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a b s t r a c t

Development of a vascularized tissue is one of the key challenges for the successful clinical application of
tissue engineered constructs. Despite the significant efforts over the last few decades, establishing a gold
standard to develop three dimensional (3D) vascularized tissues has still remained far from reality.
Recent advances in the application of microfluidic platforms to the field of tissue engineering have
greatly accelerated the progress toward the development of viable vascularized tissue constructs.
Numerous techniques have emerged to induce the formation of vascular structure within tissues which
can be broadly classified into two distinct categories, namely (1) prevascularization-based techniques
and (2) vasculogenesis and angiogenesis-based techniques. This review presents an overview of the
recent advancements in the vascularization techniques using both approaches for generating 3D vascular
structure on microfluidic platforms.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Development of three dimensional (3D) vascularized tissue has
been a major challenge hindering the widespread clinical applica-
tion of tissue engineering [1,2]. Due to a lack of proper vasculari-
zation methods, the current techniques of tissue engineering have
encountered severe limitations when applied to the development
of vascularized complex 3D tissues, particularly those intended for
large vital organs such as the liver, kidney, and heart [3,4]. Adequate
vascularization of tissue structures is, therefore, crucial for
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improving survival rate and function of implanted tissue engi-
neered constructs [5]. The ability to induce and control vasculari-
zation of tissues will also help in advancing the clinical utility of
therapeutic angiogenesis such as in healing of tissues affected by
chronic wounds associated with diabetic ulcers, myocardial
ischemia and peripheral arterial ischemia [6e9].

In addition, in vitromodels of blood vessel will pave the path for
the development of various vascular disease models that could
revolutionize the new therapeutics for atherosclerosis, hyperten-
sion, cardiac arrest, stroke, cancer and many other diseases [10e
12]. Furthermore, the progress of patient specific smart di-
agnostics and personalized medicine will greatly benefit from the
development of functional healthy or diseased models of blood
vessels on microfluidic platforms. Thus, the ability to form func-
tional blood vessels within engineered tissues, ranging from tens of
microns to several millimeters, will greatly expand the application
of tissue engineering. However, despite the extensive research on
vascularization and 3D blood vessels, the formation of a fully
functional tissue engineered blood vessel and/or a 3D fully func-
tional vascular network have remained elusive.



Fig. 1. Schematic representation for mechanisms of in vivo blood vessels formation and their structure, (A) vasculogenesis and angiogenesis: two predominant mechanisms of blood
vessel formation. Vasculogenesis gives rise to the primitive vascular plexus during embryogenesis. Angiogenesis remodels and expands the vascular network through biochemical
cues including growth factor gradient, budding tumors, and hypoxia conditions [30]. (B) Schematic diagrams for structure of blood vessels: Cross-section of arteries with their major
components and maturation steps [39]. Figures reproduced from Refs. [30] and [39] with permissions from Nature publishing group.
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Microscale technologies andmicrofluidic systems have emerged
as useful tools to overcome the challenges of developing an artifi-
cial microvasculature [2,5,13]. The merger of hydrogels and
microfabrication techniques has further led to the development of
microfluidic platforms [14] that offer precise control over various
aspects of the cellular microenvironment [15] including fluid flow
[16,17], chemical gradients [18,19], localized extracellular matrix
(ECM) [20e23] as well as the microenvironmental cues such as
mechanical properties (e.g. stiffness) [24], chemical properties (e.g.
ligand density and orientation) and topographic features (e.g.
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patterning of surfaces with substances having different cell-
substrate affinity) [25,26]. All of these advantages can be used to
facilitate the formation of biomimicking in vitro blood vessel
models and vascularized networks in 3D engineered tissue con-
structs [27].

In this review we highlight the recent advancements in vascu-
larization techniques for the fabrication of in vitro blood vessel
models and vascularized networks in 3D engineered tissue con-
structs. We briefly describe the different types of vascular struc-
tures, the natural processes involved in their formation in vivo and
the design criteria for their in vitro fabrication. Next, we discuss
different techniques developed so far for fabricating vascular
structures. The scope of the review is limited to the techniques for
fabrication of microscale vasculatures in the size ranges of tens of
microns to hundreds of microns, even though some of the pre-
sented techniques might also be suitable for fabrication of medium
to large size vascular structures for in vitro blood vessel models. The
two main types of techniques namely the prevascularization and
the vasculogenesis/angiogenesis-based ones have been discussed
with a particular focus on their use in conjunctionwithmicrofluidic
platforms.

2. Biology of native blood vessels

The successful development of biomimetic in vitro fabricated
vascularized tissue requires an in-depth understanding of the
biology of native blood vessels as it is important to replicate the
anatomical, physiological and functional aspects of the native vas-
culatures at different length scales [28]. In the context of tissue
engineering, the development of vascularized tissues has two
distinct aims: 1) to carry the necessary oxygen and nutrients and
remove the waste products from the surrounding cells in an
implantable tissue engineered construct, and 2) to replace a
damaged native blood vessel, or to be used as in vitro blood vessel
models for ex-vivo studies of vascular biology, cardiovascular pa-
thology, as well as pharmacological modeling, drug testing and
connecting multiple organs in body-on-a-chip applications [29].
For both of these aims it is important to understand the processes
of native blood vessel formation in vivo which we discuss here in
brief.

2.1. In vivo formation of native blood vessels: vasculogenesis and
angiogenesis

The mechanisms of in vivo formation of native vasculature can
be classified into two types, namely, vasculogenesis and angio-
genesis, Fig. 1a [30]. Vasculogenesis gives rise to the first vascular
plexus and heart during embryo formation [31]. It is the process
whereby new blood vessels are formed from endothelial progenitor
cells (EPCs). At first the mesodermal stem cells are differentiated
into EPCs, also known as angioblasts. The EPCs migrate to different
regions forming discrete blood islands which eventually fuse
together to form a vascular plexus and endothelial cells (ECs). The
ECs migrate and organize themselves into nascent endothelial
tubes and form capillaries [32]. Vascular endothelial growth factor
(VEGF) expression is required for angioblasts’ differentiation [33].
The recruitment of pericytes, smooth muscle cells (SMCs) and
fibroblast layers around the endothelial tubes turn them into more
matured and larger blood vessels such as arterioles, arteries, ven-
ioles, and veins [34]. Even though vasculogenesis is mainly a
developmental event, it can also occur in adult mammalians in the
case of revascularization following extensive damage or during
tumor growth [14].

Angiogenesis is the expansion and remodeling of the vascular
network through the sprouting of ECs from existing vessels. It
results from a sequence of events influenced by cellecell and cell-
ECM interactions [35]. The process starts with the sprouting of
ECs and continues with the stabilization of the formed capillaries
by pericytes. Angiogenesis can also happen through intussuscep-
tion which is the formation of new blood vessels via splitting of an
existing one, in which case it is also commonly referred to as
splitting angiogenesis [35].

2.2. Structure of native blood vessels at different length scales

The native blood vessels have complex unique structures at
different length scales [10,36]. The inner diameter of blood vessels
ranges from microscopic size, 5 mm for the smallest capillaries, to
25 mm, for the largest artery (aorta). The blood vessels on the
arterial side of the capillaries can be divided into elastic arteries,
muscular arteries and arterioles while those on the venus side are
divided into veins and venioles [37]. The walls of the large vessels,
namely elastic arteries, muscular arteries and veins have three
distinct layers starting from the vessel lumen: intima, tunica media
and tunica adventitia respectively [38], Fig. 1b [39]. Intima, the
innermost layer is a thromboresistent confluent monolayer of ECs
which is attached to a basement membrane (40e120 nm) [40].
Media, the middle layer, is comprised of a dense population of
concentrically organized SMCs with bands or fibers of elastic tis-
sues, and adventitia, the outermost layer is a collagenous ECM
containing mainly fibroblasts and perivascular nerves. In arterioles
(diameter w30 mm) some of these layers might be less obvious or
absent [41] while the smallest vessels, capillaries, are only
composed of a single monolayer of ECs, basement membrane and
pericytes. An internal elastic lamina and an external elastic lamina
separate the intima from the media, and the media from the
adventitia respectively [42].

The nutrition for the vascular wall itself is supplied by small
vasculatures existing throughout the adventitia. The adventitia also
contains innervations [43]. The stress, both longitudinal and lateral,
due to the pulsatile nature of the blood flow is mainly born by
tunica media [44]. There is a gradient of physical properties from
central to peripheral vascular tree, i.e. arteries that are closer to the
heart are thicker and more compliant whereas further along the
vascular tree arteries are considerably thinner and stiffer. As the
pressure goes down and the arteries give way to arterioles elastic
properties of tunica media and the presence of tunica adventitia
become less prominent [45].

The ECs are adherent to the luminal surface of the vessels [46].
They form a continuous monolayer, and are in direct control of
blood homeostasis, interaction with immune system cells, and
regulation of themolecular exchange to and from the blood and the
activities of the surrounding SMCs. The most distinguishing prop-
erty of ECs is their wide range of strong cell to cell junctions [47].
They react to shear stress by increasing their surface area through
spreading. In vivo, they are elongated in the direction of the blood
flow [48]. A healthy endothelium prevents initiation of the coagu-
lation cascade. Under normal conditions ECs secrete the anticoag-
ulant thrombomodulin [49], but in case of an injury they start to
express pro-platelet adhesive proteins such as selectins. The
endothelial lining also directs the behavior of SMCs and white
blood cells by secreting various signaling molecules. One of these
secreted bioactive molecules that have important roles in homeo-
stasis of the vasculature is nitric oxide (NO). It is a free radical with a
wide range of functions including inhibition of vasoconstrictor
signals during vasodilatation, prevention of platelet adhesion, and
exhibition of anti-inflammatory and anti-proliferative effects [50].
It is important to control the EC phenotypes for a tissue engineered
blood vessel, i.e. the endothelial lining should be in a phenotypic
state in which it prevents blood coagulation. The absence of an
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intact endothelium induces conversion to a synthetic phenotype
for SMCs [51].

SMCs are in the quiescent, contractile state under normal con-
ditions. Following injury, they convert to a more synthetic pheno-
type resulting in cell proliferation, MMP mediated enzymatic
degradation of ECM and vessel wall remodeling via newly secreted
Fig. 2. Schematic diagrams of different types of in vitro vascularization techniques: (AeD)
needle-based molding, (B) dissolvable-network-based sacrificial molding, (C) additive metho
(D) hybrid method e Bioprinting, (EeI) various vasculogenesis and angiogenesis-based techn
material, (H) gradient of growth factor in a microfluidic device, and (I) co-culture of multiple
from American Chemical Society, Royal Society of Chemistry and Elsevier Science.
ECM. This is possible due to the phenotypic plasticity of SMCs,
which enables them to switch between awide range of phenotypes
with distinct characteristics; defined as contractile and synthetic
phenotypes for the two extreme conditions [52]. SMCs are very
sensitive to strain, and dynamic culture experiments have shown
that SMCs become more oriented under controlled strain. Cell
various prevascularization techniques, (AeB) subtractive methods, (A) stainless steel
d e soft lithography/PDMS stamping-based micromolding and layer-by-layer stacking,
iques, (E) photolithography, (F) microcontact printing, (G) functionalization of scaffold
cells. Figures adopted and modified from Refs. [83,85,87,98,160,161] with permissions



Fig. 3. Fabrication of single vascular-like structures in hydrogels using needle-based subtractive prevascularization technique. (A) Microvascular tubes were formed in type I
collagen hydrogel by extracting a pre-inserted 120-mm-diameter stainless steel needle. Removal of the needle generated cylindrical channels that were seeded with microvascular
ECs. The EC monolayer exhibited strong cellecell junctions as shown by expression of Prox-1, junctional markers VE-cadherin and PECAM [162]. (B) A cylindrical channel was
formed in a cell-laden hydrogel using extraction of a stainless steel microneedle [89]. (C) A 300 mm microchannel in cell-laden GelMA hydrogels seeded in the lumen with GFP-
labeled-HUVECs [86]. (D) Fabrication of a vascular-like structure in cell-laden GelMA using cell transfer technique. A peptide chemically adsorbed on a gold wire was used to adsorb/
capture cells that were transferred to a hydrogel construct by embedding the rod in hydrogel and applying an electrical voltage. The gold was then removed leaving a channel
seeded with HUVECs. The multilayer structure was generated by an additional dip-coating step in GelMA solution enriched with 3T3 cells, (i) schematic representation of the dip-
coating-cell-transfer technique, (ii) a 3D continuous monolayer of ECs in the microvasculature, (iii) the bilayer structure of 3T3-HUVECs, (iv-vi) confocal fluorescence image of the
cross section, red: 3T3 cells, green: HUVECs [90]. (E) A multilayered capillary structure fabricated using a hierarchical cell deposition technique in a prevascularized polyglycolic acid
(PGA) scaffold. A uniaxial microchannel was formed inside the scaffold by extraction of a silica tube. Layers of SMCs and ECs were formed sequentially inside the channel using a
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proliferation is also affected by the application of strain. These ef-
fects are sensed by SMCs through the interaction of their integrin
mediated connections with the ECM [53]. In vivo, tunica media,
populated by SMCs, is responsible for vascular tone/diameter and in
this sense highly differentiated SMCs are responsible for the dila-
tation and constriction of vessels [54].

Fibroblasts, the predominant cell type found in adventitia layer,
are mainly responsible for the secretion of highly collagenous ECM
[55]. Even though in the past, adventitia and the fibroblasts were
considered as passive supporting components; recent studies have
shown the involvement of fibroblasts in response to injury and in
extensive interaction with SMCs in tunica media [56]. Under
normal conditions, they are static fibroblasts but triggers such as
injury can convert them to myofibroblasts. In tissue engineering
they have been commonly used in scaffold-free vessel production
methodologies due to their extensive ECM secretion [57].
2.3. Functions of blood vessel

Although carrying the oxygenated blood from the heart to
different parts of the body and returning the deoxygenated blood
from various parts to the heart are among the most important
functions of blood vessels, these are not their only functions. For
instance, maintaining proper solute to water balance in the blood
and tissues, shielding the parenchymal cells from interstitial fluid
shear, and providing appropriate physical and chemical signals to
the surrounding tissues are just few of examples of the many
functions of blood vessels [58e61]. For successful vascularization of
tissue engineered constructs and formation of model blood vessels
it is therefore important to understand and replicate the biological
and physical functionalities of different elements of blood vessels
[62].

The main physical properties of blood vessels include their
elasticity and burst strength, as they need to go through consider-
able deformations and stress fluctuations as part of their function
[63]. Tunica media is a complex fiber reinforced composite with
interspersed SMCs that exhibit non-linear viscoelastic behavior
[64]. The mechanical properties of the blood vessels are related to
the abundance and orientation of its ECM components. The main
components present in the ECM of blood vessels, e.g. collagen,
proteoglycans and elastin all have distinct functions [65]. Collagen
is the load bearing constituent. The most abundant collagen types
in blood vessels are collagen type III and type I. It is present in the
form of self-assembled fibrils whose particular orientation is the
main reason of tissues’ anisotropic mechanical properties. Elastin,
as its name suggests, is a highly elastic protein. 3D networks of
elastin are the reasons for vessel elasticity [66]. The elastin network
gets oriented in response to stress and as a result store potential
energy. The vessels can go through significant deformations and
exhibit viscoelastic properties, which are related to the presence
and activities of proteoglycans, another type of ECM components
[67].

The mechanical properties of the vessels have some specific
characteristics such as anisotropic response to stress/strain condi-
tions, non-linear stiffening and the dependence of the final
strength to the strain rate [68]. The stress induced by the blood flow
causes approximately 10e20% strain. The response of the blood
vessels to stress happens in three phases. The initial phase is a
linear, isotropic response due to elastin fiber stretching. In the
hierarchical cell deposition [91], (i) confocal fluorescence image of the fabricated bilayer cap
representation of the bilayer structure. Scale bar: 200 mm in C(ii), 400 mm in E (i), and 100 mm
Ltd. Wiley Periodicals Inc. and Wiley-VCH Verlag GMbh & Co. respectively. (For interpretation
of this article.)
second phase, the response becomes nonlinear due to the
straightening of collagen fibers which resists the stress. The
collagen fibers are completely elongated in the third phase and the
vessel becomes stiffer with the increase in stress [69]. In designing
and fabrication of vascular structures it will be beneficial to mimic
these behaviors.

Moreover, the most important mechanical parameter for ar-
teries is the burst strength, which depends on the materials, vessel
diameter and thickness. Vessel compliance is also an important
parameter [70]. In vivo, neointimal hyperplasia can occur due to
compliance mismatch between the transplanted vessel and the
target. The capacity to recoil and being extensible are indispensable
properties of the vessel walls. This enables the SMC mediated
constriction and dilation of the vessels [71]. If an artificial vessel
lacks elasticity, it can dilate and be weakened by creep [72]. These
effects can be mimicked in on-chip artificial blood vessel models.
Such models would also provide a method to monitor the con-
structs under highly controlled microenvironments that can mimic
in vivo stress/strain conditions [10].

The function of EC monolayer is to provide selective barrier
functions to different constituents of blood, control the blood flow
and the tone of vessel walls, ensure the thrombo-resistance of the
luminal surface [73] and to modulate the adhesion of leukocytes
[74]. The EC monolayer is also important for regulating the gaseous
and molecular (oxygen and nutrients) exchange, as well as the
signaling to the muscular component of the vessel wall [66]. The
SMCs in the middle layer (media) have a specialized contractile
function and the fibroblast cells in the outer layer are mostly
responsible for secreting and remodeling of ECM molecules. Thus
ensuring the formation of a continuous ECmonolayer as well as the
presence and appropriate phenotype of SMCs and fibroblast cells
are important for proper functioning of a tissue engineered
vascular structure [10].
3. In vitro techniques for vascularization

Early work on vascularization of tissues involved generating two
dimensional (2D) vascularized constructs of non-biodegradable,
e.g. silicon, pyrex [75], and PDMS [76] channels using photoli-
thography and soft lithography techniques. The non-
biodegradability and lack of biocompatibility of these systems
made them unsuitable for implantation. The subsequent studies
employed biodegradable materials such as poly(lactic-co-glycolic)
acid (PLGA) [77], poly(glycerol-sebasate) (PGS) [78], poly-
caprolactone (PCL) [79], and silk fibroin protein [80]. Even though
these materials are biodegradable, their poor interaction with cells
still remained as the main concern. The early 3D vascularized tissue
formations were based on stacking up 2D vascularized polymer
films into large 3D structures. For example, a PLGA network by King
et al. [77], and a PGS network by Bettinger et al. [81]. However
stacking of 2D layers to build a 3D vascular network is a cumber-
some process [5]. The more modern techniques involve 3D
hydrogel structures, which offer a number of advantages including
the ability to engineer biomimetic microenvironments with
tunable physical (e.g. biodegradability), mechanical (strength and
elasticity), and biological properties (e.g. cell adhesion, spreading,
migration and proliferation). Examples include but are not limited
to the calcium alginate [82,83], agarose [84], collagen and fibrin
[85], poly(ethylene glycol) diacrylate (PEGDA), and methacrylated
illary structure, green: SMCs, red: HUVECs, (ii) a magnified image of (i), (iii) schematic
in E (ii). Figures modified from Refs. [87, 89, 86, 90, 91] with permissions from Elsevier
of the references to color in this figure legend, the reader is referred to the web version



Fig. 4. Vascularization using various prevascularization techniques: (A) Sacrificial molding by dissolving a gelatin mesh in fibrin and collagen hydrogels [85], (i) overlaid phase
contrast images of a hexagonal vascular network in fibrin gel perfused with fluorescent microspheres, (ii) perfusable collagen gel with multiplanar networks shownwith an overlay
of suspensions of green and red fluorescent beads, respectively; (B) Prevascularization using omnidirectional printing of 3D microvascular networks with a fugitive ink into a
physical gel reservoir. The technique allows full control of channel hierarchical and branching patterns. Post photocrosslinking the ink (shown in red) is liquefied and removed
slowly under pressure exposing the microvascular channels [96]. (C) A rapid casting-based prevascularization technique (i) schematic overview of generating 3D vascular network:
an open, perfusable vascular network was generated using 3D printing of an interconnected sacrificial carbohydrate network able to support cell-laden hydrogels [96], (ii) a single
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gelatin (GelMA) [86] hydrogels. A schematic overview of various
recently developed techniques for vascularization in 3D hydrogels
is presented in Fig. 2. The methods include prevascularization-
based methods such as needle-based molding (Fig. 2A), sacrificial
molding (Fig. 2B), and additive bonding of prevascularized hydrogel
slabs (Fig. 2C); and vasculogenesis/angiogenesis-based methods
that use microfabrication, such as, photolithography (Fig. 2D),
microcontact printing (Fig. 2E) and micromolding (Fig. 2F), as well
as vasculogenesis/angiogenesis-based methods that use function-
alization of biomaterials (Fig. 2G), gradients of growth factors
(Fig. 2H), and co-culture of multiple cells (Fig. 2I). These modern
approaches of vascularization can be broadly classified under two
main categories, (1) prevascularization-based techniques, and (2)
vasculogenesis and angiogenesis based techniques.

3.1. Prevascularization-based techniques

Prevascularization of engineered tissue constructs is a relatively
recent and fast growing approach that has drawn tremendous
attention lately. A major advantage of these approaches lie in that
they allow immediate perfusion of the constructs helping the
proliferation and growth of the cells from the very beginning.
Moreover, the delivery of oxygen and nutrients, and the removal of
metabolic wastes can be performed continuously in a biomimetic
manner. Various prevascularization methods that have been used
so far can be grouped under (i) subtractive methods, (ii) additive
methods, and (iii) hybrid methods.

3.1.1. Subtractive methods
In subtractive methods, a hollow structure, i.e. a single channel

or a network of channels is formed by removing a sacrificial ma-
terial from a hydrogel. Examples include removal of a sacrificial
template either by extraction of a cylindrical object or by dissolving
a pre-formed network of a sacrificial material. Hence the subtrac-
tive approach used by various researchers can be grouped into (i)
needle-based molding method, and (ii) dissolvable network-based
sacrificial molding.

3.1.1.1. Needle-based molding method. When the purpose of making
blood vessels is to build experimental models for in vitro studies of
vascular functions, a single channel might be sufficient instead of a
branched vascular network, and a simple method can be used by
pre-inserting a needle, wire or other cylindrical structures in a pre-
polymer solution followed by removal of the cylindrical object after
cross linking of the gel. Joe Tien and colleagues [87,88] developed
this “engineered” approach using stainless steel needle-removal-
based subtractive method. In this approach of Chrobak et al. [87]
and Price et al. [88], a cylindrical channel was formed in collagen
type I hydrogel by casting the hydrogel around a stainless steel
needle. After the gel was formed, the needle was removed, creating
a cylindrical channel that could be readily perfused. ECs were
seeded into these channels forming a confluent EC monolayer that
exhibited tight EC junctions, Fig. 3A, strong barrier functions,
resistance to the adhesion of leukocytes, and appropriate reactions
to the tested inflammatory cytokines.
carbohydrate-glass fiber approximately 200 mm is encapsulated in a fibrin gel showing th
constitutively expressing enhanced green fluorescent protein (eGFP) imaged with confocal
ization of channel walls and across the intervessel junctions. (D) A microfluidic vessel netw
bonding of two hydrogel slabs [99]: (i) schematic cross-sectional view of the microfluidic col
(iii) Z-stack projection of horizontal confocal sections of endothelialized microfluidic vesse
100 mm) [99]. (E) Vascular tubes fabricated using bioprinting technique [110], (i) the tubular
using spheroids of ECs (green) and SMCs (red), (iii) a bilayer construct fabricated using bu
adventitia and media of a blood vessel. Figures reproduced and modified from Refs. [85,92,96
& Co. Nature Publishing, PNAS and IOP Publishing respectively. (For interpretation of the re
article.)
Khademhosseini and colleagues also used the needle-based
approach to show that perfusable microchannels with EC-seeded
lumen can be formed in cell-laden hydrogels, Fig. 3B [89], C [86].
Sadr et al. [90] combined a self-assembled-monolayer (SAM)-based
cell transfer technique with the needle-based prevascularization
method to obtain a free standing multilayered blood vessel with a
hollow channel and controlled geometrical design. They used
600 mm diameter gold sputtered rods modified with SAM-
oligopeptides coating. Layers of human umbilical vein endothelial
cells (HUVECs) and 3T3-fibroblast cells were formed on these rods
by dipping them in suspensions of 3T3 cells and HUVECs in GelMA
pre-polymer, followed by UV-cross-linking. The rod was then
removed using an electrical stimulation after transferring the cell
layers in a GelMA matrix, Fig. 3D.

Yoshida et al. [91] used a hierarchical cell manipulation tech-
nique in combination with a needle-based prevascularization
method to form a bilayered blood capillary mimetic comprising a
SMC layer and an EC layer. The authors fabricated uniaxial micro-
channels in g-PGA-SS (poly (g-glutamic acid) with di-sulfide link-
age) hydrogels by extracting 620 mmdiameter silica capillary tubes.
Layers of umbilical artery smooth muscle cells (UASMCs),
fibronectin-gelatin (FN-G) thin membrane and HUVECs were
formed inside the luminal surface by a sequential deposition to
obtain a bilayer vascular structure of UASMC and HUVECs, Fig. 3E.
The vascular construct exhibited strong barrier functions similar to
native blood capillaries.

Despite its numerous merits, which include its ease of fabrica-
tion, the needle-based method, however, is not suitable for forming
complex networks of interconnected channels as is required for
vascularization of large tissues.
3.1.1.2. Dissolvable network-based sacrificial molding. In the
dissolvable-network-based sacrificial molding, at first a 2D or 3D
network of a negativemold is formed using an easily dissolvable gel
or solid material. The pre-formed mesh or network is then encap-
sulated in a 3D hydrogel. Finally, the sacrificial mesh or network is
dissolved or melted and flushed out from the gel matrix, leaving
behind interconnected channels in the hydrogel structure. Andrew
et al. [85] used this technique employing micromolded meshes of
gelatin as the sacrificial material in collagen and fibrin hydrogels,
Fig. 4A(ieii). Others employed 3D printing technology for forming
the dissolvable-network of sacrificial material [92], Fig. 4B.

Recently, more complex structural motifs have been generated
for vascularization of tissue constructs with methods such as the
direct ink writing (DIW), allowing for better replication of 3D
microvascular structures while retaining relatively simple fabrica-
tion under benign conditions [93e95]. In the DIW method a fugi-
tive organic ink is used to create uniform microchannels
interconnected into a 3D network. However, architectural motives
that could be fabricated with DIW were limited. A solution to
overcome this challenge has been developed that creates more
representative biomimetic 3D interpenetrating microvascular net-
works by using vertical printing combined with dual fugitive inks
[93]. However, a more advanced method for fully unconstrained
vascular network printing is based on omnidirectional printing
e dissolution of the carbohydrates within hydrogel post-crosslinking, (iii) viable cells
microscopy z-stack to visualize two intersecting channels demonstrating endothelial-
orks (mVNs) fabricated using micromolding method followed by additive stacking and
lagen construct after fabrication, (ii) cellecell junction of EC seeded inside the channels,
ls, (iv) view of xz plane and (v) view of a corner. Red: CD31, blue: nuclei. (Scale bar:
constructs after fusing the cylindrical bioink, (ii) a bilayer tubular construct fabricated
ilding blocks of fibroblast cells (outer layer) and SMCs (inner layer) representing the
,99,110] with permissions from the Royal Society of Chemistry, Wiley-VCH Verlag GMbh
ferences to color in this figure legend, the reader is referred to the web version of this



Fig. 5. Formation of vascular structure using photolithography-based micropatterning technique: (A) schematic representation of the micropatterning process. Cell encapsulated
photosensitive hydrogel prepolymer suspension placed between two spacers and covered with a glass is exposed to UV light through a photomask. The areas exposed to UV light
gets crosslinked while the uncrosslinked region is washed out following the crosslinking step. (B) Confocal fluorescence image of a microconstruct showing the organization of
cytoskeletal actin fibers (red) of HUVECs, encapsulated in GelMa hydrogel, leading to the formation of an endothelial cord. The cord was imaged after 5 days of culture [113]. Scale
bar represents 100 mm. (C) Micropatterning using confocal-imaging-of-native-tissue-based templates and two-photon laser lithography technique: Confocal microscopy was used
to image labeled tissues in 3D. Each optical section was then processed to reconstruct the cross-sectional structure of the tissue using a mosaic of regions of interest (ROIs). Next the
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(ODP) method, where fugitive ink networks are printed within a
reservoir of a photocrosslinkable gel that provides physical support
to the designed patterns and allows for unconstrained printing of
motifs [96].

Using a carbohydrate sacrificial material in combinationwith 3D
printing and cell infusions Chen and colleagues employed a rapid
prototyping technique for developing vascular networks. They
created a 3D perfusable vascular-like network architecture sur-
rounded by ECMmimetic hydrogels. Prior to adding hydrogels with
encapsulated cells, a 3D carbohydrate-based backbone was printed
using 3D printing technology, acting as a support during hydrogel
crosslinking. Once the gels were solidified the carbohydrate glass
network could easily be dissolved in water leaving behind a per-
fusable, hollow, cylindrical channel network mimicking vascular-
like structures and architecture of more complex tissues, Fig. 4C.
The group then infused and seeded the hollow network with
HUVECs. This led to the formation of an endothelialized channel
network that behaved similar to native microvessels. Spontaneous
formation of HUVEC sprouts was observed. The authors demon-
strated the functionality of the fabricated network and showed that
culturing under dynamic conditions could sustain cell viability
deep inside the scaffold, facilitating nutrient delivery and waste
removal within the construct.

Additional advantages of this approach lie in the fabrication
method. In general, the technique is highly versatile allowing se-
lection of an array of cell types that can be encapsulated within a
range of ECM mimic hydrogel that act as support. Specifically, uti-
lizing carbohydrate glass as a sacrificial material adds and improves
to cytocompatibility. Next, the approach allows the control of
channel diameters that compose the network. Printed filaments of
different diameters can be seamlessly connected and controlled by
varying the translational velocity of the extrusion nozzle. More
importantly, the printed 3D channel structures can support their
own weight, paving the way for designing highly complex inter-
connected structures available through 3D printer technology.
Finally, carbohydrate glass-based materials offer optimal optical
properties that do not interfere with photocrosslinking and enable
cellular fluorescence and light imaging.

Miller et al. showed that emerging technologies such as 3D
printing can provide highly versatile approaches in recreating the
vasculature needed in the successful engineering of thick tissues.
They clearly demonstrated a functionally perfusable hollow
tubular network lined with HUVECs. The developed structure
sustained the viability and proliferation of encapsulated cells and
demonstrated the formation of spontaneous intrinsic vascular
sprouts.

3.1.2. Additive method-bonding of pre-formed hydrogel slabs
In the additive methods, a 3D network of interconnected

channels is formed by layer-by-layer stacking and bonding of pre-
formed planer hydrogel slabs. The slabs contain network of chan-
nels featured in 2D planes, pre-formed using micropatterning
techniques such as photomask lithography or micromolding in
such a way that when stacked together they result in a 3D network
of channels. The adjacent layers are bonded together irreversibly
using partial melting or fusion of hydrogel at the interfaces thereby
resulting in a 3D tightly sealed interconnected perfusable network.
One such method uses the micromolding technique, in which a
ROIs were used to control precise scanning of a laser scanning microscope. To pattern a 3D
pattern each corresponding plane of the hydrogel [123]. (D) Projections of imaged vascul
vasculature of various tissues at individual cross-sectional planes. (F) 3D projections of hy
various tissues. (G) A merge of the imaged vasculature with the imaged hydrogels, with yello
for insets). Figures reproduced from Refs. [113] and [123] with permissions from Elsevier Ltd.
color in this figure legend, the reader is referred to the web version of this article.)
master mold with desired microstructural features is created on a
silicon wafer using microfabrication processes. A transfer mold is
prepared by casting and curing an elastomeric polymer solution on
the master mold. The transfer mold with the desired microstruc-
tural features is either bonded to a flat substrate resulting in
microfluidic channels or networks, or is used as a stamp for
imprinting the micropatterns to a flat hydrogel. Bonding of two
adjacent flat slabs of hydrogels to ensure a leak-proof perfusable
system have been successfully demonstrated [97] through partially
dissolving the gel interface by chelating calcium (in case of calcium
alginate hydrogel) [83], depolymerizing the gel interface using
chaotropes (for natural gels such as collagen and fibrin) [98], and
transient melting of the interface (e.g. silk fibronin) [80] and
agarose gels [84].

Zheng et al. [99] recently developed a microfluidic tubular
network using the additive bonding of a micropatterned hydrogel
slab over a flat hydrogel layer, Fig. 4D. A silicone mold was used to
cast PDMS stamps that imprinted micropatterns of a vascular
network to a collagen casting gel. The biomimetic gel slab con-
taining microscale features was then bonded to a flat collagen
substrate forming a microvascular network. The authors demon-
strated the formation of a smooth and functional endothelium layer
without any leakage that also promoted angiogenesis. The devel-
oped microvascular network demonstrated various complicated
angiogenic and thrombogenic processes such as vessel sprouting,
interaction of ECs with mural cells, bioactivation of ECs in response
to various biochemical agents, anti-thrombotic behavior of the EC
monolayer and its expression of a pro-thrombotic behavior in
presence of inflammatory signals. This model can be of immense
value in designing a more complicated network, for understanding
the blood-vessel function, interaction of blood vessels with tumors,
and neoangiogenesis from circulating stem cells.
3.1.3. Hybrid method-bioprinting
Bioprinting is the process of printing living cells in a 3D space for

the construction of a biological structure using computer-aided
design and layer-by-layer deposition of cell-laden-matrices. It is
relatively a new method and is a growing area of research.
Currently, several groups are focused on generating 3D vascular
structures and blood vessel mimics with the aid of bioprinting
technique. As the method employs both the principles of additive
layer-by-layer deposition and the subtractive sacrificial removal of
filler material, we classify it as a hybrid method.

Two predominant approaches have arisen from the bioprinting
technology, specifically those based on inkjet printing [100e104]
and mechanical extruders [105,106]. Inkjet printing is a versatile,
robust and a cost effective method, as it relies on direct printing of
individual or pockets of cells. However, substantial challenges
remain with this approach, most notably the limitation in cell
density that the inkjet method can achieve, especially considering
cell densities meaningful for structures meant for fabrication of
biomimetic organs. This barrier is further compounded by the
observation that the high speed of cell deposition can lead to
damage and lower cell survival. These challenges in addition to
attaining appropriate structural and functional organization with
scalability, resolution, and repeatability required for construction of
3D vascular networks still remain to be solved.
structure, the mosaic of ROIs for each axial cross section was utilized to sequentially
ature from the retina, cerebral cortex, and heart. (E) ROI mosaics reconstructing the
drogels with fluorescently labeled PEG-RGD patterned to mimic the vasculature from
w indicating excellent overlap between vessels and patterns. Scale bars ¼ 100 mm (5 mm
andWiley-VCH Verlag GMbh & Co. respectively. (For interpretation of the references to
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Bioprinting can be utilized for generating small and interme-
diate diameter blood vessels using mechanical extruder-based
techniques [105,106]. In these approaches the exact purpose of
the mechanical extruders is to place the ‘bio-ink’ or multicellular
aggregated particles (that could be made of multiple cell types)
with a defined composition into a supporting structure or ‘bio-
paper’. High consistency is achieved by computer-generated tem-
plates in order to mimic the desired biological topology [107e109].
This way, layer-by-layer complex structures are fabricated.

In general, the formation of organ-like structures is made from
fusion and sorting of bio-ink particles once the printing process is
complete [110], Fig. 4E. Several advantages are obvious in gener-
ating 3D tissue constructs by employing thesemethods. Specifically
it is beneficial that the cells find themselves in a physiologically
relevant microenvironment both structurally for support and bio-
logically for promoting adhesive cellular contacts allowing molec-
ular signaling. These methods do require high initial cost for the
necessary bioprinting instrumentation [109]. However, current
research efforts are geared towards integrating intrinsic self-
assembly principles from biology in the design of next generation
of constructs, that perhaps could make these approaches more
feasible and cost effective. Furthermore, tubular and vascular-like-
structure can be built with various compositions and distribution of
ECs and SMCs in which fundamental principles of blood vessel
formation could be studied. It is noteworthy that both the inkjet
and extruder bioprinting can be made compatible with rapid
prototyping.

3.2. Vasculogenesis and angiogenesis-based techniques

Vasculogenesis, as explained earlier, is the process inwhich new
blood vessels are formed from EPCs through the formation of
vascular plexus, while angiogenesis is the process whereby groups
of ECs sprout, migrate and organize to form new tubular structures
eventually forming blood vessels. The mechanisms of vasculo-
genesis and angiogenesis can be utilized to promote the formation
of vascular networks in 3D hydrogels in a controlled and regulated
manner. In these approaches, the neovascularization in engineered
tissue constructs is promoted by providing biomimetic microen-
vironments to the cells, i.e. through integrated use of biophysical
and biochemical cues. Several techniques have been developed and
utilized under this category, including (i) micropatterning for
vascular morphogenesis, (ii) use of functionalized biomaterials for
promoting vasculogenesis and angiogenesis, (iii) gradient of
growth factors for vasculogenesis and angiogenesis and (iv) con-
trolling cellecell interactions for vasculogenesis and angiogenesis
using co-culture of multiple cell types.

3.2.1. Micropatterning to promote tubulogenesis and vascular
morphogenesis

There has been a rapid development in the area of micro-
patterning technologies for applications in promoting the forma-
tion of vascular networks in engineered tissue constructs [14,25].
Micropatterning has broadened the scope to develop cell micro-
patterned vascularized tissue constructs [111]. The techniques
mainly include photolithography, micromolding, microcontact
printing, laser photolithography, nanoprinting and UV light-based
chemistry.

3.2.1.1. Photolithography. In photolithography technique, usually a
photosensitive pre-polymer solution of hydrogel is exposed to the
light of certainwavelength through a photomask. The areas that are
exposed to the light wave are crosslinked while the rest of the
material remains uncrosslinked and is washed out afterward,
leaving a hydrogel structure with desired micropattern on the
substrate. The hydrogel is formed by a crosslinking process which is
initiated by the free radical-based chemical reactions between the
photo-initiator and the photosensitive prepolymer. In tissue engi-
neering applications, these light-sensitive biopolymermaterials are
often acrylated or methacrylated to form hydrogels with desired
porosity and mechanical properties [86,112]. Recently, Nikkhah
et al. investigated the application of photopatterning to develop 3D
endothelial cord-like structures of varied dimensions within
micropatterned GelMA hydrogels [113]. The results confirmed that
the behavior of ECs can be altered by varying the geometrical fea-
tures of the patterned structures, Fig. 5A, B. This method can serve
as a tool to form blood vessel-like structures for organized vascu-
latures. In another study, the use of GelMA was investigated for
generating vascular networks using ECFCs (endothelial colony-
forming cells) derived from human blood [114]. GelMA was re-
ported to promote microcapillaries of blood vessels in vitro, when
combined with co-cultures of EPCs and mesenchymal stem cells
(MSCs). The vessels demonstrated lumen-like structures, resulted
from a morphogenic fusion process involving the intracellular
vacuoles. The in vivo performance of the construct was confirmed
using immunodeficient mice by subcutaneous implantation. 7 days
post-transplantation data demonstrates the presence of lumen
throughout the GelMA constructs. The majority of the lumens
contained murine erythrocytes, which confirmed the functional
connections with the host vasculature. Other groups used collagen,
fibronectin and poly (ethylene glycol) e diacrylate (PEGDA)
hydrogels to promote vasculogenesis [115e118]. It was reported
that dense collagen matrices, with concentration ranging between
10 and 20 mg/ml, are mechanically strong, and retain the ability to
be restructured by cells using microfabrication techniques [119].

Apart from varying the biomaterial composition, different kinds
of cells have also been studied for this purpose. In particular, human
pluripotent stem cell derived co-differentiated early vascular cells
[116] and EPCs, which play a pivotal role in wound healing, have
been successfully used in vitro and in vivo [115]. Microfluidic
micropatterning of EPC produced elongated EC-like morphology
with aligned actin fibers. The EPCs also rapidly deposited and
remodeled the ECM without exogenous factors. In other similar
studies, fibronectin patterned and nanofabricated substrates were
shown to promote the organization of EPCs into well-defined
vascular tube-like structures in vitro compared to plain surfaces
[115,120].

3.2.1.2. Three dimensional laser photolithography. Laser photoli-
thography technique uses laser beams to selectively photo-
polymerize biomolecules to form 3D hydrogel structures. EC
encapsulated micropatterned hydrogel; covalently crosslinked
with RGD peptide molecules, pro-angiogenic VEGF and matrix
metalloproteinase (MMP), was fabricated using multi-photon laser
photolithography technique. ECs demonstrated accelerated and
guided tubulogenesis and directional sprouting in the micro-
patterned hydrogel [26,121,122]. In another study, Culver et al. [123]
used confocal images from native tissue samples as templates for
developing micropatterned structures based on two-photon laser
lithography. The group encapsulated HUVECs and mesenchymal
progenitor cells in MMP-sensitive photocrosslinkable PEG hydro-
gels modified with RGD peptide. Image-guided laser lithography
technique was used to immobilize the RGD conjugated PEG (PEG-
RGD) on the cell-encapsulated hydrogel. For this, complex micro-
patterns obtained from microvasculature images of retina, cerebral
cortex and heart were used, Fig. 5C. The results affirmed the po-
tential for application of this technique in fabrication of biomimetic
tissue constructs with detailed features at a microscopic scale. The
ongoing research on this technique is focused on how to integrate
the technique with microfluidic systems to generate 3D



Fig. 6. Vasculogenesis and angiogenesis-based approaches for vascularization: (A) promoting vascularization using functionalization of collagen hydrogel with covalently
immobilized VEGF [135]. The organization and morphology of cells after a 7- day in vitro cultivation are shown using hematoxylin and eosin staining (arrowheads indicate vascular
like structures). (B) Formation of microvascular network using coculture of HUVECs and NHLFS [149]. (C) Formation of vascular capillaries using co-culture of EC and fibroblast cells
in a microfluidic device [150], (i) schematic of the microfluidic device consisting of two main channels connected with a group of bridge channels arranged in a ladder like structure.
(ii) Enlarged view of ladder structure filled with fibrin gel forming concave sidewalls. (iii) HUVECs loaded and attached on the concave sidewalls and fibroblasts loaded through the
two main inlet channels after attachment of HUVECs to the fibrin gel. (iv) Formation of self-organized capillaries by HUVECs grown from both sides. (vevii) Image of HUVECs
sprouts from both sides and formation of capillaries through fusion of the sprouts’ tips over time. (viii) Immunostaining of perfusable capillaries. Blood vessels were stained with
Hoechst 33342 for the nucleus in blue and Phalloidin for F-actin in green and ZO-1 for tight junction in red. (D) Formation of a perfusable, functional microvascular network in a
versatile microfluidic device [151]: (i) a representative microvessel formed, (ii) The cells were able to form tight cell-junction connections visualized by VE cadherin and b-catenin.
(iii) aberrant morphology and frequent branching of immature tubules within 48 h of culture as shown by multiple tip cells visualized by F-actin and CD31 staining. Figures adapted
and modified from Refs. [135,149e151] with permissions from Elsevier Ltd., Federation of American Society for Experimental Biology and Royal Society of Chemistry. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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microfluidic vascularized tissue networks for bottom-up tissue
engineering and other applications [124,125].

3.2.1.3. Microcontact printing. The need to fabricate patterns on
material surfaces at micro-and nano-scales for controlling cell
adhesion geometry and shape, has led to the development of
microcontact printing. It is a simple and flexible microfabrication
technique for generating a large spectrum of structural variations
on the substrate at micro-and nano-scales [126]. The quality of
produced patterns depends critically on the quality of the contact
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between the stamp and the substrate. This technique is mainly used
to fabricate surfaces with self-assembled monolayer (SAM) regions
with different physical and chemical properties. The method has
been used to study the polymerization of actin and phosphoryla-
tion of tyrosine in patterned vascular ECs subjected to uniaxial and
cyclic strains using fibronectin microdots [127].

3.2.1.4. Micromolding. Micromolding is another widely used
method for micropatterning cell-laden hydrogels [128,129]. In
micromolding, the shape of a preformed master pattern is trans-
ferred onto a prepolymer solution through direct contact, during
which the prepolymer undergoes crosslinking. PDMS is the most
commonly used material for master mold. This method can be used
to design constructs containing spatially patterned EC tubular
structure with varied geometrical properties [99,130,131]. Micro-
molding and similar techniques have also been used to promote
capillary tubule formation by spatially patterning ECs using long
tubes of collagen hydrogel [78,92,132]. The size of the lumen varied
based on both microgel size and the concentration of collagen. This
approach has the potential for application in developing complex
blood vessel-like structures for investigating the fundamental
behavior of ECs in initiation of tubulogenesis.

The micropatterning techniques are simple and convenient for
patterning complex structures of cell-laden hydrogels and elasto-
mers on diverse substrates. They can be used to make complex
patterned network over a wide range of scale in 2D planes and can
be useful for detailed study of cell behavior under diverse micro-
architectural cues. However, their applicability is mostly limited to
2D, and as of now they cannot be used to develop 3D perfusable
endothelial cords or vascular structures.

3.2.2. Vascularization using functionalized biomaterials
The formation of vascular network can be promoted by func-

tionalizing the scaffold materials with various angiogenic biomol-
ecular cues. It has been found that the cell migration, penetration,
organization and matrix remodeling can be guided by functional-
izing the scaffold materials [133], e.g. by immobilizing angiogenic
growth factors (GFs), ECM proteins, peptides, or other bio-
macromolecules within the scaffolds, thereby promoting angio-
genesis and formation of vascular networks.

For example, genetically modified VEGF, where N-terminal
cysteine was chemically crosslinked to a fibrin-based structure via
thiol-directed cross-linker, significantly improved angiogenesis
[134]. Similarly covalent immobilization of VEGF in collagen
hydrogel exhibited improved vascularization compared to collagen
hydrogel without any VEGF, Fig. 6A. Additionally, concomitant
addition of VEGF and angiopoietin-1 (ANG1) to collagen via EDC
crosslinking resulted in higher tube formation by ECs compared to
the collagen scaffolds with individual components [135]. Heparin,
which interacts with VEGF, has also been immobilized in the scaf-
fold, leading to indirect immobilization of VEGF and thus resulting
in a prolonged VEGF release and improved angiogenic effect [136].

Functionalization of biomaterials can also be achieved via non-
chemical immobilization instead of chemical immobilization (e.g.
by promoting non-covalent-interaction mediated immobilization
or by the addition of enzyme sensitive moieties for highly
controlled immobilization) [137]. For example, artificial ECM mol-
ecules which are designed to interact with several GFs for their
non-covalent immobilization via coiled-coil interactions have been
used to fabricate tissue engineering scaffolds and shown to pro-
mote angiogenesis [138]. Advantages of this strategy include
mimicking the in vivo microenvironment of angiogenesis, main-
taining the angiogenic factor activities for a prolonged period of
time by protecting the compounds against fast metabolism through
routes such as endocytosis and encapsulating and delivering
angiogenic compounds in a temporally and spatially controlled
manner [139].

3.2.3. Vascularization using gradient of growth factors
Among the most extensively investigated methods for gener-

ating vascular network by promoting angiogenesis is the use of
concentration-gradients of common angiogenic growth factors in a
cell laden or cell-seeded hydrogel, often in a microfluidic device. In
this method, when a concentration gradient of GFs is established in
the vicinity of ECs, either in a hydrogel construct or in amicrofluidic
channel, the ECs tend to migrate from the region of low-GF-
concentration toward the region of high GF concentration,
thereby aligning themselves into well-organized structures and
enhancing the capillary-like tubular structure formation [3]. The
evaluated GFs include VEGFs, angiopoietins, the transforming
growth factors (TGFs), the fibroblast growth factors (FGFs) and the
platelet derived growth factors (PDGFs) [3]. These GFs can be
incorporated within the scaffolds to ensure a sustained release over
time thereby creating local concentration gradients or can be
delivered through the growth media flowing through microfluidic
channels. Also a single GF can be used as well as a number of GFs
simultaneously.

Upon incorporation of a single GF in a scaffold, angiogenesis
with increased capillary densities, as well as more matured capil-
laries were obtained compared to scaffolds without any GF. For
example, VEGF-loaded PLGA scaffolds resulted in double as many
blood vessel capillaries after implantation in an area of irradiated
osseous defects compared to the control scaffolds without VEGF
[140]. Perets et al. [141] reported the development of hybrid scaf-
fold system combining basic FGF (bFGF) encapsulated PLGA mi-
crospheres within alginate gel. The in vivo results revealed that
after 21 days of implantation, a significantly higher number of
capillaries (70 � 7 capillaries/mm2) was observed with the
involvement of bFGF compared to the scaffolds without bFGF
(18 � 5 capillaries/mm2) [141].

Recent research has revealed that combining multiple types of
GFs enhances the formation of EC tubes and their stabilization. For
instance, Hao et al. [142] developed an alginate-based system for
the co-delivery of VEGF and PDGF. It was found that after 4 weeks of
hydrogel injection into a rat myocardial infarction model, the
scaffolds with both VEGF and PDGF resulted in a vessel density of
about 40 capillaries/mm2 whereas scaffolds with either VEGF or
PDGF had a resultant vessel density of about 30 capillaries/mm2,
indicating that the sequential delivery of VEGF and PDGF may be
able to facilitate the formation of capillary vessels [142]. In addition,
Nillesen et al. [143] evaluated the individual and combined effects
of VEGF and FGF2 for blood vessel formation. The results showed
that the system loaded with a combination of GFs displayed a two-
fold increase in the formation of mature blood vessels compared to
the system with a single GF, confirming the synergistic effect of
multiple GFs.

GF gradient has been found to regulate the angiogenesis. For
example, Barkefors et al. [144] studied the role of VEGF gradient in
migration of ECs. The authors designed a microfluidic device with
three inlets to generate a concentration gradient by three parallel
fluid streams. The VEGF gradient was tunable by adjusting the so-
lution flow rates. The results showed that the ECs migrated towards
the high concentration of VEGF. These results also indicated that
the steep gradients induced faster cell migration from 0 to 50 ng/
ml, but no obvious migration from 50 to 100 ng/ml probably due to
receptors saturation [144].

Silvia et al. [145] further investigated the spatial and temporal
effects of GFs on angiogenesis. They studied the temporal effect of
VEGF concentration on angiogenesis using alginate hydrogel
models and analyzed the impact of the spatial distribution of VEGF
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using murine hind limb ischemia models. A profile with a high
initial concentration of VEGF (50 ng/ml/day) and a programmed
concentration decrease was able to develop more EC sprouts
compared to a constant dose of VEGF, the total amount being the
same. It was also found that a higher level of perfusion and better
vascularization performance were obtained by distributing a VEGF
dose (0.1 mg/g tissue) into two streams and delivering from two
different locations in a murine hindlimb ischemia model. These
findings suggest that control and regulation of the spatial and
temporal distribution of VEGF may be effective in inducing angio-
genesis in vivo [145].

Thus, it is clear that controlled GF release, right combination of
GFs, correct dosage and proper exposure time are among key fac-
tors for inducing the formation and growth of functional vascula-
ture and establishing appropriate vessel architecture and stability
[146].

3.2.4. Vascularization using co-culture of different cells
Co-culturing different suitable cell types under proper micro-

environmental cues can induce spontaneous alignment of the
vascular cells and generate vascular networks. This technique of
promoting vascularization through angiogenesis has been widely
investigated lately. Some examples of these studies have reported
capillary/microvascular tubules formation in tissue-engineered
scaffolds containing ECs or their progenitor cells. Cells co-
cultured with ECs or their progenitor cells to facilitate angiogen-
esis include fibroblasts, SMCs and various stem cells.

For example, Tremblay et al. [147] engineered vascularized hu-
man skin by co-culturing HUVECs, dermal fibroblasts, and kerati-
nocytes on 3D porous chitosan-collagen scaffolds. After 15 days of
culturing, capillary tubes were observed clearly in the co-culture
system but not in the monoculture system. The formation of 3D
capillary network could be attributed to the cellematrix in-
teractions and the cellecell interactions of HUVECswith fibroblasts.
Specifically, it was attributed to the fibroblasts which are able to
produce ECM in large amounts when co-cultured with VEGF-
producing keratinocytes [147]. The angiogenic effect of cell co-
culture was also investigated by Sudo et al. [148] who imple-
mented a microfluidic platform made of a micropatterned PDMS
with two parallel microfluidic channels connected using an inter-
vening 3D collagen gel to analyze the angiogenesis using primary
rat hepatocytes and microvascular ECs (rMVECs). The vascular and
hepatic cells were cultured separately on the sidewalls of the
collagen hydrogel bridging two parallel channels in a microfluidic
device. The results indicated that the 3D capillary-like structures
formed by rMVECs could extend across the intervening hydrogel to
the hepatic tissue in the co-culture systemwhile only 2D sheet-like
structures were observed in the rMVEC monoculture [148]. This
may be attributed to the hepatocytes-secreted hepatocyte growth
factor which could stimulate EC motility and growth. In another
study Chen et al. [149] used a similar microfluidic device with
coculture of HUVECs and normal human lungs fibroblasts (NHLFs)
resulting in a well-developed microvascular network, Fig. 6B. In
addition, Yeon et al. [150] reported the development and charac-
terization of perfusable capillary networks formed by HUVECs and
fibroblasts in vitro in a microfluidic device. This device contained
two large channels, connected with eight small bridging channels
(Fig. 6C i), which were completely filled with fibrin gel (Fig. 6C ii).
Following gel formation, HUVECs were seeded on opposite ends of
the fibrin gel (Fig. 6C iii) while fibroblast cells were seeded in the
channels adjacent to the gel. After 3e4 days, HUVECs migrated into
the fibrin gel from the opposite ends and connected/merged with
each other, forming a connective vessel expressing tight junction
proteins (e. g., ZO-1), which are characteristic of post-capillary
venioles (Fig. 6.C.iv-vi). This capillary network formation was
facilitated via the recruitment of fibroblasts which were found to
express essential matrix proteins (e.g., collagen I), supporting EC
lumen formation. Kim et al. [151] continued further investigations
and reported development of a more versatile, perfusable and
functional microvascular-like network where the results demon-
strated formation and morphogenesis of interconnected micro-
vessels (Fig. 6D i). Furthermore, the cellecell interactions facilitated
continuous hollow lumen formation enclosed by ECs throughout
the length of the vessels. The cells were able to form tight cell-
junction connections visualized by VE cadherin and b-catenin
(Fig. 6D-ii). The authors also demonstrated that the microfluidic
platform that they employed could also be used to model angio-
genic sprout formation induced by cancer cell secreted growth
factors. They observed aberrant morphology and frequent
branching of immature tubules within 48h of culture as shown by
multiple tip cells (Fig. 6D iii) visualized by F-actin and CD31
staining.

In addition, the impact of ECs on the proliferation, spreading and
differentiation of SMCs was studied by Liu et al. [152] utilizing a
hybrid hydrogel prepared from gelatin modified with meth-
acrylamide, and dextran-graft-lysine modified through meth-
acrylation. With the co-culture of ECs, the SMC proliferation,
capillary network formation as well as elastin synthesis were
promoted within the 3D hydrogel, suggesting that co-culture of ECs
and SMCs is a promising method for constructing functional
vasculature in vitro.

Among different cell types, stem cells, particularly, have
demonstrated a functional role in EC networks on in vitro 3D cul-
ture, i.e., to stabilize the developed EC networks. This may be due to
the molecular machinery contained in stem cells that is also ex-
pected in perivascular progenitor cells. For example, Moon et al.
[153] synthesized a PEG polymer with MMP-sensitive and RGD
peptide sequences to mimic the natural provisional ECM. When
cultured in this system, HUVECs spontaneously formed capillary-
like structures. These structures were stabilized by a lineage of
SMCs (differentiated from mesenchymal progenitor cells) which
deposited laminin and collagen IV. Boyd et al. [154] have also
shown that the co-culture of HUVECs with multi-potent MSCs
derived from human embryonic stem cells increased the degree of
branching of EC networks andmaintained the network integrity for
up to 6 days compared to HUVECs alone in the 3D collagen I-
fibronectin scaffolds. More recently, Chen et al. [114] found that the
co-culturing of endothelial colony-forming cells (ECFCs) derived
from human blood with MSCs derived from bone marrow gener-
ated networks of capillary-like structures when encapsulated in 3D
GelMA hydrogels, whereas in the absence of MSCs, no capillary-like
network formation from ECFCs was observed [114]. It was also re-
ported that the presence of MSCs increased the overall survival of
ECFCs and enhanced the formation of capillary networks from
ECFCs. Furthermore, in vivo implantation of this prevascularized
construct into immune-deficient mice resulted in a fast develop-
ment of functional anastomoses between the native vasculature of
mouse and the engineered vascular network. Therefore, incorpo-
rating appropriate cell types in a pre-designed matrix may be an
effective and safe strategy for vascularizing tissue engineering
constructs [155].

Thus, a growing body of evidence suggests that co-culture of
multiple cell types under proper microenvironmental cues can
result in perfusable vascular network. However, all methods
have their inherent merits and demerits. Future approaches to
vascularization are, therefore, likely to be a combination of
multiple techniques such as prevascularization or micro-
fabrication using functionalized biomaterials in combination
with multiple growth factors and co-culture of different cells
[156].
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4. Conclusions and future directions

Vascularization is one of the biggest challenges for the wide-
spread clinical application of tissue engineering. For fabrication of
implantable thick, large and complex tissue engineered constructs,
or repair and regeneration of living tissues in general, the issue of
vascularization must be resolved. In this review, we have provided
an overview of the techniques available for vascularization of
engineered tissue constructs on microfluidic platforms. In general,
the techniques developed to date can be classified into (i) pre-
vascularization techniques and (ii) vasculogenesis and
angiogenesis-based techniques. The prevascularization techniques
can be divided into (a) subtractive methods, (b) additive methods,
and (c) hybrid methods, all of which are based on engineering
readily available perfusable channels in tissue engineered con-
structs. Examples of the subtractive methods include needle-based
molding and dissolvable sacrificial network-based molding, while
those of the additive and hybrid methods include layer-by-layer
assembly of micropatterned or micromolded planer hydrogels
and bioprinting respectively. The vasculogenesis and angiogenesis-
based techniques rely on modulating cellecell interactions to
achieve a vascularized construct. Commonly used vasculogenesis
and angiogenesis-based techniques are (a) microfabrication of
cellular networks for tubulogenesis and vascular morphogenesis,
(b) functionalization of biomaterials with proangiogenic agents to
promote angiogenesis, (c) utilizing either a single or multiple
proangiogenic growth factors to induce angiogenesis and (d) pro-
moting spontaneous vascularization by co-culture of two or more
different cell types including EC, SMC, fibroblasts, progenitor cells
or various stem cells. The various types of microfabrication or
micropatterning techniques that have been used so far include but
are not limited to photolithography, microcontact printing, and
micromolding. The microfluidic platforms have great potential to
provide the necessary microenvironmental cues for promoting
vascularization leading to formation of viable thick tissue con-
structs [76e78,83,86]. Hence the practice of incorporating micro-
fluidics into tissue engineering, thereby generating vascularized
constructs has been steadily gaining ground.

Each of the vascularization methods has its own advantages and
limitations. While the prevascularization techniques provide
readily available channels allowing immediate perfusion of growth
media or blood, and are perhaps suitable for fabrication of larger
blood vessels, they are not suitable for vascular microcapillary beds
with cascading bifurcations down to few micron sizes. The vascu-
logenesis and angiogenesis-based approaches, on the other hand,
provide very limited control over the temporal and spatial factors,
require days to weeks before cells can organize and give rise to
perfusable lumens, and are to date not suitable for formation of
vascular structures in the size ranges suitable for suturing and
anastomosis with the host vasculatures. Since the successful im-
plantation of vascularized tissue constructs lies in their ability to be
functionally integrated with the host tissue, creating upon im-
plantation anastomosis contacts between the microvessels of the
implanted tissue constructs and the host’s blood vessel system, the
ultimate solution for proper vascularization may lie in methods
combining more than one technique.

Moreover, while many of the publications have demonstrated
the proof-of-principles and feasibility studies for different vascu-
larization techniques, many remaining challenges are yet to be
solved. For instance, a better understanding is required about fac-
tors that determine and guide precise temporal and spatial emer-
gence of biochemical cues and their effects on the formation of
stable, functional microvasculature suitable for clinical application.
Amongst other factors that require further attention is the role of
mechanical stability of the constructs as more complex vascular
network structures are integrated. Furthermore, shear stress
resulting from different perfusion and flow rates and the behavior
of ECs under such conditions including their attachment and pro-
liferations needs to be carefully evaluated as critical design con-
cepts in developing vascularized scaffolds. Other challenges include
how essentially 2D methods such as microfabrication can be
translated into a 3D vascularized tissue construct, and how to
integrate these techniques as the channel scale dimensions in-
crease from microns to millimeters requiring channel integration
across layers.

Beyond the engineering challenges, understanding the long
term biological effects is crucial for the future application of vas-
cularized tissue constructs. Of particular importance are the effects
of vascularized tissue constructs on the surrounding organ, cell/
tissue differentiation and vascular remodeling post implantation. It
is important to ensure that these vascularized constructs do not
impede full vascular maturation, leading to crucial physiological
functions in response to biochemical or vasoactive stimuli. Addi-
tionally, it is necessary to ensure proper cellular phenotypes, as
well as functional and biologically relevant cellecell communica-
tions and signaling in addition to ECM proteins and cytokines se-
cretions. Such challenges need to be addressedwhile incorporating,
particularly for larger blood vessels, multilayered vascular walls
within vascularized constructs with layers of fibroblasts and SMCs,
in addition to the EC monolayer.

When intended for applications in brain and ocular tissues, the
engineered vasculatures must exhibit the required specialized
physiological effects such as the blood-brain-barrier and blood-
retina-barriers, showing that tight junction permeability is not
compromised due to the implantation of the tissue engineered
constructs. Furthermore, effects of mechanical stimuli and shear
stress have to be better understood in a biological and biochemical
context. Polarity of ECs must be investigated and their ability to
form future instructive physical and biochemical gradients neces-
sary for downstream signaling and proper function. These func-
tions are essential for capillary morphogenesis dependent on both
spatial and temporal control of both biochemical and mechanical
cues. Hence, each scaffold should at least be neutral if not
instructive for these functions [157e159]. Finally, these vascular-
ized tissue constructs should allow for better modeling and aid in
the study of physiology and physiopathologies of the native
vasculature and perhaps provide clues to more complex cellular
processes.

The future direction is clear; to create implantable thick vas-
cularized tissue constructs that could serve as artificial organs or
aid in their repair and/or regeneration. However, in order to
translate the basic science discoveries into clinically relevant
transplants and therapies, issues down the road such as stan-
dardization has to be resolved beyond the basic engineering. With
the advancement in various microfabrication techniques, such as
photolithography and micromolding techniques, it is necessary
now to establish methods and criteria that will evaluate the
performance and clinical relevance of cell-laden vascularized
constructs. This will aid in generating a systematic approach that
will assess if the intended organ application requirements have
been met. Furthermore, there is a void in the development of
tools for real-time monitoring of growing tissues on microfluidic
chips. With the advances in incorporation of micro- and nano-
sensors it would be beneficial to integrate them into micro-
fluidic tissue constructs for real-time monitoring. These sensors
could be applied in a wide variety of fashions including assessing
in real-time cell viability and function. Such approaches could
lead to the development of functional materials that could bring
the necessary revolution to solve the current issues and
challenges.
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To summarize, even though significant progress has been made
toward vascularization of engineered tissue constructs during the
past decade, there is still plenty of work to be done. Even though the
clinical goals are clear, the potential paths to lead toward the goals
offer multiple alternatives. Ultimately, most likely, a combination of
multiple approaches taking the best of what microfluidics, bio-
sensing, vasculogenesis and angiogenesis-based bottom-up ap-
proachesandprevascularization-based top-downapproacheshave to
offer, might lead to the achievement of the clinical goals of fully
functional and adequately vascularized implantable complex tissues.
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