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Abstract

Vascularization is among the top challenges that impede the clinical application of engineered 

tissues. This challenge has spurred tremendous research endeavor, defined as vascular tissue 

engineering (VTE) in this article, to establish a pre-existing vascular network inside the tissue 

engineered graft prior to implantation. Ideally, the engineered vasculature can be integrated into 

the host vasculature via anastomosis to supply nutrient to all cells instantaneously after surgery. 

Moreover, sufficient vascularization is of great significance in regenerative medicine from many 

other perspectives. Due to the critical role of vascularization in successful tissue engineering, we 

aim to provide an up-to-date overview of the fundamentals and VTE strategies in this article, 

including angiogenic cells, biomaterial/bio-scaffold design and bio-fabrication approaches, along 

with the reported utility of vascularized tissue complex in regenerative medicine. We will also 

share our opinion on the future perspective of this field.
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Introduction

Blood vessels are part of the circulatory system that deliver oxygen and nutrients to all 

tissues and organs in mammalian bodies. Blood vessels typically account for 8% of body 

mass of an adult human, and stretch more than 60 000 miles in total length [1]. The 

development of the vascular system is one of the earliest events in organogenesis, where two 

distinct and finely orchestrated processes occur to generate functional blood vessel network: 

vasculogenesis and angiogenesis [2]. Vasculogenesis takes place in the early mammalian 

embryo and yolk sac through the aggregation of angioblasts into a primitive vascular plexus 

[2]. Angiogenesis is the expansion of new vessels from an existing vascular network, in 

which the endothelial cell growth, migration, polarization, sprouting and lumenization lead 
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to the formation of a functional circulatory system [3]. The vascularization process is partly 

recapitulated in adults during physiological conditions that require nutrient and oxygen 

supply, such as tissue regeneration, wound healing, or in some cases disease progression 

such as tumor growth.

Since one of the major goals of tissue engineering (TE) is to create functional artificial 

replacement of damaged or diseased tissues and organs [4], tissue engineered grafts are often 

generated in clinically relevant sizes (0.1–10 cm). Owing to the oxygen and soluble nutrient 

consumption of cells, particularly, in dense tissues, this size far exceeds the tissue 

dimensions (200 μm) where species diffusion is the main transport mechanism [5]. Lacking 

any functional vasculature, the cells impregnated in the engineered tissue are subjected to 

hypoxia and insufficient nutrient supply until full ingrowth of functional blood vessels from 

the surrounding host tissue is achieved. However, it can take weeks to completely 

vascularize an implant of several millimeters [5], during which the nutrient-starving cells run 

the risk of loss of phenotype, loss of cellular functionality, and even cell death. In addition, 

vascular invasion from host tissue can cause nutrient and oxygen gradient along the radial 

axis of the graft, which might result in undesired patterning of cell distribution and 

differentiation [6].

Vascularization is thereby among the top challenges to be addressed to translate tissue 

engineering to clinical applications [7]. This challenge has spurred a tremendous research 

endeavor, defined as vascular tissue engineering (VTE) in this article, to establish a pre-

existing vascular network inside the tissue engineered graft prior to implantation. Ideally, an 

optimal tissue engineered vasculature should meet the following criteria: (i) cells must be in 

close proximity to the patterned vascular network to ensure sufficient oxygen and nutrient 

availability, (ii) the vascular lumen should be lined with a functional endothelium for 

homeostasis and selective material exchange, and (iii) the network should be easily 

integrated into surrounding host vasculature via surgical or natural anastomosis to function 

instantaneously after surgery.

Moreover, sufficient vascularization is of critical significance in regenerative medicine from 

many other perspectives. Angiogenesis is known to be a prerequisite for many regeneration 

events, meaning the tissue engineered graft can augment and accelerate spontaneous 

regeneration by regulating the angiogenesis as long as the graft is properly pre-vascularized 

[8, 9]. Additionally, pre-vascularized, engineered tissue can be employed to create a wide 

range of complex organoids, which offers unprecedented opportunity to interrogate the role 

of angiogenesis in human organ development [10, 11], as well as human vascular disease 

progression [12]. Moreover, bioreactors and chips composed of tissue engineered, perfusable 

microvascular networks may serve as a potent tool of high-throughput drug screening 

targeting vascular system for the pharmaceutical industry [13, 14].

Given the significance of vascularization in TE, in this review we recapitulate the 

fundamental components of VTE as well as strategies used to engineer vascularized 

complex tissues in regenerative medicine. Special attention is paid to the findings published 

in the past five years that advance 3D printing-based VTE, spheroid-based VTE, and the 
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utility of VTE for the regeneration of various tissues and organs. We will also share our 

opinion on the future perspective of this field based on existing findings.

The development of the vascular system—what have we learned from embryonic blood 
vessel formation?

Blood vessels arise in both the embryo and the yolk sac. During early embryonic 

development, embryonic stem cells (ESCs) generate mesoderm that gives rise to several 

vascular system-related lineages such as vascular endothelial cells and primitive 

hematopoietic cells [15]. Endothelial precursor cells known as angioblasts derive from 

multiple mesodermal sources during embryonic development to generate intraembryonic 

vasculature, including the dorsal aorta, vitelline vessels, and local primary vascular plexus 

for most organs, neural tubes, and limbs [1, 16]. In the meantime, blood islands are formed 

around the visceral yolk sac, consisting of both vascular and hematopoietic precursor cells 

that give rise to the complex yolk sac vasculature [17] (figure 1(A)). After primary 

intraembryonic blood vessel formation via vasculogenesis within avascular tissue, expansion 

of vessel networks and the formation of new connections occurs via a process known as 

angiogenesis, in which activated endothelial cells undergo division and sprouting migration. 

In 2007–2010, Jakobsson et al and Hellstrom et al revealed a VEGF/Notch-based regulatory 

mechanism of the tip-stalk cell specification for angiogenic sprouting [18, 19] (figure 1(B)). 

The angiogenesis process is intensively associated with organogenesis, presenting 

morphogenetic cues required for organ formation in embryonic development and in the 

adult, such as pancreas, kidney, bone and placenta [20–24].

Newly sprouted blood vessels are lumenized by stalk cells before the onset of blood flow via 

various mechanisms [25–27](figure 1(B)) and undergo intense remodeling, leading to the 

specification of arteries and veins. Arteries experience high pressure and shear stress of 

blood flowing from the heart and are thereby lined with thick layers of tunica media and 

adventitia, whereas veins have thinner vessel walls and lower stiffness compared to arteries, 

to convey low pressure blood flow. Although the vascular remodeling is largely responsive 

to the blood flow, the initial differentiation of these two sub-lineages precedes and is 

independent of blood flow [28]. Various signaling cascades, including ephrinB2-EphB4, 

VEGF, Notch, Dll4 and COUP-TF II are involved in the arteriovenous specification [29–31].

The elongation and maturation of blood vessels are closely associated with mural cells 

(MCs), which was described for the first time in the late 19th century as contractile cells 

lining up around the endothelium [32]. MCs are a heterogeneous cell population that are 

classically divided into two distinct subtypes: the vascular smooth muscle cells (VSMCs) 

surrounding the entire arterioles and venules in a perpendicular fashion, and the pericytes 

attached to the capillaries in the longitudinal axis [33] (figure 2(C)). These cells support EC 

migration in the angiogenesis via MMP secretion [34], regulate endothelium permeability 

[35], and contribute to the basement membrane formation and vessel contractility. It is 

noteworthy that a variety of MC phenotypes derived from diverse developmental and adult 

origins can coexist in response to specific tissue demands, physiological stage, and disease 

state [36]. The versatile and indispensable role of MCs in the angiogenesis indicates their 

potential utility to advance VTE.
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Cell source for VTE

To date, many tissue engineering approaches that aim to create the de novo vascular tree 

with functional endothelium utilizes vascular endothelial cells (ECs) due to their inherent 

angiogenic behaviors. Given the proper microenvironment and treatments, the ECs self-

assemble into functional capillary networks that can be anastomosed with host vasculature 

post-implantation, and thereby significantly reduce the time to revascularize the implanted 

tissue graft [23, 37]. Despite the identified pivotal utility of ECs in VTE, there are two major 

challenges to be addressed in terms of cell source for VTE. Firstly, terminally differentiated 

ECs, such as human primary aortic endothelial cells (HAEC) and human primary dermal 

microvascular endothelial cells (HDMVEC), are limited in expansion potential and requires 

additional invasive surgeries to isolate from patients. Additionally, donor variability, tissue 

site specificity, and loss of functionality in in vitro cultures limits their TE applications. 

Secondly, ECs alone are not sufficient to constitute a prolonged, self-sustaining and 

functional cell-based vasculature. In other word, resolving the source of supportive cells 

such as pericytes, fibroblasts, and VSMCs is equally imperative to the field of VTE.

To this end, a diverse array of cell types have gained research interest as potential cell 

sources for VTE, including pluripotent stem cells such as ESCs and induced pluripotent 

stem cell (iPSCs) (figures 2(A) and (D)); as well as various types of multipotent adult stem 

cell/progenitor cell such as mesenchymal stem cells (MSCs) (figure 2(B)), umbilical cord 

blood-derived stromal cells (UCBSCs), and endothelial progenitor cells (EPCs) (figure 

2(E)). Due to their high self-renewal capacity, these cell types can be easily expanded in 
vitro, thereby enabling clinically relevant applications. Additionally, each of these cell 

sources presents unique differentiation and angiogenesis potential to function as alternatives 

to primary ECs and mural cells for VTE.

Endothelial progenitor cell

The discovery of EPCs is credited to Asahara et al for the identification of a CD34-postive 

population in adult peripheral blood [38]. Seven days after in vitro plate culture, attached 

CD34-positive mononuclear blood cells (MBCCD34+) lost expression of leukocyte common 

antigen CD45 and progressed to adopt an EC-like phenotype: Expression of CD34, CD31, 

Flk-1, Tie-2, and E selectin—all markers of the EC lineage—was dramatically upregulated. 

Equally important, MBCCD34+ injected into ischemic hindlimbs of a mouse model 

augmented neovascularization and clearly integrated into the capillary vessel walls [38]. 

These findings have led to the ideation of minimally-invasive isolating autologous adult 

EPCs from patient peripheral blood for vascular regeneration. To date, the criteria that define 

EPCs include clonal proliferation potential of single cells, over 90% expression of 

endothelial markers CD31, CD105, CD144, CD146, and the absence of hematopoietic 

markers CD14, CD45, CD115 expression [39, 40]. These cells are in constant circulation 

within the vascular system and play a primary role in the repair and re-cellularization of an 

injured vascular endothelium [41]. Despite the ubiquity of EPCs in human peripheral blood, 

it is noteworthy that the availability and quality of EPCs may be impaired by many risk 

factors, such as cardiovascular disease and diabetes. The reduced number of circulating 

EPCs is strongly correlated with the increase in Framingham risk factor score [42], and 

deemed as an indicator of coronary artery disease progression [43]. Likewise, clinical 
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studies suggest that the levels of EPCs were significantly lower in Type I diabetic children 

compared to non-diabetic controls [44], as well as in Type II diabetic patients [45]. 

Additional caution should be exercised when EPCs are isolated from or delivered to patients 

with these risk factors.

Late outgrowth endothelial cells (EOC), also known as endothelial colony forming cells, 

represent another subtype of the EPCs with promising regenerative potential [46]. Although 

EOCs are a rare population within the circulating cells, they possess a high in vitro 
proliferative capacity, responsiveness to flow-induced shear, and have the ability to 

endothelialize lumens in vivo [47, 48]. Moreover, their angiogenic potential has also been 

leveraged to treat clinical pathologies such as ischemic retinopathy [49], and coronary artery 

disease [50]. In contrast, early outgrowth endothelial cells, despite being a circulating 

endothelial cell population, present a limited proliferative capacity and endothelial 

characteristics such as endothelial nitrics oxide synthase (eNOS) and nitric oxide (NO) 

expression.

EPCs possess key functional activities to generate lumenized capillary-like network in vitro, 

as well as de novo blood vessel formation anastomosed with host vasculature in vivo. For 

instance, EPCs derived from human cord blood formed vessel-like structures on Matrigel, 

and self-assembled into lumenized, partly functional capillary network inside a modified 

poly(ethylene glycol) (PEG) hydrogel in the presence of mural cells [51]. Human EPCs also 

formed prevascular structures in the 3D spheroid co-culture setting with undifferentiated 

human MSCs, demonstrating a higher degree of organization compared to HUVECs [52]. 

When human blood-derived EPCs and MSCs were suspended in Matrigel and injected 

subcutaneously into nude mice for 1 week, histological staining on explant revealed 

numerous lumenized vessels lined with implanted human EPCs and containing erythrocytes 

[53]. Interestingly, in spite of the similar success of vascularization in each experiment 

setting, these studies draw different conclusions on the optimal EC to supportive cell ratio 

for the maximum vessel growth. EPC to SMC co-culture ratio of 1:1 best supported 

microvessel formation than the 1:4 or 4:1 ratio [51], whereas EPC to MSC ratio ranging 

from 3:2 to 1:4 showed negligible difference in microvessel growth [53]. The in vitro 
spheroid co-culture model of HUVEC/MSC and EPC/MSC revealed significant difference in 

area of CD31 staining at low EC ratio (1%–2%) [52]. These findings remind us that the 

optimal EPC to pericyte ratio must be evaluated on a cell-type and culture strategy-specific 

context. EPCs have also been successfully used to cellularize biodegradable vascular grafts 

for their endothelialization and in vitro maturation [54]. Taken together, all these pioneering 

studies validate the utility of EPCs as a promising cell source to pre-vascularize tissue 

engineered grafts.

Human pluripotent stem cell

Human pluripotent stem cells (hPSCs) can be derived from the inner cell mass of human 

blastocysts. These human embryonic stem cells (hESCs) possess unlimited proliferation 

capacity and the potential to differentiate into all somatic cell types. However, ethical 

controversies of using human embryos has impeded the applications of ESCs. In addition, it 

is difficult to generate patient- or disease-specific ESCs for tissue engineering applications. 
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In contrast to ESCs, iPSCs can be derived from a patient’s somatic cells, which circumvents 

concerns such as embryonic tissue availability and immune rejection.

iPSCs are somatic cells reprogrammed into a pluripotent stem cell state through the 

expression of key transcriptional factors [55]. Human iPSCs resemble many pluripotent 

properties of ESCs in their self-renewal capacity and differentiation potential into cells of all 

three germ layers, including EC lineage. Using a two-step method similar to the protocol 

reported by Patsch et al [56], we and others have succeeded in differentiating iPSCs into ECs 

with high efficiency and purity (~1.5 week, 75%–90%) [12, 57] that expresses CD31, VE-

cadherin, and eNOS. These cells form tube-like structures in matrigel, uptake acetylated low 

density lipoprotein (LDL) and produce NO, which are all functional characteristics of bona 
fide ECs. The identification of human iPSC-derived ECs (iPSC-ECs) has contributed 

tremendously to the advances of VTE in the past decade. Rufaihah et al reported functional 

improvement in limb perfusion and angiogenesis upon injection of iPSC-ECs in mice with 

femoral artery ligation to induce hindlimb ischemia [58]. The pro-angiogenic effect of iPSC-

ECs was further strengthened when pre-impregnated in a protective hydrogel that prevents 

membrane damage during syringe flow [59].

Moreover, the iPSCs committed to a mesodermal fate are also capable of differentiating into 

VSMCs via exposure to VEGF-A or PDGF-BB. The iPS-VSMCs prepared in this manner 

respond to vasoconstrictive stimuli, exhibiting a key functional feature of maturated VSMCs 

in vivo [56]. A more recently study reveals the commitment of hPSCs to brain pericyte–like 

cells. These cells closely resembled primary human brain pericytes, self-assembled with 

endothelial cells, and induced blood-brain barrier properties [60]. The endothelia–pericyte 

interactions was confirmed in an in vitro vascular plexus formation model, in which the co-

culture of hiPSC-ECs and hiPSC-derived pericytes/MSCs led to organized, tube-like 

structure of hiPSC-ECs in 7 d [61]. Taken together, hPSCs represent great potential as an 

inexhaustible cell source to generate pre-existing vascular system comprised of ECs and 

mural cells possessing identical, patient specific genomic background. While pioneering 

clinical applications of human iPSCs are moving forward [62, 63], there is growing concern 

that implantation of differentiated iPSC might lead to the formation of tumors in the 

recipients due to the ‘unsafe’ iPSC lines and residual undifferentiated iPSCs in the final 

product [64–66]. Tumorigenicity tests are thereby particularly important in the case of iPSC-

based cell therapies. Additionally, track of the genetic stability of iPSC to eliminate genetic 

abnormality is of major interest for both research and clinical use of iPSCs.

Human mesenchymal stem cell

Human adult MSCs have been identified in different tissues, including bone marrow, adipose 

tissue, and dental tissues. Traditionally, the multi-lineage potential of these cells are 

examined with defined differentiation media that induces osteogenesis, adipogenesis and 

chondrogenesis. Moreover, the International Society for Cellular Therapy has proposed a set 

of minimum surface marker criteria that define human MSCs in an effort to standardize 

MSC studies [67].

Endothelial differentiation of MSCs via defined chemical factors has been widely reported. 

Exposure to 50 ng ml−1 VEGF and 10 ng ml−1 bFGF for 7 d led to the acquisition of EC 
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markers in human bone marrow-derived MSCs including von willebrand factor (vWF), 

Flk-1, Flt-1, and VE-cadherin [68]. Likewise, human adipose-derived MSCs treated with 

endothelial growth medium-2 (EGM-2) containing VEGF acquired ECs markers CD31, 

vWF and eNOS, and formed capillary-like network on Matrigel [69]. Human MSCs were 

also found responsive to shear stress in a 3D culture platform to express EC markers Flk-1, 

vWF, and VE-cadherin [70]. The discovery of EC potential in MSCs has spurred pioneering 

studies on MSC-based vascular regeneration. The intravenous injection of EC-differentiated 

MSCs into mouse hindlimb ischemia models improved muscular angiogenesis and 

arteriogenesis composed of human ECs, and the restoration of blood perfusion [71, 72].

In addition to endothelial lineage commitment, MSCs may act as supportive cells that 

sustain the functionality of engineered vasculature through various mechanisms. The pro-

anigogenic secretome profile of MSCs, which includes HGF, bFGF, IGF-1, and VEGF, is a 

critical factor for vascularization [73]: VEGF secreted by MSCs mediates the differentiation 

of EPCs into ECs, as well as the angiogenesis by ECs [74, 75]. Bone marrow-derived MSCs 

were also found to improve angiogenesis in a rabbit ischemic limb model via an increase in 

NO release [76]. Given the high similarity between MSCs and native pericytes [77], it has 

been widely noted that the proper spatial proximity and patterning of MSCs facilitate 

angiogenesis of ECs from various sources. Au et al found that undifferentiated MSCs 

function as pericytes to wrap around and stabilize HUVECs to constitute functional vascular 

tubes in an in vivo graft for more than 130 d without sign of regression [78]. Similarly, EPC 

implants can form human microvessels in a mouse model only in the presence of MSCs 

[53]. Thirdly, MSCs are capable of transdifferentiating into VSMCs. TGF-β treatment on 

bone-marrow MSCs has been shown to increase early SMCs markers α smooth muscle actin 

(SMA) and H1-calponin expression [79]. The impact of MSC on angiogenesis is mostly 

likely exerted in a ratio-dependent manner, including angiogenic gene expression [80], cell 

metabolic activity [81], and alteration of inflammatory response by ECs stimulated with 

TNF or with IL-1 [82]. The heterogeneity nature of MSCs and individual to individual 

variance are the major obstacles that impede the clinical translation of MSCs. Human MSCs 

from different anatomical sites were found differ widely in their transcriptomic signature, in 
vivo differentiation potential and reparative properties [83, 84]. Elucidating the 

heterogeneity MSC pool is the key to the field of MSCs-based VTE through utilizing 

optimal donor cells to maximize vascularization outcome.

Understanding the microenvironmental cues for angiogenesis

Physiological vasculogenesis and angiogenesis occurs in a highly dynamic and orchestrated 

microenvironment. The activation of quiescent vascular ECs to migrate and invade 

surrounding tissues is strictly dependent on cell adhesion to the extracellular matrix (ECM) 

and sensing of the microenvironment. To date, a wide spectrum of biophysical and 

biochemical factors are identified to participate in vascularization, highlighting the 

significance of recapitulating key environmental cues to elicit proper EC behavior for 

successful VTE.
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Bioactive materials

Type I collagen is a ubiquitous structural protein of many tissues that interact with active 

ECs during embryonic and pathological angiogenesis [85]. The endothelial capillary-like 

lumen formation requires endothelial α2β1 integrin engagement of a single type I collagen 

integrin-binding site, possibly signaling via p38 MAPK and the inactivation of focal 

adhesion kinase (FAK) [86, 87]. Moreover, collagen I-integrin interaction was found to 

mediate the matrix type 1-metalloproteinase (MMP1)-dependent EC lumenogenesis in a 3D 

collagen hydrogel [88]. Due to the critical role of type I collagen in the early stages of the 

angiogenic process [89], it has been employed to induce angiogenesis in vitro. When 

cultured in microchannels inside a type I collagen hydrogel, ECs formed a confluent 

monolayer on the walls of the microchannels with appropriate morphology and cell-cell 

junctions, and sprouted new branches in respond to the presence of pericytes [90]. Apical 

culture of ECs on collagen hydrogel led to cell reorganization and tube-like network 

formation within 24 h [86].

Fibrin is a fibrous protein formed after thrombin cleavage of fibrinopeptide A from 

fibrinogen, which causes fibrin molecules to align in a staggered overlapping end-to-middle 

domain arrangement to polymerize [91]. As a constituent of provisional matrix in wound 

healing, fibrin is naturally angiogenic, and thereby has been long used as a biomaterial for 

the development of microvasculature in various culture platforms [92]. Human ECs sprouted 

from the surface of beads and formed capillaries when embedded in fibrin gels [93]. 

Similarly, human ECs encapsulated in fibrin microbeads sprouted initially inside the 

microbead matrix and then invaded into the surrounding fibrin hydrogel [94]. Benning et al 
defined fibrin as a suitable bio-ink for the 3D printing of ECs due to the improved 

vasculogenesis-related EC parameters compared to other materials [95].

Natural ECM extract derived from decellularized native tissues comprise tissue-specific 

microenvironment that invokes the adhesion, migration, differentiation and regenerative 

potential of resident cells home to that tissue [96–98]. As far as vascular tissue is concerned, 

this hypothesis has been evidenced by the finding that ECM deposited by HUVECs 

promotes endothelial differentiation of adult stem cells [99]. The pro-angiogenic potential of 

vascular ECM extract has gained recent research interest in VTE, despite the complexity in 

composition that hinders our understanding on the underlying mechanism. Digested ECM 

extract from vascular adventitia augmented the tube-like network formation of human ECs 

in vitro, and elicited vascular invasion from surrounding chorioallantoic membrane of the 

chick embryo [100]. Likewise, decellularized rat aorta ECM conjugated with heparin were 

found to reduce whole blood clotting, and stabilize long-term EC attachment to the lumen of 

ECM-derived vascular conduits for a prolonged durability of endothelialization in vitro 
[101].

Interestingly, the pro-angiogenic property of ECM seems not restricted to vascular tissue. 

Matrigel is the trade name of a solubilized basement membrane prepared from the 

Engelbreth–Holm–Swarm mouse sarcoma. ECs seeded atop or within Matrigel rapidly 

reorganize into capillary-like network within 24 h. Due to this excellent pro-angiogenic 

property, Matrigel has been designated as the standard substrate material in the EC tube 

formation assay [102], as well as for in vivo angiogenesis tests. Equally important, Matrigel 
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can exert pro-angiogenic effect when used as a supplement to other biomaterials. For 

instance, the lumenized angiogenic sprouting of human cerebral ECs were significantly 

improved in collagen hydrogel supplemented with 2% (v/v) Matrigel [103]. Small intestinal 

submucosa (SIS) is another typical non-vascular ECM origin that possesses pro-angiogenic 

properties. SIS gel is capable of evoking neovascularization and angiogenic secretome as 

determined by tube formation in vitro, the mouse aortic ring assay, and animal models [104, 

105].

Synthetic biomaterials offer an alternative category for VTE that share two common 

advantages: (1) highly tunable in mechanical properties and chemical composition; and (2) 

compatible with natural pro-angiogenic agents for enhanced bioactivity. Poly(l-glutamic 

acid) (PLGA) hydrogels promoted vascularized adipose units in a mouse subcutaneous 

model [106]. Polycaprolactone (PCL) scaffolds modified with chitosan showed a 

significantly increased vascularization compared to unmodified PCL fiber mats in a rat 

model [107]. Pro-angiogenic peptides were incorporated into poly(ethylene glycol) (PEG) 

hydrogels as crosslinking peptides flanked by matrix metalloproteinase (MMP) degradable 

substrates. The resulting enzymatically-responsive pro-angiogenic hydrogels promoted 

vascularization in a mouse model [108]. Modified natural materials is another potent 

subcategory of artificial material for VTE. Methacrylated gelatin (GelMA) and 

methacrylated hyaluronic acid (HAMA) comprised a novel hydrogel carrier of MSCs that 

increased vascularization in vivo by up to 3 fold compared to cell free controls [109]. 

Recently, an engineered recombinant protein (C7) is developed as a component of hybrid 

shear-thinning hydrogel to encapsulate ECs and maintains cell-matrix adhesions through 

integrin binding motif [59]. Subcutaneous implantation of composite elastomeric 

polyurethane (PU) scaffolds incorporating SIS augmented the vascularization from 

surrounding tissue, and ultimately tissue regeneration in rats [110]. Composite scaffold that 

combines a PEGylated fibrin hydrogel with a decellularized ECM scaffold supported robust 

and stable vascularization in a rodent volumetric muscle loss (VML) model [111].

Hypoxia

Low oxygen tension, or hypoxia, is another crucial environmental cue for vasculogenesis 

and angiogenesis [112]. Numerous studies demonstrate that hypoxia induces a wide array of 

transcriptional responses in EC that regulate proliferation, ECM degradation, pericyte 

recruitment, and sprouting [113–116]. For instance, hypoxia-inducible factor-1 (HIF-1) is a 

primary transcriptional mediator expressed by EC in response to oxygen stress. Infection of 

endothelial cells with HIF-1α under non-hypoxic conditions was sufficient to induce 

increased basement membrane invasion and tube formation [113]. Hypoxia-induced HIF-1α 
were also found to regulate the arterial-venous specification of EPCs through upregulating 

Notch target genes Hey1 and Hey2 and subsequent repression of Coup-TFII [117]. 

Moreover, hypoxic environment upregulates the principal proangiogenic factor vascular 

endothelial growth factor (VEGF) isoforms, which is a major transcriptional target for 

HIF-1. The VEGF-VEGFR axis is activated to stimulate the EC proliferation, sprouting, and 

angiogenesis when oxygen level is disrupted [118, 119].
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Inducing the angiogenic process through hypoxia is a powerful tool for VTE that harnesses 

the innate natural angiogenesis mechanism in physiological and pathological states. HIF-1α 
expressing EPCs delivered to ischemic mouse hind limb significantly reduced limb and toe 

necrosis, augmented neovascularization and exogenous EPC homing [120]. Repeated, short-

term hypoxia (2% for 8 h) was recently established as opposed to long term hypoxia to 

promote vascularization in the co-culture of primary human osteoblasts and outgrowth 

endothelial cells for the regeneration of bone tissue constructs [121]. Hypoxic culture (2%) 

was also found to promote differentiation of adipose-derived stem cells into ECs through 

demethylation of ephrinB2, which then improved limb salvation in a mouse hind limb 

ischemic model [122].

Biophysical properties

Surface micro-topography has great implications in regulating the behavior of a wide variety 

of cells [123, 124]. Numerous recent studies have begun to reveal the role of micro-

topography on angiogenesis or neovascularization. When hMSCs on PDMS micro-textured 

substrates were treated with osteogenic medium and implanted subcutaneously in mice, 

histological data revealed increased vascular invasion [125] (figure 3(A)). Nanofibrillar 

alignment is another intensively characterized topographical feature for angiogenesis. ECs 

were elongated along the direction of aligned collagen nanofibrils and migrated with greater 

directionality and higher velocity [126]. EC-seeded aligned nanofibrillar collagen scaffolds 

improved blood perfusion and arteriogenesis in a mouse hindlimb ischemia model (figure 

3(B)) [127]. Interestingly, in addition to micro-topography in the scale below tens of 

microns, a curvature scale much larger than any single cell was found to significantly impact 

the angiogenesis behavior of ECs: bioceramic patterned with grooves (330 μm in width and 

300 μm in depth) resulted in the formation of individual, highly aligned microcapillary-like 

structures in vitro [128] (figure 3(C)). Taken together, these studies exemplify the 

implication of micro-topography on angiogenesis independently from the selection of 

biomaterial. However, the optimal micro-topography for angiogenesis remains to be 

identified.

The impact of substrate stiffness on stem cell fate via cellular mechano-sensing came into 

view since Engler et al discovered matrix elasticity-mediated stem cell lineage specification 

[129]. It has been long noted that stiffening of blood vessel wall precedes many pathological 

behaviors of the endothelium, indicating the regulatory role of ECM stiffness in the 

homeostasis and activity of ECs [130, 131]. Derricks et al have recently reported that EC 

responses to VEGF-A are ECM stiffness dependent [132]. Substrate stiffness coordinates the 

interaction of VEGF-matrix binding and β1 integrin binding/activation to regulate EC 

behavior [133]. Moreover, substrate stiffness were found to regulate arterial-venous 

specification of EPCs [134]. However, scaffold elasticity is yet to be harnessed to favor VTE 

and has shown controversial results. Softer gels (2 kPa) of modified PEG exhibited greater 

vascularization compared to stiffer gels (18 kPa) in a rat subcutaneous implantation study 

[135], whereas stiff bone scaffold (24 kPa) composed collagen and hydroxyapatite 

augmented vascularization compared to softer scaffolds (7 kPa) in a similar rat model [136]. 

This subject is further complicated by the fact that ECs and stromal support cells can 

inherently alter the surrounding ECM elasticity during capillary morphogenesis [137]. The 
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modulus and cell binding properties of the material were thereby decoupled in many studies. 

For instance, proteolytically degradable PEG hydrogel scaffolds were created for decoupled 

gradients of elastic modulus and immobilized RGD concentration to study vascular sprout 

invasion in vitro [138].

In addition to static biophysical features, hemodynamic tension affects EC behavior 

profoundly. The vascular endothelium is in direct contact with blood flow and is thereby 

subjected to consistent shear stress. Such hemodynamic shear stress is crucial for the 

maintenance of the phenotype, transcriptome, homeostasis and activation of the endothelial 

cells comprising the vascular endothelium [139, 140]. There is a growing body of evidence 

suggesting the utility of shear stress in vitro for VTE as an attempt to recapitulate the 

mechanical environment that favors ECs. In vitro assays revealed expression of endothelial 

markers vWF and CD31 in late EPCs upregulated by shear stress via cytoskeletal 

remodeling, leading to subsequently increased in vivo re-endothelialization after arterial 

injury [141]. Furthermore, hPSC-derived ECs aligned rapidly and adopted an arterial-like 

phenotype in vitro when exposed to high shear stress (~10 dynes cm−2) that mimics the 

blood flow in arteries (10–20 dynes cm−2) compared to low shear stress [142–144] (figure 

3(D)). The pro-maturation effect of shear stress has been reported over a wide spectrum of 

cell sources. For example, MSCs from various species are able to differentiate into 

endothelial-like cells when subjected to physiological shear stress conditions [145–147]. 

Recently, stem cells from human exfoliated deciduous teeth were found responsive to shear 

stress by endothelial differentiation via the VEGF-Notch signaling [148].

Vascularization and angiogenesis strategies in tissue engineering: state of art and new 
perspective

The tremendous efforts made to understand endothelial biology from multiple perspectives 

has paved the way to create vascularization in tissue engineered grafts, which is currently 

regarded as one of the main hurdles for the translation of tissue engineering to clinical 

applications [7]. In this section, we will review the state of art and new perspectives in 

engineering vascularization strategies based on the latest findings (Summarized in figure 4).

Patterning the vascular network by engineered Scaffold

Many endeavors in VTE have relied on the spontaneous angiogenic behavior of ECs from 

various sources. To date, a wide spectrum of 3D scaffolds have been developed using novel 

fabrication technologies to pattern and control the organization of vascular cells via different 

mechanisms. Such scaffold-cell complex has great potential to render vascular networks 

with high fidelity to ensure sufficient nutrient supplementation to surrounding cells, and 

enable anastomosis with surrounding host tissue after implantation. Apart from 

vascularizing thick tissue-engineered constructs, the recapitulation of native vascular 

structures in vitro may serve as a good research platform for high-throughput drug screening 

and disease models for pathological studies.

Hollow channels patterned within 3D hydrogel is a common scaffold design to generate 

vascular structures in vitro. The ECs are seeded onto the inner wall of the microchannels, 

thereby initially patterned by the pre-designed channel geometry and shape. Channels 
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prepared in bioactive hydrogels offers a micro-environment tunable to cell remodeling, 

where endothelial cells can invade, sprout and lumenize inside the matrix to augment 

interconnectivity of patterned vascular network (figure 4(A)). Nichols et al cured gelatin 

methacrylate (GelMA) in a rectangular PDMS mold containing micro-needle as the space 

occupier, followed by infusion with HUVECs to create endothelialized microvascular 

channels [149]. Recently, further study using the similar microvascular channel design 

revealed retention of EC phenotype and confluency for 6 weeks after active perfusion with 

endothelium medium [150]. Using carbohydrate glass as a sacrificial material, Miller et al 
were able to create interconnected, orthogonal vascular networks within cell-laden fibrin 

hydrogels. Injected ECs formed single and multicellular sprouts from patterned vasculature 

[151].

An alternative approach to create perfusable, endothelialized microchannels in vitro is the 

perfusion of cell-seeded scaffolds by adjacent microfluidic channels. When seeded with 

fibrin inside a microfluidic device, HUVECs self-assembled into a continuous capillary 

network. The capillaries then anastomosed with adjacent microfluidic channels, allowing 

subsequent perfusion of the vessel network in vitro [152, 153]. Moreover, after initial 

formation of a capillary network via vasculogenesis, the inner wall of microfluidic channels 

can be lined with ECs to serve as arterial input and veinous output, respectively. Sprouting 

angiogenesis was induced, leading to complete interconnections between artery/vein and the 

capillary network [154].

Nano/microfibrillar scaffold is another widely reported scaffold design for VTE to generate 

organized vascular network. 3D porous microfibrous scaffolds with controllable fiber 

orientation were prepared by electrospinning of various poly-ester materials (figure 4(B)). 

Electrospun polycaprolactone (PCL) scaffold with parallel aligned microfibers and 

interconnected pores were found to improve the endothelial differentiation of human iPSCs, 

which led to elongated vascular-like network within the scaffold [57]. Likewise, when iPS-

ECs were seeded on electrospun composite scaffold consisting of PCL and gelatin, improved 

survival and retention of phenotype was noted up to 3 d, as well as enhanced engraftment 

and improved blood perfusion in vivo [155]. In addition to electrospinning, nanofibrillar 

collagen scaffold can be fabricated via self-assembly from collagen film to render desired 

porosity and anisotropy to primary ECs and iPS-ECs (figure 4(B)). The seeded cells 

demonstrated improved outgrowth and survival in vitro, and augmented blood perfusion in a 

mouse hindlimb ischemia model [127, 156].

With advances in 3D bio-printing technologies in the past decade, the 3D vascular 

architecture can also be prepared directly by printing, which offers profound flexibility and 

precision in the spatial patterning of cells and micro-channels. Vascular-like structure printed 

by fugitive ink can be easily removed after printing to create lumen inside the 3D construct 

(figure 4(A)). Wu et al succeeded in 3D printing a perfusable microvascular network within 

a hydrogel reservoir [157]. The bioactivity of the vasculature prepared in this manner was 

validated in a more recent study by Bertassoni et al, in which bio-printed agarose template 

fibers created vascular-like networks within cell-laden hydrogel constructs to improve mass 

transport, cellular viability and differentiation of the surrounding cells. Successful formation 

of endothelial monolayers within the fabricated channels was also noted [158]. Using a 
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similar extrusion based printing approach, intricate, heterogeneous 3D vascular structures 

consisting of various cell types can be created by precisely co-printing multiple cell-laden 

bioinks in three dimensions in a layer-by-layer manner [159]. Digital light projection (DLP) 

based stereolithography is another widely used printing technology for 3D vascular 

architectures. Three-dimensional, interconnected networks created by this approach were 

employed as a perfusable vascular scaffold for tissue engineering [160–162].

Equally important, the placement of cells and biomaterials can be performed concurrently by 

a printer utilizing proper cell-sustaining configuration and bio-ink without the subsequent 

cell infusion or seeding (figure 4(C)). For instance, extrusion-based systems featuring core-

shell coaxial nozzles have been used to directly print long, hollow microfibers with a cell-

laden alginate wall to resemble the architecture of a native blood vessel [163]. Likewise, 

cell-compatible bioink consisting of GelMA, sodium alginate, and 4-arm poly(ethylene 

glycol)-tetraacrylate (PEGTA) was developed in combination with a multilayered coaxial 

extrusion system to achieve direct 3D bioprinting of cell-laden, perfusable vascular-like 

tubes [164]. DLP stereolithography was implemented to successfully fabricate 3D Y-shaped 

tubular constructs with living cells encapsulated that exceeded 75% vitality [162]. 3D 

printing has offered unprecedented new avenues to create VTE products that represents great 

potential in the rapid, personalized, and bed-side production of patient specific vascularized 

implant.

3D cell spheroid for VTE

The development of new blood vessels is a dynamic process dependent on the interaction 

between ECs, as well as between ECs and perivascular cells. Scaffold-free EC spheroid 

culture was introduced by Korff and Augustin in 1998 to mimic this close 3D cell-cell 

interaction and analyze the angiogenic process in vitro [165]. Since then the angiogenic 

potential of 3D EC spheroid has been extensively studied and reported. Compared to ECs in 

2D culture, ECs on the surface of spheroids exhibit a quiescent state, which is sensitive to 

angiogenic stimulation [165]. Moreover, the dense aggregation of cells generates a hypoxia 

core in the center of each spheroid due to the limited oxygen diffusion [166]. This results in 

a pro-angiogenic shift of the secretome, as evidence by increased activity of HIF-1, 

angiopoietin-2 and VEGF-A. Accordingly, 3D cell spheroids exhibit a markedly higher 

potential as stimulators of angiogenesis. These unique features of the ECs primed in 

spheroidal culture are distinctly in favor of VTE, leading to numerous studies on the VTE 

utility of spheroids (figure 4(D)).

HUVEC-based spheroids embedded in a 3D collagen hydrogel developed elongated, partly 

lumenized sprouts by tip cells. These vascularized spheroids were then treated with drugs 

such as Perhexiline and Ellipticine to assess any angiogenesis-related adverse effects, 

indicating its potential as a high throughput drug-screening platform [167]. In accordance 

with this finding, Wimmer et al reported that EC spheroid from pluripotent stem cell self-

assembled into a human blood vessel organoid when transplanted into mice and faithfully 

recapitulated the structure of a stable, perfused vascular tree, including arteries, arterioles 

and venules [12]. Thus, the EC spheroids may act as individual vascular units to pre-

vascularize engineered tissue graft, and enhance the survival, homing and functionality of 
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other impregnated cells within the construct. For instance, ECs rapidly self-assembled into 

tubular vessel-like network structures when they were co-cultured with osteoblasts in 3D 

spheroids, leading to the scalable production of prevascularized bone micro-tissue. The 

network was anastomosed to surrounding blood vessels after in vivo implantation [168]. 

Moreover, it should be noted that the prevascularized, co-culture spheroids has markedly 

potential to generate more complex microenvironments such as cardiac tissue [169] and 

hepatic tissue [170] in a bottom-up manner. In short, the versatility and ease of 3D spheroid-

based studies has begun to see an increasing footprint in the fields of VTE and regenerative 

medicine.

Angiogenesis in vivo: let the body do the job

Most tissues are capable of invading and vascularizing a pro-angiogenic implant due to the 

inherent regenerative potential of our body. This ability has inspired researchers to propose 

another VTE strategy—the in vivo vascularization of TE grafts, in which the implanted 

biomaterial and cells are designed to rapidly integrate with the surrounding host tissue and 

vascularize under in vivo physiological conditions. After this initial stage, the construct is 

harvested and transplanted to the defect site using microsurgical vascular anastomosis 

techniques. A major advantage of in vivo VTE is the vascular maturation under anatomical 

and functional relevant native microenvironment of the host, thus skipping the in vitro 
culture of implant that may entail the exposure to immunogenic products or adverse 

microenvironment.

A proof of concept study showed that when 1000 spheroids of 100 HUVECs each were 

subcutaneously implanted into SCID mice, human EC–lined tube vasculature anastomosed 

with the mouse vasculature after 8 d, and the resulting vasculature was stable for at least 60 

d and responded to exogenous cytokines [171]. The endothelialized filament polymeric 

scaffolds implanted in mice were invaded by blood vessels from host tissue and populated 

by a cellular component that displayed endothelial phenotype [172]. It is noteworthy that the 

in vivo angiogenesis is not limited to endothelial cells, bestowing greater flexibility to the 

choice of cells. Gelatin sponge scaffolds impregnated with HIF-1α overexpressing BMSCs 

showed dramatically improved blood vessel ingrowth in the tissue-engineered bone [173]. 

Apart from cell-laden grafts, cell-free scaffolds loaded with angiogenic factors is another 

important strategy for in vivo VTE. For instance, VEGF-incorporated polymeric scaffolds 

were markedly vascularized by the host animal vasculature in various in vivo models [174–

177]. Likewise, a PEGDA hydrogel presenting interconnected pores was employed to 

deliver PDGF-BB in a murine subcutaneous model. Complete vascularization of the 

hydrogel was spotted 3 weeks post-implantation [178]. Well primed by native angiogenic 

cues, all these grafts are ready to be transplanted to the site of actual defect after extraction 

from the primary angiogenic site (figure 4(E)).

In vivo VTE has been applied towards several animal models in the past decade. Co-polymer 

rods were engineered and implanted subcutaneously to evoke encapsulation by a 

fibrocellular capsule. The harvested capsule/conduit was remodeled towards a vascular 

phenotype after grafting into the porcine vasculature as arterial interposition, in which the 

lumen was largely composed of collagen and lined by endothelial cells [179]. Likewise, 
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Yamanami et al reported the preparation of ‘biotubes’ of extremely small caliber by placing 

silicone rods into dorsal subcutaneous pouches of rats for 4 weeks. Native-like vascular 

structure was regenerated with completely endothelialized luminal surface and regular 

circumferential orientation of collagen fibers and α-SMA positive cells after the biotubes 

were anastomosed to rat abdominal aortas [180] (figure 4(E)). These promising preclinical 

studies has envisioned the possible in vivo VTE strategy on patents using autologous cells to 

circumvent immunogenic response and disease transmission.

Non-invasive monitoring of vascularization in vivo: markers and imaging technology

Over the last decades, VEGF has been a global molecular marker for vasculogenesis and 

angiogenesis. May et al demonstrated a method to quantify VEGF levels by creating in vitro 
whole-cell based biosensor which reflects human umbilical vein endothelial cells 

(HUVECs) cultured on a cellulose triacetate membrane of an ion-selective electrode [181]. 

Other known endothelial markers include CD31, CD34 and nestin. Nestin is an intermediate 

filament protein detected in proliferating vascular endothelial cells that can serve as a novel 

angiogenic marker for microvessels [182]. In vivo molecular imaging of angiogenesis 

enables visualization and quantification of neovascularization. Traditional approach of 

evaluating vasculature in the clinical setting uses a blood-circulating agent with gadolinium 

to visualize vasculature through MRI contrast [183]. Recently, numerous long circulating 

MRI contrast and fluorescent agents have been identified for imaging vascular volume 

fraction (VVF) in clinical settings. For instance, long circulating dextrinated iron oxide 

(LCDIO) is used by Xu et al as a fluorescent labeled probe to detect vascular density by 

MRI [184]. Ferucarbotran-loaded red blood cells are reported as an angiogenic imaging 

agents for MRI [185].

Due to the importance of angiogenesis and vasculature development in tumor progression, 

research into high resolution imaging of tumor targets has led some exciting progression in 

the non-invasive track of angiogenesis. LED-based photoacoustic and ultrasound-based 

imaging has been successfully applied to visualize angiogenesis in scaffolds implanted in 

mice [186]. This technique enabled the researchers to detect perfusion in scaffolds and 

correlating it to vessel density and enable vascular mapping. In order to monitor the 3D 

architecture of in vivo vasculature, ultrafast Doppler tomography (UFD-T) has been recently 

used to actively monitor angiogenesis progression in tumors and quantifying vessel size and 

length in 3D [187]. Other novel imaging agents such as single-walled carbon nanotubes was 

also utilized to image murine hindlimb vasculature and blood flow [156, 188]. Although 

several in vitro strategies for monitoring vascularization have been identified, more effective 

and non-invasive approaches for tracking in vivo vascularization deeper into the tissues and 

over a long-term period still need to be developed. It is likely that the aforementioned 

techniques used in combination can provide additional information that complements each 

other in order to provide a robust and efficient methodology for vascular imaging.

Application of VTE in regenerative medicine: beyond angiogenesis

A large number of studies have indicated the positive role of natural angiogenesis in wound 

healing and regeneration process, which requires a dynamic, temporally and spatially 

regulated interaction between endothelial cells, angiogenesis factors and surrounding ECM. 
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It is thereby reasonable to envision the utility of an engineered vascular graft as a driver of 

regeneration by augmenting the angiogenesis of host tissue at the site of injury, in addition to 

sustaining the survival and functionality of other therapeutic cells.

Despite the inherent regenerative capacity of bone tissue, adequate vascularization is still 

deemed as a critical factor for successful bone healing [189, 190]. In vitro study revealed 

augmented osteogenesis of mouse calvarial pre-osteoblasts cells when encapsulated in a 

bioprinted microchannel hydrogel pre-vascularized by HUVECs [158]. Evidence of vessel 

infiltration into the scaffold and a trend toward increased ectopic bone formation was noted 

in mouse subcutaneous implantation of macroporous scaffolds and co-cultured EPC/hMSC-

scaffold grafts, indicating the potential of vascularized bone tissue engineering applications 

[191]. Skeletal muscle is a highly organized tissue, consisting of bundles of parallel-aligned 

myofibers interspersed with blood vessels. Studies have demonstrated the importance of the 

interactions between the capillaries and myogenic cells during muscle regeneration [192, 

193]. From a VTE perspective, isolated tissue resident EPCs were found to contribute to 

angiogenesis of muscle regeneration via differentiating into blood vessels upon 

transplantation [194]. In a more recent study by Nakayama et al, human microvascular ECs 

were seeded with murine myoblasts on aligned nanofibrillar scaffolds to endothelialize the 

construct. Treatment of traumatically injured muscle with such endothelialized muscle grafts 

improves the post-injury regeneration of highly organized myofibers, microvasculature, and 

vascular perfusion [195].

In addition to the musculoskeletal system, recent studies have shed light on the potential 

participation of VTE in other key organ restoration. After brain stroke, many migrating 

neuroblasts from the subventricular zone (SVZ) are localized to the blood vessels at the 

infarct boundary. Blocking post-ischemic angiogenesis resulted in a 10-fold reduction in 

neuroblasts in the peri-infarct cortex 7 d after stroke [196–198]. Conversely, many studies 

have consistently shown that administration of human EPCs was associated with the 

reduction in infarct volume and brain atrophy in a mouse model of transient brain stroke, 

along with an increase in vessel density [199, 200]. Liver tissue repair/replacement is 

another prevailing challenge that relies on the advancement of VTE. Co-implantation of EC 

cords were found to support primary human hepatocytes in a mouse model: Tissue 

constructs containing human hepatocyte aggregates and EC cords exhibited significantly 

higher levels of albumin promoter activity compared with constructs without cords [201]. 

Moreover, VTE has the potential to salvage ischemic myocardium at early stages after 

myocardial infarction, and also to prevent the transition to heart failure through the control 

of cardiomyocyte hypertrophy and contractility [202]. Genetically modified EPC that 

overexpress Tβ4 significantly increased myocardial contractility and rates of cardiomyocyte 

survival in a rat myocardial infarction model [203].

Conclusion and future perspectives

Vascularization is the key challenge that hinders the clinical applications of tissue 

engineering product. To date, various strategies have been developed to vascularize tissue 

engineered grafts that comprises key fundamental elements of physiological vasculogenesis 
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and angiogenesis, including vascular cells, angiogenic factors, biophysical cues and spatial 

organization.

However, we must keep in mind that it is unlikely to find one universal approach to engineer 

vascular network for all tissue engineering purposes. Due to the pivotal role of tissue-

specific cues and vascular-tissue interaction that drives vascularization, VTE is more likely 

to succeed when created in a tissue-dependent manner. On the other hand, the advancement 

of VTE in the near future depends on the integration of multiple, complimentary strategies 

depicted in this article for optimal in vivo functionality. For instance, vascularized cell 

spheroids may be 3D printed to generate composite grafts. Likewise, biophysical parameters 

such as matrix stiffness and shear stress can be easily integrated into 3D microchannel 

blocks to regulate EC behaviors that lines the inner wall of the channels.

Furthermore, the existing findings point to several future perspectives to further advance the 

clinical potential of VTE. To date, most of the VTE scaffolds fail to reproduce the native 

organization of the vascular tree in tissue engineered grafts. Future 3D fabrication 

approaches should be capable of generating a hierarchical vascular network that 

recapitulates the transition from macrovessels (arteries and veins) to microvessels (arterioles 

and venules) and finally capillaries. Additionally, more attention should be paid to the long 

term quality of engineered vessel system, which can be reflected by endothelium 

homeostasis, perfusability, permeability and contractility of the vessels. Finally, it is 

important to note that the intensive crosstalk between regional vasculogenesis and 

organogenesis indicates the possible synergistic tissue engineering of vascularization and 

organ differentiation, which might be the next breakthrough that leads to the production of 

vascularized whole organ and tissue.
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Figure 1. 
Schematic of physiological development of mammalian vasculature. (A) Mesodermal-

derived angioblasts in early mammalian embryos give rise to dorsal aorta, cardinal vein and 

various local primary vascular plexus. In the meantime, endothelial precursor cells in the 

yolk sac aggregate into blood islands and generate primary vascular plexus. The primary 

vessels then remodel and mature to form a hierarchical, functional vasculature. (B) When an 

existing blood vessel initiates expansion, some endothelial cells are activated to adopt a tip 

cell phenotype that can sprout and invade the surrounding basement membrane. Adjacent 

stalk cells follow the tip cells, proliferate to support sprout elongation and lumenize. Stalk 

cells also deposit basement membrane and recruit mural cells to stabilize newly formed 

vessels.
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Figure 2. 
Summary of cell sources for VTE. (A) Human embryonic stem cell line can assume a 

vascular smooth muscle cell phenotype that express SMA, Myosin IIB, and SM22a. (B) 

Human mesenchymal stem cells, either derived from induced pluripotent stem cells (left) or 

adult tissue (right), can serve as mural cells to stabilize engineered blood vessel via 

differentiation, cell–cell contact, or paracrine effect. (C) Schematic of cellular composition 

of a blood vessel. (D) Endothelial cells can be derived from patient-specific induced 

pluripotent stem cells (upper left), uniformly expressing CD31 (upper right), forming 

capillary-like network on Matrigel (lower left, green) and uptaking AC-LDL (lower right, 
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green). (E) EPCs are another promising source of ECs. They are aligned to laminar shear 

stress (upper right). These cells can undergo sub-lineage specification in response to 

different degree of shear stress, expressing arterial (Cx-40) and veinous markers (COUP-

TFII), respectively. (A) is adapted from [56] Copyright 2015. With permission of Springer. 

(B), (D) and (E) are unpublished data acquired in our lab.
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Figure 3. 
Biophysical cues to be involved in VTE. (A) When hMSCs on PDMS micro-textured 

substrates were implanted subcutaneously in mice, histological analysis revealed increased 

vascular invasion on micro-textured substrates. Reprinted from [125], Copyright 2015, with 

permission from Elsevier. (B) ECs were elongated along the direction of aligned collagen 

nanofibrils in vitro. Reprinted from [127], Copyright 2013, with permission from Elsevier. 

(C) Curvature in scale larger than single cell was found to significantly influence the 

angiogenesis behavior of ECs [128]. (D) Laminar, unidirectional shear stress regulated 

arterial-veinous specification of hPSC-derived ECs. Reprinted from [142], Copyright 2015, 

with permission from Elsevier. All pictures are adapted from published data with 

permission.
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Figure 4. 
Overview of present strategies to engineer vasculature. (A) Hollow microchannels can be 

created within 3D hydrogel after removal of the fugitive material pre-patterned by casting or 

3D printing. The ECs are then seeded onto the inner wall of the microchannels and thereby 

patterned by the pre-designed channel geometry and shape. (B) Nano/microfibrillar scaffolds 

prepared by electrospinning and shear-extrusion can render fibril alignment that regulates 

EC orientation and augment angiogenic behaviors. (C) The cells and biomaterials can be 

patterned concurrently by an extrusion-based printer featuring core-shell coaxial nozzles to 
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print long, hollow microfibers with a cell-laden alginate wall to resemble the architecture of 

a native blood vessel. (D) The scaffold free, 3D EC spheroids may act as individual vascular 

units to vascularize internally, as well as pre-vascularize the surrounding tissue, and thus 

enhance the survival, homing and functionality of other impregnated cells within the 

construct. (E) Scaffolds that present angiogenic factors or resembles blood vessel 

morphology can be pre-implanted in a vascular site to be conditioned/vascularized in vivo 
through vessel ingrowth or encapsulation by host tissue, and then harvested and transplanted 

to the site of injury.
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