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The clinical demand for tissue-engineered vascular grafts is still rising, and there are many challenges that need to be

overcome to obtain functional grafts with appropriate biological and mechanical properties. The many advances made in

cell culture, biomaterials, manufacturing techniques, and tissue engineering methods have led to various promising

solutions for vascular graft production, and materials from natural sources have recently gained more attention for

vascular tissue engineering, as new strategies have been developed to solve the disadvantages related to their use.
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1. Introduction

Cardiovascular diseases (CVDs) are a group of pathologies that affect the cardiac and vascular systems; they include

coronary heart disease, cerebrovascular pathologies, rheumatic heart disease, and other conditions. CVDs are the main

cause of death in the world, with 17.9 million deaths per year, according to the World Health Organization (WHO). Almost

85% of CVD-related deaths are caused by heart attack and strokes. . The main cause of these pathologies is

atherosclerosis, a progressive condition characterized by the formation of atherosclerotic plaques that develop in the

intima layer of blood vessels and lead to the partial or total obstruction of vessels . The most common treatment is

pharmaceutical therapy, coupled with a healthy lifestyle and balanced diet; however, in the case of occlusive CVDs, the

ultimate treatment options are surgical, represented by vascular stents, substitution surgery, or vascular bypass. The latter

solutions aim at replacing the damaged vessel or at redirecting blood flow around it through the use of vascular grafts .

For these purposes, the main source of vascular grafts are autologous blood vessels, which are naturally biocompatible,

non-thrombogenic, and have the necessary mechanical properties to suit vascular application . However, this treatment

option is still hampered by different problems, the main one being implant failure . Media layer hyperplasia or vein graft

disease can also arise after implantation, which lead to the occlusion of the lumen and implanted graft . Moreover,

the use of autologous blood vessels is not always an option, due to either the multiple surgical procedures required, the

patients’ age and health conditions, or the mismatch of blood vessel dimensions . As an alternative, commercial

vascular grafts can be used. Most of these are usually made from synthetic materials such as polyethylene terephthalate

(PET) and polytetrafluoroethylene (e-PTFE); however, some biological commercial products can also be found. LeMaitre

Vascular produces natural commercial grafts such as Artegraft , a xenograft from bovine collagen, ProCol , a

bioprothesis from the bovine mesenteric vein, or Omniflow II , which is a biosynthetic graft. Bioprotec S.A.S.U. produces

human-derived vascular grafts from the saphenous vein which range from small- to medium-caliber applications. Even

though there are commercial alternatives to autologous bypass, they still present some limitations: their mechanical

properties are not always appropriate and they may cause aneurysms and/or thrombosis, allergic reactions, and,

generally, have a high implant failure rate, and low patency rates for small-diameter grafts  .

The success of the existing approaches is still constrained by the aforementioned problems; thus, valid alternatives to

obtain functional vascular conduits are needed. One approach that represents a potential solution is vascular tissue

engineering (VTE), a branch of regenerative medicine that aims at producing innovative solutions to substitute damaged

blood vessels. VTE relies on the production of tissue-engineered vascular grafts (TEVGs), which are made in vitro by

combining cells, biomaterials, fabrication techniques, and tissue maturation methods . Appropriate mechanical and

biological properties for TEVGs’ success are difficult to achieve, and grafts’ failure greatly depends on the choice of cells,

biomaterials, the technique used to manufacture the graft, and how these parts interact with each other,   however,

innovations in the field have allowed to bring advancements in vascular graft production, especially using natural

biomaterials .
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2. Vascular Tissue Engineering Requirements and Fundamentals

TEVGs should have specific requirements that allow them to closely mimic physiological conditions . The structure of

native blood vessels, as presented in Figure 1, allows to achieve the necessary biological and mechanical properties for

correct blood vessel function, therefore, to prepare TEVGs, certain requirments should be met, such as noncytotoxicity,

nonthrombogenicity, hemocompatibility, cell repopulation potential, ability to bear blood pressure, compliace and patency

maintainance .

Figure 1. General anatomical structure of blood vessel and layers’ functional characteristics. The figure was partly

generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported

license.

In order to achieve these complex properties, appropriate cell sources, like vascular cells either stem cells or primary cell

lines, optimal biomaterial, such as synthetic, natural or hybrid biomaterials, fabrication techniques, likes electrospinning,

3D-bioprinting, or cell sheet engineering, and maturation techniques, such as static or dynamic cell maturation, are

important elements to consider; and, as a result, these constitute the fundamentals of VTE (Figure 2).

Figure 2. The fundamentals of vascular tissue engineering.

3. Natural Biomaterials for Vascular Tissue Engineering

The success of a TEVG is highly dependent on the choice of the biomaterial used, which should have some key features

to appropriately fulfil its use. As of late, bioactivity has been regarded as one of the most important biomaterial properties

for tissue engineering applications , and this property is mainly found in naturally derived biomaterials, which are able
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to provide necessary biological cues to interact and guide cell functions. These biomaterials display biocompatibility,

bioactivity, and biodegradation, and are mostly nonimmunogenic; however, they are difficult to fine-tune, show batch-to-

batch variability, and commonly display weak mechanical properties . For  VTE applications, the appropriate

interaction between the material and the blood interface is a necessary feature for a TEVG’s success, together with the

endothelialization process and the control of SMCs’ proliferation and functionality. Thus, the domains found in naturally

derived materials are suitable for this, as they allow for cell recognition and adhesion .

3.1. Collagen

Collagen is the most abundant protein in the body, representing a third of total proteins and the main component of ECM

. The use of collagen in tissue engineering is common due to its many advantages such as biocompatibility, cell

adhesion sites, biodegradability, nonimmunogenicity, availability, and hydrophilicity. Collagen is the most commonly used

natural material for VTE, as it is the main ECM component of the vascular wall, responsible for load carrying and pressure

resistance . Its use for vascular graft fabrication dates back to 1986 , and, with time, more complex TEVGs were

fabricated with collagen as the core biomaterial . Recent research works have shown the different advances

made in the use of collagen for TEVGs production, achieving collagen constructs with better mechanical properties 

. The use of collagen still presents limitations, however, due to the excellent biological, potential it is still one of the

most interesting natural materials for TEVG production.

3.2 Gelatin

Gelatin is a material derived from the denaturation of collagen’s triple helix. Thanks to its biocompatibility, biodegradability,

low cytotoxicity, immunogenicity, and, finally, low cost, gelatin has been widely used as a biomaterial for tissue

engineering. A disadvantage of gelatin is related to the need for chain reticulation in order to maintain its stability, thus it is

mainly used in the functionalized form: gelatin methacryloyl (GelMA) and is often reticulated with other materials .

Still, different works have shown the potential of gelatin biomaterials for VTE  , and its use in combination with

other materials for VTE is promising to enhance biological properties and endothelialization.

3.3. Fibrin

Fibrin is the active and insoluble form of fibrinogen, a protein involved in the coagulation cascade and wound healing.

Because of its adhesive properties, it is widely used as a sealant in biomedical applications . It is an interesting material

for scaffold design, both in gel and fiber form and it can be isolated from a patient’s plasma, representing an interesting

option in terms of personalized tailored biomaterials, limiting immunological reaction risks . Fibrin fibers can closely

replicate the structure of ECM and guide cell functions and remodeling  so, it is frequently found used in combination

with other materials for VTE purposes   . Fibrin undoubtedly demonstrates many advantages for TEVGs’

production, especially because of the possibility of obtaining it from patients’ blood. However, the studies performed still

use it in combination with other materials in order to achieve the necessary mechanical properties.

3.4. Elastin

Elastin is a protein of the connective tissue responsible for tissue elasticity. The tropoelastin fibers provide recoil to tissues

that undergo stretching forces and in the vascular tissue, elastin plays both a mechanical and biosensing role, allowing for

elastic expansion and contraction. Moreover, elastin plays a role in the inhibition of SMCs’ hyperproliferation and has

antithrombotic properties . Collagen and elastin are also often used in combination for VTE, as they are both major

components of blood vessels and elastin is used to provide elasticity to the scaffold. These types of scaffolds present

higher porosity and structural features that promote their use for small-caliber TEVGs, while stimulating endothelialization

and preventing SMCs’ hyperplasia . Aside from collagen and elastin composites, elastin has been widely reported to

increase the elastic properties of TEVGs in combination with other materials . Even though the use of elastin retains

the limitation of its insolubility, its use has gained interest in the field of VTE, demonstrating the ability to improve

mechanical and biological properties and decreasing platelet adhesion.

3.5. Silk

Silk is a versatile biopolymer mainly produced by insects. This natural material is extremely resistant to traction, aside

from being very biocompatible, and has been broadly used for surgical sutures. In recent decades, silk has also gathered

interest for the production of bioscaffolds in VTE, because it demonstrates interesting advantages such as controllable

biodegradation, low immunogenicity, extraordinary mechanical strength, and wide scaffolding applications, as it can be

used in the form of films, hydrogels, nanofibers, and nanoparticles. Moreover, it is an easily accessible material, both eco-
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sustainable and low cost . Silk can be used alone or in combination with other materials for TEVGs  ,

demonstrating its suitability for this application.

3.6. Chitosan

Chitosan is a linear polysaccharide derived from chitin’s partial deacetylation, found in the exoskeleton of arthropods.

Structurally, chitosan is very similar to glycosaminoglycans contained in the ECM, and as a biomaterial it presents several

advantages: it is easily sterilisable, low cost, bioactive, and highly hydrophilic. Its degradability can be controlled, and,

notably, it has antibacterial and antifungal properties. Thus, it was also explored as a scaffold for TEVGs production.

However, its mechanical properties are far from resembling those of native blood vessels; to overcome this limitation,

chitosan is often reticulated with other polymers . Chitosan shows unique antibacterial and antithrombogenic

properties; therefore, it is used in VTE to improve these aspects when they are lacking in other materials. However, it

remains difficult to find uses for chitosan as a sole material for TEVG production. With further innovations in manufacturing

and modifications, technologies may bring research closer to improving its use for VTE.

3.7. Decellularized Extracellular Matrix

Decellularized vessels were explored as a means to obtain a tubular scaffold directly from the vessel, and this strategy

has led to the development of several vascular grafts, which have indeed reached clinical trials. However, decellularized

extracellular matrix (dECM) derived from other tissue sources can also be used for scaffold production. In particular, after

decellularization, the matrix can be further processed in order to be solubilized, then used as hydrogels, bioinks, or

electrospinning solution. dECM is one of the most bioactive materials that can be found, as it is the one that most closely

resembles the native ECM environment. In VTE, it has been widely used, both alone and in combination with other

materials, to enhance their mechanical properties and provide them with superior bioactivity .

4. Conclusions

In a context where CDVs are the main cause of death in the world and vessel substitution or bypass are often required,

VTE has been shown to be a promising alternative to autologous vascular grafts. Although it is a challenge to replicate the

necessary biological and mechanical properties, great progress has been made in the production of TEVGs. New

fabrication techniques, insights into biomaterial design, and innovative tissue maturation strategies have led to improved

results. Natural materials have received more attention due to their innate bioactivity, and, thanks to the progress made in

the past decades, some of the problems tied to their use have been overcome. In particular, the advances in fabrication

techniques have allowed better manipulation and tailorability of natural materials, which were significant challenges in the

use of biological materials; at the same time, many research works reported herein also demonstrated results in obtaining

natural-based TEVGs with appropriate mechanical properties for blood vessel replacement. Astonishingly, many research

works even reported the production of small-caliber TEVGs made with natural materials, an achievement that has

challenged researchers for many years. These innovations have also led to many works obtaining promising results with

in vivo experimentation using natural-based TEVGs. Biomaterials like collagen and elastin remain the top choices when it

concerns biomaterials for VTE; some collagen products have reached the market, such as Artegraft  or ProCol , while

new manufacturing techniques, such as electrospinning and 3D printing, are taking over and being used more frequently

to obtain highly controlled graft ultrastructures. However, challenges with the use of all-natural TEVGs still remain, such as

the ability to obtain functional and effective vascular grafts (encompassing both biological and mechanical properties,

made of a single and natural component) and if—and when—most of these will be able to achieve commercialization.

However, considering the positive advances reported herein, TEVGs from natural material scaffolds show potential for

being translated from research to clinical practice in the near future, while other natural TEVGs, such as cell-derived

TEVGs or hybrid TEVGs, have already been utilized in human trials .
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