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ABSTRACT 

The common occurrence of cardiovascular diseases and the lack of proper autologous 

tissues prompt and promote the pressing development of tissue-engineered vascular 

grafts. Current progress on scaffold production, genetically modified cells and use of 

nanotechnology-based monitoring has considerably improved the long-term patency of 

engineered tissue grafts. However, challenges abound in the autologous materials and 

manipulation of genes and cells for tissue engineering. This review overviews current 

development in tissue-engineered vascular grafts and discusses recent improvements in 

scaffolding techniques as well as the efficiency of gene-editing tools and their ability 

to fill the existing gaps in stem-cell and regenerative therapies. Current advances in 3D-

printing approaches for fabrication of engineered tissues are also reviewed together 

with specific biomaterials for vascular tissues. In addition, the natural and synthetic 

polymers that hold increasing significance for vascular tissue engineering are 

highlighted. Both animal models and nanotechnology-based monitoring are proposed 

for pre-clinical evaluation of engineered grafts in view of their historical significance 

in tissue engineering. The ultimate success of tissue regeneration, which is yet to be 

fully realized, depends on the optimal performance of culture systems, biomaterial 

constructs and stem cells in a suitable artificial physiological environment. 

 

Keywords: vascular tissue engineering, tissue-engineered vascular graft, 3D 

bioprinting, stem cell, CRISPR/Cas9, pre-clinical evaluation  
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Impact Statement 

The main goal of this review is to provide a broadened insight on recent advances in 

stem cell-based vascular tissue engineering and the development of gene-editing and 

nanotechnology systems in this field. Moreover, the uses of autologous cells to prepare 

personalized hydrogels offer promising methods for scaffold fabrication. These new 

approaches not only improve the efficacy of tissue-engineered vascular grafts, but also 

offer potential therapeutic options with long-term beneficial effects on patients. 

 

 

Introduction 

Cardiovascular diseases (CVDs) are the leading causes of mortality worldwide.1 

The majority of CVDs is atherosclerosis characterized by the formation in the arterial 

intima of plaques containing lipid and cells.2 When affected blood vessels are narrowed 

or blocked, the decrease of blood flow induces ischemic tissue damage due to 

inadequate nutrient supply. According to the World Health Organization, the global 

mortality rate of CVDs is projected to be 268.6 deaths per 100,000 people per year by 

2030.3 The abnormal narrowing of blood vessels can be treated with endovascular 

surgeries such as angioplasty, atherectomy or stent insertion to widen stenosis or 
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remove plaque.4 On the other hand, blocked or damaged blood vessels can be replaced 

or bypassed with a vascular graft.5 Although endovascular surgeries are popular 

treatment options, vascular grafting is the optimal solution for long-term patency in 

patients.5 Currently, autologous arteries or veins such as internal thoracic arteries, radial 

arteries and saphenous veins are the favored conduits for replacing diseased blood 

vessels.6 However, the use of autologous vessels to reconstruct or bypass vascular 

occlusions and aneurysms is unsuitable for many patients because of pre-existing 

vascular disease or vein stripping/harvesting for previous vascular procedures.7 

Alternatively, vascular grafts with proper patency rates may be used to replace or 

bypass damaged vascular conduits.5 

Synthetic vascular grafts for replacing blocked blood vessels have been 

introduced for clinical use as an alternative to autologous vessels since the 1950s.1 

These large-diameter synthetic vascular grafts (> 6 mm) have been performing well 

with long-term patency rates.8 The five-year patency of aorto-iliac replacement with 

synthetic vascular grafts is 90%. However, synthetic grafts made of polyethylene 

terephthalate (Dacron), polytetrafluoroethylene (PTFE) or polyurethane can pose 

problems especially in small vessels (< 6 mm).9,10 Similar to small autologous blood 

vessel transplantation, vascular graft failures are caused by intimal hyperplasia within 

the vessel wall, thrombosis, lack of re-endothelialization, atherosclerosis, inflammation 
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and infection.5,11 Synthetic grafts provide new biomaterials with acellular synthetics for 

in vivo testing, and their limitations have been reviewed.1,5,12 The application of 

synthetic grafts in small-diameter vessels is still not well developed owing to gradually 

decreasing patency when compared with autologous vascular grafts.13 Seeding of 

autologous vascular endothelial cells (ECs) onto the luminal surface of synthetic grafts 

can improve the patency, but these grafts do not perform as well as autologous 

vessels.14,15 

Given the shortage of available vascular bypass conduits, tissue engineering 

technology combines cells, tissue scaffold and engineering to generate vascular graft, 

and is thus a potential solution for vascular surgery.16 A tissue-engineered vascular graft 

(TEVG) generated in vitro does not require invasive surgery to harvest vascular tissues 

from patients. Development of functional TEVGs is essential for other applications of 

tissue engineering.17 One of the major barriers to tissue engineering is the need to 

supply nutrition and oxygen to tissues through a microvascular system. Tissue blocks 

thicker than 100–200 µm are difficult to be maintained ex vivo by diffusive transport of 

nutrients, oxygen and waste products. The establishment of a perfusable vascular 

system is essential for the graft engineering of tissues or organs. The prevascularization 

can be achieved by stimulation of angiogenesis via either seeding of endothelial cells 

or re-endothelialization of decellularized extracellular matrix (ECM). The engineered 
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vessels must tolerate physiological pressures, and should not induce any immunological 

response or blood clot formation.12,18 

This review provides a translational outlook of current progress in vascular tissue 

engineering and the advancements in stem/progenitor cell-mediated vascular tissue 

regeneration. It discusses the emerging roles of gene-editing and nanotechnology 

systems in this field, highlights technological developments for clinical applications, 

and identifies challenges of future research for vascular regenerative therapy. 

 

 

Novel Scaffolds and Scaffolding Techniques for TEVGs 

Several different approaches have been used to construct TEVGs for clinical use. 

According to established techniques, TEVGs can be categorized as scaffold-based 

vascular grafts based on synthetic, natural or hybrid materials, or as self-assembled 

vascular grafts.19 

Most normal cells except blood cells are anchorage-dependent, residing in a solid 

matrix.20 Ideal scaffolds for tissue engineering should be non-immunogenic, non-toxic 

and flexible with enough surface for cell adhesion and proliferation, adequate three-

dimensional (3D) structure/space for ECM regeneration, and proper degradation rate 
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for tissue regeneration, and should also provide biological clues to guide cell 

differentiation.21 The use of scaffolds is critical to the development of TEVGs.22 The 

scaffold-based method is commonly used in TEVGs (Fig. 1). 

Synthetic and natural substrates. Synthetic substrates can be easily 

manipulated into a variety of structures in a reproducible manner and have controllable 

mechanical properties.22,23 However, no single polymer possesses all essential 

properties for constructing TEVGs in terms of biocompatibility, biodegradability and 

mechanical strength. To generate better grafts with improved scaffold construction, 

copolymers combining with different polymers have been well developed in tissue 

engineering.24-26 Readers interested in this field can find more details in a very recent 

review.27 The scaffolds made by synthetic substrates can serve as the basis of TEVGs 

for seeding specific cell types; however, several limitations obstruct their applications 

in vascular engineering, including poor cell adhesion, poor proliferation, frequent 

thrombosis formation, decreased matrix synthesis, low void volumes and persistent 

polymer remnants.17,22,23,28 

Natural biomaterials display excellent biocompatibility for cell attachment and 

growth, but their limited physical and mechanical stability is a significant obstacle to 

tissue engineering application.29 Several additional modifications including cross-

linking and forming composites with synthetic material have been developed to 



8 

 

improve and enhance the stability of these natural biomaterials.30-32 ECM is an essential 

non-cellular component with 3D microenvironment for cell attachment.33 Several 

common components derived from ECM, such as collagen and fibrin, are widely 

applied in gel format for constructing cell-bearing scaffolds. These hydrogel-based 

scaffolds have been successfully used for the development of small-diameter vascular 

grafts.34-36 In addition to ECM, decellularized natural matrices derived from animal 

tissues have also shown their potential in constructing TEVGs (Fig. 2).37 However, 

major failures of decellularization-based vascular grafts are caused by aneurysm, graft-

related thrombosis and infection.5,38 

Scaffolds derived from synthetic or natural substrates provide a promising way to 

establish TEVGs and are applicable as anastomosis grafts used in animal models. 

However, several disadvantages of scaffold-based TEVGs limit their applications: i) it 

is unacceptable for patients with urgent need because manufacturing TEVGs takes more 

than a few months; ii) host immune response against scaffold or allogenic cells 

contributes to TEVG failure; iii) cellular senescence restrains cellular proliferation in 

vitro; and iv) improper mechanical property of TEVGs compared with natural blood 

vessels can cause aneurysm formation. Recent advances in 3D printing-based TEVGs, 

autologous scaffolds, self-assembled TEVGs, stem cells-based TEVGs and genetic 

modification tools have paved the way for constructing off-the-shelf TEVGs. 
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3D printing of TEVGs 

The production of 3D structures with complex geometry in TEVGs by printing is 

achieved with recent advances in 3D bioprinting. Biomaterials, living cells and 

chemical compounds are positioned layer-by-layer precisely in spatial distribution.39 

As fabrication of microfluidic devices via the traditional method is tedious and labor-

intensive, and requires complex machinery, 3D additive manufacturing-printing has 

recently emerged as an alternative to 3D-culture technologies. Indeed, the development 

of this technology has revolutionized the research in regenerative medicine. 

Various 3D-printing approaches have been applied to produce vascularized 

engineered tissues. One common method is 3D stamping using polydimethylsiloxane 

as the supporting material. The 3D scaffold created by this method has a myriad of 

channels and holes. A vascular network is formed when the channels are lined with ECs. 

However, in addition to being expensive and tedious, 3D stamping hinders cell 

encapsulation. Therefore, nozzle-based 3D printers and laser-based stereolithographic 

bio-printing with better flexibility and versatility have gradually emerged as substitutes 

for labor-intensive stamping-based 3D printing. In recent years, 3D printing based on 

digital light processing has evolved to become a next-generation microfabrication 

technique. This new technique offers distinct advantages and is suitable for precise 
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printing of complex 3D structures. Microscale continuous optical bioprinting is another 

type of modified digital 3D printing shown to enhance vascularization of graft tissue.40 

In-air microfluidics is a relatively newer technique that can significantly shorten the 

fabrication time. By means of this technology, fibers of minute diameters have been 

produced at a much higher rate when compared to ordinary microfluidic devices.41 

Interestingly, in-air microfluidics facilitates the production of 3D multiscale 

biomaterials in a single step. In view of its cytocompatibility, in-air microfluidics 

presents a robust platform that may be beneficial in stem-cell regenerative medicine. 

A number of biomaterials have been surveyed for constructing TEVGs by 3D 

bioprinting. Fibrin gel promotes deposition of collagen in neonatal rat aortic smooth 

muscle cells (SMCs), but its low viscosity makes it inappropriate for 3D 

bioprinting.42,43 Collagen has been used as bioink for 3D bioprinting.44 However, long 

gelation time limits the application of collagen in 3D bioprinting.45 Concentrations of 

collagen less than 7.5 mg/ml did not print successfully and collagen also spread over 

printing surface before gelation.44 Increasing collagen concentrations from 7.5 mg/ml 

to 12.5, 15 and 17.5 mg/ml showed improvement in the shape fidelity in a 

concentration-dependent manner.44 Some crosslink reagents such as riboflavin have 

been applied to enhance the stiffness of collagen-based hydrogels.46,47 The hydrolyzed 

derivative of collagen, gelatin, has been used in blend with other biomaterials as various 
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bioinks establishing TEVGs.43 Alginate can be used as a good printable biomaterial, 

but lacks proper cell-attaching sites.48 These biomaterials require mixing with other 

biomaterials to improve their inherent properties for 3D bioprinting. Freeman et al. 

established TEVGs by rotary 3D bioprinting in a mixture of neonatal human dermal 

fibroblasts, gelatin and fibrinogen. Cell-laden bioink was composed of 7.5% gelatin and 

10 mg/ml fibrinogen, and TEVGs were printed onto a polystyrene rod. After two-month 

culture, the burst pressure of TEVGs was 1110 mmHg.43 Gao et al. developed TEVGs 

containing ECs and SMCs by using triple-coaxial cell printing.49 The vascular tissue-

specific bioink was composed with a mixture of vascular tissue-derived extracellular 

matrix and algination.50 The Pluronic F127 and bioinks laden with human umbilical 

vein endothelial cells (HUVECs) and human aortic SMCs were added to inner, middle, 

and outer-shell layers, respectively, through a triple-coaxial nozzle. These TEVGs were 

stimulated with pulsatile perfusion in a bioreactor. Average burst pressure of these 

TEVGs was 174 ± 55 mmHg. These premature TEVGs were anastomosed into rat 

abdominal aorta for three weeks and the patency rate of these TEVGs was 100%.49 

Several factors influencing cell-laden bioink should be studied, including viscosity, 

stiffness and cell viability. These scaffold-free TEVGs generated by 3D bioprinting 

have been developed by different research groups.51,52 
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Norotte et al. used 3D bioprinting to construct scaffold-free TEVGs. Multicellular 

spheroids and cylinders of mesenchymal stem cells (MSCs) and fibroblasts were used 

as building blocks to construct TEVGs with defined cellular composition and geometry. 

It took several days to generate fused tubular structure after printing, and the resulting 

TEVGs further matured in a pulsed flow-stretch bioreactor. The geometry of this TEVG 

is limited due to the use of agarose as mold materials, which are removed manually.51 

Itoh et al. built scaffold-free TEVGs by using a needle-array Bio-3D printer. HUVECs, 

human aortic SMCs and human normal dermal fibroblasts were mixed in the ratio of 

4:1:5 and co-cultured in ultra-low attachment plates to form multicellular spheroids 

(MCSs). The average size of MCSs was 615 ± 51.3 μm. MCSs were transferred into a 

needle-array (9 x 9) robotically and a tubular structure was formed according to the pre-

designed configuration. The resulting TEVG was perfused in a bioreactor for 

maturation, and implanted into the infrarenal abdominal aortas of nude rats. The TEVGs 

were patent and ECs covered the inner surface of these TEVGs after implantation. 

However, the mechanical property of these TEVGs was incomparable with native 

vessel.52 TEVGs can be assembled in a few weeks by means of 3D bioprinting. The 

period for manufacturing TEVGs has been decreased by using 3D printing, but the 

tensile strength of the resulting TEVGs needs improvement before clinical usage. 
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Autologous hydrogels for vascular regeneration 

In recent decades, several types of scaffolds have been applied for the engineering 

of complex organs. The scaffolds support cell assembly and functionality, but 

biological scaffolding materials elicit host innate and acquired immune reactions in 

response to the immunological mismatch between the engineered graft and the host.53,54 

Such immunological responses endanger the success of the engineered graft.55 To avoid 

this obstacle, the uses of autologous cells to prepare autologous ECM or personalized 

hydrogels offer promising solutions for scaffold fabrication.54,56 Autologous ECM 

scaffolds were prepared by combining autologous cells and a 3D template composed 

with a biodegradable polymer.54 After cell culture, the cellular components and the 

polymer template were removed to generate autologous ECM scaffold.54 Mouse 

autologous ECM scaffolds that were implanted into mice subcutaneously stimulated 

the lowest host immune response compared with allogeneic, xenogeneic and PLGA 

scaffolds.54 ECM scaffold derived from cultured cells lacks hierarchical porous 

structure to provide cells with guidance cues for directional migration and spatial 

organization.57 To improve the structure of ECM scaffold, Zhu et al. established ECM 

scaffolds with parallel microchannel in vivo.57 Sacrificial templates, i.e. tubular form of 

aligned microfibers of poly(ε-caprolactone) (PCL) wrapped around silicone rods, were 

implanted into rats subcutaneously for 4 weeks and the inter-fiber space was occupied 
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by fibrous tissues.57 Sacrificial templates and cellular components were subsequently 

removed. ECM scaffolds were anastomosed as end-to-end interpositional arterial grafts 

for artery regeneration of the rat abdominal artery. The burst pressure of these scaffolds 

was 1489 ± 208 mmHg, similar to that of human saphenous veins. The suture retention 

of these TEVGs was 244.73 ± 30.59 gram force (gf). In physiological analysis, the 

patency ratio of these TEVGs was 100% for three months, these TEVGs could respond 

to vasomotor agonists and vasodilators in a way partially similar to native arteries, and 

no platelet aggregates or thrombi were observed in the inner of these TEVGs.57 The 

decellularized autologous ECM scaffolds displayed better biocompatibility and 

immuno-modulation to reduce the risk of rejection or provoking foreign body 

response.58 

Fibrin gel can be harvested from the patient's own plasma and used as autologous 

scaffold without the risk of foreign body response.36,59 Gui et al. established TEVGs by 

entrapping a 50:50 mixture of bovine SMCs and neonatal human dermal fibroblasts in 

fibrin gels. These TEVGs were grown in a pulsatile bioreactor for 30 days. An average 

burst pressure of TEVGs was 913.3 ± 150.1 mmHg, and the corresponding suture 

retention 53.3 ± 15.4 gf.36 In contrast to fibrin-based TEVGs, the burst pressures of 

native saphenous vein and internal mammary artery were 1599 ± 877 mmHg and 3196 

± 1264 mmHg.60 The suture retention of native internal mammary artery was 138 ± 50 
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gf.60 Several groups tried to generate TEVGs by means of fibrin-based scaffolds, but 

the vessel strength of these TEVGs remained to be improved.34,36,61,62 

Personalized hydrogels derived from ECM of omental tissues displayed 

decreased immune responses in a small-animal model.56 Incorporation of personalized 

hydrogels with autologous induced pluripotent stem cells (iPSCs) is feasible in 

functional adipogenic, cardiac, cortical and spinal cord tissue implants.56 The 

cardiomyocytes and ECs differentiating from autologous iPSCs can be combined with 

personalized hydrogel to form bioinks. By using 3D-printing technology together with 

computerized tomography identifying the orientation of blood vessels in an individual's 

heart, a mathematical model can be used to design the supplemented blood vessels, and 

a cellularized human heart can be potentially printed.63 The proper orientation of blood 

vessels is a key factor in such tissue engineering approaches. The personalized vascular 

tissue can provide ideal engineering tissue blocks without host immune response in 

patients (Fig. 3). 

Whole ECM extracted from tissues has been used as hydrogel scaffolds33 while 

invasive surgical requirement and rare availability of autologous hydrogel limit its 

application. There are still many obstacles to the use of autologous materials for 

developing personalized organs while it is relatively feasible to generate small-diameter 

TEVGs. 
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Advancements in self-assembled TEVGs 

Biological scaffold materials composed of mammalian ECM and synthetic 

scaffold materials are commonly used for tissue engineering.32 The use of biological 

(allogeneic or xenogeneic) and synthetic scaffold materials induces the innate and 

acquired host immune responses.64,65 The scaffold-free methods are recently developed 

based on tissue engineering by self-assembly.66 

L’Heureux et al. used cellular sheets to construct TEVGs without any scaffold 

material. Human SMCs and fibroblasts were cultured in flasks to form sheets with cells 

and ECM. Cellular sheets of human SMCs and fibroblasts were stripped from culture 

flasks. Sheets of fibroblasts were wrapped around to form a tubular structure and 

dehydrated to generate an acellular inner membrane. Inner membrane was rolled with 

sheets of human SMCs and placed in a bioreactor with stimulation of luminal flow of 

culture medium and mechanical support. The construct was rolled with sheets of 

fibroblasts. ECs was seeded into the inner lumen of this construct.67 This TEVG was 

composed of three distinct layers including tunica intima (ECs), tunica media (SMCs) 

and tunica adventitia (fibroblasts).68 The media layer of SMCs displayed contractile 

property.69 The burst pressure of the resulting TEVGs was 2,594 ± 501 mmHg.67 
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The limited lifespan of SMCs is a major obstacle to establishing autologous 

human TEVGs.70 The cell-sheet-based TEVG without SMCs was further developed. 

The TEVGs were constructed with human skin fibroblasts isolated from elderly patients 

(age 65 ± 8 years), and exhibited burst pressure of more than 3,000 mmHg, similar to 

that of human arteries. The suture retention strength of TEVGs was 162 ± 15 gf. The 

TEVGs were implanted into both nude rats and immunosuppressed cynomolgus 

macaques with the patency rates of TEVGs reaching 85% in rats (up to 225 days) and 

100% in macaques (up to 8 weeks).71 Furthermore, a similar strategy was used to 

construct autologous TEVGs from patients diagnosed with arteriovenous shunt failure. 

After transplantation into ten patients, these TEVGs functioned well up to 3 months 

with average burst pressure of 3,400 ± 849 mmHg.72 This clinical trial demonstrated 

that autologous self-assembled vascular graft could be used in clinics with long-term 

patency (80%) despite two reports of graft-associated failure.73 In view of the long time 

used for generating autologous cellular sheets,67,71 an allogeneic, nonliving TEVG 

serving as the brachial-axillary arteriovenous shunts for hemodialysis access may 

provide another feasible approach. The inner membranes were generated by cellular 

sheets of fibroblasts isolated from donors and stored at -80C for a long period (6 to 13 

months). Autologous ECs were then seeded in the graft before being implanted into 

patients. Unfortunately, numerous accounts of graft failure were observed as a result of 
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stenosis, occlusion induced by automobile accident, systemic infection or thrombosis 

at different time points.74 This study suggests a possibility of premade vascular grafts 

in clinical use while many conditions should be further improved. 

To shorten the production time required for establishing self-assembled TEVGs, 

Bornstädt et al. used a clinically approved biodegradable tissue glue to facilitate the 

maturation of TEVGs. Bi-level cell sheets composed by human aortic SMCs and skin 

fibroblasts were wrapped around a needle to produce tubular vessel constructs. Flexible 

glue membranes were wrapped around cell sheet constructs. A glue membrane-

stabilized construct was perfused and endothelialized in a bioreactor immediately. After 

14 days of in vitro perfusion, these resulting TEVGs exhibited burst pressure of more 

than 500 mmHg. These engineered vascular conduits were used as femoral artery 

interposition grafts implanted into nude rats. Eight weeks after implantation, the 

patency rate of implanted conduits was 100% and the burst pressure of TEVGs reached 

946 mmHg, similar to that of native rat femoral arteries. The production time of self-

assembled TEVGs was reduced to two weeks, thereby acceptable for clinical 

applications.75 
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Novel Cell Sources for TEVGs 

The use of various stem-cell types for in vivo vascular regeneration and ex vivo 

tissue engineering has been extensively investigated. Many studies have shown the 

successful development of TEVGs by using adult cells, stem cells or progenitor cells, 

and have been reviewed by Pashneh-Tala et al. and Elliot et al.5,17 

Several attempts have been made in recent years to elucidate the distinct 

mechanisms by which injured blood vessels are ultimately repaired. For example, the 

dynamics and mechanisms by which embryonic vascular SMCs facilitate arterial 

repairs in adults were recently examined.76 The smooth muscle progenitor cells 

expressing CD146 emerge during embryogenesis and reside at arterial branch sites after 

birth.76 During vascular repairing, CD146+ vascular SMCs proliferate to regenerate 

arterial wall in a wire-induced injury model. In an anastomosis model, severe injury 

induces existing SMC death, leaving behind ECM scaffold in arterial wall. A small 

population of adventitial tissue cells expressing stem cell antigen 1 (Sca1; Ly6A/E), 

CD44, CD34 and GLI1 is capable of vascular SMC differentiation.76,77 This matrix is 

repopulated by cells that differentiate into new SMCs.76 Different cell populations 

regulate vascular wall remodeling in response to injury. Adventitial stem cells could 

thus be successfully seeded into scaffolds during stem-cell engineering to improve the 

structural integrity of arterial conduits before transplantation into animals. 
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Generation of ECs and SMCs from human pluripotent stem cells. The number 

of cell divisions is limited, and cellular senescence accompanying the failure response 

to exogenous growth factors is observed in human primary ECs and endothelial 

progenitor cells (EPCs).78 The major obstacles to the use of vascular cells for generating 

tissue-engineered grafts were the sources and amount of cells. Human pluripotent stem 

cells (hPSCs), such as human embryonic stem cells (hESCs) and iPSCs, are a potential 

solution to this limitation.79 The properties of self-renewal and multi-lineage 

differentiation capabilities of hPSCs enable them to become a good source of vascular 

cells. iPSC-ECs show a divergent capacity to form capillaries when compared to 

HUVECs.80 However, to avoid teratoma formation, the hPSCs must reach a particular 

differentiation stage before therapeutic use.81 

Stem cell-based generation of vascular cells provides an unlimited cell source for 

producing TEVGs.81-83 Generali et al. generated autologous endothelialized TEVGs 

from blood-derived iPSCs. Human peripheral blood mononuclear cells (PBMCs) were 

harvested from donor's peripheral blood and reprogrammed to iPSCs by viral vectors. 

Blood-derived hiPSCs were differentiated to SMCs and ECs. hiPSC-derived SMCs 

were seeded onto tubular scaffolds and cultured under pulsatile flow. hiPSC-derived 
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ECs were seeded into the lumen of TEVGs. The resulting TEVGs displayed 

architecture similar to that of small-caliber vessels. This is the first report that TEVGs 

have been generated from PBMC-derived iPSCs.83 Gui et al. established TEVGs using 

hiPSC-derived SMCs. The hiPSCs were generated from human neonatal fibroblasts 

isolated from a healthy female donor. hiPSCs were differentiated to SMCs via the 

approach of embryoid bodies (EB). hiPSC-SMCs were seeded onto tubular scaffold 

(built using the synthetic substrate polyglycolic acid) and cultured in bioreactors. The 

resulting TEVGs were implanted into nude rats as abdominal aorta interposition grafts 

for two weeks and the patent rate of these TEVGs was 100%.84 However, these hiPSC-

derived TEVGs displayed low mechanical strength that caused significant radial 

dilation after implantation. Recently, Luo et al. modified Gui's protocol to establish 

TEVGs with advanced mechanical strength. They improved the procedures of EB 

formation, SMC differentiation and hiPSC-TEVG maturation. The burst pressure of the 

resulting TEVGs was 1419.0 ± 174.4 mmHg, and the corresponding suture retention 

strength 157.5 ± 16.5 gf. hiPSC-TEVGs were implanted into nude rats as abdominal 

aorta interposition grafts for 30 days. All grafts were patent in rats. No dilation, 

elongation or wall thickening was observed in these grafts. However, slight thrombosis 

was noticed in some TEVGs. The endothelial lining could reduce thrombosis.85 These 
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studies demonstrate that hiPSC can be a good source to construct TEVGs. The clinical 

application of hiPSC-derived TEVGs may be realized in the near future. 

 

Nanotechnology-based Enhancement and Preclinical Monitoring of TEVGs 

Nanotechnology uses synthetic nanoparticles with sizes from 10 to 100 nm, which 

can be made in solid or colloidal forms. Their small size with high surface area makes 

it feasible to conjugate them with many different ligands and enables them to penetrate 

tissues or cells freely.86-88 The application of nanoparticles in vascular tissue 

engineering has the potential to overcome some unsolved problems such as the difficult 

fabrication of vascular grafts to maintain tubular structures, and TEVG monitoring.88 

Magnetic resonance imaging (MRI) offers the best soft tissue contrast among non-

invasive imaging modalities used in clinical settings. However, the structural similarity 

between native vessels and TEVGs hampers the application of MRI in TEVG 

monitoring. Nanoparticles can be used as contrast reagents to label TEVGs and 

nanoparticle-labeled TEVGs can be distinguished from native vessels by MRI.89 

 

Improving the property of scaffolds 
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Fibronectin-coated scaffold incorporated with gold nanoparticles (FN-AuNP) has 

been developed to establish MSC-bearing TEVGs. The FN-AuNP displayed higher 

hydrophilicity and pyrolytic temperature than fibronectin scaffold. The addition of 

AuNP stabilized scaffold and enhanced cell attachment. MSCs in the FN-AuNP-coated 

catheter displayed higher antithrombotic property and differentiation efficiency toward 

SMCs and ECs than that in the fibronectin-coated catheter in vivo.90 Implant-associated 

infection is a major cause of graft failure. Madhavan et al. incorporated 0.1% silver 

nanoparticles on PCL scaffold and demonstrated that this scaffold was antimicrobial 

while non-cytotoxic to ECs. However, higher concentration of silver nanoparticles 

could induce EC death.91 The concentration of silver nanoparticles should be optimized 

between levels required to achieve antimicrobial and non-cytotoxic property. 

 

Fabrication of tissue-engineered tubular constructs 

Ito et al. introduced magnetic cationic liposome (average size 150 nm) into ECs, 

SMCs and fibroblasts. These magnetic nanoparticle-labeled cells were cultured in 

ultralow-attachment plates under a magnetic field to form a cell sheet. These 

magnetically labeled cell sheets were rolled onto a cylindrical magnet to form a tubular 

structure.92 Magnetic force-based TEVGs could be developed in several days, but poor 

mechanical strength was observed in these TEVGs. Shimizu et al. used the same 
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magnetic cationic liposome to label human SMCs and dermal fibroblasts. These 

magnetically labeled SMCs and dermal fibroblasts were subsequently seeded onto 

decellularized porcine common carotid artery inserted with cylindrical magnet in its 

lumen. More than 90% SMCs and 70% dermal fibroblasts were successfully seeded 

onto the scaffold. From histological study, SMCs and dermal fibroblasts established 

two distinct layers on decellularized porcine common carotid artery.93 

 

Tracing TEVGs in vivo 

The traditional techniques to monitor TEVGs in vivo are often invasive, for 

example, taking biopsy from the site implanted and sacrificing TEVG-implanted 

animals to collect data.94 Developing noninvasive methods to access implanted grafts 

could monitor real-time changes to facilitate the design of improved TEVGs.94,95 

Magnetic nanoparticles are widely used in tracking cells in vivo and in vitro by MRI. 

Magnetic nanoparticles interact with neighboring protons in water molecules to 

enhance the image contrast when a magnetic field is applied.96 Nelson et al. labeled 

human aortic SMCs with poly-L-lysine-coated ultrasmall superparamagnetic iron oxide 

(USPIO) nanoparticles. USPIO-labeled cells were seeded onto a biodegradable scaffold 

and cultured for six days. Human aortic ECs were seeded into the lumen of TEVGs. 

The resulting TEVGs were implanted into severe combined immunodeficient (SCID) 
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mice as aortic interposition grafts. T2-weighted images demonstrated USPIO-labeled 

TEVGs displayed shaper borders than control TEVGs.95 Furthermore, they labeled 

murine macrophages with USPIO nanoparticles. USPIO-labeled macrophages were 

seeded onto biodegradable tubular scaffolds. Cell-loaded scaffold were implanted into 

SCID mice as inferior vena cava interposition grafts, and the dynamic change of 

USPIO-labeled macrophages could be assessed in vivo by MRI.94 

Besides labeling cells, nanoparticles can be used to label scaffolds to assess 

dynamic changes of TEVGs in vivo. USPIO nanoparticles were incorporated into 

polyvinylidene fluoride (PVDF)-based textile materials. USPIO-labeled PDVF then 

served as tubular molds to culture with SMCs and fibroblasts in fibrin gel. ECs were 

seeded into the lumen of TEVGs in a bioreactor. The resulting TEVGs were implanted 

into sheep as arteriovenous shunts. During bioreactor cultivation and after animal 

implantation, the resulting TEVGs were assessed by T1-, T2-, and T2*-MRI. USPIO 

label on TEVGs improved MRI visualization both in vitro and in vivo.97 Multimodal 

imaging approaches to assessing TEVGs can support real-time clinical decision-making. 

Wolf et al. established USPIO-labeled TEVGs in a similar way and implanted the 

resulting TEVGs into sheep as carotid artery for eight weeks. The resulting TEVGs 

could be delineated from native arteries and precisely localized by MRI. 18F-

fluordeoxyglucose uptake, a sign of local inflammation, was analyzed by positron 
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emission tomography coupled with computed tomography in parallel with MRI.89 

Obtaining accurate and complete information by multimodal imaging can facilitate the 

application of TEVGs in the clinical settings. 

However, one limitation of using nanoparticles to facilitate the assessment of 

TEVGs is the long-term stability of nanoparticles.95 The half-life of iron oxide 

nanoparticles in rat liver was 8 days for dextran-coated materials, 10 days for 

carboxydextran materials, 14 days for unformulated oxidized-starch, and 29 days for 

formulated oxidized-starch.98 Several modifications of iron oxide nanoparticles by 

coating with different molecules displayed lower intracellular biodegradation rate in 

human MSCs.99 These modified magnetic nanoparticles could be used in long-term 

TEVG tracking in vivo. 

 

 

Preclinical Evaluation of Engineered Blood Vessels 

Before TEVGs are used in humans, preclinical in vivo evaluation is required to 

estimate their function and biocompatibility. During preclinical in vivo examination, 

TEVGs will be modified and improved step by step to ensure that TEVGs meet all 

design requirements.100 Several preclinical studies have focused on optimizing the 
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vascular conduits in different animal models. Analysis of the transplantation effects of 

small grafts (ranging between 1 and 4 mm in diameter) in small animals such as rabbits 

and rodents (rats and mice) revealed high variability and activation of innate immune 

system. To overcome these problems, a SCID mouse model was developed in 1983.101 

Several small-diameter vascular conduits were constructed using decellularized ovine 

arterial tissue, silastic tubing, polyurethane grafts or polytetrafluroethylene grafts, and 

then surgically implanted as an aortic interposition graft in the SCID mice, and all 

displayed excellent patency up to 35 days.102 Small animals provide indispensable 

models for some disease-specific microenvironments and are considered to be suitable 

and relatively cheap for small-scale evaluation of newly developed TEVGs and 

biomaterials. However, rodents possess distinct regeneration characteristics with a 

faster rate of graft endothelialization when compared to humans, particularly elderly 

subjects. This makes it difficult to interpret the clinical utility of TEVGs from rodent 

models. 

With regard to large animals, most of the studies of scaffold-based TEVGs have 

been performed using canine, ovine or porcine models.103 A groundbreaking 

experiment performed on dogs over a decade ago demonstrated regenerating vascular 

tissues from bone marrow (BM)-derived stem cells.104 Consequently, the graft showed 

excellent patency with no visible pathological symptoms two months after 
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transplantation into the vena cava of the same dog.104 The successful transplantation 

and long-term grafting suggest that autologous stem cells can be successfully 

manipulated in suitable biocompatible scaffolds to bridge in vivo vascular openings. 

Lambs/sheep are often favored over the porcine models since these animals display a 

coagulation mechanism comparable to that of humans. Experiments conducted with 

different cell types (ECs, SMCs, EPCs and myofibroblasts) have revealed that bio-

scaffolds with different material compositions (collagen, fibrin, hyaluronan, 

polyglycolic acid or decellularized artery) have good biocompatibility. In summary, the 

choice of test animals and evaluation of experimental results analyzing the effects of 

transplanted TEVGs in different preclinical animal models require several 

considerations, which include the size of the tissue-engineered graft, the transplant 

location, the long-term patency (e.g., immunogenicity interference), and the 

hematological response (e.g., coagulation or thrombus formation). 

Pre-clinical evaluation in small- or large-animal models may effectively predict 

the success of vascular grafts if tested in clinical trials, and approaches to evaluating 

the patency of TEVGs with long-term follow-up are well established.16,38,105,106 

Histological and immunocytochemical analyses are standard ex vivo procedures that 

provide endpoint information, including the structure and ECM composition of 

engineered vasculature compared to native vessels. Both types of analyses with specific 
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markers are also useful for the identification of transplanted versus endogenous cell 

populations. Numerous imaging techniques, such as angiography, Doppler ultrasound, 

echocardiography, computerized tomographic scanning and MRI enable evaluation of 

TEVGs in vivo in real time.107 Moreover, a nanotechnology-based non-invasive 

strategy has recently been developed for real-time serial monitoring of cell-based 

TEVGs in vivo.87 Beyond molecular imaging data, in vivo parameters, such as 

compliance and pulsatile flow, are critical criteria that can be effectively applied to 

determine the success of tissue-engineered blood vessels in clinical trials. 

We summarize here the updated progress of cell-based TEVGs from in vitro, in 

vivo to preclinical evaluation (Table 1). The method for establishing preendothelialized 

synthetic grafts was improved gradually by pre-coating the grafts with fibrin glue mixed 

with human fibronectin and fibrinolysis inhibitors.108-110 The preendothelialized fibrin 

glue-coated expanded PTFE (ePTFE) protheses were implanted into dogs and all grafts 

remained patent.111 The autologous in vitro endothelization of ePTFE grafts were 

applied in patients who had no saphenous vein available for bypass surgeries, and the 

patency rate of preendothelialized grafts was better.14,112 The tissue-engineered ovine 

pulmonary artery autografts generated from ovine artery and synthetic biodegradable 

(PCL/PLA, where PLA is poly-lactic acid) tubular scaffolds functioned well in the 

pulmonary circulation in an ovine model.113 This model was applied in a patient with a 
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single right ventricle and pulmonary atresia, and an autograft of pulmonary artery 

established from a peripheral vein was completely patent.114 The tissue-engineered 

vascular autografts constructed by BM cells and biodegradable (PCL/PLA) scaffold 

were implanted into the inferior vena cava of dogs and no obstruction was observed in 

these implanted dogs.115 The BM cell-derived autografts were successfully used in 

patients for extracardiac total cavopulmonary connection or the repair of congenital 

heart defects, without any complication observed.116 The in vivo assessment of human 

self-assembled TEVGs in rat and macaque models demonstrated high patency rates 

after implantation.71 The human self-assembled TEVGs were applied in patients with 

shunt failure and the long-term patency of self-assembled TEVGs was high in 

patients.74 Several novel strategies to establish TEVGs are proposed recently, but it is 

necessary to conduct in vitro, in vivo and preclinical evaluation before ultimate clinical 

application. 

 

 

Conclusion and Future Perspectives 

As the number of patients requiring replacement therapies continues to increase, 

stem cell-based intervention provides a potential solution to both current graft 



31 

 

replacement challenges and future vascular support in solid organ regeneration or 

replacement. Selection of stem-cell therapy for regeneration or replacement purposes is 

partly attributed to tissue shortage and incompatible tissue source. It is widely accepted 

that, when compared to 2D culture systems, 3D culture and additive-manufacturing 

methods may allow better evaluation of physiological and pathological events with 

greater accuracy. The search for compatible natural or synthetic graft materials that can 

be effectively used to manage various problems associated with vascular disease and 

organ failure has therefore drawn great interest. The debate concerning the effectiveness 

of natural and synthetic materials for 3D platforms is expected to persist while 

researchers continue to evaluate the merits and limitations of different scaffolds. 

Another potential challenge is the properties of the cells that eventually occupy these 

scaffolds. 

hPSCs provide a good cell source with unlimited proliferation capacity and an 

ability to differentiate into all human cell types. While stem cells can be engineered to 

produce specific tissues in vitro, there are concerns that the properties of the newly 

generated tissues may hinder their transplantation into living animals with future 

complications, particularly those due to unintended mutation effects. Autologous 

hPSCs derived from a patient's own cells will be the best source for cell therapy, but it 

is a much more complicated customer-based model. The whole procedures from 
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isolating cells from patients, inducing PSCs from autologous cells, removing disease-

causing mutations and differentiating them into specific cell lineages are time-

consuming. Stem cells from individuals are theoretically capable of regenerating 

structures with limited complications, but the current lack of successful stem-cell 

therapy in human tissue engineering may be due to under-appreciated micro-

environmental differences between cultured cells and living systems. Most recently, 

gene-manipulating strategies can provide suitable sources from stem/progenitor cells 

with improved functions such as mature vascular differentiation, hypoimmunogenic 

property and expandable without tumorigenicity. 

 

Genetically modified cells 

Genetically modified cells may be beneficial in fabricating TEVGs. They are 

generated by the introduction of genetic material (DNA or RNA) into cells to: i) replace 

a disease-causing gene; ii) inactivate a mutated gene; iii) transdifferentiate some 

specific cell lineages; or iv) express growth factors for cell expansion.117 For example, 

vascular grafts engineered from MSCs with endothelial nitric oxide synthase could 

inhibit neointimal and thrombus formation.118 Rat SMCs that were transfected with 

protein kinase G exhibited higher expression of the contractile protein smooth muscle 

actin and responded to mechanical stimulation better in tubular collagen type I gels.119 
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Synthetic modified mRNA. Depending on the types of vector used, the genetic 

material of interest is either integrated or not integrated into a chromosome.120 For 

clinical purposes, synthetic modified mRNA (modRNA)-based gene regulation is a 

promising tool to control engineered stem cells without causing any insertion mutation 

when compared with plasmid-based or viral vector-based methods.121,122 Currently, 

researchers are studying the possible use of modRNA-encoded transcription factors to 

manipulate cell fate conversion for use in tissue engineering.123,124 Fibroblasts were 

transfected with modRNAs encoding OCT3/4, SOX2, KLF4 and c-MYC, and 

reprogrammed as iPSCs.122,125 As a less immunogenic and more stable form of RNA 

without the risk of insertional mutagenesis, modRNAs should be a powerful tool in 

vascular tissue engineering, and may be used in clinical setting in the near future.123,124 

The dermal fibroblasts were successfully reprogrammed into functional EPCs by 

transfecting with ETV2-encoding modRNA in combination with hypoxia treatment.126 

In addition, induced differentiation of hESC-derived Isl+ cells into ECs has also been 

achieved by transfecting the modRNA encoding VEGFA.127 hPSCs were also 

differentiated into typical endothelial phenotype by delivery of modRNA encoding 

ETV2.128 However, the modRNA-based reprogramming protocol is complicated and 

laborious.123 It requires multiple transfections in cell fate conversion.123,126 The high 
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cost of modRNAs and their sensitivity to heat and nuclease limit their application in 

tissue engineering.123 

CRISPR/Cas9-mediated gene editing. Genome editing, which involves the 

alteration or modification of the genome in living cells, has been an indispensable tool 

in research involving 3D culture systems. The nuclease-directed gene-editing method 

has emerged as a superior tool for manipulating the genomes of organisms. In particular, 

clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-

associated protein-9 nuclease (CRISPR/Cas9) technology has emerged as the best 

genome-editing tool over the few past years owing to its relative ease of use, efficiency 

and robustness.129 This system has the potential to achieve site-specific cleavage and 

recombination of any target genomic region containing a specific short sequence known 

as protospacer adjacent motif sequence.130 This system has the potential to achieve site-

specific cleavage and recombination of any target genome.130 Currently, CRISPR/Cas9 

can apply in gene correction, activation and knockout.129 

The autologous iPSCs solved the problem of immunogenic rejection associated 

with the transplantation of allogeneic cells. However, disease-causing gene in 

autologous iPSCs should be ideally corrected or modified before therapy. Double-

stranded DNA breaks (DSBs) created by CRISPR/Cas9 are repaired by non-

homologous end joining (NHEJ) or homology-directed repair (HDR).131,132 HDR can 
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be used to incorporate the DNA fragment between two homologous arms to generate a 

precise DNA deletion, substitution or insertion, and hence correct a diseasing-causing 

gene. Unfortunately, the efficiency of HDR in hPSCs subjected to DSBs is only 0.1–1% 

after creating DSBs.133-135 The low efficiency in editing hPSCs is due to low cell 

viability. Currently, transient BCL-XL overexpression in hPSCs can enhance the 

genome-editing efficiency via CRISPR/Cas9.136 This strategy may increase the use of 

autologous iPSCs in future clinical trials. 

 

Hypoimmune allogeneic cells 

When autologous cells are not available for treating patients, alternative 

allogeneic cells that will not elicit an immune response are a good resource for tissue 

engineering. Generating and storing immunocompatible cells are now being developed 

in several laboratories. Merola et al. ablated both 2-microglobulin and class II 

transactivator in cord-blood endothelial colony-forming cells by using CRISPR/Cas9. 

The expression of class I and II major histocompatibility complex (MHC) were 

eliminated in the resulting ECs. MHC-eliminated ECs did not trigger humoral and 

cellular immune responses, and could be used as a cell source of TEVGs.137 The human 

leukocyte antigen B (HLA-B) knockout iPSCs via CRISPR/Cas9 display less 

immunogenicity and are well suited to stem-cell allotransplantation.138 The bank of 
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HLA-homologous iPSC lines for allogeneic transplantation is a potentially useful 

source for tissue engineering.139,140 Ablation of HLA-A/-B/-C and HLA class II, and 

expression of the immunomodulatory factors (PD-L1 and HLA-G and the macrophage 

signal CD47) in hPSCs all contribute to a hypoimmunogenic display in vitro and in 

vivo.141 L’Heureux et al. have demonstrated that allogeneic grafts produced from 

donors' fibroblasts were safe for implantation into patients without eliciting the immune 

response.74 These strategies using hypoimmune cells and allogeneic grafts may 

generate off-the-shelf universal cell products that can be used to treat a large pool of 

patients (Fig. 4). 

Allogeneic hPSCs produced from non-self donors can be an alternative source 

with several advantages, such as industrial scalability, lower cost for manufacturing and 

free of disease-causing mutations. However, the host's immunologic rejection to 

allogeneic hPSCs restricts further applications. Using genetic modification tools, the 

allogeneic hypoimmunogenic hPSCs can be the universal cell source for transplantation 

into any host. The allogeneic hypoimmunogenic hPSCs have both practicality and 

commercial potential to create off-the-shelf TEVGs. The universal TEVGs available to 

any patient are very appealing for clinicians. The combination of genetic modification 

tools and stem cells provides an attractive strategy to generate universal cell source for 

the vascular tissue engineering. However, for clinical applications, numerous questions 
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still remain unanswered. Is it safe to remove immune recognition molecules that are 

important against cancerous and pathogen-infected cells? Will multiple gene deletions 

increase an undesired oncogenic risk? Will hypoimmunogenic cells induce any 

unpredictable immune response? Further studies in immunology and in vivo testing will 

provide a better design for the application of hypoimmunogenic cells. The generation 

of ideal ECM or scaffolds with adequate quantities of cytokines, hormones and other 

biomolecules may represent one of the final hurdles in race to successfully generate 

biocompatible vascular grafts at a microscopic level and finally at a whole-organ level. 
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