in the field of tissue engineering since its
inception.14,15 Diffusion of oxygen and nutrients within tissues
is effectively limited to 100−200 μm. Therefore, engineered
tissues larger than these dimensions require endogenous

microvasculature for proper nutrient delivery and survival in
vivo.15−18 Numerous biofabrication methods have been
developed to create vascular networks in vitro, which generally
involve microfluidics-based molding techniques.19−23 In
addition, controlled delivery of proangiogenic factors like
VEGF within biomaterials (e.g., hydrogel scaffolds) has also
been a popular strategy to promote vascularization.24,25

Despite the significant progress made with these techniques,
they generally lack the spatiotemporal precision and control
required to replicate the physiological complexity and function
of 3D vascular networks.
To address this challenge, 3D bioprinting has emerged as a

powerful means of fabricating vascularized tissues with
structural complexity unattainable by traditional fabrication
methods.26−32 The ultimate ambition for the bioprinting field
is to resolve the organ donor shortage by creating patient-
specific, transplantable replacement tissues and organs in the
lab.33−36 However, while there has been success in creating
large and small-diameter vessels using bioprinting approaches,
fabricating functional microvasculature in constructs of human
scale is still an unmet need and a key hurdle in the clinical
translation of bioprinted tissues and organs. Biomaterials play a
central role in the bioprinting process and serve as writing
materials, or “bioinks”, for printing the desired tissue construct.
Therefore, the development of biomaterials for bioprinting
microvasculature is a key driving force in the evolution of the
field.
There have been essentially two approaches to using

biomaterials for bioprinting microvasculature: indirect and
direct. Indirect approaches employ sacrificial bioinks to print
hollow tubes that can conduct fluid within a tissue construct
(Figure 1A). Sacrificial, or “fugitive”, bioinks can be printed as

solid filaments during printing then removed after printing to
leave behind hollow channels that can be perfused and
endothelialized. While indirect approaches could theoretically
be used to print capillary networks, the resolution of most
indirect bioprinting platforms (>100 μm) does not approach
that of capillaries (5−10 μm). Alternatively, direct approaches
exclude the use of sacrificial materials and employ vascular-
inductive bioinks containing endothelial cells to guide their
self-assembly into capillary networks after printing via cell−cell

Figure 1. Bioprinting microvasculature. Indirect and direct
approaches employ biomaterials in different manners to fabricate
microvessels.
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and cell−matrix interactions (Figure 1B). Because this strategy
leverages cells, scaffolds, and signaling molecules to assemble
vasculature endogenously, it is more suitable for promoting the
formation of smaller vessels (e.g., capillaries) than indirect
bioprinting.37 However, there is a limited availability of
proangiogenic biomaterials with high printability for direct
bioprinting. Indirect and direct approaches for bioprinting
microvasculature will be further discussed in section 3.
In this article, we will review and discuss the use of

biomaterials for bioprinting microvasculature. Before we begin,
it is first necessary to define microvasculature in the context of
this review. A universally accepted definition of micro-
vasculature is unclear, as it may vary between disciplines. For
example, a surgeon may define microvasculature differently
than an engineer. The medical definition of microvasculature is
“the part of the circulatory system made up of minute vessels
(such as venules or capillaries) that average less than 300 μm
in diameter”. However, reports from the engineering
community have described vessels larger than 300 μm as
microvasculature, with or without a lining of ECs.38−40 In the
bioprinting field, there has been limited consideration given
specifically to microvasculature. A search for “microvascular
bioprinting” in the PubMed database yields 17 results. In
contrast, “vascular bioprinting” yields close to 300 results.
While microvascularization has been achieved in numerous
vascular bioprinting platforms, there have been limited efforts
to intentionally design biomaterials for bioprinting micro-
vessels/capillaries. Therefore, in the interest of breadth, we
define microvasculature through an engineering lens. Bio-
printed microvasculature satisfying the following criteria was
considered for this review: (1) The diameter of the
microvessel(s) are around or smaller than 500 μm with
preference given to the latter; (2) the microvessels conduct
fluid with or without a lining of ECs; (3) endothelial “cords” or
primitive networks without lumens are also included because
they may precede the formation of more patent microvessels.
Because the selection and utilization of these biomaterials

rely on an understanding of biological mechanisms underlying
blood vessel development, section 2 will offer a brief
introduction of the fundamental biology of microvessel
formation (i.e., angiogenesis and vasculogenesis), including
the roles for growth factors, supporting cell types, and ECM.
Because the selection of biomaterials also depends on the
requirements of the specific technique it will be applied in,
section 3 will review techniques for bioprinting microvessels
and their associated printability considerations for biomate-
rials. Section 4 will critically review the current landscape of
biomaterials and bioinks used for bioprinting microvasculature.
We categorize bioinks based on the source of the scaffold
materials, which include naturally derived and synthetic
hydrogels. Section 5 will review recent applications of
bioprinted microvessels for in vitro disease modeling, drug
testing, tissue engineering, and regenerative medicine thera-
pies. We end with an outlook on future challenges facing the
development of biomaterials for bioprinting microvasculature.

2. BIOLOGICAL MECHANISMS OF
MICROVASCULATURE FORMATION

2.1. General Introduction of Vessel Formation

Microvessel formation is mediated through highly sophisti-
cated biological mechanisms. Several different models of vessel
formation and remodeling are shown in Figure 2.41 Among

these, angiogenesis and vasculogenesis are the most extensively
studied.41,42 There are significant distinctions between these
two models during organogenesis. Vasculogenesis gives rise to
the primitive vascular plexus during embryonic development
through the differentiation and growth of mesodermal-derived
hemangioblasts.43,44 Vasculogenesis also occurs in adults via
differentiation of endothelial progenitor cells into ECs.
Angiogenesis is characterized by endothelial sprouting and
tube formation from pre-existing vessels.45 Angiogenesis and
vasculogenesis have been extensively studied and utilized in
tissue engineering and regenerative medicine strategies for
therapeutic vascularization.41,42 Therefore, the following
sections will provide some background on the biological
mechanisms driving these processes.

2.1.1. Angiogenesis. Angiogenesis is the process of new
blood vessel formation from pre-existing vessels.42 In addition
to physiological conditions, angiogenesis is associated with
multiple pathological conditions (e.g., atherosclerosis, chronic
inflammation, and cancer). Significant progress has been made
in revealing the underlying mechanisms of angiogenesis.46

Numerous comprehensive reviews about angiogenesis can be
found in refs 41,42,47. Therefore, the following sections
provide a brief introduction of the current consensus of
angiogenesis mechanisms. In addition, the effects of growth
factors, cell sources, and ECM will also be reviewed.

Figure 2. Models of vessel formation. The several known models of
blood vessel formation under physiological and pathological
conditions. (A−C) Vessel generation under normal conditions: (A)
sprouting angiogenesis, (B) vasculogenesis−endothelial progenitors
differentiate into ECs and supporting cells to forming vessels, (C)
intussusception−vessel splitting into two new vessels. (D−F) Vessel
generation in the tumoral environment: (D) vessel co-option induced
by tumor cells, (E) vascular mimicry−tumor vessels can be lined by
tumor cells along with normal ECs, (F) tumor cell to EC
differentiation−tumor vessels can also be lined by the tumoral
differentiated ECs. Reproduced with permission from ref 41.
Copyright 2016 Springer Nature.
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There are two distinct mechanisms of angiogenesis:
sprouting angiogenesis and intussusception. During sprouting
angiogenesis, growth factors such as vascular endothelial
growth factor (VEGF), angiopoietin-2 (Ang2), and fibroblast
growth factor (FGF) trigger proangiogenic gene activation in
quiescent vessels. Pericytes detach from the vessels, proteases
break down basement membrane, and cell−cell junctions
loosen to facilitate sprouting from the vessel wall. A subtype of
ECs called “tip cells” migrate along the chemokine gradient
and establish the path of the new sprouting vessel (Figure 2A).
The neighboring cells of the tip cells, “stalk cells”, support the
tip cells invading into remodeled ECM and pericytes help
stabilize the integrity of the nascent vasculature. During
intussusception (Figure 2C), interstitial cellular columns insert
into the lumen of pre-existing vessels. Further expansion and
growth of these inserted columns lead to vessel branching,
eventually causing the remodeling of the vascular networks.45

2.1.2. Vasculogenesis. Vasculogenesis is initiated by
angioblasts during embryonic development to form the
primitive capillary plexus.42 In adults, vasculogenesis occurs
via migration and differentiation of endothelial progenitor cells
(EPCs) from bone marrow into mature ECs (Figure 2B).
While vasculogenesis is mostly referred to in a developmental
context, vasculogenesis has also been reported in cultures of
mature ECs and supporting cells (e.g., pericytes and
fibroblasts).48−51 In the tissue engineering field especially,
vasculogenesis is used loosely to describe de novo formation of
vascular networks from dissociated suspensions of endothelial
cells. Some of these models can be found in Table 1.
2.2. The Roles of Growth Factors

As described above, sprouting angiogenesis is initiated by
proangiogenic signaling molecules (e.g., growth factors). These

signals control and direct vessel development during angio-
genesis.41,42 Physiologically, these signals are released by cells
under hypoxia52 and include but are not limited to platelet
derived growth factor (PDGF), vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), transforming
growth factor β (TGF-β), angiopoietins, epithelial growth
factor (EGF), and insulin-like growth factor (IGF). We refer
readers to refs 41,53. for comprehensive reviews about these
factors. Here, we will give a glance at each category and their
role in vascular morphogenesis.

2.2.1. PDGF Family. The most well-studied members of
the PDGF family are PDGF-A and PDGF-B, which are
encoded by the PDGF gene. They can form three different
forms of dimers, PDGF-AA, PDGF-AB, and PDGF-BB. Recent
publications have discovered additional PDGF genes and
proteins, PDGF-C and PDGF-D.54

PDGFs play a critical role during development.60 Although
the current understanding of the functions of PDGFs in
physiological and pathological conditions remains incomplete,
emerging literature shows a correlation between the altered
expression levels of PDGFs and the pathological/regeneration
progression of blood vessels.61 Several PDGF-targeted
therapies have been developed. Especially, recombinant
human PDGF-BB based therapy has been utilized clinically
as a wound-healing therapy for diabetic ulcers.62,63

There are three known types of PDGF receptors: PDGFR-
αα, PDGFR-αβ, and PDGFR-ββ. PDGFR activation can affect
a variety of signaling pathways (e.g., Ras-MAPK, PI3K, and
PLC-γ). As a result, the activation of PDGFRs is highly
involved in many types of organogenesis, including vascular
development. In addition to supporting the fundamental
functions of ECs (e.g., survival and proliferation), PDGFs
also play critical roles in the function of multiple supporting
cell types, such as pericytes64 and SMCs.65 Specifically, PDGF-
B targets PDGFR-β as a paracrine signaling mechanism
between ECs and perivascular cells.66 Studies have also
shown that PDGF-B/PDGFRβ signaling is responsible for
the recruitment of pericytes61 and vascular smooth muscle
cells.67

PDGF is also an important molecular mediator of
vasculogenesis. The PDGF family functions as a major mitogen
for many mesenchymal/neuroectodermal originating cells.
PDGFs also have chemo-attractive properties during multiple
tissue remodeling processes, such as wound healing, bone
formation, and the development of various organs.68

In summary, the PDGF family has significant roles in
angiogenesis and vasculogenesis, especially for mural cell
recruitment and vessel stabilization. The following section will
introduce VEGF, which is closely related to the PDGF family,
as a detailed example.

2.2.2. VEGF Family. VEGF is the most well-studied and
one of the most critical signaling molecules for angiogenesis.
VEGF has several isoforms, including VEGF121, VEGF145,
VEGF165, and VEGF189. Some isoforms are matrix-bound while
others are soluble. Each isoform plays a distinct role in
promoting angiogenesis.69 There are three primary receptors
for these VEGF isoforms: VEGFR1 (Flt-1), VEGFR2 (Flk-1 or
KDR), and VEGFR3 (Flt-4). Targeting to these different
receptors can lead to different effects during angiogenesis. For
instance, VEGFR2 (Flk-1 or KDR) is thought to be the
primary receptor for EC proliferation and migration, while
VEGFR1 (Flt-1) is believed to be an important modulator
during vessel development through the VEGF signaling

Table 1. Models of Vasculogenesisa

EC types
supporting cell

types media supplements
culture
time ref

HUVEC pericytes M-199 with SCF, IL-3
and SDF

3 days 49

none EBM with FBS, VEGF
and FGF

3 days 55

adipose stromal
cells

IMEM/F12, VEGF,
BCGF, EGF

50 days 56

mesenchymal
stem cells

EGM-2 7 days 57

foreskin
fibroblasts

EGM-2 7 days 50

dermal
fibroblasts

EGM-2 7 days 51

HDMEC none EGM2-MV 20 days 58

BOEC pericytes M-199 with SCF, IL-3
and SDF, HEPES saline

5 days 48

EPC lung fibroblasts EGM-2 7 days 59

aEC = endothelial cell; HUVEC = human umbilical vein endothelial
cell; SCF = stem cell factor; IL = interleukin; SDF = stromal cell-
derived factor; EBM = endothelial cell growth basal medium; FBS =
fetal bovine serum; VEGF = vascular endothelial growth factor; FGF
= fibroblast growth factor; BCGF = B-cell growth factor; EGF =
epidermal growth factor; EGM = endothelial growth medium;
HDMEC = human dermal microvascular endothelial cell; MV =
microvascular; BOEC = blood outgrowth endothelial cell; EPC =
endothelial progenitor cell.
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pathway.70,71 VEGF is usually required for angiogenesis in
vitro, which can be either exogenously introduced or locally
secreted by cells.69 VEGF gradients control filopodia extension
and tip cell migration for endothelial sprouting during
angiogenesis as well as vessel permeability.72−74

Interestingly, positive VEGF gradients trigger endothelial
cell sprouting while negative gradients inhibit it.75 Further-
more, it has been reported that different forms of VEGF, either
enzyme-releasable or permanently immobilized, contribute to
the formation of enlarged or branching vessels, respectively.76

VEGF also plays a substantial role in vasculogenesis,
promoting angioblast differentiation from hemangioblasts77−80

and EPC differentiation into ECs via binding of VEGFR2.81

Overall, VEGF is a central mediator of neovascularization.
We refer readers to ref 82 for a more detailed discussion on the
biology of VEGF and its receptors.
2.2.3. FGF Family. FGFs belong to another important

protein family for angiogenesis. Among them, basic fibroblast
growth factor (bFGF or FGF-2) was the first identified
molecule claimed to have “angiogenic effects”.83 To date, there
are around 20 different FGF isoforms discovered in the FGF
family. FGF-1 and FGF-2 are the most studied molecules.84

The correspondent receptors for FGFs are FGFR-1, -2, -3, and
-4.
Molecular biology studies have demonstrated the activation

of different FGF receptors leads to distinct functions. For
instance, FGFR-1 has been shown as a critical receptor for
vascular development during embryonic stages.85 During
vasculogenesis, FGF can synergize with VEGF to influence
angioblast differentiation or EPC differentiation to ECs.77,78,81

Inactivation of the gene encoding FGFR-3 causes abnormal-
ities in mouse skeletal development.86 Furthermore, several
angiogenesis-related pathways are activated by FGFR-1-
mediated signaling pathways, such as Ras, PI3K, and PLC
pathways, which leads to survival, proliferation, and migration
of ECs and supporting cells.87−90 FGFs have high binding
affinity to heparan sulfate proteoglycans (HSPGs), making
HSPGs function as a reservoir of FGFs, mediating the local
concentration and gradient of FGFs. Inspired by this, several
biomaterials systems have incorporated HSPGs to sequester
and prolong the delivery of FGFs for angiogenesis.91−93 We
refer readers to ref 94 for a detailed review of the biology and
therapeutic potential of the FGF family.
2.2.4. TGF-β Family. The transforming growth factor-beta

(TGF-β) family is composed of more than 30 different
isoforms.95 TGF-β1 is the most studied among them. TGF-β is
secreted in an inactivated form, which forms a large latent
complex (LLC). The LLC can be activated by integrin αvβ6
and αvβ8 subunits by multiple cell types through different
mechanisms.96−98 In ECs, active TGF-β binds to its receptor
and promotes the phosphorylation and activation of type I
TGF-β receptor (ALK-1). The signal is transduced through
Smad1/5/8 and enhances the secretion of angiogenic factors,
such as ID1 or IL1.99

TGF-β regulates angiogenesis in a context-dependent
manner. For instance, angiogenesis is enhanced at a low
expression level of TGF-β but inhibited at a high level of
expression.100,101 They hypoxic condition of tissues can
augment the concentration and effects of TGF-β.102,103 TGF-
β can control angiogenesis through different mechanisms. For
instance, TGF-β manipulates its targeted receptors (ALK1 and
ALK5) to switch between two different signaling cascades,
which lead to varied levels of vessel remodeling and

maturation.104 Furthermore, TGF-β is capable of changing
the expression level and altering the function of other
angiogenic factors like VEGF.105,106 TGF-β also has significant
roles during pathological angiogenesis.107

TGF-β also has multiple distinct roles during vasculogenesis.
It can induce EC differentiation while also inhibiting
endothelial tube formation.104 It enhances VEGF synthesis
by MSCs but inhibits the proliferation of the vascular
supporting cell types.108,109 TGF-β signaling is reviewed in
detail in ref 95.

2.2.5. Angiopoietin Family. Angiopoietins and Tie
signaling play important roles in vascular morphogenesis,
homeostasis, and remodeling.110,111 The angiopoietin (Ang)
family includes four different isomers, Ang1, Ang2, Ang3, and
Ang4.112 Ang1 and Ang2 were initially recognized as agonistic
and antagonistic ligands for the Tie2 receptor, respec-
tively.113,114 Ang3 and Ang4 were subsequently discovered as
human and mouse orthologues of Ang1 and Ang2.112 In
general, the Ang/Tie system controls sprouting angiogenesis,
vascular remodeling, EC activation, and mural cell recruit-
ment.111 Recent studies revealed that Ang/Tie system is also
involved in regulation of lymphatic system development,115

lymphangiogenesis,116 inflammation,117 and even tumor
development.118

During Ang/Tie signaling cascades, Ang1 and Ang2 have
distinct roles. In quiescent endothelium, pericytes release Ang1
to promote EC survival and vessel stabilization.119 During
angiogenesis, matrix-bound Ang1 mediates EC migration and
adhesion while Ang2 behaves as a competitive antagonist
against Ang1 for the Tie2 receptor and promotes pericyte
dissociation and vascular permeability to allow tip cells to
sprout and respond to angiogenic cues.120 However, the
relationship of Ang1 and Ang2 to vessel development is more
complicated than “binary opposition”. Ang2 regulates vessel
formation and regression through Tie2 signaling in a context-
dependent manner. As mentioned above, Ang2 is released
during EC activation and potentially performs as a stimulator
of Tie2 signaling in activated endothelium.121 However, it also
maintains quiescent endothelium by balancing the activities of
Ang/Tie signaling.122

The Ang/Tie system plays a critical role in maintaining
vessel integrity through pericyte recruitment, as severe defects
in recruitment of pericytes in Ang-1 and Tie-2 deficient mice
have been observed, leading to edema and localized
hemorrhage.123 While the exact mechanisms involved in
Ang/Tie-mediated SMC recruitment are not fully understood,
Ang1 has been shown to enhance EC-stimulated SMC
migration by a mechanism involving up-regulation of
endothelial-derived heparin binding EGF-like growth factor
(HB-EGF), which is a known effector of SMC migration and
recruitment via ErbB1 and ErbB2 receptors.124

Angiopoietins also perform as cofactors to regulate vessel
development and remodeling. There are multiple reports that
demonstrated the synergistic effects between angiopoietins and
VEGF.118,125,126 In the absence of VEGF, Ang2 induces EC
apoptosis and vessel regression. In the presence of VEGF,
Ang2 promotes EC migration, proliferation, and vessel
sprouting in tandem with VEGF.125 The ratio between
VEGF and Ang2 also governs vessel development. For
instance, Oshima and co-workers showed that a higher ratio
of Ang2 to VEGF causes vessel regression while low ratio of
Ang2 to VEGF leads to angiogenesis.126,127 In addition to
VEGF, angiopoietins also cooperate with cytokines such as
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TNF-α117 and IL-6.128 For more detailed information about
angiopoietins and Tie signaling for vessel development, we
refer readers to a detailed review in ref 111.
2.2.6. Other Molecules. Other growth factors, such as

BMP, EGF, and IGF, have shown vasculogenic and angiogenic
potential. However, effects of most of these factors are
mediated through supporting cell types instead of ECs. For
instance, it was confirmed that EGF would stimulate A431 cells
(a cell type in human epidermoid carcinoma) to secrete
VEGFs and promote HUVEC migration.129 Further informa-
tion about these molecules can be found in refs 130−132.
In addition to growth factors, cytokines are also reported to

promote angiogenesis. The activation of IL-8 not only
promotes EC proliferation, but it also enhances MMP-2 and
MMP-9 secretion in ECs.133,134 Stromal cell derived factor-1
(SDF-1) has been shown to synergize with VEGF to promote
angiogenesis.135 SDF-1 is also a potent homing factor that
promotes mobilization of endothelial progenitor cells to sites
of vascular injury via binding of its receptor CXCR4.136

Growth-regulated peptide-α/growth-regulated oncogene-1 has
also been shown to induce EC proliferation.137

We have provided an overview of growth factors that are
known to be important molecules in vessel development
through vasculogenesis and angiogenesis. The general
interactions of these factors during neovascularization are
represented in Figure 3.

2.3. Cell Sources

2.3.1. Endothelial Cells. Endothelial cells (ECs) are the
primary cell type that make up the inner lining of blood
vessels.138 Currently, there are a variety of EC subtypes used
for vascular biology research.139 For organ-on-chip models and
translational applications, human-derived ECs are especially
favorable. The selection of ECs for specific fabrication
purposes is critical because differences have been shown in
the expressions of both surface marker and RNA profiles of
ECs derived from different tissues.140 In addition, it has been
shown that there are differences in EC cell type between large
vessel endothelium and small vessel endothelium.141 We will
provide a background on three common EC types used for
tissue engineering: human umbilical vein endothelial cells
(HUVECs), human microvascular endothelial cells
(HMVECs), and induced pluripotent stem cell-derived
endothelial cells (iPSC-ECs).

2.3.1.1. Human Umbilical Cord Vein Endothelial Cells
(HUVECs). HUVECs are derived from the endothelium of veins
from the umbilical cord and are the most popular model
endothelial cell type used to study vascular function and
pathology. Because the umbilical cord is usually discarded as
medical waste, HUVECs are an economical and abundant
source of human ECs. Early passage HUVECs present EC
markers like CD31 (PECAM-1), von Willebrand factor (vWF)
as well as most receptors for growth factors, cytokines, and
vascular signaling molecules.142−144 HUVECs can easily be
distinguished from vascular progenitor cells because they are

Figure 3. Roles of growth factors in neovascularization. Spatiotemporal regulation from various growth factors, cytokines, and enzymes orchestrates
vasculogenesis, to form a primitive capillary network. Angiogenesis occurs with an existing capillary network and forms neovessels through
sequential processes regulated by growth factors, cytokines, and guidance molecules. Extracellular matrix degradation, endothelial cell migration,
stalk elongation, and vascular stabilization are regulated by different proteinases and their corresponding inhibitors. Adapted with permission from
ref 155. Copyright 2017 Elsevier.
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negative for the expression of vascular progenitor markers,
such as CD133.145 HUVECs can form both large and small
blood vessels in vitro.146−148 HUVECs are also widely used in
a variety of engineering applications, including tissue
fabrication (bioprinting) and organ-on-a-chip.149,150 However,
because HUVECs are derived from large veins, they may not
fully recapitulate native microvessels like arterioles and
capillaries. Further discussion of the potential of HUVECs
for microvascular tissue engineering can be found in
references.151,152

2.3.1.2. Human Microvascular Endothelial Cells
(HMVECs). HMVECs can be derived from human microvessels
in multiple different types of tissues. On the basis of their
original organs, HMVEC could be further categorized into
several subtypes, including human adipose-derived micro-
vascular endothelial cells (from adipose tissue), human liver
sinusoidal microvascular endothelial cells (from liver), and
human cardiac microvascular endothelial cells (from cardiac
tissues), etc. Although derived from different tissues, these ECs
share common markers, such as vWF and CD31 as well as
being LDL uptake positive.151 HMVECs can be incorporated
with parenchymal cell types from their tissue of origin to
mimic the tissue-specific vascular microenvironment.153,154

Because they originate from microvessels, HMVECs inherently
have excellent potential for forming microvasculature in
engineered tissues.
2.3.1.3. Induced Pluripotent Stem Cell Derived Endothe-

lial Cells (iPSC-ECs). Induced pluripotent stem cell-derived
ECs are an autologous source of ECs and have been obtained
through multiple differentiation methods from several different
cell lines.156−159 The markers of iPSC-ECs are CD31, CD34,
and VEGFR. They respond to shear stress and can form
tubular networks on Matrigel.156−159 In addition, they respond
to inflammatory stimulus (e.g., IL-1β, TNF-α, and lip-
opolysaccharide).158,160 These characteristics of iPSC-ECs in
immune, transport, hematological, and mechanical response
qualifies them as a valuable autologous alternative to primary
ECs. iPSC-ECs have been used in various applications,
including the fabrication of patient-specific vasculature in
vitro for disease modeling and precision medicine.161 However,
ECs isolated from a particular organ could lose their organ-
specific features once they depart from their native environ-
ment.162 In addition, the relatively complicated differentiation
protocols from iPSC to EC have greatly hindered the further
use of iPSC-ECs.
2.3.2. Endothelial Progenitor Cells (EPCs). Endothelial

progenitor cells (EPCs) were first identified in human
peripheral blood based on shared antigens with hematopoietic
stem cells (HSCs).163 EPCs were found to differentiate into
endothelial cells and contribute to neovascularization in adults,
similar to the paradigm of vasculogenesis previously thought to
be restricted to embryonic vascular development.42,164 The
capacity of EPCs to augment collateral vessel growth to sites of
ischemia has made them a popular cell source for therapeutic
vascularization and vascular tissue engineering.165,166 Some
studies have even shown EPCs to outperform vascular-derived
ECs in forming vascular networks in vitro and in vivo.167−169

One of the most studied EPC types, circulating EPCs, will be
further discussed in the following section.
2.3.2.1. Circulating EPCs (cEPCs). Circulating EPCs

(cEPCs) were the first of several types of EPCs initially
discovered from blood.170 They are generally two subtypes
based on their origin, hematopoietic EPCs and nonhemato-

poietic EPCs.165,166 Hematopoietic EPCs are derived from
hematopoietic stem cells, which originate from bone
marrow.171 Nonhematopoietic EPCs, based on their nomen-
clature, are not derived from HSCs but are instead believed to
derive from organ or tissue-derived EPCs, including blood
cells.172,173 Because of the heterogeneity of these two subtypes,
there is no consensus on the general phenotype, surface
markers, and stable origins for cEPCs.
Hematopoietic EPCs were originally identified through

CD34+ cells from peripheral blood, and they were probably
the earliest portion of cEPCs which were proven to contribute
to the treatment of ischemic diseases in vivo by neo-
vascularization.163 In subsequent studies, markers for these
EPCs were suggested as CD34+/CD133+/VEGFR2+, which
was supported by the correlations between this EPCs
phenotype and cardiovascular conditions through clinical
observations.163,174 Although these markers are still widely
utilized for EPC sorting, a series of additional markers were
also recommended, including CD45, CD105, CD106, CD117,
and CD144.175 Meanwhile, some characteristics, such as the
uptake of acetylated low-density lipoproteins and activated
aldehyde dehydrogenase, were also suggested as coevidences of
the phenotype of these EPCs.176 Additionally, some
populations of hematopoietic EPCs were also observed to
present many similar characteristics with monocytic cells, such
as uptake of lectin and acetylated low-density lipoproteins, as
well as expressing monocytic marker, CD14.177 Because of
these similarities, these EPCs were called “early EPCs”
(eEPCs) in some studies.177−180

Nonhematopoietic EPCs, were believed to derive from
nonhematopoietic tissue and vessel walls were one of the most
possible sources.172,173 The heterogeneity among isolated
nonhematopoietic EPCs has led to little consensus on the
typical general marker(s) for isolating nonhematopoietic EPCs.
Importantly, nonhematopoietic EPCs have demonstrated less
proliferative capacity and progressive senescence during
culture, making them less suitable for clinical applications.181

The unique functions of hematopoietic and nonhemato-
poietic EPCs are complex and still not fully understood. It is
generally agreed upon that these two cell types can
differentiate into endothelial lineages and secrete and respond
to angiogenic/vasculogenic factors for paracrine ef-
fects.169,180,182−184 Recently, subpopulations of EPCs known
as endothelial colony forming cells (ECFCs) and endothelial
out-growth cells (EOCs) have received additional attention
because of their unique functions and good potential for
clinical therapies.169,178,185

2.3.2.2. Endothelial Colony Forming Cells (ECFCs) and
Endothelial Outgrowth Cells (EOCs). ECFCs were initially
discovered through an endothelial colony formation assay,
which was developed with the purpose of clearly distinguishing
EPCs and HSCs for precisely sorting EPC phenotype.186−188

Similarly, EOCs were reported through another type of
endothelial colony formation assay system.178,185

The subcategorical definition of ECFCs in the EPC family is
still debated. It is suggested that ECFCs are hematopoietic
EPCs because they initially were isolated from blood-derived
mononuclear cells and they exhibit some classical hema-
topoietic markers, such as CD34 or CD133.185 However,
because of the heterogeneity of ECFCs, the defined markers
for these cells are still under development, and the most widely
used protocols have employed the markers CD146+/CD45−/
CD133−, which suggested that these cells originated from
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vessel walls rather than bone marrow.189 More recently studies
even recommended a unique profile of “CD45−/CD34+/
CD31low” because it could generate pure endothelial
populations.173

Compared to ECFCs, EOCs are most likely categorized as
one type of nonhematopoietic EPCs because they cannot be
placed into any classic hematopoietic related cell types due to
the undetermined origin.165 In addition, the major approach to
obtain EOCs still relies on the endothelial colony formation
assay system.
Both ECFCs and EOCs exhibit the capacity to differentiate

into endothelial lineages and directly contribute to the de novo
vessel formation.181,190 Cell populations which can secrete
angiogenic/vasculogenic factors have also been discovered in
ECFCs and EOCs, which would offer the paracrine effects for
neovascularization.183,190 ECFCs display robust proliferative
potential, form capillary networks in vivo, and functionally
anastomose with host vasculature in vivo, making them a
strong cell source for vascular tissue engineering and
regeneration.191

2.3.3. Supporting Cell Types. 2.3.3.1. Pericytes. Mural
cells (e.g., pericytes) play an important role in the regulation of
vascular dynamics both in embryonic and adult stages.192

Pericytes support ECs through not only physically wrapping
around them but also by modulating ECs through paracrine
effects.193 In addition to stabilizing established vessels,
pericytes also provide mechanical support, manage the
diameter of vessels, and remodel the vascular ECM micro-
environment.194−196 Furthermore, recent publications have
demonstrated that pericytes also regulate the permeability of
vessels and the barrier function in blood−brain barrier
system.194,197

2.3.3.2. Mesenchymal Stem Cells (MSCs). Mesenchymal
stem cells are multipotent stem cells with potential for osteo-,
chondro-, adipo-, and myogenic differentiation.198,199 MSCs
are defined by their multilineage potential and ability to self-
renew, along with expression of several cell-surface markers,
including CD44, CD73, CD105, and CD90, and lack of
endothelial or hematopoietic cell-surface markers such as
CD45 and CD34.200,201 MSCs are typically harvested from
bone marrow or adipose tissue but can also be obtained
through isolation from umbilical cord or placenta.200

MSCs play an important role in angiogenesis and the
development of vascular networks. Paracrine effects are one
mechanism through which MSCs promote blood vessel
formation. MSCs produce and secrete several growth factors
and vesicles that enable cell communication and the regulation
of vascular development.202 Additionally, MSCs have been
recognized as perivascular progenitor cells and have the ability
to differentiate into vascular phenotypes such as smooth
muscle and endothelial cells.203,204 Furthermore, there are
many links between MSCs and pericytes, including cell-surface
markers and functions such as stabilizing endothelial cells and
secretion of pro-angiogenic growth factors.198,205,206 Impor-
tantly, MSCs have been shown to have antithrombogenic
effects when incorporated into vascular grafts.207 Accordingly,
MSCs have been widely used in tissue engineering strategies to
facilitate the generation of functional vasculature. Taken
together, the autologous availability, low immunogenicity,
multilineage potential, and proangiogenic characteristics of
MSCs make them excellent supporting cell types in therapeutic
angiogenesis and vascular tissue engineering, as reviewed in ref
208.

2.3.2.3. Fibroblasts. Fibroblasts are an important and widely
used supporting cell type for vascular studies. Their main
function is to secrete ECM scaffold proteins like collagen to
reinforce ECM mechanical properties and promote vascular
network and lumen formation.209,210 More information about
the topic of ECM secreted by fibroblasts for angiogenesis can
be found in ref 209. Fibroblasts also release numerous
proangiogenic paracrine factors for the modulation of angio-
genesis.211

2.3.2.4. Vascular Smooth Muscle Cells (vSMCs). In mature
vessels, vascular smooth muscle cells are responsible for
contraction and regulating blood pressure. During embryonic
vascular development, vSMCs have a high proliferation rate
and produce a large number of ECM components for blood
vessel wall assembly.212 In addition, vSMCs still hold a
remarkable plasticity in mature animals.213 A detailed review of
the features of vSMCs can be found in ref 214.

2.4. The Role of Extracellular Matrix

The ECM plays a central role in vascular morphogenesis. In
the quiescent state, there is a dense basement membrane
surrounding blood vessels, which is mainly composed by type
IV collagen and laminin proteins. In addition to serving as
physical scaffolds, they also maintain blood vessel homeostasis
through cell-ECM signaling. During angiogenesis, the base-
ment membrane is degraded by proteases (e.g., MMPs)
secreted by the cells activated by angiogenic stimuli (e.g.,
hypoxia, growth factors). This disrupts the basement
membrane and exposes the sprouting ECs to the interstitial
ECM to facilitate their proliferation and migration. Glyco-
proteins in the interstitial ECM, such as fibronectin, collagen,
and laminin, directly engage cell surface integrins to support
vessel formation. It has been demonstrated that different types
of integrin activation can promote distinct orientation and
density of nascent blood vessels.215 The interstitial ECM is also
rich in proteoglycans and glycosaminoglycans (GAGs), which
can bind to angiogenic growth factors (e.g., VEGF and FGF)
and sequester their release in a precise spatiotemporal manner
for vessel patterning. Overall, the ECM functions as a dynamic
biomolecular scaffold to guide and support neovasculariza-
tion.216 A general relationship between the ECM and ECs
during angiogenesis is illustrated in Figure 4.

3. BIOPRINTING TECHNIQUES AND BIOMATERIALS
CONSIDERATIONS FOR BIOPRINTING
MICROVASCULATURE

There have been numerous techniques developed for
bioprinting microvasculature. Although not the focus of this
review, we feel it is important to have a basic understanding of
these techniques, as each have unique requirements for
printability and therefore require distinct biomaterials proper-
ties. A basic understanding of the different bioprinting
techniques will provide the reader with necessary context
before analyzing biomaterials for bioprinting in section 4.
Each modality has unique advantages and disadvantages for

bioprinting microvasculature in terms of speed and resolution.
Bioprinting techniques are commonly categorized as droplet-
based bioprinting (DBB), extrusion-based bioprinting (EBB),
and light-assisted bioprinting (LAB). Numerous in-depth
review articles have been published detailing these modalities
and their applications in bioprinting.32,36,218,219 Here we focus
on bioprinting platforms in the context of bioprinting
microvasculature. In each section, we will provide a brief
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introduction to the bioprinting techniques, their associated
biomaterials requirements for printability, and applications in
vascular tissue engineering before critically analyzing and
comparing their suitability for bioprinting microvasculature.
3.1. Droplet-Based Bioprinting

Droplet-based bioprinting, or DBB, is an approach that
involves the serial deposition of droplets of biomaterials
and/or cells in precisely defined 2D or 3D arrangements. Like
commercial inkjet printers that propel droplets of ink onto
paper to reproduce a digital image, inkjet bioprinters propel
droplets of “bioinks” onto a bioprinting substrate, sometimes
referred to as “biopaper”. Bioinks are formulations of
biomaterials and/or cells that serve as the writing material
for bioprinting and are discussed further in section 4. The
resolution of droplet-based bioprinting is generally around 50−
300 μm, making it suitable for printing microvasculature.
Capillary network formation in DBB approaches relies on self-
assembly of ECs in the printed bioink. Therefore, proangio-
genic bioinks or biopaper substrates are ideal to promote
microvascularization after printing. DBB can be further
categorized into inkjet bioprinting, acoustic-droplet-ejection
bioprinting, and microvalve bioprinting, depending on the
means of droplet formation. For more details on DBB
techniques, we refer readers to a comprehensive review of
droplet-based bioprinting in ref 220.
In general, bioinks for droplet-based bioprinting must have a

low viscosity (<10 mPa s) as it becomes increasingly difficult
to generate droplets in high viscosity bioinks, which may cause
clogging at the nozzle orifice. Cell density also affects droplet
formation, with higher densities leading to increased droplet
size, decreased droplet velocity, and increased breakup time.221

To preserve the integrity of the printed structure, it is ideal to
use biomaterials that can be rapidly cross-linked to form a solid
hydrogel after deposition. This can be accomplished by
printing bioinks into a liquid solution containing cross-linker,
applying cross-linker solution to the printed bioink through
another nozzle or by mist or by using photopolymerization for
photosensitive biomaterials. There are numerous biomaterials

that can be cross-linked instantaneously via physical or
chemical methods, which will be discussed further in section
4. To bioprint microvasculature using DBB methods, it is
imperative to consider the proangiogenic features of both the
bioink and the printing substrate. The properties of the bioink
and substrate should be complementary in promoting both
high printability and rapid self-assembly of endothelial cells
into functional vascular networks during culture. Benning and
others recently conducted a side-by-side comparison of
conventional hydrogel bioinks and found that collagen and
fibrin were most suitable for inkjet bioprinting of endothelial
cells as they best supported HUVEC proliferation in 2D and
sprouting from HUVEC spheroids after 3D printing.222

DBB techniques are valuable tools for microvascularized
tissue engineering due to their high resolution, precision, and
cytocompatibility. Biomaterials, cells, and other biologics may
be deposited with great spatiotemporal control in droplets that
are nano- or picoliters in volume. Boland’s group pioneered the
modification of commercial inkjet printers for direct droplet-
based bioprinting of microvasculature. The first demonstration
used a modified Hewlett-Packard (HP) inkjet printer to
deposit bovine aortic endothelial cells and smooth muscle cells
onto Matrigel and collagen, respectively.223 The cells remained
highly viable after 3 days of culture. Nakamura and others also
demonstrated an electrostatically driven inkjet system that was
highly biocompatible with endothelial cells.224 To generate 3D
tube-like constructs, Boland’s group suspended rat smooth
muscle cells in an alginate hydrogel bioink for layer-by-layer
printing in a CaCl2-containing bath.225 The cells remained
viable after 2 weeks of culture and, interestingly, exhibited
vasoreactivity to a vasoconstricting agonist endothelin-1. A
later study demonstrated that endothelial cells could adhere to
the pores of the alginate-based printed vascular structures.226

Boland’s group has applied their inkjet bioprinting platform to
fabricate microvascularized bilayer skin grafts to treat full-
thickness wounds in mice.227 Compared to a commercial skin
graft, the bioprinted graft promoted wound contraction and
formation of healthy, vascularized skin with both dermal and
epidermal layers of normal thicknesses. In another study,
Atala’s group used an inkjet bioprinter to create complex 3D
heterogeneous constructs228 and showed that the bioprinted
structures significantly improved functional vascularization and
bone tissue formation in vivo compared to manually seeded
scaffolds. Three-dimensional vascular tube-like structures with
bifurcations have also been fabricated by valve-based printing
of alginate bioinks layer-by-layer into a CaCl2-containing
bath.226,229 These studies demonstrate the capabilities of DBB
techniques to position multiple cell types in user-defined
arrangements with excellent precision and viability, leading to
enhanced vascularization and overall function of the tissue
construct. The accessibility, affordability, and mobility of
droplet-based bioprinters is also very advantageous for
translational applications of DBB in microvascularized tissue
engineering. Accordingly, recent studies have modified droplet-
based bioprinters for in situ bioprinting of cell-laden hydrogels
for skin tissue regeneration in small and large animal
models.230,231 Lastly, inkjet bioprinting is uniquely advanta-
geous for printing microvasculature as it was recently revealed
that thermal inkjet bioprinting triggers activation of the VEGF
pathway in human microvascular ECs, as illustrated in Figure
5.232

Despite the advantages of DBB, there are still important
concerns associated with these approaches. One major concern

Figure 4. ECM microenvironment during angiogenesis. (A) Angio-
genesis can be triggered by vessel narrowing induced hypoxia. The
hypoxic cells secrete proteases to degrade ECM, altering the physical
and chemical properties of ECM. The cells also secrete growth
factors, which are sequestered by proteoglycans to create a chemokine
gradient. Meanwhile, surrounding capillaries sense these changes and
initiate multiple responses, such as vessel sprouting. (B) Sprouting
endothelial cells simultaneously adhere to surrounding ECM via
integrins while sensing sequestered growth factors through cell surface
receptor tyrosine kinases. Concerted growth factor and integrin
activation drive synergistic angiogenic signaling toward restoring
blood flow to hypoxic cells. Reproduced with permission from ref 217.
Copyright 2016 Springer Nature.
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for droplet-based bioprinting is the hydration of printed cells.
Because printed droplets are quite small, they may evaporate
quickly during the printing process, leaving cells dehydrated.
Therefore, the printing substrate should have a high-water
content to keep cells within the droplets hydrated.
Furthermore, the small droplet sizes generated by DBB
methods makes scaling the production of larger tissues or
organs a serious challenge. Conventional DBB strategies are
mostly limited to 2D structures because the discontinuous
droplets may be mechanically unstable when printed in
multiple layers.233 Therefore, DBB may be most suitable for
bioprinting microvasculature within 2D patches (i.e., skin or
cardiac) for tissue engineering or for patterning chemokine
gradients onto a 2D surface to study endothelial cell behavior.
DBB methods are also relatively slow because the bioinks are
printed drop-by-drop, although the throughput of DBB
methods can be massively improved with multinozzle and
multimaterial printheads.234,235 Finally, the low viscosity
required of bioinks for printing with DBB reduces the versality
of these techniques and the breadth of compatible biomaterial
formulations. Therefore, novel bioinks containing biomaterials
that are both printable and proangiogenic should be
emphasized for DBB applications.
3.2. Extrusion-Based Bioprinting

Extrusion-based bioprinting, or EBB, uses pneumatic-, piston-,
or solenoid-driven actuators to extrude bioinks through a
nozzle onto a printing substrate. EBB is a widely used approach
due to its accessibility, compatibility with high viscosity
bioinks, and fast multilayer printing times. In EBB approaches,
cylindrical bioink filaments can be printed layer-by-layer to
form a lattice-like macroporous construct. The continuous
extrusion of cylindrical filaments allows larger 3D constructs to
be printed with superior mechanical integrity compared to
DBB. However, shear stress-induced cell death is more of a
concern with EBB due to higher pressures generated at the
nozzle during extrusion.236 In addition, EBB techniques

generally have the lowest resolution of the bioprinting
platforms with a minimum feature size above 100 μm, making
them less suitable for fabricating capillary-like structures.237

EBB approaches have been widely utilized for bioprinting
vascular constructs. Because of resolution limitations, gen-
eration of capillary networks in the printed structures using
EBB approaches mostly relies on vasculogenesis and angio-
genesis within the filaments after printing, while large vessel-
like channels can be printed directly or indirectly.238−242 Most
studies have used EBB techniques to rapidly fabricate large
channels first, followed by endothelization to form functional
vasculature. There have also been demonstrations that
achieved formation of capillary networks through angiogenesis
from the larger parent vessels during culture.243,244 Vascular
networks printed using EBB have been shown to improve mass
transport and diffusion within the printed construct.243 In
addition to capillary formation, several supporting cell types
have also been incorporated into EBB platforms to improve
vessel stabilization and maturation, including but not limited to
pericytes, smooth muscle cells, and fibroblasts.245−247 For
instance, Ma’s group has incorporated mouse fibroblasts into
bioprinted hollow constructs and demonstrated good viability
of the fibroblasts after 7 days’ culture.247 Zhang and others
employed human coronary artery smooth muscle cells
(HCASMCs) and human bone marrow-derived mesenchymal
stem cells (hMSCs) to facilitate 3D small-diameter vasculature
formation.248 Furthermore, there are also demonstrations
using tissue spheroids rather than single cells as building
blocks for EBB.249 Overall, EBB techniques are among the
most popular for vascular bioprinting due to their capacity to
rapidly print tubular structures and multilayer constructs, as
well as their accommodation of a wide range of bioinks. For a
comprehensive analysis of current advances in EBB, we refer
readers to a detailed review by Ozbolat and Hospodiuk in ref
250.
Coaxial extrusion is a popular type of EBB approach for

printing microvasculature. Coaxial nozzles are composed of an
inner and outer compartment, allowing simultaneous extrusion
of a bioink and a cross-linker solution in a core−shell fashion
for rapid gelling at the dispensing head. The immediate cross-
linking at the nozzle orifice in coaxial systems enables printing
accuracy to be decoupled from bioink rheological behavior251

and allows for the fabrication of multilayer constructs with low
viscosity bioinks.149 Hollow tubular fibers or bulk fibers can be
printed by extruding cross-linking solution in either the core or
shell compartment, respectively (Figure 6). The core−shell
element of coaxial extrusion is a powerful feature, as it allows
for rapid fabrication of perfusable tubular constructs with one
nozzle. Further, different biomaterials and cells can be
incorporated into the core and shell compartments to generate
heterogeneous tubular structures. For instance, Liu and others
used a custom Dual Ink coaxial bioprinter to fabricate
vascularized pancreatic constructs.252 Islets were housed in
the core compartment and were surrounded by EPCs or
regulatory T cells in the shell compartment. The coaxial
positioning of these cell types improved vascularization of the
construct while providing immunoisolation to the islets.
Coaxial bioprinting systems also enable user-defined control
over the sizes of printed channels by adjusting nozzle size and
geometry as well as extrusion settings (i.e., pressure/flow rate)
of inner and outer compartments based on the requirements of
the applications.247 For example, Millik and others used
customized coaxial nozzles of varying diameters and extrusion

Figure 5. Thermal inkjet bioprinting triggers the activation of the
VEGF pathway. The schematic illustration shows how heat from the
printing process causes cellular heat stress leading to various pathways
in which extracellular heat-shock proteins play an angiogenic role.
Reproduced with permission from ref 232. Copyright 2019 IOP
Publishing Ltd.
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conditions to generate perfusable hydrogel tubes with different
cross-sectional geometries.253 The shape and orientation of the
printed vasculature can also be managed through computer-
aided design and the 3D printing process. Along with the
aforementioned studies, there have been multiple coaxial
bioprinting systems developed for printing smooth and
continuous lumens in any predesigned length, confirming the
power of this technology.247,254

To further improve the heterogeneity of extrusion-based
techniques, microfluidics-assisted multimaterial EBB systems
have been developed. These are necessary for printing
heterogeneous constructs with tunable features that mimic
the spatial complexity of human tissues at the microscale.256,257

Most multimaterial EBB systems to date have used multiple
syringes to sequentially print bioinks one at a time. This is
relatively low-throughput and requires the nozzles to be
carefully calibrated. The frequent start-and-stop of flow
between extrusion can also introduce defects and discontinuity
in the extrudate. Extruding multiple materials from one nozzle
can increase the throughput and allow for the fabrication of

Figure 6. Coaxial extrusion-based bioprinting. Solid or hollow
hydrogel fibers can be printed with a coaxial nozzle depending on
which axis (core or shell) the hydrogel and cross-linker are extruded
through. Reproduced with permission from ref 255. Copyright 2015
John Wiley and Sons.

Figure 7. Embedded 3D bioprinting of vascular structures. (A) Approach for directly bioprinting vascular structures within a supportive bath based
on cross-linking of the bioink and removal of the supportive bath after printing. Adapted with permission from ref 268. Copyright 2019 Elsevier
Ltd. under the terms of the Creative Commons (CC BY 4.0) License https://creativecommons.org/licenses/by/4.0/. (B) Example of perfusable
vasculature printed in a sacrificial gelatin support bath using an alginate bioink. Reproduced from ref 269. Copyright 2015 American Association for
the Advancement of Science under the terms of the Creative Commons (CC BY 4.0) License https://creativecommons.org/licenses/by/4.0/. (C)
Approach for indirectly bioprinting vascular structures within a supportive bath based on cross-linking of the bath materials (i.e., by UV exposure)
and removal of the sacrificial bioink after printing. Adapted from ref 268. Copyright 2019 Elsevier Ltd. under the terms of the Creative Commons
(CC BY 4.0) License https://creativecommons.org/licenses/by/4.0/. (D) Example of perfusable microvascular networks embedded within a
photopolymerized Pluronic F127-diacrylate matrix using a sacrificial Pluronic F127 bioink. Reproduced from ref 241. Copyright 2011 Wiley-VCH.
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structures with encoded composition and variable properties
along the print path.258 To this end, Hardin and others
developed microfluidic printheads that could seamlessly switch
between two viscoelastic PDMS bioinks “on-the-fly” during
printing.259 To switch between inks during printing, syringe B
is compressed while syringe A is simultaneously decompressed.
This results in a rapid pressure change that permits flow from
syringe B while prohibiting flow from syringe A. The timing of
this switch may be precisely controlled for programmable
microscale properties in the printed construct. Active mixing
printheads have also been developed for controlled blending of
two bioinks in one nozzle immediately before extrusion.260

Khademhosseini’s group recently developed a method to
rapidly dispense up to 7 bioinks in one nozzle by bundling
several capillary extrusion tips into one dispenser housing and
independently programming the flow of each bioink.261 These
approaches offer exciting potential to rapidly multiplex
different biomaterials and cells within an engineered tissue to
enhance its biomimicry.

3.3. Embedded 3D Bioprinting

In most EBB systems, bioinks are directly written onto
substrates in open air without supports. This limits the
complexity of printed structures and can lead to gravity-
induced sagging during the printing process, especially when
using soft hydrogel bioinks (<100 kPa). Embedded 3D
printing addresses this problem by printing directly into a
physical support matrix to prop up the extrudate during
printing. This allows for omnidirectional extrusion within the
support matrix and minimizes gravity-induced sagging. The
hydrated support matrix also helps maintain cell viability
during printing by providing an aqueous environment with
tight control over pH, temperature, and sterility. During
embedded printing, the nozzle generates void space in its wake
as it moves through the support matrix. Ideally, the support
matrix should exhibit shear-thinning and self-healing visco-
plastic properties to accommodate nozzle translation and fill
the void space to maintain support of the extrudate.262

Thixotropic hydrogels, which yield to higher loads and fully
recover afterward, are ideal support matrices for embedded 3D
printing. Jennifer Lewis’s group first developed embedded 3D
bioprinting for fabricating acellular microvascular networks
within a Pluronic F127 support matrix.241 This platform has
also been used for soft robotics applications263 and to embed
strain sensors into elastomeric hydrogels.264 Since then, several
other embedded 3D bioprinting platforms have emerged with
more biocompatible support matrices.
Granular hydrogels are an excellent support medium for

embedded 3D bioprinting.265,266 Granular microgels “jam” to
form solid-like matrices at low shear strains but can yield
locally to high shear strains. After the strain is removed,
granular hydrogels recover back to their solid-like “jammed”
state. More details on the properties of granular hydrogels can
be found in a review by Riley and others.267 During embedded
printing, granular gels exhibit thixotropic properties, fluidizing
around the nozzle then quickly recovering around the
extrudate.266 The tip speed and flow rate can be adjusted to
tailor the diameter of the extruded filaments. Intricate
hierarchical networks containing hollow tubes with diameters
of 100 μm have been printed in granular support mediums.266

One approach for fabricating vascular structures using
embedded 3D bioprinting involves directly embedding a
bioink within a sacrificial support bath (Figure 7A), as

demonstrated by Hinton and others269 with an alginate bioink
and calcium-containing granular gelatin hydrogel support bath
(Figure 7B). Once the bioink is cross-linked inside the matrix,
the bath may be removed and the printed construct retrieved.
Another approach relies on embedding a sacrificial bioink
within a polymerizable support matrix to indirectly pattern a
perfusable microvascular network (Figure 7C). After cross-
linking the support matrix around the sacrificial bioink, the
bioink can be removed to leave behind a biomimetic vascular
network, as demonstrated by Wu and others241 using a
sacrificial Pluronic F127 bioink and photopolymerizable
Pluronic F127−diacrylate support matrix (Figure 7D). These
different approaches allow for the use of a variety of different
biomaterials as the bioink and support matrix to fabricate
tissue- and organ-specific constructs with perfusable micro-
vasculature.
Several conventional hydrogel bioinks, including poly-

(ethylene glycol) (PEG), hyaluronic acid (HA), and alginate
can be used as biomaterials for bioprinting in granular
matrices.266 Likewise, numerous different biomaterials can
serve as the granular medium. In FRESH bioprinting (freeform
reversible embedding of suspended hydrogels), developed by
Feinberg and others, granular gelatin microparticles are used as
the supporting medium (discussed further in section
4.1.1.3.).269,270 In “GHost writing”, developed by Burdick
and others, hyaluronic acid hydrogels modified for supra-
molecular host−guest interactions are used as the supporting
medium (discussed further in section 4.1.2.4.).271 SWIFT
bioprinting (sacrificial writing into functional tissue), devel-
oped by Lewis and others, uses sacrificial bioinks written into
support matrices composed of dense compactions of cellular
aggregates or organ building blocks (discussed further in
section 3.5) to fabricate tissues with physiological cell
density.272

As a relatively emergent approach, 3D embedded bioprint-
ing has shown great promise for its application in micro-
vascularized tissue engineering. Free-standing biological
structures have been fabricated with impressive complexity in
vitro using embedded bioprinting techniques, including models
of the heart,269,272,273 brain,270 cardiac patches,273 and
perfusable vascular structures with biomimetic fea-
tures.244,265,271,274,275 Several of these studies have demon-
strated physiological cell- and tissue-level function within the
printed structures, making them applicable for in vitro drug
testing and vascular modeling. Further studies are necessary to
demonstrate biocompatibility and organ-level functions of
these structures to fully realize their potential as replacements
for human tissues and organs.

3.4. Light-Assisted Bioprinting

Light-assisted bioprinting, also known as laser-assisted
bioprinting or LAB, uses light energy to manipulate cells and
photoreactive biomaterials in 2D, 3D, and recently in 4D,
based on a digital design. Laser-assisted techniques are
arguably the most suitable for bioprinting microvasculature
as they have exceptionally high resolution, with feature sizes
less than 10 μm.276 Accordingly, LAB techniques have been
used for many tissue engineering applications, including
bone,277,278 skin,279,280 and cardiac281 regeneration, as well as
in vitro models of microvasculature for lab-on-a-chip
studies.282 Tissue engineering applications using LAB are
reviewed in detail in refs 283−286. Light-assisted methods can
be categorized into laser-assisted direct writing, laser-based
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stereolithography, and projection-based stereolithography.
While the principles of these methods are discussed in detail
elsewhere,284,287 we will review and analyze LAB techniques
for printing microvasculature and their associated biomaterials
considerations.
3.4.1. Laser-Assisted Direct Writing. Laser-assisted

direct-write approaches can be additive or subtractive. Laser-
induced forward transfer (LIFT) is a common laser-assisted
additive technique that uses laser energy to deposit cells and
biomaterials directly onto substrates with high resolution and
reproducibility.284,287 LIFT setups are typically composed of a
pulsed laser source (e.g., Nd:YAG crystal laser), a print ribbon
coated in cell-laden bioink, and a collector substrate or
biopaper on a motorized stage. When the ribbon is irradiated
with laser energy, heat and pressure are generated and a
droplet of bioink is ejected onto the collector substrate. To
protect cells and biological materials from damaging laser
exposure during LIFT, an energy-absorbing layer (e.g., metal
or biopolymer) can be placed between the print ribbon and the
bioink.288,289 Droplet volume during LIFT is dependent upon
laser pulse energy and repetition, and the energy needed for
droplet formation depends on the rheological properties of the
bioink and the cell density used.290 LIFT principles and
physical parameters are discussed in detail in ref 291.
Various cell types can be printed with high viability (>95%)

using LIFT because it is a noncontact approach.292 ECs have
been printed with nearly 100% viability using biological laser
printing (BioLP).288 In a more recent study, Wu and Ringeisen
used BioLP to print HUVECs into capillary-scale branch/stem
structures resembling the complex vein networks of a leaf.
Bioinks used in LIFT typically have low material concentration
and low viscosity (1−300 mPa·s) to facilitate droplet
formation, but they can accommodate relatively high cell
densities (up to 60 million cells/mL). For example, 1 wt %
alginate has been used as a bioink for printing ECs via LIFT.293

The bioink had a viscosity of 100 mPa·s and, depending on the
laser energy, could be printed in droplets around 50 μm in
diameter. The viscosity increased 20% when ECs were
incorporated at 40 million cells/mL. To promote capillary
network formation after printing, proangiogenic biomaterials
like Matrigel and collagen can be used as collector
substrates.278,281,293,294 Keŕoured́an and others have optimized
LIFT parameters for bioprinting ECs onto collagen biopaper
(Figure 8).278

Subtractive laser-assisted techniques are also powerful
platforms for direct writing of capillary networks (Figure

9).295 These approaches mostly rely on photoablation, where
focalized high-intensity pulsed lasers cause local ablation of

material to etch patterned networks. Nano- or femto-second
pulsed lasers have energies of around 80−150 mW and 500−
900 mW, respectively, which are enough to break covalent
bonds.296 Early work used laser-assisted direct writing to etch
microfluidic mixers and artificial capillary networks onto 2D
silicon and Pyrex surfaces.297,298 Photodegradation techniques
commonly employ synthetic hydrogels because they can easily
be modified with photolabile functional groups for tuning of
their chemical and physical properties.299 These hydrogel
systems are discussed further in section 4.2.1. The main
advantage of laser-assisted direct writing is the simplicity of
generating perfusable capillary-scale networks without involv-
ing the complex steps necessary for removing sacrificial
materials in indirect bioprinting approaches. The main
drawback of laser-assisted direct writing techniques is that
they are relatively slow and become slower with increasing
vessel size. Higher intensity lasers can be used to ablate larger
channels, but this comes at the expense of increased cell death
near the laser and compromising the structural integrity of the
bulk construct. Therefore, photoablation techniques are only
practical for fabricating submillimeter-scale vasculature in
cellularized hydrogels. For true multiscale vascular bioprinting,
laser-assisted direct writing would need to be combined in
tandem with a complementary approach capable of printing
larger vessels.
Because of their relative simplicity, laser-assisted direct

writing techniques have been widely used to bioprint

Figure 8. LIFT bioprinting of endothelial cells. Schematic illustration
shows optimal parameters for LIFT bioprinting of endothelial cells.
Reproduced with permission from ref 278. Copyright 2019 Springer
Nature.

Figure 9. Direct writing of microvasculature using laser-assisted direct
writing. Schematic illustration of microvascular patterning within a
cell-laden hydrogel using a focalized pulsed laser and an example of
patterned microvasculature using this technique. Scale bar = 100 μm.
Adapted with permission from ref 300. Copyright 2016 John Wiley
and Sons.
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microvasculature for tissue engineering applications. In a
recent study, an LAB bioprinter was developed for in situ
patterning of endothelial cells into a mouse calvaria bone
defect.277 When printed onto a collagen substrate containing
human MSCs and VEGF, the printed cells self-assembled into
organized vascular networks that contributed to improved
vascularization and bone regeneration compared to randomly
seeded endothelial cells, providing evidence of the clinical
applicability of LAB. In another study, LIFT was used to
pattern human stem cells and endothelial cells in a defined
pattern on a polyester urethane urea (PEUU) cardiac patch.281

The patches were cultured in vitro before being transplanted to
infarcted rat hearts, where the LIFT-printed patches improved
cardiac functional recovery, capillary density, and functional
anastomosis with host vasculature compared to patches with
randomly seeded cells. Laser-assisted direct writing has also
been used to fabricate skin substitutes by patterning
keratinocytes and fibroblasts onto Matriderm, a commercial
dermal substitute composed of collagen and elastin.279 The
substitutes formed skin-like structures in vitro and promoted
blood vessel migration toward the printed cells in vivo when
transplanted to a dorsal skin fold chamber in mice. These
studies demonstrate the versatility and translational potential
of laser-assisted direct writing approaches. However, they are
mainly limited to engineering planar tissue constructs.
3.4.2. Laser-Based Stereolithography. The stereo-

lithography apparatus (SLA) is the most popular 3D laser-
assisted fabrication modality. There are two main types of
SLA: laser-based and projection-based. Laser-based SLA
utilizes raster scanning of a focused UV or near-UV laser to
cross-link a photopolymerizable resin based on a digital CAD
model. Laser-based SLA is a bottom-up approach as each layer
is polymerized point-by-point. Each cured layer is lowered on a
stage in the Z-direction for printing of the next layer and the
process is repeated, eventually yielding a 3D object. The CAD
models for stereolithography can be derived from 3D drawings
(e.g., in PowerPoint slides) or from magnetic resonance
imaging (MRI) and computed tomography (CT) scans.
Micro-CT scans of corrosion casts can be used for generating
CAD models of microvasculature.301 We refer readers to a
review by Melchels, Feijen, and Grijpma in ref 302 for details
about the principles of the SLA method.
Biomaterials used in laser-based additive manufacturing

methods like SLA must be photo-cross-linkable. They should
behave as a liquid in the printing reservoir and rapidly solidify
when illuminated with light. There are numerous photo-cross-
linkable hydrogels and photoinitiators that are suitable for
SLA, and they are discussed in detail in ref 286. Synthetic
polymers like PEG and PVA and natural polymers like gelatin
and hyaluronic acid can be modified with photoreactive
acrylate/methacrylate groups for printing with SLA.285 The
mechanical properties of constructs printed with SLA can be
tailored by varying material concentration, composition, laser
exposure time, and laser intensity. To print live cells via SLA,
biomaterials should be hydrophilic and cross-linked under mild
conditions. Synthetic photopolymerizable polymers can be
modified with cell-adhesive RGD peptides and growth factor-
sequestering heparan sulfate proteins to enhance their
bioactivity.303 Several water-soluble photoinitiators have been
identified as cytocompatible in UV and visible light-based
systems.304,305 A more comprehensive discussion on materials
and additives for stereolithography can be found in ref 306.

Stereolithography has proven useful in many biomedical
applications, including vascular bioprinting and tissue en-
gineering. Early studies leveraged SLA for rapidly prototyping
patient-specific anatomical models using data from imaging
modalities like MRI and CT. For example, life-size patient-
specific models of aortic aneurysms211 and other arterial
pathologies307 have been fabricated from CT data using SLA
to help surgeons plan individual procedures, design novel stent
grafts, and study physiologically accurate flow dynamics in the
altered anatomy. These studies paved the way for using SLA to
fabricate cellularized constructs out of photoreactive bio-
materials for vascular tissue engineering.
While SLA approaches have traditionally relied on single-

photon UV absorption, two-photon photopolymerization
(TPP), or multiphoton polymerization, it has been used as a
more precise alternative to single-photon polymerization as
TPP excitation is highly localized to a small focal volume,
enabling nanoscale resolution.283,308−310 Far-red laser light is
often used for TPP, which is relatively safe for cell culture.
Accordingly, cell-laden constructs have been printed with high
viability using TPP.308 Remarkably, vascular structures with
lumen diameters <20 μm have been printed using TPP.311

However, the lumens collapsed once they reached 4 μm,
indicating a lower threshold for vascular dimensions in TPP
methods. Emerging applications of TPP include bioactive site-
selective protein modification of biomaterials to guide cell
morphogenesis.312−314 In an early study, TPP was used to
micropattern RGDS, an adhesive ligand, in PEG hydrogels to
guide 3D fibroblast migration, demonstrating the capacity of
TPP to guide tissue regeneration at the microscale.315 For
vascular tissue engineering, DeForest’s group has pioneered
the use of multiphoton polymerization and photoablation for
laser-based direct writing of capillary networks in cell-laden
hydrogels.316 In a recent study, they used multiphoton
photoablation to engineer 5−10 μm channels in collagen
hydrogels to model biophysical and biomolecular interactions
of malaria-infected erythrocytes in human capillaries.317 As
evidenced by these studies, the unprecedented resolution of
TPP methods holds great promise for engineering capillaries
with physiological scale and function within biocompatible
hydrogels. The main disadvantages of TPP techniques are their
relatively slow speed and short penetration depth, which may
be restricted to small constructs (∼1 mm thick), limiting the
scalability of TPP approaches. Complementary techniques
with more robust fabrication capacities (e.g., extrusion-based
methods) would likely need to be applied in parallel with
multiphoton polymerization to produce multiscale features
within human-scale scaffolds.
The emerging development of 3D holography bioprinting

shows promise to significantly accelerate print times for
multiphoton approaches.318 This technology has been
pioneered by Prellis Biologics. Holographic bioprinting
essentially combines the precision of multiphoton polymer-
ization with the speed of projection-based stereolithography,
effectively decoupling speed from resolution. A holographic
projection is cast onto a photocurable substrate to simulta-
neously cross-link multiple voxels at once with submicron
resolution. The holograms are projected as a series of images at
high speeds (up to 300 Hz) to print structures within a 3D
field of view without the need for a moving stage. Objects can
also be printed inside structures that have already been printed
using this method. While the technology is proprietary, Prellis
Biologics has developed a holographic bioprinter in collabo-
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ration with CellINK to offer commercial products that enable
3D cell culture in microvascular networks.
3.4.3. Projection-Based Stereolithography. Projection-

based stereolithography is often preferred over traditional
laser-based lithography as it provides much faster build times.
While laser-based SLA approaches polymerize hydrogels point-
by-point, projection-based SLA techniques are top-down
approaches that cross-link planes of photocurable material at
once according to a digital image. Shaochen Chen’s research
group pioneered the use of projection-based stereolithography
for rapidly fabricating complex 3D microenvironments.319 In
their approach, known as dynamic optical projection stereo-
lithography (DOPsL), a digital micromirror device (DMD)
and an objective lens are used to project UV light in a 2D
image across a plane of a photocurable solution. The DMD
contains an array of mirrors that can be flipped to either reflect
light or not and can be continuously switched within
microseconds, allowing for a dynamic “maskless” projection
of custom digital images. A 3D image obtained by CT can be
divided into 2D slices and used as projections for rapidly
prototyping the scanned object layer-by-layer.
Perfusable multiscale vascular networks can be patterned

within photoreactive hydrogels using projection-based stereo-
lithography (Figure 10).320 These hierarchical networks mimic

physiological vasculature, with millimeter- and micrometer-
scale vessels forming continuous vascular trees and capillary
networks. Projection-based SLA allows for these different
vessels sizes to be fabricated concurrent with each other layer-
by-layer, offering unprecedented speed and complexity for
advanced vascular tissue engineering. Accordingly, Chen’s
group has applied projection-based SLA to fabricate prevascu-
larized tissues with complex microarchitecture.321 Their study
showed that hierarchical vascular networks could be patterned
directly into cell-laden hydrogels using projection SLA and that
these prevascularized constructs significantly improved vascu-
larization and anastomosis when implanted in vivo. In the
future, projection-based SLA could be utilized to engineer
complex microvascular networks within tissue-specific con-

structs, such as cardiac or liver, to enhance their biological
relevance in vitro and improve engraftment in vivo.322

Furthermore, proangiogenic growth factors such as VEGF
and PDGF could be embedded within the tissue-specific
architectures for controlled release to promote vascular
morphogenesis, as demonstrated by Wang and others.323

Most SLA techniques rely on ultraviolet (UV) light as an
energy source. This is problematic because exposure to UV
light can cause DNA damage-induced cell death by
apoptosis.324 Next-generation lithography methods are turning
to visible light cross-linking for better biocompatibility and
clinical translation potential. To this end, visible light-sensitive
photoinitiators like eosin Y have been incorporated into
hydrogel mixtures of PEG and GelMA for printing highly
viable cells.325,326 Grigoryan and others recently identified
tartrazine (yellow food coloring), curcumin (from turmeric),
and anthocyanin (from blueberries) as nontoxic additives that
could absorb visible light for projection-based stereolithog-
raphy bioprinting.327 Tartrazine was identified as the best
candidate because it is FDA approved and could easily be
washed out of the printed construct. This allowed for the
fabrication of intravascular topologies of unprecedented
complexity within biocompatible hydrogels, offering promise
for clinical applications of projection SLA in vascular tissue
engineering.

3.5. Scaffold-Free Bioprinting

Scaffold-free bioprinting, as the name suggests, excludes the
use of biomaterials as scaffolding material in the bioink
formulation. Instead, dense populations of cells are forcibly
aggregated together and produce their own ECM to support
their shape. As opposed to traditional scaffold-based “cells-in-
gels” approaches, scaffold-free approaches allow the use of
much higher cell densities that approach physiological levels.
Cell−cell interactions are much more prevalent in these
systems because cells are not separated by scaffold materials,
and the cell aggregates, or spheroids, can quickly fuse to form
tissue/organ building blocks. There are numerous methods for
generating spheroids for scaffold-free bioprinting, with
hanging-drop328 and micromolding329 being the most
common. Although the generation of spheroids itself does
not involve exogenous biomaterials, spheroids are often
printed within hydrogels to support their arrangement into
3D constructs. This is because spheroids by themselves have
poor printability and cannot be bioprinted into a freeform 3D
structure without collapse. Direct embedding of spheroids into
hydrogels has been demonstrated in droplet-based, extrusion-
based, and recently laser-assisted LIFT bioprinting approaches.
Some of the first bioprinting platforms for vascularized tissue

fabrication utilized 3D cell aggregates. The self-assembling
capacity of spheroid microtissues has made them attractive
“building blocks” for vascular tissue engineering. Gentile et al.
developed hollow vascular spheroids by treating E8.5 mouse
allantois-derived spheroids with VEGF.330 This method
yielded uniluminal spheroids with distinctive inner and outer
layers of ECs and SMCs, respectively. These spheroids can fuse
to form even larger vascular microtissues while still retaining
their hollow core.331 Vascularized macrotissues can also be
fabricated by “coating” spheroids with ECs. During culture,
endothelial cell-coated microtissues fuse to form macrotissues
with endogenous vasculature.332 Importantly, human endothe-
lial cell-based vascular spheroids can form robust blood and
lymphatic vasculature after in vivo implantation.333 In a recent

Figure 10. Projection-based stereolithography for patterning micro-
vasculature. Perfusable capillary-scale networks can be patterned into
photoreactive hydrogels via user-defined photomasks. Reproduced
with permission from ref 320. Copyright 2018 American Chemical
Society.
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study, Pattanaik and others found that prevascularized
endothelial-fibroblast aggregates can anastomose with host
vasculature in as little as 6−12 h, which could enable high
viability postimplantation.334

While early studies demonstrated impressive engineering of
vascularized micro- and macrotissues, their architectural
complexity was mostly limited to spherical shapes or patches.
To address this, scaffold-free bioinks were adapted for 3D
bioprinting. Forgacs and others have made pioneering
advances in the field of scaffold-free biofabrication. In their
foundational work, Jakab and others established mathematical
and experimental models of spheroid fusion to demonstrate
their potential as building units for bioprinting.335 They
manually printed aggregates of Chinese hamster ovary (CHO)
cells (∼500 μm diameter) into collagen hydrogels in ring and
tube-like structures and modeled their fusion into the printed
shape. In a later study, aggregates of embryonic cardiac cells
and ECs were used to print vascularized cardiac constructs.336

Interestingly, the ECs migrated to the boundaries between
spheroids and lined the void space between them. To print the
aggregates, they were placed in a glass capillary so that
spheroids were densely packed at the tip and could be
deposited sequentially into a collagen I substrate. In another
study, Tan and others printed ring-shaped molds with alginate
and then deposited spheroids composed of ECs and SMCs
(1:1 ratio).337 The spheroids fused to form toroid-shaped
tissue units and secreted endogenous collagen during in vitro
culture. Alternatively, cell aggregates can be suspended in
alginate-based bioink and printed onto a moving stage in a
CaCl2 bath to fabricate zigzag cellular tubes with the need for
supports..338

Precisely controlling the placement of individual spheroids
can be challenging. Spheroid fusion is closely dependent on
their packing density339 and inconsistent placement of
spheroids may lead to inhomogeneous fusion.30 To address
this, spheroids have been prefused into solid cylinders
overnight before the printing process. The fusion of cylindrical
tissues units is faster and more continuous at a large scale
compared to spherical units.340 These “tissue strands” can be
printed into vessel-like structures and subsequently fuse into a
large vascular tube.249

Ozbolat’s research group first proposed the concept of
bioprinting tissue strands along with vascular channels to
promote multiscale vascularization of tissue constructs (Figure
11).341 A hybrid approach with a multiarm bioprinter could be
used for coaxial dispensing of hollow alginate microfibers in
tandem with endothelialized tissue strands. Perfusion of the

vasculature during culture would theoretically drive angio-
genesis in the tissue strands, eventually establishing perfusable
microvasculature throughout the tissue. While this has not
been demonstrated experimentally, chondrocyte-laden tissue
strands have been used to print cartilage patches.342

Cell aggregate-based bioinks are promising tools for
bioprinting vascularized tissues with clinically relevant cell
densities. However, the high costs and laborious cell culture
needed to generate the required number of spheroids for
scaffold-free bioprinting is a major obstacle to translation. To
address this, De Moor and others have developed a platform
for high-throughput fabrication of prevascularized spheroids
with controlled size and high yield using agarose micromolds
(Figure 12A).343 Combining HUVECs with fibroblasts and

ADSCs improved capillary formation within the spheroids
(Figure 12B). The spheroids were also able to fuse into large
constructs and produce robust endogenous capillary networks
(Figure 12C). This platform could be a promising approach to
regulate the production of a high number of vascularized
microtissues for bioprinting capillarized macrotissues.
Besides being used as writing materials, cellular aggregates

can also be used as granular support materials. Sacrificial
writing into living tissue, or SWIFT, is a recently developed

Figure 11. Multiscale vascularized constructs printed with tissue strands. Hollow vascular networks can be printed in tandem with tissue-specific
aggregate strands to provide mechanical support and media perfusion. Endothelial cells within tissue strands self-organize and create capillary
networks that functionally anastomose with adjacent vascular networks under perfusion. Reproduced with permission from ref 341. Copyright 2014
American Society of Mechanical Engineers.

Figure 12. Prevascularized spheroids for scaffold-free bioprinting. (A)
Fabrication of spheroids by gravity-induced aggregation in agarose
microwells (scale bar = 200 μm). (B) Sequential sections of two large
HUVEC/HFF/ADSC fused spheroids (scale bar = 20 μm). (C)
Capillary-like network formation in fused constructs composed of
HUVEC/HFF/ADSC spheroids. Overview scale bar = 100 μm (left),
40× objective magnification scale bar = 20 μm (right). Adapted with
permission from ref 343. Copyright 2018 IOP Publishing Ltd.
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technique based on the principle of embedded 3D bioprinting.
Instead of a self-healing hydrogel support medium, dense
compactions of organ building blocks (OBBs) cured in a
thermoresponsive Matrigel/collagen matrix are used to support
the embedding and subsequent perfusion of a sacrificial gelatin
bioink. Jennifer Lewis’s group developed the SWIFT method
to print elaborate perfusable constructs of physiological cell
density (∼108 cells/mL).272 The OBBs may be embryoid
bodies, organoids, or other cellular aggregates, depending on
the desired application. OBBs could be produced using iPSC-
derived cells for fabricating patient-specific constructs. The
OBB-based matrices effectively behave as a self-healing,
viscoplastic matrix, yielding to nozzle translation and
recovering in its wake to support 3D embedding. Hundreds
of thousands of OBBs could be incorporated into a SWIFT
construct, improving upon typical “cells-in-gels” approaches
where cell densities are 1−2 orders of magnitude lower than
that in native tissues. Depending on print speed, filaments
between 400 and 1000 μm in diameter could be embedded.
This enabled fabrication of multiscale hierarchical networks
within embryoid body (EB) support matrices. Attempts at
endothelializing SWIFT constructs with HUVECs resulted in
incomplete lining of the sacrificial channels, although some VE
cadherin-positive monolayers were observed. Such dense
constructs may contract significantly during culture as the
dense populations of OBBs remodel their environment, which
may impact the stability of embedded vasculature. Spatiotem-
poral patterning of OBBs in SWIFT constructs would also be a
beneficial improvement, as the current version only allows for
homogeneous casting of the OBB matrix into a mold.
There have been few studies focusing on microvasculariza-

tion within scaffold-free systems. Going forward, it is crucial
that bioprinted scaffold-free tissues and organs have
hierarchical branched vascular networks that span the scale
of macro- and microvasculature.344,345 Cell aggregates can be
densely compacted and their endogenous ECM can inhibit
diffusion of nutrients to cells in the middle of the spheroid.
This can lead to a necrotic core if vasculature is not
established. Future studies should focus on the formation of
functional microvascular networks within macro-assemblies of
scaffold-free vascular building units to realize the scalability of
these approaches.
We have presented a necessary background on the large

variety of techniques available for bioprinting microvasculature,
along with their unique advantages and disadvantages. We feel
that this provides the reader with necessary context and
knowledge to understand the state-of-the-art in bioprinting
approaches for vascular tissue engineering and biofabrication.
In the next section, we will turn our focus toward a
comprehensive analysis of the role of biomaterials within the
various printing techniques for bioprinting microvasculature.

4. BIOMATERIALS FOR BIOPRINTING
MICROVASCULATURE

The “raw materials” of bioprinting are formulations of
printable biomaterials known as “bioinks”. Hydrogels are the
most common biomaterials used for bioprinting as they mimic
the physical properties of native ECM. Hydrogels can be
processed for additive manufacturing by tailoring the nature of
their gelation, cross-linking, and polymer composition.346,347

Hydrogels can be further categorized as natural or synthetic,
depending on their source. Hydrogels can also be blended into
hybrid formulations to customize their properties.

In this section, natural and synthetic hydrogel bioinks for
bioprinting microvasculature will be thoroughly reviewed. In
each section, we will critically analyze and discuss the
advantages and disadvantages of each platform. The structure
and composition of each material will be introduced before
focusing on their applications in vascular tissue engineering
and bioprinting microvasculature. Hydrogel blends will be
reviewed in sections corresponding to their base material. Each
section will include critical discussion and outlook on the
application of the respective hydrogel in bioprinting micro-
vasculature. For this review, we focused on hydrogel bioinks
that have had at least some application in vascularized
bioprinting, with preference given to those that considered
angiogenesis and capillary-scale microvascularization. Both in
vitro and in vivo formation of microvasculature in printed
bioinks were considered. There are many more hydrogels
available for tissue engineering applications that are not
discussed here because they have not been established in
vascularized bioprinting platforms. We refer readers to refs
286,346,348,349 for more comprehensive reviews of hydrogels
for tissue engineering. In general, bioinks that are highly
printable, biocompatible, and form functional microvascular
networks are considered ideal for bioprinting microvasculature
Figure 13.

4.1. Naturally Derived Hydrogel Bioinks

Naturally derived hydrogels originate from a biological source,
which may be mammalian or nonmammalian. Naturally
derived biomaterials are often isolated by extraction via
solvents or enzymatic digestion. The preparations of natural
hydrogels are reviewed in ref 350. Naturally derived hydrogels
are favored for their biocompatibility, and some are inherently
proangiogenic. Naturally derived hydrogels are widely used in
tissue engineering applications351 and can be processed for
bioprinting in numerous techniques as reviewed in ref 352.
Naturally derived hydrogels can be further categorized as
protein-based or polysaccharide-based. Here we review
protein-based and polysaccharide-based hydrogel bioinks that
have been used for bioprinting microvasculature. Only those
hydrogels that have been applied in bioprinting micro-

Figure 13. Ideal bioinks for bioprinting microvasculature. Created
with BioRender.com.
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vasculature will be reviewed, but we acknowledge that other
naturally derived hydrogels not included in this review are also
suitable for bioprinting (e.g., chitosan, silk fibroin).
4.1.1. Protein-Based Hydrogels. 4.1.1.1. Collagen.

Collagen is the primary structural component of mammalian
ECM and is essential for tissue formation and homeostasis.
There have been 29 different types of collagen proteins
identified, with type I being the most abundant. Types I, II, III,
V, and XI can form fibers. Collagen IV forms a sheet and is the
main scaffold component of the basement membrane that
surrounds and stabilizes blood vessels.353 Collagen has a triple
helical structure with three alpha polypeptide chains composed
of thousands of amino acids based on the repeating Gly-X-Y
motif.354,355 The chains form stable fibers via hydrogen and
covalent bonds. Collagen-based biomaterials are widely utilized
in biomedical research and tissue engineering applications and
have been reviewed extensively in ref 356.
Collagen I hydrogels are excellent biomaterials for

therapeutic vascularization as they provide an ideal micro-
environment for angiogenesis. Collagen hydrogels can be
derived from multiple animal sources, with the most common
being bovine. Previous studies have shown that collagen I may
stimulate angiogenesis by binding endothelial cell-surface
integrins α1β1 and α2β2 via the GFPGER sequence of the
collagen fibril.357,358 Endothelial cells are able to degrade and
invade collagen matrices via MMPs to establish vascular
networks.359 Collagen I activates Src and Rho to initiate
capillary morphogenesis in ECs.360 This leads to disruption of
VE-cadherin and basement membrane proteins to drive
sprouting in the surrounding matrix followed by maturation
of the newly formed network Figure 14. The proangiogenic

capacity of collagen biomaterials depends on numerous factors,
including polymer concentration and cross-linking.361,362 Rigid
collagen gels promote the formation of thick and sparsely
distributed microvessel networks while softer collagen hydro-
gels promote thinner, more dense networks.363 Collagen gels
with low matrix density (0.7 mg/mL) cannot support

endothelial cell adhesion and migration, while collagen gels
that are too dense (>3 mg/mL) inhibit migration and sprout
formation. Collagen hydrogels with intermediate matrix
density (1.2−1.9 mg/mL) promote long, stable sprout
formation by balancing endothelial cell proliferation and
migration.363

Collagen has been used in EBB, DBB, and LAB approaches.
The printability of collagen bioinks mostly depends on their
storage and loss moduli before and after printing.365 Collagen
solutions at concentrations of 0.5−1.5% exhibit shear-thinning
properties.366 The moduli and gelation kinetics of collagen
hydrogels are dependent on temperature and pH, with the
storage modulus peaking around a pH of 8 at 37 °C (Figure
15A,B).365 Gelation of collagen is optimal at 37 °C and a pH

of 8 (Figure 15C). In general, the physical cross-linking of
collagen I is slow, which is unfavorable for extrusion-based
bioprinting. The slow gelation results in spreading across the
substrate upon deposition, which lowers the printing
resolution. Gelation of collagen I at 37 °C can take several
minutes. This can be quantified by the crossover time where
the storage modulus (G′) becomes greater than the loss
modulus (G′′) (Figure 15D). High cell densities can increase
the gelation time of collagen,367 and the cells may sediment
before gelation is complete, leading to an inhomogeneous
suspension.218 This makes collagen-only bioinks generally
unsuitable for extrusion-based 3D bioprinting. A stronger
material like polycaprolactone can be used as a “framework” to
support multilayer deposition of collagen-only bioinks.368

The printability of collagen bioinks can be improved by
blending with fast-gelling materials or by using alternative

Figure 14. Influence of collagen I signaling on capillary morpho-
genesis in vitro. Collagen type I activates Src and Rho and suppresses
Rac and PKA through β1 integrins. This results in induction of actin
stress fibers, disruption of VE-cadherin, and formation of precapillary
cords. Degradation of basement membrane and exposure of activated
and proliferating ECs to collagen type I initiates morphogenesis of
new capillary sprouts. Adapted with permission from ref 364.
Copyright 2005 Wolters Kluwer Health.

Figure 15. Rheological properties of collagen bioinks before, during,
and after gelation at 37 °C. (A) Storage modulus (G′) of bioink at 4
°C before gelation. (B) G′ of bioink after complete gelation at 37 °C.
(C) Maximum growth rate of G′ after increasing temperature to 37
°C. (D) Crossover time of G′ and G′′ after increasing temperature to
37 °C. * indicates significant difference (p < 0.05) compared to pH
7.0−7.5. Reproduced with permission from ref 365. Copyright 2017
IOP Publishing Ltd.
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cross-linking mechanisms. Cross-linking reagents like EDC/
NHS369 and glutaraldehyde (GA)370 have been used to
improve the viscosity and mechanical properties of collagen,
but these reagents are cytotoxic and not suitable for
bioprinting live cells. Instead, cytocompatible cross-linking
reagents like genipin371 and tannic acid (TA)372 can be used to
improve the printability of collagen for EBB. Importantly, cells
remain highly viable when using these reagents. Cross-linking
collagen with tannic acid improves its stability by lowering its
sensitivity to collagenase.373 Recently, tannic acid cross-linked
collagen bioinks were used in core/shell EBB to print a
freestanding intestinal villi structure with an endogenous
capillary network.374

Collagen bioinks have been used in a newly developed EBB
technique termed “pre-set extrusion”. With this method,
multiple bioinks can be printed simultaneously in a predefined
shape through a single nozzle.375 Bioinks are placed into a
precursor cartridge with a specific configuration and then
attached to the printing nozzle. The bioinks can then be
extruded into filaments containing the design of the cartridge.
Printing ECs (20 million cells/mL) and hepatic cells (30
million cells/mL) in separate collagen bioinks preset in a
hepatic lobule design resulted in cell viability and proliferation
that were similar to a “mixed” or homogeneous design.
Notably, HepG2 cells showed the indication of the improved
functionality in the preset design, as evidenced by higher
expression of the CYP3A4 enzyme following rifampicin
exposure. Therefore, interactions between vascular and
parenchymal cells in heterogeneous printed structures are
different than those in homogeneous structures and may
promote more organotypic function.
For DBB, collagen I has been blended with alginate to

enable instantaneous cross-linking and prevent spreading after
printing.376 After the collagen had time to fully cross-link,
alginate could be chelated to leave behind a pure collagen
hydrogel. This improved the shape fidelity of printed collagen,
but some collapse of the droplet was still evident. To address
this problem, Gettler and others used a superhydrophobic
surface to preserve droplet morphology while printing adipose-
derived stromal vascular fraction (SVF) cell-laden spheroids
with a collagen I bioink.377 Droplets were immobilized on a
hydrophobic coating of polydimethylsiloxane (PDMS) modi-
fied with hexamethyldisilazane. Spheroid morphology was
preserved using this method and SVF cells remained highly
viable after 14 days in static and dynamic culture. Angiogenic
sprouting phenotypes were also observed. Colocalization of
endothelial-specific lectin Griffonia simplicifolia (GS-1) and
alpha smooth muscle actin (α-SMA) indicated the formation
of stabilized capillary networks.
Using collagen I as a “biopaper”, or printing substrate, a

capillary-like network can be patterned by laser-assisted
bioprinting.278 Kerouredan et al. patterned endothelial
progenitor cells onto an MSC-containing collagen hydrogel
substrate (2 mg/mL) using LIFT and then overlaid it with a
collagen hydrogel after printing to study subsequent micro-
vascular network formation. Network formation depended on
cell density, with higher densities (70 million cells/mL)
yielding the most extensive network formation. In a follow-up
study, Keŕoured́an et al. used LIFT for in situ micropatterning
of HUVECs and stem cells from the apical papilla (SCAPs)
directly onto mouse calvaria bone defects.277 A layer of
collagen substrate was first spread across the defect before cells
were printed either randomly or in ring-shaped, disc-shaped, or

crossed-circle-shaped designs, generating a vascularized net-
work to promote bone regeneration. Interestingly, the extent of
vascularization differed among designs. The crossed circle
shape significantly enhanced vascular network formation and
bone regeneration after two months. This in vivo printing
platform could possibly bypass the need for an in vitro
construction and maturation phase, which would shorten the
time to patient bedside.
Collagen was recently used to bioprint compartments of the

human heart using an embedded 3D bioprinting technique.
Utilizing an updated version of FRESH (freeform reversible
embedding of suspended hydrogels) bioprinting, organ-level
anatomical structures were printed, including a trileaflet heart
valve, multiscale vasculature, and a neonatal-scale human
heart.269 Unmodified collagen was printed as an aqueous,
acidified solution into a pH 7.4 buffered granular support bath
of monodisperse gelatin microparticles. Upon deposition, the
collagen rapidly neutralized and gelled to form a filament,
exhibiting excellent gelation kinetics. Compared to casted
collagen gels, FRESH-bioprinted collagen gels loaded with
VEGF promoted more extensive in vivo microvascularization.
The collagen bioink used in this study was loaded into the
printing reservoir as an acidic solution (pH = 3.5), which is
cytotoxic. Therefore, this collagen bioink could not be seeded
with cells before printing. Nevertheless, this study is a major
step forward for vascularized organ bioprinting and greatly
improves the printability of collagen bioinks for embedded 3D
bioprinting.
Laser-based direct writing has been used for in situ

patterning of capillary networks in collagen hydrogels.300

Early work by Liu and others established an optimal collagen
concentration for substrate patterning and cell viability as well
as a laser fluence threshold for ablation in collagen hydro-
gels.378 Hribar and others have used a near-infrared femto-
second laser to pattern microvascular networks in cell-laden
collagen hydrogels.379 Gold nanorods were mixed into the
hydrogel to help convert laser energy to heat and stimulate
thermal denaturation of the surrounding collagen matrix.
Interestingly, ECs suspended in the collagen matrix migrated
toward the etched microchannels and elongated adjacent to
the hollow tube structures. However, perfusion of the
patterned channels was not assessed. The authors noted a
trade-off between cell viability and laser power, with higher
laser energy (>150 mW) causing significant cell death and
complete denaturation of the bottom of the collagen hydrogel
where the NIR makes first contact. In a recent study by
Brandenberg and Lutolf, a focalized pulsed laser was used to
etch hollow microchannels in a collagen matrix. The authors
first established feasible dimensions for the gel as well as the
geometry of microfluidic networks that could be fabricated
using photoablation (Figure 16A). Importantly, microchannels
well below 100 μm in diameter could be patterned with their
approach. The patterned microchannels (∼50 μm) could then
be seeded with HUVECs by microfluidic perfusion. Within 5
days, a confluent layer of HUVECs expressing CD31 and VE-
cadherin was established within the channels (Figure 16B).
This approach was also compatible with other naturally derived
hydrogels such as agarose, gelatin, and Matrigel. While this
direct writing approach can fabricate true capillary-scale
microchannels, it is only feasible in millimeter-scale constructs,
limiting the scalability of the technique. Nevertheless, laser-
based direct writing is a promising strategy for fabricating
intricate capillary-scale networks in collagen hydrogels that
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could not otherwise be achieved with other printing
techniques. However, the intense heat generated during
photoablation raises concerns about cell viability and structural
integrity with these techniques. Therefore, the laser energy and
writing speed must be carefully optimized to prevent
significant cell death.
Collagen shows great promise as a biomaterial for

bioprinting microvasculature but still faces some challenges.
The limiting factor in collagen bioinks is their relatively low
printability, which makes it difficult to print at capillary-scale
resolution. Blending with other materials or chemical
modification of collagen is currently needed to improve its
printability. Laser-assisted approaches may be necessary to
achieve high resolution bioprinting with collagen.300 Collagen
can be modified with methacrylate groups to be rendered
photo-cross-linkable, making it feasible to print collagen via
SLA approaches.380 However, this has not yet been
demonstrated. Developing novel collagen bioinks for SLA
could enable high-resolution free-form fabrication and may be
a promising avenue for printing microvasculature with collagen
bioinks going forward. Another major obstacle is that collagen
I hydrogels contract significantly (up to 50% of their initial
surface area) during culture, which may compromise the
intended geometry of printed constructs.381 Mitigating this
contraction is an important consideration when printing
collagen-based constructs. Cross-linking collagen with succini-
midyl glutarate polyethylene glycol (PEG-SG), for example,
can help preserve the initial surface area of collagen
hydrogels.381 In addition, the exact composition of collagen
is not well understood and can vary depending on its source
and processing conditions. This lack of characterization affects
the regulation of collagen biomaterial properties and raises
concerns about the reproducibility of its bioactivity. Further

characterization of collagen is necessary to understand its
function and to tailor its printability and vasculogenic
properties. As mentioned earlier, collagen sourced from bovine
skin is commonly used in tissue engineering and bioprinting.
Because this is a xenogenic source that carries the risk of
pathogen transfer, the use of bovine collagen is not suitable for
clinical translation. Bacterial engineered recombinant collagen
may be a better alternative as its composition can be regulated
and it poses less risk of immunotoxicity.382 Overall, there is
currently a limited availability of collagen blend bioinks
tailored specifically for printing microvasculature. Leveraging
the proangiogenic properties of collagen in printable bioink
formulations could enable robust fabrication of 3D micro-
vascular networks for in vitro and in vivo applications.

4.1.1.2. Fibrin. Fibrin is the main matrix component of
blood clots. Thrombin-mediated proteolysis of cryptic binding
sties in soluble fibrinogen proteins results in polymerization of
fibrin monomers. The fibrin matrix is covalently cross-linked
and stabilized by transglutaminase factor XIIIa in the
coagulation cascade.383,384 Fibrin has been widely used as a
biomaterial for wound healing applications and is FDA-
approved as a surgical adhesive.385 Fibrin networks form
relatively soft viscoelastic hydrogels but exhibit shear stiffening
properties under high strains due to the stretching of fibrin
monomers.386 The exact properties of fibrin gels depend on
the nature of their polymerization, which is influenced by
thrombin concentration, salt concentration, factor XIII
concentration, and pH.387

Fibrin bead assays have been used extensively as a model to
study the fundamentals of angiogenic sprouting.146 HUVECs
sprout from microcarrier beads when cocultured with
fibroblasts in fibrin gels (Figure 17A). The microporous and

nanofibrous topography of fibrin networks is conducive to cell
adhesion and migration (Figure 17B). Fibrinogen binds
integrin αVβ3,

388 which is required for angiogenesis.389

Cytoskeletal changes via integrin binding and Rho signaling
regulate capillary sprouting and lumen formation in fibrin
gels.390 Growth factors like FGF-2 and VEGF can bind
fibrinogen to regulate endothelial cell proliferation and
heparins stabilize and retain these factors within the fibrin
matrix.391,392 Prevascularization of fibrin-based constructs is
known to accelerate anastomosis with host vasculature after
transplantation.393 Fibrin-based biomaterials for tissue engi-
neering have been reviewed in ref 394.
Fibrin-only bioinks generally have poor printability. Fibrin

gels have poor mechanical integrity and degrade rapidly during

Figure 16. In situ patterning of microvasculature in collagen
hydrogels with laser-assisted direct writing. (A) Schematic represen-
tation of the gel size range and microfluidic network geometry that
can be processed. (B) Confocal 3D reconstruction of a hollow
endothelial cell tube (HUVECs) formed in collagen type I. Adapted
with permission from ref 300. Copyright 2016 John Wiley and Sons.

Figure 17. Angiogenic sprouting in fibrin gels. (A) Angiogenic
sprouting from a HUVEC-coated bead embedded in fibrin in the
presence of skin fibroblasts. (B) Scanning electron micrograph of
polymerized fibrin network. (A) Reproduced with permission from ref
146. Copyright 2003 Elsevier Ltd. (B) Reproduced with permission
from ref 395. Copyright 2009 The Royal Society.
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culture. Furthermore, fibrin can take several minutes to fully
polymerize.396 Solutions of fibrinogen and thrombin must be
kept separate until the moment of printing. These solutions
generally have very low viscosity and are therefore suitable only
for droplet-based bioprinting. Droplets of thrombin cross-
linker solution can be printed onto a fibrinogen substrate to
print a 2D fibrin construct.396,397 An early study by Cui and
Boland determined optimal conditions for printing human
microvasculature with fibrin via thermal inkjet bioprinting.396

Solutions of thrombin, CaCl2, and HMVECs were printed
drop-by-drop onto a fibrinogen substrate to form cell-laden
fibrin lattice structures (Figure 18A). Printed fibers were less

than 100 μm in diameter but had some minor deformations
(Figure 18B,C). The HMVECs proliferated and formed
multicellular networks over 21 days (Figure 18D).396 These
networks were quite immature, however, and this platform was
limited to 2D printing.
For 3D extrusion-based bioprinting, fibrin can be blended

with more printable biomaterials and/or printed within a
support scaffold material. Piard and others developed a bioink
blend of fibrin (5 wt %) and gelatin (5%) to print an osteon-
like scaffold containing an inner region of HUVECs and an
outer region of hMSCs. Printing these discrete cellular regions
led to significantly enhanced neovascularization in vivo
compared to casted controls.398 However, blending with
gelatin can lead to significant mass loss during culture due to
the melting and dissolution of gelatin.
Although fibrin is a favorable proangiogenic material, it is far

from an ideal bioink. Therefore, fibrin is usually blended with
more printable biomaterials. Fibrin bioinks can be used when
angiogenesis is desired after bioprinting, but they are not
suitable as the major bulk material of the printed construct
because they degrade rapidly. Fibrin-only bioinks have poor
shape fidelity and have mostly been used for droplet-based
bioprinting of 2D tissues like skin231 or cardiac patches.399

Solid freeform extrusion of fibrin hydrogels is difficult due to

the need to keep fibrinogen and thrombin solutions separated
until after deposition. While it has not yet been explored,
fibrinogen and thrombin could possibly be printed in coaxial
nozzles for instantaneous cross-linking upon extrusion.
Granular mediums are also a promising platform for fabricating
3D structures with poorly printable materials like fibrin.270 To
overcome the rapid degradation of fibrin, fibrinolytic inhibition
via addition of aprotinin and tranexamic acid can be used to
slow proteolysis.400 The use of recombinant fibrinogen and
thrombin is ideal to prevent immunogenicity of fibrin
hydrogels and enable clinical translation of fibrin bioinks.401

4.1.1.3. Gelatin. Gelatin is a mixture of polypeptides formed
from denatured collagen. Gelatin is thermoresponsive and
forms a hydrogel below 37 °C by aggregation of gelatin
monomers through hydrogen bonding. At temperatures higher
than 37 °C, the monomers dissociate and gelatin melts,
returning to a liquid state. Gelatin hydrogels contain adhesive
peptide sequences like Arg-Gly-Asp (RGD) as well as protease-
sensitive sites,402,403 making it a useful biomaterial for tissue
engineering and regenerative medicine.404,405

Human microvascular endothelial cells can form capillary
networks on 2D surfaces of micropatterned gelatin.405

Unmodified gelatin dissolves completely after 24 h of
incubation406 but can be cross-linked with glutaraldehyde to
slow its degradation. Glutaraldehyde is cytotoxic, though, and
should be avoided when using live cells. Phenolic hydroxyl
groups can be added to gelatin for enzymatic cross-linking and
tailoring of its proteolytic degradability, but this requires the
presence of potentially cytotoxic hydrogen peroxide and
horseradish peroxidase for cross-linking.406 Alternatively,
gelatin can be enzymatically cross-linked with microbial
transglutaminase (mTG), although the gelation time is quite
slow.407 Sacrificial poly(N-isopropylacrylamide) (PNIPAM)
microfibers have recently been incorporated into mTG-cross-
linked gelatin hydrogels for developing 3D microvascular
networks. At room temperature, the PNIPAM fibers melt and
can be washed out to leave behind perfusable microchannels
<100 μm. Refinement of this platform for 3D printing could be
further explored.
Because of its fast melting at normal incubation temper-

atures (37 °C), gelatin is used mostly as a sacrificial bioink. Lee
and others have extruded HUVEC-laden sacrificial gelatin
tubes within layers of collagen to yield perfusable channels.408

HUVECs were able to line the channel and sprout into the
surrounding collagen matrix via angiogenesis. Perfusion of 10
μm fluorescent microbeads confirmed the presence of luminal
structures within these capillary sprouts. In another study, the
same group printed an endothelial cell-laden fibrin hydrogel
bioink between sacrificial gelatin channels to generate robust
multiscale vasculature in a thick collagen matrix (Figure 19).243

Large sacrificial channels (lumen size of ∼1 mm) were first
printed with gelatin on top of a bottom layer of collagen. A
fibrin hydrogel bioink seeded with endothelial cells and
fibroblasts was then printed between the gelatin channels
and followed by a top layer of collagen. The gelatin was melted
and perfused with endothelial cells to form large vascular
channels. During culture, capillary networks formed within the
fibrin hydrogel and then connected to the large channels by
sprouting angiogenesis (Figure 19A). By day 14, the
microvascular bed in the fibrin hydrogel functionally connected
to parent vascular channels and could be perfused. The
presence of the capillary network increased the overall
diffusional permeability of the construct compared to without

Figure 18. Printed human microvasculature in fibrin scaffold. (A)
Printed fibrin scaffold using modified HP Deskjet 500 thermal inkjet
printer. (B) Shape of printed fibrin scaffold after printing. (C)
Individual printed fiber. (D) Printed microvasculature after 21 days.
Reproduced with permission from ref 396. Copyright 2009 Elsevier
Ltd.
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the capillaries (Figure 19B). This platform demonstrated the
power of combining direct and indirect approaches to fabricate
thick tissues with functional multiscale vascular structures
down to the capillary scale.
In the FRESH bioprinting method developed by the

Feinberg Lab, granular gelatin microgels have been used as
sacrificial support mediums for embedded 3D bioprinting of
vascular structures.269,270,274 After printing, the gelatin matrix
can easily be liquified at 37 °C and the embedded structure can
be removed without any loss of structural integrity. In the first
version of FRESH published in 2015, granular gelatin slurries
were created by mechanical blending of a gelatin block gel in a
commercial blender. The microparticles formed with this
approach were relatively large (65 μm), polydisperse, and
amorphous, which lead to irregular shapes and sizes of
extruded filaments and limited the printing resolution of
collagen to 200 μm.270 An updated version of FRESH,
published in a 2019 study, used a coacervation technique to
produce smaller (25 μm), monodisperse, and spherical gelatin
microparticles.269 This greatly improved the printing reso-
lution to as low as 20 μm.
In general, gelatin is a versatile biomaterial for bioprinting

microvasculature. The biocompatibility and thermoreversibility
of gelatin hydrogels makes them ideal sacrificial bioinks to
pattern vascular networks within 3D constructs. However,
because gelatin is commonly printed using droplet-based or
extrusion-based techniques, its resolution is limited to >100
μm, which is larger than the dimension of capillaries.
Therefore, gelatin must be printed with complementary
biomaterials to induce capillary sprouting. Also, the thermo-
sensitive gelation property of gelatin requires a cautious
regulation on temperature during bioprinting. This may limit
the application of gelatin within other biomaterial systems that
have conflicting thermogelation requirements with gelatin.

4.1.1.4. Gelatin Methacryloyl (GelMA). Modification with
methacrylamide and methacrylate groups is the most popular
strategy to improve the stability of bioprinted gelatin. GelMA
is a semisynthetic hydrogel as it is based on a naturally derived
material but contains synthetic functional groups. Methacry-
lation enables covalent cross-linking of gelatin macromers by
photopolymerization in the presence of a photoinitiator
(Figure 20A,B).409,410 Depending on their degree of
methacrylation and gel concentration, GelMA hydrogels can
be tuned for user-defined mechanical properties (Figure
20C).409 GelMA hydrogels have been used in a wide range
of tissue engineering applications, including bone, cartilage,
and cardiac tissues.411 Because GelMA hydrogels retain RGD
sequences, they promote endothelial cell adhesion and

Figure 19. Functional multiscale vasculature generated by combining direct and indirect bioprinting. (A) Schematics of the growth and maturation
process of bioprinted multiscale vascular system. Perfusable endothelialized vessels are patterned within collagen using sacrificial gelatin bioink.
Perfusion of the channels promotes angiogenic sprouting and capillary network formation within the adjacent cell-laden fibrin gel. (B) Diffusion of
10 kDa Dextran is enhanced with capillary networks compared to without. Adapted with permission from ref 243. Copyright 2014 Springer Nature.

Figure 20. Synthesis and characterization of methacrylated gelatin.
(A) Gelatin macromers containing primary amine groups are reacted
with methacrylic anhydride (MA) to add methacrylate pendant
groups. (B) Methacrylated gelatin is cross-linked using UV irradiation
in the presence of a photoinitiator to yield a covalently cross-linked
hydrogel. (C) Compressive modulus for 5%, 10%, and 15% (w/v)
GelMA at low (∼20%), medium (∼50%), and high (∼80%) degrees
of methacrylation. Adapted with permission from ref 414. Copyright
2010 Elsevier Ltd.
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microvascular network formation.410,412−414 The bioactivity
and tunability of GelMA makes it an excellent bioink candidate
for direct bioprinting of microvasculature.
Khademhosseini’s research group has made pioneering

efforts in developing GelMA bioinks for bioprinting. Their
early efforts optimized GelMA bioinks for direct-write
bioprinting of hepatocytes.238 Because GelMA prepolymer
solutions have very low viscosity, the bioinks were prepoly-
merized in the printing nozzle and extruded as solid filaments.
This method was limited by the requirement of relatively high
concentration bioinks that would be too stiff to accommodate
vascular morphogenesis. In more recent studies, GelMA has

been blended with alginate and printed using the coaxial
extrusion technique to produce complex microfibers. These
include solid, hollow, morphology-controllable, and multilayer
microfibers (Figure 21).
A printable low-viscosity bioink was developed by blending

GelMA with alginate and using a coaxial microfluidic printing
head to extrude calcium chloride cross-linker in the outer
shell.255 The alginate immediately cross-linked upon extrusion
and preserved the cylindrical fiber structure, preventing the
collapse of the otherwise slow-gelling GelMA. This micro-
fluidic approach allows for either bioink to be printed one at a
time or both to be printed simultaneously in a Janus structure.

Figure 21. Bioprinting microvessels with GelMA/alginate bioinks. Several coaxial systems have been developed to bioprint (A) hollow, (B) solid,
(C) morphology-controllable, and (D) multilayer hollow GelMA/alginate microfibers. (A) Adapted with permission from ref 149. Copyright 2016
John Wiley and Sons. (B) Adapted with permission from ref 417. Copyright 2016 Elsevier Ltd. (C) Adapted with permission from ref 147.
Copyright 2018 John Wiley and Sons. (D) Adapted with permission from ref 416. Copyright 2018 John Wiley and Sons.
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After printing, the GelMA can be cross-linked by UV exposure
and the alginate washed out. HUVECs can be incorporated
into GelMA/alginate bioinks and printed with good viability,
depending on the UV exposure time. Remarkably, encapsu-
lated HUVECs can migrate to the periphery of the bioprinted
fibers after 10 days of culture, self-assembling into tubular
structures (Figure 21A,B).415

In another study using a multichannel coaxial nozzle, hollow
GelMA/alginate microfibers were digitally tuned “on-the-fly”
by varying flow rates of the bioinks in the channels (Figure
21C).147 In this study, Pi and others developed a “GAP” bioink
blend of alginate, GelMA, and eight-arm poly(ethylene glycol)
(PEG) acrylate with tripentaerythritol core (PEGOA) to print
single- and double-layer hollow microfibers.147 PEGOA
allowed for UV-induced covalent cross-linking of the fibers
after printing and improved the mechanical properties of the
bioink compared to GelMA/alginate bioinks without PEGOA.
The layered microfibers have been continuously tuned during
printing by controlling the flow rates of CaCl2 cross-linker in
the core nozzle with the bioinks in the inner and outer shell
nozzles. These microfibers have been directly embedded with
ECs and SMCs, which exhibited high viability and formed
CD31+ and α-SMA+ networks over 14 days.
Most traditional coaxial systems are only capable of

producing cylindrical filaments with no control over their
morphology, which limits the complexity of these methods. A
novel coaxial bioprinting method was developed by Shao and
others to generate morphology-controlled GelMA microfibers
that resemble small-diameter blood vessels (Figure 21D).416

On the basis of the “liquid-rope-coil effect,” straight, wavy, and
helical GelMA microfibers were printed within a progressively
cross-linked alginate matrix. The GelMA bioink in the core was
cross-linked via UV light exposure at the nozzle while sodium
alginate in the shell was ionically cross-linked upon printing
into a Ca2+-containing bath. The flow rate of sodium alginate
has been varied to tailor the diameters of straight and helical
fibers, and some straight fibers had diameters below 100 μm.
HUVECs directly encapsulated within the microfibers were
viable, proliferative, and migrated to the periphery of the fiber
during in vitro culture, forming a continuous lumen in both the
straight and helical fibers. Microfibers generated in this study
were not immediately perfusable, however the GelMA could
theoretically be degraded from the core to leave a hollow
endothelialized channel. While this platform enables more
versatility in directly bioprinting microvasculature, it is mostly
limited to fiber-shaped tissues like muscle fibers, nerve fibers,
and blood vessels.
While coaxial nozzles are limited to the number of bioinks

that can be extruded at one time, custom bioprinting nozzles
have been developed to print multiple bioinks in one step. Liu
and others developed a multimaterial EBB platform that could
extrude seven different GelMA bioinks in a continuous,
programmable fashion through a single nozzle.261 GelMA
bioinks containing different human cell types (HDFs,
HUVECs, HepG2, and hMSCs) were used in this platform
to create a heterogeneous heart-like structure and vascularized
tissue construct. All four cell types were viable after 7 days, but
vascular morphogenesis was not reported. Nevertheless, this
platform could greatly increase the throughput of fabricating
heterogeneous vascularized constructs.
Though GelMA contains cell-adhesive RGD sites, its

vascular activity can be further enhanced through bioconjuga-
tion. For example, VEGF can be chemically immobilized to

GelMA via EDC/NHS coupling chemistry (Figure 22A).418

The GelMA+VEGF bioink significantly improved vascular

morphogenesis compared to native GelMA after 5 days (Figure
22B). The bioink was applied in fabricating a pyramidal
structure containing different amounts of VEGF in radial layers
to create a graded vasculogenic niche. A soft GelMA bioink
with low methacrylation was printed in the middle of the
construct and degraded during culture to form a hollow
channel within the structure. HUVECs and MSCs were able to
line the channel after perfusion, forming hollow vascular
lumens around 500 μm in diameter. However, angiogenic
sprouting from the parent vessel into the surrounding GelMA
+VEGF matrix was not demonstrated. GelMA with low
methacrylation is also a poor sacrificial material, as it took 3
days to fully degrade before the channel could be perfused.
For more defined control over vascular morphogenesis in

GelMA hydrogels, VEGF-mimetic peptides can be conjugated
to the polymer backbone. The VEGF-mimetic “QK” peptide
developed by D’Andrea and others can bind VEGFR-2 and
stimulate angiogenesis.419 Covalently immobilizing an acry-
lated QK peptide onto GelMA (Figure 23A) can enhance
microvascular network formation (Figure 23B).420 Cui and

Figure 22. VEGF-conjugated GelMA bioink. (A) Schematic for the
preparation of −COOH modified GelMA and chemical conjugation
of VEGF. (B) Endothelial cell sprouting inside VEGF-conjugated and
nonconjugated bioprinted GelMA hydrogels. Adapted with permis-
sion from ref 418. Copyright 2017 John Wiley and Sons.

Figure 23. VEGF-peptide functionalized GelMA enhances micro-
vascularization. (A) Synthesis of GelMA covalently immobilized with
acrylated QK VEGF-mimetic peptide. (B) GelMA+AcQK hydrogels
enhanced formation of tubular networks compared to unmodified
GelMA. Scale bars = 100 μm. Adapted with permission from ref 420.
Copyright 2017 Elsevier Ltd.
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others developed a catechol-functionalized GelMA (GelMA/
C) bioink with an immobilized VEGF-mimetic peptide to
coaxially print small-diameter vasculature along with a
sacrificial HUVEC-laden Pluronic F127 slurry.421 Catechol
groups can be cross-linked rapidly in the presence of a trace
amount of sodium periodate (NaIO4) and adhere strongly to
tissue surfaces. The fugitive slurry contained NaIO4, which
rapidly cross-linked the GelMA/C bioink after extrusion.248

The VEGF peptide-functionalized GelMA/C bioink enhanced
vasculature development in vitro and, after in vivo
implantation, anastomosed with host vasculature and pro-
moted capillary invasion from host tissue after 6 weeks. The
use of synthetic biomimetic peptides is encouraged as they can
be used to engineer chemically defined hydrogels tailored for
specific cell engagement.422 The stiffness of GelMA can also be
varied to mimic the unique properties of a tissue-specific niche.
Soft GelMA hydrogels promote vasculogenesis and capillary-
like network formation of human dermal microvascular
endothelial cells (HDMECs), while stiffer GelMA matrices
can support osteogenesis and bone matrix formation by
hASCs.423 GelMA-collagen blend bioinks have been developed
for droplet-based bioprinting of hMSCs and HUVECs to
support capillary network and lumen formation after 14
days.424 Blending 2.8% or 4% GelMA with 0.208% or 0.16%
collagen I, respectively, leads to a bioink blend with shear-
thinning properties and a higher elastic modulus. The main
disadvantage to using GelMA as a bioink material is the need
to use UV light exposure for cross-linking. UV light causes base
damage in DNA, and while most studies have reported decent
cell viability (>75%), cytotoxicity and mutagenesis are still a
concern when using UV-cross-linked materials.324 The scaling
up of bioprinted tissues using GelMA will require longer UV
exposures to fully cross-link the entire construct, which could
compromise the viability of the encapsulated cells. Visible light
cross-linkable gelatin using photoinitiators like eosin Y or Rose
Bengal may be a more biocompatible alternative.425,426

However, current visible light photoinitiators take much longer
to polymerize than UV-sensitive photoinitiators.

4.1.1.5. Decellularized ECM. The extracellular matrix is
nature’s scaffolding material. Cell−ECM interactions are
critical for vascular morphogenesis.364 Native ECM is highly
complex and its composition varies across different tissues and
even regionally within the same tissue. Conventional hydrogels
cannot entirely replicate the structure and function of ECM,
limiting their capacity to direct cell behavior. To address these
limitations, extracellular matrix can be harvested through a
tissue biopsy and decellularized to leave behind just the ECM
scaffolding. This yields an ideal biological template that can
either be reseeded with autologous cells or processed for other
tissue engineering applications as a biomaterial.
There have been many decellularization protocols developed

for tissues and whole organs, with the exact methods being
dependent on tissue density, geometry, and intended
application. In general, decellularization protocols involve
physical and chemical agents for lysing cells before rinsing
them out of the tissue to leave behind pure ECM. An overview
of tissue and whole organ decellularization and their
applications in regenerative medicine can be found in refs
427−429. While most of the ECM proteins and gross
architecture can be preserved, decellularization protocols
always result in some loss of ECM surface structure and
composition. Microvasculature and other microscale features
of native ECM are particularly difficult to preserve during
decellularization.428,430,431 Therefore, seeding decellularized
ECM scaffolds with endothelial cells often results in
incomplete microvascularization. Inadequate microvasculature
is a major source of failure for decellularized organ transplants,
as leaky vessels and exposed ECM cause edema and blood
coagulation.430,431

Decellularized ECM can be processed for bioprinting to
build vascularized tissues from the bottom-up. These bioinks
possess proangiogenic ECM proteins and growth factors that
many conventional hydrogels lack unless supplemented
exogenously. Even then, conventional hydrogel bioinks provide
a matrix that mimics broad aspects of soft tissue, while dECM
bioinks sourced from specific tissues can more accurately

Figure 24. Rheological behavior of tissue-specific dECM bioinks. (A) Sol−gel transition of dECM pregels prepared from cartilage dECM
(cdECM), heart dECM (hdECM), and adipose dECM (adECM). (B−D) Rheological properties of the dECM pregels, (B) viscosity at 15 °C, (C)
gelation kinetics from 4 to 37 °C, and (D) dynamic modulus at varying frequency at 37 °C. Reproduced with permission from ref 432. Copyright
2014 Springer Nature.
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recapitulate the ECM content of that tissue. For example,
lyophilized dECM from adipose, cartilage, and heart tissues
have been used to print tissue-specific analogues. After
decellularization, the dECM was converted into a powder
and solubilized into pregel solutions that were liquid below 10
°C and gels above 37 °C (Figure 24A). Interestingly, the
rheological properties of the dECM bioinks varied across tissue
sources (Figure 24B−D). The dECM bioinks supported long-
term cell viability 14 days after printing.432 While structural
elements of the dECM were lost during conversion to a
powder, the tissue-specific bioinks still promoted lineage
differentiation and structural maturation of human tissue-
derived mesenchymal stem cells. However, the bioinks had to
be kept below 15 °C while printing to prevent gelation, which
may compromise cell viability during long printing sessions.
Also, the slow physical gelation of the dECM bioink prevented
it from being printed in multiple layers without a PCL support
scaffold.
The mechanical properties of dECM bioinks can be tailored

by incorporating photosensitive cross-linking agents. For
example, vitamin B2-induced UVA cross-linking can be used
to increase the mechanical strength and stability of dECM
bioinks.433 Incorporating various PEG-based cross-linkers
(linear, four-arm, and eight-arm) can also be used for fine-
tuning the mechanical properties of dECM-based bioinks.434

Methacrylate groups have been added to kidney-derived
dECM (KdECM) bioinks for covalent photo-cross-linking.435

This allowed for tunable stiffness before and after printing and
KdECMMA hydrogels were significantly more stable in culture
compared to nonmethacrylated KdECM.
The capacity of dECM to promote vascular morphogenesis

depends on its source. Interestingly, human dermal micro-
vascular endothelial cells (hDMVECs) secrete significantly
more proangiogenic factors and express more angiogenesis-
related genes when cultured on dECM derived from
vascularized tissues (e.g., tracheal mucosa) compared to
avascular tissues (e.g., cornea).436 Therefore, it may be best
to source dECM bioinks from tissues that are naturally
vascularized because their composition would provide micro-
environmental cues of vascular niches. Accordingly, dECM
bioinks derived from vascular tissue (i.e., aorta) have been
developed to treat ischemic disease437 and volumetric muscle
loss.438 Gao et al. used a hybrid bioink of vascular-derived
dECM (VdECM) and alginate to print tubular “bio-blood-
vessels”. The hybrid bioink provided a suitable environment
for proliferation, differentiation, and neovascularization of
EPCs, and the dual ionic and thermal cross-linking gave the
bioink good printability. Loading the bioink with PLGA
microparticles for controlled release of atorvastatin, a
proangiogenic drug, significantly enhanced functional recovery,
capillary density, and arteriole density in a murine hindlimb
ischemia model.437 Cho et al. used a VdECM bioink and
granular gelatin support bath to 3D print a prevascularized
muscle construct that improved vascularization, innervation,
and functional recovery in a rat model of volumetric muscle
loss.438 Coaxial printing of the bioinks led to more robust
CD31+ networks along the fibers in vitro compared to if the
bioinks were homogeneously mixed. Therefore, using the
coaxial technique to compartmentalize different bioinks
improved their overall performance, highlighting the synergy
between method and material to enhance the spatial
organization and biomimicry of printed vascularized tissues.

Vascular-derived dECM (VdECM) bioink was further
utilized in another study to coaxially bioprint freestanding,
perfusable, and functional microvessels. VdECM was com-
bined with alginate in the shell, while Ca2+-containing Pluronic
F127 (CPF1−27) was printed in the core (Figure 25A).439

CPF-127 preserved the patency of the microchannels while
simultaneously cross-linking alginate in the VdECM-containing
bioink. Pluronic F127 and poloxamer bioinks are discussed
further in section 4.2.2. The diameter of the printed vessels
depended on the needle size, with 25G nozzles capable of
printing channels with a diameter around 250 μm. When
HUVECs were printed within the channel, they formed a
stable monolayer after a week in culture. A collagen hydrogel
with or without growth factors (VEGF and bFGF) was cast
around the endothelialized vessels to model angiogenic
sprouting from the parent vessel toward a chemokine gradient.
Endothelial cells from the main channel only sprouted into
collagen containing growth factors (Figure 25B,C), eventually
forming lumenized capillaries by day 3.
While decellularized ECM offers unique advantages over

other natural hydrogels in terms of biomimicry, it is often
sourced nonautologously. This poses a threat of immune
response or pathogen transfer in humans if the ECM is not
processed thoroughly. For example, alpha gal antigen, which is
a carbohydrate found in mammals and not primates, was found
remaining in porcine-derived dECM even after aggressive
decellularization.440 In contrast, autologous dECM from
human omentum tissue did not stain positive for alpha gal
antigen and elicited a lower immune response compared to
xenogenic and allogenic dECM, highlighting source-dependent
differences in biocompatibility of dECM. Moreover, human
omentum dECM hydrogels could efficiently reprogram
patient-derived iPSCs into multiple lineages, including
endothelial cells, demonstrating that ECM from omentum,
which is a highly vascularized tissue, possesses requisite
physical and biochemical cues to generate personalized

Figure 25. Coaxial bioprinting functional microvasculature with
vascular-derived dECM bioinks. (A) Coaxial cell-printed vessels using
HUVECs-laden VdECM/alginate hybrid bioink. (B,C) Angiogenic
capillary sprouting of microvessels into collagen hydrogel containing
proangiogenic growth factors [scale bars: 200 μm (B) and 50 μm
(C)]. Adapted with permission from ref 439. Copyright 2018 John
Wiley and Sons.
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hydrogels for engineering autologous vascularized tissue
replacements.
Noor and others converted dECM from patient-derived

human omentum tissue into a personalized bioink to bioprint
personalized cardiac patches and perfusable heart-like
structures.273 Omentum biopsies could be decellularized and
converted into concentrated aqueous solutions (1−2.5% w/v)
that were thermoresponsive, forming a weak gel at room
temperature and increasing in storage modulus upon
incubation at 37 °C (Figure 26A−D). Microvascularized
cardiac patches were fabricated using cardiomyocyte-laden
omentum bioink and a sacrificial gelatin bioink containing ECs
(Figure 26E,F). The ECs adhered to the surrounding
omentum matrix during incubation (Figure 26G) and the
gelatin could be evacuated, leaving behind viable endothelial
cell-lined channels around 300 μm in diameter (Figure 26H).
Spreading and vascular morphogenesis of the ECs was not
demonstrated, however. Using a granular support bath made of
gelatin microparticles and xanthan-gum supplemented culture
medium, the omentum dECM bioink was then used to print a
perfusable small-scale bifurcated blood vessel and vascularized
heart-like structure with discrete ventricle compartments. The
printed vasculature in this application was relatively large, and
incorporation of smaller microvasculature would be needed to
enable the viability and function of such thick tissues.
Overall, dECM bioinks offer unique advantages over

conventional hydrogel bioinks. They better recapitulate the
biochemical and microenvironmental properties of native
ECM compared to conventional hydrogels, making dECM
bioinks an attractive biomaterial for supporting vascular
morphogenesis. The extrudability of dECM bioinks can be
improved by blending with fast-gelling materials like alginate or
using a support scaffold like PCL or granular support medium
for embedded 3D bioprinting. For printing vascularized tissues
and organs, ECM derived from tissues that are naturally
vascularized (i.e., omentum) may be suitable for providing a
proangiogenic microenvironment to ECs. The greatest promise
of dECM bioink platforms is the possibility of printing fully

autologous, personalized tissue and organ replacements.
Recent work from Tal Dvir’s research group has provided
proof for this concept, but microvasculature will need to be
more of a focus in future studies. Current dECM bioinks have
mostly been developed for extrusion-based bioprinting, which
has limitations in resolution. Future efforts could explore
photo-cross-linkable dECM bioinks for high-resolution print-
ing via SLA. Improvements in decellularization methods are
also necessary to preserve more of the ECM components that
are lost during the decellularization process. Preservation of
these ECM components through the refinement of decellula-
rization protocols can further improve the bioactivity of dECM
bioinks.
This section has reviewed protein-based naturally derived

hydrogels for bioprinting microvasculature. These hydrogels
are summarized in Table 2. In the following section, we will
review naturally derived polysaccharide-based hydrogels and
their applications in bioprinting microvasculature.

4.1.2. Polysaccharide-Based Hydrogels. 4.1.2.1. Agar-
ose. Agarose is a linear polysaccharide composed of repeating
units of agarobiose, a disaccharide of D-galactose and 3,6-
anhydro-l-galactopyranose. Agarose gelation is thermorever-
sible, with gelation typically occurring between 30 and 40 °C
and melting between 80 and 90 °C. These properties depend
on agarose concentration, molecular weight, and number of
side groups.441 Aqueous agarose solutions undergo a three-
stage gelation process: induction, gelation, and pseudoequilbi-
rium.442 At its gelation point, agarose molecules form helical
structures by electrostatic interactions and hydrogen bonding
between oxygen and hydrogen in the side groups.443 The self-
gelling feature of agarose makes it easy to use and highly
biocompatible because potentially toxic cross-linking agents
are not needed. Therefore, agarose-based biomaterials have
been used for tissue engineering and regenerative medicine.444

As a bioink, agarose is most suitable for extrusion-based
bioprinting due to its viscoelasticity and shear-thinning
properties at high concentrations, but concentrations below
4% may be suitable for DBB if printing temperatures are

Figure 26. Personalized dECM bioinks for autologous bioprinting of microvascularized constructs. (A,B) Human omentum tissue (A) before and
(B) after decellularization. (C) dECM hydrogel at room temperature (left) and after gelation at 37 °C (right). (D) Rheological characterization of
1% w/v and 2.5% w/v omentum hydrogels, exhibiting gelation at 37 °C. (E) 3D model of a vascularized cardiac patch. (F) Concept of printing
vascularized, patient-specific cardiac tissue with distinct cellular bioinks. (G) Patient-specific cardiac patch printed with blood vessels (CD31 in
green) embedded within cardiac tissue (actinin in pink). (H) Cross-section of a single lumen, showing the interaction of GFP-expressing ECs and
RFP-expressing fibroblasts. Adapted with permission from ref 273. Copyright 2019 Wiley-VCH, under the terms of the Creative Commons (CC
BY 4.0) License https://creativecommons.org/licenses/by/4.0.
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maintained above 37 °C to prevent clogging.222 Low
concentration agarose bioinks spread across the substrate and
have poor integrity after extrusion but can be blended with
alginate for better printability.445 Agarose has also been used as
a bioink for LIFT bioprinting.446 Agarose hydrogels have
suitable swelling and degradation properties for bioprinting
and can provide structural support to 3D printed constructs.222

Agarose rods have been used as a bioprinting template to
indirectly pattern microchannels ranging from 250 to 500 μm
in diameter within casted methacrylated gelatin (GelMA)
hydrogels (Figure 27). The microchannels were perfusable and

could be seeded with ECs that adhered and spread along the
GelMA surface. After the GelMA hydrogel was cross-linked,
the agarose rods had to be physically removed, making this
approach only feasible for microchannels with simple geo-
metries. Otherwise, physical removal of biomaterials would
disrupt the shape and integrity of the printed structure,
especially for delicate capillary-scale microvasculature.
While agarose is biocompatible, agarose hydrogels do not

readily support endothelial cell adhesion.447 Therefore, agarose
has been blended with other biomaterials that are cell-adhesive
(e.g., Matrigel, collagen).448 Agarose−collagen blend bioinks
can support adhesion and spreading of human umbilical artery
smooth muscle cells.449 In agarose−collagen blend bioinks,
agarose provides long-term mechanical stability in culture
while collagen provides microenvironmental cues for vasculo-
genesis. Kreimendahl and others found that blending 0.5%
agarose with 0.5% collagen supported HUVEC assembly into
capillary-like networks after 14 days without significantly
affecting the printability of agarose.450 Blending agarose and
collagen led to a significantly altered shear modulus compared
to pure agarose or collagen and the shear modulus of
AGR0.5COLL0.5 bioinks increased with increasing temper-
ature. The microvascular networks contained lumens from
around 5 to 30 μm in diameter, and HUVECs were found to
spread alongside collagen fibrils. This provides a promising
platform to directly print microvasculature with agarose-based
bioinks.
Besides blending, agarose may also be chemically modified

for innate vasculogenic properties. Carboxylation of the
agarose backbone can switch the secondary structure of
agarose hydrogels from α-helix to β-sheet.451 Carboxylation
diminishes hydrogen bonding between polymer chains and
leads to less helical−helical interactions, resulting in softer
hydrogels. The degree of carboxylation can be varied to tailor
the mechanical properties of agarose hydrogels. Modifying soft,
carboxylated agarose with RGD peptides led to apical
polarization in HUVECs and lumen formation around 50−
100 μm. RGD-functionalized carboxylated agarose (60%)T

ab
le

2.
co
nt
in
ue
d

bi
om

at
er
ia
l

bi
oi
nk

fo
rm

ul
at
io
n

co
nc
en
tr
at
io
n

pr
in
tin

g
ap
pr
oa
ch

te
ch
ni
qu
e

ce
ll
ty
pe

cr
os
s-
lin
ki
ng

pr
in
te
d
st
ru
ct
ur
es

ca
pi
lla
ry

fo
rm

at
io
n?

re
f

G
el
M
A
/c
ol
la
ge
n

G
el
M
A
:
2.
8%

or
4.
0%

w
/v

D
B
B

H
U
V
EC

s
an
d

hM
SC

s
ph
ys
ic
al
an
d

ch
em

ic
al

pr
oa
ng
io
ge
ni
c
hy
dr
og
el
st
ru
ct
ur
es

ye
s

42
4

co
lla
ge
n:

0.
16
%

or
0.
20
8%

w
/v

G
el
M
A

15
%

w
/v

di
re
ct

LA
B

H
U
V
EC

s
ch
em

ic
al

he
m
is
ph
er
e
st
ru
ct
ur
es

ye
s

31
9

dE
C
M

va
sc
ul
ar
dE

C
M

(V
dE

C
M
)/
al
gi
na
te
+
at
or
va
st
at
i-l
oa
de
d

PL
G
A
m
ic
ro
sp
he
re
s

di
re
ct

EB
B

EP
C
s

ph
ys
ic
al

“b
io
-b
lo
od
-
ve
ss
el
”
co
ns
tr
uc
ts

ye
s

43
7

va
sc
ul
ar

dE
C
M

(v
dE

C
M
)
+
sk
el
et
al
m
us
cl
e
dE

C
M

(m
dE

C
M
)

di
re
ct

em
be
dd
ed

3D
bi
op
ri
nt
in
g

H
U
V
EC

s
ph
ys
ic
al

va
sc
ul
ar
iz
ed

m
us
cl
e
fib
er
s

ye
s

43
8

V
dE

C
M
/a
lg
in
at
e

di
re
ct

EB
B

H
U
V
EC

s
ph
ys
ic
al

fr
ee
st
an
di
ng

va
sc
ul
ar

tu
be
s

ye
s

43
9

om
en
tu
m

dE
C
M

+
ge
la
tin

sa
cr
ifi
ci
al
in
k

in
di
re
ct

em
be
dd
ed

3D
bi
op
ri
nt
in
g

iP
SC

-E
C
s
an
d

H
N
D
Fs

ph
ys
ic
al

va
sc
ul
ar
iz
ed

ca
rd
ia
c
pa
tc
h
an
d
he
ar
t-

lik
e
st
ru
ct
ur
es

no
27
3

he
ar
t
or

liv
er

dE
C
M
/G

el
M
A

di
re
ct

LA
B

n/
a

ch
em

ic
al

hi
er
ar
ch
ic
al
br
an
ch
ed

va
sc
ul
ar

st
ru
ct
ur
e

ye
s

32
2

a
n/
a
=
no
ta
pp
lic
ab
le
.b
EB

B
=
ex
tr
us
io
n-
ba
se
d
bi
op
ri
nt
in
g;
SV

F
=
st
ro
m
al
va
sc
ul
ar
fr
ac
tio

n;
LA

B
=
lig
ht
-a
ss
is
te
d
bi
op
ri
nt
in
g;
D
B
B
=
dr
op
le
t-
ba
se
d
bi
op
ri
nt
in
g;
R
A
EC

=
ra
ta
or
tic

en
do
th
el
ia
lc
el
l;
O
B
B

=
or
ga
n
bu
ild
in
g
bl
oc
ks
;
PE

G
T
A
=
po
ly
(-
et
hy
le
ne

gl
yc
ol
)-
te
tr
a-
ac
ry
la
te
;
LA

P
=
lit
hi
um

ph
en
yl
-2
,4
,6
-t
ri
m
et
hy
lb
en
zo
yl
ph
os
ph
in
at
e;

H
C
A
SM

C
=
hu
m
an

co
ro
na
ry

ar
te
ry

sm
oo
th

m
us
cl
e
ce
ll;

dE
C
M

=
de
ce
llu
la
ri
ze
d
ex
tr
ac
el
lu
la
r
m
at
ri
x;

H
N
D
F
=
no
rm

al
hu
m
an

de
rm

al
fi
br
ob
la
st
s.
Figure 27. Bioprinted agarose microchannels. Agarose hydrogel fibers
(green) with diameters ranging from 250 to 500 μm could be printed
and cast in a GelMA hydrogel before being removed and perfused
with fluorescent beads (pink) or endothelial cells. Reproduced with
permission from ref 239. Copyright 2015 Royal Society of Chemistry.
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matched the stiffness of fibrin clots (∼0.5 kPa) and, upon
injection, stimulated angiogenesis, capillary stabilization, and
recruitment of CD11b+ myeloid and CD11b+/CD115+

monocytes in vivo.452 Carboxylated agarose was recently
shown to be extrudable and possess shear-thinning properties
depending on the degree of carboxylation.452 MSCs had higher
viability when printed with carboxylated agarose bioinks
compared to native agarose.453 However, the ability of this
emergent material to promote microvascularization in a
bioprinted construct has yet to be shown.
Hollow channels with diameters less than 200 μm have been

fabricated within photolabile agarose hydrogels to guide neural
cell migration,454 but this technique has not been explored for
vascular engineering. Further optimization of laser-assisted
bioprinting approaches with agarose could enable high-
resolution patterning of microvascular channels for endothelial
cell growth within mechanically stable agarose-based hydro-
gels.
Overall, agarose-based bioinks are mostly used for improving

the mechanical integrity of printed structures due to their
stability at physiological temperatures. For direct bioprinting of
microvasculature, agarose must be blended with bioactive
materials or chemically modified with adhesive motifs. Indirect
bioprinting of small-diameter vascular channels has been
accomplished with agarose-based bioinks, but capillary-scale
microvasculature remains a challenge. More systematic studies
are needed to optimize agarose-based bioinks for high-
resolution printing of microvasculature.
4.1.2.2. Alginate. Alginate is a naturally derived anionic

polysaccharide commercially obtained from brown algae
(Phaeophyceae) and is structurally characterized as an
unbranched linear copolymer of (1,4)-linked β-D-mannuronate
(M) and α-L-guluronate (G) residues. Carboxylate groups in
the G-blocks of alginate can be ionically cross-linked via
divalent cations like Ca2+, Ba2+, Mg2+, and Sr2+ in an “egg-box”
model as proposed by Morris et al.455 The properties of
alginate hydrogels depend on the molecular weight and ratio of
M and G blocks in the polymer chain, which vary depending
on the source of the alginate.456 We refer readers to a review
by Lee and Mooney in ref 457 for more details on the
properties of alginate.
Alginate has been extensively used as a bioink and can be

adapted for several printing modalities, including DBB, EBB,
and LAB, as reviewed in ref 458. The rheological behavior of
alginate solutions for bioprinting have been studied in
detail.459 Alginate possess several features that are favorable
for bioprinting. Alginate has excellent gelation kinetics and can
be cross-linked instantly in the presence of divalent cations
(e.g., calcium chloride). Sodium alginate is shear-thin-
ning,459,460 which reduces the shear stresses experienced by
cells in alginate bioinks. The degradation profiles of alginate
hydrogels can be tailored by periodate oxidation of uronic acid
residues461 or by gamma irradiation to modify alginate’s
molecular weight distribution.462 The viscosity of alginate
bioinks mainly depends on alginate concentration, molecular
weight, cell density, temperature, and pH. Our lab has
systematically evaluated oxidized alginate bioinks for print-
ability and cytocompatibility in droplet-based bioprinting
(Figure 28).463

Xu and others have printed multiple cell types into complex
heterogeneous tissue constructs containing microvascular
networks using inkjet bioprinting.228 The cell types included
human amniotic fluid-derived stem cells (hAFSCs), canine

smooth muscle cells (dSMCs), and bovine aortic endothelial
cells (bECs). Each cell type was suspended in a solution of
calcium chloride (CaCl2) before being printed in a “pie” shape
onto an alginate/collagen printing substrate. The cells have
been printed in discrete regions and promoted tissue
vascularization after 2 weeks of subcutaneous implantation in
mice. Importantly, printing cells in a specific pattern improved
vascularization compared to manually seeded cells.
For extrusion-based bioprinting, Khalil and Sun were the

first to explore a “fabrication window” for bioprinting viable
ECs using alginate bioinks.464 Low wt % alginate bioinks best
support endothelial cell viability, but these hydrogels suffer
from poor printability and mechanical stability during culture.
Alginate can be cross-linked before printing to enable better
shape fidelity after extrusion, but this may lead to deformities
in printed constructs. To address this, alginate has been mixed
with gelatin to improve its printability because gelatin is
slightly viscous at room temperature.465 Gao and others have
recently taken a systematic approach to optimize alginate−
gelatin composite bioinks for solid freeform extrusion.466 Their
study identified an important role for the loss tangent (G″/G′)
in balancing printability and cytocompatibility.
Coaxial bioprinting systems have become the most popular

modality for printing vascularized constructs with alginate
bioinks. Alginate is the most widely used biomaterial for
coaxial bioprinting because it can be rapidly cross-linked with
calcium chloride upon extrusion. Calcium chloride cross-linker
solutions in the core or shell can allow for the extrusion of
hollow or solid alginate microfibers. Alginate is often blended
with proangiogenic biomaterials for coaxial bioprinting of
vascularized constructs.
Besides coaxial extrusion, alginate bioinks have recently been

utilized in embedded 3D bioprinting approaches. By including
calcium chloride in the support matrix, alginate bioinks can be
cross-linked rapidly during embedding. Cell-laden alginate
bioinks have been printed with high resolution in Ca2+-
containing gelatin supports via FRESH bioprinting.269,270

Wang and others recently used alginate as a sacrificial bioink
to embed 3D vascular networks within prepolymers of
agarose/gelatin and GelMA hydrogels.467 The alginate cross-
linked within the Ca2+-loaded prepolymer, leaving behind a
channel that could be washed out after solidifying the
prepolymer (Figure 29A). While hierarchical networks were
fabricated with this approach (Figure 29B,C), the smallest

Figure 28. Printable alginate bioink formulations for droplet-based
bioprinting. Summary table of the preferable range of alginate bioink
formulations with high printability (green) based on three important
printability criteria: homogeneous cell suspension, high printing
resolution, and high cell viability. Reproduced with permission from
ref 463. Copyright 2014 Elsevier Ltd.
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diameter channel was around 400 μm, which is much larger
than capillaries (Figure 29D). Therefore, the prepolymer
support matrix would need to encourage angiogenesis from the
parent channels for adequate microvascularization of the
construct.
While alginate hydrogels are highly printable, bare alginate is

bioinert and does not support vascular morphogenesis.
Therefore, there have been numerous approaches to improving
the bioactivity of alginate. Alginate bioinks can be loaded with
proangiogenic growth factors to stimulate vascularization and
controlled release from alginate improves the potency of VEGF
when compared to adding it directly to bulk media.468

Laponite, a synthetic clay, has been blended with alginate to
improve its printability and enable sustained release of growth
factors.469 Faramarzi and others have developed patient-
specific alginate-based bioinks by incorporating platelet-rich
plasma (PRP) as an autologous source of angiogenic growth
factors (Figure 30).470 The alginate/PRP bioink enhanced
vascular network formation with HUVECs in vitro compared
to native alginate, but this was only demonstrated in 2D.
Branched vascular structures were also printed with the
alginate/PRP bioink, but multilayer 3D organization of
microvascular networks was not demonstrated. Nevertheless,
using autologously sourced growth factors could broadly
improve the translational potential of proangiogenic bioinks.
Besides growth factor supplementation, alginate can be

modified with synthetic bioactive peptides like RGD to
support cell adhesion. Injectable RGD−alginate hydrogels
have been shown to promote endothelial cell adhesion and
proliferation in vitro and angiogenesis in vivo.471,472 Torres
and others found that injectable RGD-alginate microgels with
higher M-to-G ratios can guide vascular morphogenesis in vitro
and promote anastomosis with host vasculature in vivo due to
lower cross-link density in the alginate matrix.473 The
applications of proangiogenic alginate hydrogels in bioprinting
have not been fully realized. RGD−alginate hydrogels could be
useful for bioprinting microvasculature, and their printability
should be evaluated along with other peptide-modified
alginates in future studies. This should be relatively
straightforward, as certain material properties required for

injection are also in agreement with extrusion (i.e., shear-
thinning).
Overall, the printability and biocompatibility of alginate

hydrogels make them an excellent biomaterial for bioprinting.
The rapid gelation of alginate allows one to essentially blend
their hydrogel of choice with alginate for improved gelation
and shape fidelity during printing. However, alginate bioinks
are mostly suitable for extrusion-based systems where
resolutions below 100 μm are rarely achieved, necessitating
angiogenesis in the construct after printing to generate
microvasculature. New developments in photoreactive alginate
may enable printing structures less than 100 μm using
techniques like stereolithography.474 While there have been
many studies using growth factors or bioactive peptides to
promote angiogenesis in alginate-based hydrogels, their
potential for bioprinting microvasculature has not been
explored. Future investigations should evaluate the printability
of peptide-functionalized alginate hydrogels to expand the
design space of vasculogenic and angiogenic alginate bioinks.

4.1.2.3. Carbohydrate Glass. Carbohydrate glass is formed
by the solidification of melted sugar and sugar-alcohol
solutions upon cooling. Isomalt, a sugar-alcohol commonly
used in culinary applications, is the most common form of
carbohydrate glass used for bioprinting. Sugar glass is an ideal
sacrificial material because it is highly printable, water-soluble,
and biocompatible. Furthermore, carbohydrate glass is cheap
and readily available. Nanoscale glass fibers can be produced
via melt-spinning sugar (cotton candy). These fibers have been
embedded in PDMS to create a sacrificial microvascular
network similar in size and density to capillaries.475 Sugar
glasses can also be extruded as filaments if kept above their
glass-transition temperature during printing. The filaments
cool rapidly upon extrusion at room temperature and form
stiff, brittle filaments. Because of their rapid curing, sugar glass

Figure 29. Patterning vascular networks in a prepolymer support
matrix with sacrificial alginate bioink. (A) Schematic of fabricating
patterned vascular networks by direct writing alginate bioink inside
the prepolymer of hydrogels. (B) Patterned templates and (C) hollow
microchannels printed with sacrificial alginate within a GelMA
support matrix. (D) Cross sections of microchannels with varying
diameters fabricated with the direct writing approach. Reproduced
with permission from ref 467. Copyright 2019 Springer Nature.

Figure 30. Alginate-based bioink with autologous growth factors.
Platelet-rich plasma (PRP) is incorporated within alginate to form the
bioink and can be bioprinted to form a scaffold embedded with
autologous growth factors. Adapted with permission from ref 470.
Copyright 2018 John Wiley and Sons.
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filaments can be precisely printed as freestanding structures
using model-guided design.476,477

In their seminal work, Chen and others used a sacrificial
network of carbohydrate glass to pattern vascular networks
within cell-laden hydrogels.242 Depending on nozzle travel
speed, filaments between 200 and 1000 μm could be extruded
and a variety of ECM biomaterials could be cast around the
networks. The channels can be dissolved within minutes,
leaving behind perfusable vascular networks within the
construct. Importantly, perfusion of the networks with
HUVECs led to endothelialized channels that exhibited
angiogenic sprouting from the main channel into the bulk
fibrin hydrogel. In a subsequent in vivo study, 3D printed
carbohydrate glass networks within a fibrin bulk matrix (10
mg/mL) promoted angiogenesis and integration with host
vasculature (Figure 31).478 This improved perfusion in animal
models of hind limb ischemia and myocardial infarction. A
disadvantage of these approaches was that the bulk ECM could
only be cast homogeneously instead of 3D printed, inhibiting
precise placement of cells and ECM around the sacrificial
network.
A related study investigating surgical anastomosis of vascular

networks made by sacrificial sugar glass determined that the
networks could withstand pulsatile flow as evidenced by
Doppler perfusion in a hindlimb ischemic model.479 However,
this was only confirmed up to 3 h postimplantation.
Vascularization of the surrounding PDMS bulk matrix was
not demonstrated, likely due to the inability of PDMS to
support cell adhesion and migration. More biocompatible
hydrogels like alginate can be cast around sugar glass filaments
loaded with calcium chloride.480

Overall, carbohydrate glass is an excellent fugitive material
for indirectly patterning vascular networks within biocompat-
ible hydrogels. To date, applications of carbohydrate glass in
printing microvasculature have mostly used simple cylindrical
structures >100 μm. Below these diameters, sugar glass is quite
fragile and may break during casting. Future work should
develop sugar glass formulations for printing smaller, more
intricate microvascular networks that remain intact during
fabrication. Furthermore, temporospatial printing of cell-laden

hydrogels around sacrificial glass networks would be a more
biomimetic approach to printing microvascularized matrices
than homogeneous hydrogel casting. Concerns about hyper-
glycemic response of suspended cells to the concentrated sugar
solutions should also be addressed.

4.1.2.4. Hyaluronic Acid. Hyaluronic acid (HA), or
hyaluronan, is a nonsulfated glycosaminoglycan found
ubiquitously in human ECM. It helps maintain the structure
and fluid homeostasis in loose connective tissues.481 HA can
influence cell morphogenesis by directly binding the cell
surface hyaluronan receptor CD44, as well as other
receptors.482 Furthermore, HA is highly hydrophilic and
forms hydrated networks that permit intercellular signaling.483

The polymer structure of HA is a linear polysaccharide
composed of repeating units of a disaccharide, β-1,4-D-
glucuronic acid−β-1,3-N-acetyl-D-glucosamine. The molecular
weight of HA ranges from 103 to 104 kDa depending on the
source. Low molecular weight HA oligosaccharides stimulate
endothelial cell proliferation, migration, and angiogenesis by
binding CD44 receptors expressed by ECs.484 In physiological
conditions, HA proteins take on an expanded random coil
conformation and entangle to form continuous hydrated
networks. Their conformation can be further influenced by
HA-binding proteins known as hyaladherins.485

Physical gelation of HA yields fragile hydrogel networks that
rapidly degrade. Therefore, many alternative cross-linking
strategies have been developed to improve the stability of
HA hydrogels, as reviewed in refs 486 and 487. The carboxylic
acid and N-acetyl groups of HA can be targeted for chemical
modification by various chemistries. Methacrylated HA
(MeHA), developed by Burdick and others, has been widely
used to generate photopolymerizable HA hydrogels with
tunable mechanical and degradation properties.488 MeHA
hydrogels have been used to support self-renewal and
differentiation of hESCs.489 Bioactive peptides like RGD can
be conjugated to acrylated hyaluronic acid (AHA) for further
control over cellular adhesion and migration in HA-based
hydrogels.490,491 Gerecht’s research group has pioneered the
development of HA hydrogels to engineer microvascular
networks from pluripotent stem cells in vitro (Figure 32). We

Figure 31. Bioprinting microvasculature with carbohydrate glass. Hydrogels can be cast around sacrificial glass networks and implanted to
functionally anastomose with host microvasculature, forming chimeric vessels. Adapted with permission from ref 478. Copyright 2017 Springer
Nature.
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refer readers to refs 492−496 for more about hyaluronic acid
hydrogels and their applications in engineering micro-
vasculature.

Cross-linking HA with acrylated synthetic polymers can
improve its rheological properties and suitability for bioprint-
ing.497,498 Methacrylated collagen has also been combined with
thiolated HA to develop a hybrid bioink for 3D bioprinting
liver microenvironments.499 Vessel-like constructs have been
bioprinted with extrudable MeHA and GelMA blend bioinks in
a two-step UV cross-linking approach.500 Tetracylated PEG
can be added to these blends to further improve their
mechanical properties after printing.501 However, these bioinks
have been limited to large-diameter vessel constructs.
The Burdick laboratory has developed HA bioinks based on

guest−host supramolecular chemistry for embedded 3D
bioprinting.271 Adamantane (Ad, guest) and β-cyclodextrin
(CD, host) can be conjugated to HA and physically cross-link
to form shear-thinning and self-healing hydrogels. This allows
for shear-thinning guest−host HA bioinks to be printed
directly into self-healing guest−host HA hydrogel matrices in a
technique known as “GHost writing”. During nozzle trans-
lation, Ad-HA and CD-HA interactions are disrupted but
quickly recover to solidify around the extruded material in the
wake of the nozzle. Microfibers with diameters as low as 35 μm
can be printed with this method, depending on the nozzle size.
Guest−host HA hydrogel bioinks can either be used as
sacrificial or stabilized bioinks depending on their chemical
modifications (Figure 33). Primary modification with guest
and host functionalities yields a sacrificial bioinks, while
secondary modification with methacrylate groups allows for

Figure 32. Engineered vascular network from pluripotent stem cells
within a hyaluronic acid hydrogel matrix. (A) Human pluripotent
stem cells (PSCs) differentiate into early vascular cells that can
mature into functional endothelial cells (i) and perivascular cells (ii)
when placed within a designer synthetic hyaluronic acid (HA)
hydrogel. (B) PSC-derived EVCs self-assemble into networks in HA
hydrogels (i) and form hollow capillary structures stabilized by NG2+
perivascular cells (ii). Reproduced with permission from ref 496.
Copyright 2014 Company of Biologists.

Figure 33. Bioprinting microvasculature with supramolecular guest−host hyaluronic acid bioinks. Physically cross-linked guest−host HA hydrogels
can serve as sacrificial bioinks, while methacrylated guest−host HA hydrogels can be covalently cross-linked by UV to form a mechanically
stabilized bioink. Sacrificial guest−host HA bioinks can be embedded within stabilized guest−host MeHA hydrogels to fabricate a perfusable
network (scale bar = 500 μm). Adapted with permission from ref 502. Copyright 2017 Spring Nature.
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stabilization bioink stabilization after printing. Accordingly,
perfusable microchannels can be fabricated by printing
sacrificial guest−host HA bioinks within stabilized HA bioinks.
These channels can last up to 30 days in culture, depending on
the degree of methacrylation.502 Incorporating RGD peptides
and protease-degradable cross-linkers into the support hydro-
gel for GHost writing can support robust capillary sprouting
from parent channels.244 GHost writing with HA bioinks
represents an outstanding emergent method to print high-
resolution microvasculature with HA hydrogels.
Because methacrylated HA is photoreactive, it can also be

printed using laser-assisted methods, which offer better
resolution. Glycidal methacrylate-hyaluronic acid (GMHA)
and GelMA bioinks have been used to print an iPSC-derived
vascularized hepatic lobule model with DLP-SLA.503 This
method used an interesting approach whereby digital masks
were applied in a two-step sequential manner to print a first
layer of hiPSC-derived hepatic cells in 5% (w/v) GelMA
followed by a layer of endothelial and mesenchymal supporting
cells (HUVECs and ADSCs) in 2.5% GelMA and 1% GMHA.
The HUVECs formed microvascular networks after 7 days of
culture, and the triculture model significantly enhanced liver-
specific gene expression and functions in 3D. In another study,
Zhu and others used DLP-based microscale continuous optical
bioprinting (μCOB) to create prevascularized constructs
containing a “base” layer of HepG2 cells in 5% (w/v)
GelMA and a “vascular” layer of HUVECs and 10T1/2 cells in
2.5% GelMA and 1% HA.504 Lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) was used as a cytocompatible
photoinitiator. By using different digital masks, heterogeneous
vascularized constructs could be printed with gradient channel
widths regionally controlled biomaterials properties. Encapsu-
lated HUVECs formed lumen-like structures and micro-
vascular networks after 1 week of in vitro culture. Furthermore,
the prevascularized networks could functionally anastomose
with murine host vasculature after two-week subcutaneous
implantation. Nonprevascularized constructs were shown to
integrate poorly with host vasculature.
The versatility and biocompatibility of hyaluronic acid

makes it a useful biomaterial for bioprinting microvasculature.
The mechanical and bioactive properties of HA hydrogels can
be finely tuned through various chemical methods, making HA
an excellent canvas biomaterial for engineering “semi-
synthetic” bioinks with highly controllable microenvironments.
There have been impressive platforms developed recently to
promote human microvascular network formation in engi-
neered HA hydrogels.494 These platforms can potentially be
adapted for the development of bioinks with highly defined
proangiogenic microenvironments.
This section has reviewed polysaccharide-based naturally

derived hydrogels for bioprinting microvasculature. These
hydrogels are summarized in Table 3. Synthetic hydrogels will
be reviewed in the following section along with their
applications in bioprinting microvasculature.

4.2. Synthetic Hydrogel Bioinks

Synthetic hydrogels are based on hydrated networks of
polymers synthesized using chemical methods. The chemical
and physical properties of synthetic polymers can be tightly
controlled depending on the monomers used and the nature of
their cross-linking. Synthetic hydrogels are known for their
inability to support cell adhesion but can be functionalized
with bioactive peptides for cell-mediated adhesion and

degradation.505,506 This makes synthetic hydrogels excellent
canvas materials for user-defined functionalities. Synthetic
hydrogels are highly printable because their physicochemical
properties can be tailored to meet the printability requirements
of a given technique. In this section, we will review common
synthetic hydrogel bioinks applied in bioprinting micro-
vasculature.

4.2.1. Poly(ethylene glycol) (PEG). Poly(ethylene)
glycol, or PEG, is a popular synthetic biomaterial for a variety
of biomedical applications. PEG is a linear polyether
compound and is favored for its hydrophilicity and resistance
to protein and cell adsorption. PEG is generally biocompatible
and elicits minimal immune response, although there is some
emerging evidence demonstrating anti-PEG antibodies pro-
duced in rodents.507 PEG is often modified with diacrylate
(DA) or methacrylate (MA) groups for free-radical polymer-
ization. This affords PEG hydrogels with highly tunable and
defined mechanical properties. Importantly, PEG is nontoxic
and other biomaterials that have limited tunability can be
“PEGylated” or cross-linked with PEG monomers to tailor
their physical properties.
PEG hydrogels do not possess cell attachment sites and are

nonbiodegradable. Therefore, various strategies have been
developed to engineer PEG hydrogels with proangiogenic
properties. Growth factors like VEGF, bFGF, and PDGF as
well as proangiogenic signaling ligands like EphrinA1 can be
covalently bound to PEGDA hydrogels to promote EC
migration and tubulogenesis.508−510 Protease-sensitive degra-
dation sites can also be engineered into multiarm PEG
matrices for cell-mediated matrix remodeling and self-assembly
into vascular networks Figure 34.511−513 Interestingly,

conjugating the VEGF-mimetic peptide QK to PEG hydrogels
significantly enhances vascular morphogenesis compared to
PEG-VEGF or VEGF alone.514 Multiarm PEGs offer
numerous sites for conjugating different bioactive substrates,
enabling the engineering of complex proangiogenic micro-
environments within PEG hydrogels.
PEG hydrogels have been used in various bioprinting

approaches. For EBB, PEGs are mostly used to tune the
mechanical integrity of extrudable bioinks. Multiarm PEGs can

Figure 34. Schematic of proteolytically degradable PEG hydrogels to
promote vascular morphogenesis. The ↓ represents an MMP-
cleavable site. Adapted with permission from ref 513. Copyright
2010 Elsevier Ltd.
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increase the shear modulus of hydrogel bioinks due to higher
cross-linking density. Co-cross-linking multiarm PEGs with
thiolated hyaluronic acid and gelatin can enable 3D printing of
vessel-like constructs that support cell viability for up to 4
weeks.501 Adding four-armed PEG acrylate (PEG-4A) to
methacrylated gelatin and methacrylated hyaluronic acid
cryogels improved their mechanical properties and supported
capillary network formation in a coculture of ADSCs and
HUVECs.515

In a microfluidics-assisted bioprinting approach, bioinks
containing PEG monoacrylate-fibrinogen (PF) and alginate
were used to print multicellular lattice constructs of varying
geometries.516 The role of alginate was to immediately cross-
link the bioink to preserve its shape during printing, while PF
could be covalently cross-linked after printing for long-term
stability as well as promoting cell attachment. Alginate could
be removed by EDTA after printing, leaving behind pure PF
fibers around 100 μm in diameter. After 7 days, especially in
Janus constructs, HUVECs migrated to the periphery of the
fibers and formed vascular-like tubes with lumens around 150
μm. These vascular networks were able to anastomose with
host vasculature in mice after subcutaneous implantation for
15 days.
Most of the studies using PEG biomaterials employ cross-

linking methods that require UV exposure. More biocompat-
ible cross-linking strategies are necessary to maximize cell
viability in PEGylated hydrogels. Rutz et al. have developed a
PEGX toolkit to manipulate the properties of PEG-based
bioinks before and after printing (Figure 35).256 In the PEGX
method, PEG is functionalized with reactive groups on both
ends which represent the “X”. PEGX can then be used to cross-
link a variety of polymers with a diverse selection of chemical
methods. The mechanical properties of the resulting gel can be
tuned depending on the concentration of PEGX as well as its
molecular weight and display of functional groups. For cell-
encapsulating PEGX bioinks, cytocompatible cross-linking
chemistries like click chemistry and Michael-type additions
can be used. In a recent study, Rutz and others used Thiol
Michael type addition and tetrazine-norbornene click chem-
istry to tailor post printing mechanical properties and cell
viability in gelatin-based bioinks.518 HUVECs can be printed
using the PEGX method, but vascular morphogenesis has not
been demonstrated. Nevertheless, PEGX bioinks could offer
great flexibility in expanding the printability of otherwise
poorly printable hydrogels like gelatin. It would be interesting
to investigate vascular morphogenesis in PEGX systems that
place more consideration on angiogenesis in the future. For
example, protease-sensitive proangiogenic PEG hydrogels like
those described in the previous paragraph could theoretically
be developed into a bioink for direct bioprinting of
microvasculature with the PEGX method.
Most PEG hydrogels are modified for UV-based cross-

linking, which makes them amenable to laser-assisted
bioprinting approaches. Zhang and others have patterned
biomimetic 3D capillary structures in PEGDA hydrogels using
projection-based stereolithography.319 In a more recent study,
Grigoryan et al. fabricated vascular structures with unprece-
dented complexity in PEGDA hydrogels using a custom
projection stereolithography apparatus for tissue engineering
(SLATE). These structures included entangled multivascular
networks with intravascular features that mimic the sophisti-
cation of in vivo vasculature. A voxel resolution of 50 μm was
achieved using cytocompatible tartrazine as a photoabsorber.

Furthermore, the vascular networks could be endothelialized
and incorporated into a hydrogel carrier to support engraft-
ment of hepatic aggregates in nude mice. Though the networks
generated with this approach were highly sophisticated in form,
their lumen diameter was above 100 μm and therefore did not
recapitulate capillaries. The 20% (w/v) PEGDA hydrogel
formulation would also be much too stiff to promote
angiogenesis from the parent vascular network. It is unclear
whether the light blocking additives would allow for the
fabrication of patent capillary-like networks. Incorporation of
the identified light blockers into a more proangiogenic
hydrogel may facilitate the formation of capillary networks in
vitro and in vivo using this approach.
PEG hydrogels are useful biomaterials for direct writing via

LAB. Culver and others used two-photon laser scanning
lithography to pattern immobilized bioactive peptides in a PEG
scaffold.519 In this study, acrylated PEG was functionalized
with a matrix metalloproteinase peptide (GGPQGIWGQGK,
abbreviated PQ) for cell-mediated degradation and an RGDS
peptide for cell adhesion. Both peptides were acrylate-
terminated, and a photoinitiator was incorporated into the
PEG matrix so that, upon excitation with a tightly focused two-
photon laser, site-specific immobilization could take place via
addition polymerization. Unbound peptides could then be
washed away, leaving behind a precisely organized 3D pattern
of immobilized biomolecules with features as small as 5 μm in

Figure 35. PEGX method for tuning bioink printability. (A) Polymer
or polymer mixtures can be linear (e.g., gelatin), branched (e.g., four-
arm PEG amine), or multifunctional (e.g., gelatin methacrylate). (B)
PEGX can be linear or multiarm and can be various chain lengths. (C)
Cells can be optionally incorporated by (D) mixing with polymers
and PEGX to form the bioink. (E) Secondary cross-linking can
increase mechanical robustness after printing. (F) By changing the
reactive groups of PEGX, polymers of other functional groups may be
cross-linked. (G) Printing process of PEGX bioink method and
corresponding phase. Reproduced with permission from ref 256.
Copyright 2015 John Wiley and Sons.
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the axial direction. This strategy was used to pattern
biomimetic features derived from various tissues (e.g., cerebral
cortex capillaries) that could be used to pattern the
organization and tubule structures of HUVECs.
In a more recent study, Brandenberg and Lutolf used

focalized short-pulsed lasers for in situ bioprinting of
microfluidic networks in 3D cellularized PEG and collagen
hydrogels.300 Protease-sensitive and integrin-binding peptides
were functionalized onto the PEG hydrogel to promote cell-
mediated degradability in the bulk hydrogel. Importantly, cells
as close as 20 μm away from the pulsed laser were still viable,
highlighting the cytocompatibility of this technique. However,
the use of photoablation with high-intensity lasers still raises
concerns over structural integrity as it induces nonspecific
chemical bond photolysis and microcavitation. To address this,
Arakawa and others used a multiphoton laser with cytocom-
patible wavelength and intensity for 4D patterning of
microvasculature and cell-instructive ligand presentation in
PEG hydrogels (Figure 36).316 In this study, a diazide-
modified synthetic peptide was used to cross-link a PEG-
tetrabicyclononyne hydrogel via strain-promoted azide−alkyne
cycloaddition (SPACC). The synthetic peptide contained a
photodegradable ortho-nitrobenzyl linker (oNB) that could be
degraded by pulsed near-infrared light to generate multiscale
vascular networks as small as 10 μm in diameter. This
circumvents the use of high-intensity laser for photoablation,
which is potentially harmful to cells. The synthetic peptide
cross-linker also contained RGD and protease-cleavable
sequences to promote cell adhesion and remodeling of the
hydrogel matrix (Figure 36A). Perfusable, hierarchical 3D
vascular networks ranging from 300 to 25 μm in diameter were
patterned within the hydrogel (Figure 36B,C) as well as
biomimetic capillary structures (Figure 36D). Endothelializa-
tion of patterned microchannels with cross sections of 60 μm
× 60 μm (Figure 36E,F) and 45 μm × 45 μm was obtained
after perfusion with HUVECs, which is currently the smallest
endothelialized synthetic vessel generated within a cytocom-
patible biomaterial (Figure 36G,H).316 These channels can be

fabricated in the presence of stromal cells to fabricate
multicellular tissues with multiscale vasculature, highlighting
the potential of this approach to produce functional,
heterogeneous, capillarized tissues.

4.2.2. Poloxamers. Poloxamers, commonly known by their
trade name Pluronics, are triblock copolymers composed of
hydrophilic poly(ethylene oxide) and hydrophobic poly-
(propylene oxide) in linear alternating PEO−PPO−PEO
blocks. Gelation of poloxamers is thermoreversible, and they
form micellar liquids below their sol−gel point (∼20 °C) and
gels at physiological temperature via physical aggregation of
micelles.520 The exact sol−gel point of poloxamers depends on
polymer concentration, with higher concentrations having
lower sol−gel temperatures.521 Poloxamers have commonly
been used as a controlled release vehicle for hydrophobic
drugs.522 They have also been used as a wound dressing.523

Poloxamer 407, or Pluronic F-127, is a poloxamer that is FDA-
approved for use in humans and is the most commonly used
poloxamer biomaterial.
While Pluronics are generally cytocompatible, they are not

ideal for cell encapsulation. Concentrations starting at 10%
(w/w) have significant negative effects on cell viability.524 This
is problematic, as the minimum concentration of Pluronic
F127 needed to form a gel in mammalian cell culture medium
is 14%.525 Encapsulation of HMVECs in 15.6% (w/w) F127
gels led to complete cell death in 5 days.524 Membrane-
stabilizing agents (hydrocortisone, glucose, and glycerol) can
rescue cell viability in F127 gels, but may have inadvertent
effects on cell function.
Poloxamers are frequently used as sacrificial bioinks due to

their thermoreversible gelation. Jennifer Lewis’s group has
made major contributions to bioprinting perfusable vascular
networks using Pluronic F127 bioinks.241 In their foundational
work, they used Pluronics to pattern omnidirectional micro-
vascular networks within a physical hydrogel.241 Photo-
polymerizable diacrylate-functionalized Pluronic F127 was
used as a fluid reservoir to fill in voids created in the physical
F127 gel substrate by nozzle translation. Nozzle size and

Figure 36. Direct writing microvasculature in functionalized PEG hydrogels. (A) Multiphoton excitation induces localized degradation via oNB
photocleavage, resulting in microchannel (pink) generation in the presence of embedded stromal cells (green). (B) A fabricated 3D hierarchical
vascular network comprised of one 300 μm × 300 μm channel branching into four 100 μm × 100 μm channels and then terminating in 16
channels, each with 25 μm × 25 μm cross-section. (C) Cross-sectional views of the branched microvascular network indicate patent vascular
lumens. (D) Biomimetic capillary networks can be created with user-defined geometrical control within the hydrogel. Endothelialization of (E,F)
60 μm × 60 μm and (G,H) 45 μm × 45 μm (width × height) channels was achieved. Adapted with permission from ref 316. Copyright 2017 John
Wiley and Sons.
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printing pressure could be varied to create channels as small as
150 μm in diameter that could be perfused after UV curing of
Pluronic F127-diacrylate from the fluid reservoir. In a
subsequent study, Kolesky and others used Pluronic F127 to
pattern fugitive channels within vascularized heterogeneous
cell-laden GelMA hydrogels.526 In a later report, Kolesky used
Pluronic F127 to pattern perfusable vascular networks within
constructs several millimeters thick.148 In this study, a
multilayer vascular lattice was first printed with Pluronic
F127 “vascular ink” and a gelatin “cell ink”. Then, a GelMA/
fibrin hydrogel was cast around the lattice. The fugitive
Pluronic bioink was washed out and the open channels were
seeded with HUVECs to form an endothelialized channel
around 200 μm in diameter after 2 days (Figure 37). The

networks could be perfused and support the viability of cells
throughout the large construct. However, angiogenic sprouting
from parent channels was not demonstrated, even after 45 days
of perfusion. Furthermore, casting of the bulk hydrogel around
the sacrificial network limits heterogeneity of the final
construct. In another study, Millik et al. used coaxial extrusion
of unmodified Pluronic F127 in the core and Pluronic F127-
bisurethane methacrylate (F127-BUM) in the shell to fabricate
hollow tubes with diameters as low as 150 μm.253 Adding

collagen to the F127-BUM bioink enabled cell adhesion to the
luminal surfaces of the tubes and promoted monolayer
formation during in vitro culture.
The previously mentioned studies did not demonstrate

sprouting of ECs from the main channels and therefore did not
recreate proper hierarchical vascular networks with micro-
channels <100 μm. This is mostly due to the resolution limits
imposed by extrusion. To integrate capillary-scale networks,
Jacoby and others fused a dense “fluff” of melt-spun shellac
microfibers (5−500 um) with networks of manually extruded
Pluronic F127.527 After sacrificing the materials, ECs and
SMCs could be perfused throughout, self-assembling into
hierarchical structures resembling arterioles, venules, and a
capillary bed. This study demonstrated how sacrificial networks
printed with poloxamers can be complemented by alternative
biofabrication approaches to integrate capillary-scale features.
Poloxamer bioinks are highly printable and can be used to

fabricate sacrificial vascular networks with excellent shape
fidelity. However, poloxamers are currently only suitable for
extrusion-based bioprinting, which is limited in resolution as
has been previously discussed. Therefore, bioprinting capillary
networks with sacrificial poloxamer bioinks is not currently
feasible. However, patterned vasculature printed with polox-
amer bioinks can be surrounded by proangiogenic hydrogels to
promote capillary sprouting from the fugitive network. Another
drawback of using poloxamer bioinks is the need to use
subphysiological temperatures to liquefy and evacuate the
sacrificial poloxamer network.
In this section, we have reviewed synthetic hydrogels for

bioprinting microvasculature. Synthetic hydrogel bioinks for
bioprinting microvasculature are summarized in Table 4.
We have now critically analyzed the biomaterials currently

available for bioprinting microvasculature. We have focused on
individual biomaterials (and blends) in each section and how
they are formulated into printable bioinks for fabricating
microchannels and microvascular networks in vitro and in vivo.
Sections 3 and 4 have provided a thorough analysis of
techniques and biomaterials used to bioprint microvasculature.
An important aspect of these technologies that has not yet
been discussed yet is how they are applied. In the next section,
we review how bioprinted microvasculature can be applied for
disease modeling and drug testing as well as tissue engineering
and regenerative medicine.

5. APPLICATIONS OF BIOPRINTED
MICROVASCULATURE

Applications of bioprinting microvasculature have improved
the quality and scope of existing disease modeling and tissue
regeneration methods. In this section, we begin by providing
examples of pathophysiological models of several tissue types
that incorporate bioprinted microvasculature and move to
examples of bioprinted microvasculature for tissue engineered
constructs intended for regenerative therapies. In our
discussions, we include the advantages of incorporating
microvasculature and how microvascular structures can
improve the biomimicry and efficacy of constructs intended
for disease modeling, drug testing, and regeneration strategies.

5.1. Bioprinting Microvasculature for in Vitro Disease
Modeling and Drug Testing

Conventional in vitro tissue models have until recently
remained in the realm of 2D structures and microfluidic
devices. These models have proven to be useful in the

Figure 37. Microvascularized 3D tissue fabrication with Pluronic
F127 fugitive bioinks. (i) Fugitive (vascular) ink, which contains
pluronic 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. Reproduced with
permission from ref 148. Copyright 2016 National Academy of
Sciences.
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collection of inexpensive data but fall short in recapitulating
complex and physiologically relevant tissues. Three-dimen-
sional structures, however, can better represent in vivo
environments in which there are complex interactions, such
as those between cells, growth factors, and the extracellular
matrix.528 Additionally, traditional microengineering methods
have limitations in the use of multiple cell types and ECM
environments in unique spatial arrangements that mimic in
vivo conditions.529 Bioprinting can be used to position
biomaterials and cells in precise positions while maintaining
control over various spatiotemporal elements in the 3D
structures.36 Therefore, bioprinting is an enticing technique
for applications in in vitro disease modeling and drug testing
studies.
The current unmet need to develop effective in vitro models

for various pathologies lies in the fact that animal models are
inadequate in representing human diseases.530 Additionally,
existing disease models such as 2D cell culture and macroscale
hydrogels do not sufficiently recapitulate pathophysiological
conditions.531 The bioprinted tissue-specific 3D models can
facilitate drug testing. Approximately 25% of all drugs that are
withdrawn from clinical trials are attributed to toxicity and
pharmacokinetics.532 The development of in vitro models that
better mimic in vivo conditions is essential to advance drug
development and testing.533 One significant feature that can be
introduced to the advanced 3D tissue models for drug testing
is microvasculature; a vascularized component in models will
permit the biomimetic transportation of nutrients, oxygen, and

drugs throughout the construct.534 To date, various bioprinted
constructs for pathophysiological modeling and drug testing
have been developed to introduce microvasculature and
simulate the conditions of cardiac, lung, liver, kidney, intestinal,
placental, vascular, and cancer tissues. These are summarized
in Figure 38 and will be reviewed in the follow sections.

5.1.1. Cardiac Tissue Model. The myocardial tissue of the
heart is made of cardiomyocytes that are uniquely aligned to
exhibit electrical and mechanical functions necessary for
contraction of the heart.535 The creation of cardiac tissue
models is met with several challenges. In terms of constructing
physiologically relevant cardiac models, spatial control over
cardiomyocytes and the 3D architecture is necessary to
completely recapitulate aspects of native myocardium such as
signal propagation and cardiomyocyte contraction.536 Addi-
tionally, to create thick constructs for cardiac tissue models, it
is necessary to introduce microvasculature to promote nutrient
diffusion and waste removal throughout the models.537 To
meet these challenges, bioprinting has proven to be a useful
technique to both implement microvasculature and mimic the
organization of native cardiac tissue.36,538

In one study, Zhang et. al created multilayer microfibrous
structures utilizing bioprinted microvasculature to model
cardiac tissues (Figure 38A).539 The group used neonatal rat
cardiomyocytes seeded onto a bioprinted endothelialized
microfibrous scaffold. The subsequent endothelialized my-
ocardial structure demonstrated uniform beating that lasted up
to at least 2 weeks while undergoing perfusion culture. This

Figure 38. Applications of bioprinting microvasculature for disease modeling and drug testing. (A) Cardiac applications include encapsulating
HUVECs inside bioprinted microfibers to create confluent epithelial layers and seeding the scaffold with cardiomyocytes to create an
endothelialized myocardial tissue. Adapted with permission from ref 539. Copyright 2016 Elsevier Ltd. (B) Vascularized airway-on-a-chip models
were fabricated from a 3D vascular network and an airway epithelium. Adapted with permission from ref 436. Copyright 2018 IOP Publishing Ltd.
(C) Liver modeling has included triculture bioprinted models of liver lobules. Adapted with permission from ref 503. Copyright 2016 National
Academy of Sciences. (D) Bioprinted kidney models have relied on interactions between proximal tubule epithelial cells (PTECs) and glomerular
microvascular endothelial cells (GMECs) to examine renal reabsorption. Adapted with permission from ref 546. Copyright 2016 National Academy
of Sciences. (E) Intestinal model applications have included bioprinted structures that consist of an epithelial layer and a capillary region to
simulate the villi of the intestine. Adapted with permission from ref 374. Copyright 2018 American Chemical Society. (F) Applications of
bioprinting microvasculature have been used in placental modeling to gain insights into preeclampsia and other reproductive diseases. Adapted with
permission from ref 547. Copyright 2019 John Wiley and Sons. (G) Various vascular parameters can be simulated with bioprinted microvascular
models. Adapted with permission from ref 439. Copyright 2018 John Wiley and Sons. (H) Bioprinted tumor models can be used to examine tumor
metastasis. Adapted with permission from ref 548. Copyright 2019 John Wiley and Sons.
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bioprinting approach to cardiac modeling serves several
advantages, including control of scaffold parameters, the ability
to create scaffolds with multiple cell types, and further
applications of the endothelialized structures outside the
study of cardiac tissues. Furthermore, the model can be
translated to human studies in a step toward personalized
medicine using a hiPSC-derived cardiomyocyte (hiPSC-CM)
model, which was proven by using hiPSC-CMs as the source of
cardiomyocytes rather than neonatal rat cardiomyocytes. The
model in this case demonstrated uniform and synchronized
beating, much like the prototype with the neonatal rat
cardiomyocytes.
Studies on the effects of drugs on cardiovascular functions

are of high priority due to the fact that cardiac safety is the
leading cause for the discontinuation of drugs.540 Zhang et al.
additionally used their endothelial myocardial model described
above to test the toxicity of several drugs by combining their
microfibrous model with a bioreactor.539 The group found that
their model was able to predict cardiovascular drug toxicity, as
proven by dose-dependent responses when treated with the
anticancer drug doxorubicin. Following exposure to doxor-
ubicin, both the beating rate of cardiomyocytes the secretion of
vWF by ECs decreased. The response to doxorubicin, which
has known cardiovascular toxicity effects,541 demonstrates that
their model shows promise for testing potential cardiotoxicity
of other drugs. Furthermore, their model demonstrates
potential in the field of personalized medicine because
hiPSC-CMs seeded onto the scaffolds showed dose-dependent
responses to doxorubicin.
5.1.2. Lung Tissue Model. Blood is oxygenated via

respiration and diffusion of inhaled air from the lung alveoli to
the pulmonary capillaries.542 Capillary networks make up a
large portion of the lungs, with ECs covering a surface area of
approximately 130 m2.543 In lung models, it is important that
both the lung tissue and the endothelial networks are
recapitulated due to the close association between the alveoli
and capillary networks in the diffusion of oxygen and removal
of carbon dioxide.544 In vitro lung modeling has consisted of
simulations of the alveolar and capillary interface on micro-
fluidic devices544 that simulate breathing conditions through
cyclic positive and negative pressure loops.545 Bioprinting has
emerged as a useful tool for creating improved and more
tunable 3D airway models, specifically through their advanced
simulation of the interface between alveolar and capillary
tissues.436,545

A vascularized airway-on-a-chip model was made through a
bioprinted dECM bioink laden with ECs and lung fibroblasts
(Figure 38B).436 The construct included a vascular platform
consisting of bioprinted ECs that organized into an
interconnected vascular network after 7 days. In the model,
endothelial cell orientation was responsive to shear stress and
inflammatory mediators. Additionally, the model was able to
recapitulate the epithelium−blood interaction of the physio-
logical airway. Park et al. also applied their lung model for
disease modeling.436 In this system, they utilized their
bioprinted airway-on-a-chip to create an asthmatic airway
epithelium model that responded with increased mucus
secretion. Furthermore, they used their bioprinted design to
create an asthma exacerbation model to mimic environmental
exposures that contribute to chronic inflammation.436

5.1.3. Liver Tissue Model. The major purpose of the liver
is detoxification and metabolism of foreign substances.549

Recapitulation of native liver functions by engineered models

relies heavily on facilitating proper interactions between
hepatocytes and supporting cell structures. Because these
interactions rely on 3D assembly of the cell types, bioprinting
is a useful tool in engineering liver models.503 In the native
liver, microvasculature is necessary for the execution of
detoxification; therefore, liver models can become more
physiologically relevant when microvasculature is included.
Several studies have demonstrated that bioprinting can aid in
the incorporation of microvasculature to fabricate advanced
liver models.534,550

Through controlling the placement of hiPSC-derived hepatic
progenitor cells (hiPSC-HPCs) in culture with HUVECs and
adipose-derived stem cells, hepatic lobule constructs have been
fabricated (Figure 38C).503 The inclusion of controlled
geometries and materials and multiple cell types through
bioprinting led to enhanced function of the hiPSC-HPCs.
Furthermore, this bioprinted model was specifically advanced
because it was created with hiPSC-derived hepatic cells and,
therefore, makes strides toward applications as a patient-
specific model.
Drug testing in liver models with microvasculature is of

specific importance due to the role the liver plays in the
breakdown of drugs and the fact that liver damage caused by
drug toxicity is a major concern in drug development.549

Bioprinting has been implemented to create 3D liver tissue
chips capable of high-throughput drug testing by sandwiching a
layer of HepG2 cells between two layers of HUVECs.550 In
another study, Massa et al. used bioprinting of micro-
vasculature to study drug toxicity in a liver model.534 The
group printed microchannels by printing a sacrificial agarose
fiber in a cell-laden GelMA hydrogel and then seeding the
channel with ECs, creating endothelialized microchannels
within a 3D liver model. They applied this technique to drug
toxicity screening and showed that the implementation of the
microvascular channel within the liver model delayed the
permeability of molecules into the construct and demonstrated
a protective role, both of which are physiologically relevant
characteristics of the microvasculature in the liver. Addition-
ally, the incorporation of the endothelialized channel led to
higher viability of the HepG2/C3A cells.

5.1.4. Kidney Tissue Model. The kidney serves the
important role in the human body of filtering solutes in the
blood through the interactions between renal compartments
and a vascular network.551 Because of the precise structural
interaction requirements of kidneys, 3D models are helpful in
recapitulating kidney functions. For instance, 3D printing of
microfluidic chambers has been used in conjugation with
kidney organoids to facilitate the formation of vascular
networks.551 Furthermore, 3D bioprinting of microvasculature
with endothelial cell-laden bioinks within renal constructs has
emerged as an attractive technology for disease modeling and
regenerating kidney functions.552

To improve upon current kidney-on-chip models that do not
have substantial 3D architecture, Lin et al. made use of
bioprinting microvasculature to study renal reabsorption in 3D
kidney proximal tubule model (Figure 38D).546 Using a
fugitive ink, they created ∼200 μm channels seeded with
glomerular microvascular endothelial cells to create a micro-
vascular structure adjacent to a 3D bioprinted kidney
epithelium. Proximal tubule epithelial cells printed along the
microvascular structures demonstrated selective uptake of
albumin and reabsorption rates of glucose that could be
compared to in vivo values. Additionally, they demonstrated
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that their bioprinting model could be used to study diabetes
through the induction of hyperglycemic conditions.
5.1.5. Intestinal Tissue Model. The functions of the

human intestine include digestion of ingested foods, nutrient
absorption, and pathogen defense.553,554 To facilitate these
functions, a complex structure is found in intestinal tissue.554

Intestines are made of multiple cell types along with symbiotic
microbes that come together to create a 3D structure
consisting of villi and crypts.555 Therefore, to model intestinal
tissue, 3D constructs are needed to provide more accurate
recapitulations of physiological conditions. Specifically, there is
a need for models that have control of geometry and
architecture, which can be achieved through bioprinting.
For proper function of the intestine, capillary systems are

vital. The vessels serve the purpose of absorption and
transportation of nutrients and drugs that come into contact
with the intestinal epithelium.556 Therefore, physiologically
relevant intestinal models and gut-on-a-chip models have
benefited from the introduction of microvasculature, specifi-
cally through bioprinting.374 In an application in which a shell
of colon epithelial cells and a vascular core of HUVECs were
printed to create an intestinal villi model, Kim et al. conducted
simulation of the epithelial barrier function of the intestine
(Figure 38E).374 This was achieved by measuring permeability
and glucose absorption. Permeability and glucose uptake were
highest in the structures printed with the vascular network,
indicating that the vascularization created by bioprinting play a
large role in the reproduction of the physiology of the human
intestine.
5.1.6. Placental Tissue Model. The female reproductive

system is unique in the fact that the development of new blood
vessels does not follow the typical pattern of being in a
quiescent state as is the case throughout almost all tissues in
the adult human body. In the female reproductive system,
angiogenesis occurs regularly and cyclically during the
menstrual cycle and to maintain pregnancy.557 Additionally,
vascular remodeling is an important aspect in preparation for
embryo implantation and placentation.558

The placenta is vital in providing nutrients to a developing
fetus. Understanding the physiology of the human placenta is
necessary to realize the source of pregnancy complications.559

The placenta is developed in part from trophoblasts that
provide nutrients to the early fetus, and understanding the
interactions between trophoblasts and ECs can provide insight
into irregular trophoblast invasion that can lead to pregnancy
complications.547 Current in vitro models have not been able
to examine trophoblasts and ECs. However, bioprinting using
GelMA hydrogels laden with HUVECs and HTR8 extravillous
trophoblasts allowed Kuo et al. to create a placental model
capable of examining trophoblast−endothelium interactions
(Figure 38F).547 HUVECs printed in the model demonstrated
outgrowth and network formation that was later impaired by
the incorporation of trophoblasts. The direct coculture of
HUVECs and trophoblasts in a dynamic environment showed
that this placenta model could be used to help researchers in
their understanding of the interactions between trophoblasts
and the endothelium, which shows potential for gaining
insights concerning preeclampsia and other human reproduc-
tive pathologies.
5.1.7. Vascular Model. The endothelium of blood vessels

in the body serve as the primary interface between blood and
tissues and serves an important function in controlling the
movement of nutrients and soluble factors in the blood.560

Modeling of the vascular endothelium is important in
understanding various pathologies, including tissue overgrowth
and cancer and other vascular abnormalities that occur in the
cardiovascular, neurovascular, and musculoskeletal system.561

Several fabrication techniques have been used for modeling
various vascular parameters and creating vascular systems. For
instance, standard photolithography methods have been used
to model vascular properties that become abnormal during
disease states while recapitulating physiologically relevant
properties of the endothelial barrier such as intimal stiffness,
self-deposition of the basement membrane, and self-healing of
the endothelial barrier.562 Additionally, 3D printing has been
used to create a template within a GelMA hydrogel construct
containing 10T1/2 cells and a lining of ECs.563 Bioprinting,
however, has demonstrated the ability to improve techniques
in vascular modeling due to the capacity to create structures
with different cell types and materials and overcome the
challenge of fabricating complex vascular models that exists in
current free-standing microfluidic models.561

Using bioprinted microvasculature on the scale of ∼500 μm,
Gao et al. modeled various vascular parameters (Figure
38G).439 In this model, they were able to observe permeability,
antiplatelet adhesive effects, response to shear stress, and
microvessel sprouting. Following formation of their bioprinted
vascular model, Gao et al. modeled pathological changes in
response to airway inflammatory stimulation.
In silico modeling has also shown potential in the

applications of bioprinting microvasculature.339,564 In two
studies, Wang and colleagues modeled the fusion of cell
aggregates in the bioprinting of several tissue architectures.
The group simulated layer-by-layer deposition of scaffold-free
cell spheroids to fabricate various tissue geometries, including a
bifurcated vascular junction. Through their model, they
showed that computer-aided design tools can be used to
gain insight into the bioprinting process and ideally be
implemented for use in bioprinting vascular networks.339 In a
second study, the group looked at the fusion of cell spheroids
to fabricate vascular networks through kinetic Monte Carlo
simulations.564 They relied on parameters pertaining to cell−
cell and cell−medium interactions to create a model to
simulate the fusion and cell sorting that would occur during
bioprinting of vascular networks.564

5.1.8. Cancer Model. Effective recapitulation of the tumor
microenvironment, including chemical and biophysical cues, is
necessary for the fabrication of cancer models.531 3D
bioprinting has been used to fabricate spatially precise and
complex constructs with the structures necessary for mimicking
tumor environments.565 One particular structure that should
be introduced in cancer models is microvasculature due to the
critical roles it plays in tumor survival and metastasis.566

To study glioblastoma (GBM) and the roles angiogenesis
plays in the development of GBM, Wang et al. developed a
tumor model consisted of bioprinted glioma stem cells.567

Glioma stem cells were printed into a grid structure with
porous channels using an alginate−gelatin−fibrinogen hydro-
gel. The stem cells formed tubular networks across the pores
and expressed higher amounts of angiogenesis-related genes
versus those from the suspension culture. This observation
demonstrates that the 3D bioprinted structure recapitulates the
tumor microenvironment more closely and has the potential to
be used for the study of the roles glioma stem cells play in
tumor angiogenesis. Furthermore, these bioprinted models
could be used in research for antitumor angiogenesis therapies.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00027
Chem. Rev. 2020, 120, 10887−10949

10928

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00027?ref=pdf


Bioprinting was also used by Meng et al. to build
vascularized tumor constructs to study characteristics of the
tumor microenvironment in metastasis (Figure 38H).548 In
this study, bioprinting was especially useful in manipulating
chemical gradients as well as the placement of cell types,
including tumor cells, stromal cells, and infused vascular cells.
The metastatic tumor models consisted of a primary tumor cell
droplet, endothelialized microchannel, a fibroblast-laden
hydrogel to serve as the stroma, and release capsules serving
as gradients of chemotactic agents. The models were capable of
recapitulating mechanisms of tumor spreading and were
additionally used for anticancer drug screening.

5.2. Bioprinting Microvasculature for Tissue Engineering
and Regeneration

With the ultimate goal of engineering whole replacement tissue
and organs, microvasculature is an essential step in ensuring
nutrient diffusion in complex and large-scale tissue.568

Additionally, microvasculature play a critical role for proper
vascular integration of therapeutic tissue engineered constructs
in vivo.569 Various challenges persist in the fields of tissue
engineering and regenerative medicine in terms of the
implementation and engineering of microvasculature. These
include facilitating proangiogenic interactions between cells
and 3D matrices,570 creating hierarchical vascular architectures
that meet diffusion requirements, fabricating capillary-size
vasculature,569 achieving functional anastomosis in vivo.569,571

Importantly, bioprinting have demonstrated the ability to
conquer many of these challenges and advance tissue
engineered structures through the introduction of micro-
vasculature. In this section, we will review and evaluate

different microvascularized tissue models created by bioprint-
ing. These models are summarized in Figure 39.

5.2.1. Bone Tissue. Bone tissue is comprised of bone
matrix and vascularized tissue that serve several functions in
the body, including providing structural support, protecting
internal organs, and holding cells responsible for hematopoiesis
with marrow.572 The vascular network within bone is especially
important in supplying nutrients to cells within the bone
matrix and removing waste.573 Additionally, microvasculature
is necessary for providing bone with hormones, growth factors,
and neurotransmitters, as well as controlling hematopoiesis.574

Proper bone function relies on interactions between both
vascularized and bone matrix regions of bone tissue. Therefore,
it is vital that both regions are recapitulated in tissue
engineered constructs. Bioprinting has demonstrated potential
in printing multielement bone structures.575 For example,
bioprinting has been used to position HUVEC spheroids and
calcium phosphate into GelMA hydrogels create constructs
that have an osteogenic outer layer and angiogenic inner
layer.576 Furthermore, bioprinting of microvasculature can be
applied to fabricate vascularized grafts, which is one of the
largest challenges facing fabrication of constructs for the
treatment of large bone defects.398

Bioprinting 3D structures for bone tissue engineering has
been implemented to induce prevascularization of bone
constructs. For instance, sequential seeding of hSMCs followed
by HUVECs on porous 3D-printed hyperelastic bone (HB)
scaffolds promoted the formation of vascular structures across
3D-printed fibers of the HB scaffolds.577 HUVECs cultured on
these scaffolds expressed large amounts of endothelial cell-
related genes and microscale tube-like structures were seen in

Figure 39. Applications of bioprinting microvasculature for tissue engineering and regeneration. (A) Bone applications have included bioprinting of
biphasic vascularized bone constructs. Adapted with permission from ref 579. Copyright 2016 John Wiley and Sons. (B) In situ hand-held
bioprinting has been used to engineer prevascularized dental pulp. Adapted with permission from ref 580. Copyright 2019 Taylor and Francis. (C)
Patient-specific coronary vasculature has been recapitulated with bioprinting of multiscale vascular structures. Adapted with permission from ref
269. Copyright 2019 American Association for the Advancement of Science. (D) Muscle constructs have been fabricated through bioprinting for
treatment and repair of volumetric muscle loss. Adapted with permission from ref 438. Copyright 2019 Elsevier Ltd. (E) Applications for skin
engineering and regeneration have consisted of in situ methods for wound repair. Adapted with permission from ref 230. Copyright 2019 Springer
Nature, under the terms of the Creative Commons (CC BY 4.0) License https://creativecommons.org/licenses/by/4.0/.
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HB scaffolds with pores up to 1000 μm.577 Additionally,
seeding of HUVECs and MSCs onto 3D printed scaffolds of
calcium phosphate cement and alginate−gellan gum preloaded
with VEGF promoted the formation of tubular networks.578

When implanted into bone defects in rat femurs, the printed
scaffolds promoted infiltration of microvasculature into the
wound area.578

Utilization of bioinks laden with ECs has also proven to be
effective in bone tissue engineering and regeneration. Bone-like
3D structures have been created through bioprinting of
cylindrical rods with two different GelMA bioinks to create
osteogenic and vasculogenic niches.418 This approach to
fabricating bone-like structures shows promise in applications
such as the treatment of large bone defects. Printing of
HUVEC-laden hydrogels has also proven useful in bioprinting
hybrid scaffolds that consist of bioprinted microvasculature.150

Through printing a HUVEC-laden gel into the pores of a
PDACS/PCL scaffold laden with Wharton’s jelly mesenchymal
stem cells (WJMSCs), both osteogenesis and angiogenesis can
be enhanced. Although they did not show any in vivo
application of the bioprinted scaffold, the proof of promotion
of both angiogenesis and osteogenesis demonstrates that their
methods hold potential in future regeneration of bone defects.
Biphasic bioprinted structures have also been used to mimic

the native osteons of cortical bone.398 Cortical bone consists of
osteons in which osteogenic cell types are organized into
lamellae and vasculogenic cell types create branched Haversian
systems that run through the centers of the lamellae
throughout the cortical bone.572 Piard et al. used bioprinting
of microvasculature to recapitulate the osteogenic and
angiogenic potential of cortical bone osteons to enhance
neovascularization.398 The group recreated the Haversian
canals of cortical bone using a HUVEC-laden bioink printed
in the center of a fibrin bioink containing hMSCs and
demonstrated the angiogenic potential of the scaffolds through
in vivo studies, proving the potential use of biphasic osteon-
mimicking scaffolds for vascularized bone tissue engineering.
An additional application of bioprinted microvasculature has
been conducted to recapitulate the complex, hierarchical
architecture of bone through printing a soft organic bioink into
a hard, mineral structure (Figure 39A).579 The structure itself
promoted the ECs within the GelMA hydrogels to form
capillary-like networks with lumen-like channels. When
functionalized with VEGF- and BMP2-mimetic peptides,
enhanced angiogenic and osteogenic potential was observed.
Furthermore, dynamic culture of the constructs in which the
vascular channels were under shear stress improved the
formation of vascular lumen. The structure shows potential
of clinical translation and therapeutic bone regeneration.
Methods of in situ bioprinting to pattern ECs for

prevascularization have been used to promote bone regener-
ation. As shown by Kerouredan et al., bone regeneration was
enhanced depending on the pattern in which the ECs were
printed into calvaria bone defects. Bone regeneration was
evaluated based on the percentage of bone formation, and the
authors concluded that the prevascularization due to
bioprinting corresponded with printing pattern, in that they
observed enhanced bone regeneration when the ECs were
patterned in disc and crossed circle patterns.277

5.2.2. Dental Tissue. The tooth and supporting tissue
include the periodontium, dentin−dental pulp complex, tooth
root, blood vessels, and nerves. The interactions between the
complex architecture of teeth and their supporting tissues is

necessary for functions performed by teeth such as speech,
chewing, and aid in digestive functions.581 Without complete
recapitulation of these tissue elements, tooth regeneration will
not be possible. Microvasculature is especially important in the
engineering of dental pulp due to its high levels of
vascularization and the supporting vasculature of teeth.582

Bioprinting can be implemented to control the architecture of
tooth tissues and promote synergistic activity of the various
elements within dental tissues.
Duarte Campos et al. created a novel bioprinting strategy

that utilized the bioprinting of microvasculature to aid in the
engineering of dental pulp tissue (Figure 39B).580 Their design
included a hand-held bioprinter that would print an agarose
and collagen type I hydrogel bioink directly into the tooth root
canal. The bioink induced the formation of hollow vascular
tubes by HUVECs inside the ink. Their design holds promise
in future clinical application for dental pulp regeneration.

5.2.3. Cardiac Tissue. Cardiovascular disease is the leading
cause of death worldwide and accounts for approximately one-
third of deaths in the United States.583 Therefore, there is a
large need for therapeutic strategies to maintain heart function.
Because of the low regenerative capacity of the heart, there is a
pressing need for research in cardiac tissue engineering and
regenerative medicine.584 The purpose of cardiac tissue
engineering is to stabilize areas of the heart through
revascularization and restoration of function.585 Although
there are several elements important in cardiac tissue
engineering, microvasculature is vital in regeneration of cardiac
tissue. The average intercapillary distance in myocardial tissue
is approximately 20 μm, which is often not recapitulated with
tissue engineered constructs that span several hundred μm to
several mm.586 Additionally, microvasculature is necessary for
transportation of nutrients to keep both cells in engineered
constructs and native cells viable. Therefore, vessel architecture
must be imposed on tissue engineered structures.586

Sacrificial methods for the bioprinting of microvasculature
have been implemented to create microvasculature in cardiac
constructs. One method involves application of the SWIFT
method for the fabrication of cardiac tissue.272 Using a support
bath of iPSC-derived cardiac organ building blocks, a perfused
branching architecture could be printed into the tissue,
yielding high viability and sarcomeric structure development
in the cardiac tissue. These printing methods were then used to
recapitulate patient-specific cardiac structures, including a
segment of the left anterior descending artery.272 Additionally,
using patient left ventricle data from CT images, several mm
thick structures consisting of two bioinks, one with
cardiomyocytes and the other of a sacrificial ink containing
ECs and fibroblasts, were used to bioprint microvasculature.273

Incorporation of microvasculature, as demonstrated in these
applications, allowed the bioprinted structures to be several
millimeters thick, which shows the potential for this
technology to be applied to clinically relevant cardiac
patches.273 In another technique, ECs were preorganized to
create a vascularized cardiac patch through seeding of ECs in
patterned channels.478 The patches were useful in promoting
anastomosis of native vessels in the host through paths created
in vitro. Given the limitation of resolution of sacrificial
printing, other methods must be implemented to make smaller
scale capillary-like structures.
An improvement on the use of sacrificial bioprinting for the

introduction of microvasculature in tissue engineered cardiac
structures included a sacrificially printed branched channel
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networks used in conjunction with an oriented microporous
scaffold.587 The pores within the structures allowed for
elongation of cardiomyocytes and confluent seeding of ECs
that were perfused through the channels. Additionally, the
pores allowed for migration of ECs, which could facilitate the
formation of microvascular networks.587

Using endothelial cell-laden bioinks, significant strides in
bioprinting microvasculature have been made.149,478,585 For
example, microfluidic techniques can be coupled with
bioprinting to create multiple-cell type tissue constructs for
cardiac tissue engineering. Bioinks laden with ECs have been
printed to create a prevascular structure that supports
synchronous beating of cardiomyocytes seeded on top of the
construct.149 Cardiac patches have been constructed by
bioprinting a methacrylated collagen hydrogel laden with
human coronary artery endothelial cells, as shown by Izadifar
et al.585 To create the implant framework, alginate was printed
into a calcium chloride bath, followed by the removal of
calcium chloride and the printing of the cell-laden hydrogel. In
the three-layer patch, which consisted of the alginate
framework and cell-laden MeCol gel, lumen-like structures
were formed by the ECs.
Several developing techniques in bioprinting have emerged

to have large potential in advancing bioprinting micro-
vasculature for cardiac applications. FRESH 3D bioprinting
has demonstrated the potential to print small-scale vessels
(Figure 39C).269 Feinberg and colleagues printed multiscale
vasculature based on MRI-derived CAD models that contained
vascular structures patent at ∼100 μm. Additionally, their
technology demonstrated the ability to print organ-scale
structures. Their proof-of-concept models exhibit the potential
for future applications in which FRESH 3D bioprinting can be
used for introducing microvasculature in tissue engineered
constructs for cardiac applications.
5.2.4. Skeletal Muscle Tissue. Muscle tissue consists of

organized bundles of muscle cells capable of contraction that
are supported by nerves, blood vessels, and ECM.588 Blood
vessels are important in supplying muscle cells with oxygen and
nutrients and removing waste created following muscle
contractions. Therefore, for proper engineering of muscle
tissues with thicknesses greater than 100−200 μm, a functional
vascular system must be engineered into constructs.568

Tissue-derived bioinks have been shown to be viable options
for the treatment of volumetric muscle loss (VML), as shown
by Choi et al. (Figure 39D).438 The group’s approach induced
extensive endothelial vessel network. Following implantation in
VML space, the group found red blood cells in the lumens of
implanted areas and high colocalization of human CD31 and
mouse CD31 structures, indicating anastomoses between the
implanted bioprinted microvasculature and host vasculature.
The coaxial nozzle printing was successful in recapitulating the
hierarchical architecture of the muscle and led to 85% of
functional recovery.
5.2.5. Skin Tissue and Wound Healing. In clinical

therapies for wounds, rapid wound treatment and the
promotion of tissue regeneration is vital to prevent excess
scaring and the worsening of wounds with time.230 Strategies
for treatment of wounds in the clinical setting include split
thickness autografts and skin substitutes with or without
cells.230,589,590 However, several limitations in these methods
persist, and improved therapies are needed. Tissue engineering
has become an increasingly attractive technique for the
fabrication of skin tissue and for wound healing therapies.

However, one major challenge that faces the development of
tissue engineered constructs is that to create full-thickness
constructs, vasculature must be present. Without sufficient
vasculature, problems may occur such as lack of integration of
the skin substitute, presence of infection, and necrosis of the
tissue.591 Fortunately, bioprinting has emerged as a useful
technique in the fabrication of full thickness tissue constructs
due to the ability to generate organized microvasculature591

and recapitulate the architecture of native skin.590

One application of bioprinting consisted of fabrication of a
multilayered skin equivalents consisting of fibroblasts and
keratinocytes on top of Matriderm.279 These constructs were
then implanted into full thickness wounds to fill the defect site
and promote the infiltration of native vasculature. Additionally,
in situ bioprinting methods have been used to induce
microvascular infiltration into wound sites (Figure 39E).230

A fibrin and collagen bioink laden with dermal fibroblasts and
keratinocytes was used to deliver cells directly to wound sites
based on the topography of a patient’s wound. This study
showed promise in healing full thickness wounds and
demonstrated a robust technique for delivering cells in a
manner unique to a patient’s wounds. However, these methods
did not specifically print microvasculature but only harnessed
the ability of the bioinks to promote vascular infiltration into
the wound site.498,510

6. CONCLUSIONS AND OUTLOOK
Bioprinting has tremendous potential for on-demand fabrica-
tion of human replacement tissues and organs. However, its
clinical translation remains impeded by the inability to print
vasculature that recapitulates the multiscale nature and
function of human vascular systems. Most studies to date
have focused on bioprinting tubular structures and millimeter-
scale vascular constructs with simple cylindrical or branched
geometry. While these structures are useful as replacements for
large and medium diameter vessels, more delicate capillary
networks and intraorgan vasculature are necessary for
fabricating functional tissues and organs. With the develop-
ment of advanced bioinks and innovative bioprinting
techniques, there has been a surge in progress toward
bioprinting vascularized tissues and organs with physiologically
accurate architectures. In this review, we have evaluated the
performance and potential of these techniques and bioinks for
bioprinting microvessels. In addition, we have also examined
the current applications of bioprinted microvascular constructs
for in vitro assays and in vivo tissue regeneration. Despite the
exciting progress made so far, there are still numerous
challenges remaining in the field. They include: (1) developing
novel bioinks that are both proangiogenic and highly printable,
(2) printing microvasculature with physiologically relevant
heterogeneity and function, (3) enabling controlled organ-
ization of microvascular networks in 3D printed tissues, and
(4) developing novel printing techniques that fulfill appro-
priate speed, resolution, and biocompatibility requirements to
fabricate clinically applicable vascularized tissues and organs.
The current shortage of bioinks with both good printability

and high proangiogenic activity has created a major bottleneck
in bioprinting systems for fabricating microvasculature. It is
well-understood that a “biofabrication window” exists for most
conventional bioinks wherein biocompatibility and printability
are negatively correlated.347 Most highly printable existing
bioinks are often not cytocompatible. There is an urgent need
for the development of novel, versatile bioinks that extend this

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00027
Chem. Rev. 2020, 120, 10887−10949

10931

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00027?ref=pdf


biofabrication window. Tremendous innovation has been
demonstrated in the design of injectable proangiogenic
hydrogels for therapeutic vascularization. It is highly feasible
to adapt these hydrogels for bioprinting because the
rheological requirements for injectability (e.g., shear-thinning,
in situ gelation) are compatible with extrudability. Recent work
has demonstrated the use of nanomaterials (e.g., nanoparticles
and nanofibers) to reinforce the rheological properties of
bioinks for printing vascular structures.592,593 Bioprinted
nanoparticles can also be loaded with growth factors to induce
angiogenesis after printing.594 In addition, physical and
chemical cross-linking as well as blending strategies with
tunable materials like PEGs could allow for further fine-tuning
of the printability of proangiogenic biomaterials. Photo-cross-
linkable functionalities could also render proangiogenic
biomaterials suitable for light-assisted bioprinting of capillary-
scale networks.
Ultimately, bioinks need to be formulated with biomaterials

that closely mimic provascular microenvironments within
native ECM. As discussed in section 2.4, the ECM plays a
critical role in regulating physiological angiogenesis and tissue
formation, and the exact mechanisms by which this occurs is
still an active area of research. Therefore, novel bioink
platforms should adapt to a contemporary understanding of
the interplay between matrix biology and vascular morpho-
genesis. Extracellular matrix and growth factor engineering in
designer biomaterials systems should take advantage of
advances in matrix biology and materials science toward
developing novel proangiogenic bioinks for bioprinting micro-
vasculature.216

Another major challenge for bioprinting microvasculature is
recapitulating physiologically relevant heterogeneity and
maturity of microvascular networks in engineered tissues. As
discussed in section 2, the biological mechanisms of vascular
morphogenesis are exceptionally complex, and there are still
gaps in knowledge of the basic science of developmental and
adult vascular biology. While sophisticated engineering
approaches have been developed to mimic the processes of
vessel generation, the resultant microvascular networks still fail
to recapitulate the physiological complexity of capillary beds.
For example, the controlled release of single or dual growth
factors (e.g., VEGF, PDGF) is a common strategy to promote
angiogenesis, but it is not enough to drive the robust formation
of functional microvascular networks. In addition, conventional
proangiogenic hydrogels do not provide dynamic cell−matrix
interactions and anisotropic microenvironments that orches-
trate native vascular morphogenesis. Going forward, controlled
release of multiple pro-angiogenic and pro-maturation factors
in vascular-inductive matrices can enhance microvascular
network formation and maturation within printed tissues.595

This could be addressed by adjusting the physical properties of
biomaterials to achieve desired release profiles matching
natural cascades during wound healing. Another potential
approach would be incorporating growth factor-loaded nano-
particles within functionalized microporous scaffolds to mimic
native ECM components, as reviewed in ref 596. Furthermore,
postprinting maturation through perfusion bioreactors and
mechanical loading may be essential to develop mature
microvasculature. Combining advanced release strategies for
delivery of multiple growth factors in multimaterial bioink
platforms along with mechanical stimulation may vastly
improve the function of vascular networks and tissue
morphogenesis in bioprinted constructs.

The heterogeneity of cell types involved during micro-
vascular fabrication is another important consideration to build
physiologically relevant microvessel systems. HUVECs have
been used in most of the existing bioprinting studies due to
their high availability and robust expansion in culture.
However, they may not be an optimal cell type for engineering
microvasculature. Microvascular endothelial cells may provide
a more suitable alternative because their native function is to
form capillaries in vivo. Notably, there are significant genotypic
and phenotypic variations among microvascular endothelial
cells from different organs and microvascular beds.597 There-
fore, bioprinting strategies will need to take into account the
heterogeneity of microvasculature and their microenvironmen-
tal niches across different systems in the body. In addition to
ECs, supporting cell types like stem cells and fibroblasts should
also be included to further promote tissue formation,
maturation, and establishment of an endogenous basement
membrane around vessel networks, which lessens the like-
lihood of thrombotic events after in vivo implantation.598

Therefore, biomaterials used in bioprinting should promote
normal function of these supporting cell types, including
appropriate guidance of stem cell differentiation for the desired
tissue. Finally, mural cells (i.e., pericytes) will need to be
included in bioink formulations to stabilize mature micro-
vascular networks. This is especially important for tissues like
the brain, where pericytes control the permeability of the
blood−brain barrier.194 More studies focused on the formation
of mature, pericyte-supported capillaries surrounded by
basement membrane (i.e., collagen type IV and laminin) in
bioprinted tissues are necessary. For clinical translation and
patient-specific applications, iPSC-derived ECs and supporting
cells are ideal to promote immunotolerance of implanted
constructs. Furthermore, recent developments in organoid and
microtissue fabrication offer powerful new building blocks for
engineering vascularized organs and microsystems with
physiologically relevant cell density and 3D organization.
Controlling the 3D patterning of microvascular network

formation in bioprinted constructs represents another critical
challenge. In most bioprinting platforms, there is little control
over the organization of developing microvessels. After
printing, vascular cells are essentially left to self-assemble
into networks in an unmanageable fashion. This causes poor
reproducibility of microvascular network formation in bioinks,
especially in biomaterials that have batch variations in their
composition. While it is relatively straightforward to control
the patterning of microvascular networks on 2D substrates
through site-specific functionalization, manipulating their
organization in 3D poses significant difficulties. Indirect
bioprinting approaches can pattern 3D sacrificial networks,
but subsequent endothelialization and angiogenesis from the
parent vessels is difficult to control. Emerging biomaterials
systems that offer 4D control over matrix properties like
growth factor delivery and bioactive ligand presentation have
tremendous potential for controlling microvascular network
patterning in hydrogel bioinks.519 For example, photosensitive
biomaterials and growth factors can be spatiotemporally
manipulated using laser-based direct writing to control site-
specific ligand presentation and guide 3D endothelial cell
migration in hydrogels.312,316 These strategies could provide
elegant control over the organization of microvasculature in
bioprinted materials and should be further explored for
building functional microvasculature.
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Lastly, although numerous advanced modalities have been
developed for vascular bioprinting, as discussed in section 3,
each approach has inherent limitations, and no single
technique on its own can fabricate microvascularized tissues
with sufficient speed and biomimicry. Because these methods
are being developed in pursuit of a common goal to fabricate
human tissues and organs, it is foreseeable that next-generation
bioprinting techniques would combine DBB, EBB, and LAB
approaches into modular hybrid methods to complement their
strengths, offset their individual limitations, and accommodate
more diverse bioink formulations. For example, Ozbolat’s
group proposed a hybrid platform using coaxial extrusion and
scaffold-free bioprinting to fabricate scalable tissues and organs
with perfusable microvasculature and physiological cell
density.341 Alternatively, EBB and LAB methods could be
combined to complement the speed and resolution of these
approaches, respectively, toward high-throughput fabrication of
scalable tissues with intricate microvasculature. Dual 3D
bioprinting systems combining extrusion-based methods and
stereolithography have recently been developed to fabricate
perfusable small-diameter vasculature248 and hierarchically
vascularized bone biphasic constructs,579 demonstrating
proof-of-concept and the strong potential of hybrid bioprinting
platforms for vascular tissue engineering. The evolution of
similar hybrid platforms should unlock new possibilities for
generating sophisticated microvascularized tissues and organs
for clinical applications in the future. Furthermore, emergent
applications of volumetric additive manufacturing in tissue
engineering may massively increase build times for vascularized
tissues and organs.599−601

Bioprinting technology is evolving rapidly and is undoubt-
edly poised to make major contributions to healthcare.
Bioprinting microvasculature represents one of the most
critical challenges in the evolution of the field. Complementary
innovation in high-resolution bioprinting methods, highly
printable sacrificial and proangiogenic biomaterials, and
autologous sources of cells and biomaterials are necessary to
bioprint microvasculature capable of mimicking native vascular
physiology. Overcoming these challenges will bring the field
closer to printing functional human organ-scale vasculature,
which has been referred to as the “Mars mission of
bioengineering”.602
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Link, A.; Böhm, M.; Nickenig, G. Circulating Endothelial Progenitor
Cells and Cardiovascular Outcomes. N. Engl. J. Med. 2005, 353, 999−
1007.
(171) Bailey, A. S.; Jiang, S.; Afentoulis, M.; Baumann, C. I.;
Schroeder, D. A.; Olson, S. B.; Wong, M. H.; Fleming, W. H.
Transplanted Adult Hematopoietic Stems Cells Differentiate into
Functional Endothelial Cells. Blood 2004, 103, 13−19.
(172) Ingram, D. A.; Mead, L. E.; Moore, D. B.; Woodard, W.;
Fenoglio, A.; Yoder, M. C. Vessel Wall−Derived Endothelial Cells
Rapidly Proliferate Because They Contain a Complete Hierarchy of
Endothelial Progenitor Cells. Blood 2005, 105, 2783−2786.
(173) Patel, J.; Seppanen, E.; Chong, M. S.; Yeo, J. S.; Teo, E. Y.;
Chan, J. K.; Fisk, N. M.; Khosrotehrani, K. Prospective Surface
Marker-Based Isolation and Expansion of Fetal Endothelial Colony-

Forming Cells from Human Term Placenta. Stem Cells Transl. Med.
2013, 2, 839−847.
(174) Shi, Q.; Rafii, S.; Wu, M. H.-D.; Wijelath, E. S.; Yu, C.; Ishida,
A.; Fujita, Y.; Kothari, S.; Mohle, R.; Sauvage, L. R.; et al. Evidence for
Circulating Bone Marrow-Derived Endothelial Cells. Blood 1998, 92,
362−367.
(175) Timmermans, F.; Plum, J.; Yöder, M. C.; Ingram, D. A.;
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