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Over the past 40 years, remarkable advances have been made in our understanding of
successful blood vessel regeneration, starting with the failures of early tissue-engineered
vascular grafts designed using isolated components or molecules, such as collagen gels.
The vascular tissue engineers are today better educated and have steered ongoing research
developments toward clinical developments of more complete vascular grafts that replicate
the multitude of specialized arterial aspects required for function.

In the United States, 40% of all deaths are
caused by cardiovascular disease. More than

half of these incidents are a direct result of cor-
onary artery disease (Mozaffarian et al. 2014).
One of the lifesaving coronary heart disease
treatments is the coronary artery bypass proce-
dure of which more than 500,000 are performed
annually (Mozaffarian et al. 2014). This review
describes the current developmental pipeline
for vascular grafts, along with their relative
strengths and failure modes.

BIOLOGY OF BLOOD VESSELS

Blood vessels form compact closed circulatory
circuits that infiltrate most tissues of the body,
distributing nutrients, oxygen, and waste prod-
ucts as well as transporting cells, proteins, and
signaling factors of the immune system. Of three
types of blood vessels, arteries are the largest and

most robust, and their bypass in states of disease
is often required to restore healthy blood flow
(Kakisis et al. 2005). To fulfill their physiological
requirements, arteries have a trilayered structure
where each arterial layer is responsible for an
independent yet essential function. Starting
from the lumen and moving outward: the inti-
ma is responsible for the antithrombogenic as-
pect; the media is responsible for the mechanical
strength; and the adventitia imparts vasculari-
zation and autonomic control (Fig. 1A) (Fauvel-
Lafève 1999).

The intima consists of a monolayer of en-
dothelial cells (ECs) of about 1 mm thickness.
The ECs are in intimate contact with the blood-
stream and are responsible for preventing
thrombosis via active and passive mechanisms
(Fauvel-Lafève 1999). The active anticoagulant
mediators are often released into the circula-
tion, and consist of various secreted prostacy-
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clins, nitric oxide, and tissue plasminogen acti-
vator. EC’s passive anticoagulant properties are
imparted by the endothelial glycocalyx (Fig.
1B), which is a mesh-like structure bound on
the EC surface containing heparan sulfate pro-
teoglycans and which shields the blood from
the thrombogenic basement membrane (van
den Berg et al. 2006). The glycocalyx is made
up of glycosaminoglycans (GAGs), of which
heparan sulfate (HS) is the primary structural
component, serving as a potent negative regu-
lator of coagulation. The active EC anticoagu-
lant properties combined with the passive gly-
cocalyx impart a nonthrombogenic surface to
contact the circulating blood (Reitsma et al.
2007).

ECs are attached onto a basement mem-
brane, which is adjacent to the subendothelial
connective tissue, which is highly thrombogenic
because of its collagenous nature (Reitsma et al.
2007). Although thrombogenic when exposed,
the subendothelial connective tissue provides
the artery’s mechanical functionality (Fauvel-
Lafève 1999). This mechanical functionality is
primarily attributed to the dense extracellular
matrix (ECM) deposited by the smooth muscle
cells (SMCs) of the medial layer.

REQUIREMENTS FOR BLOOD VESSELS
SUBSTITUTES AND DESIGN CRITERIA

Much of arterial structure and function is de-
rived from its varied composition at the bimo-
lecular level. Engineered grafts that have been

designed using isolated components or mole-
cules—such as collagen gels—have failed to
replicate the multitude of specialized arterial
aspects that are required for function. Often,
engineered vascular grafts that offer ideal
mechanical properties suffer from surface
thrombogenicity, or vice versa. Not surprisingly,
therefore, the patient’s own blood vessels still
remain the most successful arterial replace-
ments. However, autologous vessels are often
not an option for patients in need of an arterial
replacement, because of prior harvesting or dis-
ease-associated vascular damage, prompting the
ongoing search for an alternate vascular replace-
ment (Kakisis et al. 2005).

When considering the requirements of a
functional tissue replacement, the attempt to
mimic the defining characteristics of native ar-
teries is paramount. Current vascular engineer-
ing requirements are in large part inspired by
the design features of native arteries. As out-
lined in Table 1, the following key requirements
should be met to ensure success: (1) size (inner
lumen diameter and length) of the tubular con-
duit must be matched to the application; (2)
mechanical properties of the artery being by-
passed must be matched, as least as far as ulti-
mate tensile strength and preferably as far as
compliance; (3) thrombogenicity of the graft
must be low (enhanced blood compatibility);
and (4) regeneration/integration potential, to
ensure graft longevity. Each aspect contributes
independently toward the long-term functional
success of the vascular graft.

Cytoplasm

BA

Glycocalyx Plasma membrane

Figure 1. Structure of blood vessels. (A) Excised rat aorta showing the trilayered arterial structure. (B) Trans-
mission electron microscopy (TEM) image of vessel showing a cross-section of an abdominal aorta. The image is
focused on the endothelial cells (ECs) lining the intima and the EC-associated glycocalyx brush-like structure.
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Mechanical mismatch between the graft and
native blood vessel contributes both to throm-
bogenicity and to intimal hyperplasia via two
distinct mechanisms. The mechanical mismatch
creates local discontinuities in blood-flow veloc-
ity, resulting in stagnant regions of blood flow
increasing the thrombogenicity (Teebken and
Haverich 2002). On the other hand, intimal hy-
perplasia results as an adaptive remodeling re-
sponse that is partially driven by the mismatch
in compliance. Hence, the compliance, burst
pressure, kink, and compression resistance are
important matching parameters. Furthermore,
suitable ultimate tensile properties and moduli
are important to avoid long-term dilatation, an-
eurysm formation, and potential rupture.

Antithrombogenicity is important, because
thrombus formation eventually leads to throm-
botic graft failure, a failure risk that is substan-
tially increased in small diameter grafts (Seifu
et al. 2013). The increased thrombogenic failure
risk in small diameter applications is caused by
the increased graft-surface-to-blood-volume
ratio, resulting in increased activation of blood
elements. The reduced blood flow in small ves-
sels also causes an increase in contact time with
the luminal graft surfaces.

The size and shape match is important for
two reasons. From a surgical perspective, the
size match is essential to allow successful anas-

tomosis between the native and implanted ves-
sel and restoration of blood flow. The shape and
angle match of the anastomotic junction allows
restoration of blood flow without excessive tur-
bulence or hydraulic pressure drop. A size mis-
match between the implant and artery may cre-
ate vortices or stagnating flow, both of which
decrease wall shear stress and may lead to even-
tual graft occlusion.

Regeneration of the implanted graft is im-
portant, because the long-term integration of
the graft within the native vasculature will also
largely be responsible for its success. Avoidance
of long-term foreign body response, such as that
elicited by nondegradable synthetics such as
polytetrafluoroethylene (PTFE), is important
for biocompatibility in the vascular system.
Grafts that are composed of extracellular matrix
proteins must be invested with live cells to
maintain the matrix elements, which have finite
half-lives on the order of months to years.

TYPES OF DECELLULARIZED VASCULAR
SCAFFOLDS

Decellularized vascular grafts have seen an in-
crease in popularity, because they are thought to
provide a supportive microenvironment for the
above-described functional parameters. De-
pending on the species of origin, decellularized

Table 1. Requirements of an ideal vascular graft

Design criteria Main guidelines Approaches Function

Crucial

timeframe

Mechanical
properties

Compliance and
ultimate tensile
properties similar to
native vessel

Incorporate mature
matrix or synthetics

Prevents dilatation,
rupture, bleeding

Immediate
and long
term

Thrombogenicity Anticoagulant surface Chemical coating;
endothelial cell
seeding

Prevents blood
clotting

Short to
midterm

Structure Size (inner lumen
diameter and length)
match to native
arteries

Various sizes of
scaffolds or
mandrels

Conducts blood
without excessive
turbulence or
resistance

Immediate
and long
term

Regeneration Integration with the
native tissue, both at
anastomosis and
abluminally

Avoid heavy cross-
linking, and non-
collagen-based
building blocks

Prevents both blood
clotting and intimal
hyperplasia—mid-
term

Mid- to long
term
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vascular scaffolds are thought to have lower im-
munogenicity than intact tissues and minimal
immunogenicity if the extracellular matrix
(ECM) is of the same species as the recipient.
Matrix-based materials allow the production of
mechanically compliant grafts, and have the ad-
vantage of being readily available to patients
who require expeditious intervention (Quint
et al. 2011). The main subgroups are laboratory
grown (or tissue engineered), and native human
and animal origin vascular tissue scaffolds that
are then decellularized.

Decellularization is the process of removing
the cells from the tissue, sparing only the ECM.
It is accomplished by washing the construct
with a combination of detergents, protease
inhibitors and buffers, as well as enzymes to

remove specific cellular components in some
applications (Quint et al. 2011; Dimitrievska
et al. 2015). The decellularization procedure
removes most cellular antigens that are respon-
sible for foreign recognition, creating a con-
served and well-tolerated ECM structure (Fig.
2). Hence, decellularized scaffolds largely lack
immunogenicity, allowing transplantation of
the constructs within species without the use
of lifelong immunosuppressing medication.
While there are no examples non-cross-linked,
xenogeneic matrices being used successfully in
the arterial system, there are multiple successful
examples of allogeneic matrices in this setting.
In addition, provided that the decellularization
process is undertaken with sufficient care, the
starting mechanical properties of the tissues

Native vessel

H
&

E
T

E
M

Decellularized vessel

Decellularization

A B

C D

Figure 2. Schematic representation of a decellularization procedure from a human femoral artery and corre-
sponding histological images. (A) The explanted vessel haematoxylin and eosin (H&E) where the endothelial
cells (ECs) and the smooth muscle cells (SMCs) lining the vascular wall are shown. (B) Post-successful decellu-
larization, all cells are removed, showing only ECM layers via the H&E stain. (C) Transmission electron
microscopy (TEM) analysis of the basement membrane in the native vessel shows the EC lining the continuous
basement membrane. (D) Post-successful decellularization, ECs are removed at the expense of a damaged
basement membrane.
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are retained following the decellularization
procedure.

DECELLULARIZED XENOGRAFTS AND
ALLOGRAFTS

The starting materials to construct arterial
grafts span human umbilical and femoral arter-
ies; animal vasculature such as porcine carotid
arteries and abdominal aorta, and the flat de-
cellularized porcine small intestinal submucosa
(SIS) (Teebken et al. 2000; Dohmen et al. 2002,
2007; Walles et al. 2003; McFetridge et al. 2004;
Derham et al. 2008; Narita et al. 2008; Stapleton
et al. 2008), among others. Independent of the
sourced origin, decellularized native vascular
grafts are constructed as follows: (1) explana-
tion of the scaffolds of interest from the donor;
(2) mechanical removal of the surrounding tis-
sues; and (3) tissue-appropriate decellulariza-
tion and sterilization. For example, to prepare
decellularized scaffolds from arteries (both
from human and animal origin) the abluminal
fat tissue is removed before decellularization
(Teebken et al. 2000; Stapleton et al. 2008),
whereas in the case of SIS, the mucosa and mus-
cle are isolated from the small intestine before
decellularization (Narita et al. 2008). The decel-
lularization step that is then undertaken varies
by tissue type and donor species (Fig. 2).

Decellularized Xenografts

Decellularized porcine scaffolds’ mechanical
properties (tensile strength, compliance, and
burst pressures) match the human saphenous
vein fairly well, which has encouraged clinical
development (Teebken et al. 2000; Dohmen
et al. 2002, 2007; McFetridge et al. 2004; Der-
ham et al. 2008; Dimitrievska et al. 2015). The
commonly used xenografts of porcine origin are
ureters and heart valves. In fact, xenograft heart
valves of porcine origin that are treated with
glutaraldehyde and mounted in a rigid stent are
very clinically successful (Dohmen et al. 2002,
2007). This has motivated the development of
various other decellularized porcine matrices
for use as small diameter vascular grafts, but suc-
cess there has been more limited (Teebken et al.

2000; Dohmen et al. 2002, 2007; McFetridge et al.
2004; Derham et al. 2008; Dimitrievska et al.
2015). Decellularized porcine ureter scaffolds
were found to be highly thrombogenic, especially
in the small diameter setting (Walles et al. 2003).
The driving cause of this thrombogenicity is
probably similar to all other decellularized scaf-
folds of animal origin. The decellularization pro-
cedure exposes collagen, which is one of the most
thrombogenic components of the subendothelial
matrix responsible for the initiation of platelet
activation and adhesion. Therefore, although al-
most perfectly matched from a mechanical
standpoint, these grafts are still lacking the an-
tithrombogenicity dimension required for a suc-
cessful implantation in small calibers.

A second pitfall of xenografts, especially xe-
nografts of aortic origin, has been limited cell
migration into the scaffolds, probably because
of the very tight matrix organization specific to
the aortic structure (combined with glutaralde-
hyde fixation effects) (Walles et al. 2003). To
enhance the cellular infiltration into xenografts,
elastin and collagen have been selectively re-
moved using elastin- or collagen-specific en-
zymes. However, even in selectively depleted
scaffolds with increased porosity, SMCs have
failed to infiltrate (Simionescu et al. 2006).
These results indicate that scaffold composition
and architecture need to be more than just “cell-
friendly” but also should contain migratory cell
signals and an overall architecture that can aid
in driving cells into the scaffolds.

An additional hurdle of xenografts in vascu-
lar applications is their occasional catastrophic
failure in pediatric patients. Porcine decellular-
ized valve conduits produced by the SynerGraft
technology (CryoLife) showed immunologic
compatibility in preclinical animal studies but
when implanted into four children, failed cata-
strophically when three children died (Simon
et al. 2003). This failure has been associated
with strong immune rejection and inflamma-
tion mechanisms, typical of antigen-mediated
immunity. It has been postulated that the reason
for the strong inflammation and rejection of
these implants was that in the decellularization
procedure, the antigenic cellular components
were incompletely removed. This study exem-
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plifies the importance of the successful removal
of all cellular materials before a xenograft trans-
plantation in humans, which has also prompted
the Food and Drug Administration (FDA) to
increase the characterization of decellularized
xenografts before human studies.

Decellularized Human Vascular Allografts

Cryopreserved vascular allografts are widely
used for cardiac and vascular peripheral surgery
(Hartranft et al. 2014). The cryopreservation
technique retains some fibroblasts’ viability,
meaning these are not fully decellularized grafts.
Although the cell presence allows some regener-
ation capacityof the graft, the preserved cells also
show preserved antigenicity, leading to macro-
phages and plasma cells infiltrating the graft,
with subsequent release of proteolytic enzymes.
These negative immune responses can result in
disruption of the anastomosis, which combined
with the additional infections lead to early post-
operative death in 13%–25% cases, and an am-
putation rate of 5% (Hartranft et al. 2014).

In related vascular applications, human
cryopreserved allografts were implanted as he-
modialysis access grafts and seem less prone
to fibrosis, calcification, and degeneration as
compared to their xenograft counterparts.
Particularly CryoLife (Synergraft) implanted
cryopreserved cadaver femoral allografts decel-
lularized in an antigen-reduced manner and
showed comparative results to PTFE grafts
(McAllister et al. 2009; Mount et al. 2014). Cryo-
Life also produced SynerGraft aortic valve
conduit from human valves that were decellu-
larized before cryopreservation. They were im-
planted into 22 patients as aortic valve conduits
and showed lack of immunoreactivity, indicat-
ing successful antigen removal in the decellula-
rization process (Zehr et al. 2005).

In addition, decellularized small-diameter
vascular allografts are being developed in vari-
ous animal models for eventual clinical transla-
tion. Decellularized human umbilical veins
have showed cellular integration and mechani-
cal property maintenance postimplantation
(Assmann et al. 2013; Cittadella et al. 2013; Pen-
nel et al. 2014). However, decellularized human

umbilical veins functionality has only been test-
ed in the very permissive nude rat model, and
only for short implantation periods of 8 weeks
(Assmann et al. 2013).

TISSUE-ENGINEERED VASCULAR GRAFTS

Over the past several decades, tissue-engineered
vascular grafts (TEVGs) have been studied as a
means to develop a successful vessel that inte-
grates with native vasculature and maintains
patency in small-diameter applications. Differ-
ent approaches have resulted in important ad-
vancements of the field, all by conceptually
striving to meet the design criteria that are de-
scribed in Table 1.

The ideal scaffold for vascular engineering
has to provide a template SMC and EC growth/
migration, as well as ECM secretion. If implant-
ed as a structural element of the graft, the scaf-
fold must also possess the mechanical strength
and compliance necessary to withstand the pul-
satile pressures of the vascular system. To date,
the scaffolding approaches that have had most
success are based on one of the following three
main approaches: degradable polymeric scaf-
folds, extracellular matrix-based scaffolds, and
cell sheets (which contain little or no synthetic
scaffold material) (Fig. 3).

Extracellular Matrix- and Protein-Based
Scaffolds

Tissue-engineered grafts built from purified
forms of extracellular matrix proteins mimics
to some degree the native artery where SMCs
are embedded in the ECM. Typically, ECM
components are prepared in a gel-like solution,
and injected in a tubular mold in combination
with cells. The gel is allowed to solidify in the
tubular mold, thereby entrapping the cells. Us-
ing ECM—such as collagen or fibrin—as the
scaffold offers the advantage of providing ma-
trix stimuli recognized by cells, allowing them
to bind and remodel the scaffold and secrete
more ECM as dictated by soluble and mechan-
ical cues. This approach is historically impor-
tant for TEVG development, because it was the
first TEVG strategy reported (Weinberg and Bell
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1986). However, this approach is plagued by
problems with low mechanical properties:
ECM scaffold gels are typically weak and, often-
times, little additional ECM is deposited by the
cultured cells. As a result, gel ECM-based grafts
have a burst pressure as low as 40 mm Hg, which
cannot support the physical loads of the cardio-
vascular system (as a reference point, native hu-
man saphenous veins rupture at �2000 mm
Hg) (Weinberg and Bell 1986; Mironov et al.
2005; Belkin et al. 2010; Seifu et al. 2013).
Many strategies to improve the mechanical
properties of the gel scaffolds, such as reinforc-
ing “sleeves,” replacement of the collagen with
fibrin gels (fibrinogen and thrombin), glyca-
tion, cross-linking of the matrices, or dynamic
mechanical stimulation in vitro have been de-
veloped (Grassl et al. 2003). Recently, the Tran-
quillo group generated fibrin gel-based small-
diameter vascular grafts using human dermal
fibroblasts with increased burst strength, sug-
gesting potential use in arterial reconstruction
(Syedain et al. 2011). However, despite the no-
table mechanical improvement, this approach
has not progressed to human implantation
(Weinberg and Bell 1986; Mironov et al. 2005;
Belkin et al. 2010; Seifu et al. 2013).

Cell Sheets

This strategy allows the cells themselves to pro-
duce the scaffold, resulting in a completely bi-
ological TEVG with impressive mechanical
properties. L’Heureux pioneered this strategy
using autologous fibroblasts grown on flat cul-
ture plates in the presence of elevated ascorbic
acid (to increase collagen synthesis), which re-
sults in fibroblasts sheets embedded in fibrillar
collagenous ECM (Mount et al. 2014). The
sheets are then wrapped around a tubular man-
drel, allowing the individual plies to fuse to-
gether, creating tubular structures. The initial
safety of cell-sheet TEVG has been shown in
clinical trials by Cytograft using vessels pro-
duced from a cell bank (Lifeline grafts) im-
planted as arteriovenous shunts for hemodial-
ysis access (Wystrychowski et al. 2014).

Degradable Polymeric Scaffolds

The most commonly used degradable polymer
scaffolds in vascular regeneration are polycap-
rolactone (PCL), polyglycolic acid (PGA), pol-
ylactic acid (PLA), and copolymers thereof. The
polymer is typically processed into a porous 3D
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Bioreactor culture Harvested vesselIn vitro
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Figure 3. Simplified summary of the three most common tissue-engineering approaches that allow for custom-
izable control over the 3D geometry of the resulting graft.
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tubular structure onto which cells are seeded
and allowed to invade. Niklason has moved
this approach from the academic setting into
currently ongoing human clinical trials in dial-
ysis access (McKee et al. 2003; Dahl et al. 2011).
In this approach, a PGA tubular graft is seeded
with SMC and cultured for 8 weeks under pul-
satile conditions. The PGA scaffold initially
withstands the mechanical stresses, but loses
strength over time as it degrades, thereby
gradually loading the cells with physiological
stresses. This stimulates the cells to synthesize
substantial ECM, thereby achieving sufficient
mechanical strength in the absence of the PGA
scaffold. After 8 weeks of culture in a pulsatile
bioreactor, size-customizable TEVG with im-
plantable mechanical properties are harvested.

Prior to implantation, the engineered TEVG
may be decellularized, allowing transplantation
of the constructs into allogeneic recipients. The
advantage of this approach is that vascular
grafts can be created with the desired mechani-
cal properties and dimensions, ahead of time.
One human donor provides a cell bank large
enough to produce 70 or more tissue-engi-
neered vascular grafts (McKee et al. 2003; Dahl
et al. 2011). In comparison to native decellular-
ized scaffolds (of animal or human origin)
where branches must be ligated to create a con-
tinuous conduit, the engineered structures have
no branches and are not tapered. Also, the di-
ameter is a well-controlled parameter in engi-
neered structures, allowing an exact match with
the native bypassed artery. Therefore, combin-
ing the TEVG approach with decellularization
produces size-customizable grafts, with suitable
mechanical properties. This is an important ad-
vance in the vascular regeneration field, where
cellular products cannot be stored long-term
and must be custom-made for each patient.

Decellularization Characteristics Going
Forward into Vascular Human Clinical
Applications

The rationale for xenograft, allograft, and TEVG
decellularization is that removal of the native
cells will remove most or all of the important
antigenicity of the implant. Decellularization is

validated by visually verifying the absence of cell
nuclei using histologic analysis. However, the
catastrophic SynerGraft story revealed that his-
tological analysis of implants is insufficient, be-
cause the failed grafts on histological analysis
revealed no detectable residual cells or cell nu-
clei. These results suggest that decellularization
in some cases may disrupt the cells without ad-
equately removing the antigenic proteins re-
sponsible for immunological responses. There-
fore, decellularization requires validation of
residual amounts of cellular protein and DNA
that remain in the construct to have a reliable
benchmark for understanding and preventing
immunogenicity.

Unfortunately, to date, it is still unclear to
what extent a decellularization procedure can
or should remove noncellular components of
the extracellular matrix. Of primary concern
among known xenogeneic antigens is galac-
tose-a-(1,3)-galactose (a-gal), which is widely
accepted to be the first barrier to discordant xe-
notransplantation (Baumann et al. 2004). It is
estimated that as much as 1% of natural human
immunoglobulinG (IgG) is directed against the
a-gal moiety (Baumann et al. 2004). Glutaral-
dehyde treatment of xenografts can reduce im-
munogenicity by cross-linking the active a-gal
moities, but glutaraldehyde has been shown to
induce its own series of undesirable inflamma-
tory reactions in the vasculature. Glutaralde-
hyde-treated cardiac implants have undesirable
reactions ranging from endothelialization de-
lays, to toxic aortic wall damage, inducing scar
formation and inflammatory reactions (Simi-
onescu et al. 2011). Therefore, complete de-
cellularization of xenografts in particular is an
absolute necessity to ensure their success.

FUNCTION AND COMPLICATIONS
OF TRANSPLANTED VESSELS

Arterial bypass is indicated to delay unfavorable
events such as tissue ischemia, recurrent angina,
myocardial infarction, or death (Hawkes et al.
2006). In the coronary and peripheral arterial
systems, the most successful graft remains the
autologous saphenous vein, but even the high-
est patency rate of autologous grafts is 60% at 10
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years in the coronary vasculature (Hawkes et al.
2006). The patency rate is dramatically lower
with synthetic substitutes, particularly in small
diameter (,6 mm) applications where only
50% of synthetic grafts survive 2 years in the
peripheral circulation (such grafts are essential-
ly not used in the coronary system because of
rapid thrombosis) (Hawkes et al. 2006).

Broadly speaking, graft failures are classified
into early, midterm, and late failure. Early fail-
ures (within 30 days after the implantation) are
related to acute thrombosis. Midterm failures (3
months to 2 years after the implantation) result
from lumen occlusion caused by intimal hyper-
plasia, whereas late failures (.2 years) are often
related to recurrent atherosclerotic disease. It is
known that the disappointing patency rate of
small diameter grafts is primarily because of
the development of anastomotic intimal hyper-
plasia (IH) and thrombus formation (Hawkes
et al. 2006). Intimal hyperplasia refers to the
thickening of the intima of the implanted graft
or of the adjacent neighboring native vessel
(Glynn and Hinds 2014). The intimal thicken-
ing can grow to fully obstruct blood flow via the
migration and proliferation of SMC, combined
with increased matrix production. While acute
thrombosis also leads to graft occlusion, throm-
bosis is driven by a different mechanism. It
results from a failure of hemostatic balance,
which is normally maintained by a complex se-
ries of coagulation reactions that involve both
systemic and local factors primarily driven by
the endothelium.

Failure Mechanisms Specific to Decellularized
Native and Tissue-Engineered Vascular Grafts

It is currently believed that the principle failure
mode in acellular grafts is via acute thrombosis
rather than IH (Owens et al. 2015). The reason
is in the arterial circulation; thrombosis is pri-
marily a platelet-driven event because platelets
activate by receptor binding of the collagen
moieties (Owens et al. 2015). The platelet acti-
vation response to collagen is amplified, result-
ing in platelet aggregation (de Mel et al. 2012;
Rees et al. 2008). In healthy vasculature, platelet
adhesion to collagen is prevented by the EC

lining, which shields the blood from the vascu-
lar wall beneath. However, postimplantation
and before reendothelialization in vivo, decellu-
larized grafts are only composed of exposed col-
lagen in the wall of the graft, which renders them
vulnerable to platelet activation.

In an effort to mitigate the cascade of events
leading to thrombosis, much research has been
focused on passivation of the vascular graft’s
surface via biological and chemical approaches.
The biological avenue consists of seeding EC
before implantation and growing the ECs until
a confluent layer is reached, thereby providing a
“functional” vessel. The chemical strategy con-
sist of coating the luminal surface with various
natural and synthetic materials and moieties
that would reduce the electrostatic interactions
at the blood–graft interface, attract circulating
endothelial progenitors, or, in particular, inhib-
it platelet activation and adhesion (Fig. 4).

Endothelial Cell Seeding

Endothelial cell seeding to improve small diam-
eter vascular graft patency was first proposed in
the 1970s. Many seeding and EC sourcing strat-
egies have been attempted as a luminal vessel

Decellularized graft

Chemical coating

Endothelial cells

Figure 4. Schematic representation of the main two
approaches for producing an antithrombogenic sur-
face in decellularized vascular grafts. The top drawing
represents the biological avenue of seeding endothe-
lial cells (ECs) growing before implantation. The bot-
tom panel represents the chemical strategy, where-
in the decellularized surface is “coated,” thereby
hiding the collagen from the circulating blood, inhib-
iting the platelet activation.
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lining in an attempt to reduce thrombosis, in-
flammation, and hyperplasia (Dahl et al. 2011;
Simionescu et al. 2011). Depending on the spe-
cies under study, human arterial or umbilical
vein endothelial cells (HUVECs) have been
used, although bovine, canine, and porcine
ECs have also been used (Bhattacharya et al.
2000; Teebken et al. 2000; Dohmen et al. 2002,
2007; McFetridge et al. 2004; Kakisis et al. 2005;
Hashi et al. 2007; Yang et al. 2010; Simionescu
et al. 2011; Glynn and Hinds 2014).

The most notable positive clinical study of
EC graft seeding involved the concept brought
forth by vascular surgeons Malcolm Herring
and Linda Graham, in which ECs are seeded
onto the meshwork of synthetic expanded poly-
tetrafluoroethylene (ePTFE) grafts (Deutsch
et al. 2009). Over 400 human subjects were
implanted with patient’s own endothelialized
ePTFE grafts. Despite initial enthusiasm, this
clinical study showed only marginal improve-
ment over nonendothelialized ePTFE surfaces,
with 74% patency at 7 years. In addition, the
primary method of failure remained thrombo-
sis, correlating EC seeding with a partial reduc-
tion in early thrombosis, but without mid- or
long-term failure prevention.

These results were somewhat surprising,
given the very positive animal study outcomes
of EC-seeded grafts (Deutsch et al. 2009). In
search of an explanation for the discrepancy
between animal studies and clinical trials, insuf-
ficient seeding densities on the clinical grafts
seemed plausible. However, this study revealed
that the failed grafts remained endothelialized,
while showing highly inflammatory subendo-
thelial areas and hyperplastic occlusions rather
than the absence of an endothelium. One other
possible explanation of the insufficient throm-
bogenic protection is the underlying biology of
the static culture of endothelial cells before
seeding onto the grafts. In native vessels, the
EC layer prevents the adhesion of platelets and
other blood components under the action of
shear stress. However, under static culture con-
ditions in a culture environment, the important
antithrombogenic molecules are down-regu-
lated, whereas undesirable procoagulant and
proinflammatory molecules such as VCAM-1

and ICAM-1 are expressed (Stroncek et al.
2011). Therefore, the seeded EC lining possibly
offered insufficient functional antithrombo-
genic protection, despite the presence of EC,
because of EC phenotypic changes.

Chemical Coatings of Vascular Grafts

Various chemical moieties with antithrombo-
genic potential have been attached on the sur-
faces of decellularized vascular grafts to avoid
thrombogenic failure, from covalent binding
to passive surface attachment (Johnell et al.
2005; Zhu and Marchant 2006; Chuang and
Masters 2009; Hwang et al. 2011; Sask 2012;
Tang et al. 2012; Zheng et al. 2012; Leijon et
al. 2013; Li et al. 2013; Janairo et al. 2014; Yao
et al. 2014; Zhu et al. 2014; Dimitrievska et al.
2015). To date, the most common approach has
been the covalent attachment of heparin. Part of
this motivation has been the easy availability of
heparin as a clinical-grade anticoagulant, al-
though the clinical success of heparin-coated
synthetic vascular grafts such as Propaten has
been limited (Lindholt et al. 2011; Silvetti
et al. 2015). Typically, heparin is attached in
an oriented manner, allowing access to anti-
thrombin-III in the blood, which confers its
biological activity (Dorigo et al. 2011; Lindholt
et al. 2011).

Synthetic grafts offer a surface that is resil-
ient to harsh chemical treatments, allowing
controlled chemical coating attachment, such
as oriented heparin. On the other hand, decel-
lularized grafts are susceptible to damage from
nonpolar solvents, low/high pH, and nonphy-
siological temperatures (Dimitrievska et al.
2015). Harsh solvents induce denaturation of
the ECM collagen fibers, resulting in a “melt-
ing” process of the helix-coil transition of col-
lagen. Following collagen denaturation, the me-
chanical properties are damaged, and a series of
undesirable inflammatory reactions can ensue
in the vasculature. Hence, decellularized vascu-
lar graft coating development also means using
nonaggressive treatments, which has led to the
frequent use of aqueous cross-linkers. Because
of the gentle nature of collagen, the cross-linkers
are most commonly used, which take advantage
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of random reactive end-groups within the ECM
such as primary amines and carbonyl groups,
and cross-linking can occur without discrimi-
nation. Various unspecific aqueous cross-link-
ers can be used to bind anticoagulant molecules
such as heparin, polypropylene sulfide–poly-
ethylene glycol (PEG), thrombomodulin, Hiru-
din, P15, and others (Lee et al. 2012). However,
these gentle and nonspecific approaches have
resulted in low binding of the antithrombo-
genic molecules of interest, with consequent
collagen exposure to the bloodstream. Lack
of control over the antithrombogenic mole-
cules’ orientation, in combination with small
amounts of attachment/coverage, have been
the main reasons for limited success following
chemical immobilization of heparin and other
antithrombogenic molecules on decellularized
vascular grafts (Lee et al. 2012; Dimitrievska
et al. 2015).

Of the many strategies under development,
amplification of the coated molecule of interest

and deposition in an oriented manner are strat-
egies under development by various groups.
Among the approaches, our method enables
the amplification of the molecule of interest in
an oriented fashion by taking advantage of a
bio-orthogonal click-coated oriented heparin-
containing layer (Fig. 5). The underlying theory
behind this approach is that the amplification of
anchoring amine molecules in a radial carbohy-
drate structure would create a continuous layer
of molecules shielding the thrombogenic colla-
gen from the bloodstream. In other words, each
primary amine anchor point is amplified into
10 potential binding sites, using the azide-click-
able dendrons. In addition, such an approach
also allows the re-creation of a surface similar to
the native glycocalyx, which expands in a brush-
like manner. The azide-clickable dendrons can
then be decorated with the anticoagulant mol-
ecule of choice, such heparin in this case. Fur-
thermore, the sophisticated chemistry allows
the deposition of the molecule of interest in

Decellularized vascular
wall exposed amines

Vascular wall damage
due to decellularization

Vascular wall-like structure built on
“clicked” dendrons and heparin

Azide
modification of

amines “Clicked” dendrons on
azides followed by
heparin addition
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Figure 5. Novel approaches for synthetic coatings of decellularized vessels to ensure an antithrombogenic
surface. The coating amplifies the molecules that shield the thrombogenic collagenous structure of the collagen
and create a surface similar to the native glycocalyx, which expands in a brush-like manner.
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an oriented fashion much like the orientation of
heparan sulfate on the EC surface glycocalyx
(Dimitrievska et al. 2015).

CONCLUSION

Development of a mechanically robust and bio-
logically appropriate vascular graft is extremely
challenging. From a clinical perspective, consid-
eration of time to produce the grafts and total
costs are imperative for the creation of a clini-
cally viable technology. To date, the most suc-
cessful approaches have used either decellu-
larized native tissues, or used differentiated
vascular cells to culture an engineered tissue.
Tissue-engineering approaches still require
long times for generation of TEVGs. Both native
and tissue-engineered decellularized vascular
grafts still suffer from thrombogenicity issues as
the primary cause of failure postimplantation.
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