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ABSTRACT: Small-diameter artificial vascular grafts (SDAVG) are used to bypass blood flow in arterial occlusive diseases such as
coronary heart or peripheral arterial disease. However, SDAVGs are plagued by restenosis after a short while due to thrombosis and
the thickening of the neointimal wall known as intimal hyperplasia (IH). The specific causes of IH have not yet been deduced;
however, thrombosis formation due to bioincompatibility as well as a mismatch between the biomechanical properties of the
SDAVG and the native artery has been attributed to its initiation. The main challenges that have been faced in fabricating SDAVGs
are facilitating rapid re-endothelialization of the luminal surface of the SDAVG and replicating the complex viscoelastic behavior of
the arteries. Recent strategies to combat IH formation have been mostly based on imitating the natural structure and function of the
native artery (biomimicry). Thus, most recently, developed grafts contain a multilayered structure with a designated function for
each layer. This paper reviews the current polymeric, biomimetic SDAVGs in preventing the formation of IH. The materials used in
fabrication, challenges, and strategies employed to tackle IH are summarized and discussed, and we focus on the multilayered
structure of current SDAVGs. Additionally, the future aspects in this area are pointed out for researchers to consider in their
endeavor.

1. INTRODUCTION

Occlusive disease of the popliteal artery or more distal vessels
requires bypassing with an autogenous vein to the distal
popliteal artery or tibial vessels. The greater saphenous vein, an

term patency has been achieved in grafts with diameters
greater than 6 mm. Nonetheless, for smaller-diameter blood
vessels, such as the femoropopliteal and tibial arteries found in
the lower limbs, these materials have significant drawbacks,

autologous blood vessel, remains the clinical gold standard."”
Repairing diseased blood vessels using autologous vessels has
many advantages, such as good tissue compatibility, no risk of
immune reaction, matching mechanical properties, and good
long-term patency. However, a good-quality autologous vessel
is unavailable for many patients requiring surgery due to a
previous harvest, anatomical variability (varying internal
diameter, wall thickness, or compliance), or disease pro-
gression. Moreover, harvesting the vessel causes secondary
trauma, which is not always available.”* Due to the limited
availability of autologous vessels, the far from ideal synthetic
conduits, including expanded polytetrafluoroethylene (e-
PTFE, Gore-Tex), polyethylene terephthalate (Dacron,
PET), and polyurethane (PU),>® are thereby used. Long-
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including infection due to technical mismanagement, throm-
bosis due to the lack of remodeling and growing capabilities of
living tissues, and the development of intimal hyperplasia
leading to restenosis of the graft.””~” Apart from autologous
vessels and synthetic conduits, other prosthetic grafts include
homologous grafts obtained from cadavers or donors such as

Received: March 22, 2022
Accepted: June 3, 2022
Published: June 21, 2022

https://doi.org/10.1021/acsomega.2c01740
ACS Omega 2022, 7, 22125-22148


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rumbidzai+Zizhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shadi+Houshyar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c01740&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01740?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c01740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Review

‘4 't‘l "“".

>
ke

atatytytyty

oty
LA "‘l'| "l

>

DOOVOOOV00

SO

Figure 1. (A) Image of ePTFE AVG. (B) Scanning electron microscopy image of the outer layer. (C) Scanning electron microscopy image of the
inner layer of ePTFE graft. 2. Structural design patterns of a woven Dacron graft: (a) plain weave, (b) twill weave, (c) satin weave. 3. Structural
design patterns of a knitted Dacron graft: (a) weft knit, (b) warp knit.*® Reprinted and adapted from ref 28. Copyright 2015 MDPL

human umbilical vein grafts (CryoVein) and xeno§rafts across
species like the bovine jugular graft (Contegra)."”'" When a
small-diameter artificial vascular graft (SDAVG) is used in limb
procedures, the patency levels are less ideal than other bypass
procedures because of the additional continued stress imposed
on the graft by limb flexion. The properties, advantages, and
current limitations of the materials in the market are discussed
in detail in the following sections.

2. MATERIALS USED IN COMMERCIALIZED
VASCULAR GRAFTS

Artificial vascular grafts made from ePTFE and PET have been
approved and successfully used as large-diameter (>6 mm)
arterial substitutes for more than 40 years. The FDA recently
approved PU conduits for commercial use. However, their use
in small-diameter applications is still far from ideal. This
section discusses the properties of these materials as well as
their limitations when used in vascular applications.

2.1. Polytetrafluoroethylene. Expanded polytetrafluoro-
ethylene (Teflon, Gore-tex) grafts have been used as vascular
conduits since 1975."> The graft is fabricated through heating
and mechanical stretching, resulting in a porous structure
containing solid nodes interconnected by fine fibrils. The pore
size, or fibril length, varies and determines the graft
characteristics.'”'* Its average porosity is described by the
internodal distance (IND), usually 30—90 um."> PTFE is used
in vascular grafts as it is chemically inert due to the strong
fluorine backbone on the carbon chain'® and is highly
electronegative, which minimizes its reaction with blood
components."” Because of its inertness, no graft failures due
to degradation have been reported. In addition, PTFE grafts

have moderate stiffness, which increases after implantation due
to perivascular reaction.”

E-PTFE grafts are preferred for use in small-diameter
applications. Despite being the preferred graft for below the
knee bypass procedures, its performance is still very poor, with
the patency rate reported to be less than 40% after 3 years.'®"®
Functionalizing its surface with heparin has been adopted
commercially, but it still offers relatively modest improvements
over untreated equivalents.'®'” Other efforts to improve the
hemocompatibility of the PTFE surface to enhance endotheli-
alization and prevent thrombosis have been made by physical
or chemically modifying the luminal surface with various
coatings, including RGD, elastin,'® hyaluronan,'® super-
hydrophobic and superhydrophilic modification,” silk fi-
broin,”" endothelial cell seeding,22 and plasma treatment.”

2.2. Polyethylene Terephthalate. Polyethylene tereph-
thalate (Dacron) is another graft that has been available in the
market since the 1950s."” It is a thermoplastic polymer used as
synthetic fibers with a round cross section. These fibers are
bundled into multifilament yarns, woven (over-and-under
pattern) or knitted (looped fashion) into textile vascular graft
fabrics and tubes. Knitted Dacron is impregnated with
albumin, collagen, or gelatin to make it more impervious and
avoid the need for blood preclotting prior to implantation. In
addition, a crimping technique (an undulating surface) is often
used to increase its distensibility and kink resistance.'> PET
grafts vary in shape, crimping, fabrication method, and
porosity.

Weaving results in narrow spaces for tissue ingrowth,
whereas knitting leads to a very porous structure. Of the two
structures, surgeons have been reported to prefer the woven
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PET, as it is known for its high bursting strength, low
permeability to liquids, and minimal tendency to deform under
stress.'* Additional limitations with PET grafts involve
progressive graft dilation and mechanical failure. Similar to
PTFE grafts, researchers have been working on the long-term
patency of PET grafts. In recent work with PET vascular grafts,
most research involves using electrospinning”®*® as the
fabrication technique to enhance the topography. To alter
the mechanical properties, it has been mixed with elastomeric
polymers such as PCL to improve the SDAVGs’ compliance.”
Furthermore, the surface of the PET graft has been modified
with bioactive or passivating substances**”’
thrombus formation and intimal hyperplasia. Figure 1 shows
images of the ePTFE and PET grafts.

2.3. Polyurethane. Polyurethanes were adopted as
vascular materials based on their elasticity and ease of
handling.'"* PUs have been used for various medical
applications, including heart valves, dialysis membranes, breast
implants, aortic grafts, and bone adhesives. PUs are synthesized
by reacting soft (amorphous) segments of polyesters,
polyether, or polycarbonates with hard (crystalline) segments
of diisocyanates using chain extenders such as diols or
diamines. Their properties can be easily enhanced by adjusting
the soft or hard segment composition, chain extender, and the
molar ratio of individual components.”” PUs are considered to
be biostable; however, some of them eventually degrade in
vivo, leading to aneurysms. Polyester-based PU is susceptible
to hydrolytic degradation in the body, whereas polyether-based
PU is prone to oxidative degradation.”® Moreover, PU is prone
to environmental stress cracking in vivo.

Using a soft polycarbonate segment is a good strategy to
develop a polymer that is far more resistant to biodegradation
than its predecessors. Polycarbonate-based polyurethane
(PCU) is hydrolytically and oxidatively stable.’® However, its
disadvantages include high hydrophobicity and unsatisfactory
or nonspecific cell adhesion and proliferation.">”!

Another method to overcome these limitations is replacing
the hard segment, which is susceptible to degradation, with a
siloxane to form polyurethane siloxanes such as polydime-
thylsiloxane (PDMS).* Silicones are biocompatible, biodura-
ble, hydrophobic, have low surface tension, and are chemical
and thermally stable. PDMS possesses organic segments
derived from PU and inorganic siloxane structures, which
combine silicone’s chemical stability and PU’s elastic nature.”
Furthermore, siloxane molecules have been reported to reduce
platelet and thrombin adsorption. Hence the addition of such
groups has been postulated to confer an antithrombogenic
effect.”* Recently, a composite consisting of a polycarbonate
segment (PCU) and polyhedral oligomeric silsesquioxane
(POSS) emerged. POSS—PCU consists of a PCU polymer
backbone that is reacted with POSS nanoparticles, augmenting
its mechanical and degradative resistance properties. Silses-
quioxanes are silicon-based nanostructures that exist as chain-
or ladder-type structures. The polymer is nontoxic and has
demonstrated resistance to degradation by plasma proteins and
hard and soft segments compared to PCU.”*

Despite the potential shown by the materials currently being
used in vascular grafts, there are still limitations that need to be
addressed for their successful application in small-diameter
vessels, which has facilitated the shift in focus of research from
bioinert to bioactive finally to biomimetic SDAVGs.

to combat

3. CHALLENGES IN EXISTING ARTIFICIAL GRAFTS

A human artery comprises three main layers: tunica intima,
tunica media, and tunica externa (adventitia).> The blood-
contacting innermost layer, the intima, comprises a single layer
of longitudinally aligned endothelial cells (EC) lining the
surface of the lumen, acting as a luminal barrier while
providing cellular signaling that prevents thrombosis, infection,
and inflammation. These cells adhere to the internal elastic
lumina comprising collagen and laminin. Beyond this basement
membrane is a media layer composed of circumferentially
aligned smooth muscle cells (SMCs) supported by connective
tissue (composed of elastic and collagen fibers). Based on
signals from nerves within the vessel, these smooth muscle cells
will contract or relax, resulting in vasoconstriction or
vasodilation. This media is sandwiched between the internal
and external elastic lamina, fenestrated elastin layers that
interface with the intima and the adventitia, the outermost
layer of the arterial wall. The adventitia consists of fibroblasts
in a loose extracellular matrix (ECM) mainly composed of
collagen. The ECM of native vessels contains a network of
multiple proteins in the media and adventitia, which serve
distinct mechanical and biochemical purposes. Collagen is the
primary component of the ECM, providing tensile strength.
Another major component is elastin, which provides elastic
recoil to the arterial wall and modulates the proliferation of
endothelial cells and SMCs.'"**™*” Mimicking the structure
and function of the artery has been a great challenge in the
development of prosthetic grafts, resulting in the short term
patency of current commercial grafts. Despite early success in
the development of vascular grafts for small vessels, there are
still many limitations in the applications of the §rafts, including
infection, thrombosis, and intimal hyperplasia.”**

An ideal vascular graft should imitate the framework and
constitution of native vessels, withstand the hemodynamic in
vivo environment, and inhibit nonspecific protein deposition,
blood coagulation, and immunological rejection.39 In addition,
it should possess “off-the-shelf” availability in various sizes for
emergency care, operative suturability, and simplicity of
surgical handling."> Because restenosis of the graft for below
the knee surgical procedures is mainly a consequence of
intimal hyperplasia (IH) at the distal anastomosis and
thrombosis. The current strategies to increase the patency of
small-diameter vascular grafts focus on matching biomechan-
ical properties and rapid endothelialization.’”*" Other
limitations that have been identified with the current
commercial vascular grafts include®"' bioincompatibility,
leading to thrombosis, embolic events, occlusion, leakage,
tearing at the suture line, allergic reactions, aneurysm, and
kinking.

3.1. Intimal Hyperplasia. IH is the thickening of the
intima, resulting in reduced lumen diameter due to the
migration and proliferation of vascular smooth muscle cells
(VSMCs) from the media to the intima and deposition of the
extracellular matrix.”>** TH develops as early as 6 weeks after
bypass surgery; its definite cause in vascular grafts is yet to be
determined. However, the triggers attributed to its develop-
ment are endothelial damage during surgery, suture technique,
material bioincompatibility, and biomechanical mismatch.**~*°

3.1.1. Suture Line Stresses. The suture technique used in
bypass surgery affects the stress applied to the suture line.
Distortions in the native vessel due to the holes formed by the
sutures as well as the tension due to their presence cause

https://doi.org/10.1021/acsomega.2c01740
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Table 1. Compliance Values in Artificial Grafts on the Market and Autologous Grafts

graft name polymer
Gore-tex ePTFE
Zeus, Orangeburg ePTFE
SW-ePTFE woven Vascutek Co. ePTFE
ePTFE grafts, Impra, UK ePTFE
CPU, CardioTech International, UK PC

PU

Silkothane PCU/SF
Dacron PET

polyester (woven)
polyester (knitted)
uncrimped knitted Dacron graft, Sulzer Vascutek, UK PET

young coronary artery human
old coronary artery human
mammary artery human
radial artery human
external iliac artery human
saphenous vein human
umbilical artery human
heterograft bovine

wall thickness (um)

pressure (mmHg) compliance (%/100 mmHg) ref

454 + 4 50—-90 0.0036 + 0.001
80—120 0.0034 + 0.0004 S5
110-150 0.0033 + 0.0005
80—120 3.50 + 1.4 56
694 + 14 50-90 0.2
80—120 0.6 57
110—-150 0.6
30—-100 12 +£03 58
30—-100 8.1 + 04
58
335 + 68 80—120 4.8 + 1.0 59
80—120 1.9
80—120 2.3 28
30—-100 1.8 +12 58
50—-90 8.92 + 7.67
80—120 3.39 + 6.03 60
110—150 2.69 + 0.89
50-90 4.01 + 2.08
80—120 4.06 + 3.16 60
110—150 342 £ 1.72
50—-90 21.05 + 26.04
80—120 522 +£S8.13 60
110-150 1.79 + 1.96
80—120 11.5 + 3.9 61
50—-90 5.66 + 2.12
80—120 2.05 + 3.68 60
110—150 1.06 + 4.73
30 to 100 8.0 + 59 S8
50—-90 2.60 + 1.72
346 + 121 80—120 1.77 £ 0.20 60
110—-150 0.67 + 0.89
30 to 100 5.0 + 6.0 S8
439 £ 0.8 62
80—120 5.8 +3.1 61
2.6 +03 63

concentrations of force and increased circumferential tension
in the vessel wall adjacent to the anastomosis.” A continuous
suture line rather than an interrupted line results in a greater
concentration of stresses at the suture line. End-to-end
anastomosis has also been reported to cause more stress
than other techniques, such as the end-to-side. Clips that do
not penetrate the intima result in an anastomosis with a less
mechanical mismatch.'”

3.1.2. Endothelial Damage and Material Bioincompati-
bility. Endothelial cells play an important role in maintaining
vascular hemostasis and patency by releasing regulatory
molecules including nitric oxide (NO), heparins, plasmin,
and tissue plasminogen activator (tPA) to modulate the
antithrombogenesis process.” Injury to the arterial wall results
in exposure of the subintima and media to multiple growth
factors, which bind to cell receptors.” The injury exposes the
ECM, which then attracts platelets and leukocytes from the
blood and triggers the process of thrombosis. T-Lymphocytes
have also been observed in the intima of injured vessels by
secreting tumor necrosis factor-a (TNF-a), which has been
proven to induce migration of SMCs™ due to phenotypic
switching from a contractile to a synthetic state.””*” Thus,
damage to the vessel wall decreases the production of growth-

inhibiting factors and increases the expression of growth-
stimulating factors, shifting the balance to VSMC prolifer-
ation.””** Due to the thrombogenicity of the surface of most
commercialized synthetic vascular grafts used in small-diameter
applications, their presence in the body after bypass surgery
triggers the body’s immune response system (foreign body
response), causing nonspecific protein deposition and
provoking thrombogenesis and inflammation.® The inflamma-
tory response stimulates the production of matrix metal-
loproteinases (MMPs) by VSMCs, facilitating the migration
and proliferation of VSMCs."* MMPs belong to a group of
zinc-dependent proteases and cause the breakdown of
extracellular matrix proteins such as collagen and elastin, a
prerequisite for the migration of VSMCs.**

3.1.3. Biomechanical Mismatch. Research has shown that
local hemodynamics play a major role in the development and
progression of IH."” Compliance mismatch between the
prosthetic graft and the native vessel has been reported to
result in significant hemodynamic disruptions that trigger TH.>°
Compliance can be defined as the change in diameter with
pressure change.”’ A study by Post et al.’" proved the relation
between compliant mismatch and the formation of IH by
studying the effect of compliance on arterial remodeling in an

https://doi.org/10.1021/acsomega.2c01740
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ex vivo organ culture model and examining the grafts for
identifying early markers of intimal hyperplasia. The arterial
wall acts as an elastic reservoir, absorbing energy during systole
and releasing it in diastole and introducing a rigid segment,
such as a stiff synthetic graft, interferes with this function.**
This mismatch results in stagnation points, which trap platelets
and cause platelet aggregation downstream. The geometric
discontinuity across the anastomoses between grafts and native
blood vessels creates flow separation and reversal, inducing
endothelial injury and endothelial dysfunction.®

Endothelial dysfunction reduces the production of tissue
plasminogen activator, nitric oxide, and prostacyclin.’*
Furthermore, endothelial dysfunction elevates plasma fibri-
nogen, thus contributing to prothrombotic activity.”” In
addition, flow reversal and the accompanying wall shear stress
(WSS) gradient alter endothelial morphology, disrupt the
endothelial barrier function, promote monocyte deposition,
induce thrombus formation, and promote gene expression
favoring vascular lesion developrnent.49 In most cases, the
response to the flow disruption, the vessel wall attempts to
correct it with intimal thickening, ultimately leading to
reocclusion.”’”** Such hemodynamic disruptions also trans-
form the shape of endothelium cells from spindle-shaped to
round and also affect the expression of some vasoactive
molecules. These include nitric oxide synthetase, endothelin,
platelet-derived growth factor, transforming growth factor-f1,
and some adhesion molecules that can modify endothelial cell
function.””** These vasoactive molecules are involved in the
formation of IH. WSS, the tangential frictional force acting
longitudinally on the vessel wall, imposed by fluid motion on a
solid boundary parallel to the fluid direction, regulates the
function and composition of blood vessels by affecting the
phenotype and integrity of endothelial cells.” Neither high nor
low WSS is conducive to normal endothelial function. Very
high wall shear leads to denudation of endothelial cells,
exposure of a thrombogenic surface, and creation of a VMSC
proliferative environment,”” whereas low WSS reduces blood
velocity, decreases the proliferation of ECs, and promotes an
altered morphology.”* IH mainly occurs on the arterial floor,
heel and toe of the distal anastomosis due to blood flow
pattern changes in that region.*® Other mechanical factors that
are thought to stimulate the formation of intimal hyperplasia
are suture line stress, which results in distortions in the native
vessel. This distortion happens due to the holes formed by the
sutures as well as the tension due to their presence, causing
concentrations of force and increased circumferential tension
in the vessel wall adjacent to the anastomosis.” Table 1 shows
the compliance values of some of the grafts in the market as
well as the compliance values of autologous vessels used in
bypass procedures.

4. STRATEGIES TO PREVENT INTIMAL HYPERPLASIA
IN VASCULAR GRAFTS

Imitating the natural way an artery functions is an effective
strategy to combat IH. Biomimicry in a vascular graft is a
challenge due to the complex nature of the artery in terms of
both the unique biomechanical properties and supporting
tissue regeneration. For both the vascular scaffold used to
replace diseased arteries and a permanent artificial prosthesis
used in bypass procedures, a long segment (greater than 5 cm)
is needed to repair or replace peripheral arteries. Supporting
tissue regeneration in vascular scaffolds while maintaining the
graft’s mechanical integrity is crucial in below the knee

procedures, given the length of the graft. The strategies
documented in this review consider the duration required for
complete tissue regeneration in vascular scaffolds and the
mechanical integrity in the permanent vascular prosthesis,
hence the need for very slow degrading to biostable polymers.
To fabricate vascular grafts that prevent intimal hyperplasia
formation for long-term patency, researchers have used various
strategies, including passivating the surface to nonspecific
protein and platelet adhesion while facilitating rapid re-
endothelialization for the blood-contacting lumen. A combi-
nation of both elastomeric and mechanically stable polymers to
match the viscoelastic properties of the artery is necessary.
Furthermore, enhancing or combining fabrication techniques
to attain the required biomechanical properties is needed.
Figure 2 shows a schematic of an example of a femoropopliteal
bypass.

Multi-layered AVG

Blood flow

» Atherosclerotic
obstruction
Luminal layer
Bioactive
Porous
Aligned structure

Other Layers

*  Mechanical reinforcement
Leak proof
Prevent kinking
Porous/non-porous structure
Non linear mechanical
behaviour

AR

Figure 2. Schematic of femoropopliteal bypass.

4.1. Luminal Layer (Blood-Contacting). 4.1.1. Rapid
Endothelialization and Suppression of Nonspecific Protein
and Platelet Adhesion. As mentioned before, the endothelial
layer is responsible for anticoagulation and thrombogenesis as
well as facilitating the exchange of nutrients and waste. A
review by Zhuang et al.” provided a fully detailed explanation
of the problems experienced in the full re-endothelialization of
vascular grafts. In order to promote the endothelialization rate
of implanted vascular grafts and to minimize the formation of
IH, various strategies have been used, such as providing a
superhydrophilic or superhydrophobic surface,”* the use of
natural polymers to provide bioactive bindinég sites,*® altering
the surface structure, as well as cell seecling.6 However, some
naturally occurring and synthetic polymers already possess the
required chemical and biological cues to enhance re-
endothelialization and deter nonspecific protein and platelet
adhesion. To maximize these cues, some fabrication techniques
aid in providing an architecture to support and enhance cell
adhesion and migration. This type of architecture provides
direction and sufficient porosity, for instance, the use of ridges
and grooves as well as a nanofibrous structure.

4.1.2. Bioactive Polymers. Using chemical, biological, and
physical cues based on the ECM, researchers are coming up
with various ways of enhancing endothelialization and reducing
the adhesion of other blood components on developed
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vascular grafts. The application of peptide ligands, growth
factors, antibodies, magnetic molecules, oligosaccharides, and
aptamers have been used for this purpose. Peptide ligands,
responsible for binding to receptors on the corresponding cell,
have been produced from ECM proteins such as collagen,
fibronectin, vitronectin, and laminin. The most common
peptide ligands that have been researched for application in
vascular grafts include RGD, YIGSR (laminin-derived), REDV
(fibronectin-derived), and CAG (collagen-derived).”” Natural
polymers such as collagen, elastin, silk fibroin, gelatin,
hyaluronan, and fibrin can provide enough cellular ligands
for enhanced cell adhesion in vascular graft fabrication.
However, these polymers possess nonspecific binding sites
for other blood cells like platelets, white cells, and SMCs,
which may induce thrombogenesis and IH.” ECM-derived
polymers like collagen, elastin, and fibrin contain the Arg-Gly-
Asp (RGD) cell recognition signal that allows the cell-
membrane-bound integrins to bind.*® However, nonselective
peptides might mediate the adhesion of different cells and
result in competition between ECs and other cells, hindering
the future formation of the endothelium.”” The peptides
YIGSR and REDV contain more specific binding sites than
RGD; these are used to recruit circulating endothelial
progenitor cells and engage adjacent adult cells for
endothelialization and extracellular matrix regeneration.*””’
The a4f1 integrin, which is abundant on ECs and scarce on
SMCs, can specifically bind to REDV, and the 67 kDa laminin-
binding protein highly expressed on the surface of ECs easily
binds to YIGSR.® Therefore, critical preservation of the
nonthrombogenic and endothelialized surface is crucial, i.e.,
active components should be stable long-term.”" CAG has also
been utilized due to selectively promoting EC adhesion and
exhibiting a low adhesive tendency toward SMCs preventing
the formation of IH.”!

Isolated growth factors responsible for regulating angio-
genesis and modulation of endothelial cell function can also be
used to stimulate EC proliferation and migration. Such growth
factors include vascular endothelial growth factor (VEGF),
fibroblast growth factor-2 (FGF-2), transforming growth
factor-beta (TGF-f3), platelet-derived growth factor (PDGF),
hepatocyte growth factor (HGF), and recombinant human
tropoelastin (rhTE).”> Review papers by Gomes et al.”> and
Goh et al.”* have thoroughly documented the different types of
peptides and growth factors that have been used to promote
rapid endothelialization in cardiovascular applications. The
following section gives detailed descriptions of natural
biomaterials and their effect on IH.

4.1.2.1. Natural Polymers. Collagen and elastin are
responsible for the viscoelastic behavior of blood vessels,
together with the aid of SMCs through vasodilation and
vasoconstriction. Collagen was initially studied for use in
vascular grafts because of its naturally occurring presence in the
human arteries. Collagen, a component of natural ECM,
possesses excellent biocompatibility, provides biological signals
to adherent cells, and promotes tissue regeneration.”> The final
properties of collagen are determined by the isolation and
purification processes, type of cross-linking, and fabrication
technique. The most prevailing and investigated collagens are
types I and II, with type I being the most prominent.”””"”
Sources of collagen are calf bovine, porcine, and aquatic life. A
study by Lambert et al.”® investigated the immunological
response of vascular grafts coated with collagen from aquatic
and bovine sources. Their results indicated that the collagen

from freshwater fish elicited lower immunological reactivity to
bovine collagen in an animal model. As collagen is naturally a
thrombogenic material, using it as the luminal layer in vascular
grafts triggers platelet adhesion, activation, and aggregation,
which is one step towards healing, however, the graft occluding
as well.””®*® This was shown in a study by Kumar et al,®" where
they fabricated a vascular conduit comprising collagen fiber
networks and elastin-like protein polymers. They conducted
platelet adhesion and activation on various substrates: glass,
ePTFE, collagen, elastin, and their developed graft. They found
that glass had the largest number of adherent platelets,
followed by collagen, ePTFE, elastin protein polymer, and
protein composite conduits’ luminal surface. Different
strategies have been used to reduce the thrombogenicity of
collagen, including mixing with elastin, as shown in the same
previously mentioned investigation by Kumar et al,*" in which
a combination of elastin and collagen showed promising results
with patency results after 14 days in vivo with no thrombus or
visible intimal hyperplasia. In another study by Koens et al,,* a
three-layered porous graft (elastin—collagen—collagen) was
fabricated using highly freeze-dried, purified type I collagen
fibrils and elastin fibers. Comparing their graft with a heparin-
coated ePTFE commercial graft, in vivo results after 4 weeks
showed that the collagen—elastin grafts were fully occluded
with layered thrombi while only 25% of the ePTFE graft was
found to be occluded. Calcification was also observed in the
elastin layer.”

Elastin provides the necessary elasticity to support the
unique viscoelastic mechanical behavior of blood vessel walls.
The presence of elastin in the arteries aids in inhibiting smooth
muscle cell migration and proliferation and enhances
endothelial cell adhesion and proliferation.*> Incorporating
elastin into vascular implants has been shown to reduce
thrombogenicity and platelet adhesion and activation, trans-
lating to improved patency in vivo. Incorporating elastin in
collagen has been shown to improve elasticity and reduce the
thrombogenicity of collagen. A study by Wong et al.”” analyzed
the cellular response of PU/elastin, PU/collagen, as well as
PU/collagen/elastin. Seven days of culture of SMCs
demonstrated that collagen-blended PU scaffolds had the
highest cell number, increasing 2.83-fold over PU scaffolds. PU
combined with collagen and elastin increased cell proliferation
by 223, and elastin did not promote SMC proliferation
compared to unmodified PU. Wise et al.*’ electrospun a graft
with PCL and recombinant human tropoelastin, the soluble
precursor of elastin. Platelet adhesion tests confirmed that the
elastin-coated conduits reduce platelet attachment compared
to bovine serum albumin and collagen-coated surfaces. In the
same study, when platelet attachment was compared on PCL,
PCL/elastin, and PTFE graft, platelet adhesion was substan-
tially reduced on the PCL/elastin compared to bare PCL and
the PTFE graft.

Gelatin is denatured collagen, soluble in water, and proposed
here as a low-cost alternative to soluble collagen.”* Gelatin has
relatively low antigenicity compared to collagen, and it
possesses cell surface binding ligands RGD, which are
favorable for cell adhesion.® Incorporating gelatin in potential
vascular grafts or scaffolds increases the cell growth rate by
providing the required hydrophilicity and is widely used with
various materials such as PCL,* PLLA,*” PLA, PU,** PLGA,*
and PGA.’° Gelatin also reduces platelet and protein adhesion,
as shown by Johnson et al,”’ on coaxially electrospun PCL—
gelatin vascular scaffolds. The number of adhered platelets on
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coaxial PCL/gelatin fibers decreased by 75% compared to PCL
fibers. This was further proven by an in vivo study with the
same group. It was shown that the explanted multilayered
coaxially electrospun grafts revealed no blood clots or platelet
adhesion with no unfavorable systemic inflammation or
thrombogenic reactions after 3 months in vivo.”' To further
improve the immunogenic properties of gelatin, other
molecules such as heparin,92 bivalirudin,” functionalizing
with methacrylic anhydride,”* and drug loading, for instance,
with telmisartan,”® have been used. The most common
fabrication technique using gelatin for the blood-contacting
layer is mixing it with another polymer,”"° as a hydrogel,”
and forming a core—sheath structure (gelatin as the sheath and
a variety of polymers as the core).**”""*
Hyaluronan/hyaluronic acid (HA) is a naturally occurring
polysaccharide and a major extracellular matrix compo-
nent.”*”” It is a hydrophilic, non-adhesive (low molecular
weight HA), an antithrombogenic and non-immunogenic
biocompatible natural polymer. HA rapidly biodegrades, and
depending on the molecular weight, it is both mitogenic for
ECs and bacteriostatic.'” It can bind to the cell surface
receptor CD44 to modulate cell differentiation, migration, and
angiogenesis without eliciting any foreign-body response,
making it an intriguing material for vascular application.'"’
High molecular weight HA inhibits EC proliferation, whereas
low molecular weight HA oligosaccharides (0.75—10 kDa)
stimulate EC proliferation and migration. HA has also been
found to inhibit fibroblast proliferation, which is another action
that may assist in the prevention of graft occlusion.'” In
addition, HA has been noted to promote vascular smooth
muscle regeneration, which might not prevent IH in the intima
layer unless targeted for a specific goal layer, such as the media
layer.'”” Hyaluronan oligomers are biofactors that have been
shown to improve elastogenesis in adult cells, another positive
effect in the fight against IH when developing AVGs.'” Several
conducted studies have proved the nonfouling nature of
HA.'*%'% An esterified form of HA known as Hyaff-1, which
does not elicit an inflammatory response and degrades into gel
formation as found in the ECM, thereby suppressing a
macrophage-mediated response resulting from polymer degra-
dation, has also been reported.%’104 Despite the increases in
EC regeneration on the lumen of a developed graft, an in vivo
study using esterified HA by Pandis et al.'”* showed IH
formation after 30 days of implantation due to a geometrical
mismatch between the vena cava and prosthesis. IH formation,
however, decreased with increasing time points. HA can be
used in hydrogel form'*® and electrospun with PU,'"
collagen,'” and various other methods for the luminal layer.
Other ECM proteins and components that have been used
to enhance cell adhesion, proliferation, migration, and
differentiation are fibrin, fibrinogen, laminin, and fibronec-
tin.””'%” These proteins are derived from plasma proteins in
blood components. They are nontoxic, biocomgatible, and do
not trigger an obvious immune response.'”® Fibrin and
fibrinogen are involved in blood clotting during the
coagulation cascade'” and can be obtained from salmon,
human, or bovine sources. Fibrinogen is isolated from blood
plasma and cleaved with thrombin to form fibrin.''® Because of
the rapid degradation rates of fibrin, it is generally combined
with laminin, collagen, or HA to slow down the degradation
process.”® Laminin is a glycoprotein of the ECM that is
generally found in the basement membrane''' and contains
binding integrins (a,f;, a¢fi, @3f,), which mediate inter-

actions between ECs and vascular scaffolds.”® Fibronectin,
another ECM protein, interacts with cells via the integrins a3,
or a,ff;, which makes it a suitable bioactive protein for
endothelialization, and it is also known to play a pivotal role in
wound healing.''> These proteins may be used as coatings in
hydrogel form,"??''3 or otherwise combined with synthetic
polymers such as PLGA,''* PCL,'” and PU for electro-
spinning' "> and combined with other combinations of natural
polymers such as silk fibroin''' and fucoidan.''® In
comprehensive detail, Filova et al'” investigated the adhesion
and differentiation of ECs on ECM-derived proteins: collagen
type 1, laminin, fibronectin, and fibrin. Their results from
coated polystyrene with all four ECM proteins showed that
seeded ECs reached the same densities on all surfaces after 24
h. An increase in EC proliferation was visible only after 48 h
only for collagen 1 and fibronectin coatings.

Although not ECM-derived, silk is another naturally
occurring polymer with bioactive sites. Silk fibers are produced
from a wide variety of spiders and Lepidoptera worms;
however, most of the fibers used are obtained from the
cocoons of the Bombyx mori silkworm."'® Silk has been used in
a wide array of biomedical applications such as suturing and
ligatures, skin repair, retina replacement, drug delive
applications, tissue engineering, or implantable devices.*"'"”
The two active components of silk are fibroin and sericin. Silk
fibroin (SF) is the core filament of silk consisting of highly
organized f-sheet crystal and semicrystalline regions respon-
sible for silk’s elasticity.

In contrast, sericin is an antigenic gum-like protein
surrounding the fibers."'®""” The advantages of silk fibroin
as a biomaterial are good cytocompatibility, tailorable
biodegradability, suitable mechanical properties, and minimal
inflammatory reactions.”” Most studies with SF as a blood-
contacting layer in vascular grafts mainly use it as a porous
sponge inner layer or a coating on braided SF.

A common method of fabricating the luminal layer with SF
is gel spinning, which mimics spinning silk protein in
silkworms. The diverse winding and postwinding processing
options enable the construction of the final material to be
controlled, and fiber diameters smaller than a few microns can
be produced.''® The gel-spinning process relies on high
concentration (i.e, >20% w/v) silk solutions. This helps in
maintaining the shape of the artificial grafts when extruded due
to increased crystallinity of the viscous solution.'*’ A couple of
studies have shown that the use of SF in the luminal layer aids
in preventing the formation of IH in vascular grafts. For
instance, in a study by Tanaka et al,”’ they coated a PET
braided graft with a silk fibroin sponge and compared it to a
gelatin-coated graft. Three months after in vivo studies, tissue
remodeling was high in both grafts; however, signs of
thrombus formation and intimal hyperplasia were observed
in the gelatin-coated PET graft shown by the higher percentage
of macrophages and not in the SF-coated PET graft. In another
study by the same group,'*' a 0.9 small-diameter braided SF
vessel was coated with an SF sponge and implanted into mouse
carotid arteries. Despite showing a high mean endothelial
coverage, the patency rate was not high enough (13.3%) after 6
months in vivo, and thrombosis was sighted as the cause of
stenosis.'”' In another study by Fukayama et al,''” an SF
coating in various concentrations was applied to a double-
raschel knitted small-sized vessel. The results showed that a
concentration of 2.5 wt % was the optimal concentration after
in vivo implantation in terms of enhanced tissue infiltration
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and preventing IH. However, excessive vascular intima by
smooth muscle cells was observed in 5.0 and 7.5% SF coating
and was responsible for stenosis after 3 months. In order to
further improve the biocompatibility of SF, anticoagulants such
as heparin or sulfonated SF may be utilized to combat the
minimal immune adverse response that SF may elicit. Zhang et
al.”" modified a 4 mm commercial ePTFE graft with sulfonated
SF. After 3 months in vivo, endothelial cell adhesion and
proliferation on a sulfonated SF-coated graft (84%) was much
better than that on the bare ePTFE (11%), and hardly any
thrombosis was observed in the SF-modified grafts. These
results indicated that the SF-modified experimental grafts
might have good long-term patency due to the anticoagulant
function of the SF film and rapid formation of the
endothelium, which can prevent blood vessel thrombosis or
intima hyperplasia. Liu et al.'* fabricated a SF bilayered graft
from a braided inner layer containing heparin and a highly
porous lyophilized outer layer. Platelet adhesion was reduced
significantly with increasing heparin concentrations, and blood
compatibility was effectively enhanced with the introduction of
heparin.

Chitosan is a natural hydrophilic polymer (polysaccharide)
with sufficient mechanical strength in its wet state, with the
presence of reactive groups and antibacterial properties. It is a
natural amino polysaccharide capable of absorbing large
amounts of water, second to cellulose and chitosan hydrogels.
Like other polysaccharide-based hydrogels, it partly mimics the
glycosaminoglycan components of the ECM. The biodegrada-
tion of chitosan can be optimized by changing their degree of
acetylation.'”’ However, one disadvantage of chitosan is its
poor hemocompatibility because the cationic profile causes the
unnecessary adhesion of negatively charged platelets, limitin
its application in vascular tissue engineering.'** Aussel et al.'>"
investigated the potential use of chitosan in vascular grafts, and
they concluded that endothelial progenitor cell (EPC) viability
and migration were greater on the plastic control than on
chitosan hydrogels. However, with in vitro hemocompatibility
tests, the results were more promising, with the chitosan
hydrogels being nonthrombogenic and “nonactivating”. This
was further supported by the short-term in vivo studies, which
showed that the chitosan hydrogels did not induce chronic
inflammation.'**

Another naturally occurring polysaccharide is alginate, which
is composed of A-p-mannuronate and a-L-guluronate.
Divalents such as Ca’, Sr**, and Ba’* render alginates
insoluble in water. In the presence of these divalents, the
alginates form chains, subsequently leading to gelation. Due to
their biocompatibility and nontoxicity, alginate gels have been
used in biomedical applications such as dental impressions,
drug delivery devices, and as immobilization matrices for
cells."*

Apart from natural polymers like the ECM-derived
polymers, which contain bioactive molecules for the promotion
of rapid cell adhesion, proliferation, migration, and differ-
entiation, other compounds may be used in association with
these natural polymers to enhance re-endothelialization of an
AVG and deter the nonspecific protein and platelet adhesion.
These compounds include anticoagulants, drugs, and antifoul-
ing materials.

4.1.2.2. Anticoagulants. Anticoagulant modifiers, such as
zwitterionic polymers, hydrophilic PEG, growth factors, and
heparin, have been widely investigated in blood-contacting
materials. It is critically important for vascular graft surfaces to

maintain long-term antithrombotic performance until com-
plete endothelialization is done.'”° Activated platelets and
thrombin promote NIH by their mitogenic effects on SMCs,
so techniques that reduce graft thrombin activity may have
more far-reaching effects on graft patency.'”” Heparin is a
glycosaminoglycan (GAG) composed of alternating glucos-
amine and uronic acid sugars and is extensively sulfated to
confer a high degree of negative charge. Heparin is stored in
mast cells and secreted by endothelial cells, thereby forming
part of the blood vessel extracellular matrix. Heparin has both
anticoagulant properties and vascular smooth muscle cell
antiproliferative properties, and it shows these properties both
in vivo and in vitro."**"*® It has also been extensively applied
for thromboembolic disease treatment, as well as cardiovas-
cular and peripheral vascular surgery.'”” The application of
heparin in vascular grafts is widespread. However, the major
setback is its controlled, long-term release and hemorrhagic
effect. Methods used to impart heparin into vascular grafts
include physical conjugation methods such as gas plasma,
straight mixing with sulfated biopolymers, and coaxial
electrospinning. Chemical conjugation methods contain
covalent and ionic bonding."** Zhu et al.%* covalently bonded
heparin with PEG to poly(ester urethane)urea (PEUU) and
resulted in no thrombosis within the lumen after 30 days in
vivo.

The PEG and heparin enhanced the anticoagulant capacity,
conferred rapid endothelization by increasing the surface
wettability, and limited intimal hyperplasia. In a study done by
Yao et al.'** The functional groups in chitosan were utilized to
immobilize (ionic bonding) heparin into PCL electrospun
grafts, resulting in the sustained release of heparin within a
period of more than 1 month. This was further demonstrated
by freedom from thrombus, better endothelialization, and
patency for the heparin-functionalized PCL/CS grafts
compared to the control group after 1 month in vivo. In
another study, Wang et al.’? incorporated heparin by coaxially
spinning it into poly(L-lactide-co-&-caprolactone) (P[LLA-
CL]) nanofibers. This method allowed the continued release
of heparin for 12 weeks. There is a specific affinity between
heparin and angiogenic growth factors, and heparin has the
capability to increase the stability against thermal denaturation
and enzymatic digestion in physiological conditions of
polypeptides. Based on this notion, some researchers combine
polypeptides (such as QK, RGD, REDV, and YIGSR) and
growth factors (VEGF) with heparin and impart them into
different polymers. This further promotes rapid endothelializa-
tion together with the anticoagulative and antiproliferative
properties of heparin,'>>'3"!3*

Nitric oxide (NO) is responsible for modulating the
activation and adhesion of leukocytes. It possesses antithrom-
bogenic properties and provides antiproliferative and migration
inhibitory effects on smooth muscle cells which maintains the
vascular smooth muscle in a nonproliferative state, preventing
adverse vascular remodeling. Moreover, it stimulates EC
proliferation and provides anti-inflammatory and antiathero-
genic effects by the inhibition of apoptosis.'>® Strategies of
incorporating NO in vascular grafts include incorporating
known NO donors (S-nitrosothiols (RSNOs), S-nitrosoalbu-
min (AIbSNO), S-nitrosoglutathione (GSNO), S-nitrosocys-
teine (CysSNO)), where some copper- or selenium-containin
species can accelerate the decomposition and release of NO.°
Another method is directly desi%ning NO-releasing and NO-
generating polymeric materials. °* The drawbacks of NO
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donors are limited storage, burst release, and toxicity caused by
leakage, and thus, long-term efficiency and graft patency could
not be guaranteed. In situ catalytic NO generation is a better
approach to incorporating NO in vascular grafts. Enayati et
al."** used an NO donor, S-nitroso human serum albumin, in a
PCL electrospun graft.

After implantation, the modified graft promoted full
endothelialization after 2 weeks and bare PCL at 4 weeks. It
was shown that 80% of the grafts in 2 weeks and 67% of the
grafts in 4 weeks demonstrated suppressed cell migration and
proliferation entirely within the graft walls due to nitric oxide.
After 12 weeks, however, only 40% of the modified grafts
revealed no signs of thrombus formation and intimal
hyperplasia. In another recent study, Zhang et al."* utilized
the catalytic ability of Cu®" to generate nitric oxide from
endogenous S-nitrosothiols using copper metal—organic
framework (MOF) nanoparticles in electrospun polycaprolac-
tone fibers. After 2 weeks in vivo, the bare PCL grafts were
barely covered by endothelial cells and had adhered platelets
on the luminal surface.

In contrast, the Cu-MOF-modified PCL grafts were almost
completely covered with ECs, indicating rapid endothelializa-
tion with NO release. SMCs around the bare PCL scaffolds
were the a-SMA-positive, synthetic phenotype, and a thinner
neointimal hyperplasia formation was seen in the Cu-MOF
scaffolds.

Furthermore, the NO generation rate of Cu-MOF scaffolds
remained as high as before implantation. Wang et al."*® used
gold nanoparticles as the catalytic agent immobilized on a PET
graft by keratin—dopamine conjugates to catalyze NO from S-
nitrosoglutathione. Apart from the rapid endothelialization,
reduction in HUASMCs’ viability and reduced platelet
adhesion were noticed for a short period.

Further investigation on the duration of NO generation and
in vivo tests need to be conducted for this study to be
comparable to other research."** Monitoring of the concen-
tration of NO released from a scaffold is crucial to ensure that
it is not cytotoxic or causes desensitization of the host tissue. In
a human vessels, the range of NO released ranges from 0.5 to 4
% 107'° mol/cm?/min.">”

Another anticoagulant that has been recently used is
fucoidan, which is a sulfated polysaccharide isolated from
brown algae. Fucoidan has numerous biological properties,
including anticoagulant, anti-inflammatory, antioxidant, anti-
bacterial, antiviral, and anticancer properties.””*'** Yao et
al."”*” used fucoidan to modify PVA films for vascular
applications. Fucoidan on PVA substantially improves the
endothelial cell adhesion and coverage while maintaining the
hemocompatibility of PVA. In addition, the in vivo tests
exhibited promising results with a higher patency rate and
remarkably lower intimal hyperplasia formation for the
fucoidan-modified PVA small-diameter grafts. Another antico-
agulant that has been used is dextran. It is a polysaccharide
with multiple effects in coagulation homeostasis, including the
inhibition of platelet activation, diminishing fibrin polymer-
ization, decreasing blood viscosity, and decreasing erythrocyte
rouleaux formation that can improve hemocompatibility.'*

4.1.2.3. Antifouling Agents. Surface functionalization with
antifouling agents can elevate the antiadhesive ability of
synthetic vascular grafts to improve their overall thrombor-
esistant properties. Increasing the surface wettability to a
superhydrophilic surface enables the resistance against protein
adsorption. Hydrophilic surfaces resist the adhesion of fouling

agents to the material surface through the formation of a
physical barrier known as a hydration layer. The most common
polymer used for nonfouling in biomedical applications is
polyethylene glycol (PEG) and its derivatives. However, PEG
is not effective for long-term vascular applications due to its
autoxidation when exposed to oxygen and transition metal ions
within the blood. Zwitterionic polymers are also known as
superhydrophilic and nonfouling materials. They have cationic
and anionic moieties on the same chain while the overall
charge remains neutral. Zwitterions usually include phospho-
betaine, sulfobetaine, and carboxybetaine. Other polymers also
used are 2-methacryloyloxyethyl phosphorylcholine (MPC), a
custom methacrylate with a zwitterionic phosphorylcholine
moiety on the side chain, and poly(2-hydroxyethyl meth-
acrylate) (pHEMA), an FDA-approved biocompatible polymer
for soft contact lenses. " Various methods have been used for
functionalizing the surface, such as spin-coating, surface-
initiated atom transfer radical polymerization (SI-ATRP),
and covalent bonding.®* A study by Ji et al.'"** combined the
nonfouling properties of carboxybetaine methacrylate with the
endothelial cell-selective peptide (REDV). Results showed
enhanced hemocompatibility with fewer platelets attached to
carboxybetaine-REDV coating and prolonged plasma clotting
time than on the uncoated glass surface. A comparison of the
adhesion of seeded HUVECs and HUASMCs proved that the
REDV peptide helped achieve specific binding of HUVECs. In
addition, HUVECs on the modified surface exhibited spread-
ing morphology and reached confluence, whereas HUASMCs
on the surface contracted, and no noticeable proliferation was
observed. These findings indicate that the use of carbox-
ybetaine methacrylate with REDV might have potential use in
promoting rapid endothelialization as well as suppressing the
formation of IH.'**

4.1.2.4. Drug Loading. The addition of pharmaceutical
components to a vascular scaffold has been used to enhance
the patency of the conduit. Either antithrombotic (acetylsali-
cylic acid (ASA, aspirin), dipyridamole), antiproliferative
(paclitaxel), or bifunctional (cilostazol and clopidogrel) drugs
are used for this purpose. Antithrombotic drugs delay platelet
adhesion and aggregation on the lumen of the grafts without
interfering with the endothelialization process. This is unlike
the topical release of antiproliferative drugs, which reduce
neointimal formation, and correlated with delayed endotheli-
alization, resulting in an increased risk of thrombosis.'*>'**
Various methods have been used to incorporate these drugs in
vascular conduits, such as using polymeric substrates for
chemical immobilization, coating, and gel beads. However, the
most common method by far has been electrospinning with
biodegradable polymers to control the dosage and sustained
release of the drug into the circulatory system. A study by
Punnakitikashem et al.'*® attained a 91 day release of
dipyridamole incorporated in an electrospun polyurethane
scaffold. Their results showed an increased HAEC viability
with increasing concentration of the drug, in contrast to other
research.'*’ There was also improved nonthrombogenicity and
SMC proliferation inhibition with higher doses of dipyrida-
mole."” In another study, Yang et al>* loaded a PCL
electrospun graft with the drug rapamycin (antiproliferative) to
combat IH. At 12 weeks, the grafts showed reduced IH
without compromising on the re-endothelialization of the
grafts.

4.1.3. Effect of Surface Topography. The architecture of a
vascular scaffold or graft has a significant impact on the
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endothelialization of the conduit. When cells interact with the
scaffold or graft, they sense the topography, roughness,
microgrooves, ridges, micropores, wells, and nodes of the
scaffold, which are then used as directional cues for growth.'*®
The scaffold or graft microstructure influences the cell shape,
attachment, migration, and proliferation rate, affecting their
functionality. Dong et al.'®* conducted a comprehensive study
on the effect of topography on the luminal surface of vascular
grafts, considering both hemocompatibility and endothelializa-
tion. They used PCL as the substrate in the form of nano- and
microsized fibers as well as a smooth film surface. The water
contact angle was the highest on the nanofibers and lowest on
the smooth surface. Most platelets and plasma proteins were
adsorbed on the nanofibers, followed by microfibers, with
markedly reduced adsorption on the smooth surface. The
number of HUVECs adhered to the smooth surface substrates
was significantly higher than the number on the other
substrates at 2 h. However, there was no difference in the
number of adhered HUVECs among the three groups at 6 h.
Overall results showed that smooth surface substrates could
effectively promote initial HUVEC adhesion, spreading, and
proliferation better than the other substrates. Only the cells on
the microfibers were spindle-shaped.'®* With contrasting
results, Zorlutuna et al.”® studied the effects of nanopatterned
aligned grooves on VSMC cell guidance using collagen type 1
films with parallel channels of equal groove and ridge widths
(650 nm by 300 nm depth, SO0 nm by 250 nm depth, and
332.5 nm by 200 nm depth). Their results showed that cell
adhesion was higher when the pattern dimension was smaller.
However, by day 21, the difference in the cell numbers had
gradually decreased to a level where there was no appreciable
difference with pattern size. Cell adhesion on the nonpatterned
films was lower, and there was no orientation of the cells on
the films.

The same study by Dong et al.'** showed that smooth graft
surfaces inhibited platelet adhesion and activation, suppressed
fibrinogen adsorption, and enhanced EC monolayer formation.
An aligned topography aids the direction in which the cells
migrate. It produces spindle-shaped ECs, which can be likened
to the naturally occurring shape in native arteries. Wang et
al.'® confirmed the aligned formation of resident ECs induced
by an aligned nanotopography. The ECs were seeded on a
vascular graft with an inner layer fabricated from aligned
heparinized silk fibroin and PCL nanofibers. From the given
examples above, it can be shown that surface roughness and
the presence of physical cues on the graft material and the
presence of physical cues on the graft material can affect
hemocompatibility and cell behavior, including cell attach-
ment, migration, and proliferation. The processing technique
used in the fabrication of a scaffold directly affects the final
topography in the luminal layer as well as the spatial required
for cell migration. Techniques like electrospinning and
hydrogel formation may be manipulated to provide the
physical cues for cell adhesion and migration and provide
the space required for proliferation.

4.1.3.1. Nanofibrous Structure. Electrospinning has pre-
sented itself as a highly favorable method for fabricating
vascular grafts due to its versatility and ease of use. Native
vessels present ordered multiple structures on the tubular
geometry at a macroscogic level and the fibrous architecture at
the nanometer scale.'” Nano- and microdiameter fibers
produced by electrospinning mimic the arrangement of
connective tissue fibrillar proteins as well as exhibit a large

specific surface and high permeability, which is desirable in a
biological setting.”> The porosity and pore sizes in electrospun
scaffolds depend on the fiber diameter and their packing
density which can be easily controlled by adjusting the
properties of the polymer solution and the processing
conditions. Despite garnering a reputation for being one of
the most favorable fabrication methods for vascular scaffolds or
grafts, most electrospun scaffolds often have tiny pores
(diameter <6 ym) and low interconnecting porosity, which
is a hindrance to cell adhesion, infiltration, and tissue
regeneration.m6 However, this can be an advantage, as Gostev
et al.'"” with electrospun PU vascular grafts. Results showed
that the small pore size of the electrospun grafts hindered the
infiltration of blood in the walls and hence blood cells, thereby
reducing the risk of leakage and calcification.'®’”

In theory, the rate of endothelialization should increase with
a nanofibrous surface because a nanofibrous surface mimics the
structure of the ECM. However, most researchers report a
more rapid endothelialization rate with a microporous
structure instead of a nanofibrous structure. Bergmeister et
al."®® studied the effect of graft porosity on cell migration both
in vitro and in vivo with fine (2 gm) and coarse mesh (4 ym)
electrospun PU grafts. Their results showed that early cell
attachment seemed to favor the finer mesh graft over the
course mesh in vitro. However, the in vivo study showed that
the coarse mesh had cell populations higher than those of the
fine mesh. When cell proliferation and infiltration were
compared between nanofibrous and microfibrous electrospun
structures, the latter showed to be highly favorable. The
researchers concluded that it is due to the link between fiber
diameter and pore size, where microsized fibers provide a
larger surface area for cell attachment, and hence the larger
pore size facilitates rapid migration and proliferation of the
cells."® In contrast, in a study by Yin et al,,'®® ECs seeded on
nanoscale fibers showed enhanced cellular orientation and
focal adhesion compared to that on microscale fibers. In
another investigation by De Valence et al,'”® there was no
difference in the endothelialization rate for the nano- and
micro-PCL electrospun fiber sizes of the correspondin
porosities (3.3 and 9.1 um, respectively) of the scaffolds.'**"”

4.1.3.2. Hydrogel Structure. A hydrogel is a three-
dimensional (3D) network system full of water as a dispersion
medium. Biological hydrogels possess the advantages of porous
structure and high water content, and with adequate cross-
linking, they possess viscoelastic properties comparable to
those of native arteries.">” They have been utilized in the field
of highly compliant vascular grafts."”" This structure facilitates
rapid endothelialization regardless of the material used. The
downside to using hydrogels in the luminal layer is the
dislodging of hydrogel particulates, similar to what happens
with a thrombus or embolus. The risks involved are stroke,
heart attack, and pulmonary embolism.'”” When a hydrogel is
used, care has to be taken to ensure minimal damage to the
hydrogel occurs.

Most natural materials like gelatin, chitosan, fibrin, and
alginate can be made into hydrogel form. One of the most
popular synthetic materials processed as a hydrogel is
poly(vinyl alcohol) (PVA). PVA is a synthetic, hydrophilic
polymer widely used in biomaterial applications. It is produced
by polymerization of vinyl acetate to poly(vinyl) acetate
followed by hydrolysis of polyvinyl acetate to poly(vinyl
alcohol). PVA must be cross-linked in order to be useful for a
wide variety of biomedical applications such as contact lenses,
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Figure 3. (a) Schematic of arterial response to increasing pressure. (b) Effect on compliance.

wound dressings, local drug delivery systems, and catheters."*’

PVA hydrogels possess good tissue-like elasticity, a highly
cross-linked network, and a favorable porous structure, which
can deliver active molecules, load cells, and guide tissue
remodeling.'”” Tt has been reported that PVA demonstrated
low platelet adhesion and low thrombin generation time.'”*
However, PVA hydrogel for a vascular graft showed that the
modified PVA with fibronectin, RGDS peptide, cyclicRGD
(cRGD) peptide, and heparin showed platelet adhesion similar
to that of ePTFE and unmodified PVA. However, the modified
PVA had an increased endothelial cell proliferation.'”
Endothelialization of PVA surfaces is a major limitation and
can be overcome by modifying biochemical and topographical
cues to improve its bioactivity without compromising
hemocompatibility. Polypeptides such as fibronectin, peptide
(RGDS and cRGD), and lysine, as well as the anticoagulant
heparin may be used for this purpose.'”* Although advanta-
geous, porous structures created with different fabrication
techniques may have detrimental effects, as well. The following
section will discuss the factors to be aware of and the optimal
pore structure and size to aim for when fabricating the luminal
layer of vascular scaffolds.

4.1.4. Porosity. Porosity and pore size distribution play an
important role in the structure and remodeling of a vascular
graft. A porous luminal surface plays an important role in
stabilizing the intima and aids in the infiltration of cells. It also
allows the exchange of nutrients and waste between the seeded
cells and the surrounding environment.'”'”> A porous outer
surface is also essential as it enhances the penetration of peri-
graft tissue, acting as an anchor and inhibiting graft kinking.118
The pore size that would permit adequate cellular infiltration
has been suggested to be greater than 10 um."'®> A pore size of
<10 pm has been reported to hinder cells from entering the
scaffold, resulting in a scar plate of collagen and encapsulation
of the construct.'’® As pore size and surface area are inversely
proportional and cells have been reported to be able to fit
themselves and deform to migrate through smaller pore sizes,
therefore, the pore size and surface area need to be optimized
to ensure that functional cells may regenerate.'”” Different
techniques can produce porous structures, including electro-

spinning, particulate leaching, phase separation, freeze-drying,
gas foaming, and 3D printing. Of all these techniques,
electrospinning and phase separation are the two facile ways
to generate nanofibers in the same size range as the native
extracellular matrix."”®

As much as porosity is encouraged in vascular grafts, a very
porous structure can cause adverse effects by allowing
penetration of the blood components into the graft walls,
leading to entrapment of clot-inducing cells, and ultimately
resulting in blood clot formation. This was confirmed by Gupta
et al.'”” when they fabricated bilayer grafts from two types of
silk: Antheraea assama and Bombyx mori silk. The inner layer
was a very porous structure fabricated (pore size = S ym and
overall porosity = 90%) using freeze-drying, and the outer layer
was made by electrospinning. Their results indicated that one
of their grafts experienced acute thrombosis attributed to larger
pore sizes.'””

After all the factors mentioned above have been considered,
and a luminal layer with bioactive components that enhances
rapid endothelialization and deter platelet adhesion has been
successfully fabricated, the fabrication of a mechanically sound
second layer may commence. The following section discusses
the factors to consider and the work already carried out to
create a viscoelastic AVG with compliance matching that of a
natural vessel.

4.2. Second Layer (Mechanical Reinforcing Layer). In
the dynamic mechanical environment, the artificial graft or
scaffold is instantly exposed to pulsatile pressure; thus, a
balance between strength and compliance must be achieved.
As mentioned before, neither too much nor insufficient
compliance in the graft is appropriate to ensure optimal
shear stresses within the vessel. Because of the strong
correlation between graft compliance and patency of
autologous vessels and AVGS, compliance is one of the key
areas when designing an AVG.'®" The structure of collagen
and elastin determine the mechanical properties of an artery.
Elastin fibers (elastic modulus: ~0.6—1 MPa) bear the initial
strain imposed by pulsatile pressure. With increasing pressure,
the coiled collagen fibers (elastic modulus around ~1 GPa)
straighten up and substantially stiffen to bear the increasing
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load and protect the vessel from bursting.'*""'** The schematic
in Figure 3 shows the response of the arterial wall to increasing
pulsatile pressure and its effect on compliance.

Recent research on the mechanical reinforcing layer focuses
on utilizing elastomeric materials and biomimicry. In order to
match the biomechanical properties of arteries, artificial
vascular grafts have to match the nonlinear behavior shown
by arteries. Most researchers have been utilizing polymer
mixtures of mainly elastomeric and non-elastomeric materials
along with combining fabrication techniques. The challenge
with this layer is balancing the compliance of the graft to the
burst pressure, as these properties are inversely related.
Controlling the thickness is one way; however, some properties
such as suture retention and kink resistance are sacrificed, as
well."®" This section will focus mainly on biostable polymeric
materials or polymers that are known to last for more than 3
months post-implantation in order to maintain the mechanical
integrity of the vascular graft.

4.2.1. Elastomeric Biomaterials. Biomaterials, currently
being investigated for use in vascular grafts, span a broad range
of chemical and mechanical properties but can be broadly
categorized as nondegradable and degradable. Nondegradable
biomaterials are composed of synthetic polymers of ePTFE,
PET, PET, polycarbonate, and polysiloxane-based PUs while
slow degrading materials are composed of natural and
synthetic polymers such silk, PCL, PLCL, and PU.”
Degradable materials offer the advantage of allowing the
infiltration of cells as the material degrades over time. Despite
the theoretical advantages of using degradable materials in
vascular grafts, their practical use is considerably limited as the
rupture of a VG wall may be a lethal event. Furthermore, an
increase in the wall strength synchronous to its degradation at
the expense of the newly formed tissue may depend on the
patient’s state (age, comorbidities, and regenerative ca-
pacity).'®” To achieve biomechanical properties which mimic
the viscoelastic properties of a human artery, the choice of
polymer and their combination, together with the fabrication
technique, has profound effects on the resulting properties of
the SDAVG. As the target of this review is for SDAVGs
targeting the lower limbs, long-term mechanical integrity is
also a factor that needs to be addressed.

4.2.1.1. Silk. The properties, structure, and origins of silk
have been discussed in the previous sections of this review
(4.1.2.1). In the second layer of a vascular graft, silk is mainly
used for its slow degradation in vivo, depending on the cross-
linking and elasticity.''® Its mechanical properties depend on
the origin of the silk and the processing techniques used. The
elasticity and softness of SF are limited due to its highly
crystalline -sheet structure.”’ The construction of the fibers in
this layer determines the elasticity of the final structure. Most
studies using SF to fabricate vascular conduits use braiding,
knitting, gel spinning, or electrospinning techniques to
enhance the elasticity and the required strength in the final
graft. In an investigation done by Filipe et al,'*’ they
fabricated small-diameter vascular grafts from electrospun SF.
They evaluated the mechanical properties compared to a
commercial ePTFE graft and native rat aorta. Electrospun silk
scaffolds revealed a Youngs modulus of 4.2 + 0.5 MPa, not
significantly higher than the native rat aorta (2.1 + 1.0 MPa)
and 7.6-fold more elastic than ePTFE (31.9 + 1.3 MPa).
Ultimate tensile strength results showed that, though silk is not
as strong as ePTFE, it is more closely matched to the native rat
aorta, reducing problematic compliance mismatch. By

investigating the extent of neointimal formation over time
and the phenotype of the SMC present, results suggested that
hyperplasia stabilized by 6 weeks in SF grafts. Endothelializa-
tion is also almost complete, which potentially contributes to
the reduced proliferation of SMCs. Contrary to the SF graft,
the ePTFE remained uncovered to a great extent, even at 24
weeks.'®® Tanaka et al.'"®* prepared an SF vascular graft from a
double-raschel knitted mesh with an SF sponge. The
longitudinal suture retention strength, circumferential tensile
strength, and circumferential compressive elastic modulus of
the SF grafts were 6.4 + 0.6 N, 51.0 + 3.0 N, and 0.013 +
0.002 N/mm?, respectively. These grafts were implanted in the
femoral artery of dogs, and results were obtained at 3 months,
S months, and 1 year post-implantation. Occlusion due to
thrombus formation was observed 4 weeks post-implantation
in one case. In the remaining five cases, no thrombus
formation, intimal hyperplasia, or aneurysm developed."**
The use of SF as a vascular graft has been proven to increase
the patency of the graft by preventing thrombosis as well as IH.

4.2.1.2. Polycaprolactone (PCL). PCL is a hydrophobic,
highly crystalline, comparatively elastic polymer with a long
degradation time (more than 18 months in vivo). PCL is
favorable as a material for vascular grafts as it is nontoxic.
However, its hydrophobicity, poor cellular activity, and
hypersensitivity to plasma proteins make it unsatisfactory for
solo application. With the intent to produce an SDAVG with
nonlinear mechanical properties, Ahn et al.'® fabricated a
triple-layered graft with a negative Poisson’s ratio (auxetic
material). The first layer was made by electrospinning
(thickness 200 pm), the second layer (thickness 200 ym) by
3D printing, and the third layer (400 um) by electrospinning
of polycaprolactone. The luminal electrospun layer consisted
of nanosized fibers, and the outer layer consisted of microsized
fibers. The medial layer was designed to have a negative
Poisson’s ratio (NPR) or positive Poisson’s (PPR) properties.
Results showed that the PPR scaffold had a Poisson’s ratio of
0.443—0.822 and the NPR graft of 0.750—0.533. The
compliance of the NPR and PPR scaffold vascular scaffold
was 1.7 times higher and 3.8 times higher than a commercial
polytetrafluoroethylene (PTFE) graft, respectively. A limitation
of their study was that they did not conduct in vivo studies to
determine the patency rate of their grafts compared to
commercialized grafts. Furdella et al.'®® measured the
compliance of the abdominal aorta of a Sprague—Dawley rat
and tested the effect of hypocompliant (Dacron and
polytetrafluoroethylene), matched, and hypercompliant elec-
trospun PCL/gelatin graft in vivo. Their results showed that
stiff grafts had an increased percentage of endothelialization
compared to that of the compliance-matched graft. However,
after 28 days in vivo, mechanical stimulus provided by the
compliance-matched constructs demonstrated a more favor-
able cellular environment with increased collagen production
in the middle location in the lumen. The hypocompliant grafts
showed indications of a proinflammatory environment
compared to the other two types of grafts. Despite the
favorable remodeling, both the hypercompliant and matched
compliant grafts were challenging to handle during implanting
and had significantly lower undesirable suture retention than
the hypocompliant grafts. Overall, the patency rate was 81% for
all types of grafts.

4.2.1.3. Poly(i-lactide-co-e-caprolactone) (PLCL). The
PLCL copolymer comprises a soft matrix of e-caprolactone
moieties and hard domains containing L-lactide units. Poly-
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(lactide) is a crystalline hard and brittle material, whereas
poly(e-caprolactone) is a semicrystalline material with rubbery
properties. The monomers used in this system differ
significantly in mechanical properties and time to reach
complete mass loss. However, once physically cross-linked in
specific monomer ratios, the system exhibits rubber-like
elasticity. The mechanical properties can be adjusted by
changing the content of PLLA and PCL. The higher the PCL
content, the more elastic and flexible the material is.*' Using
PLCL, Zhang et al.'*’ fabricated a triple-layered biomimetic
scaffold from PLCL and silk fibroin. The inner layer was
fabricated by electrospinning and comprised a more significant
amount of PLCL (SE/PLCL = 30/70) to reduce its stiffness.
Heparin was also covalently bonded on this luminal layer to
further improve the hemocompatibility of the graft. The
middle layer had equal amounts or a larger proportion of SF
(SF/PLCL = 50/50 or 70/30) to increase the stiffness and
create a mechanical gradient similar to that seen in vivo. A
braided silk-reinforced tube was chosen as the outer layer to
prevent the vascular wall from rupturing. Both grafts had
compliance values in the range of the saphenous vein.
However, lowering the proportion of PLCL in the middle
layer was shown to lower the compliance of the final graft. No
tests for SMC proliferation were conducted to determine the
effect of compliance on IH. In another study, Kim et al.'®
reported the fabrication of a bilayered PLCL graft by a gel
spinning molding technique, resulting in a graft with high
tensile strength and high elasticity (550—670% elongation-at-
break) and no leakage.

4.2.1.4. Poly(glycerol sebacate) (PGS). PGS is a flexible,
nonthrombogenic, biodegradable elastomer produced by
polycondensation of glycerol and sebacic acid monomers."*’
Its elastomeric mechanical properties are due to covalent cross-
links between random coils and hydrogen bonding between
hydroxyl backbone groups.'”” PGS has a superior cellular
response to other biode_;radable polyesters (e.g., PCL) due to
its hydrophilic nature.'”® PGS undergoes complete degrada-
tion in vivo within 6 weeks, so it is generally used with other
polymers such as PCL.*"

4.2.1.5. Polyurethane-Based Polymers. Polyurethanes have
been used as biomaterials for continuously flexing chronic
implants due to their excellent compliant viscoelastic proper-
ties. However, their major drawback in such applications has
been their variable clinical results and their tendency to
degrade uncontrollably, leading to aneurysm formation.'”" The
first section of this review paper described the properties and
types of PUs used in vascular grafts. PU has high elastic
recovery at low strains comparable to arteries; however,
arteries tend to display an earlier and more robust strain
hardening region at higher strains. Dempsey et al."*" used a
segmented PU to allow elastomeric stretching of the soft
segment matrix dominant at low strains followed by the hard
domain to combat this problem. As the strain increased,
rotation/shear and strain-induced crystallization of the soft
segment. They utilized PCU with semi-interpenetrating
polymer networks of methacryloxypropyl and (3-acryloxy-2-
hydroxypropoxypropyl)-terminated PDMS. Although the
resulting graft had compliance levels similar to those of
natives, a decrease in burst pressure was also observed. To
achieve biomimetic biomechanical properties with PUs, recent
research has shown that mixing a highly compliant material
such as PU with a stiff material will attain the desired
viscoelastic properties that match those of the native artery. In

order to mimic the collagen/elastin viscoelastic behavior in
arteries, Caracciolo et al."”” used poly(r-lactic acid) (PLLA)
and segmented polyurethane (PHD) to produce an electro-
spun vascular conduit. Based on the collagen/elastin ratio of
muscular arteries, PLLA/PHD 50/50 and 90/10 blend ratios
were selected as the SDVG inner and outer layers to mimic
native “media” and “adventitia”, respectively. The prepared
grafts exhibited comparable mechanical behavior under
dynamic loading cycles to the greater saphenous vein. Zhang
et al.'” optimized the thickness and homogeneity of the wall
in relation to the compliance of an SDAVG by combining wet
spun TPU in the first layer, knitted Spandex middle layer, and
again TPU spray coating. Although the developed graft had
high strength and elasticity, its compliance did not match the
native vessels.

To match the nonlinear behavior of arteries and prevent
graft leakage, Mi et al.'”* fabricated a triple-layered graft with
braided silk fibroin as the inner layer to promote rapid
endothelialization, prevent IH, and mimic the collagen
behavior at high strain. PAM hydrogel was used as the middle
layer to prevent leakage, and the outer layer was made of TPU
to mimic the high elasticity of elastin. Their results showed
that the introduction of PAM greatly improved the burst
pressure. Furthermore, the HUVECs’ viability and proliferation
rate on the PAM hydrogel were superior to those of the
braided silk and TPU, which meant the order of materials
would need to be exchanged for optimal endothelialization.
The main limitation of this graft was that cells were mainly
grown on the surface of the materials due to the dense
structure of the overall graft. The mechanical properties closely
mimicked the complex behavior of the natural artery, but the
presence of suppression of IH was not investigated.

Khodadoust et al.'”” fabricated a vascular graft from PU and
PET nanofibers targeting biomimicry of biomechanical proper-
ties of arteries. They compared the compliance of electrospun
PU, PET and PU/PET hybrid grafts. The PU graft was
hypercompliant (~3 times greater), while the PET graft had
lower compliance (~2 times lower), which was not favorable.
The PU/PET graft showed compliance of (4.468 + 0.177%/
0.01 mmHg) in the same range as the saphenous vein.

4.2.2. Structural Factors. 4.2.2.1. Fabrication Method.
Various methods are known to enhance the material’s elasticity
when developing vascular grafts. Such fabrication methods
include electrospinning, knitting, braiding, and 3D printing.
However, each fabrication technique has disadvantages when
used on its own; thus, hybrid structures are employed to
impart the required mechanical properties. Electrospinning is
very widespread due to its capability to produce a 3D highly
porous nanostructure that resembles the ECM and easy
adjustment of fabrication parameters, including solution
properties, processing variables, ambient conditions, and the
type of collector to manipulate the mechanical properties of
the final construct'”>—modifying the basic electrospinning
setup to achieve biomimetic biomechanical properties of the
final developed graft. For example, Akbari et al.”> used an
axially and radially corrugated collector to produce small-
diameter vascular grafts with an antikink structure. The major
disadvantage of electrospinning is that, in most cases, the final
electrospun mat does not possess sufficient mechanical
properties to resist the hemodynamic forces experienced
after implantation of the graft and leakage of liquid under
pressure.' ™
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Figure 4. Fabrication and characterization of a triple-layered hybrid graft194 (1) Schematic illustration of the fabrication procedure (2) (A)
Overview of SDVG cross section, (B) enlarged region showing the three layers, (C) cross section of TPU layer, (D) cross section of braided silk
and PAM layers, (E) morphology of the inner surface, and (F) morphology of the outer surface. (3) (A) Fluorescence images of HUVECs cultured
on braided silk, TPU nanofibers, and the PAM hydrogel from live/dead assays. (B) Cell viability results from live/dead assays. (C) Cell
proliferation results from MTS assays. Reprinted in part with permission from ref 194. Copyright 2019 Elsevier.

Knitted structures are well-known for their porosity. The
construction can be warp or weft knitted, even though warp
knitted structures (double-raschel) are preferred. This type of
structure provides the scaffolds with the required porosity;
however, one major drawback is the unraveling of the scaffold,
leading to aneurysms, fraying at the ends, leakage, and long-
term dilation. This was demonstrated in a study by Zhang et
al,*® where they fabricated a small-diameter graft utilizing
collagen as the biomaterial. Their results reported a graft with
sufficient porosity to promote cell proliferation. Compliance
and burst pressure were comparable to that of the saphenous
vein in its dry state. However, the developed graft experienced
unraveling and poor mechanical performance in the wet state.
Loewen et al.'® incorporated structural and material elasticity
by combining elastic PCU and PVDF in a warp knitted
construct. The elastic yarn was fed into the warp knitting
machine at a constant thread tension to produce a lock-knit
structure. Results showed enhanced compliance values over the
pulsatile pressure range, but they were lower than the native
vessels. Braided structures are used as a reinforcing layer in
most vascular graft constructs. The braiding technique involves
using three or more component yarns, which are intertwined at
an angle to each other. In other words, braided structures are
similar to traditional woven structures but with an angle bias.
The angled mesh structure allows easy radial expansion of
braided tubes.”® Grafts developed from both knitting and
braiding show nonlinearity with a very low-stress response at

low pressures and exhibit a steep increase in elastic modulus as
the pressure increases.'”

Another fabrication technique commonly used is 3D
printing, additive manufacturing (AM). 3D printing is a highly
versatile technology with precise geometric control which uses
lower energy and less time consumption than other techniques.
There are several types of AM techniques used in biomedical
applications, e.g., selective laser sintering (SLS), direct ink
writing (DIW), stereolithography (SLA), fused deposition
modeling (FDM) or fused filament fabrication (FFF), and
bioprinting technologies.'”” By combining two types of
additive manufacturing techniques, Byrne et al.'®" proposed a
design of a three-layered graft, with the inner layer serving as
an impermeable low stiffness matrix (100% modulus: 55.2
kPa) to mimic the role of elastin fabricated by direct ink
writing of soft room temperature vulcanized silicone. A fiber
reinforcing layer is designed to slack at low pressure and
become taut as the mean pressure is increased and
incorporated by fused filament fabrication. The final
encapsulation layer ensured that the underlying layers
expanded and contracted in unison under cyclic loading. The
investigation using finite element analysis and tensile tests
produced a range of compliance results that would allow the
fabrication of patient-specific grafts in compliance. Casting/
molding is another standard method used in early research or
as the luminal layer in VGs. It involves dissolving a polymer in
a solvent or melting it and using a mold to form the required
shape. The mechanical properties of the cast scaffold or graft
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are not as good as other grafts; therefore, different fabrication
methods are combined with the casting method to form a
hybrid structure.'”® An example of the fabrication and results
obtained with a trilayered SDVG is shown in Figure 4.

4.2.2.2. Controlling Porosity. Porosity in a vascular graft
affects cell adhesion, migration, and proliferation, as well as the
mechanical integrity of the graft. Highly porous structures with
interconnected cavities are crucial as they support cell growth
and facilitate the uniform distribution of cells. However, it
reduces the overall strength of the graft. The mechanical
strength and porosity have to be optimized in order to achieve
an optimal balance between the two. For instance, in a study
by Soliman et al,'®” the mechanical properties of the grafts
decreased with an increase in porosity. Highly porous
structures can also lead to the leakage of blood into the
surrounding tissue. Thus, the compromise between optimal
tissue regeneration, low blood leakage, and adequate
mechanical properties is challenging to achieve with a
homogeneous construct. However, it could be addressed
with multilayered vascular grafts.'”® Chan et al.”° studied the
effect of significantly varying fiber diameters (355 + S nm vs
2750 + 61 nm) and their corresponding interconnected
porosity (23.3 & 1.7% vs 45.1 + 1.2%) and the solvent (water
vs HFIP) used on the mechanical properties of an SF graft.

Increasing the diameter of the fibers resulted in a much
stiffer graft with a higher burst pressure and suture retention
strength. Increasing the porosity of the graft resulted in an
increased rate of endothelialization. The difference in fiber
diameter between the nano- and microsized fiber influenced
the neointimal growth rate in such a way that for the nanosized
fibers, there was a sharp increase from week 3 to week 6
followed by contraction to a stable level, whereas the
microsized fibers showed a gradual increase from week 3 all
the way to week 24. Microsilk elicited a significantly earlier
contractile SMC phenotype switch compared to nanosilk. In
addition, it contributed to the steady neointimal hyperplasia
progression and lower stabilization levels of neointimal
hyperplasia at later time points."”” Using gel spinning,
Rodriguez et al.''” fabricated a vascular conduit from a low
concentration silk solution with optimized porosity and
mechanical properties. The fabricated grafts showed com-
pliance values (3.3 mmHg X 107%) comparable to those of the
saphenous vein in vitro, and increasing the porosity also
increased the cell colonization rate. The less porous grafts
inhibited cell growth and resulted in failure of the material to
degrade. In vivo, when the grafts were implanted in the
abdominal aorta of Sprague—Dawley rats, none of the highly
porous tubes remained patent after 6 months, which was said
to be due to mechanical failure or a compromised interface
between the blood and the surface of the tubes.'*’

5. CONCLUSION

To overcome the challenges currently being encountered with
the available grafts concerning IH, developing a biomimetic
AVG is one of the solutions. The fabrication of multilayered
grafts with a designated function for each layer will help
overcome some of these issues. This review focused on
developing a biomimetic SDVG for peripheral applications
such as femoropopliteal bypass to overcome intimal hyper-
plasia. For such a purpose, length and slow degrading polymers
or biostability are prerequisites and other requirements for a
vascular graft. First, the limitations and advantages of the
current AVGs such as the PET (Dacron), ePTFE (Gore-Tex),
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and PU grafts were discussed. The triggers of IH, such as
bioincompatibility and mismatch in biomechanical properties,
were then explained. Like in the native artery, each layer in a
multilayered graft has a different requirement depending on
the function.

In contact with the blood, the lumen layer requires rapid
endothelialization, nonimmunogenicity, and nontoxicity and
should allow the passage of nutrients and waste but no other
blood components. This can be done by creating biological or
physical cues to promote rapid endothelialization of the graft
and provide sufficient interconnected porosity. The use of
natural biomaterials, which contain ligands that bind with
receptors on cells, is one way, but the nonspecificity of the cells
is still a challenge. Natural biomaterials encourage endotheli-
alization; however, they come with challenges that trigger IH.
A comparison of various ECM-derived polymers like collagen,
laminin, fibrin, hyaluronic acid, and other natural polymers
such as silk and chitosan on promoting endothelialization and
SMC adhesion, migration, and proliferation was done.
Combining other compounds such as anticoagulants and
superhydrophilic polymers with these natural polymers in the
luminal layer is also used to deter nonspecific protein and
platelet adhesion. The second and any other layers to be added
are required to provide mechanical integrity to the graft as well
as prevent the leakage of blood constituents in the surrounding
tissues. To prevent biomechanical mismatch, to be more
specific, a compliance mismatch between the native vessel and
the artificial graft, nonlinearity in response to pulsatile pressure,
is crucial. For this purpose, elastomeric and non-elastomeric
polymers with an appropriate fabrication technique such as
electrospinning, 3D printing, braiding, knitting, and casting
may achieve this aim. With these techniques, a balance
between the burst pressure, compliance, porosity, and ultimate
tensile strength also needs to be met. Although an ideal,
patient-specific artificial graft to replace diseased arteries is still
yet to be fabricated, current research has shown that a
biomimetic artificial graft is possible. The use of imaging
techniques such as magnetic resonance imaging (MRI) and
Doppler ultrasound to measure patient parameters and utilize
these parameters in computational fluid dynamic brings
research a step closer to patient specificity.
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