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Abstract: Cardiovascular disease is anticipated to remain the leading cause of death globally. Due to
the current problems connected with using autologous arteries for bypass surgery, researchers are de-
veloping tissue-engineered vascular grafts (TEVGs). The major goal of vascular tissue engineering is
to construct prostheses that closely resemble native blood vessels in terms of morphological, mechani-
cal, and biological features so that these scaffolds can satisfy the functional requirements of the native
tissue. In this setting, morphology and cellular investigation are usually prioritized, while mechanical
qualities are generally addressed superficially. However, producing grafts with good mechanical
properties similar to native vessels is crucial for enhancing the clinical performance of vascular grafts,
exposing physiological forces, and preventing graft failure caused by intimal hyperplasia, thrombosis,
aneurysm, blood leakage, and occlusion. The scaffold’s design and composition play a significant
role in determining its mechanical characteristics, including suturability, compliance, tensile strength,
burst pressure, and blood permeability. Electrospun prostheses offer various models that can be
customized to resemble the extracellular matrix. This review aims to provide a comprehensive
and comparative review of recent studies on the mechanical properties of fibrous vascular grafts,
emphasizing the influence of structural parameters on mechanical behavior. Additionally, this review
provides an overview of permeability and cell growth in electrospun membranes for vascular grafts.
This work intends to shed light on the design parameters required to maintain the mechanical stability
of vascular grafts placed in the body to produce a temporary backbone and to be biodegraded when
necessary, allowing an autologous vessel to take its place.

Keywords: vascular grafts; biopolymers; physiological forces; compliance; burst pressure; cellular
activity; permeability; porosity; fiber orientation; wall thickness

1. Introduction

Cardiovascular diseases (CVDs) remain the major cause of death worldwide, and
an estimated 17.9 million individuals died in 2019. Additionally, prior CVDs are a sig-
nificant risk factor for coronavirus disease of 2019 (COVID-19)-related complications and
fatalities [1,2]. The main risk factors for CVD include smoking, being overweight, having
diabetes, high blood pressure or hypertension, dyslipidemia, not exercising enough, eating
poorly, and experiencing a lot of stress, all of which are extremely prevalent problems
in today’s society [3,4]. The number of CVD cases increased from 271 million in 1990 to
523 million in 2019, while CVD fatalities increased from 12.1 million in 1990 to 18.6 million
in 2019 [5]. The World Health Organization estimates that by 2030, there will be a 24.5%
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increase in the number of fatalities [6]. Coronary artery disease, the most prevalent form of
CVD, necessitates surgery based on arterial replacement, known as bypass grafting [7]. The
blood vessel that is injured or obstructed is replaced during bypass surgeries with an autol-
ogous vein or synthetic graft. Autologous grafts have significant disadvantages because of
their scarcity and difficulties with graft harvesting [8]. Despite being the most common
autograft, the saphenous vein has low patency and a failure rate of about 50% after ten
years of implantation [9]. Vascular grafts made of synthetic materials can be used in place of
autologous vessels. Expanded polytetrafluoroethylene (ePTFE, Gore-Tex, California, USA)
and polyethylene terephthalate (PET, Dacron, Invista, Kansas, USA) are the most widely
used commercial synthetic materials because they are effective at replacing large-diameter
arteries and have shown successful long-term results. However, they are ineffective when
used as smaller diameter vascular grafts (<6 mm), such as coronary arteries, because of
low patency rates, thrombogenicity, and compliance mismatch [10,11]. The compliance
mismatch between the native artery and the inelastic synthetic graft at the anastomosis
sites results in low blood flow rates and turbulent blood flow in small-diameter grafts.

Due to these mechanical issues, the thrombogenic nature of the scaffold material,
poor endothelialization, luminal narrowing, and thrombosis are brought on by intimal
hyperplasia, causing low patency rates [12]. Enhancing the mechanical performance and
biocompatibility of small-caliber vascular prostheses is necessary to satisfy a clinical re-
quirement and offer patients alternative scaffolds due to the current limitations of clinically
approved grafts [13]. However, the clinical applicability of vascular grafts is still con-
strained by problems with the intrinsic thrombogenic character of synthetic polymers,
inability to sustain somatic growth and repair, inappropriate mechanical qualities, and
severe intimal hyperplasia [14]. Thus, novel approaches for fabricating TEVGs, including
electrospinning, decellularization, lyophilization, and 3D printing by utilizing biopolymers,
have been explored to eliminate these issues and provide the ideal small-caliber graft that
may be used in the clinic and can imitate the native artery in all aspects [15]. The selection of
the material and the production technique is based on the determination and optimization
of the design parameters, which require a better understanding of the vascular environment,
the properties and needs of native vessels, and the correlation between the constructional
criteria and graft properties. In this regard, this review covers vascular grafts, scaffold
fabrication methods, biopolymers utilized in these prostheses, and mechanical forces acting
on vascular grafts in detail. In addition, the impact of constructional design parameters
on mechanical as well as permeability properties is discussed, and recent studies have
been reviewed in the literature to give a broad perspective for the researchers to discover
the necessities and limitations in this field and help to find alternative ways to meet the
requirements of vascular grafts improved in the future.

2. Anatomy of Blood Vessels

Arteries, capillaries, and veins are all linked in series to make up the pulmonary
vasculature [16]. Arteries and veins accomplish effective blood circulation across the lumen
to distant locations. Arteries transport oxygenated blood from the heart to the tissues,
whereas veins transport waste, nutrients, and oxygen from the capillaries back to the
heart while returning deoxygenated blood to it [17,18]. The extracellular matrix (ECM)
comprises 70% water, and the remaining 30% comprises a vascular wall consisting of
collagen, elastin, proteoglycans, and vascular cells [19]. The three layers that form the
typical arterial wall are the tunica intima, which consists of a single layer of endothelial
cells (ECs) that exists in the internal elastic lamina, which is a dense elastic membrane
that divides the intima from the media and is oriented parallel to the blood flow; the tunica
media, which is composed of concentric layers of smooth muscle cells (SMCs) between the
elastic lamina layers; and the tunica adventitia, which is formed of myofibroblasts involving
connective tissue with nerve fibers and the vasa vasorum that nurtures the blood vessel
wall and is divided from the media by an external elastic lamina [20,21] (Figure 1). The
tunica intima, also known as the endothelium layer, controls the tone of blood vessels,
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platelet activation, adhesion and aggregation, leukocyte adherence, SMC migration, and
proliferation and serves as a thrombo-resistant, continuous selective permeable wall that
permits laminar blood flow throughout the blood vessel [22]. ECs and SMCs play crucial
roles in preserving the vessel’s mechanical efficiency and structural integrity. The tunica
media, in which collagen, elastin fibers, and SMCs are radially aligned, offers the vessel
mechanical strength and regulates vessel diameter by contracting or relaxing [23]. High
blood pressure causes the arteries to experience significant mechanical stress. In the
physiological pressure range, the load on the vessel is distributed between the collagen
and elastin fibers. At higher blood pressures, where a greater amount of force is needed
for a change in diameter, the stiffer collagen fibers dominate the mechanical behavior and
protect the blood vessel from failure. In contrast, the elastic components, which are less stiff
and more elastic chains, dominate mechanical behavior at lower pressures [19]. Collagen
fibers, elastic fibers, elastic lamellae, and proteoglycans, which provide vessel elasticity
and radial compliance, are secreted by SMCs [22]. The flexibility and structural stability of
the artery are supported by elastic laminae. Intimal hyperplasia is avoided thanks to elastic
fibers and lamina that slow down SMC development [24]. Elastin, which relieves stress
on the heart and permits vasodilation and vasoconstriction in arteries with pulsatile flow,
is responsible for reversible elasticity [25]. The vasa vasorum and vascular innervation are
supported by the tunica adventitia. This outermost layer comprises fibroblasts, extracellular
matrix, and fibrillar types I and III collagen and is placed between the exterior elastic lamina
on the media layer and interstitial matrix [23,24].
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3. Requirements for Vascular Grafts

The fundamental concern with vascular tissue engineering is still creating an ideal
vascular graft that can replicate the structural, biological, and mechanical characteristics
of the native blood vessels and be used as a replacement for the damaged blood vessel.
When selecting a polymer and a method of fabrication for the construction of synthetic
blood vessels, some fundamental properties to consider are processability, mechanical
behavior, morphology and porosity, hydrophilicity, biodegradability, and biocompatibil-
ity [26]. The vascular scaffolds should offer an ideal topographic and structural framework
for cell adhesion, proliferation, and diffusion [27]. Developing a suitable microstructure
and functional material that encourages endothelialization requires proper processing
and surface modification techniques. Additionally, the native tissues must be compatible
with the mechanical characteristics of small-diameter vascular grafts, including modulus,
nonlinear elasticity, compliance, burst pressure, and suture retention strength, as even a
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slight mechanical discrepancy between the prostheses and the native vessel can lead to graft
failure [28]. A combination of dynamic mechanical forces, including hemodynamic forces
originating from fluid flow, cyclic stretch, lateral pressure, and vessel wall forces created by
the vasculature, creates the complex mechanical microenvironment [29]. The compliance
mismatch, which is the incompatible dimensional change of the vascular graft and the
native blood vessel in response to pressure variations inside the lumen, causes the hemody-
namic flow imbalance in the vascular graft and stress concentration at the anastomosis. The
pressure difference at the anastomosis can result in intimal hyperplasia and thrombosis [30].
Additionally, just like the native artery, the designed blood vessel’s burst pressure must be
higher than 1000 mmHg in order to resist blood pressure (200 mmHg) [31].

The pore size is a crucial structural element since it directly impacts cell migration,
leakproofness, and mechanical qualities. Large pores obviously cause blood leakage, but
small pores prevent cells from penetrating. SMCs must enter TEVGs through larger pores
since they are bigger than ECs [32]. Additionally, in vitro research on the development of
the macrovascular endothelium has shown that materials with smaller pore diameters and
lower porosity promote better EC adherence. ECs range from 10 to 40 µm, and adhesion
is necessary for their proliferation. As a result, the proliferation is limited to materials
with pores larger than a cell, particularly those with diameters of more than 30 µm [33].
Moreover, a reduction in mechanical characteristics is observed with an increase in pore
size and porosity [34]. In addition, vascular scaffolds should be suturable for convenience
of use, and for usage in ophthalmic and microvascular procedures, a 0.6 N suture retention
is adequate [35,36]. The choice of materials for vascular grafts is also heavily influenced
by biodegradation. A fast degradation rate can limit neointimal hyperplasia by limiting
the activation of inflammatory cells and reducing the probability and intensity of a foreign
body response. However, a high rate of tissue degradation can compromise its performance.
Thus, the vascular tissue regeneration rate should be harmonious with the biodegradation
rate [37].

The topography and morphology of the lumen surface are other essential aspects
affecting thrombosis and material selection. In addition, gradients strongly influence
platelet adhesion and activation in the nanotopography of the material surface. Thus, a
TEVG surface designed with the proper topography and roughness could significantly
increase the hemocompatibility of the lumen surface of the scaffold [38].

Thus, for obtaining an applicable small-diameter vascular graft that satisfies all of the
necessary features, this scaffold needs to be mechanically strong and compliant to withstand
hemodynamic stress; suturable; available in various sizes in case of emergency; easy to use
to reduce the time, cost, and risk; resistant to thrombus and infection; biocompatible to
integrate with the body and allow the formation of neo-vessels similar to native arteries
in characteristics and performance; low-cost; patent for long-term; able to show rapid
endothelialization; and porous enough for easy cell diffusion; it is necessary to combine
biomimetic design with improved cellular and molecular knowledge of the biology of the
vessel wall [39].

4. Electrospinning Technique

The ability to have sufficient multicellular activities, nutrition delivery, and mechanical
qualities is essential to successfully produce scaffolds at the macro- and microscales [40].
Solvent casting with particle leaching, thermally induced phase separation, freeze drying,
electrospinning, 3D printing, and combination molding techniques are some methods for
constructing tissue-engineered scaffolds that imitate the ECM [41]. Among these methods,
electrospinning has emerged as a leading technology for creating synthetic polymer grafts
because it is configurable, and the electrospun fibrous structure closely resembles the fibrous
structure of native ECM in the vessel wall, enabling cell infiltration and cellularization of
the grafts and having a high surface-to-volume ratio thanks to 3D fibrous matrices with
varying fiber sizes [42].
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Nanoscale (<1000 nm) and microscale (>1 µm) polymer fibers can be created using
the electrospinning technique [43]. The electrospinning setup consists of three main parts:
a high voltage supplier, a capillary tube with a tip, and a collector [27] (Figure 2). When
a voltage is applied during electrospinning, the electrostatic force affecting the droplet
overcomes the surface tension and forces a liquid jet to move out from the tip. This
whipping action results in the drawing and thinning of the polymer and causes fiber
production as the solvent evaporates simultaneously. The geometry of the resultant scaffold
is influenced by the collector type and electrospinning arrangement [44]. Electrospinning
can be used to create biomimetic degradable scaffolds for essential cellular and molecular
activities using both natural and synthetic biopolymers [45].
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To encourage capillary ingrowth and graft regeneration, vascular grafts must have
an acceptable level of porosity, with an average pore diameter of 10 µm and a minimum
pore area of 20–80 µm2. Macrophages, cells, fibroblasts, and capillaries deposit on the wall
with pore sizes of 25–40 µm and higher in the first few weeks, allowing cellular infiltration.
Electrospinning may be a useful technology among other manufacturing processes for
creating an appropriate microstructure for full neovessel production because of its ability to
adjust fiber and pore diameters [20]. As a result, electrospun fibrous scaffolds have become
much more promising candidates for vascular tissue engineering due to their highly porous
structure and high surface-to-volume ratios, which encourage cell interactions, including
EC adhesion and SMC diffusion into the porous outer layer [46,47].

The electrospinning parameters can be divided into three groups, which are solu-
tion parameters (viscosity, conductivity, molecular weight, and surface tension), process
parameters (voltage, tip to collector distance, and flow rate), and ambient parameters
(humidity and temperature) [48]. In order to produce scaffolds satisfying the requirements
structurally, mechanically, and biologically, the optimum parameters must be chosen in
accordance with the needs of the electrospinning method and the final prosthesis.
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5. Design Components for Electrospun Vascular Prosthesis

The design parameters for electrospun vascular grafts can be divided into two cate-
gories: the constructional parameters, which involve fiber diameter, pore size, porosity,
fiber orientation, wall thickness, the number of layers, and material selection. The scaffold’s
configuration and material choice are both essential because they have a significant impact
on mechanical and biological characteristics, including compliance, tensile strength, burst
pressure, blood permeability, and suturability, as well as biological processes such as cell
phenotype, ECM formation, and cell diffusion.

5.1. Constructional Parameters

It is challenging to design ideal 3D scaffolds that replicate the properties of ECM;
thus, electrospinning is becoming more popular for making vascular grafts due to its
potential to create scaffolds with micro/nano-scale topography, high surface area-to-volume
proportions, and highly interconnected pores. Researchers can optimize the properties of
prostheses and produce scaffolds with higher cell infiltration and proliferation and adequate
mechanical properties by modifying the construction parameters of fibrous scaffolds by
altering the electrospinning parameters [49].

5.1.1. Fiber Diameter, Pore Size, Porosity, and Permeability

Ideal scaffolds are frequently fabricated to be very porous for cell diffusion, nutri-
ent and oxygen delivery, and metabolic disposal of wastes to promote the development
of targeted neotissues [50]. Small pore sizes are the major issue concerning electrospin-
ning because they result in inadequate cell penetration and compliance mismatch [31,51].
This issue can be resolved by regulating porosity using various techniques, including
salt/polymer leaching, collector modification, post-treatment with laser radiation, and
adjusting the electrospinning conditions. It has been demonstrated that the pore size of
electrospun webs is directly associated with the fiber diameter, suggesting that the pore size
increases with an increase in fiber diameter. Thus, the diameter of the fiber can be easily
modified by changing electrospinning variables such as the polymer concentration, voltage,
and solvent type [51]. Even though electrospun prostheses made of nanofibers have a
greater capacity for cell adhesion and proliferation than scaffolds made of microfibers, they
frequently have lower cell infiltration levels. This is typically due to the small pore sizes,
complex distribution, and lack of pore connectivity of scaffolds made of nanofibers, which
have an impact on long-term matrix regeneration. Thus, using microfibers and nanofibers
together encourages cell adhesion and proliferation with the help of nanofibers and gives
more void areas for cell penetration through less dense microfibers [52].

The pore size of vascular grafts is recognized as an essential design parameter in the
production of TEVGs because the vascular cells must be effectively settled with ECs on the
lumen surface and SMCs in the outer layers. While ECs on the luminal surface prevent
thrombosis, SMCs on the outer wall of vascular scaffolds support the scaffolds’ activities
such as vasoconstriction and vasodilatation [53]. It is claimed that electrospun scaffolds
with fiber diameters of more than 1 µm allow larger pore diameters and encourage cell
penetration, whereas smaller fiber diameters of less than 1 µm dramatically restrict diffu-
sion for the majority of cell types, and so the ideal pore diameter necessary for sufficient
cellular penetration is greater than 10 µm [53–55]. Small pore diameters are acceptable for
the ECs to accumulate, proliferate, and infiltrate on the graft surface, which encourages
ECM regeneration; however, they hinder SMCs’ infiltration and colonization around the
neo-vessel [53]. It has also been stated that the optimum scaffold pore diameter ranges from
5 to 500 µm since distinct cell types have unique dimensions and morphologies [56,57].
Large pores are ideal for better cell diffusion but can also promote blood leakage through
the graft wall. With a homogeneous design, it is challenging to achieve a balance among
enhanced tissue regeneration, decreased blood leakage, and sufficient mechanical charac-
teristics; for this reason, multilayered vascular prostheses with different pore diameters
have been thought to be useful [56]. Additionally, it is claimed that grafts with a porosity
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of 90% and pore sizes between 100 and 300 µm can effectively support cell adhesion and
matrix development. When SMCs are cultured on these scaffolds, the mechanical behavior
can be changed from elastic to viscoelastic, more closely approximating the mechanical
characteristics of the native vessels [58].

The mechanical characteristics of the vascular scaffolds are also greatly influenced by
the fiber diameter, pore size, and porosity, in addition to their biological impacts. Fluid
permeability, thermal conductivity, diffusion coefficient, elastic modulus, yield, rupture,
stiffness, fatigue resistance, and ductile strength are all significantly affected by porosity,
a microstructural feature [59,60]. The superior mechanical properties are often seen in
scaffolds with low porosity [61]. In nanofibrous scaffolds, mechanical characteristics are
typically reported to decrease as porosity and pore diameter increase [34,62]. The stiff
porous nanofibers located in the nanofibrous webs with strongly packed structures and
enhanced molecular orientation have high tensile modulus and strength and low elongation
at breakage. Reduced porosity and smaller pore sizes also improve the ductility of the
material [63]. On the other hand, larger pore sizes lead to massive surrounding fibrous
tissue accumulation post-implantation, which significantly reduces compliance, whereas
low porosity limits endothelialization, negatively impacting antithrombogenicity [64]. The
graft’s flexibility is reduced due to the extensive fibrous accumulation caused by the large
pore diameters, and high-porosity scaffolds are weaker than low-porosity ones. On the
other hand, sufficient porosity (>80%) is usually necessary to simulate vascular distensibility.
A detailed examination of burst strength is also essential to bring a promising graft through
the stages of in vivo investigation and further clinical studies [65,66]. Interestingly, it has
been demonstrated that the burst strength can decrease significantly after a certain porosity
level because the low-porosity scaffolds are too fragile to withstand high pressures [67].
The more flexible high-porosity scaffold had a larger strain at rupture, burst pressure,
and suture retention strength than the low-porosity scaffold with more closely packed
fibers. When Young’s modulus of the two grafts was compared, the low porosity graft
had higher maximum stress and was stiffer than the high porosity grafts. On the other
hand, bilayered grafts having layers of both high and low porosity exhibited performance
outcomes that were comparable to those of monolayer grafts. Therefore, despite the use of
the same polymer, different microarchitectures may provide mechanical properties that are
noticeably different [68]. Additionally, the in vitro and in vivo mechanical performances of
the grafts should be considered.

In addition to the porosity, pore size, and inner connectivity of pores, static permeabil-
ity is another critical parameter that influences the penetration and proliferation of cells
as vascular graft performance. The permeability affects the molecular exchange between
the enclosed graft and the surrounding blood environment. Permeability depends on the
electrospun scaffolds’ packing density, porosity, and pore size. Densely packed fibers result
in poor porosity and permeability, which hinder cellular infiltration inside the scaffolds,
thus limiting the penetration distance of cells. In these circumstances, the oxygen and nu-
trient diffusion is limited, and cells can survive only on the surface. A perfectly permeable
vascular graft should prevent immunogenic molecules from entering and permit the free
transportation of oxygen, essential nutrients, and metabolic waste of cells [69]. To maintain
a cell’s expected growth, the permeability of TEVGs must be sufficient to transport oxygen
and nutrients and export waste between the microenvironment of cells and the blood.

5.1.2. Fiber Orientation

Recent studies on the electrospinning of aligned fibers mainly concentrate on the
configuration of the collector system, such as parallel electrodes, metal rotating discs, and
mandrels. The main concerns of researchers are the linear velocity of the collector surface
and the effects of the collection settings on the electric field. It has been stated that the
electrical properties of the solvent, along with the collector speed, have a significant impact
on the level of fiber orientation [70]. It is challenging to achieve the high speeds greater
than 10,000 min−1 required to obtain fiber orientation by using rotating mandrels with
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diameters less than 6 mm. As a result, large-diameter rotating collectors (630 mm, 100 mm,
32 mm, and 640 mm) were used in many studies to achieve high rotational speeds and
eliminate the resonance frequency concern [71]. It has also been shown in the literature
that the polymer type is another factor that affects the aligned fiber morphology. Some
polymers can align crimp-like, whereas others are oriented in the flat form [72].

Fiber orientation has been regarded as one of the most important characteristics of
scaffolds since it affects both cellular orientation and the mechanical characteristics of
prostheses used as vascular grafts [73,74]. The main factor influencing cell development
behavior is fiber orientation, and cells on scaffolds typically create a phenotypic mor-
phology and grow effectively based on fiber alignment [75,76]. Furthermore, it has been
demonstrated in studies that radially oriented fibers encourage SMC penetration and
alignment [77].

On the other hand, there is a significant correlation between the radial elastic modulus
of the tubular scaffolds and the direction of fiber orientation. Circumferentially aligned
fibers provide higher radial elastic modulus, and the Poisson effect confirms the distribu-
tion of fiber orientations in terms of mechanical characteristics [78]. In contrast to their
orientated counterparts, randomly distributed fibers significantly improve the suture re-
tention strength (SRS). This result is unexpected as efficient scaffold designs are usually
approached with orientation to enhance mechanical properties. Thus, a multilayer strategy
for vascular substitutes with carefully selected fiber orientations is necessary to provide
the ideal balance of compliance, burst pressure strength, and SRS, particularly at the anas-
tomotic site [79]. Modifying fiber orientation enables the control of graft compliance [80].
Oriented fibers display better modulus, tensile strength, and burst strength values, as well
as reduced compliance when strained in the direction of orientation, which is related to the
stiff structure of the material [81].

5.1.3. Wall Thickness

Along with the previously mentioned factors, wall thickness is a crucial factor in
designing vascular grafts since it affects the biomechanical characteristics, compliance,
burst pressure resistance, and biological activities. Native vessels are reported to have walls
with thicknesses ranging between 400 and 1000 µm [82]. Increasing the electrospinning
duration will result in larger walls for the vascular scaffolds, significantly enhancing their
circumferential tensile strength and suture retention strength [83]. Suture movement is
more challenging in grafts with thicker walls, which provide increased fiber overlapping
and enhanced binding force. However, the increased wall thickness is unfavorable for
graft porosity and compliance [84]. Vascular grafts with a thinner wall thickness are more
permeable and have greater mass transfer than the ones with a greater wall thickness
in vivo. Hence, they have better cell proliferation and attachment performance than grafts
constructed with thick layers [85]. Additionally, studies have demonstrated that as wall
thickness is increased, vascular graft compliance decreases [86]. Compliance mismatch
among the synthetic vascular scaffold and the native blood vessel also causes a change
in hemodynamics, which then affects wall shear stress (WSS) and creates irregular flow
patterns. Thus, undesirable biological responses are triggered by inconsistent mechanical
signals that result in intimal hyperplasia [87]. In several investigations, the wall thickness
has been decreased to produce compliant grafts similar to the native vessels; nevertheless,
this can lead to poor bursting strength, which might not be adequate for implantation. The
thickness of the graft wall also has an impact on blood permeability and graft handling
during surgical procedures. Hence, it may be challenging to achieve a proper balance
between all mechanical and biological properties and design parameters, especially blood
leakage, cell permeability, burst strength, and compliance, when deciding on the wall
thickness of the vascular grafts [88]. This makes determining the ideal wall thickness for
vascular grafts extremely important.



Membranes 2022, 12, 929 9 of 27

5.1.4. Number of Layers

As previously mentioned, vascular tissue engineering aims to imitate the construction
and activities of native vessels that are composed of three layers known as the tunica intima,
tunica media, and tunica adventitia, which provide high strength, elasticity, and compliance
as well as outstanding hemodynamic function and anti-thrombogenicity [89]. Different
roles are accomplished by each layer within the blood vessels. For instance, the endothe-
lium layer of a native blood vessel is a well-organized monolayer, and the alignment of
endothelial cells can regulate biological signaling such as intracellular protein expression,
cytoskeleton development, and cellular interactions, whereas the middle layer involves
spindle-shaped and circumferentially oriented SMCs that significantly affect the elasticity,
mechanical strength, and vasoactive reactivity of blood vessels [90]. The reported mechani-
cal and biological incompatibility of monolayered electrospun vascular scaffolds has led to
the development of vascular prostheses with multilayers as an alternative technique for
mimicking the characteristics of these layers [91]. In this regard, the middle and outermost
layers should have a higher porosity to encourage SMC migration, whereas the inner layer
should have a lower porosity to promote EC proliferation and limit blood permeability [92].
According to the researchers, creating multi-layered vascular scaffolds that imitate the
mechanical and structural features of the native vessel walls is a useful way to mimic the
functions of the media and intima layers [90,93]. Additionally, fabricating synthetic vascu-
lar scaffolds consisting of multiple layers with unique mechanical characteristics enables
achieving a particular J-shaped stress–strain curve as in native blood vessels that show
non-linear stress–strain behavior that provides the vessel’s resilience and, as a result, helps
prevent aneurysms [94]. Due to the integrated mechanical features of the layers, the com-
posite effect has been observed in stress–strain graphs in the work by Yalcin Enis et al. [71]
by creating bilayered scaffolds with layers of random and orientated fibers of PCL and
PLC polymers with various molecular weights. Therefore, by optimizing the fiber diameter,
fiber alignment, pore size, wall thickness, material type, or their combinations, multilayer
designs should be created to meet the requirements of vascular grafts in separate layers.

5.2. Material Selection

Synthetic vascular grafts made of non-biodegradable materials, including ePTFE,
Dacron, and PU, which are commercially utilized, are not suitable for manufacturing grafts
with diameters smaller than 6 mm, which are required to replace the saphenous vein,
internal mammary artery, or radial artery as a vascular substitute because of poor patency,
compliance mismatch, thrombosis, and ineffective neo-vessel development [12,77,95]. The
drawbacks of currently available materials have prompted scientists to design biodegrad-
able synthetic vascular grafts to enhance native vessel regeneration and reconstitute a
functional arterial composition. However, when employed in animal experiments, these
grafts have shown severe failure because of aneurysms, intimal hyperplasia, and thrombo-
sis. These outcomes are probably brought on by the regenerated grafts with an insufficient
amount of elastin [96].

Multiple biopolymers, including synthetic and natural ones, can be used to construct
vascular grafts from electrospun fibers [97]. These materials are utilized to create a vascular
scaffold that is physiologically suitable, and they should be chosen based on the graft struc-
ture, desirable biodegradation rate, and capacity for cell adhesion [38]. The material and
architecture of small-caliber TEVGs have a significant impact on their biocompatibility, non-
toxicity, non-immunogenicity, mechanical properties, ease of handling, and storability [98].
Furthermore, the scaffolds need to support host tissue remodelling and tissue regeneration
during biodegradation and withstand inherent biological stresses as in biological systems
to resist long-term issues including infection, intimal hyperplasia, stenosis, calcification,
and aneurysmal dilatation [99]. While a rapid degradation rate may improve regeneration
efficiency, it may also diminish tissue performance and damage mechanical qualities. In
contrast, a slow degradation rate may hinder the development of neo-tissues. Therefore, it
is essential to maintain a balance between the rates of vascular regeneration and biodegra-
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dation [37]. Additionally, the significance of in vivo foreign body responses of monocytes
and macrophages to biomaterials is crucial for developing neo-vessels and thrombosis; as a
result, strategies for material choice and manufacturing that control macrophage phenotype
have drawn considerable attention [100]. Since it is normally impossible for one material to
satisfy all of these qualities, mixing several polymers to form a hybrid graft seems to be
an effective way to fabricate TEVGs [8]. These composite scaffolds can be thought of as
innovative smart biomaterials that have the potential to produce TEVGs since they blend
the advantages of natural polymers, including biocompatibility and biochemical capabil-
ities, with the benefits of synthetic polymers, consisting of high strength, modifiability,
and processability [101]. Some of the most commonly used biopolymers in vascular tissue
engineering applications are given in Table 1, with their advantages and disadvantages.

Table 1. Some of the advantages and disadvantages of natural and synthetic biopolymers used in
tissue engineering.

Type Biopolymers Advantages Disadvantages References

Natural

Collagen
• Supports EC and SMC

attachment
• Biocompatible

• Shows thrombogenicity
• Lack of mechanical strength [102–104]

Alginate

• Biocompatible
• Gel forming ability
• Non-toxic
• Biodegradable
• Easy to process

• Low stability
• Poor mechanical and barrier

characteristics
• Requirement of combination

with other biopolymers

[105–107]

Chitosan

• Formability
• Fabricability with other

biopolymers
• Anticoagulant ability
• Biocompatible
• Biodegradable

• Poor mechanical strength
• Low stability
• Low spinnability in

electrospinning
• Toxicity

[108–110]

Elastin
• Mechanically flexible
• Resisting physiological pressures

• Strong tendency to calcify
• Hard purification process [111–113]

Fibrin

• Biocompatible
• Simple extraction procedure

from patient’s blood
• Encourages cell adhesion and

collagen synthesis
• Nonlinear elasticity
• Contributing compliance
• Resisting intense deformations

• Low mechanical strength
• Fast degradation rate [114–117]

Gelatin

• Low cost
• Biocompatible
• Biodegradable
• Low antigenicity
• No denaturation during

electrospinning

• Dissolution and loss of gelatin
matrices under physiological
conditions

[118,119]
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Table 1. Cont.

Type Biopolymers Advantages Disadvantages References

Synthetic

PCL

• Flexibility
• Structural stability
• Thermoplasticity
• Biocompatible
• Slow biodegradation

• Slow biodegradation
• High hydrophobicity resulting in

low cell affinity
• Low bioactivity
• Low oxygen permeability
• Low surface energy

[120–123]

PLA

• High tensile strength
• Non-toxicity
• Opportunity to control the

polymer crystallization, shape,
and hydrolysis

• Biodegradable
• Biocompatible

• Acidic degradation byproducts
• Brittleness
• Poor wettability

[124–127]

PGA

• Fast degradation rate
• Good mechanical characteristics
• Biodegradable
• Biocompatible

• Triggering inflammatory reaction
• Fast biodegradation rate

resulting in a loss of mechanical
performance

[128–130]

An ideal vascular graft should possess mechanical strength, compliance, suture re-
tention strength, and a J-shaped mechanical response close to physiological levels. The
mechanical responses of both passive (elastin and collagen fibers) and active components
(SMCs) affect the mechanical reaction of the artery wall. When arteries are subjected to
blood pressure, non-linear elastic behavior is seen as a J-shaped curve [131]. Many bioma-
terials and biological tissues have what is known as a J-shaped strain–stress curve, which
illustrates how small increases in stress initially lead to enormous elongation, but as the
material stretches further, it stiffens and becomes more difficult to stretch [132]. Elastin
fibers are mainly responsible for the compliance of vessel walls at low pressures, whereas
high stiffness is mainly caused by the mechanical reaction of collagen at high pressures.
As pressure increases, collagen fibers start aligning and orienting, lowering arterial com-
pliance. Therefore, utilizing collagen and elastin and mimicking their crimpy architecture
appears to be a suitable method for creating a small-caliber vascular graft that simulates
this mechanical reaction [131]. In order to provide sufficient compliance and structural
integrity of TEVGs, the co-spinning of both elastin and collagen has been used as a strategy
to imitate the artery’s three-layered architecture [133].

A natural contractile-like SMC phenotype can be differentiated to resemble the compo-
sition of native blood vessels by using ECM proteins such as collagen type I and insoluble
elastin, which have superior viscoelastic capabilities. In addition to their outstanding
biological features, natural polymers can be easily modified in terms of their mechanical
characteristics and biodegradation rates through the change in their degree of crosslink-
ing [134]. The polymers derived from ECM components collagen, elastin, fibrin, and gelatin
are utilized to create TEVGs. There are many studies targeting the improvement of the in-
tegrity of collagen-based grafts to overcome the inadequate mechanical qualities, including
anastomosis strength, burst pressure, and tensile strength. Elastin and gelatin grafts have
similar behavior. In addition, dynamic culture has enhanced the mechanical behavior of
fibrin grafts developed from in vitro-produced fibroblasts, providing compliance close to
natural blood vessels [8]. The J-shaped mechanical behavior is generally achieved when
natural biopolymers such as collagen, elastin, or fibrin are used.

However, natural polymers’ properties differ from sample to sample, and it might be
challenging to find consistently suitable production conditions. They are also weak, which
makes it tricky to withstand intense physiological forces. Although synthetic biopolymers
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with mechanical properties similar to collagen and elastin appear to be promising materials
for replacement, using them in a neat form causes a decrease in compliance as stress in-
creases. This makes achieving J-shaped reactions in vascular grafts difficult [131]. Some of
the most studied synthetic biopolymers for vascular scaffolds are biodegradable polyesters,
including PGA, PLA, PLLA, their copolymer PLGA, and PCL [10]. When compared to
natural polymers, synthetic polymers have several advantages. First, they are simple to
produce due to their physical and chemical characteristics. Despite their ability to help re-
store damaged tissue structure and activity, these biomaterials have limited cell attachment
locations and thus need chemical modifications. The tensile strength, Young’s modulus,
and degradation rate can be predicted and repeated over a wide range. These polymers
vary in their degree of biodegradability, biocompatibility, and mechanical characteristics,
but no single polymer provides the ideal mix of all of these crucial characteristics [135].
Therefore, utilizing various polymers to construct hybrid grafts that may offer ideal features
similar to native vessels is considered a promising technique.

Tissue engineers have been able to adjust TEVG features thanks to various polymers
and production methods, but choosing the ideal mix of graft properties is still difficult
to accomplish [136]. Therefore, the design and material selection should be considered
together rather than individually, as the scaffold’s characteristics depend on its morphology
and material.

6. Mechanical Forces Acting on the Vascular Grafts

Sufficient mechanical strength and Young’s modulus in the longitudinal and radial
directions are essential for clinical trials of vascular grafts because these scaffolds must
withstand repeated mechanical stresses, including expansion, shrinkage, bending, and
stretching under the in vivo conditions affected by blood flow and body movements [137].
In creating vascular grafts, it has been challenging to balance adequate mechanical strength
to endure physiological pressures and compliance similar to native vessels to avoid unfa-
vorable hemodynamic fluctuations [31]. In order to imitate in vivo conditions, vascular
tissue engineering needs a platform that mimics the hemodynamic shear and regular forces
that vascular tissues experience in the body in the radial, circumferential, and longitudinal
directions. Shear stresses are tangential frictional forces directly affecting ECs and are
delivered to SMCs by interstitial flow and signaling [138]. Numerous hemodynamic forces,
including flow shear stress, frictional forces parallel to the vascular wall produced by blood
flow, and circumferential stress perpendicular to the vascular wall brought on by trans-
mural pressure, affect all blood vessels. Vascular SMCs and ECs are likewise affected by
these physical stresses; variations in stress can trigger intracellular signaling pathways that
affect the cellular activity and blood vessel formation [139]. The endothelium performs the
role of a mechanoreceptor, sensing variations in blood flow, shear stress, and pressure and
then causing the secretion of signaling molecules that cause the SMCs to dilate or constrict.
Pulsatile flow and mechanical stresses in the blood vessel lumen also have an impact on
patency levels. Laminar shear stress is essential for maintaining the required endothelium
morphology [38]. The pulsatile blood pressure periodically exposes the vascular wall to
cyclic circumferential stresses of about 100–150 kPa, causing average strains of 10–15%.
Further, on the vascular wall of humans, blood flow produces an oscillatory shear stress of
1–5 Pa, which differs based on body size and vessel type. Even though shear stresses are
five times less intense than circumferential stresses, they still have a considerable effect on
cellular activity [140].

Therefore, it can be noted that vascular grafts are exposed to four hemodynamic
stresses: shear stress (τ, tangential frictional forces acting on ECs attributable to blood flow);
luminal pressure (σnor, a cyclic normal force due to blood pressure); cyclic circumferential
stress (σcir, a circumferential mechanical stretch due to blood pressure); and longitudinal
stress (σL,) [141], which are illustrated in Figure 3. Thus, blood pressure produced by
pulsatile blood flow also moves perpendicular to the EC matrix [142].
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6.1. Shear Stress

The tangential element of frictional forces brought on by the blood flow in a lumen
is known as shear stress. The shear stress unit in the SI system is the Pascal (Pa). The
cardiovascular system frequently makes use of dyn/cm2 (1 Pa = 10 dyn/cm2) [143]. Shear
stress (τ), which is parallel to the vessel wall, is used to describe the frictional force acting
on the vascular endothelium. ECs face shear stress that ranges from 1 to 6 dynes/cm2 in
the circulatory system and from 10 to 70 dynes/cm2 in the arteries, with an average of
20 dynes/cm2 [144]. When blood shows laminar flow, shear stress is calculated as

τ = 4µQ/(πr3) (1)

where µ is the viscosity, Q is the flow rate, and r is the radius of the vessel. The shear stress
in arteries with large diameters typically ranges between 5 and 20 dyn/cm2, although under
conditions of high systolic pressures, significant instant values can reach 40 dyn/cm2 [145].

As a result of blood flow, shear stress triggers ECs to convert mechanical sensations
into intracellular signals that change cellular processes such as proliferation, apoptosis,
infiltration, permeability, and regeneration as well as gene expression. These changes
are crucial for maintaining the homeostasis of vascular system and the mechanisms un-
derlying blood flow-induced circumstances such as angiogenesis, vascular regeneration,
and atherogenesis [146,147]. Additionally, endothelial progenitor cells (EPCs) grown from
human peripheral blood elongate and align longitudinally towards the flow direction when
subjected to laminar shear stress [147]. Vasodilation and vasoconstriction triggered by flow
are affected by WSS. Intimal hyperplasia is the outcome of alterations in the flow pattern
that are brought on by both high and low shear stresses. Stress concentration in anasto-
motic regions and compliance mismatch between the native vessel and the scaffold are the
two factors that contribute to abnormal WSS. Therefore, it is critical to avoid compliance
mismatch in order to reduce these disruptive flow patterns [64]. Shear stress can also lead
weakly adhered ECs to detach from the lumen, resulting in thrombosis in vascular grafts
lacking endothelial lining when blood encounters a surface other than the endothelium.
In numerous investigations, exposing vascular grafts to shear forces in pre-implantation
improved EC adhesion [148].

6.2. Luminal Pressure

Pulsatile blood flow creates a tensile stress as a result of the normal force that is
perpendicular to the vessel wall and results in cyclic strain [149]. ECs can sense and
respond to normal stresses. Cell adaptation systems can be inappropriate and cause disease
and significant changes in the cell phenotype when they are subjected to extreme conditions
such as mechanical stress from continuous and high-intensity stretching [150].
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6.3. Cyclic Circumferential Stress

This is the periodic stretching of arterial wall components that is produced by periodic
increments in transmural pressure difference and normal forces caused by blood flow [143].
Axial and circumferential strains have a significant impact on EC morphology, vascular
cell proliferation, and matrix remodeling [151]. Endothelial cells adjust their phenotype
and active signaling mechanisms in response to cyclic circumferential strain by orienting
themselves perpendicular to the force vector [152]. Mechanical stretch, which is detected by
mechanoreceptors, also controls how the SMC responds. Physiological pulsatile circumfer-
ential stress on the arterial wall enables SMCs to show contractile response. Circumferential
stress consequently influences gene expression as well as SMC processes such as prolifer-
ation, survival/apoptosis, diffusion, and ECM remodeling. Circumferential stress varies
from 1 to 2 × 106 dynes/cm2, based on the anatomical region [151].

Circumferential stress is studied more extensively as it provides data on the dimen-
sions of the vascular luminal diameter and wall thickness changes based on blood pressure
variations. It is possible to determine circumferential stress (σcir), which is frequently
represented in dynes/cm2, as follows:

σcir = (P.ri)/t (2)

where P is the internal pressure, ri is the inner radius, and t is the wall thickness of the
graft [153,154]. The mean circumferential stress is considered to better respond to slight
variations in the intima thickness and increases with larger wall thicknesses [155,156]. The
internal pressure also can be calculated as follows:

P = F/(2riL) (3)

where F is the force when it is exposed to P, and L is the length in the z direction [157]. In
addition, the circumferential strain measures the change in the internal diameter brought on
by a change in the intraluminal pressure. The following formula can be used to determine
strain (εi), which has no units:

εi = (Di − D0)/D0 (4)

where Di is the diameter at a particular pressure, and D0 is the reference diameter [153].
Under physiological blood pressure of 100 mmHg, the mean circumferential stress of the
coronary arteries is around 150 kPa, whereas the strain is approximately 10–15% [158].

6.4. Longitudinal Stress

All arteries experience longitudinal (axial) stresses varying from 40% to 65% in vivo [159].
Physiological alterations can alter these longitudinal stresses because arterial tethering
exposed by surrounding tissues maintains them. Key mechanical signals that encourage
arterial remodeling are also provided by longitudinal stresses, such as changes in shear
stress and circumferential strain [160]. A longitudinal strain also promotes cell proliferation
in the artery wall while preserving arterial wall function [161]. The distending force in
the longitudinal direction results in internal longitudinal stress (σL-P). On the other hand,
a second tensile force creating longitudinal stress in the latter direction exists due to the
arterial tethering (σL-T) caused by surrounding tissue along its length. The formulas given
below can be used to calculate the internal longitudinal stress (σL-P), the longitudinal stress
caused by arterial tethering (σL-T), and total longitudinal stress (σL):

σL−P =
Pri
2t

(5)

σL-T = FL-T/(π (re
2 − ri

2) (6)

σL = σL-P + σL-T (7)
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where the variables are the P, ri, external radius (re), t, and the longitudinal forces comprising
the forces resulting from the blood pressure (FL-P) and tethering (FL-T) in Equations (5) and (6).
The total longitudinal stress (σL) equals the sum of stress due to pressure (σL-P) and stress
due to tethering (σL-T) given in Equation (7) [19]. All dimensional variables and the force
components used in these equations are represented based on the vascular graft in Figure 4.
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The human femoral artery has a longitudinal elastic modulus of 978 kPa and lon-
gitudinal maximum stress of 65 kPa, placing it at the maximum limit of small-diameter
vascular grafts [162]. Additionally, it has been discovered that when the artery is stretched
longitudinally by 48% of its load-free length in vivo, the longitudinal stresses are greater
than the circumferential stresses [163].

Therefore, the physical and mechanical properties of vascular grafts, such as dimen-
sions, compliance, bursting strength, elasticity, and Young’s modulus, must be properly
provided by considering the design criteria that have a major impact on their long-term
performance in order for them to resist all of the aforementioned forces.

7. Mechanical Characteristics of Vascular Grafts

Recent methods for enhancing the clinical efficacy of vascular grafts and preventing
graft failure brought on by intimal hyperplasia, thrombosis, aneurysm, blood leakage, and
occlusion have been documented in the literature. These methods include creating grafts
with adequate compliance, elasticity, ultimate tensile strength, ultimate strain, Young’s
modulus, burst pressure, and suture retention strength to withstand all of the physiological
stresses that native vessels experience [81,164–167].

According to recent studies, it is essential to develop vascular prostheses that have
sufficient tensile strength and strain and also exhibit a nonlinear, J-shaped stress–strain
behavior similar to human coronary arteries [101]. The stress–strain curve shows that
blood vessels have nonlinear J-shaped mechanical behavior, with an initial elastic region
at low strain due to the presence of elastin, followed by an increase in stiffness with a
curved transition at high strain due to the presence of collagen. Collagen and elastin, two
structural proteins, work together synergistically to produce the J-shaped curve observed
in strained materials. This mechanical response provides adaptation and protection to
aneurysm generation, which is identified as a localized expansion or ballooning of a section
of an artery higher than 50% of its normal diameter, primarily induced by a weakening
of the vascular wall exposed to primary stress [168,169]. Unfortunately, the J-shaped
mechanical behavior of native vessels has not been replicated in most trials fabricating
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vascular prostheses to substitute coronary arteries. Some techniques have been used to
solve these issues, such as constructing the middle and outer layers to approximate the
structural configurations of collagen and elastin fibers found in native blood vessels [170].

Native blood vessels are dynamic, flexible, and strong tissues that can withstand
physiological stresses. The constructed vessel must resist pressure and pulsatile blood
flow without rupturing or membrane leakage. Burst pressure is, therefore, among the
most crucial elements in assessing whether a material is suitable for implantation and
describes the amount of pressure the scaffolds can endure before failing [171]. Gener-
ally, TEVGs designed for replacement are expected to have burst pressures greater than
2000 mmHg [172]. In addition, TEVGs must be able to withstand distortion and compres-
sion and show adequate tensile and shear strength to guarantee that the scaffold can resist
the tensile stress caused by suturing during implantation, to prevent rupture, scattering,
wear of the edges, and tearing of the seams, and to sustain circumferential strength to
withstand hemodynamic forces [84]. The suture retention strength analysis is employed to
calculate the magnitude of force needed to rupture the scaffold wall or rip a suture from a
structure. The suture retention strength of the human saphenous vein is 1.81 N [173].

Compliance, also known as the inverse of stiffness or the change in vessel diameter
over time as a function of pressure, is a term used in vascular tissue engineering to describe
the ability of the vascular scaffold to stretch circumferentially as a reaction to pulsatile
pressure [87,88,174]. The performance of the prosthesis is affected by compliance mismatch
between a native artery and a vascular replacement, which results from different mechanical
behaviors that cause a mismatch in diameter change and can reduce patency due to intimal
hyperplasia [87,175]. Low WSS is considered to be the outcome of the compliance mismatch
interrupting the flow at the distal anastomosis. Because of the low WSS, the vessel wall tries
to restore the flow disruption by thickening the intima, which finally causes the scaffold to
occlude [174]. Additionally, a longer residence duration of atherogenic particles, associated
with the low WSS, may trigger blood particle accumulation or adherence to the artery wall,
encouraging plaque growth and intimal thickening. Thus, lower WSS may be negatively
impacted by arterial compliance mismatch, which could lead to particle deposition in
stiffer vascular wall regions and increase the risk of arterial disease [176]. In many studies,
a compliance mismatch results from the stiffness of commercially available synthetic
polymers, such as ePTFE and Dacron [177]. Moreover, it is well reported that intimal
hyperplasia, anastomotic aneurysms, or pseudoaneurysms can result from excessive stress
at the suture locations caused by a compliance mismatch between the native vessel and
the Dacron scaffolds [178]. Therefore, avoiding these issues and obtaining effective graft
performance depend on developing a scaffold with compliance properties close to native
vessels. Figure 5 illustrates how the compliance level affects blood flow patterns and WSS.
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8. Current Studies Guiding the Literature

Some studies focusing on the effect of design criteria on both cellular activities and
mechanical properties and shaping the literature with seminal findings are discussed below.

Fiber diameter and pore geometry, which vary accordingly, are among the design pa-
rameters that should be prioritized in determining mechanical properties. Matsuzaki et al. [179]
studied the influence of pore size on neoarterial tissue regeneration and graft stability over
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the regeneration phase using electrospun scaffolds. Scaffolds with an inner diameter of
5 mm were constructed using electrospun PCL fibers with four distinct porosity and pore
sizes in the outermost layer (79% (4 µm), 82% (7 µm), 83% (10 µm), and 85% (15 µm) and
heparin-conjugated PLCL sponge as the inner layer. All of the grafts were implanted in
adult female sheep. Only scaffolds with pore sizes of 4 µm were demonstrated to resist
dilatation for up to a year. Grafts with wider pore sizes improved cell infiltration, but
neotissue could not regenerate quickly enough to provide the mechanical strength required
to resist dilatation. Grafts with pore sizes of 10 and 15 µm had lower strength than that of
the sheep carotid artery, which was approximately 3 MPa, but grafts with pore sizes of 4 and
7 µm had higher strength, around 4 MPa. Furthermore, the highest level of compliance was
attained with the 10 µm pore-sized graft at roughly 1% mmHg−1, which was still lower
than that of the sheep carotid artery. It is also possible to examine the effect of pore size
on mechanical properties through fiber diameter. Wang et al. [51] used electrospinning
to manufacture PCL vascular grafts with an inner diameter of 2 mm, and thicker fibers
were generated to achieve a structure with macroporosities to improve the scaffold’s cell
infiltration capabilities. While the fiber and pore diameters of these macroporous scaffolds
were around 5–6 µm and 40 µm, respectively, these values were around 0.7 µm and 5 µm,
respectively, in microporous scaffolds. The strain value of grafts with thicker fibers was
approximately 639.20% higher than the strain value of grafts with thinner fibers, which
was 168.40%, indicating that thicker-fiber grafts were substantially more rigid than thinner-
fiber grafts. Grafts with thinner and thicker fibers had Young’s moduli of 17.44 MPa and
21.00 MPa, respectively, indicating that an increase in fiber diameter resulted in a slight rise
in Young’s modulus. The ultimate tensile stress value of a thinner fiber graft was 13.35 MPa,
but the ultimate tensile stress of thicker fiber grafts was 8.72 MPa, suggesting that increas-
ing fiber diameter generated decreased tensile stress. Similarly, Valence et al. [56] used
electrospinning to create PCL bilayered grafts with a 2 mm inner diameter, integrating
a high-porosity layer with a low-porosity layer on either the luminal or adventitial side.
There were four types of grafts produced: no barrier (high-porosity scaffold), inside barrier
(low-porosity inner layer and high-porosity outer layer), outside barrier (high-porosity
inner layer and low-porosity outer layer), and only a barrier (low-porosity scaffold). The
results show that high-porosity grafts had a greater strain at break, burst pressure, and
suture retention strength than low-porosity scaffolds. The maximum stress (6.09 MPa) and
Young’s modulus (12.0 MPa) of the low-porosity scaffold were greater than those of the
high-porosity scaffold, at 4.98 MPa and 6.09 MPa, respectively. The only-barrier scaffold
was more rigid than the no-barrier, inside-barrier, and outside-barrier grafts. On the other
hand, the burst pressure and suture retention strength was higher for the more compliant
no-barrier graft than for the only-barrier graft. Thus, it was emphasized that, despite
using the same material, different microarchitectures could result in significantly different
mechanical properties.

The wall thickness of vascular scaffolds, on the other hand, is another structural
parameter that directly affects mechanical features, including compliance, burst pressure,
suture retention, and tensile strength. Johnson et al. [31] investigated the effect of polymer
choice and wall thickness on the mechanical properties of a vascular prosthesis. First, they
evaluated the biomechanical properties of electrospun vascular grafts made of various
biopolymers such as PCL, chitosan, PLCL, and PLLA, with a diameter of 6 mm and a
wall thickness of 650 µm. The burst strength of the scaffold made of PLGA was 3.3 MPa,
while the burst strength of the scaffold built of PCL was 0.8 MPa. The burst strengths of
the human carotid artery, human saphenous vein, and ePTFE graft were all much lower
than those of the electrospun scaffolds, ranging between 0.1 and 0.5 MPa. Among all,
the PLLA graft exhibited the highest suture retention strength value of 1022 g. The best
compliance value was 8.2% mmHg−1 in PLCL grafts, while PLLA had a compliance value
of approximately 3.8% mmHg−1, close to that of the human coronary artery. The ePTFE
graft had the lowest compliance value of 1.6% mmHg−1. They also electrospun PCL grafts
with varying wall thicknesses and studied their mechanical properties to see if sidewall
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thickness affects scaffold compliance and burst pressure. For wall thicknesses ranging
from 400 to 1000 µm, compliance remained constant at 2–4% mmHg−1. On the other hand,
PCL grafts exhibited significant variance in compliance values, ranging from 2 to 11%
mmHg−1 at wall thicknesses of less than 400 µm. The burst pressure increased as the graft
sidewall thickness increased. For PCL grafts with wall thicknesses ranging from 200 to
1000 µm, the burst pressure values increased linearly from 0.6 to 2.9 MPa. As a result,
it was underlined that the wall thickness has a significant and more robust effect on the
mechanical properties. The wall thickness can be adjusted by increasing or decreasing the
electrospinning time. Therefore, optimizing this time to see the wall thickness effect is an
important research topic. The goal of Bazgir et al. [180] was to evaluate the properties of
PLGA and PCL-based nanofibrous scaffolds, as well as the effect of degradation on their
structural properties. Six scaffolds were built by electrospinning, three with PCL and the
others with PLGA, with processing times of 30, 60, and 90 min. It was observed that there
was a clear relationship between the duration of the electrospinning and the tensile strength.
In the case of PCL scaffolds, the ultimate stress and strain values were 0.99 MPa and 24.03%
for the scaffolds fabricated in 30 min and 1.49 MPa and 28.15% for the scaffolds produced
in 90 min, respectively, whereas 1.03 MPa and 34.36% for PLGA scaffolds manufactured in
30 min and 1.76 MPa and 36.33% for PLGA scaffolds produced in 90 min. Thus, both types
of scaffolds demonstrated more robust mechanical properties with longer spinning periods,
resulting in higher wall thicknesses. When the tensile strength and elongation values
of PCL and PLGA scaffolds with a 90-min processing time were compared, the PLGA
membrane was demonstrated to be more elastic and durable than the PCL membrane. The
research reveals a relation between the electrospinning processing time and tensile strength.
The scaffold became thicker and stronger when the electrospinning duration was increased.

Aside from the aforementioned criteria, several studies have focused on the effect of
fiber orientation on the mechanical properties of vascular grafts. Many researchers claim
that, based on the architecture of the native artery, fiber orientation can aid in improving
mechanical properties, particularly tensile strength and burst pressure. Yalcin et al. [71]
generated vascular scaffolds with a 6 mm diameter and a wall thickness ranging between
200 and 300 µm made of randomly distributed or radially oriented PCL and PLCL mi-
crofibers, and the effect of fiber orientation, polymer type, and the number of layers on the
mechanical properties of the prosthesis was investigated. Bilayered grafts were created by
combining layers with randomly distributed fibers in the inner layer and radially orientated
fibers in the outer layer. In general, the fiber orientation in the radial direction utilized in
the outer layers contributed to the burst and tensile strengths of the samples in the same
direction. Among the single-layer grafts, the PCL grafts with oriented fibers had the highest
ultimate tensile strength at 6.7 MPa in the radial direction and the lowest elongation at
break, which was 80%. Oriented PLC samples, on the other hand, displayed elongation
values greater than 900% due to their inherent high elasticity. In the case of bilayered
samples, all of the samples had higher tensile strength and lower elongation values in the
radial direction rather than the axial direction, owing to a greater number of fibers in that
direction to bear stress but also fewer crossing points. Due to their extraordinarily elastic
nature, both randomly distributed and radially orientated PLCL samples swelled at a lower
pressure of around 562 mmHg but had the highest bursting resistance at 1500 mmHg.
The findings supported the significant influence of polymer and graft construction on the
mechanical behavior of scaffolds. Similarly, Grasl et al. [94] used an adjustable electrostatic
field to alter the direction of the electrospinning jet, resulting in 2-mm-caliber vascular
scaffolds containing circumferentially, axially, fenestrated, and randomly distributed PU
and PLLA fibers. The influence of polymers and fiber orientations on the mechanical
behavior of the prosthesis was evaluated and compared to that of the native rat aorta. The
ultimate tensile force of PU and PLLA grafts composed of randomly oriented fibers was
lower than that of the other fiber orientations. The grafts with circumferentially oriented
fibers, on the other hand, had at least six times higher ultimate tensile forces than the grafts
with randomly aligned fibers. Furthermore, the PU and PLLA prosthesis consisting of
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randomly oriented fibers showed a significantly lower maximum tensile force than the rat
aorta (1.1 N) while the samples with circumferentially oriented fibers had much higher
tensile forces than the rat aorta. Scaffolds built of both materials with randomly oriented
fibers exhibited considerably lower burst pressures than other fiber orientations. Each
fiber orientation contributed to bursting strength, close to or greater than the rat aorta’s
burst pressure (1043 mmHg). All directions of the alignment resulted in a decrease in
compliance. The PU scaffolds with randomly oriented fibers displayed the maximum
compliance of 29.7% 100 mmHg−1, which is the closest value to the compliance of rat aortas
(37.2% 100 mmHg−1). Because of their rigidity, PLLA scaffolds have a lower compliance
value. None of the grafts with alternative fiber alignments or polymers could replicate
the J-shaped mechanical behavior of the rat aorta, supporting the researchers’ view that
multi-layered vascular scaffolds should be constructed to imitate the structure of the native
blood vessel.

Polymers in mixed forms have been thought to be far more promising in tissue engi-
neering applications than utilizing them alone. All polymers have unique properties that
contribute to the various characteristics of the scaffolds. Finding the appropriate blend ratio
is critical for attaining these scaffolds’ required and optimum properties. Gao et al. [37]
investigated the influence of polymer ratios on the mechanical properties and degradability
of 2-mm-caliber electrospun vascular grafts made of PCL and PLGA in several blending
ratios, including 95/5, 90/10, 80/20, and 60/40. When the findings were analyzed, it was
revealed that the mechanical properties of PCL/PLGA (95/5) and PCL/PLGA (90/10) were
adequate for use as vascular prostheses because they did not exhibit ultimate tensile stress,
strain, or bursting strength values under the range of original grafts. The stress-strain
graphs indicated that the strength and elongation of blended samples decreased as the
proportion of PLGA increased. Furthermore, increasing the amount of PLGA reduced
the suture strength and burst pressure of the PCL/PLGA blended scaffolds. The burst
strength of the PCL/PLGA (95/5) and PCL/PLGA (90/10) scaffolds was found to be
greater than 1500 mmHg, allowing them to be employed as a replacement for the native
vessel. In another study examining the blend ratio effect on mechanical properties, Yang
et al. [181] used electrospinning technology to create hybrid grafts of PCL and fibrin with
blend ratios of 0/100, 10/90, 20/80, and 30/70. The results show that adding PCL to fibrin
scaffolds significantly enhanced their mechanical properties. The burst pressure increased
from 1347.43 to 1811.6 mmHg as the PCL ratio rose from 10% to 30%. On the other hand,
the scaffold’s Young’s modulus dropped when the PCL content increased in all of the
scaffolds. Finally, the PCL/fibrin (20/80) scaffold demonstrated balanced mechanical and
degradability properties and high cell compatibility, indicating that it might be used as a
tissue engineering platform for vascular grafts. However, the blend effect may not always
combine the best result of both polymers as desired. Bolbasov et al. [182] used an electro-
spinning method to manufacture scaffolds comprised of PCL, PLLA, blended PCL/PLLA,
and PLLA/PCL copolymer (PLC7015), emphasizing the relevance of material selection.
Due to their highly crystalline structure, PLLA nanofibrous scaffolds showed the highest
tensile strength (13.2 MPa) and lowest elongation (95%) values with uniaxial stretching.
PCL and PLC7015 nanofibrous scaffolds’ semicrystalline structures resulted in moderate
strength values of 8.2 MPa and 9.1 MPa, respectively. PLC7015 has a lower crystalline
structure than PCL, resulting in a maximum elongation value of 560%. According to the
researchers, the PCL/PLLA exhibited the lowest strength at 4.7 MPa due to thermodynamic
incompatibility at the molecular scale. The PCL/PLLA graft differed significantly from
the PLC7015 graft in strength and elongation. Thus, when establishing design parameters,
the effect of polymers and the method used to combine different types of polymers (either
copolymerization or blending) on the properties of the scaffolds should be considered.

9. Conclusions

In this review, in-depth research has been conducted by firstly giving the fundamentals
of the structure of the blood vessels, the requirements for the ideal vascular prosthesis,
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and the electrospinning method for fabricating vascular membranes. The significance
of the correct determination of the design parameters to achieve the most ideal vascular
grafts was then emphasized by giving their impact on material function, particularly from
the standpoint of the mechanical and biological performance of the scaffolds. In order
to have a better understanding of the importance of the mechanical properties of the
vascular graft that can be used as a replacement to maintain the damaged tissue functions,
the physiological forces acting on blood vessels and their consequences on physical and
biological activities are also explained in detail. In the final stage, the theoretical part of
the review is supported by the examination and comparison of the recent experimental
findings in the literature. This study aims to guide researchers working in this field by
providing the literature with a comprehensive and comparative summary of the most
recent studies.

Author Contributions: Conceptualization, S.O. and I.Y.-E.; methodology, S.O. and I.Y.-E.; software,
S.O., I.Y.-E., F.Y. and B.Y.; validation, S.O., I.Y.-E., F.Y. and B.Y.; formal analysis, S.O., I.Y.-E., F.Y.
and B.Y.; investigation, S.O. and I.Y.-E.; resources, S.O., I.Y.-E., F.Y. and B.Y.; data curation, S.O. and
I.Y.-E.; writing—original draft preparation, S.O. and I.Y.-E.; writing—review and editing, S.O., I.Y.-E.,
F.Y. and B.Y.; visualization, S.O., I.Y.-E., F.Y. and B.Y.; supervision, I.Y.-E.; project administration,
I.Y.-E.; funding acquisition, I.Y.-E. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Istanbul Technical University, Scientific Research Projects
(grand no: 43368) and TUBITAK (grand no: 121M309).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author F.Y. would like to acknowledge the funding from the Ministry of
Education, Youth and Sports of the Czech Republic and the European Union - European Struc-
tural and Investment Funds in the frames of Operational Programme Research, Development and
Education—project Hybrid Materials for Hierarchical Structures (HyHi, Reg. No.
CZ.02.1.01/0.0/0.0/16_019/0000843).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ball, S.; Banerjee, A.; Berry, C.; Boyle, J.R.; Bray, B.; Bradlow, W.; Chaudhry, A.; Crawley, R.; Danesh, J.; Denniston, A.; et al.

Monitoring Indirect Impact of COVID-19 Pandemic on Services for Cardiovascular Diseases in the UK. Heart 2020, 106, 1890–1897.
[CrossRef]

2. Cardiovascular Diseases (CVDs). Available online: https://www.who.int/news-room/fact-sheets/detail/cardiovascular-
diseases-(cvds) (accessed on 29 August 2022).

3. Kivimäki, M.; Steptoe, A. Effects of Stress on the Development and Progression of Cardiovascular Disease. Nat. Rev. Cardiol. 2018,
15, 215–229. [CrossRef]

4. US Preventive Services Task Force; Krist, A.H.; Davidson, K.W.; Mangione, C.M.; Barry, M.J.; Cabana, M.; Caughey, A.B.; Donahue,
K.; Doubeni, C.A.; Epling, J.W., Jr.; et al. US Preventive Services Task Force Behavioral Counseling Interventions to Promote
a Healthy Diet and Physical Activity for Cardiovascular Disease Prevention in Adults with Cardiovascular Risk Factors: US
Preventive Services Task Force Recommendation Statement. JAMA 2020, 324, 2069–2075. [CrossRef]

5. Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin, E.J.;
Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990–2019: Update From the GBD 2019 Study. J.
Am. Coll. Cardiol. 2020, 76, 2982–3021. [CrossRef] [PubMed]

6. Louridi, N.; Amar, M.; Ouahidi, B.E. Identification of Cardiovascular Diseases Using Machine Learning. In Proceedings of the
2019 7th Mediterranean Congress of Telecommunications (CMT), Fez, Morocco, 24 October 2019; pp. 1–6.

7. Melly, L.; Torregrossa, G.; Lee, T.; Jansens, J.-L.; Puskas, J.D. Fifty Years of Coronary Artery Bypass Grafting. J. Thorac. Dis. 2018,
10, 1960–1967. [CrossRef]

8. Yuan, H.; Chen, C.; Liu, Y.; Lu, T.; Wu, Z. Strategies in Cell-Free Tissue-Engineered Vascular Grafts. J. Biomed. Mater. Res. Part A
2020, 108, 426–445. [CrossRef]

9. Kabirian, F.; Ditkowski, B.; Zamanian, A.; Heying, R.; Mozafari, M. An Innovative Approach towards 3D-Printed Scaffolds for the
next Generation of Tissue-Engineered Vascular Grafts. Mater. Today Proc. 2018, 5, 15586–15594. [CrossRef]

http://doi.org/10.1136/heartjnl-2020-317870
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
http://doi.org/10.1038/nrcardio.2017.189
http://doi.org/10.1001/jama.2020.21749
http://doi.org/10.1016/j.jacc.2020.11.010
http://www.ncbi.nlm.nih.gov/pubmed/33309175
http://doi.org/10.21037/jtd.2018.02.43
http://doi.org/10.1002/jbm.a.36825
http://doi.org/10.1016/j.matpr.2018.04.167


Membranes 2022, 12, 929 21 of 27

10. Carrabba, M.; Madeddu, P. Current Strategies for the Manufacture of Small Size Tissue Engineering Vascular Grafts. Front. Bioeng.
Biotechnol. 2018, 6, 41. [CrossRef]

11. Teebken, O.E.; Haverich, A. Tissue Engineering of Small Diameter Vascular Grafts. Eur. J. Vasc. Endovasc. Surg. 2002, 23, 475–485.
[CrossRef]

12. Hiob, M.A.; She, S.; Muiznieks, L.D.; Weiss, A.S. Biomaterials and Modifications in the Development of Small-Diameter Vascular
Grafts. ACS Biomater. Sci. Eng. 2017, 3, 712–723. [CrossRef]

13. Jouda, H.; Larrea Murillo, L.L.; Wang, T. Current Progress in Vascular Engineering and Its Clinical Applications. Cells 2022,
11, 493. [CrossRef] [PubMed]

14. Shakeel, A.; Corridon, P.R. Mitigating Challenges and Expanding the Future of Vascular Tissue Engineering—Are We There Yet?
SSRN: Rochester, NY, USA, 2022.

15. Leal, B.B.J.; Wakabayashi, N.; Oyama, K.; Kamiya, H.; Braghirolli, D.I.; Pranke, P. Vascular Tissue Engineering: Polymers and
Methodologies for Small Caliber Vascular Grafts. Front. Cardiovasc. Med. 2021, 7, 592361. [CrossRef] [PubMed]

16. Townsley, M.I. Structure and Composition of Pulmonary Arteries, Capillaries, and Veins. Compr. Physiol. 2012, 2, 675–709.
[CrossRef] [PubMed]

17. Shrestha, B.; Prasai, P.K.; Kaskas, A.M.; Khanna, A.; Letchuman, V.; Letchuman, S.; Alexander, J.S.; Orr, A.W.; Woolard, M.D.;
Pattillo, C.B. Differential Arterial and Venous Endothelial Redox Responses to Oxidative Stress. Microcirculation 2018, 25, e12486.
[CrossRef]

18. Song, H.-H.G.; Rumma, R.T.; Ozaki, C.K.; Edelman, E.R.; Chen, C.S. Vascular Tissue Engineering: Progress, Challenges, and
Clinical Promise. Cell Stem Cell 2018, 22, 340–354. [CrossRef] [PubMed]

19. Camasão, D.B.; Mantovani, D. The Mechanical Characterization of Blood Vessels and Their Substitutes in the Continuous Quest
for Physiological-Relevant Performances. A Critical Review. Mater. Today Bio 2021, 10, 100106. [CrossRef]

20. Ercolani, E.; Del Gaudio, C.; Bianco, A. Vascular Tissue Engineering of Small-Diameter Blood Vessels: Reviewing the Electrospin-
ning Approach. J. Tissue Eng. Regen. Med. 2015, 9, 861–888. [CrossRef]

21. Mitchell, R.N.; Schoen, F.J. Blood Vessels. In Robbins and Cotran: Pathologic Basis of Disease, 8th ed.; Saunders Elsevier: Philadelphia,
PA, USA, 2010; pp. 516–517.

22. Zhang, W.J.; Liu, W.; Cui, L.; Cao, Y. Tissue Engineering of Blood Vessel. J. Cell. Mol. Med. 2007, 11, 945–957. [CrossRef]
23. MacNeill, B.D.; Pomerantseva, I.; Lowe, H.C.; Oesterle, S.N.; Vacanti, J.P. Toward a New Blood Vessel. Vasc. Med. 2002, 7, 241–246.

[CrossRef]
24. Xu, J.; Shi, G.-P. Vascular Wall Extracellular Matrix Proteins and Vascular Diseases. Biochim. Biophys. Acta 2014, 1842, 2106–2119.

[CrossRef]
25. Cocciolone, A.J.; Hawes, J.Z.; Staiculescu, M.C.; Johnson, E.O.; Murshed, M.; Wagenseil, J.E. Elastin, Arterial Mechanics, and

Cardiovascular Disease. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H189–H205. [CrossRef] [PubMed]
26. Awad, N.K.; Niu, H.; Ali, U.; Morsi, Y.S.; Lin, T. Electrospun Fibrous Scaffolds for Small-Diameter Blood Vessels: A Review.

Membranes 2018, 8, 15. [CrossRef]
27. Enis, I.Y.; Sadikoglu, T.G. Design Parameters for Electrospun Biodegradable Vascular Grafts. J. Ind. Text. 2018, 47, 2205–2227.

[CrossRef]
28. Wang, D.; Xu, Y.; Li, Q.; Turng, L.-S. Artificial Small-Diameter Blood Vessels: Materials, Fabrication, Surface Modification,

Mechanical Properties, and Bioactive Functionalities. J. Mater. Chem. B 2020, 8, 1801–1822. [CrossRef]
29. James, B.D.; Allen, J.B. Vascular Endothelial Cell Behavior in Complex Mechanical Microenvironments. ACS Biomater. Sci. Eng.

2018, 4, 3818–3842. [CrossRef]
30. Zhang, Y.; Li, X.S.; Guex, A.G.; Liu, S.S.; Müller, E.; Malini, R.I.; Zhao, H.J.; Rottmar, M.; Maniura-Weber, K.; Rossi, R.M.; et al. A

Compliant and Biomimetic Three-Layered Vascular Graft for Small Blood Vessels. Biofabrication 2017, 9, 025010. [CrossRef]
31. Johnson, R.; Ding, Y.; Nagiah, N.; Monnet, E.; Tan, W. Coaxially-Structured Fibres with Tailored Material Properties for Vascular

Graft Implant. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 97, 1–11. [CrossRef]
32. Wu, J.; Hu, C.; Tang, Z.; Yu, Q.; Liu, X.; Chen, H. Tissue-Engineered Vascular Grafts: Balance of the Four Major Requirements.

Colloid Interface Sci. Commun. 2018, 23, 34–44. [CrossRef]
33. Hernandez, J.L.; Woodrow, K.A. Medical Applications of Porous Biomaterials: Features of Porosity and Tissue-Specific Implica-

tions for Biocompatibility. Adv. Healthc. Mater. 2022, 11, 2102087. [CrossRef]
34. Kim, G.H. Electrospun PCL Nanofibers with Anisotropic Mechanical Properties as a Biomedical Scaffold. Biomed. Mater. 2008,

3, 025010. [CrossRef]
35. McFadden, B.R.; Smyth, S.J. Perceptions of Genetically Engineered Technology in Developed Areas. Trends Biotechnol. 2019, 37,

447–451. [CrossRef]
36. Shariatzadeh, S.; Shafiee, S.; Zafari, A.; Tayebi, T.; Yazdanpanah, G.; Majd, A.; Haj-Mirzaian, A.; Bahrami, S.; Niknejad, H.

Developing a Pro-Angiogenic Placenta Derived Amniochorionic Scaffold with Two Exposed Basement Membranes as Substrates
for Cultivating Endothelial Cells. Sci. Rep. 2021, 11, 22508. [CrossRef]

37. Gao, J.; Chen, S.; Tang, D.; Jiang, L.; Shi, J.; Wang, S. Mechanical Properties and Degradability of Electrospun PCL/PLGA Blended
Scaffolds as Vascular Grafts. Trans. Tianjin Univ. 2019, 25, 152–160. [CrossRef]

38. Radke, D.; Jia, W.; Sharma, D.; Fena, K.; Wang, G.; Goldman, J.; Zhao, F. Tissue Engineering at the Blood-Contacting Surface: A
Review of Challenges and Strategies in Vascular Graft Development. Adv. Healthc. Mater. 2018, 7, e1701461. [CrossRef]

http://doi.org/10.3389/fbioe.2018.00041
http://doi.org/10.1053/ejvs.2002.1654
http://doi.org/10.1021/acsbiomaterials.6b00220
http://doi.org/10.3390/cells11030493
http://www.ncbi.nlm.nih.gov/pubmed/35159302
http://doi.org/10.3389/fcvm.2020.592361
http://www.ncbi.nlm.nih.gov/pubmed/33585576
http://doi.org/10.1002/cphy.c100081
http://www.ncbi.nlm.nih.gov/pubmed/23606929
http://doi.org/10.1111/micc.12486
http://doi.org/10.1016/j.stem.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29499152
http://doi.org/10.1016/j.mtbio.2021.100106
http://doi.org/10.1002/term.1697
http://doi.org/10.1111/j.1582-4934.2007.00099.x
http://doi.org/10.1191/1358863x02vm433ra
http://doi.org/10.1016/j.bbadis.2014.07.008
http://doi.org/10.1152/ajpheart.00087.2018
http://www.ncbi.nlm.nih.gov/pubmed/29631368
http://doi.org/10.3390/membranes8010015
http://doi.org/10.1177/1528083716654470
http://doi.org/10.1039/C9TB01849B
http://doi.org/10.1021/acsbiomaterials.8b00628
http://doi.org/10.1088/1758-5090/aa6bae
http://doi.org/10.1016/j.msec.2018.11.036
http://doi.org/10.1016/j.colcom.2018.01.005
http://doi.org/10.1002/adhm.202102087
http://doi.org/10.1088/1748-6041/3/2/025010
http://doi.org/10.1016/j.tibtech.2018.10.006
http://doi.org/10.1038/s41598-021-01922-y
http://doi.org/10.1007/s12209-018-0152-8
http://doi.org/10.1002/adhm.201701461


Membranes 2022, 12, 929 22 of 27

39. Obiweluozor, F.O.; Emechebe, G.A.; Kim, D.-W.; Cho, H.-J.; Park, C.H.; Kim, C.S.; Jeong, I.S. Considerations in the Development
of Small-Diameter Vascular Graft as an Alternative for Bypass and Reconstructive Surgeries: A Review. Cardiovasc. Eng. Technol.
2020, 11, 495–521. [CrossRef]

40. Eltom, A.; Zhong, G.; Muhammad, A. Scaffold Techniques and Designs in Tissue Engineering Functions and Purposes: A Review.
Adv. Mater. Sci. Eng. 2019, 2019, e3429527. [CrossRef]

41. Zhao, P.; Gu, H.; Mi, H.; Rao, C.; Fu, J.; Turng, L. Fabrication of Scaffolds in Tissue Engineering: A Review. Front. Mech. Eng. 2018,
13, 107–119. [CrossRef]

42. Li, S.; Sengupta, D.; Chien, S. Vascular Tissue Engineering: From in Vitro to in Situ. Wiley Interdiscip. Rev. Syst. Biol. Med. 2014, 6,
61–76. [CrossRef]

43. Lu, T.; Li, Y.; Chen, T. Techniques for Fabrication and Construction of Three-Dimensional Scaffolds for Tissue Engineering. Int. J.
Nanomed. 2013, 8, 337–350. [CrossRef] [PubMed]

44. Kishan, A.P.; Cosgriff-Hernandez, E.M. Recent Advancements in Electrospinning Design for Tissue Engineering Applications: A
Review. J. Biomed. Mater. Res. A 2017, 105, 2892–2905. [CrossRef]

45. Cui, W.; Zhou, Y.; Chang, J. Electrospun Nanofibrous Materials for Tissue Engineering and Drug Delivery. Sci. Technol. Adv. Mater.
2010, 11, 014108. [CrossRef]

46. Ahn, H.; Ju, Y.M.; Takahashi, H.; Williams, D.F.; Yoo, J.J.; Lee, S.J.; Okano, T.; Atala, A. Engineered Small Diameter Vascular Grafts
by Combining Cell Sheet Engineering and Electrospinning Technology. Acta Biomater. 2015, 16, 14–22. [CrossRef]

47. Raeisdasteh Hokmabad, V.; Davaran, S.; Ramazani, A.; Salehi, R. Design and Fabrication of Porous Biodegradable Scaffolds: A
Strategy for Tissue Engineering. J. Biomater. Sci. Polym. Ed. 2017, 28, 1797–1825. [CrossRef]

48. Yalcinkaya, F. Experimental Study on Electrospun Polyvinyl Butyral Nanofibers Using a Non-Solvent System. Fibers Polym. 2015,
16, 2544–2551. [CrossRef]

49. Tan, Z.; Gao, X.; Liu, T.; Yang, Y.; Zhong, J.; Tong, C.; Tan, Y. Electrospun Vein Grafts with High Cell Infiltration for Vascular
Tissue Engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 81, 407–415. [CrossRef] [PubMed]

50. Wang, W.; Nie, W.; Liu, D.; Du, H.; Zhou, X.; Chen, L.; Wang, H.; Mo, X.; Li, L.; He, C. Macroporous Nanofibrous Vascular Scaffold
with Improved Biodegradability and Smooth Muscle Cells Infiltration Prepared by Dual Phase Separation Technique. Int. J.
Nanomed. 2018, 13, 7003–7018. [CrossRef] [PubMed]

51. Wang, Z.; Cui, Y.; Wang, J.; Yang, X.; Wu, Y.; Wang, K.; Gao, X.; Li, D.; Li, Y.; Zheng, X.-L.; et al. The Effect of Thick Fibers
and Large Pores of Electrospun Poly(ε-Caprolactone) Vascular Grafts on Macrophage Polarization and Arterial Regeneration.
Biomaterials 2014, 35, 5700–5710. [CrossRef]

52. O’Connor, R.A.; Cahill, P.A.; McGuinness, G.B. Effect of Electrospinning Parameters on the Mechanical and Morphological Charac-
teristics of Small Diameter PCL Tissue Engineered Blood Vessel Scaffolds Having Distinct Micro and Nano Fibre Populations—A
DOE Approach. Polym. Test. 2021, 96, 107119. [CrossRef]

53. 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. [CrossRef]

54. Huang, L.; Guo, S.; Jiang, Y.; Shen, Q.; Li, L.; Shi, Y.; Xie, H.; Tian, J. A Preliminary Study on Polycaprolactone and Gelatin-Based
Bilayered Tubular Scaffolds with Hierarchical Pore Size Constructed from Nano and Microfibers for Vascular Tissue Engineering.
J. Biomater. Sci. Polym. Ed. 2021, 32, 1791–1809. [CrossRef]

55. Woods, I.; Flanagan, T.C. Electrospinning of Biomimetic Scaffolds for Tissue-Engineered Vascular Grafts: Threading the Path.
Expert Rev. Cardiovasc. Ther. 2014, 12, 815–832. [CrossRef]

56. de Valence, S.; Tille, J.-C.; Giliberto, J.-P.; Mrowczynski, W.; Gurny, R.; Walpoth, B.H.; Möller, M. Advantages of Bilayered Vascular
Grafts for Surgical Applicability and Tissue Regeneration. Acta Biomater. 2012, 8, 3914–3920. [CrossRef]

57. Nottelet, B.; Pektok, E.; Mandracchia, D.; Tille, J.-C.; Walpoth, B.; Gurny, R.; Möller, M. Factorial Design Optimization and in Vivo
Feasibility of Poly (Epsilon-Caprolactone)-Micro- and Nanofiber-Based Small Diameter Vascular Grafts. J. Biomed. Mater. Res. A
2009, 89, 865–875. [CrossRef] [PubMed]

58. Ratcliffe, A. Tissue Engineering of Vascular Grafts. Matrix Biol. 2000, 19, 353–357. [CrossRef]
59. Guarino, V.; Causa, F.; Ambrosio, L. Porosity and Mechanical Properties Relationship in PCL Porous Scaffolds. J. Appl. Biomater.

Biomech. 2007, 5, 149–157. [CrossRef] [PubMed]
60. Ji, S.; Gu, Q.; Xia, B. Porosity Dependence of Mechanical Properties of Solid Materials. J. Mater. Sci. 2006, 41, 1757–1768. [CrossRef]
61. Ang, K.C.; Leong, K.F.; Chua, C.K.; Chandrasekaran, M. Investigation of the Mechanical Properties and Porosity Relationships in

Fused Deposition Modelling-fabricated Porous Structures. Rapid Prototyp. J. 2006, 12, 100–105. [CrossRef]
62. Le, Q.P.; Uspenskaya, M.V.; Olekhnovich, R.O.; Baranov, M.A. The Mechanical Properties of PVC Nanofiber Mats Obtained by

Electrospinning. Fibers 2021, 9, 2. [CrossRef]
63. Li, Y.; Lim, C.T.; Kotaki, M. Study on Structural and Mechanical Properties of Porous PLA Nanofibers Electrospun by Channel-

Based Electrospinning System. Polymer 2015, 56, 572–580. [CrossRef]
64. Sarkar, S.; Salacinski, H.J.; Hamilton, G.; Seifalian, A.M. The Mechanical Properties of Infrainguinal Vascular Bypass Grafts: Their

Role in Influencing Patency. Eur. J. Vasc. Endovasc. Surg. 2006, 31, 627–636. [CrossRef]
65. Sarkar, S.; Hillery, C.; Seifalian, A.; Hamilton, G. Critical Parameter of Burst Pressure Measurement in Development of Bypass

Grafts Is Highly Dependent on Methodology Used. J. Vasc. Surg. 2006, 44, 846–852. [CrossRef] [PubMed]

http://doi.org/10.1007/s13239-020-00482-y
http://doi.org/10.1155/2019/3429527
http://doi.org/10.1007/s11465-018-0496-8
http://doi.org/10.1002/wsbm.1246
http://doi.org/10.2147/IJN.S38635
http://www.ncbi.nlm.nih.gov/pubmed/23345979
http://doi.org/10.1002/jbm.a.36124
http://doi.org/10.1088/1468-6996/11/1/014108
http://doi.org/10.1016/j.actbio.2015.01.030
http://doi.org/10.1080/09205063.2017.1354674
http://doi.org/10.1007/s12221-015-5525-1
http://doi.org/10.1016/j.msec.2017.08.034
http://www.ncbi.nlm.nih.gov/pubmed/28887992
http://doi.org/10.2147/IJN.S183463
http://www.ncbi.nlm.nih.gov/pubmed/30464455
http://doi.org/10.1016/j.biomaterials.2014.03.078
http://doi.org/10.1016/j.polymertesting.2021.107119
http://doi.org/10.1016/j.biomaterials.2010.02.002
http://doi.org/10.1080/09205063.2021.1938857
http://doi.org/10.1586/14779072.2014.925397
http://doi.org/10.1016/j.actbio.2012.06.035
http://doi.org/10.1002/jbm.a.32023
http://www.ncbi.nlm.nih.gov/pubmed/18465817
http://doi.org/10.1016/S0945-053X(00)00080-9
http://doi.org/10.1177/228080000700500303
http://www.ncbi.nlm.nih.gov/pubmed/20799184
http://doi.org/10.1007/s10853-006-2871-9
http://doi.org/10.1108/13552540610652447
http://doi.org/10.3390/fib9010002
http://doi.org/10.1016/j.polymer.2014.10.073
http://doi.org/10.1016/j.ejvs.2006.01.006
http://doi.org/10.1016/j.jvs.2006.07.023
http://www.ncbi.nlm.nih.gov/pubmed/17012007


Membranes 2022, 12, 929 23 of 27

66. Venugopal, J.; Vadgama, P.; Kumar, T.S.S.; Ramakrishna, S. Biocomposite Nanofibres and Osteoblasts for Bone Tissue Engineering.
Nanotechnology 2007, 18, 055101. [CrossRef]

67. Li, L.; Hashaikeh, R.; Arafat, H.A. Development of Eco-Efficient Micro-Porous Membranes via Electrospinning and Annealing of
Poly (Lactic Acid). J. Membr. Sci. 2013, 436, 57–67. [CrossRef]

68. 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. [CrossRef]

69. Lovett, M.; Lee, K.; Edwards, A.; Kaplan, D.L. Vascularization Strategies for Tissue Engineering. Tissue Eng Part B Rev 2009, 15,
353–370. [CrossRef]

70. Putti, M.; Simonet, M.; Solberg, R.; Peters, G.W.M. Electrospinning Poly (ε-Caprolactone) under Controlled Environmental
Conditions: Influence on Fiber Morphology and Orientation. Polymer 2015, 63, 189–195. [CrossRef]

71. Enis, I.Y.; Horakova, J.; Sadikoglu, T.G.; Novak, O.; Lukas, D. Mechanical Investigation of Bilayer Vascular Grafts Electrospun
from Aliphatic Polyesters. Polym. Adv. Technol. 2017, 28, 201–213. [CrossRef]

72. Rowland, D.C.L.; Aquilina, T.; Klein, A.; Hakimi, O.; Alexis-Mouthuy, P.; Carr, A.J.; Snelling, S.J.B. A Comparative Evaluation of
the Effect of Polymer Chemistry and Fiber Orientation on Mesenchymal Stem Cell Differentiation. J. Biomed. Mater. Res. A 2016,
104, 2843–2853. [CrossRef]

73. 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. [CrossRef] [PubMed]

74. Milleret, V.; Hefti, T.; Hall, H.; Vogel, V.; Eberli, D. Influence of the Fiber Diameter and Surface Roughness of Electrospun Vascular
Grafts on Blood Activation. Acta Biomater. 2012, 8, 4349–4356. [CrossRef]

75. Malik, S.; Sundarrajan, S.; Hussain, T.; Nazir, A.; Berto, F.; Ramakrishna, S. Electrospun Biomimetic Polymer Nanofibers as
Vascular Grafts. Mater. Des. Process. Commun. 2021, 3, e203. [CrossRef]

76. Murugan, R.; Ramakrishna, S. Design Strategies of Tissue Engineering Scaffolds with Controlled Fiber Orientation. Tissue Eng.
2007, 13, 1845–1866. [CrossRef]

77. Wang, Y.; Wu, T.; Zhang, J.; Feng, Z.; Yin, M.; Mo, X. A Bilayer Vascular Scaffold with Spatially Controlled Release of Growth
Factors to Enhance in Situ Rapid Endothelialization and Smooth Muscle Regeneration. Mater. Des. 2021, 204, 109649. [CrossRef]

78. Hu, J.-J.; Chao, W.-C.; Lee, P.-Y.; Huang, C.-H. Construction and Characterization of an Electrospun Tubular Scaffold for Small-
Diameter Tissue-Engineered Vascular Grafts: A Scaffold Membrane Approach. J. Mech. Behav. Biomed. Mater. 2012, 13, 140–155.
[CrossRef] [PubMed]

79. Chaparro, F.J.; Matusicky, M.E.; Allen, M.J.; Lannutti, J.J. Biomimetic Microstructural Reorganization during Suture Retention
Strength Evaluation of Electrospun Vascular Scaffolds. J. Biomed. Mater. Res. Part B Appl. Biomater. 2016, 104, 1525–1534.
[CrossRef]

80. Caves, J.M.; Kumar, V.A.; Martinez, A.W.; Kim, J.; Ripberger, C.M.; Haller, C.A.; Chaikof, E.L. The Use of Microfiber Composites
of Elastin-like Protein Matrix Reinforced with Synthetic Collagen in the Design of Vascular Grafts. Biomaterials 2010, 31, 7175–7182.
[CrossRef]

81. Nezarati, R.M.; Eifert, M.B.; Dempsey, D.K.; Cosgriff-Hernandez, E. Electrospun Vascular Grafts with Improved Compliance
Matching to Native Vessels. J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 103, 313–323. [CrossRef]

82. Yalcin, I.; Horakova, J.; Mikes, P.; Sadikoglu, T.G.; Domin, R.; Lukas, D. Design of Polycaprolactone Vascular Grafts. J. Ind. Text.
2016, 45, 813–833. [CrossRef]

83. Gao, J.; Huang, Z.; Guo, H.; Tian, S.; Wang, L.; Li, Y. Effect of Wall Structures on Mechanical Properties of Small Caliber PHBHHx
Vascular Grafts. Fibers Polym. 2019, 20, 2261–2267. [CrossRef]

84. Meng, X.; Wang, X.; Jiang, Y.; Zhang, B.; Li, K.; Li, Q. Suture Retention Strength of P (LLA-CL) Tissue-Engineered Vascular Grafts.
RSC Adv. 2019, 9, 21258–21264. [CrossRef]

85. Jang, B.S.; Cheon, J.Y.; Kim, S.H.; Park, W.H. Small Diameter Vascular Graft with Fibroblast Cells and Electrospun Poly (L-
Lactide-Co-ε-Caprolactone) Scaffolds: Cell Matrix Engineering. J. Biomater. Sci. Polym. Ed. 2018, 29, 942–959. [CrossRef]
[PubMed]

86. Wang, C.; Li, Z.; Zhang, L.; Sun, W.; Zhou, J. Long-Term Results of Triple-Layered Small Diameter Vascular Grafts in Sheep
Carotid Arteries. Med. Eng. Phys. 2020, 85, 1–6. [CrossRef] [PubMed]

87. Jeong, Y.; Yao, Y.; Yim, E.K. Current Understanding of Intimal Hyperplasia and Effect of Compliance in Synthetic Small Diameter
Vascular Grafts. Biomater. Sci. 2020, 8, 4383–4395. [CrossRef] [PubMed]

88. Bouchet, M.; Gauthier, M.; Maire, M.; Ajji, A.; Lerouge, S. Towards Compliant Small-Diameter Vascular Grafts: Predictive
Analytical Model and Experiments. Mater. Sci. Eng. C 2019, 100, 715–723. [CrossRef]

89. Liu, K.; Wang, N.; Wang, W.; Shi, L.; Li, H.; Guo, F.; Zhang, L.; Kong, L.; Wang, S.; Zhao, Y. A Bio-Inspired High Strength
Three-Layer Nanofiber Vascular Graft with Structure Guided Cell Growth. J. Mater. Chem. B 2017, 5, 3758–3764. [CrossRef]

90. Wu, T.; Zhang, J.; Wang, Y.; Li, D.; Sun, B.; El-Hamshary, H.; Yin, M.; Mo, X. Fabrication and Preliminary Study of a Biomimetic
Tri-Layer Tubular Graft Based on Fibers and Fiber Yarns for Vascular Tissue Engineering. Mater. Sci. Eng. C 2018, 82, 121–129.
[CrossRef]

91. Tolba, E. Diversity of Electrospinning Approach for Vascular Implants: Multilayered Tubular Scaffolds. Regen. Eng. Transl. Med.
2020, 6, 383–397. [CrossRef]

http://doi.org/10.1088/0957-4484/18/5/055101
http://doi.org/10.1016/j.memsci.2013.02.037
http://doi.org/10.1016/j.biomaterials.2011.09.024
http://doi.org/10.1089/ten.teb.2009.0085
http://doi.org/10.1016/j.polymer.2015.03.006
http://doi.org/10.1002/pat.3875
http://doi.org/10.1002/jbm.a.35829
http://doi.org/10.1016/j.actbio.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/23973391
http://doi.org/10.1016/j.actbio.2012.07.032
http://doi.org/10.1002/mdp2.203
http://doi.org/10.1089/ten.2006.0078
http://doi.org/10.1016/j.matdes.2021.109649
http://doi.org/10.1016/j.jmbbm.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22854316
http://doi.org/10.1002/jbm.b.33493
http://doi.org/10.1016/j.biomaterials.2010.05.014
http://doi.org/10.1002/jbm.b.33201
http://doi.org/10.1177/1528083714540701
http://doi.org/10.1007/s12221-019-9342-9
http://doi.org/10.1039/C9RA04529E
http://doi.org/10.1080/09205063.2017.1367635
http://www.ncbi.nlm.nih.gov/pubmed/28816087
http://doi.org/10.1016/j.medengphy.2020.09.007
http://www.ncbi.nlm.nih.gov/pubmed/33081956
http://doi.org/10.1039/D0BM00226G
http://www.ncbi.nlm.nih.gov/pubmed/32643723
http://doi.org/10.1016/j.msec.2019.03.023
http://doi.org/10.1039/C7TB00465F
http://doi.org/10.1016/j.msec.2017.08.072
http://doi.org/10.1007/s40883-020-00157-z


Membranes 2022, 12, 929 24 of 27

92. Oztemur, J.; Yalcin Enis, I. The Role of Biopolymer Selection in the Design of Electrospun Small Caliber Vascular Grafts to Replace
the Native Arterial Structure. Chapter 2020, 9, 27.

93. Huang, R.; Gao, X.; Wang, J.; Chen, H.; Tong, C.; Tan, Y.; Tan, Z. Triple-Layer Vascular Grafts Fabricated by Combined E-Jet 3D
Printing and Electrospinning. Ann. Biomed. Eng. 2018, 46, 1254–1266. [CrossRef]

94. Grasl, C.; Stoiber, M.; Röhrich, M.; Moscato, F.; Bergmeister, H.; Schima, H. Electrospinning of Small Diameter Vascular Grafts
with Preferential Fiber Directions and Comparison of Their Mechanical Behavior with Native Rat Aortas. Mater. Sci. Eng. C 2021,
124, 112085. [CrossRef]

95. Ravi, S.; Chaikof, E.L. Biomaterials for Vascular Tissue Engineering. Regen. Med. 2010, 5, 107–120. [CrossRef] [PubMed]
96. Wang, Z.; Liu, L.; Mithieux, S.M.; Weiss, A.S. Fabricating Organized Elastin in Vascular Grafts. Trends Biotechnol. 2021, 39, 505–518.

[CrossRef] [PubMed]
97. Zhu, J.; Chen, D.; Du, J.; Chen, X.; Wang, J.; Zhang, H.; Chen, S.; Wu, J.; Zhu, T.; Mo, X. Mechanical Matching Nanofibrous Vascular

Scaffold with Effective Anticoagulation for Vascular Tissue Engineering. Compos. Part B Eng. 2020, 186, 107788. [CrossRef]
98. Yu, E.; Mi, H.-Y.; Zhang, J.; Thomson, J.A.; Turng, L.-S. Development of Biomimetic Thermoplastic Polyurethane/Fibroin

Small-Diameter Vascular Grafts via a Novel Electrospinning Approach. J. Biomed. Mater. Res. A 2018, 106, 985–996. [CrossRef]
99. Ong, C.S.; Zhou, X.; Huang, C.Y.; Fukunishi, T.; Zhang, H.; Hibino, N. Tissue Engineered Vascular Grafts: Current State of the

Field. Expert Rev. Med. Devices 2017, 14, 383–392. [CrossRef]
100. Szafron, J.M.; Khosravi, R.; Reinhardt, J.; Best, C.A.; Bersi, M.R.; Yi, T.; Breuer, C.K.; Humphrey, J.D. Immuno-Driven and

Mechano-Mediated Neotissue Formation in Tissue Engineered Vascular Grafts. Ann. Biomed. Eng. 2018, 46, 1938–1950. [CrossRef]
101. Pashneh-Tala, S.; MacNeil, S.; Claeyssens, F. The Tissue-Engineered Vascular Graft-Past, Present, and Future. Tissue Eng. Part B

Rev. 2016, 22, 68–100. [CrossRef]
102. Browning, M.B.; Dempsey, D.; Guiza, V.; Becerra, S.; Rivera, J.; Russell, B.; Höök, M.; Clubb, F.; Miller, M.; Fossum, T.; et al.

Multilayer Vascular Grafts Based on Collagen-Mimetic Proteins. Acta Biomater. 2012, 8, 1010–1021. [CrossRef]
103. Copes, F.; Pien, N.; Van Vlierberghe, S.; Boccafoschi, F.; Mantovani, D. Collagen-Based Tissue Engineering Strategies for Vascular

Medicine. Front. Bioeng. Biotechnol. 2019, 7, 166. [CrossRef]
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