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Abstract cost which prevents their widespread adoption. Nonetheless,
Background—Current design strategies for small diameter as tissue engineers continue to develop on their strategies and
vascular grafts (< 6 mm internal diameter; ID) are focused procedures for improved TEVGs, soon, a reliable engineered
on mimicking native vascular tissue because the commer- graft will be available in the market. Hence, we anticipate a
cially available grafts still fail at small diameters, notably due viable TEVG with resorbable property, fabricated via elec-
to development of intimal hyperplasia and thrombosis. To trospinning approach to hold a greater potential that can
overcome these challenges, various design approaches, mate- overcome the challenges observed in both autologous and
rial selection, and surface modification strategies have been allogenic grafts. This is because they can be mechanically
employed to improve the patency of small-diameter grafts. tuned, incorporated/surface-functionalized with bioactive
Review—The purpose of this review is to outline various molecules and mass-manufactured in a reproducible manner.
considerations in the development of small-diameter vascular It is also found that most of the success in engineered
grafts, including material choice, surface modifications to vascular graft approaching commercialization is for large
enhance biocompatibility/endothelialization, and mechanical vessels rather than small-diameter grafts used as cardiovas-
properties of the graft, that are currently being implanted. cular bypass grafts. Consequently, the field of vascular
Additionally, we have taken into account the general engineering is still available for future innovators that can
vascular physiology, tissue engineering approaches, and take up the challenge to create a functional arterial substi-
collective achievements of the authors in this area. We tute.

reviewed both commercially available synthetic grafts (e-

PTFE and PET), elastic polymers such as polyurethane and Keywords—Small diameter vascular graft, Tissue engineer-

biodegradable and bioresorbable materials. We included
naturally occurring materials by focusing on their potential
application in the development of future vascular alterna-
tives.

Conclusion—Until now, there are few comprehensive reviews
regarding considerations in the design of small-diameter

ing, Endothelialization, Intima hyperplasia, Mechanical
strength, Thrombosis.

vascular grafts in the literature. Here-in, we have discussed ABBREVIATIONS
in-depth the various strategies employed to generate engi-
neered vascular graft due to their high demand for vascular e-PTFE  Expanded polytetrafluoroethylene

surgenes. Whll_(? some TEYG desu,in strategies have showp PET Polyethylenetelephtalate

greater potential in contrast to autologous or synthetic .

ePTFE conduits, many are still hindered by high production VEGF Vascular endothelial growth factor
SMCs Smooth muscle cells

HUVECs Human umbilical vein endothelial cells
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PDO Polydioxanone
PLA Polylactic acid
PGA Polyglycolic acid

TEVG Tissue engineered vascular graft
IH Intima hyperplasia
ITA Internal mammary artery
SV Saphenous vein
WSS Wall shear stress
SYMBOLS
* Commercialized products
BACKGROUND

Cardiovascular disease is among the leading causes
of death worldwide. An approximately 3 million pro-
cedures performed on blood vessels and the heart each
year in the US according to the American Heart
Association have prompted a challenge to develop a
functional small-diameter vascular graft.'® Surgical
intervention with bypass graft is a procedure often
employed on a defective blood vessel.?®!”” Bypass
surgery with a patient’s vein or artery remains the
preferred treatment of both peripheral and coronary
artery disease.>> However, these vasculatures are usu-
ally limited by availability because of the patient’s
condition or they have been used previously. Hence, a
patient with recurrent occlusive lesions would be ren-
dered inoperable resulting in loss of a limb in cases of
the peripheral disease.

An alternative to an autograft (patient’s vessel) is
the use of engineered grafts. These grafts have the fu-
ture potential over autografts given their limitless
availability, range of material selection, and the ability
to optimize their properties to match the mechanical
properties of the native vessel.

The use of well-known, commercially available,
non-degradable synthetic grafts such as expanded
polytetrafluoroethylene (e-PTFE*) and polyethylene
terephthalate (PET*) for large arterial reconstructions
such as that of the aorta, arch vessels, and common
femoral artery, where there are high flow and low
resistance, has shown success in clinical tri-
als. 280122170 Although graft infection (< 3%),"*¢
dilation (35%),”* and occlusion (2%)’* remain chal-
lenging problems for a small number of patients who
have undergone procedures using these grafts, the
majority of patients can expect permanent patency and
minimal need for repeated procedures.''*'** A recent
study showed that the use of e-PTFE* in the bypass
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procedure had patency of 39% at 5 years.'”” However,
small diameter bypass grafts tend to fail often in short-
and long-term observations. This observation has been
linked to poor endothelial regeneration and compli-
ance mismatch between the graft and native vessels.'%?
Hence, resolving these issues would lead to lower
morbidity and mortality especially in children born
with congenital heart disease.

An ideal small-caliber graft should have [1] good
mechanical strength and compliance to withstand
hemodynamic stress; [2] suturability; [3] ““off-the-shelf”
availability in various sizes in case of emergency; [4]
ease of use in handling to minimize duration of sur-
gery, cost, and risk; [5] resistance to thrombus and
infection; [6] biocompatibility to completely integrate
with the body and yield neo-vessels similar to native
arteries in property and function; [7] reasonable man-
ufacturing cost; [8] long-term patency;[9] rapid
endothelialization and [10] good porosity > 50 um for
easy cell infiltration. A functional small-caliber vascu-
lar graft that would meet all the above requirements
needs a biomimetic design coupled with improved
cellular and molecular understanding of the biology of
the vessel wall.*> Finally, incorporating signaling cues
on the surface of the graft would aid in faster
endothelialization and tissue remodeling.'®®

Rapid endothelialization is an important aspect of
consideration for the success of any given small-di-
ameter vascular graft to prevent thrombus formation.
In this process, porosity and pore size distribution
plays an important role in the structure and remodel-
ing of the graft. Over the past five decades, countless
studies have shown the importance of porosity in graft
design.?*31-33-61 Recent findings show that the porous
luminal surface of the graft plays an important role in
stabilizing the intima and aids in the infiltration of
cells, whereas the porous abluminal surface enhances
penetration of peri-graft tissue, thus, acting as
anchorage and inhibiting graft kinking.”*> However,
porous grafts with good compliance such as those
made with polyurethane (PU) materials’’ often lose
their radial mechanical strength over time as a result of
internal pressure and, hence, may lead to aneurysm
formation. Therefore, one alternative way to eliminate
this obstacle is to apply external reinforcement to the
graft.

In the past two decades, several studies have used
polyester tubular knitted mesh,*® weft-knitted tubular
fabric '3 and polyester-spandex fabric®'® to reinforce
small-diameter vascular grafts (< 6 mm). However,
these studies only focused on radial tensile properties
and compliance in vitro without any in vivo data.

Recently, Xie et al.*>'! published an in vivo study on
reinforced vascular grafts using polyester as the rein-
forcement material. In their study, three different PU
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grafts were fabricated into five structural designs and
chemical components. The grafts (ID, 6.0 mm) were
implanted in a canine abdominal aorta model and
compared in terms of material stability, healing char-
acteristics, and device function for 1-6 months. The
reinforcement material used ranged from external
polyester mesh to internal polyester monofilament
including a design with an impenetrable PU layer.
Although their experiments showed unsatisfactory re-
sults due to thrombus formation in all grafts, however,
a notable difference was observed in grafts with dif-
ferent structural designs. The graft with a filamentous,
porous, interconnected structure and externally rein-
forced polyester mesh were superior to grafts with low
porosity or impenetrable walls.

UNDERSTANDING THE STRUCTURE
AND FUNCTION OF NATIVE BLOOD VESSELS

The ultimate design goal of vascular grafts is to
mimic the native vessel both in structure and function.
Hence, prior knowledge of the native vessel is para-
mount to construct an appropriate matching graft.
Arteries, capillaries, and veins are the major compo-
nents of the cardiovascular system responsible for the
transport of waste, nutrients, oxygen, and biological
factors to other parts of the body.”® A typical arterial
wall is composed of various distinct layers which are
divided into three main groups (adventitia, media, and
intima). Understanding the structure and functions of
these layers, that vary in thickness depending on their
anatomical location, will be necessary when designing
a suitable functional graft substitute. The intima, lo-
cated on the luminal side of the vessel, consists of a
monolayer of endothelial cells (ECs) anchored to a thin
basal lamina composed of collagen type 1V, fi-
bronectin, and proteoglycans.'®> The function of the
endothelial monolayer is to maintain the vessel by
providing a non-thrombogenic surface and to control
molecular diffusion through the wall. The internal
elastic lamina, composed of mostly elastin, separates
the intima from the media.'>® The media layer consists
of circumferentially organized laminae of smooth
muscle cells (SMCs) dominant with elastin and colla-
gen sheets. Their variable thickness is proportional to
wall shear stress (WSS) of the vessel location, with the
abdominal aorta having the highest value.'” The
external elastic lamina that demarcates the media from
the outer layer of the artery is called the adventitia.
The adventitia helps to attach the vessel to surround-
ing tissue and provides structural support by allowing

the vessel to stretch and recoil. This layer is rich in
collagen and is composed of mainly fibroblast
cells, 160:162

Apart from the various cells that make up blood
vessels, the extracellular matrix (ECM), which is
composed of macromolecules that support the cells
and hold the vessel wall together, is an important
component that determines the tissue’s physical prop-
erty.* Other functions performed by the ECM include
providing structural support, bearing mechanical
stresses, regulating cell proliferation and differentia-
tion, modulating growth factors, and contributing to
the flexibility of the vessel.*’

TISSUE ENGINEERING

Vascular grafts can be categorized into four groups
depending on their source: engineered grafts, xeno-
grafts, allografts, and autografts. The use of a patient’s
tissue or tissues from someone of the same genome
such as a monozygotic twin is usually referred to as
autologous graft. The source of these grafts is mostly
from the internal mammary artery (ITA) or saphenous
vein (SV) due to their lower immune response.'*
Arterial autografts are usually preferred owing to their
infection resistance, little to no inflammation, and easy
attachment to the native vessel wall.'”” However, the
non-viability of autografts in elderly patients coupled
with long preparation and processing time ex vivo be-
fore surgery renders this approach less attractive.>
Both allografts and xenografts are tissues harvested
from other patients or species, respectively. Several
concerns over the use of allografts include infection,
cost, availability, graft failure, and immune rejec-
tion.'*® While a loss of mechanical and biological in-
tegrity has been observed in the processing of a sterile
allograft, use of xenograft has faced multiple ethical
objections related to the patient’s perspective regarding
the humane treatment of animals.®!

Another alternative to autologous grafts is bio-
engineered grafts. The preference of these grafts to
their autologous counterparts is often because of their
limitless availability, a broad range of material op-
tions, and the possibility of optimizing the mechanical
property to match that of the biological replacement.
Currently, there are two major commercially available
synthetic grafts: PTFE (Teflon) and PET (Dacron).
Both graft types have several drawbacks, as listed in
the introductory section of this manuscript, necessi-
tating active research for an alternative biomaterial
with superior qualities.
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DESIGN CONSIDERATIONS IN TEVG

Tissue engineering of small diameter vessels involves
innovative design and fabrication of a material capable
of replacing a particular diseased tissue in both prop-
erty and function without eliciting adverse immune
responses.

The purpose of engineered grafts is to provide
support to the native vessel and promote rapid
endothelialization and vessel remodeling.''" Hence
some properties of a functional scaffolds should be
appropriate architecture, biocompatibility, antithrom-
botic, bioactivity, and favorable mechanical proper-
ties.”® Apart from these properties, it also necessary
that the material adjusts to the prevailing hemody-
namic conditions both instantaneously and in long-
term. Good porosity with appropriate architecture, not
only enhances cell proliferation, communication, and
integration but also sustains mechanical stability dur-
ing remodeling.®® Another important property of
biodegradable scaffolds is that degradation should
balance with tissue regeneration that mimics the
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function of the ECM in normal tissue.'®> Taking into
account that different materials interact with cells in
ways that might trigger various responses, surface
bioactive materials (cell-stimulating signals) could alter
cellular responses in ways that facilitate positive
growth. Therefore, these qualities would allow for
modulating cellular function and behavior and may
also promote tissue growth.'”’

The important methodologies/considerations in
designing a functional tissue-engineered vascular graft
(TEVG) discussed in this review are illustrated in
Fig. 1.

Material Selection and Properties

The most common commercially available non-
degradable synthetic grafts for peripheral vascular
reconstruction are e-PTFE (Teflon) and PET- widely
known as Dacron. These biostable grafts are pre-
dominantly used clinically because of their excellent
resistance to degradation, good mechanical strength,
and affordability in larger diameter applications.

FIGURE 1. Brief outline of various considerations for tissue-engineered vascular grafts discussed in this review. This illustration
showed that mechanical property, material selection, and surface modification, all play a crucial role in driving viable tissue-

engineered vascular grafts (TEVGS).
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e-PTFE

PTFE is a fluorocarbon polymer that usually
undergoes architectural transformation to form e-
PTFE (Gore-Tex) via extrusion and sintering to
introduce a microporous structure of circumferentially
aligned nodes in their matrix. This material possesses
electronegative luminal surface that offer its anti-
thrombogenic property which are suitable for lower-
limb bypass grafting (7-9 mm). Most surgeons prefer
an impervious and impregnated knitted-e-PTFE graft
to avoid the need for pre-clotting.'>” The poor com-
pliance of this graft to the native vessel due to it’s
rigidity has led to non- endothelized surface, which
results in poor patency after surgery.'’? Recently,
vigorous research efforts have been focused on surface
modification and external reinforcement of this pro-
duct to mitigate these challenges in small diameter
grafts.

Dacron

PET is a polyester material with multiple filaments
that usually comes knitted or woven into a vascular
graft. These type of grafts are used as alternatives to e-
PTFE; however, their poor patency in long-term in vivo
small diameter vessels still limits their use clinically.'®*
Sauvage et al. reported a successful result of up to 16
months for an adult implanted with a knitted Dacron
vascular graft (4 cm long and 3.5 mm ID) between the
aorta and right coronary artery.'”> This was followed
by two other successful studies using Dacron as an
aorto-coronary prosthesis in pediatric patients with
coronary anomalies.>*”® In all these successful studies,
the short grafts were used in high flow positions as
interposition grafts between the ascending aorta and
the proximal end of the coronary artery. However,
several recent studies with knitted Dacron show dila-
tion over time and required pre-clotting with gelatin,
collagen, or albumin to seal the large pores and pre-
vent sweating or plasma leakage after surgery.'”> An-
other limitation of this prosthesis is the surface
hydrophobicity, which prevents EC adhesion and
proliferation,** thus, leading to platelet activation and
thrombosis.””* Additional intensive research is needed
to increase the surface hydrophilicity, enhance EC
attachment, and suppress thrombosis.'”® According to
a recent study, plasma surface treatment was employed
to functionalize the Dacron surface with atmospheric
gases, thus, making it more hydrophilic.** The findings
showed that cell interaction was enhanced without
adverse inflammatory tissue reaction.'®’ Another
alternative is surface immobilization of antithrombotic
molecules such as heparin or bioactive proteins that
enhance faster endothelialization.”'* More recently,

numerous researchers have used electrospinning to
combine Dacron with hydrophilic polymers-like gela-
tin to improve its biocompatibility.'!”

PUs

This polymer was introduced as a vascular graft in
the 1960s>'" to combat challenges such as intima
hyperplasia due to compliance mismatch observed in
vascular conduits being used at that time. The prefer-
ence of this graft over e-PTFE was due to better
compliance and mechanical properties close to that of
the native vessel.”> PUs are usually composed of soft
amorphous and hard crystalline segments held to-
gether by hydrogen bonding and Van der Waal forces,
resulting in it’s inherent stiffness and flexibility.'”* In
contrast to e-PTFE, the low thrombogenic surface of
PU grafts can self-heal instantancously after being
punctured with a needle, thus, resulting in minimal
plasma leakage after anastomosis.*® The compliance
properties can be optimized to inhibit intima hyper-
plasia by controlling the concentration of hard and
soft segments.”"!”” Despite their improved mechanical
compliance, early in vivo trials failed because of poor
biostability and autonomous degradation. Two cate-
gories of PUs- polyester, and polyether degrade via
hydrolysis and oxidation respectively with release of
toxic byproducts, as early as 8 weeks after implanta-
tion.®”!7® Small diameter PU grafts (5 and 6 mm ID)
meant for below-knee vessel replacement were with-
drawn from the market after the first year as a result of
multiple cases of thrombosis, where eight out of 15
grafts were occluded with little EC coverage.”** In the
quest to improve the biostability of PU grafts, one
particular study replaced the macrodiols with either
siloxane or carbonates resulting in the generation of a
new graft with a polycarbonate soft segment showing
enhanced resistance to biodegradation, and thus, could
remain at the site for a prolonged period.”'* In a
comparative in vivo study of 1.5 mm polycarbonate
and e-PFTE, grafts implanted in a rat aorta were
observed to be stable for up to 6 months. The findings
showed that polycarbonate grafts outperformed e-
PTFE in terms of faster endothelialization and sup-
pression of intima hyperplasia; however, there was no
obvious difference in patency (~ 80%).%* The author
emphasized that small diameter high flow in the
abdominal aorta of rat does not reflect the low flow
condition for patency studies; hence, a small diameter
artery (such as the carotid) in a large animal should be
used instead.*’ While some results from PU grafts
appeared promising, an alternative approach to sur-
face modification needs to be explored for applicability
of this material.
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Bioresorbable and Biodegradable Polymers

Due to complications such as late intima hyper-
plasia observed on biostable materials in vivo,
researchers have recently begun concentrating their
effort on developing biodegradable and bioresorbable
materials in the form of a scaffold. These materials
usually act as support and matrix for cell infiltration
and deposition of the ECM, and they ultimately dis-
solve leaving behind a functional tissue thereby mini-
mizing long-term consequences. An important
difference between biodegradable and bioresorbable
polymers is that bioresorbable polymers form frag-
ments and are metabolized in the body while
biodegradable polymers degrade and remain at the site
of implantation.”® Electrospinning is one of the
strategies employed on these polymers to fabricate
tubular porous grafts composed of micro- and nano-
size fibers suitable for cell infiltration, differentiation,
and new capillary formation.">* In vivo metabolism of
these grafts, post-implantation reduces the possibility
of adverse tissue interactions that usually cause graft
failure. Surgeons are often skeptical about the
implantation of biodegradable grafts because of the
fear that rapid degradation may not counter-balance
natural tissue regeneration, thus, leading to unintended
consequences such as aneurysm.*' Therefore, recent
research on biodegradable polymers, such as poly-
dioxanone (PDO), poly(e-caprolactone) (PCL), polyg-
lycolic acid (PGA), polylactic acid (PLA), and
polyglycerol-sebacate (PGS), has focused on tailoring
the degradation profile to meet appropriate tissue
regeneration. The degradation profile of a graft can
also be optimized by designing composite polymers
with different degradation rates. Another strategy is to
combine degradable and non-degradable polymers to
enhance mechanical strength.

PGS

This elastomeric material was first synthesized in
2002 and since then, its properties such as flexibility,
biocompatibility, and biodegradability have attracted
numerous researchers. Polycondensation of glycerol
and sebacic acid monomers remains the main process
to synthesize this material. The interesting elastomeric
property of this material is a result of covalent
crosslinking coupled with multiple hydrogen bonds
among the hydroxyl groups on the backbone.?®! This
material can biodegrade and be reabsorbed in the body
via normal pathways. In a previous study, PGS was
confirmed to biodegrade roughly 60 days after subcu-
taneous implantation in rats leaving no scar tissue
around the implant.”®!

Although both in vitro and in vivo studies on this
material are still in the preliminary stage, the results so
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far are interesting. Vascular scaffolds constructed with
PGS have macro and micropores ranging from 75 to
150 and 5 to 20 um, respectively, encouraging good
cellular activity such as the proliferation of ECs and
infiltration of vascular SMCs (VSMCs) capable of
enhancing vessel remodeling.**'%* In an In vitro com-
parative hemocompatibility testing of PGS, e-PTFE,
and poly(lactide-co-glycolide) (PLGA) showed that
decreased platelets and inflammatory potential were
observed on PGS in comparison to e-PTFE and
PLGA."*? Subcutaneous implantation of both PLGA
and PGS in rats showed a similar inflammatory
response. However, a thick fibrous capsule was formed
on PLGA while a thinner collagenous layer was de-
posited on PGS, which were both highly vascular-
ized.?*! The PGS scaffold was found to enhance elastin
expression, thus, increasing the mechanical property
five-fold toward matching that of the native vessel
within 3 weeks of implantation.®® Therefore, future
design and fabrication of a composite graft that com-
posed of PGS is expected to show very interesting re-
sults.

PGA and PLA

PGA and PLA polymers are bioresorbable and
composed of saturated poly-a-hydroxyester, which
forms the amorphous composite of PLGA when
combined. The extra methyl group on PLA makes it
more hydrophobic than crystalline/hydrophilic PGA
with a faster degradation profile.”?! These polymers
degrade via hydrolysis of the ester bond on their
backbone resulting in the formation of glycolic and
lactic acid monomers, which are metabolized normally.
To avoid local pH decrease around the implantation
site during graft degradation, it is recommended that
these materials be applied to dynamic tissues such as
vessels.!? A recent in vivo study of PGA, PLA, and
PLGA nanofibers in the vascular application was
challenging due to rapid resorption within 2
months.**° In another study, a composite graft made
of PLA and PGA (vicryl*) showed loss of mechanical
strength and aneurysm formation as a result of rapid
polymer degradation that could not withstand the
arterial pressure.

PDO

PDO is a colorless, crystalline, biodegradable syn-
thetic polymer. The chemical structure contains a
multiple repeating ether ester unit. The glass transition
temperature of PDO ranges from — 10 to 0 °C with a
crystallinity of approximately 55%. This polymer can
be easily extruded into a flexible fiber.
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PDO has been previously applied in pins, suture
clips, and plastic surgery material, as well as in drug
delivery systems, cardiovascular devices, and tissue
engineering, which slowly degrade and are resorbed by
the body while the remainder is excreted in the urine
and exhaled as CO,. However, the recent application
of PDO in vascular graft design has shown good
luminal endothelialization. Burst pressure testing on
an explanted specimen of PDO could withstand up to
6000 mmHg without fatigue. Multiple studies have
examined the use of PDO stents in both vascular and
non-vascular organs such as the esophagus, trachea,
and intestine.'%!10-198

According to Boland er al., the most interesting
unique property of PDO in contrast to other polyesters
is the mechanical similarity to the native vascular
ECM- specifically, collagen and elastin.?® This coupled
with its shape memory behavior that provides rebound
and kink resistance.”

PCL

PCL is a biocompatible and bioresorbable polymer
that is applicable in many biomedical areas owing to
its favorable mechanical properties and simple syn-
thesis.””® It is a hydrophobic polymer with a semi-
crystalline structure having a low melting point of
~ 60 °C."*" The degradation profile of PCL follows a
two-step process which depends on the molecular
weight and synthesis method. After implantation of
PCL in a physiologic environment, the poly(a-OH)
ester linkage undergoes non-enzymatic hydrolysis
releasing 30,000 MW non-toxic by-products. Next, the
surrounding cells, including macrophages and phago-
somes, degrade the low MW fragments through
intracellular processes.'”®'®! The degradation timeline
of PCL material was observed to show changes in their
mechanical property (stiffer) due to reduced amor-
phous ratio and enhanced crystallinity leading to a
longer presence in the body (up to 2 years) in contrast
with other biodegradable polymers.*' This, thus, pro-
vides enough time for cell infiltration and tissue
regeneration.'** The approval of PCL and other PCL
products by the FDA has led numerous researchers to
focus on constructing viable vascular grafts with this
material. 2%

In long-term studies, cast molded PCL vascular
grafts have met numerous challenges such as plastic
deformation due to cyclic stress in dynamic vascular
tissues. Structural stability over a long period holds the
key for successful vascular remodeling as infiltrating
cells receive proliferative cues from surrounding
cells.”® Hence, PCL grafts are often fabricated using
the electrospinning method, which mimics the elastic
ECM unlike the cast molding method.'"!

The morphology of electrospun PCL (porosity and
fiber diameter) can be tuned by varying the spinning
parameters such as polymer concentration, and solvent
used. In vivo examination of 2 mm, PCL and e-PTFE
grafts in a rat aorta showed successful endothelializa-
tion of PCL at 12 weeks with better patency than e-
PTFE."* Long-term observation up to 18 months
showed a similar trend with stable endothelialization
and no aneurysmal dilation or thrombosis for the PCL
graft.*! Observation up to 12 months showed pro-
gressive cellular infiltration from the adventitia layer of
the native artery, which was induced by macrophages
that secrete angiogenic factors, thus, enabling a capil-
lary formation and graft colonization by myofibrob-
lasts. However, after 12 months, regressive tissue
remodeling was observed as fewer macrophages caused
a reduced influx of cells leading to myofibroblast
starvation and graft calcification at 18 months.*' A
similar observation was made in a long-term study on
collagen-, PLA-, and PGA-based grafts at 6 months;
thus, a new vascular graft design that make use of these
materials requires further long-term investigation. To
overcome the challenges observed in small-diameter
vascular grafts (< 6 mm), we proposed a new design
strategy by combining the last two interesting
biodegradable polymers due to their property which
resembles that of the ECM. We employed an electro-
spinning approach to incorporate a thin layer of P1
nanofiber at the luminal surface, whereas the ablumi-
nal surface was composed of co-electrospun PCL na-
nofibers doped with an antithrombotic drug and Pl
nanofibers. In between stages 1 and 3 of the spinning
process (Fig. 2), a 3D printed P2 thread was interposed
as reinforcement to prevent vessel collapse or kinking
during tissue remodeling.

The fabricated bilayered tubular graft utilizing
electrospinning approach Showed that both layers are
elastic and, hence, will improve the flexibility and
compliance of the graft in the physiological environ-
ment. The graft has both appropriate stress and elon-
gation at break to maintain the elasticity under
pulsatile conditions. More so, the graft has a desirable
tensile property that mimics the natural artery, while
the stress and elongation values are comparable to that
of native vasculature.

Natural Polymers

These polymers are natural proteins used as scaf-
folds for tissue regeneration since they possess a high
degree of biocompatibility and degradability, thus,
facilitating cellular growth. More importantly, their
ability to interact and bind easily with cells and en-
hance cellular activity makes them preferable over
synthetic polymers such as PET.'®® Some of the nat-
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Stage n

N\

FIGURE 2. Schematic illustration of our proposed reinforced small diameter graft fabrication process. Stage 1-from left involves
electrospinning of the luminal surface with faster degradable polymer after which the construct is reinforced with a 3D printer. The
final step (stage 3) involves the spinning of two polymer solutions doped with an antithrombotic drug (P 1-polymer 1; P 2- polymer

2).

ural proteins explored for vascular graft development
so far, which are present in the ECM, are collagen and
elastin, coupled with other with biocompatible com-
pounds such as silk fibroin. One of the challenges using
natural polymers in vascular graft fabrication is their
inherent weak mechanical property, which can fail due
to constant pulsatile stress on the vascular wall, leading
to aneurysm and vessel rupture.'*

Elastin

Elastin, a dominant elastic protein in blood vessels,
seems to be an attractive choice for vascular graft
fabrication. Roughly 50% dry weight of the internal
and external elastic lamellae layer of arterial walls is
made up of elastin.'*® Elastin is synthesized by poly-
merization of the tropoelastin monomer via a multi-
stage process.”’” The two important properties of
elastin that promote its recognition in TEVGs are its
excellent elasticity and signaling capabilities. A graft
matrix made of collagen and incorporated with elastin
was found to have good elastic recoil, thus, with-
standing the stress during pulsatile flow.*>'*¢ More-
over, elastin was observed to be responsible for
modulating VSMC migration and proliferation, thus,
inhibiting intima hyperplasia in vivo.'>°

A previous study utilized a range of enzymatic
crosslinkers to crosslink the collagen/elastin matrix to
maintain good mechanical strength. This allows the
design of a multi-layered vascular scaffold, with each
layer having a unique microenvironment for cell infil-
tration.'°>*!” MacClure er al. employed this idea to
fabricate a tri-layered vascular graft composed of an
endothelial stimulating inner layer, a middle elastic
layer, and a strong outer layer to prevent aneurysm
dilation.'* Incorporating elastin in the vascular con-
struct is promising, however its derivation from animal
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tissues could limit its production and consistency due
to possible remnants of pathogens or toxic chemicals
during the long processing period.”’” To enhance the
mechanical property of elastin, recent studies evalu-
ated the co-electrospinning of tropoelastin with other
synthetic biodegradable polymers such as PCL and
PLGA.?*" In contrast to collagen, the non-thrombo-
genic property of tropoelastin remains an added
advantage especially when co-spun. In another study,
an elastin blend with PDO graft showed enhanced
burst pressure matching that of the native vessel.'®
The interesting data above regarding elastin show that
it can enhance both the mechanical and biological
properties of tissue-engineered small diameter grafts.

Collagen

Collagen is produced by SMCs and fibroblast cells
in the media and adventitia of native blood vessels
which is also a major component of the vascular
ECM.?! Collagen acts as a stabilizer to these cells by
maintaining their structural integrity and limiting their
elongation.'” Boccafoschi er al. designed a vascular
scaffold with collagen, which showed a good prolifer-
ation of endothelial and SMCs."” However, due to the
inherent thrombogenicity of collagen, that can trigger
platelet adhesion and activation, the use in blood-
contacting applications presents a serious challenge.””’
One strategy to avoid this obstacle is to pre-seed ECs
on the luminal surface via a bioreactor to mask the
effect of platelet adhesion.'”” In a previous study, acid-
soluble type 1 collagen film was tested for thrombo-
genicity in comparison to e-PTFE, which showed
surprisingly higher clot resistance due to the absence of
platelet-activating collagen fibrils."”

Collagen can be obtained via extraction from animal
tissues or through recombinant processes. This mate-
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rial is readily soluble and can form a gel capable of cell
encapsulation similar to the 3D microenvironment
observed in the native vascular wall.'®® However, it is
very difficult to construct vascular grafts with gels
alone due to their weak mechanical strength. Weinberg
and Bell, in 1986, were the first to construct tissue-
engineered vessels via in vitro culturing of bovine ECs,
SMCs, and fibroblasts, mimicking the intima, media,
and adventitia, respectively, onto a collagen type 1
gel.”** However, the weak mechanical strength of these
gels presents a very low burst pressure similar to the
results observed by other researchers when reinforced
with synthetic non-degradable PET mesh.'®

Kakisis et al. suggested that low density and poor
orientation of the SMCs seeded on collagen gels might
be linked to the weak mechanical properties.*’” SMCs
seeded on collagen gel typically have longitudinal ori-
entation rather than circumferential orientation con-
firming the poor mechanical strength of collagen-based
vessels.®”?'2 To resolve this challenge, numerous
researchers used bioreactors to apply pulsatile flow to
seeded cells, hence, creating an environment similar to
that occurring physiologically.®*:'”* Cells seeded in this
manner were circumferentially oriented with improved
mechanical strength. Other studies used cyclic strain
and platelet growth factors to not only enhance the
mechanical strength of tubular collagen constructs but
also increase the SMC compaction.'’8!86

Collagen type 1 nanofibers mat fabricated into 2
mm diameter tubular grafts and then crosslinked with
glutaraldehyde were stable up to 12 weeks without
aneurysmal dilation after implantation in the rat infe-
rior vena cava.?'’ Collagen alone can also be electro-
spun for tissue engineering of blood vessels; however,
co-electrospinning with other biodegradable materials
such as elastin and PCL improved the mechanical
strength and bioactivity in a study.?'*'* These findings
suggest that collagen combined with other synthetic
materials could offer a better engineered vascular
substitute in the future; however, collagen was found
to degrade to gelatin after electrospinning, thus, elim-
inating its unique structural properties.**>

Silk

Silk fibers extracted from cocoons of the Bombyx
mori silkworm have been used in various biomedical
processes including suture threads.®” The two active
components of silk are fibroin and sericin that provide
elasticity and glue-like properties, respectively.>® This
material is biocompatible, non-thrombogenic, and de-
grades slowly in vivo, hence, standing out as a viable
alternative for constructing small diameter vascular
conduits.**'" In a previous study, electrospun silk
fibroin was found to possess sufficient burst strength

capable of withstanding physiological pressure and
good mechanical strength that resisted aneurysm
dilation and rupture.'?® The compliance of silk fibroin
is far greater in comparison to synthetic grafts such as
e-PTFE and PET,*" though this value is still below
that of the SV."*°

Vascular grafts constructed with silk fibroin showed
enhanced bioactivity observed by migration and pro-
liferation of both SMCs and ECs in vivo.''® A silk fi-
broin (1.5 mm) graft implanted in a rat abdominal
aorta showed higher patency (85%) for up to 1 year
than that observed for e-PTFE (30%).>* The construct
showed formation of a confluent endothelium which is
free from thrombus at 12 weeks and an enhanced
deposition of ECM proteins as the fibroin degraded,
coupled with increased the mechanical properties that
inhibited aneurysmal dilation. Furthermore, a long-
term large animal study on a low flow artery such as
the carotid is needed to confirm the clinical relevance
of silk fibroin vascular constructs.

Hyaluronan

Hyaluronic acid (HA) is a non-sulfated gly-
cosaminoglycan (GAG) that was first isolated from the
vitreous humor in 1934 by Meyer and Palmer,"® which
is composed of glucuronic acid and N-acetylglu-
cosamine. This material is transparent and can be
synthesized in large quantities via microbial fermenta-
tion. HA is a rapidly biodegradable, hydrophilic, non-
adhesive, and biocompatible natural polymer.'** It can
modulate cell differentiation, migration, and angio-
genesis without eliciting any foreign-body response,
making it an intriguing material in the field of tissue
engineering. In a previous study, HA was found to
promote adhesion and proliferation of ECs via CD44,
ICAM-1, and RHAMM cell receptors to enhance tis-
sue growth and repair.’*'®> The mechanical property
could be tuned by the degree of modification and
crosslinking.'®’

Chenhui et al. combined HA and human-like col-
lagen to produce a vascular scaffold with enhanced
biophysical and mechanical properties that were close
to those of the natural ECM.?*’

Fibrin

Fibrin is an insoluble protein that often participates
in tissue repair and wound healing process. It is formed
as a result of fibrinogen polymerization activated by
thrombin, thus resulting in a fibrillar network gel.**
Fibrin scaffolds can aid the adhesion, proliferation,
and migration of cells involved in tissue remodel-
ing.>>'*® During post tissue remodeling, the gel net-
work is broken down through fibrinolytic processing of
the fibrils, which can be finally be resorbed via fibri-
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nolysis.*>'** One of the challenges working with fibrin
gel is due to it’s poor mechanical properties similar to
that of the collagen scaffolds used in vascular tissue
engineering. Tubular fibrin gel seeded with cells over
24 h and implanted in the external jugular vein of an
ovine model was monitored for 12 weeks.'®® The graft
showed substantial vascular remodeling with signifi-
cant deposition of ECM and enhanced mechanical
properties. There was minimal aneurysmal dilation
which did not affect the patency of the vessel until the
time of explantation.

In another study, fibrin-based vascular grafts en-
trapped with SMCs were implanted as vein interposi-
tion grafts in a lamb and was observed for up to 15
weeks.'®® The grafts were patent (25%) with ECM
deposition that enhanced the mechanical properties
comparative to the native aorta. Instead of SMCs, a
varied concentration of fibrinogen grafts were seeded
with bone marrow-derived SMC progenitor cells,
which produced vessels with better mechanical prop-
erties; however, implantation in artrial vessels is still
under investigation.''*?!'” Another technique to im-
prove the strength of fibrin-based tissue-engineered
vessels is hypoxia and insulin supplementation which
enhances collagen deposition of the entrapped neona-
tal human dermal fibroblasts.'® However, the draw-
back of this approach was the inability to produce a
vessel with appropriate clinical length due to the loss of
their length during culture in a bioreactor.

Hybrid Scaffolds

A combination of natural and synthetic material in
graft fabrication could offer improved graft properties
that are superior to the properties of either material
alone. Within the last decade, several in vivo experi-
ments have been performed on TEVGs to demonstrate
the feasibility of a hybrid graft design approach. Re-
cently, many researchers focused their efforts on this
approach because of the positive results it offers. To
mimic the structurally, morphologically, and mechan-
ically property of a blood vessel, Haghjooy Javanmard
et al. fabricated a three-layer vascular graft that
sandwiched collagen in PCL and poly-L-lactic acid
(PLLA).”" In another study, PCL was combined with
gelatin,® collagen,'” and elastin®®’ to enhance the cell
adhesion and mechanical property of the graft. A hy-
brid graft composed of PCL blended with silk and
chitosan maintained patency for up to 8 weeks in a rat
model.>*® After electrospun HA was first developed,
Ekaputra et al. fabricated a hybrid mesh formed by
electrospinning HA with PCL and collagen; which
supported capillary networks from co-culture of EC
and lung fibroblast.”!
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In an ovine model, a fibrin scaffold reinforced by
poly(r/p) lactide (P(1/pD)LA) mesh and seeded with
autologous arterial-derived cells was observed up to 6
months as an interposed carotid artery graft.”” At 6
months, there was no evidence of calcification,
thrombus, or aneurysm dilation on the luminal surface
of the explant. Young Min Ju et al. used a PCL/col-
lagen scaffold seeded with autologous ECs and
VSMCs in their study on ovine carotid interposition
for 6 months. Serial computed tomography (CT) and
ultrasound (US) images showed no observable stenosis
and the vessel showed stable structural integrity. Al-
though this hybrid graft approach presents some
interesting results, long-term conditioning with out-
standing processing skills are required, which could be
a serious challenge for large scale manufacturing.®®

Decellularized Natural Matrices

In the quest to obtain a TEVG that mimics the
native vasculature in both structural and biomechani-
cal performance while avoiding adverse immunologic
responses, a decellularized scaffold was developed.’*®
Decellularization is the process (Fig. 3) of stripping off
antigenic cellular material from tissue with the aid of
detergents and enzymes, leaving behind a well-orga-
nized acellular matrix as a scaffold for autologous cell
infiltration and tissue remodeling.*

Rosenberg et al. were the first to develop a decel-
lularized vascular prosthesis using bovine carotid in
the 1960s.!”! From then until now, numerous clinical
products based on decellularized tissue from both
autografts, allografts, and xenografts have become
available for a wide range of applications such as
cardiac, ophthalmic, dentistry, dermal and soft tis-
sues.’® The commercial names for these grafts are
Artegraft™, Solcograft™, and ProCol™, which were
derived from bovine blood vessels. The SynerGraft™
model 100 was derived from decellularized bovine
ureter.””'% Lack of large-scale adoption of these grafts
might be due to the results of several prospective
randomized trials, which concluded that there is no
clear advantage of decellularized xenografts in com-
parison to alternative synthetic conduits.*>'°” Apart
from the high processing cost of decellularized grafts,
both grafts (synthetic and xenografts) have a similar
patency rate and also the chances of graft recovery
after infection or pseudoaneurysm was lower.

Products based on decellularized human donor vein
such as those used for arteriovenous fistulas (AVFs)
(SynerGraft™, derived from human cadaver vein
allograft) are commercially available but not yet widely
adopted in the clinical field. In a previous study, these
grafts appeared to be more resistant to infection
though with aneurysmal dilation in contrast to syn-
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FIGURE 3. Tissue engineering manufacturing process. Briefly, the tissue is explanted from the source (human or animal) and
decellularized using detergent and chemicals under agitation. 2D tissue can be explanted from amniotic membranes or small
intestine submucosa while vascular tissue is obtained from blood vessels. The decellularized 2D tissue, which is composed of
extracellular matrix (ECM) only, can be rolled into vascular constructs and seeded with a patient’s explanted cells.

thetic conduits, however no improvement in patency
was observed.!" The limited supply and complex
ethical/regulatory issues associated with the commer-
cialization of allogenic decellularized matrix remain
another challenge.

Although decellularized scaffolds present interesting
results'’ as alternative TEVGs, challenges such as
inadequate decellularization have led to adverse im-
mune reactions and implant failure, while hash decel-
lularization has led to the loss of mechanical properties
caused by degenerative structural graft failure. Other
important obstacles in this approach that could limit
quality control are variations in geometry, mechanical
properties, and chemistry due to age and health of the
donor. Hence, no viable prediction can be made on the
prospect of this approach.

Complete Biologic TEVGs

This approach utilizes various cells to fabricate a
vascular construct with the aim of avoiding problems
observed with synthetic materials such as inflamma-
tion, stenosis, and infection.'**!'33 Currently, there are
three main developed approaches: the cell-sheet based,
in vivo bioreactor, and cell-ring based methods.

The cell-sheet approach involves expanding the cell
population in the presence of ascorbic acid as a
medium.'>® The cells are monitored to a certain period
(maturation time) after which the cell-sheets are care-
fully removed and placed onto a round tubular con-
struct,'>® followed by 8 weeks of dynamic culture to
unify the layers into a vascular structure (Ref. Fig. 4).
Researchers have utilized different cell sources to
construct cell-sheet tissue TEVGs with burst pressures
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FIGURE 4. Schematic illustration of different approaches employed to fabricate scaffold-free vascular grafts.

approaching roughly ~ 2600 mmHg, which is well
above that of the SV. In a previous study, grafts obtain
via this approach could withstand physiological pres-
sure after implantation in a canine model as a femoral
arterial interposition.'® However, the long period of
in vitro processing (between 6 and 9 months) required
to generate TEVGs still limits this approach.'**

The bioreactor approach was another innovative
approach developed to generate TEVGs. Here, the
body acts as a bioreactor by initiating an inflammatory
response after implantation of foreign material at the
peritoneal cavity, thus triggering the formation of a
fibrous capsule mostly composed of myofibroblasts
and collagen matrix layers encapsulated by a layer of
mesothelial cells’”’ (Ref. Fig. 4). In a previous study,
implantation of silastic tubing in a rat’s peritoneal
cavity led to encapsulation by myofibroblasts, a for-
mation of a collagen matrix, and a single layer
mesothelium after 2 weeks.'*® After the tubing was
explanted, the vessel-like structure was turned inside
out: the mesothelial outside layer became the intima;
the collagen and elastin layers became the media; the
outside collagen layer became the adventitia. Subse-
quently, the graft was implanted in the carotid position
of the same rat which remained patent up to 4 months
with properties similar to that of the elastic lamella.
Among the implant tubing evaluated so far, poly-
ethylene tubing was found to produce an outstanding
graftable vessel in 50% of cases. Though this model
seems to be a viable option to develop TEVGs within a
short period without fear of antigenicity, the dual
invasive surgeries coupled with the possibility of tissue
adhesion to the peritoneal wall during maturation may
limit this approach.®®-'*?
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The cell-ring based method was developed to over-
come the challenges of possible damage to the cell
sheet through peeling or manipulation during the post
culturing process by utilizing a mold composed of
agarose wells. In this approach, high-density cells are
suspended in the agarose matrix for ECM secretion,
thus serving as building blocks for vascular conduit
formation'?' (Ref. Fig. 4). Previously, human arteries
derived from fibroblasts and ECs were deposited and
conditioned up to 14 days under pulsatile flow that
included mechanical stimulation in a 3 mm ID mold.
This generated a vessel-like tissue composed of ECM
components.” Similarly, this approach has been tried
in a small animal model (rat) after immortalized rat
aortic SMCs were cultured in agarose well (2-6 mm in
ID) for up to 2 weeks to generate fused tissue rings.”®
This ring was further developed into a fused vascular
construct when placed in a silicon tube mandrel and
cultured for 7 days. One limitation of this approach
was the limited shape of the fabricated graft which led
to the development of bioprinting. With this new
approach, patient-specific vasculature could be devel-
oped. Due to the flexibility, several studies have em-
ployed this approach to develop in vitro micro
vascularized constructs.’’ Norotte er al. developed
simple and branched vasculatures via precise deposi-
tion and merging of multicellular spheroids and
cylinders'® (Ref. Fig. 4). The construct demonstrated
a burst pressure of around 773 mmHg after 21 days in
a bioreactor. The ability to engineer vessels of distinct
shapes and hierarchical trees via this approach seems
compelling; however, the processing time, which usu-
ally takes up to 7 days, coupled with sterility issues
could be obstacles in generating stable structures.
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Fabrication Method of TEVG

Nowadays, electrospinning is among the versatile
approach used by tissue engineers to fabricate
degradable scaffolds since it is compatible with many
polymers and is customizable enough to fabricate
vascular conduits with optimized properties.

The process transform polymers dissolved in a vo-
latile solvent into nano and microfibers on application
electric field. However, to create a tubular structure
such as blood vessels, a fast-rotating mandrel with a
diameter matching the targeted vessel is often used. By
controlling various parameters such voltage, flow rate,
polymer concentration, nozzle size, distance, rotation
speed and solvent, the thickness, density and physical
properties of the resultant scaffold can be changed.'”"
Montini-Ballarin et al. demonstrated the use of this
approach to generate a vascular construct that has
properties akin to a physiologic vessel.'?!

Freeze-drying or lyophilization®*® is another meth-
od that uses principles of sublimation to remove sol-
vent present in a polymer solution. In this method, the
polymer solution is poured in a mold and transferred
into a freeze-dryer where the solvent is allowed to
sublime. The pore size of the construct can be opti-
mized by varying the freezing rate and solute concen-
tration.

Porogen or particulates leaching is another method,
where porogen (sugar, salt, wax) or particulates are
used to generate pores before being leached via evap-
oration.””

Some other approaches used to generate vascular
construct includes—solvent casting, foaming, phase
separation, fiber bonding, self-assembly, rapid proto-
typing, melt molding, and membrane lamination.
Bioreactors are utilized in tissue engineering to trans-
late cells and tissue-based constructs into large-scale
biological products that are clinically effective and
safe. A study employed bioreactor to seed human in-
duced pluripotent stem cells onto a PGA scaffold up to
9 weeks, which produced vessels composed of cells
largely positive for alpha-smooth muscle actin.®®

Most of the fabrication approach employed in
TEBV to date were illustrated in Fig. 5 below.

From the above descriptions of tissue-engineered
vascular graft strategies irrespective of their cell source,
they can simply be divided into two categories: scaffold
guided (synthetic, natural or decellularized matrix) and
self-assembly (complete biologic). Hence, the selection
of a vascular graft with optimum property should be a
priority and a summary can be seen in Table 1 below.

Mechanical Properties of TEVG

The mechanical behavior of TEVG is an integral
part of graft design consideration due to the load-
bearing nature of blood vessels. This means that grafts
should have sufficient mechanical strength to with-
stand pressurized blood flow and resist deformation.
TEVGs require sufficient mechanical strength to retain
vessel integrity and resist permanent deformation
under physiological conditions. Thus, designing a
TEVG that mimics the mechanical properties of native
vessels could be a challenging task owing to their
complex viscoelastic property. Tensile strength, burst
pressure, suture retention, and compliance are the
most important factors to consider for mechanical
strength when choosing material for TEVGs. How-
ever, among researchers developing TEVGs, there is
currently no agreement over the target values for these
particular graft properties- whether to focus on mim-
icking the current gold standard graft property of the
SV or ITA. Developing TEVGs matching the
mechanical properties of the SV may be preferable for
easy clinical adoption; however, the patency may still
be limited because they are not designed to handle
high-pressure vessels. Samand Pashneh-Tala er al.
presented data on the mechanical properties of some
reported TEVGs and compared them to that of both
the ITA and SV.'* According to the study, no TEVG
has matched either the ITA or SV in terms of com-
pliance, burst pressure, or suture retention strength;
however, a few of them were approaching these tar-
gets. The author concluded that the best option to
fabricate future TEVGs is to tailor them to patient-
specific implantation sites.

Tensile Strength

Tensile strength is the ability of graft material to
resist a static or applied force while pulling at both
secured ends. Since graft material encounters forces
like longitudinal and axial stresses during the systolic
and diastolic cycles, longitudinal tensile strength is a
crucial measure of a graft’s resistance to internal
stresses after implantation. Blood vessels are well
known to behave like viscoelastic material as observed
by their j-shaped stress-strain response. It has been
observed that low strain produces only small changes
in strain induced by the compliant and elastic response
of the elastin fibers. At maximum systolic pressure,
crimped collagen fibers are open and engaged in a
tensile manner thus leading to increased stress.*’ Sev-
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TABLE 1. Comparison of materials used in tissue engineered vascular graft (TEVG).
Clinical tri-
Graft type Burst pressure test Pros Cons als
Synthetic materials > 0.5 MP® Possible quality control Susceptible to intimal On P(LA/
(PCL, PLA, PGA, Good mechanical strength thickening and thrombus CL)&PGA
PGS, PTFE, PET, In abundant and cheap formation when used in or PLLA™®
and PDO) small diameter vessels
Natural and hybrid Fibrin gel-based: (>1500 Easily sourced and pose no im- Poor mechanical strength ~ \*4!119:153
materials (silk, colla- mmHg),'®8 crosslinked collagen-  mune response Material sourced from an
gen, elastin, fibrin based: (323-1313 mmHg),'*® animal could lead to
gel, hyaluronan) silk-based: (849-1442 mmHg)?’ potential disease trans-
mission
May degrade rapidly
Variable quality assurance
Decellularized matrix > 2500 mmHg®® Good 3D microenvironment for cell Susceptible to immune 338147
(autograft, xeno- infiltration with retained mechani-  rejection if cells are not
genic, allogenic, cal strength, composed biochem-  completely removed
heterogenic) ical cues for cell signaling
Complete biologic (cell > 3000 mmHg'%® Nonimmunogenic and noncompli- Variable mechanical prop- ?4121:152

sheet, bioreactor,
miro tissue aggrega-
tion, 3D bioprinting)

ance vessels

erty due to different cell
types, long maturation
time

MP maga pascal, mmHg millimeter mecury.

eral studies have utilized natural soft tissue such as
small intestine submucosa (SIS) to engineered grafts,
which showed mechanical responses similar to that of
the native ovine carotid artery.'>® In another study,
layered PCL and PGA composite sheets seeded with
bovine fibroblasts, SMCs, and ECs for up to 2 weeks
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vine arteries.'®

showed a similar stress-strain response to that of bo-
The unpredictable transition of
mechanical behavior of synthetic TEVGs over time as
the scaffold degrades requires a long-term in vivo study
with appropriate assays at each time point to observe
the graft mechanics regarding degradation.
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Compliance Mismatch

As we mentioned earlier, the blood vessel is a
complex organ with a viscoelastic property; the motion
of the arterial wall is pressure-dependent due to elas-
ticity and time-dependent owing to viscosity. Hence, to
fabricate an ideal graft that would replicate these
complexities is usually a challenging task. Therefore,
compliance is a term used to simplify the clinical
approach to a very complex physiological phe-
nomenon. This property is essentially expressed as a
dimensional change concerning Iuminal pressure
change as represented below; where D is the internal
diameter in diastole, AD is the ID change and Pp is the
pulse pressure.

c=2D/pp,

Compliance mismatch between the host artery and
the graft was suggested as part of physical forces
associated with vascular graft intima hyperplasia (IH)
as a result of differential mechanical strain and other
hemodynamic WSS parameters.'®’

Dacron and e-PTFE are the most widely used syn-
thetic graft materials, which happen to be compara-
tively rigid in comparison to native tissue, thus
resulting in a compliance mismatch at the anastomosis
site.®” This difference in the mechanical property of
materials at the anastomotic site could alter the blood
flow profile and trigger a flow separation zone.’ Fig-

Native vessel

Proximal end

Blood Flow direction »

=

Anastomosis

Divergent flow

___,t—//y—"_’,_’— ¢

ure 6 illustrates the possible three different hemody-
namic flow patterns observed at the distal end after
anastomosis of the graft to native vessels because of
variation in graft diameter or change in artery diame-
ter as a result of pulsatile blood flow. According to
previous studies, this convergent and divergent flow
pattern was found to cause intimal thickening at the
distal end."'”'** This indicates that divergent flow
geometry reduces mean WSS and could trigger flow
separation while convergent flow geometry increases
shear stress and may result in EC damage and platelet
activation.”®%

Since arteries can adjust their diameter and main-
tain a relatively uniform WSS, but a rigid synthetic
graft cannot. Hence, optimal sizing of grafting is nee-
ded to maintain uniform WSS. In Fig. 6, a graft whose
diameter is larger than that of the native vessel can
create a state of low-velocity blood flow and shear
stress that promotes failure. Conversely, when a graft
is smaller than the native vessel, especially when it is
smaller in diameter, the deposition of a fibrin layer
over the synthetic surface post-implantation may trig-
ger thrombotic obstruction.

As a result of these intrinsic differences between
most synthetic grafts and native vessels in terms of
moduli, coupled with anastomotic complications,
complete compliance matching in a clinical setting is
almost impossible.”'**'°* Hence, it has been confirmed
experimentally that non-compliant (rigid) graft failures

Distal end

S

.....

Laminar Compliance flow

#l
|

vV v Hv

FIGURE 6. Effect of compliance (graft diameter) on hemodynamic flow at the distal anastomosis. From the left: convergent flow
as a result of large diameter graft (mismatch) to small vessel anastomosis; divergent flow observed because of small diameter graft
to large vessel anastomosis; laminar compliance flow owing to highly compliance graft and vessel anastomosis.
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were a result of their lack of distensibility in contrast to
the native vessels.! Compliance mismatch can be cat-
egorized into two aspects: tubular and anastomotic
compliance mismatch. Whereas tubular compliance
mismatch results from lack of seamless mechan-
otransduction (change in impedance) from the native
vessel through the synthetic graft, anastomotic com-
pliance originates from the anastomosis which leads to
a decrease in diameter and a drastic reduction in
compliance.'®” Additionally, the stiffness and suture
technique used-continuous and interrupted may con-
tribute immensely to compliance mismatch.

Burst Pressure

The burst pressure test was designed to measure the
capability of a graft to withstand blood pressure sim-
ilar to that found under physiological vascular condi-
tions, including both systolic and diastolic level. Here,
we can obtain the maximum pressure limits the graft
can withstand before diameter expansion and ulti-
mately graft failure. The ability of a graft to withstand
its initial dimension after implantation in an in vivo
microenvironment is termed burst strength.'*® In small
diameter grafts, it is required that a single pulse pres-
sure between 80 and 120 mmHg should be maintained.
In a previous study, synthetic engineered grafts with a
burst pressure up to 1200 £ 500 mmHg, similar to that
of the standard autologous SV have been obtained.'"

One way to perform this test is usually with the aid
of a balloon catheter whereby the balloon portion is
inserted into the graft and pumped with air thus
expanding it while an attached pressure gauge moni-
tors the rise in pressure until graft failure.

Surface Modification of Vascular Grafts

Considering the repeated failures of commercially
available grafts (e.g. e-PTFE and PET), especially at
small diameters, researchers in this field have focused
great effort toward surface modifications to optimize
their antithrombotic property. However,
understanding how the tissue reacts to biomaterial
implants is essential for designing new cardiovascular
devices or surface modification strategies.'” There are
two methods usually employed to modify the surface
of blood-contacting implants: (1) a physicochemical
approach which is mostly applied for a permanent
vascular replacement that has a non-adhesive, inert,
non-biofouling surface involving electrochemical pol-
ishing, surface roughening, ordered patterning, plasma
treatment,'® etching and passive or covalent surface
coating; (2) a surface modification to enhance (or
activate) a biological activity which will eventually
speed up tissue remodeling. This approach is more
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attractive to recent researchers whereby they employ
biological tools to design a biomimetic surface via
incorporation of bioactive or inactive molecules that
modulate cellular responses.®®*!*! These approaches
aim to enhance patency and thereby inhibit thrombo-
genic events at the blood-implant interphase. It is
widely known in vascular tissue engineering that graft
endothelialization remains the ultimate solution to
address thrombogenicity and other graft associated
complications.

Physicochemical or Hydrophilic Modification

Surface modifications have been widely adopted in
the field of biomedical engineering because of the sig-
nificant role they play in changing the surface behavior
of a material to the desired property without altering
its bulk property. They are two classes of physico-
chemical surface modifications: physical and chemical.
Physical surface modifications range from flame
treatment, corona discharge treatment, plasma treat-
ment, etching, ultraviolet (UV) radiation exposure,
laser ablation treatment, gamma irradiation to X-ray
treatments. In a chemical surface modification, chem-
ical agents and functional groups such as surface oxi-
dation, hydrolysis, chemical grafting, and surface
coatings are usually employed to change the surface
behavior of the biomaterial. Most of these coating
approaches have been reviewed in depth by Alves
et al>® and Meyers et al.'”® Among the important
physical properties that modulate cell behavior, such
as protein adsorption, platelet adhesion, and throm-
bogenicity, the addition of pores, grooves and pits on
their surface could also be alternative modifications.'"?
Slight changes at the micron and nanometer level could
amount to drastic alterations in surface properties as
both physical modifications and chemical coating work
synergistically. In a recent study, it was observed that
plasma proteins such as fibrinogen tend to adhere to
rough surfaces and bind to platelet receptors more
tightly than on a smooth surface.”'® As porosity plays
a crucial role in vascular graft topography, a com-
parative study of EC growth on 5-90 um porous sur-
faces shows that ECs proliferate to a greater extent on
smaller pores (5-20 um). Hence, nanocomposite
material has shown a favorable outcome in most car-
diovascular implants as they influence desirable pro-
tein, cellular and tissue interaction at the blood-
biomaterial interface thus, enhancing their patency and
reducing thrombogenicity.'* Most amphiphilic
nanocomposite polymer coatings are hemodynamically
favorable and thermodynamically stable in contrast to
conventional materials when used as vascular grafts.””
The favorable viscoelastic and antithrombotic prop-
erties of polyhedral-oligomeric-silsesquioxane-poly(-
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carbonate-urea) urethane (POSS-PCU) coating
observed in various cardiovascular implants such as
stents, heart valves, and bypass grafts was due to its
comparable properties with that of the native artery.®
Cardiovascular implants passivated with non-bio-
fouling and non-adhesive material such as poly-
ethylene glycol (PEG), dextran hydrogels and
polyethylene oxide (PEO) were observed to prevent
protein adsorption and platelet adhesion in several
studies.®** Karrer er al’’ coated e-PTFE with
polypropylene sulfide PEG (PPS-PEG) and evaluated
its performance in a model as an extracorporeal arte-
riovenous shunt. Here, the study was grouped into
three categories: heparinized and non-heparinized, cell
adhesion testing, and thrombus deposition. The out-
come of the study showed that there was no difference
in terms of cell adhesion in comparison with that of the
control samples; however, the heparin-coated samples
showed marked suppression of thrombus formation.
Hydrophilic polymers such as dextran, PEG, and PEO
can be chemically modified on their backbone with
cell-selective peptides to enhance specific cell adhesion.
Ryan et al. employed the spin shearing method to at-
tach poly(1,8-octanediol-co-citrate) (POC) on an e-
PTFE graft after which heparin was immobilized and
the experiment was monitored in vitro.”® The results
showed that after 1 month, the POC-heparin coated e-
PTFE grafts maintained bioactivity with higher
hemocompatibility than that by bare e-PTFE grafts.

Antithrombotic Surface

The primary function of the endothelium is cardio-
protection which involves regulating the coagulation of
plasma proteins via the release of vasoactive factors
such as nitric oxide (NO) and prostacyclin (PGI,),
plasminogen activators, thrombomodulin, and heparin
sulfate.*” These molecules control coagulation and
promote fibrinolysis. Deep in the vessel wall, throm-
botic elements such as collagen, von Willebrand factor
(vWF) and tissue factor (TF) induce the blood coag-
ulation cascade.'* Hence, there is great interest among
vascular tissue engineers to mimic the function of ECs
via surface passivation on blood-contacting implants.
Various strategies have been adopted such as the
incorporation of antithrombotic drugs including hep-
arin, warfarin, hirudin, dipyridamole, clopidogrel, as-
pirin, cilostazol, and glycoprotein IIb/IIla inhibitor
(abciximab, eptifibatide, tirofiban) in a synthetic graft
matrix with the aim of slow release, thus inhibiting
platelet adhesion.”9>163

Another strategy that is of interest among vascular
tissue engineers is the modification of graft material to
produce NO, thus suppressing IH.> To read more

about NO release system, please refer to other review
articles.®*!3°

Surface Modification of Vascular Implants to Enhance
Endothelialization

Commercially available vascular implants such as e-
PTFE and PET fail because of their inability to induce
faster in situ graft endothelialization. Therefore, sur-
face modification strategies have been employed to
enhance the endothelialization of these implants to
maintain their normal vessel function.'®°

Peptide Coating

Another strategy employed to enhance EC attach-
ment to vascular constructs involves the immobiliza-
tion of specific peptide sequences responsible for
specific binding with ECs. To date, RGD remains the
most common integrin-binding site which is composed
of an arginine, aspartic acid and glycine sequence
found on many proteins such as fibronectin (RGDS),
vWF (RGDS), vitronectin (RGDYV), collagen 1
(RGDN), collagen IV (RGDX, where X is a variant),
thrombospondin (RGDA) and laminin (RGDN).
Another integrin has been identified by several
researchers which includes REDV and LDV on
fibronectin'** and YIGSR on laminin.®® Trudel et al.
covalently bonded RGD and YIGSR peptides on
Dacron and e-PTFE and observed the behavior of ECs
seeded on them. The results showed that the coated
sample promoted significantly higher EC attachment
and spreading than the un-coated samples.”’” In an-
other study, e-PTFE coated with a cell adhesion-pro-
moting RGD-containing synthetic peptide and
fibronectin showed enhanced EC attachment even
under shear stress in contrast to a fibronectin-coated
surface.?*

Antibody Coating

An antibody as a marker coated on artificial grafts
is another alternative to induce self-endothelialization.
The main objective of this approach is to promote
attachment and proliferation of ECs and EPCs on the
luminal portion of the graft after implantation. Mon-
oclonal antibody adsorbed against EC membrane
proteins, fibronectin, or vVWF improved cell adhesion
and proliferation. Bhatia et al. created an avidin-biotin
system that showed enhanced EC attachment and
spreading.'®

Plasma Surface Treatment

Plasma surface treatment is another approach to
modify a biomaterial surface to enhance its surface
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properties such as its ability to recruit, adhere, and
retain functional ECs. Here, samples are placed inside
a high vacuum chamber, and gas is introduced, which
is ionized by microwaves or radio waves, to create a
plasma that reacts with samples. This creates surface
functional groups that are dependent on the gas and
material used. Some of the groups generated through
this process are hydroxyl (-OH), carboxyl (-COOH),
carbonyl (~CO), ketone (=0), carbonate (—-CO5>"),
and amine (—-NH,). The benefits of plasma surface
treatment are numerous, ranging from secondary
immobilization procedures to increased biocompati-
bility or increased cell attachment and material steril-
ization. One of the challenges observed in this process
is material degradation due to the generation of free
radicals; however, because of the rapid treatment
process (within seconds), damages are mostly observed
in extremely susceptible materials. Pu et al. successfully
modified the surface of the clinically available vascular
implant-Dacron and e-PTFE with ammonia plasma
treatment and observed the behavior of ECs seeded on
them.'®" The results showed that the plasma-treated
surface-enhanced EC attachment in comparison to
untreated samples. Furthermore, in another study,
plasma treatment was employed to functionalize the e-
PTFE surface before secondary biomolecule immobi-
lization, which showed better EC adhesion and pro-
liferation.'”

Protein Coating

Biomaterial protein-coated surfaces offer an alter-
native strategy to enhance additional binding sites for
cell adhesion receptors, which are widely used to im-
prove the attachment and spreading of ECs on a vas-
cular construct. Some of the proteins currently used to
enhance EC attachment include laminin, poly-l-lysine,
gelatin, and fibrin (Table 2). The combination of these
proteins which form the basement membrane tends to
enhance EC attachment in contrast to single protein
coating. Among these proteins, collagen and fi-
bronectin are used often given that they are also a
component of the ECM. A conformational change is
often observed when proteins are adsorbed on a bio-
material surface.'** A hydrophobic core and the hy-
drophilic surface of a protein aid in its solubilization in

TABLE 2. Classes of extra-cellular matrix (ECM) molecules.

i Structural protein Collagen and elastin

i Specialized link-protein  Fibronectin and laminin

i Proteoglycans Versican and fibromodulin

iv Glycosaminoglycans Hyaluronic acid and heparin sulfate
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aqueous media. When a protein is exposed to a
hydrophobic surface, a conformational change occurs,
resulting in exposure of the hydrophobic core and
strong adsorption onto the material. However, in hy-
drophilic materials, no conformational changes occur,
but they bind weakly with the hydrophobic groups on
the protein surface.**'”® The conformational change
on protein adsorption could influence the exposure of
their binding sites, thus, altering their activity.

An in vivo carotid sheep interposition model of 4
mm e-PTFE and PU graft coated with fibronectin and
subsequently seeded with ECs in a bioreactor showed
ECs coverage of 80-90% after 3 weeks with no
thrombus formation.'> In another study, a 6 mm
Dacron graft coated with gelatin and seeded with
autologous ECs were implanted into the vena cava of a
canine model which similarly showed no thrombus
formation.'”

Human trials of endothelialized vascular implants
according to the procedures stated above have been
investigated. A randomized clinical study was con-
ducted up to 7 years using fibronectin-coated e-PTFE
grafts, which was in-vitro lined with autologous ECs,
showed higher performance (75.8%) compared to
control (0%) and grafts lined with ECs only (66%).'*
The same procedures have been replicated by other
investigators, and the results confirmed that endothe-
lialized grafts with autologous cells improved the pa-
tency and enhanced healing of vascular conduits.'?’

VEGEF is another important signaling protein that is
involved in both vasculogenesis and angiogenesis
processes by mediating the migration and mitosis of
ECs including methane mono-oxygenase and oyfi3
activities.'*® The important biological function of
VEGEF is due to its specific membrane receptor and
vascular endothelial growth factor receptor (VEGFR),
which is categorized into three main receptors,
VEGFR1 (FlItl), VEGFR2 (KDR), and VEGFR3
(F1t4). Among these VEGFRs and VEGF2 were found
to express mesodermal cells responsible for the en-
hanced proliferation of EPCs.”®!%®

Several investigators have utilized nanoparticles and
microgels for the controlled release of encapsulated
VEGF and VEGF genes to treat diseases such as
coronary artery disease.'>**?”13* In another study,
gelatin microparticles (GMP) loaded with VEGF were
investigated for prolonged-release activity in an in vivo
study, which led to a significant increase in vessel for-
mation as observed in the histology results.'>®

A core-shell electrospun fibrous membrane with
double-layer structure has been developed for dual-
delivery of VEGF and platelet-derived growth factor-
bb (PDGF) aimed at modulating proliferation of ECs
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and VSMCs. The function of the PDGF was to stim-
ulate SMC proliferation, which plays a vital role in
vascular remodeling.”>® Yuan er al. utilized poly(-
ethylene  glycol)-b-poly(L-lactide-co-¢-caprolactone)
(PELCL),  poly(L-lactide-co-glycolide) = (PLGA),
poly(e-caprolactone) (PCL) and gelatin to developed a
multilayer vascular graft (1.5 mm in diameter) loaded
with  VEGF and PDGF, which showed good
mechanical properties by employing electrospinning
method.”

Hence, to reduce cases of implant rejection, we
propose a new surface modification of the TEVG with
VEGF via the polydopamine coating method. The
process involved incubation of fabricated vascular
samples in a VEGF solution according to the protocol
after polydopamine coating. Figure 7 illustrates the
immobilization process.

Manufacturing Cost as an Evaluation for Graft
Selection

In the surgical field, it is common to see widespread
adoption of new devices or more expensive procedures,
before their proven superiority over older devices or
practices.

However, when these new devices are interesting to
surgical personnel, a conflict may arise if the scarcity of
resources limits their widespread adoption. Hence, the
economic implications followed by the medical
advantages of the new device should be critically
evaluated and analyzed via an appropriate controlled
clinical trial. There are numerous quantitative
tools'*8%13! that can be used to access this information
and their results can be beneficial in faster adoption of
the new graft or devices.

The adoption of a new graft -which in most cases is
likely to be more expensive can only be justified eco-
nomically in the absence of a saphenous vein, consid-

Engineered
graft

iy >

Dopamine in
Tris-HCl; PH-8.5
solution

ering the initial cumulative patency figures of the new
graft and the known performance of the older grafts.

A good example of cost analysis methodology was
employed by Rapheal adar er al/, in femoropopliteal
grafting of a male patient for limb-threatening
ischemia.” The study confirmed that the degree of
improved performance (the break-even patency) of the
new graft over dacron would be economically pre-
ferred, despite their higher price due to relatively small
advantage, in terms of cumulative patency rates. The
successful utilization of decision theory, in this case,
was because of the availability of reliable data that can
be applied to different scenarios. However, a difficulty
may arise due to non-standardized method of report-
ing clinical results.

The pros associated with the use of decision theory:
(1) It points out different factors affecting the decision
process and the elements which render them more
expensive. (2) It identifies those areas that require a
more detailed database. (3) It is used as a sensitivity
analysis for testing how a variation in the basic data or
different sets of assumptions can alter the decision-
making process.”

The manufacturing cost of different vascular grafts
can be summarized as thus: synthetic grafts < natural
polymer < decellularized matrix < cell-sheet
approach.

CONCLUSIONS

The quest for a synthetic biomaterial with good
mechanical properties capable of integrating with the
host tissue and that can also remodel and grow with
the patient, remains the driving force behind designing
a new generation of clinically viable small-diameter
vascular replacements. Hence, to realize this goal, the
material choice for the graft must be optimized to have

Dopamine

3 nH, Vascular growth
= factor

VEGF coupling

FIGURE 7. lllustration of a vascular endothelial growth factor (VEGF) immobilization process.
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good mechanical properties with bioactive surface
signaling cues of native tissue. Additionally, the
material should have properties that closely match the
elasticity and burst pressure of the native vessel to
overcome the risk of flow variation and mechanical
failure.

Nowadays, the outcomes of experimental and clin-
ical trials using synthetic commercially available small
diameter TEVGs show that these grafts seem to per-
form poorly after surgery. Hence, it is likely that in the
future, a reinforced bioresorbable synthetic material
with antithrombotic property and outstanding bio-
compatibility coupled with tailored degradability will
become a desirable option for small vascular surgeries.
Though, most of the successes in engineered vascular
grafts approaching commercialization are for large
vessels rather than small-diameter grafts used as car-
diovascular bypass grafts. Consequently, the field of
vascular engineering is still available for future inno-
vators that can take up the challenge to create a
functional arterial substitute.

REVIEW CRITERIA

Publications up to 2019 were identified by searches
performed on PubMed, MEDLINE, and Google
scholar using the following keywords, alone and in
combination: ‘“‘small diameter vascular tissue engi-
neering”’, scaffold-based vascular tissue engineering”,
“self-assembled”, ““decellularized matrix”’, “review’,”
books”. materials for vascular tissue engineering”,
mechanical properties of engineered graft”, “surface
modification of vascular grafts”. In this review, we
consider mostly full-text, original articles that were
written in English and published between 1965 and
2019, and also searched the reference list of these pa-
pers for further leads.
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