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Introduction

Cardiovascular disease is the leading cause of 
morbidity and mortality in the world, of which 
coronary and peripheral artery vascular diseases 
comprise the largest proportion.1, 2 Vascular 
grafts are mainly used for the surgical treatment 
of vascular diseases that require new long-term 
revascularisation, including abdominal aortic 
aneurysms, coarctation of the aorta and chronic 
haemodialysis access. For this purpose, a single 
vascular graft is taken as an autologous graft from 
the patient, which is commonly the saphenous 
vein from the leg or the internal thoracic artery 
from the chest wall.3 However, autologous blood 
vessel availability is limited and requires invasive 
harvesting techniques. Moreover, with passage 
of time, the quality of autologous blood vessels 
can be difficult to guarantee, and the incidence 

of postoperative complications is higher.4, 5 

Therefore, it is of great clinical significance to 
obtain vascular prosthetics that can function 
as blood vessels in order to restore blood flow 
around a blockage or replace damaged blood 
vessels.6 Currently, various types of materials are 
used to prepare artificial vascular grafts, including 
synthetic polymers, natural materials, or a 
mixture of types. In addition, there is increasing 
interest in regard to the development of tissue-
engineered vascular grafts (TEVG) among various 
other approaches, which are currently under 
investigation.7 A tissue-engineered vessel can be 
grown, remodelled, and repaired in vivo without 
the necessity for autograft surgery, producing 
demonstrable benefits. Vascular graft failures 
are generally related to thrombosis, intimal 
hyperplasia, atherosclerosis, or infection.8, 9  
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Cardiovascular disease serves as the leading cause of death worldwide, 

with stenosis, occlusion, or severe dysfunction of blood vessels being its 

pathophysiological mechanism. Vascular replacement is the preferred surgical 

option for treating obstructed vascular structures. Due to the limited availability 

of healthy autologous vessels as well as the incidence of postoperative 

complications, there is an increasing demand for artificial blood vessels. From 

synthetic to natural, or a mixture of these components, numerous materials 

have been used to prepare artificial vascular grafts. Although synthetic grafts 

are more appropriate for use in medium to large-diameter vessels, they fail 

when replacing small-diameter vessels. Tissue-engineered vascular grafts are 

very likely to be an ideal alternative to autologous grafts in small-diameter 

vessels and are worthy of further investigation. However, a multitude of 

problems remain that must be resolved before they can be used in biomedical 

applications. Accordingly, this review attempts to describe these problems and 

provide a discussion of the generation of artificial blood vessels. In addition, 

we deliberate on current state-of-the-art technologies for creating artificial 

blood vessels, including advances in materials, fabrication techniques, various 

methods of surface modification, as well as preclinical and clinical applications. 

Furthermore, the evaluation of grafts both in vivo and in vitro, mechanical 

properties, challenges, and directions for further research are also discussed.
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Moreover, ideal artificial vascular grafts have good 
biocompatibility and blood compatibility which will last until 
the completion of endothelialisation.10 Any degradation in vivo 
is balanced by new tissue formation, replacing lost material 
with native proteins.11 The most promising materials provide 
mechanical support equal to autogenous blood vessels to 
sustain blood pressure load and promote tissue regeneration 
in vivo with long-term patency.12, 13 Furthermore, materials 
possessing the capacity for scaled production, sterilisation, and 
storage are preferred, enabling them to conform to existing 
clinical applications. Different anatomic locations for artificial 
blood vessels have different primary design requirements: for 
small-calibre or low-flow vessels, a non-thrombogenic luminal 
surface may be more important than for large-diameter vessels, 
which, in contrast, call for greater wall tensile properties to 
improve mechanical durability. Accordingly, this review 
attempts to outline the problems associated with the use of 
artificial blood vessels in vivo and describe past research efforts. 
In addition, current state-of-the-art technologies involved in 
the creation of artificial blood vessels, including advances in 
materials, fabrication techniques, various methods of surface 
modification, as well as preclinical and clinical applications, are 
discussed. Furthermore, the evaluation of grafts both in vivo 
and in vitro, mechanical properties, challenges, and directions 
for further research are also elaborated. Here, we searched 
related articles in the electronic databases of PubMed and Web 
of Science from inception to January 2022, using the terms 
“artificial blood vessels”, “vascular graft”, “vascular prosthesis”, 
and related keywords.

History of the Generation of Artificial Blood 

Vessels

Researchers have attempted to ameliorate the need for artificial 
vascular grafts in the past, as shown in Figure 1. Specifically, 
Austrian-German surgeon Payr experimented around 1900 
with a thin tube made from absorbable magnesium, which 
marked the first time that a vascular prosthesis was used in 
humans. However, the patient died of pneumonia 3 days later due 
to the formation of fibrotic tissue induced by the magnesium.14 

Dubost et al.15 utilised a cadaveric aortic allograft to perform 
the first successful aneurysm resection and graft implantation 
on March 29, 1951. In 1954, Blakemore and Voorhees16 
were the first to treat 10 patients with a synthetic arterial 
substitute, laying the foundation for the rapid development of 
subsequent artificial blood vessels. Then, in 1958, De Bakey et 
al.17 presented the Dacron vascular prosthesis as an alternative 
to cadaveric allografts, which are prone to late complications. 
Most researchers have subsequently focused on various other 
synthetic materials, of which Dacron, polyurethane, and 
expanded polytetrafluoroethylene (ePTFE) have proven to be 

the most viable in vascular surgery.18 However, such materials 
are not suitable for use as implants when the diameter of the 
vessel is smaller than 6 mm due to the high risk of thrombus 
formation and compliance mismatch.18, 19 A type of hybrid 
graft, prepared from polyurethane and poly-L-lactic acid, was 
developed in 1985 and has been demonstrated to ensure the 
fast development of a complete new arterial wall, possessing 
strength, compliance, and thromboresistance equal to normal 
arterial wall tissue.20 Eventually, techniques have become more 
efficient and have led to novel developments. In 1986, the first 
tissue-engineered blood vessel construct was produced by 
Weinberg and Bell.21 Bovine endothelial cells (ECs), fibroblasts, 
and smooth muscle cells (SMCs) were cultured in a collagen 
matrix and shaped into tubes, realising tissue architectures 
analogous to natural blood vessels. However, the mechanical 
properties of the constructs were poor and required the 
support of a Dacron mesh. Around this time, Argentinian 
surgeon Parodi, in collaboration with the Argentinian 
radiologist Palmaz, experimented with stents made of stainless 
steel and Dacron tube grafts in canine models and developed 
an endovascular technique for abdominal aorta repair. In 1990, 
the first successful human endovascular aneurysm repair was 
performed.22 Additionally, the first completely autologous 
engineered arteries were implanted into porcine recipients in 
1999. These vessels, which were 3 mm in diameter and 5–6 cm 
in length, demonstrated patency and satisfactory mechanical 
durability for 4 weeks.23, 24 

Over the last two decades, significant progress has been made 
in developing various types of tissue-engineered vascular 
substitutes. Tissue engineering technology combines cells, 
tissue scaffold, and engineering in order to generate vascular 
grafts.25 Particularly, creation of small-diameter artificial 
blood vessels has progressed well in terms of employing 
tissue engineering techniques through different approaches, 
such as artificial blood vessels using biodegradable polymers 
as scaffolds or consisting of decellularised vascular tissue.26 

Meanwhile, novel approaches have been used to construct 
TEVGs for clinical use and these have been demonstrated 
to have many advantages, such as three-dimensional (3D) 
bioprinting, which allows for the use of autologous cells alone 
without any scaffolding in the preparation of different sized 
small-diameter artificial blood vessels. Nevertheless, few 
comprehensive studies have been conducted pertaining to 
artificial small-calibre vascular grafts that possess long-term 
patency in vivo. In addition, an ideal tissue-engineered vascular 
graft has yet to be made clinically available.27 Evaluating the 
next generation of grafts encompasses resolving complex 
and multifaceted issues via a combination of mechanical 
engineering, vascular biology, and immunoregulation, which 
continue to pose a great challenge.10
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Current Status

Main complication and failure mechanisms

Vascular blood vessels made of synthetic polymers have 
been widely applied in cardiovascular disease treatment. 
Nevertheless, failures continue to occur, and failure to replicate 
key elements of the natural vasculature (Figure 2) along 
with the mismatch of biomechanical properties may further 
cause multiple complications.28, 29 Accordingly, it is essential 
to understand the most common failure modes in order to 
facilitate improvements in the materials’ design (Figure 3). 
Vessel graft failures are most commonly caused by restenosis 
and thrombus formation and always occur secondary to the 
progression of atherosclerotic disease or the development 
of intimal hyperplasia.30 In addition, infection also serves 
as the principal cause of late failure in grafts, in which the 
inflammatory response to infection can promote restenosis.31 

In one case, an aneurysm developed in a Dacron prosthesis 
implanted in the femoral artery, with this complication 
occurring about five and a half years after insertion.32

Preventing vascular graft occlusion due to endothelial 
hyperplasia would enable grafts to maintain their patency for a 
long period. There are three main causes of intimal hyperplasia, 
namely, intravascular SMC migration from the media to 
the intima, hyperproliferation of fibroblasts and SMCs, and 
extracellular matrix (ECM) deposition. A strong relationship 
is known to exist between haemodynamic factors and the 
development of intimal hyperplasia, which may develop in 
the graft vessel or the native vessel around the anastomosis.33 
In addition, multiple other factors, such as mismatch of vessel 

diameter, trauma during surgery, and low blood flow may also 
serve as causes.34-36 Damage or lack of ECs lining the graft lumen 
results in thrombosis, which can cause the adherence of blood 
proteins as well as the activation of clotting mechanisms.37 The 
progression of atherosclerosis limits the long-term utility of 
grafts.38 Atheroma formation in artificial grafts is comparable 
to that in native arteries. Specifically, the development of 
atherosclerotic plaques is caused by the invasion of monocytes 
into the vascular neointima to form macrophages and 
eventually foam cells.39 Graft infections are more common in 
synthetic grafts, and foreign bodies are susceptible to bacterial 
colonisation. Such infections induce chronic inflammation, 
where bacteria release toxins that interfere with graft healing 
and may eventually result in sepsis, anastomotic failure or even 
rupture.40-42

Biodegradable materials are regarded as an auspicious choice 
for use as artificial blood vessels as the graft will be replaced 
by tissue ingrowth through the pores of the graft. However, 
this kind of reconstruction depends on the counterbalance 
between the degradation of the materials, ingrowth of host 
cells, and replacement of the materials by host tissue.43, 44 
Moreover, aneurysms or even vascular rupture may develop if 
the degradation rate of the degradable material does not match 
the rate of vascular tissue regeneration. Another such issue is 
that SMCs may over-proliferate, causing restenosis in the later 
period after implantation while the endodermis of the artificial 
blood vessel grafts is not complete.45 These problems make it 
difficult for grafts to completely carry out model vascular tissue 
regeneration and adequately preserve biocompatibility in vivo.

Figure 1. The generation of artificial blood vessels. A few significant time points in the generation of artificial blood 
vessels and the main research areas are shown. ePTFE: expanded polytetrafluoroethylene; PCL: polycaprolactone; PGA: 
poly(glycolic acid); PLA: polylactic acid; PLCL: poly(L-lactide-co-caprolactone). Created with BioRender.com.
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Figure 3. The challenges after vascular graft implantation. After implantation, insufficient endothelialisation and 
aggressive proliferation of SMCs over time can lead to IH and thrombosis. Inflammatory cells play an important role in 
regulating the functions of ECs and SMCs. EC: endothelial cell; EPC: endothelial progenitor cell; IH: intimal hyperplasia; 
SMC: smooth muscle cells. Created with BioRender.com.

Common materials

Synthetic polymers

Synthetic biomaterials are produced from polymers derived 
by chemical synthesis. They have exact chemical structures 
and allow controlled adjustment to produce excellent 
mechanical properties. Owing to the simplicity of carrying 
out polymer synthesis, its mass reproducibility, and rapid 
availability, polymer-based synthetic vascular grafts have 
become an attractive option.46, 47 Most of these grafts have 
been commercially available since the 1970s and are often 

made of ePTFE, polyethylene terephthalate (e.g., Dacron), 
or polyurethane, which are all non-degradable synthetic 
materials. Particularly, Dacron and ePTFE have been involved 
in manufacture of large-diameter artificial vascular grafts for 
over 50 years.48

Vascular grafts based on biodegradable materials may be more 
appropriate for use in clinical applications, especially for the 
generation of small-diameter blood vessels. Regenerated 
vascular tissue guarantees the same function as autologous 
blood vessels when the grafts degrade.47, 49 Polycaprolactone 

Figure 2. Typical structure of normal human arteries and veins. Created with BioRender.com.
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(PCL) is an US Food and Drug Administration (FDA)-approved 
biodegradable polymer that has been extensively applied 
to manufacture tissue engineering scaffolds, particularly its 
nanofibre form via electrospinning.50

Synthetic polymers endow strength to a biomaterial. However, 
they generally have poor cellular compatibility, with the 
majority of the degradation products having been shown to 
elicit adverse immune responses in vivo. They also have limited 
resistance to thrombus formation on the surface, which leads 
to obstruction of the grafts.51 In this regard, in order to further 
enhance the potency of synthetic polymers, a tactical approach 
must be adopted to modify their surface.

Natural biomaterials

In addition to the above-mentioned synthetic materials for 
vascular grafts, natural biomaterials are also widely used. 
They are usually extracted from plants or animals and include 
proteins, polysaccharides and proteoglycans. In general, 
classical components of mammalian ECM, such as collagen 
and elastin, as well as non-mammalian macromolecules, such 
as silk, cellulose, and chitosan, have all been shown to be of 
great value for use as materials for artificial blood vessels.52-54 

The aforementioned biomaterials have better biocompatibility 
compared to that of synthetic materials, while some have been 
found to have beneficial properties for vascular applications 
when engineered using appropriate manufacturing 
techniques.55, 56 The physical properties of natural polymers 
have improved with the advancement of new separation, 
purification and manufacturing processes so that it is feasible 
and increasingly attractive to use them alone.

Silk fibroin extracted from natural silk is extensively used in 
the field of biomedicine because of its special biodegradability 
and biocompatibility. Moreover, it has been demonstrated 
to promote faster endothelialisation of the vascular graft 
compared to ePTFE.57 Collagen is the most bountiful protein 
in higher animals and may be easily obtained in large quantities 
from pigs, sheep, and fish. In addition, gelatine can also be 
obtained cheaply, as it can be sourced from hydrolysed collagen. 
Likewise, elastin, a crucial constituent of the vascular ECM, is 
also derived from animals, though in smaller quantities.58

One shortcoming of natural polymers is their easy degradation. 
Therefore, finding new materials that are not easily degraded 
in natural systems may act as an effective solution. Bacterial 
cellulose (BC) is a polysaccharide produced by microorganisms, 
primarily Komagataeibacter xylinus, which is resistant 
to degradation in the human body due to the absence of 
cellulases.59 The potential of using BC materials alone to 
fabricate vascular grafts has been demonstrated because of 
their unique properties including high crystallinity, purity, 
good water retention, adequate mechanical properties, and 
enhanced biocompatibility.60 Long-term (9 months) preclinical 
studies in sheep have verified that BC confers high stability and 
low thrombogenicity in vivo and, according to the degree of 
cellular infiltration and ECM deposition, the strength of grafts 
may increase over time.61 Li et al.62 showed that utilising the 

shape-memory property of BC membranes can serve as an 
approach to promptly fabricate multi-layered artificial blood 
vessels. Notably, small-calibre bacterial nanocellulose (BNC) 
conduits composed of a nanofibril architecture possess greater 
potential in the creation of small-calibre vascular grafts. This is 
especially true of BNC hydrogel and air-dried BNC due to their 
three-dimensional network structure, which is similar to that 
of natural ECM, as well as their capacity to regulate cell growth, 
proliferation, and differentiation.63 It has been reported that 
air-dried BNC conduits remain patent after replacement of 
the carotid artery in rabbits 46 days later, exhibit superior 
properties, and possess manifestations convenient for surgical 
applications as small-diameter blood vessels.64 However, 
further development of naturally-derived graft substitutes 
in the future has continued to be limited by their weak 
mechanical strength, the complexity of design, difficulties 
in out-of-lab translation, and the presence of complications 
following implantation.65 Further efforts in regard to in vitro 

and in vivo studies are therefore indispensable so as to improve 
grafts made from natural biomaterials.

Hybrid materials

As previously discussed, synthetic polymers have 
disadvantages in terms of their use in grafts as they often cause 
thrombosis, intimal hyperplasia, calcification, and have poor 
haemocompatibility and regenerative potential, although they 
exhibit excellent mechanical properties.47 Few natural materials 
have adequate mechanical properties for use as stand-alone 
materials. Natural materials have excellent biocompatibility; 
however, they are prone to causing vascular graft dilation 
and aneurysms (Table 1).66-69 In such cases, interest in hybrid 
materials has increased, since they constitute a reliable 
combination of natural and synthetic polymers and possess 
greater strength. Several pre-clinical studies have mixed 
natural materials with synthetic polymer materials in order to 
prepare artificial small-calibre vascular grafts. The properties 
of such composite materials have always been shown to be 
improved and balanced.70-72 Grafts made from PCL, a widely-
used synthetic polymer in vascular graft research, typically 
degrade by 70–80% of their original weight by 18 months after 
implantation, which has been demonstrated in an abdominal 
aorta rat model.73 However, the quality of the regenerated 
tissue is insufficient in the long term and the tissue formed 
by collagen, myofibroblasts, and macrophages at earlier time 
points does not persist, which is detrimental to the long-term 
performance of a vascular graft.73 The addition of chitosan to 
PCL grafts has been shown to improve remodelling, resulting 
in a lumen fully covered with endothelium and organised 
contractile SMCs, which simultaneously increase the resistance 
to thrombosis in sheep models. Moreover, only 9.1 ± 5.4% of 
the original PCL/chitosan grafts have been shown to remain 
after the 6-month evaluation period, indicating that chitosan 
addition greatly accelerates degradation.74 Hybrid PCL collagen 
grafts have also been demonstrated to reduce the accumulation 
of oxidised lipid species and increase contractile SMCs when 
implanted in vivo.75
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Tissue-engineered vascular grafts (TEVGs)

Notably, large-diameter (inner diameter > 8 mm) artificial 
blood vessels made of ePTFE, Dacron, silk, polyurethane, 
or other polymers have been successfully used in clinics for 
conditions such as coarctation of the aorta, aneurysm of the 
thoracic aorta, and aortic dissection.76 To date, treatment of 
abdominal aortic aneurysms primarily comprises two different 
surgical procedures: endovascular placement of an aortic stent 
graft and open surgical repair of abdominal aortic aneurysms. 
Most current stent-grafts are based on self-expandable 
nitinol stents made of Dacron or ePTFE fabric.77, 78 However, 
in most cases they fail to replace vessels of a small diameter 
(inner diameter < 6 mm) due to thrombosis, atherosclerosis, 
infections, or neointimal hyperplasia62 (Table 2). In view of the 
limitations of current vascular substitutes for small-diameter 
arteries, TEVGs may be an attractive potential solution.

A TEVG is made using appropriate materials and processes that 
possess high tissue compatibility, leading to a lack of rejection 
and maintaining long-term patency following transplantation.79 

Due to these advantages, tissue engineering is frequently used 
for the construction of artificial blood vessels. Both synthetic 
and natural biodegradable materials have been tried in vascular 
tissue engineering. The scaffolds are considered to possess 
high porosity as well as a microstructure that can deliver, align, 
and maintain cell connections in favour of angiogenesis.80 

The scaffold material required for TEVG creation should be 
biodegradable and nonimmunogenic. Furthermore, material 
processing techniques often affect the function of 3D scaffolds, 
as the same material composition with distinct micro/nano-
scale structures can eventually perform different functions. To 
date, a number of fabrication techniques have been adopted 
to create clinically-viable TEVGs which vary widely in terms 
of materials, manufacturing methods, cell sources, and culture 
protocols. In a word, these strategies can be broadly classified 
into three common approaches: decellularised natural matrix 
methods; scaffold-based approaches using synthetic or natural 
materials; and scaffold-free processes.

Decellularised vessels

One type of currently-used artificial vascular vessel that has 
demonstrated satisfactory preclinical and clinical results is 
made by decellularising allograft and xenograft vessels, such as 
arteries from swine or bovine models or the human umbilical 
artery.67, 81 Decellularisation is a tool that can be used in the 
generation of acellular scaffolds for tissue engineering, which 
completely removes all cellular and nuclear material from 
a tissue in order to reduce harmful immune reactions while 
preserving the natural ECM. It has already been used in various 
tissues with positive outcomes.82, 83 This outcome can be 
achieved through physical, chemical, or enzymatic methods.84 

Table 1.  Advantages and disadvantages of artificial blood vessels in different materials

Vessel type Materials Advantages Disadvantages References

Synthetic 
polymers

ePTFE 
(Gore-Tex), 
PET (Dacron), 
PU, PCL, PLCL, 
PLA, PGS.

Excellent mechanical properties.
Easy availability.
Mass production.
Easy surgical suturing.
Preventing vascular burst.
Can be stored for 
off-the-shelf use.

Causes thrombosis, intimal hyperplasia, 
calcification, and chronic inflammation.
No growth potential.
Poor haemocompatibility.
Compliance mismatch.

46, 47, 49, 
51, 72

Natural 
biomaterials

Silk fibroin, 
collagen, elastin, 
chitosan, 
bacterial cellulose

Excellent biocompatibility.
Enhanced biological signalling.
Tunable mechanical properties.

Weak mechanical strength.
Causes vascular graft dilation and aneurysms.
Easy degradation.
Overly complex designs.
Difficulty in translation.

10, 52-57, 
66

Decellularised 
vessels

Animal artery, 
umbilical artery, 
umbilical vein

Low immunogenicity.Preserved 
extracellular matrix, meso- and 
microvasculature.

Increased thrombogenicity.
Host immune response.
Difficulty in precise recellularisation.
Calcification.

67-69

Note: ePTFE: expanded polytetrafluoroethylene; PCL: polycaprolactone; PET: poly(ethylene terephthalate); PGS: poly(glycerol 
sebacate); PLA: polylactic acid; PLCL: poly(L-lactide-co-caprolactone); PU: polyurethane.

Table 2.  Artificial blood vessels of different diameters

Artery 

diameter

Usage sites Indications Main challenges Commercial 

materials

Large > 8 mm Aortoiliac arteries. Open aortic aneurysm 
repair.
Coarctation of the aorta.

Weak mechanical durability.
Compliance mismatch.
Aneurysmal-like dilation.

Non-degradable 
materials: PET, 
ePTFE

Medium 6–8 mm Carotid artery.
Femoral artery.

Similar to large Similar to large Similar to large

Small < 6 mm Coronary arteries.
Infrainguinal arteries 
(below the inguinal ligament).
Infrageniculate arteries 
(below the knee).
Coronary artery bypass

Arteriovenous shunts.
Coronary artery bypass.
Peripheral arterial occlusive 
disease.

Stenosis/occlusion caused 
by thrombosis or intimal 
hyperplasia.
Low haemocompatibility.

Autologous 
vessels: ITA, SV

Note: ePTFE: expanded polytetrafluoroethylene; ITA: internal thoracic artery; PET: poly(ethylene terephthalate); SV: saphenous vein.



87Biomater Transl. 2022, 3(1), 81-98

Biomaterials Translational
Artificial blood vessel: history, progress, and challenges

The resultant acellular scaffolds represent a great substrate that 
can promote cell adhesion, differentiation, and proliferation 
since specific ECM components and structures are key to tissue 
regeneration and remodelling.85 Moreover, decellularised 
scaffolds must have certain mechanical properties to avoid a 
mismatch with those of native tissues, which is key for blood 
vessels in tissue engineering. This can reduce immunogenicity 
but may also result in lower patency, which has been attributed 
to increased thrombogenicity, host immune response, and 
increased calcification.68, 69 Such grafts may have a clinical role, 
though they have not yet been widely used. Complete removal 
of tissue antigens remains a major issue, and the diversity of 
source materials makes it difficult to achieve manufacturing 
reproducibility.86

Scaffold-based grafts

Scaffold-based techniques use macromolecular structures 
to support cells during the regeneration process and are 
prefabrication strategies that are relatively simple to implement. 
Except for decellularised vessels, many methods fail to mimic 
the structure of the natural ECM. Electrospinning technology 
is a promising technique that may be used in the production of 
TEVGs, which can address this problem. It has been reported 
that nanofibres produced via electrospinning technology can 
simulate the composition of the ECM by loading various drugs 
and growth factors.47 Moreover, it is also the only method used 
to prepare nano-scale polymer material fibres directly and 
continuously by applying a high voltage to materials dissolved 
in volatile solvents so as to create dry fibres that can be collected 
to form conduits. Therefore, it has been extensively applied in 
tissue engineering, especially to create small-diameter blood 
vessel grafts. Additionally, the surfaces of artificial blood 
vessel grafts prepared by electrospinning have good specific 
surface areas and high porosities.87 This method facilitates fine 
control of fibre size and deposition and allows for blending of 
materials. New methods for simultaneous spinning of multiple 
components88 and derivative techniques, such as gel spinning89 
and conjugate electrospinning technology, have been 
developed in order to optimise the technique. Small-calibre 
blood vessel grafts have been constructed by combining both 
electrospinning technology and freeze-drying technology, 
providing insight into the fusion of multiple processes and 
further improvement of artificial blood vessel fabrication.90

Scaffold-free grafts

Cell-assembled grafts have been a dominant research topic 
over the past decade, where efforts following translational 
work indicate that TEVGs could be assembled entirely from 
human cells.91 Cell-assembly strategies involving culturing 
a range of human cell types (SMCs, fibroblasts, and induced 
pluripotent stem cells) for long periods of time to generate 
grafts are complex but the resulting grafts have the greatest 
degree of biomimicry.92 According to a study by Dahl et al.,81 
employing human allogeneic or canine SMCs grown on a 
degradable polymer scaffold has been shown to be a feasible 
method of engineering a TEVG, in which grafts in baboons 
were demonstrated to retain their patency for up to 6 months. 
These grafts have shown great potential in preclinical 

evaluation. However, in a Phase II study, the final results were 
suboptimal as only 28% of the grafts remained open at 12 
months.26

Essentially, TEVGs have great potential in the development 
of successful artificial blood vessels using several approaches. 
However, more research is required in order to advance the 
field and ultimately develop a TEVG with properties similar to 
that of gold standard autologous vessels.

Fabrication techniques

With developments in science and technology, the materials 
and structures of artificial blood vessels have been continuously 
improved, and the preparation processes of artificial blood 
vessels have also been gradually enhanced. Preparation 
technologies including stretch forming, electrospinning, 
thermal phase separation, weaving technology, 3D printing 
and cross-linking of different types of materials have been 
applied to different types of artificial blood vessels to improve 
the mechanical properties of grafts, optimise structure and 
improve product stability and repeatability.

Stretch moulding is a traditional manufacturing technique for 
preparing ePTFE artificial blood vessels, which has achieved 
wide commercial application. The process involves extruding 
the raw material polymer polytetrafluoroethylene resin to 
form a preform that is longitudinally arranged into a fibrous 
shape, stretched at a high speed and then cooled in order to 
obtain a formed product.93 The process of each link has a 
great influence on the structure and mechanical properties 
of ePTFE. Porosity can affect the mechanical strength and 
biocompatibility of ePTFE artificial blood vessels and is key to 
affecting the performance of ePTFE.94

Electrospinning is a process in which a polymer solution or 
melt is used to form a small jet of polymer under the action of 
a high-voltage electrostatic field for spinning. Electrospinning 
enables the direct and continuous preparation of polymer 
nanofibres.95 Electrospinning has the following technical 
advantages: (1) it can increase the porosity of blood vessels to 
meet the requirements of cell growth; (2) it has a large specific 
surface area, which is conducive to cell adhesion and growth; 
(3) the diameter of the fibres produced is similar to the size of 
natural extracellular matrix or cells, hence, it can mimic the 
structure of human extracellular matrix to the greatest extent; 
and (4) it can load growth factors and induce cell adhesion, 
proliferation and differentiation.

Braiding is the process of weaving multiple filaments in a 
specific way to prepare artificial blood vessels.96 Preparation 
of artificial blood vessels by braiding technology improves 
elasticity and compression resistance, and enhances the 
compliance of the blood vessels. Due to the easy displacement 
and damage of the edge of a braided graft, its clinical application 
has been greatly hindered. Therefore, the braiding technique 
is often used to improve the strength of anastomosis while 
ensuring the flexibility of the inner layer material through the 
design of a multi-layer artificial blood vessel.

3D printing technology appeared in the mid-1990s and is based 
on digital model files, using powdered metal or plastic materials 
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to construct objects through a layer-by-layer printing method.97 
Melchiorri et al.98 fabricated a vascular graft adapted to the 
curvature of the patient’s anatomy by using poly(propylene 
fumarate). Although it has an adjustable shaping feature, few 
studies have focused on the direct preparation of artificial blood 
vessels by 3D printing. Specifically, most research has focused 
on the preparation of in vitro vascular abrasives to assist in the 
production of inner layer materials of artificial blood vessels 
and the fabrication of organ chips in order to provide support 
for the study of material patency.99

In addition to the above-mentioned preparation methods, the 
production of artificial blood vessels also includes technologies 
such as gas foaming, hydrogel technology and freezing-casting. 
However, it is often difficult for a single processing method to 
meet the various performance requirements of artificial blood 
vessels, and different processing methods are often used in 
combination. The most common example is the combination 
of electrospinning and weaving techniques. Electrospinning 
produces filaments that adapt to cell growth and migration, 
while weaving improves overall vascular elasticity and 
compliance. In addition, Lee et al.100 prepared a nanofibre 
hybrid artificial blood vessel material by electrospinning and 
3D printing techniques, which exhibited excellent mechanical 
properties and good patency.

Modified methods

Thus far, commercialised vascular grafts are generally only 
used as structural substitutes and rarely have bioactivity or 
biofunctions. Hence, various strategies have been used to 
optimise the structure of engineered tissues.101 In recent years, 
novel fabrication techniques of preparing artificial blood vessel 
grafts have been combined with chemical grafting, surface 
modification, and coating technologies to improve the patency 
rate of artificial blood vessels in early transplantation, especially 
in small-calibre grafts.102 Most studies have focused on surface 
modification of materials so as to enhance haemocompatibility 
and facilitate cell adhesion and growth.103, 104 Therefore, the 
lifespan and effectiveness of a graft can be greatly extended by 
improving these two properties.

Reducing thrombogenicity

Thrombosis is a non-negligible cause of restenosis in vascular 
graft applications, especially in small-calibre or low-flow 
arterial bypass, and endothelial damage or foreign body 
anastomosis triggers an inflammatory response that activates 
platelets and leads to thrombotic graft occlusion. Therefore, a 
suitable non-thrombogenic luminal surface may be required. 

The surface can be either cellular or biochemical, however, 
it should inhibit protein and cell adsorption, prevent blood 
coagulation contact activation, inhibit platelet adhesion and 
activation, and thus avoid thrombosis in the arterial system. 
A study has shown that platelet adhesion is reduced when 
ePTFE tubes are coated with a defined mix of extracellular 
matrix components. In addition, the amount of fibronectin 
adhering to it was also observed to be reduced after blood flow 
assay, which indicates a decrease in its thrombogenic nature.105 

One researcher used albumin as a coating and found that it 

can significantly decrease platelet adhesion compared to other 
plasma proteins and achieve a thromboresistant effect.106

As the most effective and routine anticoagulant for clinical 
cardiovascular surgery, heparin inhibits the occurrence 
of acute thrombosis following vascular transplantation.107 

Heparin helps to promote the release of tissue factor inhibitors, 
synergistic anticoagulants, and plasminogen activators from 
ECs. Moreover, heparin has been shown to promote the growth 
of ECs and inhibit smooth muscle proliferation after vascular 
injury. In this regard, immobilised heparin can significantly 
influence the adherence and activation of platelets and enhance 
fibrinolysis.108 Heparinised silk fibroin can significantly 
enhance anticoagulation at the initial stage of implantation. 
Furthermore, Kuang et al.90 introduced a biodegradable graft 
made of core poly(L-lactide-co-caprolactone)-based nanofibres 
coated with heparin/silk gel as a shell layer, and demonstrated 
that the graft was unobstructed for over 8 months via in vivo 
animal experiments, providing a useful model for remodelling 
vascular structures.

Improving endothelialisation

After graft transplantation, inflammatory and mesenchymal 
cells entering the artificial blood vessel wall and endothelial 
cells covering the endo-surface of artificial blood vessels can 
promote graft healing. Early endothelialisation of artificial 
vessels is crucial for the suppression of thrombosis and 
maintenance of patency.105 ECs can provide a suitable interface 
between blood and surrounding tissue while maintaining a 
balance between haemostasis and thrombosis. It is essential 
to endothelialise the inner surface of artificial blood vessels 
to prevent thrombosis and intimal hyperplasia.48, 109 There are 
three ways to improve endothelialisation of the grafts’ inner 
surface: trans-anastomotic ingrowth of the innate arteries’ 
endothelia, transmural ingrowth of the capillaries at the 
implantation sites, and haematogenous seeding of endothelia 
from the circulatory system.48, 94

The presence of natural materials is known to improve 
biological function according to consensus; therefore, various 
coatings based on adding natural materials can be designed. The 
addition of an elastin coating to grafts has been shown to reduce 
platelet adhesion and increase EC attachment.65 Interestingly, 
the proportion of SMCs in a contractile phenotype was 
also increased in elastin-containing grafts, suggesting their 
usefulness for limiting neointimal hyperplasia.110-112 Moreover, 
collagen has been shown to improve EC viability, attachment, 
and migration when incorporated into poly(lactic acid) 
knitted and poly(vinyl alcohol) vascular scaffolds in vitro.53, 113  
Similarly, a polymer blend of recombinant human collagen 
peptides and PCL gelatine have been shown to enhance the 
adhesion of human umbilical vein ECs (HUVECs) to the 
lumen, which adds further support for favourable vascular cell 
signalling provided by collagen sequences.114

Notably, increasingly complex surface coatings have been 
studied for their ability to promote endothelialisation through 
significant biological signalling while simultaneously having 
low thrombogenicity. Wang et al.104 showed that functional 
vascular grafts with in-situ catalysis of nitric oxide release 
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based on enzyme prodrug therapy are helpful for localised and 
on-demand nitric oxide release. This approach illustrates the 
effective inhibition of thrombus formation in vivo as well as the 
enhancement of vascular tissue regeneration and remodelling 
on the grafts, which may be useful for the development of 
novel cell-free vascular grafts in treatment of vascular disease. 
Surface modification of polyurethane with hydrophilic 
molecules improves haemocompatibility; however, this may 
limit initial vascular EC adhesion.115 The protein Dickkopf-3 
plays key roles in inducing the directional migration of 
vascular progenitor cells and promoting tissue regeneration. 
Issa Bhaloo et al.116 proposed the construction of artificial 
blood vessels with the function of delivering Dickkopf-3. In 
addition, it has been demonstrated that histone deacetylase 7 
mRNA in vascular progenitor cells can be selectively translated 
to produce a polypeptide containing seven amino acids. This 
polypeptide induces the migration and differentiation of 
vascular progenitor cells into vascular ECs, thereby effectively 
promoting the endothelialisation of artificial blood vessels.117 

To date, various small animal model experiments have been 
conducted to improve endothelialisation on artificial vascular 
grafts with specific peptides and biomolecules, which has 
shown some potential; however, further development in larger 
preclinical models is lacking.

Evaluation of vascular grafts

In vitro tests

Two main aspects, including mechanical properties and 
biocompatibility, are analysed in the evaluation of vascular 
grafts in vitro.

The mechanical performance of artificial blood vessels is an 
important design requirement to ensure that they can withstand 
a certain pressure generated by circulating blood flowing in 
the blood vessel. The most fundamental performance criteria 
include adequate mechanical strength to retain structural 
integrity and resist permanent deformation. The compliance of 
the graft and the manner in which it deforms under pressure are 
also important, as adverse biological responses are associated 
with a compliance mismatch between native and prosthetic 
vascular grafts. In terms of mechanical considerations, the 
core issue lies in achieving high strength while retaining 
compliance. Tensile strength results indicated that a nanofibre-
oriented structure offers a higher elastic modulus than a non-
oriented structure. Likewise, other properties including tensile 

strength, elongation at breakage, and burst pressure were also 
found to be significantly enhanced by an oriented alignment 
of nanofibres. Consequently, the oriented structure of vascular 
grafts may very much enhance their mechanical properties.46 

An ideal artificial blood vessel should also have appropriate 
micropores, which can be represented by water permeability. 
The size and porosity of the micropores have an effect on cell 
culture.118 Table 3 shows several mechanical properties of 
natural arteries and various common artificial blood vessels.119

Another consideration is individual variability, signifying the 
variation in the mechanical properties of blood vessels from 
vessel to vessel and between individuals. In future, vascular 
tissue engineering may ultimately involve tailoring the specific 
mechanical properties of a graft to the intended implantation 
site. A far greater understanding of vascular biomechanics, 
interactions between the graft and the native vessels, and how 
to engineer the mechanical properties of a vascular graft would 
be required.

Biocompatibility of biomaterials is also the most basic property 
that should be considered when designing viable grafts, ensuring 
that the material has good haemocompatibility and a low 
likelihood of immune rejection due to problems such as allergic 
reactions. Several studies have shown that properly degummed 
and sterilised silk products have better biocompatibility 
than virgin silk.120 They support cell attachment, migration, 
proliferation, differentiation, cell-cell interactions and have 
the ability to promote tissue repair. ECs are derived from their 
progenitor cells, which are characterised by the expression 
of CD133.121 Biocompatibility can be evaluated by culturing 
HUVECs in contact with biomaterials for a period of time 
and observing platelet adhesion under a scanning electron 
microscope. Moreover, when evaluating haemocompatibility, 
plasma re-calcification can be used as a measure of contact 
phase activation and the efficacy of heparinisation following 
blood contact with biomaterials.122 The adhesion morphology 
of HUVECs can be observed by electron microscopy and 
performing qualitative detection of HUVECs.123 Evaluation 
of biocompatibility involves determining whether EPCs can 
proliferate well in vitro when designing tissue-engineered 
blood vessels. Contemporary approaches rely on in situ 
endothelialisation of vascular grafts, which provides an optimal 
native haemocompatible surface and reduces rapid failure 
from blood clotting; however, ensuring the biocompatibility 
of biomaterials remains a primary concern for tissue engineers.

Table 3.  Mechanical properties of natural vessels and some artificial blood vessels.

Burst pressure (mmHg) Compliance (%/100 mmHg)

Values for artificial blood vessels12, 91 >1000 10–20

Dog femoral artery118 2895 ± 263 10.3 ± 2.3

Human internal mammary artery119 3196 ± 1264 11.5 ± 3.9

Biodegradable chitosan vascular grafts 
(with 4 mm inner diameter)118

1688 ± 236 5.7 ± 1.3

Tissue-engineered blood vessels13 3490 ± 892 3.4 ± 1.6

Expanded polytetrafluoroethylene grafts119 – 0.51

Silk fibroin grafts119 – 1.90
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In vivo animal models

In order to meet the demand to reasonably test the performance 
of various types of artificial blood vessels, it is necessary to 
establish a viable and stable animal model. Transplanting 
and facilitating postoperative observations may be easily 
performed if the appropriate animal models exist, which are 
able to simulate applications in the environment of artificial 
blood vessels. Currently, commonly-used vascular in vivo 
animal models are pigs, sheep, dogs, rabbits, and rats.124-126 
The carotid, abdominal, and femoral arteries in these animal 
models are the most chosen surgical sites. Moreover, different 
options are available based on the animals’ size, according to the 
calibre of the blood vessel. Rat abdominal aortic replacement 
and rabbit carotid replacement are viable animal models for 
in vivo validation of small-calibre vessels. In addition, specific 
criteria, such as implantability, mechanical performance, 
biocompatibility, thrombogenicity, and haemodynamics, 
must be considered.127, 128 Achieving balance with model-
specific factors should also be taken into consideration, such 
as animal availability, ease of handling, ease of performing the 
implantation surgery, study duration, compatible methods 
of graft evaluation, and cost. The characteristics of common 
animal models are summarised in Table 4.129-137

Rats and mice are widely used because they are inexpensive to 
acquire, easy to maintain, and can be used to evaluate larger 
sample sizes.135-137 Furthermore, the availability of various 
transgenic strains makes it possible to examine the molecular 
mechanisms involved in graft remodelling.138 However, 
differences in their circulatory system with respect to humans 
limit their utility in short-term studies to only very small grafts 
(< 2 mm diameter). Rabbits are also suitable for artificial blood 
vessel assessments although they are limited to short-term 
studies.132-134 Their physiology is similar to that of humans in 
terms of endothelialisation rates and thrombogenicity, and they 
can accept clinically-relevant graft diameters (1–4 mm). Dogs 
differ from humans in terms of thrombogenicity and represent 
a more stringent model for the investigations because of 
their lack of spontaneous endothelialisation.119, 131 Moreover, 
they can provide a range of implantation site options with 
varied vessel sizes, although their immune response can restrict 
study durations. Both pigs and sheep demonstrate similarities 
to human physiology and they are appropriate for studying 
thrombogenicity, calcification, and long-term graft patency.129, 130  
The cardiovascular physiology of non-human primates, such 
as baboons, is most similar to that of humans compared to 
dogs, pigs or sheep. Their structural similarity allows for 
various imaging techniques and testing methods that are 
typically applied in humans to be used on them. Despite such 
advantages, they are rarely used for vascular graft evaluation 
due to their high cost and ethical concerns.81, 91 The optimal 
model for studying all of the performance criteria associated 
with artificial vascular grafts has yet to be elucidated. An 
immunodeficient pig model, the operational immunodeficient 
pig, has been reported to be a large animal model that allows 
for long-term accommodation of artificial human vascular 
grafts to properly evaluate the clinical efficacy of artificial 
vascular grafts.139

High-resolution ultrasound may be used in order to evaluate 
the efficacy of a graft, such as the flatness of the mouth, the 
vascular lumen, velocity of the blood flow in the lumen, and 
spectral waveform of the artificial blood vessel grafts after 
implantation, which can also eventually be used to assess 
vascular patency following implantation by contrasting with 
the ultrasound image taken before surgery.140 Additionally, 
micro-computed tomographic angiography may also be used 
to evaluate the patency of grafts and the specific situation of 
artificial blood vessels in vivo. Immunofluorescence staining 
to evaluate the expression of specific molecules, such as CD31 
and α-smooth muscle actin, can be used to verify biomimetic 
remodelling of endothelial and smooth muscle layers.123 

Common evaluation methods, including tissue section 
staining, are shown in Figure 4.

Thus far, in vitro and short-term small animal studies continue 
to dominate, making it difficult to predict the long-term patency 
and appropriateness of artificial blood vessels for clinical 
translation. Longitudinal assessments in large animal models are 
necessary, but are costly and have high barriers to entry. Tables 

5 and 6 summarise the artificial blood vessels in clinical trials and 
the various artificial blood vessels that are already on the market.

Discussion and Future Challenges

As previously discussed, the rise in patients with cardiovascular 
disease requiring replacement therapies has created a large 
demand for suitable vascular grafts. From an initial simple 
synthetic blood vessel substitute to tissue-engineered vascular 
grafts, much progress has recently been made, and tissue 
engineering techniques offer potential ideas for overcoming 
current vascular prosthesis replacement challenges and 
addressing future organ regeneration.141 Many scientists have 
focused on various fields related to artificial blood vessels, such 
as structural simulation, material improvement, performance 
optimisation, and tissue engineering.

Normal human arteries consist of three structural layers. The 
intima, media and adventitia closely fit together to carry blood 
flow, and this structure is closely related to the physiological 
function of blood vessels. In order to simulate the multi-
layered structure of natural blood vessels as closely as possible, 
researchers have improved the manufacturing process and 
used advanced technologies such as electrospinning, thermal-
induced phase separation, microfluidics, stretch forming, and 
weaving technology.142, 143 Searching for the best fabrication 
techniques that can be effectively used to ameliorate issues 
related to the failure of artificial blood vessels has garnered 
much interest in research. 3D bioprinting technology is able to 
rotate and print along a rod template to obtain multiple orders 
of magnitude of complex three-dimensional structures.144, 145 By 
including a variety of modifications of the microenvironment, 
the overall structure of an artificial blood vessel can be made 
closer to the structure of the human body, which may result in 
better biological properties.

Materials are the basis of artificial blood vessels and also 
directly affect their performance. The best way to mix 
synthetic polymers and natural materials so as to maximise 
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Figure 4. Evaluations of artificial blood vessels in vivo. (A) Macroscopic views of grafts upon implantation. (B) 
Macroscopic views of grafts post-operation. (C) Ultrasound image of graft implanted into rat common carotid artery. (D) 
Representative image of recorded angiogram showing graft patency. (E) Haematoxylin & eosin cross-sectional image. 
(F) Immunofluorescence image of the middle section of a vascular graft. (G) Common animal models for evaluation in 

vivo. EVG: elastic Van Gieson (Verhoeff ′s Van Gieson); GRAFT: graft. Created with BioRender.com.

Table 4. Common animal models for evaluation of artificial blood vessels in vivo.

Animal 

model

Characteristics Application 

inner diameter 

(mm)

Common 

length 

(mm)

Longest 

implantation 

period

Implantation 

site

References

Sheep Similar cardiovascular physiology, 
endothelialisation mechanisms and 
thrombogenicity mechanisms to humans.
Suitable size and long-term studies possible.
Higher incidence of hypercoagulability.

4–6 80–100 9 months Carotid artery 48, 74

4–6 60–100 3 months Arteriovenous 
graft

129

Pig Similar vascular physiology and anatomy 
to humans.
Well established as a model for assessing 
vascular grafts.
Mount an extensive immune response to 
implanted tissues.

3–6 30–100 6 months Iliac artery 130

3–6 10–100 4 weeks Carotid artery 52

Dog Lack of spontaneous endothelialisation and 
immune response restricts study lengths.
Ease of accessing vessel due to thin skin.
Thrombogenicity mechanisms and vessel 
viscoelastic properties differ from humans.

3–6 30–50 6 months Abdominal 
artery

131

3–6 30–50 1 year Carotid artery 119

Baboon Physiology and cardiovascular anatomy are 
the most similar to humans.
Suitable for a wide range of non-invasive 
imaging techniques adapted from humans.
High cost and ethical concerns associated 
with using primates in medical research.

3–6 30–50 6 months Arteriovenous 
graft

26

Rabbit Similar endothelialisation rates and 
thrombogenicity mechanisms to humans.
Demanding higher anticoagulant function.
Limited to short-term studies.

1–4 5–30 12 months Carotid artery 94, 132

1–4 5–30 2 weeks Femoral artery 133

1–4 5–30 3 months Abdominal artery 134

Rat Large sample size.
Wide variety of transgenic lines.
Allows exploration of genetic/molecular 
mechanisms.
Ideal for biocompatibility and cell 
infiltration studies.

1–3 5–30 18 months Abdominal 
artery

73, 135

1–3 5–10 12 weeks Carotid artery 136

Mouse 0.5–1 3–10 6 months Carotid artery 137
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their advantages should be highlighted in further study.123, 146, 147  
The selection of appropriate materials will help to improve the 
requisite tissue mechanics, providing good biocompatibility, 
anti-thrombogenicity and long-term patency rate of blood 
vessels. A number of people have developed methods to 
improve materials, mainly by synthesising new materials, 
combining multiple materials together, improving the 

properties of materials through chemical modification and 
using decellularised heterogeneous blood vessels. Currently, 
many promising structures are multicomponent systems that 
have been created through the addition of natural surface 
coatings to basic synthetic materials. Grafts with three or more 
components are also increasingly common (e.g., heparin/silk/
poly(L-lactide-co-caprolactone). Future development trends 

Table 5. Clinical trials of various vascular grafts. This table aims to be representative rather than comprehensive.

Intervention/treatment Number 

of patients

Condition/disease Years Trial ID/phase Testing 

status

Device: Synthetic vascular grafts 207 Peripheral arterial occlusive 
disease

2010–2013 NCT01113892/
NA

Completed

Device: HAVG graft implantation 40 End-stage renal disease
Kidney failure, chronic

2012–2016 NCT01744418/
NA

Active, not 
recruiting

Device: FUSION Vascular Graft 117 Peripheral arterial occlusive 
disease (PAOD)

2009–2013 NCT01601496/
NA

Terminated

Device: POSS-PCU vascular graft 30 Renal insufficiency 2021–2025 NCT02301312/
NA

Not yet 
recruiting

Combination Product: Tissue Engineered 
Vascular Grafts

4 Single ventricle cardiac 
anomaly

2009–2017 NCT01034007/
Phase 1

Completed

Device: ProEndoTecc Vascular Graft 33 Peripheral arterial disease
Peripheral vascular disease

2010–2012 NCT01095237/
NA

Terminated

Device: ASC coated ePTFE vascular graft
Device: Propaten graft

60 Lower limb ischemia 2011–2022 NCT01305863/
NA

Active, not 
recruiting

Biological: natural human collagen 
arteriovenous graft for haemodialysis 
access

10 End stage renal disease 2021–2022 NCT04905511/
Phase 1

Recruiting

Device: POSS-PCU vascular graft 30 Renal insufficiency 2021–2025 NCT02301312/
NA

Not yet 
recruiting

Procedure: Revascularisation using a 
BIOPROTEC graft

45 Peripheral artery disease 2018–2023 NCT04018846/
NA

Recruiting

Device: Expanded polytetrafluoroethylene 
graft
Device: Bovine carotid artery graft

10 End stage renal disease 
Haemolysis 
Arteriovenous graft

2015–2018 NCT03300024/
NA

Terminated 
(Funding 
ended)

Device: Expedial vascular access graft 172 End stage renal disease 2004–2006 NCT00131872/
Phase 2

Terminated

Device: Covera vascular covered stent 100 Arteriovenous fistula 2020–2023 NCT04261686/
NA

Enrolling by 
invitation

Device: Endovascular revascularisation of 
peripheral arteries

150 Vascular diseases, 
peripheral

2021–2022 NCT04765566/
NA

Active, not 
recruiting

Device: InnAVasc arteriovenous graft 
surgical implant

26 Kidney failure, 
chronicRenal dialysis

2019–2021 NCT03645681/
NA

Active, not 
recruiting

Procedure: blood sampling procedurethe 
vascular prosthesis manufactured by 
electrospinning

120 Arterial occlusive disease 2014–2015 NCT02255188/
NA

Completed

Procedure: revascularisation
Device: Propaten®
Device: Crude PTFE

228 Ischemia lesions 2018–2023 NCT03430076/
NA

Recruiting

Device: Paclitaxel-eluting graft 20 Haemodialysis access failure 2018–2023 NCT04285073/
NA

Recruiting

Device: GORE PROPATEN vascular graft
Procedure: Disadvantaged autologous 
vein graft

31 Peripheral arterial occlusive 
disease

2007–2010 NCT00617279/
Phase 4

Terminated 
(study 
terminated 
due to low 
enrolment)

Device: EvoCit
Device: EvoHep

38 Kidney diseases
Haemodialysis complication
End stage renal disease

2018–2019 NCT03887468/ Completed

Combination product: Tissue engineered 
vascular grafts

24 Cardiovascular diseases 2020–2025 NCT04467671/
Phase 2

Recruiting

Note: The information is obtained from clinicaltrials.gov. NA: not available.
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may include changing from synthetic materials to natural 
materials, or even hybrid materials, in order to produce better 
biocompatibility and improve the long-term patency rate.

In fact, many artificial blood vessels have already been shown 
to possess adequate performance, however, they are still unable 
to meet usage requirements in terms of long-term patency 
rate and thus require optimisation. Current commonly-used 
optimisation methods are mainly related to certain biological 
technologies, such as gene editing and exosomes. The optimal 
degradation rate of vascular grafts composed of degradable 
materials remains under investigation, since this process 
encompasses rapid degradation and a slower breakdown. 
Methods that help promote endothelialisation are also being 

gradually applied in manufacturing artificial blood vessels.

TEVG includes 3D printing, dynamic culture, and cell-
assembled grafts, and has been extensively studied and served a 
particular role. Future development should go in the direction 
in which cells and materials work together to build artificial 
blood vessels. Essentially, in order to develop a successful, 
long-lasting artificial blood vessel that satisfies the growing 
demand, a strong collaborative effort among various forms 
of expertise in fields involving material science, engineering, 
mechanics, and biology is needed. We remain hopeful that the 
development of a successful artificial blood vessel that meets 
the requirements of an ideal graft may be introduced with the 
emergence of innovative technologies.

Table 6. Commercially-available artificial blood vessels in clinical use.

Company Product name Material Details and modification Indications for use

Atrium Medical 
Corporation

Flixene IFG Vascular 
graft

ePTFE Very strong and durable with 
three layers

Arterial vascular reconstruction/
segmental bypass/arteriovenous 
vascular access

Bard Peripheral 
Vascular, Inc.

VenafloTM II Vascular 
graft

ePTFE Cuffed to promote good 
hemodynamic performance

Subcutaneous arteriovenous conduits 
for blood access only

Edwards Life 
Sciences

Edwards Lifespan 
reinforced expanded 
PTFE vascular graft

ePTFE Higher crush and kink 
resistance

Bypass or reconstruction of diseased or 
occluded blood vessels/arteriovenous 
shunts

Maquet 
Cardiovascular, 
LLC

FUSION Vascular Graft ePTFE Two layers fused with a 
proprietary polycarbonate- 
urethane adhesive

Peripheral artery repair or replacement/
vascular access

FUSIONTM and 
FUSIONTM Bioline 
Vascular Grafts

ePTFE and 
PET

Two layers with heparin/
albumin coating on the 
interior surface

Peripheral artery repair or replacement

EXXCELTM Soft ePTFE 
Vascular Grafts

ePTFE featuring a GUIDELINE® 
stripe to facilitate proper graft 
alignment.

Peripheral arteries (iliac, femoral, 
popliteal, infrageniculate vessels, 
axillary, renal) repair or replacement/
vascular access

InterVascular 
SAS

InterGard Heparin PET Heparin bonded collagen 
coating

Peripheral artery replacement

PECA Labs, Inc. ExGraft and ExGraft 
Carbon EPTFE Vascular 
Graft

ePTFE A radiopaque ink applied to 
the surface and the exGraft 
Carbon ePTFE vascular graft 
coating with carbon

Peripheral artery repair or replacement/
dialysis access

Vascular Flow 
Technologies 
Ltd.

Spiral FlowTM Peripheral 
Vascular Graft

ePTFE Propagating spiral flow 
through the graft and into the 
distal circulation, reinforced

Bypass or reconstruction of occluded or 
diseased peripheral arterial blood vessels 
above or below the knee

Vascutek Ltd. Vascutek Gelsoft Plus 
ERS Vascular Graft

PET External polypropylene 
support, gelatine-sealed, 
knitted polyester grafts

Indicated for extra anatomical vascular 
repair, primarily for axillo-femoral/
bi-femoral bypass and femoropopliteal 
reconstruction

Vascutek GelsealTM 
Vascular Grafts

PET Knitted, gelatine impregnated Indicated for replacement or bypass 
of abdominal arteries afflicted with 
aneurysmal or occlusive disease

Vascutek GelsoftTM 
Vascular Grafts

PET Knitted, gelatine impregnated, 
zero porosity

Indicated for abdominal and peripheral 
vascular repair

Vascutek GelsoftTM Plus 
Vascular Grafts

PET Knitted, gelatine impregnated, 
dilation resistant

Indicated exclusively for abdominal and 
peripheral vascular repair

W.L. Gore & 
Associates, Inc.

Gore-Tex ePTFE Unmodified Vascular access

Gore-Tex Stretch ePTFE Stretch

Gore Propaten ePTFE Reduced thrombogenicity 
through covalently binding to 
bioactive heparin

Note: All the products above are registered with the US Food and Drug Administration’s 510(k). ePTFE: expanded polytetrafluoroethylene; 
PET: poly(ethylene terephthalate).



Review

94

Guo, Y.; Wang, W.; et al.

www.biomat-trans.com

Author contributions

WW and KH conceptualised and designed the review. KH, YL, YG, CL and 
ZK acquired and analysed the data ; KH, YL, YG prepared and finished the 
manuscript; WW and HY edited the manuscript; WW, KH, YL, YG, ZK,YL 
and HY reviewed the manuscript; WW and HY supervised manuscript 
drafting and determined the final draft. All authors reviewed and approved the 
final version of the manuscript.
Financial support

This work was supported by the National Natural Science Foundation of 
China (No. 81873529) and the Natural Science Foundation of Hubei Province 
(No. 2020CFA022).
Acknowledgement 

We acknowledge the website https://biorender.com/ for the images used in 
the figures.
Conflicts of interest statement

The authors declare no conflict of interest.
Open access statement

This is an open access journal, and articles are distributed under the terms 
of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 
License, which allows others to remix, tweak, and build upon the work non-
commercially, as long as appropriate credit is given and the new creations are 
licensed under the identical terms.

1.	 Blais, C.; Rochette, L.; Ouellet, S.; Huynh, T. Complex evolution of 

epidemiology of vascular diseases, including increased disease burden: 

from 2000 to 2015. Can J Cardiol. 2020, 36, 740-746.

2.	 Zoghbi, W. A.; Duncan, T.; Antman, E.; Barbosa, M.; Champagne, 

B.; Chen, D.; Gamra, H.; Harold, J. G.; Josephson, S.; Komajda, M.; 

Logstrup, S.; Jur, C.; Mayosi, B. M.; Mwangi, J.; Ralston, J.; Sacco, R. 

L.; Sim, K. H.; Smith, S. C., Jr.; Vardas, P. E.; Wood, D. A. Sustainable 

Development Goals and the future of cardiovascular health. A 

statement from the Global Cardiovascular Disease Taskforce. Eur Heart 

J. 2014, 35, 3238-3239.

3.	 Nelson, J. A.; Fischer, J. P.; Grover, R.; Kovach, S. J.; Low, D. W.; 

Kanchwala, S. K.; Levin, L. S.; Serletti, J. M.; Wu, L. C. Vein grafting 

your way out of trouble: examining the utility and efficacy of vein grafts 

in microsurgery. J Plast Reconstr Aesthet Surg. 2015, 68, 830-836.

4.	 Caliskan, E.; de Souza, D. R.; Böning, A.; Liakopoulos, O. J.; Choi, Y. 

H.; Pepper, J.; Gibson, C. M.; Perrault, L. P.; Wolf, R. K.; Kim, K. B.; 

Emmert, M. Y. Saphenous vein grafts in contemporary coronary artery 

bypass graft surgery. Nat Rev Cardiol. 2020, 17, 155-169.

5.	 Kaiser, E.; Jaganathan, S. K.; Supriyanto, E.; Ayyar, M. Fabrication 

and characterization of chitosan nanoparticles and collagen-loaded 

polyurethane nanocomposite membrane coated with heparin for atrial 

septal defect (ASD) closure. 3 Biotech. 2017, 7, 174.

6.	 Biancari, F.; Railo, M.; Lundin, J.; Albäck, A.; Kantonen, I.; Lehtola, 

A.; Lepäntalo, M. Redo bypass surgery to the infrapopliteal arteries for 

critical leg ischaemia. Eur J Vasc Endovasc Surg. 2001, 21, 137-142.

7.	 Cai, Q.; Liao, W.; Xue, F.; Wang, X.; Zhou, W.; Li, Y.; Zeng, W. 

Selection of different endothelialization modes and different seed cells 

for tissue-engineered vascular graft. Bioact Mater. 2021, 6, 2557-2568.

8.	 Tara, S.; Kurobe, H.; Maxfield, M. W.; Rocco, K. A.; Yi, T.; Naito, Y.; 

Breuer, C. K.; Shinoka, T. Evaluation of remodeling process in small-

diameter cell-free tissue-engineered arterial graft. J Vasc Surg. 2015, 62, 

734-743.

9.	 Filipe, E. C.; Santos, M.; Hung, J.; Lee, B. S. L.; Yang, N.; Chan, A. H. P.; 

Ng, M. K. C.; Rnjak-Kovacina, J.; Wise, S. G. Rapid endothelialization 

of off-the-shelf small diameter silk vascular grafts. JACC Basic Transl Sci. 

2018, 3, 38-53.

10.	 Moore, M. J.; Tan, R. P.; Yang, N.; Rnjak-Kovacina, J.; Wise, S. G. 

Bioengineering artificial blood vessels from natural materials. Trends 

Biotechnol. 2021. doi: 10.1016/j.tibtech.2021.11.003.

11.	 Brown, B. N.; Haschak, M. J.; Lopresti, S. T.; Stahl, E. C. Effects of age-

related shifts in cellular function and local microenvironment upon the 

innate immune response to implants. Semin Immunol. 2017, 29, 24-32.

12.	 Stekelenburg, M.; Rutten, M. C.; Snoeckx, L. H.; Baaijens, F. P. 

Dynamic straining combined with fibrin gel cell seeding improves 

strength of tissue-engineered small-diameter vascular grafts. Tissue Eng 

Part A. 2009, 15, 1081-1089.

13.	 Konig, G.; McAllister, T. N.; Dusserre, N.; Garrido, S. A.; Iyican, 

C.; Marini, A.; Fiorillo, A.; Avila, H.; Wystrychowski, W.; Zagalski, 

K.; Maruszewski, M.; Jones, A. L.; Cierpka, L.; de la Fuente, L. M.; 

L’Heureux, N. Mechanical properties of completely autologous human 

tissue engineered blood vessels compared to human saphenous vein and 

mammary artery. Biomaterials. 2009, 30, 1542-1550.

14.	 Gu, Y.; Tian, C.; Qin, Y.; Sun, Y.; Liu, S.; Li, H.; Duan, X.; Shu, C.; 

Ouyang, C. The novel hybrid polycarbonate polyurethane / polyester 

three-layered large-diameter artificial blood vessel. J Biomater Appl. 

2022, 36, 965-975.

15.	 Dubost, C.; Allary, M.; Oeconomos, N. Resection of an aneurysm of 

the abdominal aorta: reestablishment of the continuity by a preserved 

human arterial graft, with result after five months. AMA Arch Surg. 1952, 

64, 405-408.

16.	 Blakemore, A. H.; Voorhees, A. B., Jr. The use of tubes constructed 

from vinyon N cloth in bridging arterial defects; experimental and 

clinical. Ann Surg. 1954, 140, 324-334.

17.	 De Bakey, M. E.; Cooley, D. A.; Crawford, E. S.; Morris, G. C., Jr. 

Clinical application of a new flexible knitted dacron arterial substitute. 

Am Surg. 1958, 24, 862-869.

18.	 Ravi, S.; Chaikof, E. L. Biomaterials for vascular tissue engineering. 

Regen Med. 2010, 5, 107-120.

19.	 Whittemore, A. D.; Kent, K. C.; Donaldson, M. C.; Couch, N. P.; 

Mannick, J. A. What is the proper role of polytetrafluoroethylene grafts 

in infrainguinal reconstruction? J Vasc Surg. 1989, 10, 299-305.

20.	 van der Lei, B.; Darius, H.; Schrör, K.; Nieuwenhuis, P.; Molenaar, I.; 

Wildevuur, C. R. Arterial wall regeneration in small-caliber vascular 

grafts in rats. Neoendothelial healing and prostacyclin production. J 

Thorac Cardiovasc Surg. 1985, 90, 378-386.

21.	 Weinberg, C. B.; Bell, E. A blood vessel model constructed from 

collagen and cultured vascular cells. Science. 1986, 231, 397-400.

22.	 Bobadilla, J. L. From ebers to EVARs: a historical perspective on aortic 

surgery. Aorta (Stamford). 2013, 1, 89-95.

23.	 Niklason, L. E. Techview: medical technology. Replacement arteries 

made to order. Science. 1999, 286, 1493-1494.

24.	 Niklason, L. E.; Gao, J.; Abbott, W. M.; Hirschi, K. K.; Houser, S.; 

Marini, R.; Langer, R. Functional arteries grown in vitro. Science. 1999, 

284, 489-493.

25.	 Skovrind, I.; Harvald, E. B.; Juul Belling, H.; Jørgensen, C. D.; Lindholt, 

J. S.; Andersen, D. C. Concise review: patency of small-diameter tissue-

engineered vascular grafts: a meta-analysis of preclinical trials. Stem 

Cells Transl Med. 2019, 8, 671-680.

26.	 Lawson, J. H.; Glickman, M. H.; Ilzecki, M.; Jakimowicz, T.; 

Jaroszynski, A.; Peden, E. K.; Pilgrim, A. J.; Prichard, H. L.; Guziewicz, 

M.; Przywara, S.; Szmidt, J.; Turek, J.; Witkiewicz, W.; Zapotoczny, N.; 

Zubilewicz, T.; Niklason, L. E. Bioengineered human acellular vessels 

for dialysis access in patients with end-stage renal disease: two phase 2 

single-arm trials. Lancet. 2016, 387, 2026-2034.

27.	 Lee, A. Y.; Mahler, N.; Best, C.; Lee, Y. U.; Breuer, C. K. Regenerative 

implants for cardiovascular tissue engineering. Transl Res. 2014, 163, 



95Biomater Transl. 2022, 3(1), 81-98

Biomaterials Translational
Artificial blood vessel: history, progress, and challenges

321-341.

28.	 Klinkert, P.; Post, P. N.; Breslau, P. J.; van Bockel, J. H. Saphenous vein 

versus PTFE for above-knee femoropopliteal bypass. A review of the 

literature. Eur J Vasc Endovasc Surg. 2004, 27, 357-362.

29.	 Spadaccio, C.; Rainer, A.; Barbato, R.; Chello, M.; Meyns, B. The fate 

of large-diameter Dacron® vascular grafts in surgical practice: are we 

really satisfied? Int J Cardiol. 2013, 168, 5028-5029.

30.	 Conte, M. S. The ideal small arterial substitute: a search for the Holy 

Grail? FASEB J. 1998, 12, 43-45.

31.	 Akoh, J. A.; Patel, N. Infection of hemodialysis arteriovenous grafts. J 

Vasc Access. 2010, 11, 155-158.

32.	 Knox, W. G. Aneurysm occurring in a femoral artery Dacron 

prosthesis five and one-half years after insertion. Ann Surg. 1962, 156, 

827-830.

33.	 Eslami, M. H.; Gangadharan, S. P.; Belkin, M.; Donaldson, M. C.; 

Whittemore, A. D.; Conte, M. S. Monocyte adhesion to human vein 

grafts: a marker for occult intraoperative injury? J Vasc Surg. 2001, 34, 

923-929.

34.	 Kohler, T. R.; Kirkman, T. R.; Kraiss, L. W.; Zierler, B. K.; Clowes, 

A. W. Increased blood flow inhibits neointimal hyperplasia in 

endothelialized vascular grafts. Circ Res. 1991, 69, 1557-1565.

35.	 Greenwald, S. E.; Berry, C. L. Improving vascular grafts: the 

importance of mechanical and haemodynamic properties. J Pathol. 2000, 

190, 292-299.

36.	 Haruguchi, H.; Teraoka, S. Intimal hyperplasia and hemodynamic 

factors in arterial bypass and arteriovenous grafts: a review. J Artif 

Organs. 2003, 6, 227-235.

37.	 Davies, M. G.; Hagen, P. O. Reprinted article “Pathophysiology of vein 

graft failure: a review”. Eur J Vasc Endovasc Surg. 2011, 42 Suppl 1, S19-29.

38.	 FitzGibbon, G. M.; Leach, A. J.; Kafka, H. P.; Keon, W. J. Coronary 

bypass graft fate: long-term angiographic study. J Am Coll Cardiol. 1991, 

17, 1075-1080.

39.	 van der Wal, A. C.; Becker, A. E.; Elbers, J. R.; Das, P. K. An 

immunocytochemical analysis of rapidly progressive atherosclerosis in 

human vein grafts. Eur J Cardiothorac Surg. 1992, 6, 469-473; discussion 

474.

40.	 Chiesa, R.; Astore, D.; Frigerio, S.; Garriboli, L.; Piccolo, G.; Castellano, 

R.; Scalamogna, M.; Odero, A.; Pirrelli, S.; Biasi, G.; Mingazzini, P.; 

Biglioli, P.; Polvani, G.; Guarino, A.; Agrifoglio, G.; Tori, A.; Spina, 

G. Vascular prosthetic graft infection: epidemiology, bacteriology, 

pathogenesis and treatment. Acta Chir Belg. 2002, 102, 238-247.

41.	 Zetrenne, E.; McIntosh, B. C.; McRae, M. H.; Gusberg, R.; Evans, G. R.; 

Narayan, D. Prosthetic vascular graft infection: a multi-center review of 

surgical management. Yale J Biol Med. 2007, 80, 113-121.

42.	 Padberg, F. T., Jr.; Calligaro, K. D.; Sidawy, A. N. Complications of 

arteriovenous hemodialysis access: recognition and management. J Vasc 

Surg. 2008, 48, 55s-80s.

43.	 Wu, W.; Allen, R. A.; Wang, Y. Fast-degrading elastomer enables rapid 

remodeling of a cell-free synthetic graft into a neoartery. Nat Med. 2012, 

18, 1148-1153.

44.	 Yokota, T.; Ichikawa, H.; Matsumiya, G.; Kuratani, T.; Sakaguchi, T.; 

Iwai, S.; Shirakawa, Y.; Torikai, K.; Saito, A.; Uchimura, E.; Kawaguchi, 

N.; Matsuura, N.; Sawa, Y. In situ tissue regeneration using a novel 

tissue-engineered, small-caliber vascular graft without cell seeding. J 

Thorac Cardiovasc Surg. 2008, 136, 900-907.

45.	 Ross, R.; Glomset, J. A. Atherosclerosis and the arterial smooth muscle 

cell: Proliferation of smooth muscle is a key event in the genesis of the 

lesions of atherosclerosis. Science. 1973, 180, 1332-1339.

46.	 Wang, Z.; Liu, C.; Zhu, D.; Gu, X.; Xu, Y.; Qin, Q.; Dong, N.; Zhang, 

S.; Wang, J. Untangling the co-effects of oriented nanotopography 

and sustained anticoagulation in a biomimetic intima on neovessel 

remodeling. Biomaterials. 2020, 231, 119654.

47.	 Gong, W.; Lei, D.; Li, S.; Huang, P.; Qi, Q.; Sun, Y.; Zhang, Y.; Wang, 

Z.; You, Z.; Ye, X.; Zhao, Q. Hybrid small-diameter vascular grafts: 

Anti-expansion effect of electrospun poly ε-caprolactone on heparin-

coated decellularized matrices. Biomaterials. 2016, 76, 359-370.

48.	 Jalaie, H.; Steitz, J.; Afify, M.; Barbati, M. E.; Hoeft, K.; Assar, M. A. 

M.; Hermanns-Sachweh, B.; Tolba, R. H.; Jacobs, M. J.; Schleimer, 

K. In vivo endothelialization and neointimal hyperplasia assessment 

after angioplasty of sheep carotid artery with a novel polycarbonate 

polyurethane patch. J Biomater Appl. 2019, 34, 208-218.

49.	 Torikai, K.; Ichikawa, H.; Hirakawa, K.; Matsumiya, G.; Kuratani, T.; 

Iwai, S.; Saito, A.; Kawaguchi, N.; Matsuura, N.; Sawa, Y. A self-

renewing, tissue-engineered vascular graft for arterial reconstruction. J 

Thorac Cardiovasc Surg. 2008, 136:37-45, 45.e1.

50.	 Pan, Y.; Zhou, X.; Wei, Y.; Zhang, Q.; Wang, T.; Zhu, M.; Li, W.; 

Huang, R.; Liu, R.; Chen, J.; Fan, G.; Wang, K.; Kong, D.; Zhao, Q. 

Small-diameter hybrid vascular grafts composed of polycaprolactone 

and polydioxanone fibers. Sci Rep. 2017, 7, 3615.

51.	 Hedin, U. Long-term results of PTFE grafts. J Vasc Access. 2015, 16 Suppl 

9, S87-92.

52.	 Alessandrino, A.; Chiarini, A.; Biagiotti, M.; Dal Prà, I.; Bassani, G. 

A.; Vincoli, V.; Settembrini, P.; Pierimarchi, P.; Freddi, G.; Armato, 

U. Three-layered silk fibroin tubular scaffold for the repair and 

regeneration of small caliber blood vessels: from design to in vivo pilot 

tests. Front Bioeng Biotechnol. 2019, 7, 356.

53.	 Zhang, F.; Bambharoliya, T.; Xie, Y.; Liu, L.; Celik, H.; Wang, L.; 

Akkus, O.; King, M. W. A hybrid vascular graft harnessing the 

superior mechanical properties of synthetic fibers and the biological 

performance of collagen filaments. Mater Sci Eng C Mater Biol Appl. 2021, 

118, 111418.

54.	 Shelah, O.; Wertheimer, S.; Haj-Ali, R.; Lesman, A. Coral-derived 

collagen fibers for engineering aligned tissues. Tissue Eng Part A. 2021, 

27, 187-200.

55.	 Dastagir, K.; Dastagir, N.; Limbourg, A.; Reimers, K.; Strauß, S.; Vogt, 

P. M. In vitro construction of artificial blood vessels using spider silk as 

a supporting matrix. J Mech Behav Biomed Mater. 2020, 101, 103436.

56.	 Joyce, K.; Fabra, G. T.; Bozkurt, Y.; Pandit, A. Bioactive potential 

of natural biomaterials: identification, retention and assessment of 

biological properties. Signal Transduct Target Ther. 2021, 6, 122.

57.	 Vasconcelos, A.; Gomes, A. C.; Cavaco-Paulo, A. Novel silk fibroin/

elastin wound dressings. Acta Biomater. 2012, 8, 3049-3060.

58.	 Daamen, W. F.; Hafmans, T.; Veerkamp, J. H.; van Kuppevelt, T. H. 

Isolation of intact elastin fibers devoid of microfibrils. Tissue Eng. 2005, 

11, 1168-1176.

59.	 Scherner, M.; Reutter, S.; Klemm, D.; Sterner-Kock, A.; Guschlbauer, 

M.; Richter, T.; Langebartels, G.; Madershahian, N.; Wahlers, T.; 

Wippermann, J. In vivo application of tissue-engineered blood vessels 

of bacterial cellulose as small arterial substitutes: proof of concept? J 

Surg Res. 2014, 189, 340-347.

60.	 Blanco Parte, F. G.; Santoso, S. P.; Chou, C. C.; Verma, V.; Wang, 

H. T.; Ismadji, S.; Cheng, K. C. Current progress on the production, 

modification, and applications of bacterial cellulose. Crit Rev Biotechnol. 

2020, 40, 397-414.

61.	 Weber, C.; Reinhardt, S.; Eghbalzadeh, K.; Wacker, M.; Guschlbauer, 

M.; Maul, A.; Sterner-Kock, A.; Wahlers, T.; Wippermann, 



Review

96

Guo, Y.; Wang, W.; et al.

www.biomat-trans.com

J.; Scherner, M. Patency and in vivo compatibility of bacterial 

nanocellulose grafts as small-diameter vascular substitute. J Vasc Surg. 

2018, 68:177S-187S.e1.

62.	 Li, Y.; Jiang, K.; Feng, J.; Liu, J.; Huang, R.; Chen, Z.; Yang, J.; Dai, 

Z.; Chen, Y.; Wang, N.; Zhang, W.; Zheng, W.; Yang, G.; Jiang, X. 

Construction of small-diameter vascular graft by shape-memory and 

self-rolling bacterial cellulose membrane. Adv Healthc Mater. 2017, 6, 

1601343.

63.	 Bao, L.; Tang, J.; Hong, F. F.; Lu, X.; Chen, L. Physicochemical 

properties and in vitro biocompatibility of three bacterial nanocellulose 

conduits for blood vessel applications. Carbohydr Polym. 2020, 239, 

116246.

64.	 Bao, L.; Hong, F. F.; Li, G.; Hu, G.; Chen, L. Implantation of air-dried 

bacterial nanocellulose conduits in a small-caliber vascular prosthesis 

rabbit model. Mater Sci Eng C Mater Biol Appl. 2021, 122, 111922.

65.	 Tanaka, T.; Abe, Y.; Cheng, C. J.; Tanaka, R.; Naito, A.; Asakura, T. 

Development of small-diameter elastin-silk fibroin vascular grafts. 

Front Bioeng Biotechnol. 2020, 8, 622220.

66.	 Hasan, A.; Memic, A.; Annabi, N.; Hossain, M.; Paul, A.; Dokmeci, M. 

R.; Dehghani, F.; Khademhosseini, A. Electrospun scaffolds for tissue 

engineering of vascular grafts. Acta Biomater. 2014, 10, 11-25.

67.	 Pellegata, A. F.; Asnaghi, M. A.; Stefani, I.; Maestroni, A.; Maestroni, 

S.; Dominioni, T.; Zonta, S.; Zerbini, G.; Mantero, S. Detergent-

enzymatic decellularization of swine blood vessels: insight on 

mechanical properties for vascular tissue engineering. Biomed Res Int. 

2013, 2013, 918753.

68.	 Englberger, L.; Noti, J.; Immer, F. F.; Stalder, M.; Eckstein, F. S.; 

Carrel, T. P. The Shelhigh No-React bovine internal mammary artery: 

a questionable alternative conduit in coronary bypass surgery? Eur J 

Cardiothorac Surg. 2008, 33, 222-224.

69.	 Leoce, B. M.; Montoya, M.; Dardik, H.; Bernik, T. R. Rapid degradation 

and subsequent endovascular salvage of upper extremity cryogenic 

allograft bypass. Ann Vasc Surg. 2019, 57:276.e5-276.e8.

70.	 Soletti, L.; Hong, Y.; Guan, J.; Stankus, J. J.; El-Kurdi, M. S.; Wagner, 

W. R.; Vorp, D. A. A bilayered elastomeric scaffold for tissue 

engineering of small diameter vascular grafts. Acta Biomater. 2010, 6, 

110-122.

71.	 Wu, T.; Huang, C.; Li, D.; Yin, A.; Liu, W.; Wang, J.; Chen, J.; Ei-

Hamshary, H.; Al-Deyab, S. S.; Mo, X. A multi-layered vascular scaffold 

with symmetrical structure by bi-directional gradient electrospinning. 

Colloids Surf B Biointerfaces. 2015, 133, 179-188.

72.	 Ju, Y. M.; Choi, J. S.; Atala, A.; Yoo, J. J.; Lee, S. J. Bilayered scaffold for 

engineering cellularized blood vessels. Biomaterials. 2010, 31, 4313-4321.

73.	 de Valence, S.; Tille, J. C.; Mugnai, D.; Mrowczynski, W.; Gurny, 

R.; Möller, M.; Walpoth, B. H. Long term performance of 

polycaprolactone vascular grafts in a rat abdominal aorta replacement 

model. Biomaterials. 2012, 33, 38-47.

74.	 Fukunishi, T.; Best, C. A.; Sugiura, T.; Shoji, T.; Yi, T.; Udelsman, B.; 

Ohst, D.; Ong, C. S.; Zhang, H.; Shinoka, T.; Breuer, C. K.; Johnson, 

J.; Hibino, N. Tissue-engineered small diameter arterial vascular grafts 

from cell-free nanofiber PCL/chitosan scaffolds in a sheep model. PLoS 

One. 2016, 11, e0158555.

75.	 Xing, Y.; Gu, Y.; Guo, L.; Guo, J.; Xu, Z.; Xiao, Y.; Fang, Z.; 

Wang, C.; Feng, Z. G.; Wang, Z. Gelatin coating promotes in situ 

endothelialization of electrospun polycaprolactone vascular grafts. J 

Biomater Sci Polym Ed. 2021, 32, 1161-1181.

76.	 Stollwerck, P. L.; Kozlowski, B.; Sandmann, W.; Grabitz, K.; 

Pfeiffer, T. Long-term dilatation of polyester and expanded 

polytetrafluoroethylene tube grafts after open repair of infrarenal 

abdominal aortic aneurysms. J Vasc Surg. 2011, 53, 1506-1513.

77.	 Salata, K.; Hussain, M. A.; de Mestral, C.; Greco, E.; Awartani, H.; 

Aljabri, B. A.; Mamdani, M.; Forbes, T. L.; Bhatt, D. L.; Verma, S.; 

Al-Omran, M. Population-based long-term outcomes of open versus 

endovascular aortic repair of ruptured abdominal aortic aneurysms. J 

Vasc Surg. 2020, 71:1867-1878.e8.

78.	 Steuer, J.; Lachat, M.; Veith, F. J.; Wanhainen, A. Endovascular grafts 

for abdominal aortic aneurysm. Eur Heart J. 2016, 37, 145-151.

79.	 Seib, F. P.; Herklotz, M.; Burke, K. A.; Maitz, M. F.; Werner, C.; 

Kaplan, D. L. Multifunctional silk-heparin biomaterials for vascular 

tissue engineering applications. Biomaterials. 2014, 35, 83-91.

80.	 Saberianpour, S.; Heidarzadeh, M.; Geranmayeh, M. H.; Hosseinkhani, 

H.; Rahbarghazi, R.; Nouri, M. Tissue engineering strategies for the 

induction of angiogenesis using biomaterials. J Biol Eng. 2018, 12, 36.

81.	 Dahl, S. L.; Kypson, A. P.; Lawson, J. H.; Blum, J. L.; Strader, J. T.; Li, 

Y.; Manson, R. J.; Tente, W. E.; DiBernardo, L.; Hensley, M. T.; Carter, 

R.; Williams, T. P.; Prichard, H. L.; Dey, M. S.; Begelman, K. G.; 

Niklason, L. E. Readily available tissue-engineered vascular grafts. Sci 

Transl Med. 2011, 3, 68ra69.

82.	 McAllister, T. N.; Maruszewski, M.; Garrido, S. A.; Wystrychowski, 

W.; Dusserre, N.; Marini, A.; Zagalski, K.; Fiorillo, A.; Avila, H.; 

Manglano, X.; Antonelli, J.; Kocher, A.; Zembala, M.; Cierpka, L.; de la 

Fuente, L. M.; L’Heureux, N. Effectiveness of haemodialysis access with 

an autologous tissue-engineered vascular graft: a multicentre cohort 

study. Lancet. 2009, 373, 1440-1446.

83.	 Eitan, Y.; Sarig, U.; Dahan, N.; Machluf, M. Acellular cardiac 

extracellular matrix as a scaffold for tissue engineering: in vitro cell 

support, remodeling, and biocompatibility. Tissue Eng Part C Methods. 

2010, 16, 671-683.

84.	 Badylak, S. F.; Freytes, D. O.; Gilbert, T. W. Extracellular matrix as a 

biological scaffold material: Structure and function. Acta Biomater. 2009, 

5, 1-13.

85.	 Swinehart, I. T.; Badylak, S. F. Extracellular matrix bioscaffolds in tissue 

remodeling and morphogenesis. Dev Dyn. 2016, 245, 351-360.

86.	 Lin, C. H.; Hsia, K.; Ma, H.; Lee, H.; Lu, J. H. In vivo performance of 

decellularized vascular grafts: a review article. Int J Mol Sci. 2018, 19, 

2101.

87.	 Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and electrospun 

nanofibers: methods, materials, and applications. Chem Rev. 2019, 119, 

5298-5415.

88.	 Yin, A.; Luo, R.; Li, J.; Mo, X.; Wang, Y.; Zhang, X. Coaxial 

electrospinning multicomponent functional controlled-release vascular 

graft: Optimization of graft properties. Colloids Surf B Biointerfaces. 2017, 

152, 432-439.

89.	 Rodriguez, M.; Kluge, J. A.; Smoot, D.; Kluge, M. A.; Schmidt, D. 

F.; Paetsch, C. R.; Kim, P. S.; Kaplan, D. L. Fabricating mechanically 

improved silk-based vascular grafts by solution control of the gel-

spinning process. Biomaterials. 2020, 230, 119567.

90.	 Kuang, H.; Wang, Y.; Shi, Y.; Yao, W.; He, X.; Liu, X.; Mo, X.; Lu, 

S.; Zhang, P. Construction and performance evaluation of Hep/silk-

PLCL composite nanofiber small-caliber artificial blood vessel graft. 

Biomaterials. 2020, 259, 120288.

91.	 L’Heureux, N.; Dusserre, N.; Konig, G.; Victor, B.; Keire, P.; Wight, T. 

N.; Chronos, N. A.; Kyles, A. E.; Gregory, C. R.; Hoyt, G.; Robbins, R. 

C.; McAllister, T. N. Human tissue-engineered blood vessels for adult 

arterial revascularization. Nat Med. 2006, 12, 361-365.

92.	 Kimicata, M.; Swamykumar, P.; Fisher, J. P. Extracellular matrix for 



97Biomater Transl. 2022, 3(1), 81-98

Biomaterials Translational
Artificial blood vessel: history, progress, and challenges

small-diameter vascular grafts. Tissue Eng Part A. 2020, 26, 1388-1401.

93.	 Ainslie, K. M.; Bachelder, E. M.; Borkar, S.; Zahr, A. S.; Sen, 

A.; Badding, J. V.; Pishko, M. V. Cell adhesion on nanofibrous 

polytetrafluoroethylene (nPTFE). Langmuir. 2007, 23, 747-754.

94.	 Zilla, P.; Bezuidenhout, D.; Human, P. Prosthetic vascular grafts: wrong 

models, wrong questions and no healing. Biomaterials. 2007, 28, 5009-

5027.

95.	 Ashraf, R.; Sofi, H. S.; Malik, A.; Beigh, M. A.; Hamid, R.; Sheikh, F. A. 

Recent Trends in the Fabrication of Starch Nanofibers: Electrospinning 

and Non-electrospinning Routes and Their Applications in 

Biotechnology. Appl Biochem Biotechnol. 2019, 187, 47-74.

96.	 Kudo, F. A.; Nishibe, T.; Miyazaki, K.; Flores, J.; Yasuda, K. Albumin-

coated knitted Dacron aortic prosthses. Study of postoperative 

inflammatory reactions. Int Angiol. 2002, 21, 214-217.

97.	 Radenkovic, D.; Solouk, A.; Seifalian, A. Personalized development of 

human organs using 3D printing technology. Med Hypotheses. 2016, 87, 

30-33.

98.	 Melchiorri, A. J.; Hibino, N.; Best, C. A.; Yi, T.; Lee, Y. U.; Kraynak, 

C. A.; Kimerer, L. K.; Krieger, A.; Kim, P.; Breuer, C. K.; Fisher, J. P. 

3D-printed biodegradable polymeric vascular grafts. Adv Healthc Mater. 

2016, 5, 319-325.

99.	 Mosadegh, B.; Xiong, G.; Dunham, S.; Min, J. K. Current progress in 

3D printing for cardiovascular tissue engineering. Biomed Mater. 2015, 

10, 034002.

100.	 Lee, S. J.; Heo, D. N.; Park, J. S.; Kwon, S. K.; Lee, J. H.; Lee, J. H.; 

Kim, W. D.; Kwon, I. K.; Park, S. A. Characterization and preparation 

of bio-tubular scaffolds for fabricating artificial vascular grafts by 

combining electrospinning and a 3D printing system. Phys Chem Chem 

Phys. 2015, 17, 2996-2999.

101.	 Sakaguchi, K.; Shimizu, T.; Horaguchi, S.; Sekine, H.; Yamato, M.; 

Umezu, M.; Okano, T. In vitro engineering of vascularized tissue 

surrogates. Sci Rep. 2013, 3, 1316.

102.	 Sekine, H.; Shimizu, T.; Sakaguchi, K.; Dobashi, I.; Wada, M.; Yamato, 

M.; Kobayashi, E.; Umezu, M.; Okano, T. In vitro fabrication of 

functional three-dimensional tissues with perfusable blood vessels. Nat 

Commun. 2013, 4, 1399.

103.	 Scott, R. A.; Panitch, A. Macromolecular approaches to prevent 

thrombosis and intimal hyperplasia following percutaneous coronary 

intervention. Biomacromolecules. 2014, 15, 2825-2832.

104.	 Wang, Z.; Lu, Y.; Qin, K.; Wu, Y.; Tian, Y.; Wang, J.; Zhang, J.; Hou, 

J.; Cui, Y.; Wang, K.; Shen, J.; Xu, Q.; Kong, D.; Zhao, Q. Enzyme-

functionalized vascular grafts catalyze in-situ release of nitric oxide 

from exogenous NO prodrug. J Control Release. 2015, 210, 179-188.

105.	 Ranjan, A. K.; Kumar, U.; Hardikar, A. A.; Poddar, P.; Nair, P. D.; 

Hardikar, A. A. Human blood vessel-derived endothelial progenitors 

for endothelialization of small diameter vascular prosthesis. PLoS One. 

2009, 4, e7718.

106.	 Kang, I. K.; Kwon, B. K.; Lee, J. H.; Lee, H. B. Immobilization of 

proteins on poly(methyl methacrylate) films. Biomaterials. 1993, 14, 787-

792.

107.	 Arepally, G. M.; Cines, D. B. Pathogenesis of heparin-induced 

thrombocytopenia. Transl Res. 2020, 225, 131-140.

108.	 More, R. S.; Brack, M. J.; Gershlick, A. H. Heparin after angioplasty: an 

unresolved issue? Eur Heart J. 1993, 14, 1543-1547.

109.	 Bezon, E.; Khalifa, A. A.; Le Gal, G.; Choplain, J. N.; Mansourati, J.; 

Barra, J. A. Use of arterial patch to improve re-endothelialization 

in a sheep model of open carotid endarterectomy. An incentive to 

use internal thoracic artery as an on-lay patch following coronary 

endarterecomy? Interact Cardiovasc Thorac Surg. 2009, 8, 543-547.

110.	 Patel, S. D.; Waltham, M.; Wadoodi, A.; Burnand, K. G.; Smith, A. The 

role of endothelial cells and their progenitors in intimal hyperplasia. 

Ther Adv Cardiovasc Dis. 2010, 4, 129-141.

111.	 Melchiorri, A. J.; Hibino, N.; Fisher, J. P. Strategies and techniques to 

enhance the in situ endothelialization of small-diameter biodegradable 

polymeric vascular grafts. Tissue Eng Part B Rev. 2013, 19, 292-307.

112.	 Nguyen, T. U.; Shojaee, M.; Bashur, C. A.; Kishore, V. Electrochemical 

fabrication of a biomimetic elastin-containing bi-layered scaffold for 

vascular tissue engineering. Biofabrication. 2018, 11, 015007.

113.	 Bates, N. M.; Heidenreich, H. E.; Fallon, M. E.; Yao, Y.; Yim, 

E. K. F.; Hinds, M. T.; Anderson, D. E. J. Bioconjugation of a 

collagen-mimicking peptide onto poly(vinyl alcohol) encourages 

endothelialization while minimizing thrombosis. Front Bioeng 

Biotechnol. 2020, 8, 621768.

114.	 Do, T. M.; Yang, Y.; Deng, A. Porous bilayer vascular grafts fabricated 

from electrospinning of the recombinant human collagen (RHC) 

peptide-based blend. Polymers. 2021, 13, 4042.

115.	 Adipurnama, I.; Yang, M. C.; Ciach, T.; Butruk-Raszeja, B. Surface 

modification and endothelialization of polyurethane for vascular tissue 

engineering applications: a review. Biomater Sci. 2016, 5, 22-37.

116.	 Issa Bhaloo, S.; Wu, Y.; Le Bras, A.; Yu, B.; Gu, W.; Xie, Y.; Deng, 

J.; Wang, Z.; Zhang, Z.; Kong, D.; Hu, Y.; Qu, A.; Zhao, Q.; Xu, Q. 

Binding of Dickkopf-3 to CXCR7 enhances vascular progenitor cell 

migration and degradable graft regeneration. Circ Res. 2018, 123, 451-

466.

117.	 Pan, Y.; Yang, J.; Wei, Y.; Wang, H.; Jiao, R.; Moraga, A.; Zhang, 

Z.; Hu, Y.; Kong, D.; Xu, Q.; Zeng, L.; Zhao, Q. Histone deacetylase 

7-derived peptides play a vital role in vascular repair and regeneration. 

Adv Sci (Weinh). 2018, 5, 1800006.

118.	 Kong, X.; Han, B.; Wang, H.; Li, H.; Xu, W.; Liu, W. Mechanical 

properties of biodegradable small-diameter chitosan artificial vascular 

prosthesis. J Biomed Mater Res A. 2012, 100, 1938-1945.

119.	 Aytemiz, D.; Sakiyama, W.; Suzuki, Y.; Nakaizumi, N.; Tanaka, R.; 

Ogawa, Y.; Takagi, Y.; Nakazawa, Y.; Asakura, T. Small-diameter silk 

vascular grafts (3 mm diameter) with a double-raschel knitted silk tube 

coated with silk fibroin sponge. Adv Healthc Mater. 2013, 2, 361-368.

120.	 Meinel, L.; Kaplan, D. L. Silk constructs for delivery of musculoskeletal 

therapeutics. Adv Drug Deliv Rev. 2012, 64, 1111-1122.

121.	 Peichev, M.; Naiyer, A. J.; Pereira, D.; Zhu, Z.; Lane, W. J.; Williams, 

M.; Oz, M. C.; Hicklin, D. J.; Witte, L.; Moore, M. A.; Rafii, S. 

Expression of VEGFR-2 and AC133 by circulating human CD34(+) 

cells identifies a population of functional endothelial precursors. Blood. 

2000, 95, 952-958.

122.	 Rhodes, N. P.; Williams, D. F. Plasma recalcification as a measure of 

contact phase activation and heparinization efficacy after contact with 

biomaterials. Biomaterials. 1994, 15, 35-37.

123.	 Jin, D.; Hu, J.; Xia, D.; Liu, A.; Kuang, H.; Du, J.; Mo, X.; Yin, M. 

Evaluation of a simple off-the-shelf bi-layered vascular scaffold based 

on poly(L-lactide-co-ε-caprolactone)/silk fibroin in vitro and in vivo. 

Int J Nanomedicine. 2019, 14, 4261-4276.

124.	 Zheng, W.; Wang, Z.; Song, L.; Zhao, Q.; Zhang, J.; Li, D.; Wang, 

S.; Han, J.; Zheng, X. L.; Yang, Z.; Kong, D. Endothelialization and 

patency of RGD-functionalized vascular grafts in a rabbit carotid artery 

model. Biomaterials. 2012, 33, 2880-2891.

125.	 Yang, X.; Wei, J.; Lei, D.; Liu, Y.; Wu, W. Appropriate density of PCL 

nano-fiber sheath promoted muscular remodeling of PGS/PCL grafts 

in arterial circulation. Biomaterials. 2016, 88, 34-47.



Review

98

Guo, Y.; Wang, W.; et al.

www.biomat-trans.com

126.	 Syedain, Z.; Reimer, J.; Lahti, M.; Berry, J.; Johnson, S.; Tranquillo, R. 

T. Tissue engineering of acellular vascular grafts capable of somatic 

growth in young lambs. Nat Commun. 2016, 7, 12951.

127.	 Swartz, D. D.; Andreadis, S. T. Animal models for vascular tissue-

engineering. Curr Opin Biotechnol. 2013, 24, 916-925.

128.	 Byrom, M. J.; Bannon, P. G.; White, G. H.; Ng, M. K. Animal models 

for the assessment of novel vascular conduits. J Vasc Surg. 2010, 52, 176-

195.

129.	 Riboldi, S. A.; Tozzi, M.; Bagardi, M.; Ravasio, G.; Cigalino, G.; Crippa, 

L.; Piccolo, S.; Nahal, A.; Spandri, M.; Catto, V.; Tironi, M.; Greco, F. 

G.; Remuzzi, A.; Acocella, F. A novel hybrid silk fibroin/polyurethane 

arteriovenous graft for hemodialysis: proof-of-concept animal study in 

an ovine model. Adv Healthc Mater. 2020, 9, e2000794.

130.	 Koens, M. J.; Krasznai, A. G.; Hanssen, A. E.; Hendriks, T.; Praster, 

R.; Daamen, W. F.; van der Vliet, J. A.; van Kuppevelt, T. H. Vascular 

replacement using a layered elastin-collagen vascular graft in a porcine 

model: one week patency versus one month occlusion. Organogenesis. 

2015, 11, 105-121.

131.	 Yamamoto, S.; Okamoto, H.; Haga, M.; Shigematsu, K.; Miyata, 

T.; Watanabe, T.; Ogawa, Y.; Takagi, Y.; Asakura, T. Rapid 

endothelialization and thin luminal layers in vascular grafts using silk 

fibroin. J Mater Chem B. 2016, 4, 938-946.

132.	 Li, H.; Wang, Y.; Sun, X.; Tian, W.; Xu, J.; Wang, J. Steady-state 

behavior and endothelialization of a silk-based small-caliber scaffold in 

vivo transplantation. Polymers. 2019, 11, 1303.

133.	 Cutiongco, M. F.; Kukumberg, M.; Peneyra, J. L.; Yeo, M. S.; Yao, J. 

Y.; Rufaihah, A. J.; Le Visage, C.; Ho, J. P.; Yim, E. K. Submillimeter 

diameter poly(vinyl alcohol) vascular graft patency in rabbit model. 

Front Bioeng Biotechnol. 2016, 4, 44.

134.	 Zhang, J.; Huang, H.; Ju, R.; Chen, K.; Li, S.; Wang, W.; Yan, Y. In vivo 

biocompatibility and hemocompatibility of a polytetrafluoroethylene 

small diameter vascular graft modified with sulfonated silk fibroin. Am J 

Surg. 2017, 213, 87-93.

135.	 Li, W.; Chen, J.; Xu, P.; Zhu, M.; Wu, Y.; Wang, Z.; Zhao, T.; Cheng, 

Q.; Wang, K.; Fan, G.; Zhu, Y.; Kong, D. Long-term evaluation of 

vascular grafts with circumferentially aligned microfibers in a rat 

abdominal aorta replacement model. J Biomed Mater Res B Appl Biomater. 

2018, 106, 2596-2604.

136.	 Fu, J.; Ding, X.; Stowell, C. E. T.; Wu, Y. L.; Wang, Y. Slow degrading 

poly(glycerol sebacate) derivatives improve vascular graft remodeling in 

a rat carotid artery interposition model. Biomaterials. 2020, 257, 120251.

137.	 Sugiura, T.; Tara, S.; Nakayama, H.; Kurobe, H.; Yi, T.; Lee, Y. U.; Lee, 

A. Y.; Breuer, C. K.; Shinoka, T. Novel bioresorbable vascular graft 

with sponge-type scaffold as a small-diameter arterial graft. Ann Thorac 

Surg. 2016, 102, 720-727.

138.	 Weber, B.; Emmert, M. Y.; Schoenauer, R.; Brokopp, C.; Baumgartner, 

L.; Hoerstrup, S. P. Tissue engineering on matrix: future of autologous 

tissue replacement. Semin Immunopathol. 2011, 33, 307-315.

139.	 Itoh, M.; Mukae, Y.; Kitsuka, T.; Arai, K.; Nakamura, A.; Uchihashi, K.; 

Toda, S.; Matsubayashi, K.; Oyama, J. I.; Node, K.; Kami, D.; Gojo, S.; 

Morita, S.; Nishida, T.; Nakayama, K.; Kobayashi, E. Development of 

an immunodeficient pig model allowing long-term accommodation of 

artificial human vascular tubes. Nat Commun. 2019, 10, 2244.

140.	 Rohren, E. M.; Kliewer, M. A.; Carroll, B. A.; Hertzberg, B. S. A 

spectrum of Doppler waveforms in the carotid and vertebral arteries. 

AJR Am J Roentgenol. 2003, 181, 1695-1704.

141.	 Fang, S.; Ellman, D. G.; Andersen, D. C. Review: tissue engineering 

of small-diameter vascular grafts and their in vivo evaluation in large 

animals and humans. Cells. 2021, 10, 713.

142.	 Fayon, A.; Menu, P.; El Omar, R. Cellularized small-caliber tissue-

engineered vascular grafts: looking for the ultimate gold standard. NPJ 

Regen Med. 2021, 6, 46.

143.	 Ren, X.; Feng, Y.; Guo, J.; Wang, H.; Li, Q.; Yang, J.; Hao, X.; Lv, 

J.; Ma, N.; Li, W. Surface modification and endothelialization of 

biomaterials as potential scaffolds for vascular tissue engineering 

applications. Chem Soc Rev. 2015, 44, 5680-5742.

144.	 Kang, H. W.; Lee, S. J.; Ko, I. K.; Kengla, C.; Yoo, J. J.; Atala, A. A 3D 

bioprinting system to produce human-scale tissue constructs with 

structural integrity. Nat Biotechnol. 2016, 34, 312-319.

145.	 Li, X.; Liu, L.; Zhang, X.; Xu, T. Research and development of 3D 

printed vasculature constructs. Biofabrication. 2018, 10, 032002.

146.	 Wang, D.; Liu, H.; Fan, Y. Silk fibroin for vascular regeneration. 

Microsc Res Tech. 2017, 80, 280-290.

147.	 Duijvelshoff, R.; Cabrera, M. S.; Sanders, B.; Dekker, S.; Smits, A.; 

Baaijens, F. P. T.; Bouten, C. V. C. Transcatheter-delivered expandable 

bioresorbable polymeric graft with stenting capacity induces vascular 

regeneration. JACC Basic Transl Sci. 2020, 5, 1095-1110. 

Received: January 22, 2022

Revised: February 24, 2022

Accepted: March 1, 2022

Available online: March 28, 2022


