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    Abstract     Engineered tissue scaffolds aim to reproduce the body’s architectural and 
geometrical intricacies, including vital cell–cell interactions. These scaffolds serve 
as synthetic extracellular matrices that organize the embedded cells into a three-
dimensional (3D) architecture and present them with stimuli for their growth and 
maturation. Tissue engineering techniques have been applied to many types of 
tissues; however, numerous challenges regarding their development still remain. 
These challenges include our inability to generate a functional vasculature that can 
supply the tissue with nutrients and oxygen and the inability to mimic the complex 
cell–microenvironmental interactions that regulate the formation of a functional 
tissue. This chapter focuses on the most recent developments in the fi eld of micro-
fabrication technologies to design vascularized tissue constructs. In particular, we 
discuss emerging bottom-up approaches to design complex macroscale structures, 
examine their current limitations, and conclude with future directions in designing 
more complex tissue architecture.  

1          Introduction 

 Engineering artifi cial tissues offers great promise for treating patients with organ 
failures that are associated with disease, injury, and degeneration [ 1 ,  2 ]. Current 
approaches to engineer three-dimensional (3D) tissue structures are based on encap-
sulating cells within a porous scaffold and providing structural and molecular cues 
to facilitate formation of tissue structure [ 1 – 5 ]. These scaffolds serve as synthetic 
extracellular matrices (ECMs) that assist in cellular organization into a 3D architec-
ture by providing appropriate chemical and physical stimuli to facilitate their growth 
and maturation [ 6 ]. These tissue engineering techniques have been applied to gener-
ate a range of tissues including cartilage and skin, as these tissues can survive with-
out the presence of extensive vascularization. However, engineering tissues with 
complex structures such as the heart, and liver, is not possible until numerous chal-
lenges regarding their development are addressed. These challenges include our 
inability to fi rst generate a functional vasculature that can supply the tissue with 
nutrients and oxygen and secondly to mimic the complex cell–microenvironmental 
interactions that regulate the formation of a functional tissue. 

 The full potential of tissue engineering has not been realized due to the inability 
to engineer complex tissues that require formation of intrinsic vasculature [ 1 ,  7 ]. 
One of the major limitations in tissue engineering is diffusion of nutrients, oxygen, 
and metabolite transport throughout an engineered scaffold [ 8 ]. After a cell-seeded 
scaffold is implanted in vivo, encapsulated cells quickly consume available oxygen 
and nutrients from the synthetic surroundings to sustain their metabolic activity. 
The survival of an implanted scaffold initially depends on diffusion of nutrients and 
later on the formation of neovascularization which leads to full tissue integration. 
The solubility of oxygen in biological fl uids such as culture media or solution 
containing glucose or amino acid is quite low and is limited. This problem becomes 
much more severe in the presence of cells (or in vivo) that actively consume oxygen. 
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The inequality between oxygen supply and consumption at the cellular level may 
result in hypoxic conditions and consequently change the cellular behavior. Complex 
tissue formation requires oxygen which is transported by the vasculature. Thus, one 
of the primary challenges in tissue engineering is to fabricate vascularized networks 
within the 3D scaffold to facilitate diffusion of oxygen and nutrients that sustain 
cellular activity of the encapsulated cells [ 9 ]. 

 There are two major approaches that have been developed to fabricate vascular-
ized tissue: “top-down” and “bottom-up.” The top-down approach involves the use of 
a porous scaffold to promote the formation of a vascularized structure within a three-
dimensional scaffold [ 10 ]. Several top-down approaches such as use of angiogenic 
growth factors, pre-seeding a scaffold with stem cells, and co-culture techniques 
have been proposed [ 11 – 13 ]. Although most of these approaches have shown prom-
ise to facilitate formation of vascular structure, they are ineffective in developing 
stable and branched vascular structures. This is mainly due to the lack of control over 
cellular function and organization within a three-dimensional structure. Recently, the 
bottom-up approach has shown promise in overcoming these challenges by controlling 
spatial and temporal distribution of cells and directing cell–cell and cell–matrix 
interactions [ 7 ,  14 ,  15 ]. The term microfabrication refers to fabrication of miniature 
structures especially in the micron-size range. The microfabrication techniques have 
provided new bottom-up approaches such as micropatterning, microprinting, micro-
fl uidics, and microassembly (Fig.  1.1 ) to fabricate complex tissue architectures with 
pre-vascularized networks [ 7 ,  14 ]. These bottom- up approaches are used to form 
complex macroscale structures using microfabricated building blocks [ 16 ].

   This chapter highlights and discusses recent development in bottom-up 
approaches with a special focus on emerging microscale techniques for engineering 
complex vascularized tissues. First, we discuss the physiology of the vascularized 
network and highlight conventional techniques (top-down approaches) to engineer 
complex tissues. We then focus on recent development in microscale technologies 
that are currently used to design vascularized networks within a 3D scaffold. We 
also discuss some of the prevailing technologies that indirectly control cellular 
microenvironment to promote formation of complex tissues. The use of these 
emerging technologies in creating and mimicking native tissue architecture is 
reviewed. Finally, we conclude by listing future direction and outlook on engineer-
ing complex vascularized tissues.  

2     Physiology and Structure of Complex Vascularized Tissues 

 The vascularized network present in vivo is composed of complex and highly 
branched networks of blood vessels. This complex network consists of arteries, 
capillaries, and veins. The capillaries are mainly responsible for exchange of nutri-
ents, metabolite transport, and oxygen between the tissues and blood. The maximum 
distance between these capillaries is governed by the oxygen requirement of the 
tissues. For example, cells present in heart, liver, and muscles consume oxygen and 
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nutrients very rapidly to maintain their function. The maximum allowable distance 
between capillaries that are present in these tissues is in the range of 100–200 μm; 
[ 17 ] this is well within the oxygen diffusion limit. In the case of cells like pancreatic 
islets, increasing diffusion distance beyond 100 μm has shown to cause severe 
necrosis [ 18 ]. Cells present in tissues like skin, cartilage, or cornea can sustain their 
metabolic function even at larger distances (200–1000 μm) [ 19 ,  20 ]. 

 The blood vessels consist of three sub-layers (also known as tunica) that control 
diffusion of oxygen and nutrients between the blood and the tissues. The innermost 
layer (tunica intima) is composed of a monolayer of endothelial cells (also known 
as endothelium). These endothelial cells prevent platelet activation and thrombo-
genesis by secreting nitric oxide. The middle layer (tunica media) consists of 
densely populated and well-organized smooth muscle cells that are separated from 
the endothelial cells by an elastic lamina. The outermost layer (tunica adventitia) 
consists of ECM and fi broblast cells. Other extracellular proteins such as proteogly-
cans and glycoproteins are also found around the vascular cells. 

 Blood vessels can be formed in two ways: vasculogenesis [ 21 ] and angiogenesis 
[ 22 ,  23 ] (Fig.  1.2 ) [ 24 – 27 ]. Formation of new blood vessels is known as vasculogenesis 

  Fig. 1.1    Microscale technologies to fabricate complex vascularized tissue constructs. These 
technologies include micropatterning, microprinting, microfl uidics, and microassembly. The design 
of mechanically and biologically similar tissue constructs depends on the ability to mimic native 
microarchitecture of specifi c tissues. These bottom-up approaches offer distinct advantages in terms 
of spatial and temporal control over cellular organization       
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and it occurs early in the developmental stage within avascular tissue. In vasculo-
genesis, mesodermal cells fi rst differentiate into angioblasts or hemangioblasts, and 
then further differentiate into endothelial progenitor cells [ 21 ,  26 ,  27 ]. These pro-
genitor cells rearrange themselves to form lumen and ultimately result in formation 
of new capillary blood vessels. Angiogenesis is the term used for the formation of 
new blood vessels from the pre-existing ones through vascular sprouting [ 22 ,  23 ]. 
In the normal state, endothelial cells have low turnover rate, but during activated 
states such as infl ammation or wound healing, endothelial cells change their phe-
notype and release chemotactic factors [ 28 – 30 ]. These chemotactic factors result 
in vascular sprouting from existing capillaries and formation of new blood vessels 
[ 25 ,  26 ].

   Understanding of the vasculature is paramount in the design and fabrication of 
complex tissues. As noted, the capillary network varies depending on the tissue; 
therefore, techniques must be able to mimic these attributes. Angiogenesis contrib-
utes to an implant’s long-term viability [ 31 ]; current methodology will be discussed 
for the co-creation of vasculature with complex tissues.  

3     Current Approaches for Engineering Complex 
Vascularized Tissues 

 Traditional tissue engineering strategies (also known as “top-down” approaches) 
include the use of porous scaffolds often seeded with cells. In this approach, 
cells are expected to proliferate, secrete ECM, and form vascularized networks 

  Fig. 1.2    New blood vessel formation occurs via vasculogenesis and angiogenesis. Vasculogenesis 
is a process of spontaneous blood vessel formation from endothelial progenitor cells. The progenitor 
cells proliferate and form lumen that ultimately leads to the formation of new blood vessels. 
Angiogenesis is formation of new blood vessels from pre-existent ones through vascular sprouting       
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within the already synthesized complex matrix [ 32 ,  33 ]. Several top-down strategies 
are currently under investigation to create vascularized scaffolds [ 10 ,  11 ]. These 
include using angiogenesis-inductive materials, incorporation of growth factors 
(either by conjugation, encapsulation, or supplementing), utilizing co-culture 
techniques, and using decellularized organs and blood vessels for creating ECM. 

 The scaffold (made from vascular inductive materials) provides physical, chemi-
cal, and biological cues to control cell–matrix interactions and cellular processes such 
as angiogenesis [ 34 ]. Strategy to fabricate vascularized structures includes culturing 
cell-seeded porous polymeric scaffold in a bioreactor and implanting it in vivo to 
facilitate remodeling and integration with the host vascular network. In the last two 
decades, numerous biomaterials composed of natural polymers (such as collagen, 
hyaluronan, alginate, Matrigel, fi brin, peptide, and decellularized matrix) or synthetic 
polymers (such as poly(ε-caprolactone) (PCL), poly(ethylene glycol) (PEG), and 
poly(2-hydroxyethyl methacrylate-co-methacrylic acid) (pHEMA-co- PMA)) have 
been seeded with endothelial cells to obtain vascularized structure [ 35 ]. Natural poly-
mers facilitate cell adhesion and support cell-based remodeling but they have poor 
processing ability due to weak mechanical properties. Although synthetic materials 
have poor cell-adhesion capacity, they can be fabricated in complex structures or 
shapes due to excellent mechanical stability. Most of the studies to evaluate bioma-
terials for engineering vascularized tissues are limited to endothelial cell adhesion 
and formation of cord-like structures [ 36 ]. Future studies should focus on evaluating 
cell–matrix interactions, activation status of endothelial cells, integration of mono-
layer, and stability of the layer under hemodynamic conditions. 

 Another strategy to develop a vascularized network within a 3D scaffold is to 
utilize topographical features in directing and guiding cells to promote microvascu-
larization. For example, Sukmana et al. used poly(ethylene terephthalate) (PET) 
microfi bers as contact guidance to orient and facilitate formation of microvessels 
using human umbilical vein endothelial cells (HUVECs) [ 37 ]. Addition of fi brin to 
PET microfi bers promoted adhesion of HUVECs. They observed that fi ber-to-fi ber 
distance played a major role in lumen formation and development of microvessels. 
It was shown that formation of vascular structure can be controlled only by controlling 
the scaffold architecture (such as fi ber diameter and fi ber-to-fi ber distance). Other 
groups have also used electrospun scaffold for engineering vascular tissue struc-
tures [ 38 ,  39 ]. 

 In most cases, biomaterials alone are not capable of inducing angiogenesis. 
Thus to further assist formation of microvascular structure within a scaffold, growth 
factors are conjugated, encapsulated, or supplemented during in vitro and in vivo 
studies [ 40 ]. Most common growth factors used to induce vascularization are vas-
cular endothelial growth factor (VEGF) [ 41 – 45 ], fi broblast growth factor (FGF) 
[ 46 – 49 ], transforming growth factor (TGF-b) [ 50 ], platelet-derived growth factor 
(PDGF) [ 51 – 53 ], and angiopoietins (Ang) [ 43 ,  54 ]. 

 In more complex in vivo conditions, apart from growth factors, the surrounding 
microenvironment (such as cell–cell interactions, cell–ECM interactions) plays a 
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critical role in directing cell fate [ 8 ]. The presence of different cell types (co- culture) 
can lead to unique responses that cannot be obtained by using growth factors alone. 
For example, Melero-Martin et al. showed that in vivo vasculogenesis can be 
obtained by co-implantation of endothelial progenitor cells and mesenchymal stem 
cells suspended in Matrigel (act as a support structure) [ 55 ]. In another effort, 
Levenberg et al. engineered vascularized skeletal muscle tissue by culturing myo-
blasts, embryonic fi broblasts, and endothelial cells within a highly porous 3D scaf-
fold made from poly-( L -lactic acid) (PLLA) and poly(lactic-co-glycolic acid) 
(PLGA) [ 56 ]. This study showed that the addition of embryonic fi broblasts enhances 
VEGF expression and results in the formation of stable endothelial vessels. 

 In the past few years, researchers have been trying to use combinatorial methods 
to achieve rapid neovascularization within an engineered scaffold. For example, 
Phelps et al. designed bioartifi cial matrices from PEG-based hydrogels to obtain 
stable vascularized network [ 57 ]. They incorporated protease-degradable sites for 
controlled degradation, adhesion motifs to facilitate cell adhesion and migration, 
and growth factor (VEGF) to induce new tissue vascularization. Due to the presence 
of degradable moieties within the PEG hydrogels, the covalently conjugated VEGF 
showed a sustained release for 2 weeks. A signifi cantly higher degree of vessel den-
sity was observed after the matrix containing VEGF was subcutaneously implanted 
in a mouse model. Researchers attributed the signifi cantly enhanced rate of neovas-
cularization to the simultaneous control of matrix degradation and growth factor 
release. The main goal of all these “top-down” strategies is to incorporate vascularized 
structure within an engineered scaffold. However, most of the approaches might 
take a few days to several weeks to develop vascularized structure after implantation. 
The sustainability of implanted construct might rely on surrounding vessels and 
angiogenesis of existing vessels. During this time frame, encapsulated cells might 
extract nutrients and oxygen, and tissue necrosis might be observed. Even if these 
strategies are able to form complex vascularized networks in vitro, most of them fail 
to integrate with the host tissues and result in undesirable side effects such as infl am-
mation and poor resorption.  

4     Microscale Technologies for Engineering Complex 
Vascularized Tissues 

 The ultimate goal of the bottom-up approach is to control cell–cell and cell–matrix 
interactions to fabricate complex vascularized tissue. Microfabrication techniques 
have been extensively used to pattern cell-laden hydrogels for studying fundamental 
cell biology. Several techniques have been developed for microfabrication including 
photolithography, microcontact printing, microfl uidics, micropatterning, and micro-
assembly (Fig.  1.3 ).
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4.1       Micropatterning Techniques for Engineering 
Complex Vascularized Tissues 

 Photolithography is widely used in the microelectronics device industry to fabricate 
micropatterned surfaces. The recent development of various photocrosslinked 
polymers has provided the impetus to engineer micropatterned hydrogels for vari-
ous biomedical applications. In this process, precursor solution consisting of 

  Fig. 1.3    Bottom-up approaches in vascularized tissue engineering. ( a ) Micropatterning utilizes 
soft lithographic techniques to fabricate microscale structure. In this process, photocrosslinkable 
polymer precursor solution along with initiator is exposed to ultraviolet radiation through a 
mask to fabricate micropatterns. ( b ) Microprinting utilizes conformational contact to form a 
pattern of ink on the surface. ( c ) Microfl uidic channels can be fabricated by using micromolds. 
These channels can then be used to form microfi bers of a sacrifi cial substance that is coated to 
form hollow fi bers. These microfl uidic channels can be utilized to form hollow vascularized 
conduit. ( d ) Complex vascularized structures can also be fabricated by assembly of microgels       
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photocrosslinkable polymer along with initiator is exposed to ultraviolet radiation 
through a mask. The selective exposure of the precursor solution to the radiation 
results in photoreaction and cross-linked polymer patterns. The pre-polymer solution 
can be easily washed away after the removal of photomask. 

 Initial development to construct complex vascularized networks using photoli-
thography utilized non-degradable synthetic polymers such as  polydimethylsiloxane 
(PDMS). Although PDMS has good mechanical properties, biocompatibility, and 
high optical transparency, it is not degradable, limiting its utility as an implantable 
material. Recently, numerous biodegradable polymers have been explored for 
scaffolding purposes in micropatterning such as PLGA [ 58 ,  59 ], PCL [ 60 ,  61 ], 
poly(glycerol sebacate) (PGS) [ 62 – 65 ], and hyperbranched polyesters [ 66 ]. 
Currently, micropatterning techniques utilize scaffolds made from natural polymers 
that closely mimic native ECM; these polymers include gelatin [ 67 ,  68 ], alginate, 
chitosan [ 69 ], and carrageenan [ 70 ]. 

 Photolithography has been utilized to obtain desired microscale features to 
control formation of vascularized structure in 2D and 3D microenvironments. For 
example, gelatin methacrylate (GelMA) can be patterned as 2D microchannels of 
width from 50 to 200 μm can be fabricated using photolithography [ 67 ,  68 ]. By tuning 
material properties and channel width, the adhesion, spreading, and elongation of 
HUVECs seeded on micropatterns were controlled. However, one of the drawbacks 
of 2D microenvironment is lack of control over cellular orientation and vascular 
network. Nikkhah et al. showed that endothelial cells entrapped within these micro-
channels align and organize within 1 week and facilitate formation of cord-like 
tubular structures [ 67 ]. These results indicate that micropatterned structures can 
provide confi ned geometries that can result in endothelial cord formation and thus 
can be used to design complex vascularized tissue constructs. 

 The photolithography technique produces microvascular channels with high 
precision at the micron scale. However, to create a 3D network, several patterned 
layers must be aligned and stacked together. The physical alignment of several 
microscale patterned layer precision might limit the practical application of fabri-
cating thick tissue-engineered construct. To overcome the diffi culty of spatially 
controlling the microfeatures within a three-dimensional scaffold, Chiu et al. devel-
oped a technique to create microchannels within a 3D PEG hydrogel by selective 
degradation of micropatterned structures [ 71 ]. They used non-contact photolithog-
raphy to fabricate poly (ethylene glycol)-co( L -lactide) (PEG-PLLA) microchannels 
within multilayer PEG hydrogels. After exposing the hydrogel construct to high pH, 
PEG-PLLA micropatterns degraded rapidly and uniform-sized microchannels were 
obtained. Researchers were able to fabricate interconnected microchannels within a 
3D hydrogel structure by introducing a second patterned layer. 

 Another micropatterning technique to fabricate microscale features with desired 
architecture and topography is micromolding [ 72 ,  73 ]. In this process, a master 
mold is used to fabricate a micropattern by casting polymer solution on prefabri-
cated silicon wafers. Then the cast pattern is used as a negative mold to fabricate 
microscale architecture. Fidkowski et al. used PGS to microfabricate a biodegradable 
and elastomeric capillary network. In this study, they used microelectromechanical 
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systems to etch capillary patterns onto a silicon wafer [ 74 ]. The pattern was then 
transferred to PGS fi lm and was later bound by a fl at PGS fi lm to obtain capillary 
networks. After seeding the channels with endothelial cells and subjecting to con-
tinuous fl ow, a confl uent cell layer was formed along the channels within 2 weeks. 

 Zheng et al. fabricated microstructured tissue templates with embedded micro-
pores and a microfl uidic network from alginate and collagen hydrogels [ 75 ]. They 
showed that by controlling physical properties and material chemistry, biophysical 
mechanism and in vivo host responses could be tailored. The scaffold with 
micropatterns showed higher tissue in growth and invasion of blood vessels com-
pared to the unpatterned scaffold murine wound model. Their study indicates that 
pro- angiogenic signals secreted by tissue present within the pores primarily drives 
rapid blood vessel invasion and tissue vascularization. 

 In another study, Diez et al. microfabricated elastomeric patterned hydrogels by 
combining soft lithography and micromolding techniques known as fi ll-molding in 
capillaries (FIMIC) [ 76 ]. In this method, a PEG-based hydrogel is molded on micro-
fabricated silicon master using UV radiation. The grooves created on the surface of 
the hydrogel are fi lled with a second hydrogel by utilizing capillary action. One of the 
primary advantages of this technique is that two different polymeric hydrogels with 
different physical, chemical, or biological properties can be obtained. One of the 
potential advantages of this method is fabricating two different types of materials 
encapsulated with different cells. For example, the capillaries can be fi lled with softer 
hydrogels (may be conjugated with growth factor) to promote formation of vascular-
ized tissue and the outer hydrogels (strong and tough network) promote osteogenic 
differentiation to obtain vascularized bone tissue. However, this technique is only 
applicable to fl uidic secondary materials that can be fi lled within the capillaries.  

4.2     Microprinting to Create Interconnected 3D 
Microvascular Structure 

 Microcontact printing is another method to fabricate well-defi ned and controlled 
architectures using biopolymers. Bianchi et al. combined microprinting techniques 
with growth factors and co-culture [ 77 ]. They fabricated fractal-like structures to 
mimic the capillary network using a pressure-assisted microfabrication method 
[ 77 ,  78 ]. The scaffold was then seeded with endothelial cells along with fi broblasts. 
The endothelial cells were transfected with an adenoviral vector carrying human 
tissue kallikrein (angiogenic promoter). The study showed that the metabolic activity 
of cells was enhanced due to synergistic contribution from co-culture and viral 
transfection. This study indicates that dynamic reciprocity between microstructural 
features and biochemical signals is important for controlling cellular activity. 

 Direct ink writing offers an alternate fabrication method for designing 3D micro-
vascular structures with high fi delity [ 79 ,  80 ]. For example, Therriault et al. used a 
direct ink writing method to fabricate 3D microvascular networks by using a fugitive 
organic ink [ 81 ,  82 ]. In this work, they fi rst deposited a fugitive ink in a layer-by- layer 
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fashion to generate 3D periodic square-spiral architecture. The deposited ink was 
self-sustained and was able to span large distances without curving or bending. The 
second step consisted of infi ltrating the 3D periodic structure with an epoxy resin 
and curing it to form structural matrix. Finally, the fugitive ink was removed to cre-
ate an interconnected 3D microvascular structure. Although this technique provides 
a simple and high-fi delity method to create vascular structure, it is limited to gener-
ate periodic and interconnected geometries. 

 In a recent report, Wu et al. proposed to use omnidirectional printing (a slight 
variation of direct ink writing) to fabricate biomimetic microvascular structure 
(Fig.  1.4 ) [ 83 ]. In this process, viscoelastic ink consisting of sacrifi cial material is 
directly patterned to create microvascular structures into a 3D scaffold. The pat-
terned structure is encapsulated within a photocrosslinked matrix and subsequently, 
the sacrifi cial pattern is removed to yield microvascular structure. This approach has 
potential to develop complex vascular architecture within a 3D hydrogel network. 

  Fig. 1.4    Fabrication of microvascular structure within a photopolymerizable hydrogel matrix 
using omnidirectional printing of a fugitive organic ink as demonstrated by Wu et al. [ 83 ]       
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However, further optimization of materials in terms of biocompatibility and 
degradability needs to be performed to utilize this technique for complex tissue 
engineering applications.

   Recently, Xavier et al. investigated precursor solutions containing gelatin meth-
acrylate (GelMA) and silicate nanoparticles for 3D printing [ 84 ]. In using this 
approach cells can be incorporated in specifi c geometries, thereby more recapitu-
lating complex tissues structures. Specifi cally, they demonstrated that hydrogel 
precursor ink is a viable alternative to traditional 3D printer inks by exploiting the 
shear-thinning properties of nanocomposite-hydrogel solution. Through this work, 
there is a possible shift in the paradigm for 3D printing from conventional poly-
meric inks to nanocomposite inks.  

4.3     Microfl uidics Technologies for Enhanced Perfusion 
of Complex Vascularized Constructs 

 One of the major approaches in fabricating complex vascularized structures within 
a 3D scaffold is to take advantages of microfl uidic technologies. Microfl uidics deals 
with the precise control and manipulation of fl uids in confi ned space and volumes [ 85 ]. 
A range of biological phenomena such as cell–cell interactions, cell–biomaterial 
interactions, and mass transport can be manipulated by spatiotemporal control of 
fl uid fl ow within a 3D scaffold [ 86 ]. Recently, microfl uidic technology has shown 
potential to fabricate vascularized 3D scaffolds. In this approach, microfl uidic chan-
nels provide a structural framework for cells to form vascular-like structure and the 
fl uid fl ow provides soluble factors to control tissue regeneration. 

 In the past decade, a range of polymers have been investigated to design microfl u-
idic devices to engineer complex vascularized constructs. Initially, elastomeric and 
biocompatible polymers such as PDMS [ 87 ] were extensively used, whereas recent 
methodologies focus on use of biodegradable polymers such as PLGA [ 61 ,  88 ], 
PGS [ 64 ,  74 ], and silk fi broin [ 89 ]. 

 For example, Fidkowski et al. used biodegradable and biocompatible elastomer 
(PGS) to microfabricate capillary networks using soft lithography techniques [ 64 , 
 74 ]. The tensile properties of the PGS elastomer closely match those of veins and do 
not elicit any chronic infl ammation when implanted in vivo [ 74 ,  90 ]. To microfabri-
cate capillary networks, standard MEMS were fi rst used to etch a pattern on silicon 
wafers. The pattern was then transferred to the PGS fi lm by spreading pre-polymer 
solution on the wafer and polymerizing it at 150 °C. The patterned PGS fi lm was 
bonded to fl at fi lm to create enclosed capillary channels that were seeded with endo-
thelial cells (HUVECs). The cells readily attached to the PGS surface compared to 
the PDMS- and PLGA-based microdevices without the use of adhesion protein. 
After 14 days of culture, a nearly confl uent cell layer was formed within the PGS 
channels. 

 Although a PGS-based microfl uidic device shows feasibility for developing 
microvascularized scaffolds, rapid degradation after subcutaneous implantation 
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(~60 days) is one of the major limitations [ 90 ,  91 ]. To fabricate long-lasting and 
mechanically strong microfl uidic devices, Wang et al. developed poly(1,3-diamino- 
2-hydroxypropane-co-polyol sebacate) (APS)-based microfl uidic scaffolds [ 91 ]. 
The degradation time of this elastomer can be tuned from a few weeks to a year by 
changing the chemical composition. Although the mechanical strength of APS is 
much lower compared to PGS and PLGA, the process of microfabricating capillary 
networks is rapid, cost effective, and easily reproducible. This makes the  APS- based 
microfl uidic scaffolds attractive for engineering complex vascularized tissues. 

 In a recent study, Borenstein et al. proposed to use silk fi broin as a degradable 
biopolymer to fabricate a microfl uidic scaffold that can support formation of micro-
vascular networks [ 89 ]. They fabricated the microfl uidic channels by fi rst obtaining 
a pattern on a silicon wafer using photolithographic techniques. The pattern was 
then transferred to an elastic mold (made from PDMS). A trenched layer was 
obtained by casting silk fi broin on the elastic mold that was subsequently bound to 
a fl at silk fi lm to obtain microfl uidic channels. The microfl uidic conduits provide a 
physical template to cells and help them to reorganize into a microvascular struc-
ture. The study showed that the microfl uidic device made from the biopolymer sus-
tained fl uid fl ow without leakage and delamination. Human dermal microvascular 
endothelial cells (HDMVECs) were successfully infused within the microfl uidic 
network. 

 One of the problems with microchannel formation is controlling channel geometry. 
Most of the earlier attempts report formation of distorted rectangular-shaped micro-
channels. Borenstein et al. overcame this problem by combining micromolding and 
embossing techniques [ 92 ]. They were able to obtain nearly perfect cylindrical 
channels with the inner diameter ranging from 100 μm to 1 mm. 

 Alternative approach to fabricate microfl uidic channels is to use a sacrifi cial ele-
ment. Golden et al. used gelatin to fabricate sacrifi cial micromolded meshes using a 
PDMS stamp [ 93 ]. The mesh structure was encased in a secondary network (collagen 
type I, fi brinogen, or Matrigel) and later the micromolded meshes were washed 
away to obtain a 3D scaffold with microchannels. After perfusing the microchannels 
with endothelial cells, a uniform cell monolayer was formed that lined the micro-
channels. One of the diffi culties in obtaining uniform-size microfeatures is low 
mechanical properties and the highly hydrophilic characteristic of gelatin limits the 
formation of rigid micromolded meshes. 

 In a similar technique Miller et al. printed multiscale vascular network from 
carbohydrate glass as sacrifi cial materials by combining thermal extrusion and 
fi ber drawing processes [ 94 ]. This 3D sacrifi cial structure was coated with poly 
( D -lactide - co -glycolide) (PDLGA) before impregnated with a pre-polymer solution 
laden with cells. After cross-linking the pre-polymer solution, 3D vascular network 
was dissolved to generate a cylindrical network. This technique allows independent 
control over the vessel geometry, surrounding matrix, and endothelialization and 
can be used to form complex 3D interconnected structures. They showed feasibility 
of this concept by endothelialization of channel walls and entrapping primary rat 
hepatocytes within the surrounding matrix. After 1–2 weeks of culture, an endothe-
lial monolayer lining the vessel wall was observed along with the formation of 
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multicellular sprouts from these patterned vascular structures. This technique has 
shown potential in designing complex 3D vascularized tissue structures and can be 
used for a range of tissue engineering applications. 

 Recently, Bellan et al. also used melt-spun shellac microfi bers to design a 3D 
interconnected network within enzymatically cross-linked gelatin hydrogels [ 95 ]. 
The pH-dependent solubility of shellac microfi bers was used to dissolve the fi brous 
structure after embedding it in enzymatically cross-linked gelatin hydrogels. This 
sacrifi cial method results in formation of a 3D interconnect network with enhanced 
perfusion through the scaffold. The concept reported here is promising; however the 
effect of pH on cell viability and effect of perfusion on cellular function still need to 
be investigated. 

 In a recent study, a microfl uidic approach was combined with cell sheet technol-
ogy to fabricate a perfusion bioreactor to obtain in vitro-vascularized tissue surro-
gates [ 96 ]. This study utilized an approach of stacking a multilayered cultured cardiac 
cell sheet, along with endothelial cells, on collagen microchannels. Then these col-
lagen microchannels were perfused with culture media containing fi broblast growth 
factor (bFGF) and VEGF to facilitate cell migration and to promote formation of 
tubular structures. The proposed approach indicates rapid recruitment of endothelial 
cells for the formation of pre-integrated and vessel-populated architectures within 
multilayered tissue-like surrogates. This method has shown promise in fabricating 
organs with complex vascularized networks and high metabolic capacity.  

4.4     Microassembly of Microgels to Fabricate 
Complex Architecture 

 Microassembly is another approach to fabricate complex tissue architecture using 
direct assembly of microscale hydrogels [ 97 ,  98 ]. These microgels can be tailored 
to mimic the microarchitectures and functions of micron-size subunits obtained in 
natural tissue. By mimicking microarchitecture of natural tissues, microenviron-
mental interactions (such as cell–cell, cell–matrix, and cell–soluble factors) can be 
controlled. 

 In a recent study, assembly of micropatterned structure in well-defi ned shapes 
with multiple functionalities was demonstrated [ 99 ]. Du et al. demonstrated feasi-
bility of sequential assembly of cell-laden concentric microgels to form tubular con-
structs (Fig.  1.5 ) [ 100 ]. Each microgel unit consisted of two concentric hydrogel 
rings loaded with two different types of cells. The fabrication process involved 
sequential photolithography using two overlaying masks. First, the endothelial cell- 
laden inner ring was fabricated and then the smooth muscle cell-laden outer ring 
was fabricated. These concentric microgels were assembled into a tubular structure 
and were further stabilized by applying a second UV cross-linking. Although this 
modular approach shows promising results, stability of the assembled structure 
under long-term perfusion needs to be evaluated.
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   Jakab et al. fabricated prescribed constructs and geometries by utilizing the self- 
organization potential of cells and tissues [ 101 ,  102 ]. They used 3D bioprinter to 
fabricate multicellular spheroids and then placed them in a biocompatible environ-
ment (Fig.  1.6 ). They showed that this technique was able to recapitulate early mor-
phogenesis events through controlling various developmental and genetic patterns. 
For example, by assembling a cardiac construct consisting of embryonic cardiac 
and endothelial cells, synchronously beating tissue consisting of vascularized 
 structure can be obtained. Assembly of endothelial cells into vessel-like conduits 
resulted in formation of neovascularization. This 3D printing technique can be used 
to self- assemble complex cellular structure with various shapes.

  Fig. 1.5    Formation of tubular constructs via sequential assembly of cell-laden concentric microgels. 
( a ,  b ) Fabrication and assembly of 3D concentric microgels. ( c ,  d ) Cell-laden microgels and their 
assembly. The inner rings contain endothelial cell ( green ) and the outer ring contains smooth 
muscle cells ( red ). Scale bar: 100 μm [ 100 ]       
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   In another study, McGuigan et al. adopted a biomimetic approach to fabricate 
microvascularized tissue by assembling micro-sized collagen rods [ 103 ]. In this 
approach, they microfabricated collagen gels containing HepG2 cells using auto-
mated cutters (Fig.  1.7 ). A confl uent cell layer was obtained on the surface of the 
collagen modules before assembling them into a tube. The assembled module was 
then perfused with media or whole blood that was assisted by the interstitial spaces 
between collagen modules. Apart from high cell viability in the percolating  scaffold, 
they observed that the endothelial cells prolonged clotting time and retained their 
non-thrombogenic phenotype.

   Most of the microassembly techniques employ assembly of micro building blocks 
though physical forces and most of these physical forces are weak and unstable. 
To overcome this approach Hao et al. developed DNA glues to direct self- assembly 
of microfabricated structures. This DNA glue has complementary strands of single 
strand of DNA that are wrapped around microgel structure. One of the most intrigue 
aspects of this technique is the ability to fabricate complex self- assembled structures 
from the micrometer length scale to the macrometer length scale. The technology 
can be used to direct hydrogel microstructures to self- assemble in a programmable 
approach to design complex macroscale tissue architecture.   

  Fig. 1.6    Microgel assembly to form vascular networks. ( a ,  b ) Fabrication and assembly of 3D 
concentric microgels. ( c ,  d ) Complexity of assembled hydrogels [ 101 ]       
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5     Future Directions and Conclusion 

 Tissue engineering techniques have been applied to many tissue types; however, the 
most pressing challenge is for vascularization. Thus far research approaches have 
been on the micron level; microfabrication enhances and dictates the macroscale 
architecture and mechanics. Going forward we must delve an order of magnitude 
deeper by investigating the infl uence of nanoarchitectures on microscale materials. 
Developing nanoscale techniques and materials is a pressing challenge for engineers. 

 As hierarchical constructs, organs and tissue structures are diffi cult to replicate 
on all levels. Although there have been recent advances from the micro to macro 
scale, nanoscale techniques will become the new paradigm for these constructs 
[ 4 ,  7 ,  14 ,  104 – 106 ]. There has been an increase in the use of nanocomposites within 
hydrogels to incorporate this next level [ 107 – 110 ]. Carrow et al. reviewed a range 
of nanocomposite materials that are currently utilized in the area of tissue engineer-
ing and drug delivery [ 111 ]. Further, the emergence of 3D printing will elicit the 
demand for individualized printed organs [ 112 ]. Here, a delicate balance between 
material properties, cell survivability through the printing process, and cell adher-
ence will determine the overall success. Current knowledge on well-developed 
materials will be instrumental in the adaptation of 3D printing to meet the demands 
of complex tissue formation. 

 Until nanoscale methods are commonplace, microfabrication techniques will 
remain the norm. The challenges with microfabrication techniques such as cell–cell 
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  Fig. 1.7    Microassembly of collagen microgels containing HepG2 cells using automated cutters. 
( a ) Collagen, HepG2 module tube fabrication process. ( b ) Collagen, HepG2 module before 
HUVEC seeding. ( c ) Seven days after seeding HUVECs, a confl uent layer formed on the collagen 
module’s surface. ( d ) Collagen modules randomly assembled into tube structure within a fl ow 
circuit and perfused with media or whole blood. ( e ) Collagen, HepG2, HUVEC module retrieved 
from tubular construct 7 days after perfusion [ 103 ]       
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interactions and oxygen transport and availability must be considered when 
engineering scaffolds aimed to reproduce the body’s architectural and geometrical 
intricacies. Our inability to generate a functional vasculature that can supply the 
tissue with nutrients and the inability to mimic complex cell–microenvironment 
will determine the success of such techniques while driving the development of 
nanoscale methods. Current approaches to engineer complex tissue structures are 
based on encapsulating cells within a porous scaffold while providing external 
molecular clues to facilitate formation of tissue structure [ 1 ,  2 ]. Extracellular 
matrices have been developed to assist in cellular organization; yet our inability to 
generate vasculature alongside the ECM has proven detrimental [ 2 ]. The full poten-
tial of tissue engineering cannot come to fruition without the formation of intrinsic 
vasculature [ 1 ,  3 ]. 

 As one of the primary challenges in tissue engineering is to fabricate vascularized 
networks, we have presented two major approaches that have been utilized: 
“top-down” and “bottom-up.” The top-down approach involves the use of a porous 
scaffold to promote the formation of a vascularized structure within a three-
dimensional scaffold [ 6 ]. The bottom-up approach controls spatial and temporal 
distribution of cells, therefore directing cell–cell and cell–matrix interactions [ 8 ,  9 ]. 
The use of bottom-up methods at the nanoscale will become increasingly important 
as the demand for organs and tissues is rising faster than donor lists. Lab-generated 
complex tissues hold promise through presenting the correct cues at all levels to a 
selective mixture of co- cultures and materials.   
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