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Surface modification and endothelialization of vascular biomaterials are common approaches that are used to

both resist the nonspecific adhesion of proteins and improve the hemocompatibility and long-term patency of

artificial vascular grafts. Surface modification of vascular grafts using hydrophilic poly(ethylene glycol),

zwitterionic polymers, heparin or other bioactive molecules can efficiently enhance hemocompatibility, and

consequently prevent thrombosis on artificial vascular grafts. However, these modified surfaces may be

excessively hydrophilic, which limits initial vascular endothelial cell adhesion and formation of a confluent

endothelial lining. Therefore, the improvement of endothelialization on these grafts by chemical modification

with specific peptides and genes is now arousing more and more interest. Several active peptides, such as

RGD, CAG, REDV and YIGSR, can be specifically recognized by endothelial cells. Consequently, graft surfaces

that are modified by these peptides can exhibit targeting selectivity for the adhesion of endothelial cells, and

genes can be delivered by targeting carriers to specific tissues to enhance the promotion and regeneration of

blood vessels. These methods could effectively accelerate selective endothelial cell recruitment and functional

endothelialization. In this review, recent developments in the surface modification and endothelialization of

biomaterials in vascular tissue engineering are summarized. Both gene engineering and targeting ligand

immobilization are promising methods to improve the clinical outcome of artificial vascular grafts.

1. Introduction

Cardiovascular diseases are considered to be one of the serious
leading killers in developed countries.1–3 In the treatment of
occluded coronary arteries, coronary artery bypass graft surgery
(CABG) is one of the most commonly performed surgeries.
Currently, native vein and artery segments remain the best
option for peripheral and coronary bypass procedures as they
are both compliant and non-thrombogenic. However, their
availability is very limited sometimes, which seriously limits
traditional transplantation surgeries. Because autologous blood

vessels could be occluded or diseased, especially if the patients
already suffer from some sort of peripheral vascular disease, these
vessels from their own tissues often cannot meet the actual
demand for clinical application of small-diameter vascular grafts.

To date, several commercial artificial vascular grafts have
been approved by the U.S. Food and Drug Administration
(FDA), and millions of patients have benefited from these
products. However, low long-term patency and restenosis may
occur after bypass surgery and usually lead to implant failure.
In particular, small-diameter vascular grafts (diameter o 4 mm)
are so far associated with an increased risk of thrombosis
and occlusion.4 Therefore, strategies are highly demanded for
the improvement of their compliance and hemocompatibility.5

Surface modification and endothelialization of vascular bio-
materials are two common approaches that are used to resist the
nonspecific adhesion of proteins, to improve hemocompatibility
and hence to enhance the long-term patency of artificial vascular
grafts. Therefore, this review will focus on the recent developments
in surface modification and endothelialization of biomaterials
in vascular tissue engineering applications.

In the first part of this review, we will introduce various
biomaterials for artificial vascular grafts; these biomaterials include
biostable polymers, such as expanded polytetrafluoroethylene
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(ePTFE), poly(ethylene terephthalate) (PET) and polyurethanes (PU),
and biodegradable polymers such as poly(lactide-co-glycolide),
poly(e-caprolactone) (PCL), poly(ethylene glycol)-b-poly(L-lactide-co-
e-caprolactone) and polydepsipeptides. The following part will

review the surface modification methods of artificial vascular
grafts to improve their hemocompatibility. Surface modifications
involve grafting hydrophilic poly(ethylene glycol) (PEG) and zwitter-
ionic polymers or groups, and the immobilization of heparin,
gelatin, peptides and other bioactive macromolecules. The last part
will introduce the newly developed endothelialization on biomaterial
surfaces by special peptides and gene delivery technology (Fig. 1).

1.1 Artificial vascular grafts

For many years, adequate and suitable native vessel segments
for revascularization are usually not available in many patients.
Tissue engineering holds great promise as a new approach to
create replacement tissues such as vascular grafts and heart
valves.6,7 In the twenty-first century, the use of tissue engineering
technology to develop complex tissues and organs, such as heart,
muscle, kidney, liver and lungs, is still a distant milestone. In tissue
engineering, it is highly expected that the biological complexity of
the native extracellular matrix (ECM) is fully mimicked in tissue-
engineered constructs to which cells can attach, grow, proliferate,
migrate, and/or differentiate and further perform diverse biological
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functions as living tissues.8,9 In this way, either biodegradable
synthetic scaffolds or biological scaffolds are required to enhance
the adhesion and proliferation of cells.

Autologous blood vessels harvested from a patient’s own
tissues are not often suitable for the clinical application of
small-diameter blood vessels. Therefore, various artificial vascular
grafts have been widely developed and used clinically, which benefit
from novel biomaterials, fabrication technologies, surface
modifications, as well as their biomimetic structures and
mechanical properties, similar to autologous blood vessels.
With the development of biomedical materials, it is an ideal
choice to use artificial vascular grafts with a patency rate
comparable to that of natural blood vessels. ePTFE, PET and
PU, as biostable synthetic materials, have been widely used
with great success for bypass conduits with diameters larger
than 6 mm.10 However, they are limited to grafts with inside
diameters smaller than 6 mm, especially smaller than 4 mm
because of the frequent thrombosis and occlusion in these
small-diameter artificial grafts.11,12 Thus, these grafts face a
challenge to oppose the natural coagulation process when they
come in contact with blood. Many problems such as thrombo-
genicity, poor vasoactivity, and inappropriate mechanical prop-
erties need to be solved. Artificial scaffolds should be applied to
generate small-diameter vascular grafts. The inner layer of such
vascular scaffold is designed to create a continuous layer of
endothelium to prevent thrombosis and consecutive clogging.
Furthermore, bioengineered artificial scaffolds should have
adequate mechanical properties approximating to those of
autologous blood vessels.

Artificial vascular grafts and scaffolds are usually treated by
surface modification such as physicochemical modification and
biological modification.13 The purpose of these modifications is

to modulate platelet responses directly through the modulation
of thrombogenic proteins, or by inducing an active endothelium,
or through immobilizing antithrombogenic biomolecules onto
the surface of artificial vascular grafts. Nanotechnology plays a
significant role in the surface modification of cardiovascular
implants through biofunctionalization and nanofabrication of
biomaterials. This will pave the way for the development of ideal
artificial vascular grafts to achieve high long-term patency.14

1.2 Hemocompatibility of artificial vascular grafts

Thrombus formation in implanted artificial vascular grafts
depends primarily on three factors, namely, the surface proper-
ties of the artificial vascular materials, implantation site and
blood flow. Artificial vascular grafts act as permanent body
implants, which directly contact with blood, and blood flows
through their lumen; thus, it is a requirement for them to have
and maintain a highly hemocompatible surface throughout
their lifetime. Although a large number of anticoagulation
treatments have been investigated to design hemocompatible
vascular surfaces and adjuvant therapies have been used during
angioplastic procedures, thrombosis usually occurs after the
implantation of artificial vascular grafts. Because artificial
vascular grafts are recognized as foreign by the human body,
they can induce the activation of blood coagulation systems
and inflammatory reactions. These blood responses are caused
by the natural response of the host defense mechanism against
the foreign surface of artificial vascular grafts.15 Pathological
processes such as microthrombi generation or thrombosis,
hemodynamic instability, bleeding complications and organ
damage, are caused by the inadequate control of natural
inhibitors.

Fig. 1 Surface modification and endothelialization of biomaterials for vascular tissue engineering applications.
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In general, the primary interaction that occurs at the interface
between human blood and biomaterials is nonspecific protein
adsorption. Multistep and interlinked processes, which include
platelet adhesion, activation and clot formation, may be initiated
by a small amount of fibrinogen adsorbed on a biomaterial
surface. When foreign materials, such as vascular implants, are
in contact with human blood for a long time, these disadvantages
are seriously aggravated.16,17 Therefore, high resistance to non-
specific protein adsorption is one of the crucial requirements for
synthetic artificial vascular grafts. Thus far, small-diameter vascular
grafts often cause failure in clinical applications, which is mainly
due to the early thrombotic occlusion of these vascular grafts.
Hence, it is necessary to develop artificial vascular grafts that
adsorb minimally or do not adsorb thrombogenic blood proteins
on their surface.5 Furthermore, their surfaces should not interact
with coagulation factors. Based on these considerations, various
approaches have been developed to modify the surface of artificial
vascular grafts such as covalently linking heparin, antiplatelet
agents, thrombolytic agents and hydrophilic polymers.18 A great
number of investigations are attributed towards the construction of
hemocompatible surfaces using many surface modification tech-
niques. As a general rule, surface modification is considered to be
an effective way to combine hydrophilic, non-fouling materials
onto the surfaces of a wide range of hydrophobic substrates in
order to improve hemocompatibility.

To date, many surface modification methods have been
used to enhance the hemocompatibility of artificial vascular
grafts. One of the most significant methods is anticoagulant
surface modification by incorporating anticoagulants onto
biomaterial surfaces to inhibit intrinsic thrombogenicity. For
example, heparin has been coated on several types of medical
devices, including extracorporeal circuits for cardiopulmonary
bypass19,20 and stents.21 It has been proven that heparin can
successfully enhance surface hemocompatibility and improve
patient outcome.22–24 In addition to incorporating anticoagulants,
gelatin is also usually used in surface modification because it is a
natural degradable polymer that is derived from collagen. Gelatin
has many advantages such as biodegradability, biocompatibility
and its commercial availability because of its low cost. Further-
more, gelatin is non-immunogenic compared to its precursor
and can promote cell adhesion, migration, differentiation and
proliferation.25 Therefore, gelatin scaffolds and microspheres
have been widely explored for medical applications such as
tissue engineering and drug delivery systems.26 Additionally,
zwitterionic polymers have also attracted much attention for
use in the new generation of blood inert materials due to their
good plasma protein resistance.27–30 It is well known that
hydrophilic zwitterionic polymers have both a positively and a
negatively charged moiety in the same segment side chain,
which could bind a significant amount of water and lead to a
strong repulsive force to proteins. Therefore, as one of the most used
surface modification methods, the immobilization of zwitterionic
functionalities onto artificial vascular grafts is considered to have a
perfect promising future in improving surface hemocompatibility.31

Another hydrophilic surface modification method involves the
covalent grafting of PEG to improve surface hemocompatibility.

Hydrophilic PEG has the ability to bind many water molecules
to form a surface hydration layer, which can effectively resist
nonspecific protein adsorption.32

Hydrophilic surface modification can improve surface
hemocompatibility and benefits from anti-nonspecific protein
adsorption, but it should be noted that highly hydrophilic
surfaces can also limit or completely disable cell attachment
and spreading. Because highly hydrophilic surfaces bind cell
adhesion-mediating molecules with relatively weak forces, this
could lead to the detachment of these molecules especially
when they bind a large number of cells. On the other hand,
highly hydrophobic surfaces adsorb proteins in rigid and
denatured forms, thus hampering cell adhesion. Therefore, a
moderately hydrophilic surface is beneficial for optimal cell
adhesion because of the adsorption of cell adhesion mediating
molecules in an advantageous geometrical conformation,
which enables specific sites on these molecules to be accessible
to cell adhesion receptors.33–35

1.3 Endothelialization of artificial vascular grafts

As mentioned above, artificial vascular grafts (46 mm) have
been widely used in clinical treatments; however, small-
diameter artificial grafts still remain a great challenge. Native
blood vessels are usually composed of three layers: the tunica
intima, tunica media, and tunica adventitia. The tunica intima
consists of monolayer endothelial cells lining the lumen of the
vessel, as well as a subendothelial layer made up of mostly loose
connective tissue. As the inner lining of natural blood vessels,
endothelial cells (ECs) represent a physical interface between
blood and surrounding tissue, and they also maintain the
hemostatic–thrombotic balance that regulates inflammation
and angiogenesis. It is proposed that the endothelialization
of artificial vascular grafts that are seeded with autologous
vascular endothelial cells should help in improving the patency
rates of these grafts. Unfortunately, artificial vascular grafts
cannot spontaneously endothelialize in situ due to low endothelial
cell initial attachment, cell spreading and growth. Therefore, bio-
materials as well as artificial vascular grafts that are endothelialized
before implantation are recommended as the most practical and
potential approach for creating a continuous endothelial layer on
material surfaces.

For several decades, the use of endothelialized biomaterials
for tissue engineering and regenerative medicine has been paid
extensive attention. Endothelialized biomaterials involve various
materials including ECM-based proteins, surface modified synthetic
polymers, biodegradable scaffolds and synthetic peptides. Both
ECs adhered to artificial vascular grafts and rapid endothelializa-
tion are intended to address the serious problems associated with
thrombosis and low long-term patency.36 In order to treat injuries
and defects in blood vessels, ePTFE and PET bypass grafts have
been developed and used in clinical applications. However, graft
patency is limited for small-diameter (o4 mm) artificial vascular
grafts due to thrombosis and the lack of endothelialization.
Adhesion and agglomeration of platelets occur followed by EC
detachment from endothelialized grafts when exposed to circu-
lating blood, which is the main reason for thrombosis. Thus, it is
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necessary to accelerate EC attachment and proliferation on the
internal surface, especially, under blood flow, to keep good long-term
patency. Actually, the endothelialization of artificial vascular grafts
has been extensively investigated as an ideal way to enhance their
biocompatibility. Hydrophilic surfaces tend to enhance the early
stages of cell adhesion, proliferation and differentiation compared
with hydrophobic surfaces. Moreover, extremely high surface energy
promotes cell adhesion but hinders cell motility and functions.37,38

Therefore, the comprehensive design of surface hydrophilicity
plays a significant role in EC adhesion, proliferation, migration
and endothelialization. Furthermore, endothelialized surfaces
with non-thrombogenic and non-adhesive interfaces can effectively
prevent occlusion.39–41 Consequently, rapid endothelialization is a
prerequisite for artificial vascular grafts.

In order to induce the rapid and complete endothelialization
of vascular graft surfaces, many bioengineering approaches have
been developed, either prior to implantation or by accelerating
the in situ endothelialization of vascular grafts. In particular, a
number of capturing ligands, including peptides, antibodies,
magnetic molecules, oligosaccharides and aptamers, have been
investigated to modulate cell attachment and proliferation on
artificial vascular grafts.42–44 Usually, these artificial vascular grafts
are pretreated with endothelial cell-specific binding molecules, so
that the attachment and retention of ECs on them are significantly
enhanced.45,46 In order to improve the biocompatibility and EC
adhesion of biomaterials, many peptide sequences have been
discovered and grafted onto artificial vascular grafts such as
REDV,47 RGD48 and GRGDSP from fibronectin, IKLLI, IKVAV,49

PDSGR and YIGSR50,51 as laminin-derived recognition sequences,
and DGEA as a collagen type I derived sequence. It has been proven
that these peptide ligands have the ability to interact with cell
receptors directly. Among these peptides, the RGD peptide has
been widely used in the modification of biomaterials to enhance
the cell adhesion. For instance, RGD-containing ligands promote
cell adhesion on the surface of RGD-modified materials via cell-
specific combination with integrin receptors in the plasma
membrane.52 Unlike the general adhesive property of the RGD
peptide, another kind of peptide, i.e. REDV, is well known for its
ability to initiate cell-specific binding to ECs. Ji et al. have already
demonstrated that a surface coating of carboxybetaine-REDV could
enhance the competitive growth of ECs while inhibiting the
adhesion, proliferation and migration behavior of smooth
muscle cells (SMCs).53 Moreover, a variety of angiogenic factors,
such as vascular endothelial growth factors (VEGFs),54 fibro-
blast growth factors (FGFs), hepatocyte growth factors (HGFs),
angiopoietin-1 and matrix metalloproteinase (MMP),55 have
been proven to play a critical role in angiogenesis by stimulat-
ing the migration and proliferation of ECs. Among all these
pro-angiogenic factors, VEGF is the most powerful growth
factor to promote angiogenesis. However, a high dose of VEGF
tends to produce highly fenestrated, immature capillaries that
are similar to capillaries in tumor tissue.56 Compared with
VEGF, the basic fibroblast growth factor (bFGF) is not a strong
pro-angiogenic factor, and it tends to produce more mature
vessels.57 Yuan et al. have already demonstrated that the dual-
release of VEGF and platelet-derived growth factor (PDGF) is a

feasible approach for small-diameter vascular regeneration.58

In addition, gene delivery technology has been used to promote
the endothelialization of artificial vascular grafts. In addition to
the VEGF gene, a human C2H2-zinc finger gene, i.e. the ZNF580
gene, has already been proven to play an important role in the
intervention of atherosclerosis and the process of migration
and proliferation of ECs.59 The gene complexes of ZNF580 can
enhance the proliferation and migration of ECs in vitro, which
might induce rapid endothelialization on tissue engineering
scaffolds and vascular grafts.60,61

2. Biomaterials for artificial vascular
grafts

Many types of natural polymers and synthetic polymers that
function as biomaterials have been investigated and used to
prepare artificial vascular grafts. Natural polymers including
collagen, fibroin, gelatin, and decellularized vessels and tissues
usually suffer from different properties from different sources
and different batches. Besides, they may be contaminated with
bacteria or viruses and might cause antigenicity. In contrast,
synthetic polymers can be easily controlled from batch to batch.
They have exact chemical structures and adjustable mechanical
properties. Especially, some synthetic biomaterials exhibit high
hemocompatibility and processability. For example, PET, poly(tetra-
fluoroethylene) (PTFE), PU, biodegradable polyesters and poly(ester
amide)s have been used to prepare artificial vascular grafts and
scaffolds as shown in Fig. 2. For this application, a certain level of
porosity is necessary; moreover, the wall of artificial vascular grafts
should prevent the leakage of blood. Furthermore, the inner lumen
surface of artificial vascular grafts should have high hemocompat-
ibility and the ability to enhance rapid endothelialization.62

2.1 Polyethylene terephthalate

Dacrons (poly(ethylene terephthalate), PET) was first produced
industrially worldwide in 1957 by DuPont. PET exhibits many
intrinsic properties such as transparency, solvency, crease
resistance, good barrier properties, resistance to fatigue, and
high tenacity. It has been commonly used in various fields,
especially in artificial vascular grafts.

PET has been used to manufacture large-diameter artificial
vascular grafts, usually by the knitting or weaving technology
(Fig. 3). In order to control the degree of porosity, the effect of
various knitting parameters on different properties has been
investigated. PET artificial vascular grafts need to be treated
with an autologous thrombotic matrix before implantation,
which is known as preclotting. They have already been proven
to exhibit good performance in large-diameter blood vessel
(Z6 mm) applications.

More recently, electrospun PET nanofibers have been pre-
pared using the electrospinning technology and applied to
blood vessel engineering (Fig. 3).63 Catalani et al.64 electrospun
a co-solution of PET and collagen to obtain artificial vascular
grafts with excellent mechanical and biological properties. In
addition to the electrospinning technology, the melt blowing
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method has also been developed as another technology to
produce non-woven PET fibers. These PET fibrous webs can
be stacked by means of a consolidation technique through the
variation of fiber-diameter distribution and number of conso-
lidated web stacks (Fig. 3).65 The fibrous webs show burst
pressure and compliance, which are very similar to those of
native arteries. Web-scaffolds with the fiber diameter range of
1–5 mm and pore size range of 1–20 mm are suitable for the
growth of human brain ECs and aortic SMCs. Note that one of
the essential pre-conditions for further clinical application is

the ability of these non-woven PET scaffolds to withstand
sterilization. Low temperature plasma sterilization has been
found to be more suitable for non-woven PET fibers than the
ethylene oxide method.66

The successful application of PET as large-diameter artificial
vascular grafts mainly benefits from its high reliability and
good long-term performance. However, some structural defects
may lead to blood leakage and even the formation of a graft
rupture or false aneurysm. Moreover, surface thrombogenicity
can be caused by an unfavorable healing process due to the lack
of ECs and anastomotic intimal hyperplasia, which is induced
by hemodynamic disturbances.67 In order to address these
problems, coating and surface modification are usually used
to modify PET grafts by using adhesion proteins,68 dermatan
sulfate,69 FGFs,70 carboxymethyl dextran,71 amine-rich thin
plasma-polymerized coating,72–74 polysaccharides10,75,76 or poly-
saccharide sulfates,77,78 O-carboxymethylchitosan,79 functionalized
carbon nano-particles80 and chondroitin sulfate.81 Plasma and
NaOH treatments82 are usually performed as pretreatment
methods to modify the surface of PET grafts with functional
groups for linking or crosslinking bioactive molecules. For
example, PET is first treated by an amine-rich plasma method
and then coated by chondroitin sulfate to enhance the adhe-
sion of ECs while decreasing platelet adhesion.81 It is important
to note that the aminolysis reaction induces chain scissions,
which may reach the bulk PET and sometimes strongly impact
its mechanical properties. To reduce these negative effects, an
aminated long-chain polymer, i.e. polyvinylamine, is used as an
aminolysis reagent to introduce amine (–NH2) moieties only on
the top surface of PET. Thus, the surface reactive moieties on
PET can be obtained for further functionalization of PET grafts
with bioactive molecules. Their bulk mechanical properties

Fig. 2 Chemical structures of biomaterials for artificial vascular grafts and scaffolds.

Fig. 3 SEM micrographs of PET grafts prepared by different technologies.
(A) Electrospinning technology. Reproduced with permission from ref. 63.
Copyright 2005, Elsevier. (B) Melt blowing method. Reproduced with
permission from ref. 65. Copyright 2011, John Wiley and Sons. (C) Weaving
technology.
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can be preserved, which is beneficial for artificial vessel graft
application.83

Except for surface thrombogenicity, the aging of PET vascular
grafts is another unavoidable problem, and it is deservedly
related to human metabolism.84 Furthermore, it depends not
only directly on the duration of the in vivo implantation but also
on storage conditions.85

2.2 Expanded poly(tetrafluoroethene)

PTFE is a fully fluorinated polymer, which is prepared from
tetrafluoroethylene (CF2QCF2), and was discovered in 1938 by
Plunkett.86 PTFE shows non-adhesive characteristics due to its
low surface energy (20 mN m�1). It has been reported to be used
as an artificial heart valve because of its good performance and
long-term biostability during implantation.

A type of porous microstructure, which is composed of
nodes interconnected by fibrils, can be manufactured from
PTFE by an expansion process at temperatures above its melting
point (Fig. 4) and this product is well known as expanded PTFE
(ePTFE). Since an ePTFE graft was introduced in the early 1970s
for peripheral surgery, it has been widely used as vascular grafts
by several commercial companies worldwide such as W. L. Gore
and Associates, Atrium Medical Corporation, C. R. Bard, Inc. and
ZEUSs.87 The surface of ePTFE vascular grafts is highly throm-
boresistant and biostable at implantation, and in vivo results
have demonstrated that these grafts can keep their structures
and functions for up to 6.5 years after implantation.86 More
importantly, no major tissue inflammatory responses have been
found. Both PET grafts and ePTFE grafts have been implanted
in femoropopliteal bypass with no significant differences in
midterm graft patency at 5 years (49.2% vs. 38.4%).88 For the
treatment of critical limb ischemia and nonhealing foot wounds,
ePTFE bypass has been proven to be a cost-effective option when
a good-quality great saphenous vein is not available.89 Although
these grafts have been successfully implanted as large-diameter
vascular grafts in clinic applications, they are not very good as
small-diameter grafts because of the foreign surface and com-
pliance mismatches that usually lead to re-occlusion in vivo, as
well as low patency in long-term applications. Thus, the devel-
opment of novel small-diameter vascular grafts (2–5 mm dia-
meter) still remains a big clinical challenge.90 The lack of
sufficient and continuous endothelialization of artificial vascular
grafts becomes the main barrier for the success of the implanta-
tion of vascular grafts. Many attempts to address this problem

have been made. For example, carbon coating91 and fibrin glue
with growth factors92 are not fully successful to improve patency
rates, but the carbon coating for ePTFE positively affects its
surface biocompatibility and increases the adhesion and prolifera-
tion of vascular smooth muscle cells (VSMCs) compared with
pristine polymer foils.93 Moreover, laminin type 1 modified surfaces
can accelerate both the neovascularization and endothelialization of
porous ePTFE vascular grafts.94 With the reactive plasma treatment,
the hydrophobic surface of bare PTFE changes to a hydrophilic
surface due to the formation of carbonyl groups on its surface.95

There has been a controversy over the past decades about
whether ePTFE is better than PET or not for the choice of
prosthetic graft materials. However, it is really difficult to
interpret these studies due to a number of problems in the
design of the investigations, which include short follow-up
time, the inclusion of both supra- and infra-geniculate bypasses
and the inclusion of different graft diameters.62,96 For the
supra-geniculate femoro-popliteal allograft bypass grafting,
the question about whether an ePTFE or a PET graft should be
used has been answered. During prolonged follow-up (10 years), PET
femoro-popliteal bypass grafts have superior patency compared with
those of ePTFE grafts.96 In order to combine the advantages of PET
and ePTFE, fluoropassivation and gelatin coating have been applied
to PET vascular grafts. The fluoropassivation increases the surface
fluorine content to 28–32% and decreases the hydrophilicity; how-
ever, this fluoropolymer cover-layer is not stable under the hostile
biological environment.97

2.3 Polyurethanes

Polyurethanes (PUs) are well known as a type of commercial
biomaterial due to their favorable biocompatibility and excellent
mechanical properties. Although polyether-based polyurethanes
are more stable than polyester-based polyurethanes (PEU) and
poly(carbonate urethanes) (PCUs) in hydrolytic degradation tests
in vitro, they degrade significantly faster under enzymatic attack
and oxidative environments in vivo, and especially under high
stress. Thus polyether-based polyurethanes cannot be used to
prepare medical devices for long-term implantation; however,
PEU and PCUs are widely applied as biomaterials for applica-
tions in drug release systems, scaffolds, catheters and artificial
vascular grafts.98–102 Though the initial animal trials of PEU are
very attractive, the hydrolytic instability of PEU has proven to be
a drawback.62

PCUs have been developed to address the instability problem of
PUs. Compared with PEU, PCUs are relatively stable in vivo. Further-
more, PCUs can provide relatively beneficial hemocompatibility and
excellent mechanical properties. Accordingly, PCUs have been used
in various biomedical applications such as catheters, vascular grafts,
blood bags and artificial hearts. Importantly, PCU artificial vascular
grafts exhibit approximately similar mechanical properties and
compliance of natural blood vessels. Both the spraying and electro-
spinning technologies have been used to make PCU artificial
vascular grafts. As shown in Fig. 5A, their fibers are non-uniform,
and many islands are found in the inner surface of PCU artificial
vascular grafts that were prepared by the spraying method. Although
the fiber diameter can be controlled by the spraying parameters, thisFig. 4 SEM micrograph of an ePTFE graft.
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non-uniformity and islands cannot completely be avoided. The
large-diameter fibers and islands provide the PCU artificial
vascular grafts with high mechanical properties. Moreover,
Khorasani et al. fabricated small-diameter vascular grafts with
a 4 mm diameter and 0.3–0.4 mm wall thickness using the
spraying phase inversion method, which are porous and have a
layer-like morphology. The pore size, percentage and morphology of
porosity can be controlled by adjusting the distance between spray
guns and rotating mandrel, as well as rotational speed.103

The electrospinning technology is a versatile method for the
formation of films and tubes with nano-/micro-meter fibers.104

Electrospun fibers have many advantages over conventional
fibers and nonwoven mats. The electrospinning technology has
been applied to prepare fibrous grafts from PCU solutions.105

Uniform nano- or micro-fibrous grafts with smooth fibers and
controllable fiber diameters are easy to prepare. No beads,
bundles or patches are found on the fiber surface (Fig. 5B).
The morphology of fibers strongly depends on the process
parameters, particularly solvent types and PCU concentration.
At room temperature, the Young’s modulus (E) of the electrospun
grafts is found to be 0.9–1.9 MPa, which mimics the elastic
characteristics of native arteries. Furthermore, the mechanical
properties and morphology of PCU fibrous membranes do not
show any change after degradation in phosphate buffer solution
(PBS) for 3 months. The high biostability of PCU fibers is
beneficial for vascular grafts. More importantly, PCU small-
diameter vascular grafts promote faster luminal endothelializa-
tion, induce less chronic intimal proliferation, and produce a
significantly thinner neointima than ePTFE grafts.106 In addi-
tion, they can also lead to increased EC coverage in comparison
with a PTFE-covered surface.107

The formation of a thrombus is mainly caused by platelet
adhesion and the failure of rapid endothelialization, which is an
enormous challenge for artificial vascular grafts. If artificial vascular
grafts remain with a bare surface even after long-term implantation
in the human body, the surface is not covered by an endothelium
layer, which does not affect the clinical performance of large-
diameter prostheses in aortic or iliac positions. However, this will
result in the high failure rate of small- to medium-sized grafts.108

Thus many efforts focus on the synthesis of novel biocompatible PUs,
physical modification, and chemical surface modification of PUs to
improve their hemocompatibility and enhance endothelialization.
We will review the synthesis of biocompatible PUs here, whereas their
surface modification will be introduced in Sections 3 and 4.

PUs are generally prepared from various diisocyanates,
polyols and chain extenders or crosslinkers. This gives scientists
many raw materials to choose from as well as many synthetic
methods to synthesize biocompatible PUs for artificial vascular
graft applications. A novel nanocomposite polymer, POSS–PCU,
has been developed by covalently attaching a chemically robust
polyhedral oligomeric silsesquioxane (POSS) nanocage to the
PCU backbone with the aim to improve the poor in vivo biostability
of PUs.109 The beneficial effects of POSS nanoparticles (NPs)
and PCUs, which include excellent antithrombogenicity and
mechanical properties, allow POSS–PCU to be a suitable bio-
material for artificial vascular grafts. This POSS–PCU nano-
composite graft can resist hydrolytic and oxidative degradation both
in vitro and in vivo.109,110 Following subcutaneous implantation in an
ovine model for 36 months, no sign of degradation or inflammation
was observed. Moreover, with improved stability and hemo-
compatibility, POSS–PCU grafts implanted in the carotid artery
of senescent sheep showed high long-term performance and
displayed comparable functional properties to native arteries.111 The
patency rate of the POSS–PCU grafts was found to be 64% and they
were free from intimal hyperplasia, aneurysm and calcification.
These encouraging results indicate that POSS–PCU vascular grafts
might be a promising option for clinical use.112

Considering peptide biofunctions, West et al.113 synthesized
YIGSR peptide and PEG-modified polyurethaneurea by the
incorporation of the GGGYIGSRGGGK peptide sequence as a
chain extender and PEG as a soft segment in the polymer
backbone. They further incorporated both PEG and a diaze-
niumdiolate NO donor into the backbone of polyurethane to
improve thromboresistance. The YIGSR modified PUs showed
enhanced EC proliferation and decreased platelet adhesion
compared with PU-PEG.114 The laminin-derived cell adhesive
peptide sequence, YIGSR enhances EC adhesion and migration;
moreover, NO release is beneficial for EC proliferation.
Recently, Masters et al.115–117 modified PUs using hyaluronic
acid (HA) and prepared grafts thereof. These PU-HA grafts
reduce protein adsorption, platelet and bacterial adhesion, as
well as fibroblast and macrophage proliferation while allowing
the retention of both ECs and vascular-appropriate mechanical
properties. More importantly, the HA density on bulk modified PUs
remains unaltered after exposure to physiological conditions. Thus,
they are able to fully retain the ability of EC adhesion and prolifera-
tion, which are beneficial for the formation of a morphologically
healthy, confluent monolayer of ECs.

In addition, many studies involve the introduction of zwit-
terionic groups as side chains to modify PUs.118 In our previous
study, we used sulfoammonium zwitterionic polymers119 and
sulfoammonium zwitterionic PEG to modify PCU.120 The PEG
chain acts as a spacer to link the sulfoammonium zwitterion, and
both of them can improve surface hydrophilicity and hemo-
compatibility. Wagner et al.121 developed a series of biodegrad-
able poly(ester urethane)urea (PEUU) elastomers with different
amino contents (PEUU-NH2 polymers) and then conjugated
carboxylated phosphorylcholines to these PEUU-NH2 polymers.
They found that these materials significantly reduced platelet
adhesion and inhibited rat VSMCs proliferation. The PEUU-NH2

Fig. 5 SEM micrographs of PCU artificial vascular grafts prepared by the
spraying technology (A) and electrospinning technology (B).

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
Z

G
 L

ib
ra

ry
 o

n 
06

/0
6/

20
16

 0
9:

13
:5

9.
 

View Article Online

http://dx.doi.org/10.1039/c4cs00483c


5688 | Chem. Soc. Rev., 2015, 44, 5680--5742 This journal is©The Royal Society of Chemistry 2015

polymers offer great potential to address a variety of design
objectives. Interestingly, in order to induce zwitterionic phos-
phorylcholine (PC) groups to aggregate at PUs surface, Fu
et al.122 designed and synthesized three monomers containing
a fluorinated tail and/or PC groups, and then grafted them onto
PUs via the end-capping method. The fluorocarbon chains drive
the PC groups to arrange or assemble preferentially at the PU
surface, and their synergistic effect contributes to improved
hemocompatibility.

2.4 Poly(e-caprolactone)

As mentioned above, PET, PTFE and PU are excellent biomater-
ials that have been used to prepare artificial vascular grafts. All
of them are non-degradable polymers and can be implanted for
long-term bioapplication. However, they were not initially
designed for tissue engineering applications. Ideal biomaterials for
vascular tissue engineering should have excellent biocompatibility
and appropriate biodegradability to minimize inflammatory
response, and they should also promote endothelialization.
Therefore, compared with non-degradable materials, biodegradable
materials as tissue engineering scaffolds have received particular
attention because they can avoid reoperation and are of
great importance to help improve the chances of successful
implantation.123,124 Especially, these biodegradable scaffolds
are beneficial for EC seeding, adhesion and proliferation,
endothelialization, tissue engineered vascular grafts, and blood
vessel regeneration as well as its reconstruction.125,126 Addi-
tionally, these biodegradable polymers can be easily processed
to give various scaffolds with controllable pore size, multilayer
structures or other complete structures. Therefore, a number of
degradable scaffolds have been developed and used as vascular
grafts.

PCL is a kind of semi-crystalline aliphatic polyester. PCL
with various molecular weights and chemical structures are
usually synthesized via the ring-opening polymerization (ROP)
of e-caprolactone (CL) with alcohols, amines or other initiators
in the presence of an organic stannous compound as a
catalyst.127 PCL is well known for its low biodegradability, high
biocompatibility and good drug permeability. Thus, it is very
suitable for the design of long-term implantable devices and
systems. PCL grafts show cell adhesion, growth and viability, as
well as high mitochondrial activity for cells tested with L929
mouse fibroblasts.128 Furthermore, it has been proven to have
the potential utility as a suitable scaffold in vascular tissue
engineering through the reactive oxygen species content analy-
sis of ECs and SMCs.129 Briefly, PCL has been widely demon-
strated to be used as a suitable scaffold both in vivo and in vitro.
However, the implantation of small-diameter vascular grafts of
PCL can easily fail due to thrombosis and intimal hyperplasia.
Thus, the rate of its long-term patency is not satisfactory.130

Moreover, PCL generally has poor cell affinity due to its high
hydrophobicity and lack of cell-binding signals. Thus, hydro-
philicity improvement and the bioactive surface design of PCL
grafts are significantly important for its application in tissue
engineering.131 Great effort has been focused on these points,
which have been addressed. Apart from surface modification

that will be described in Section 3, we mainly review some other
methods to improve the biofunctions of PCL grafts here.

Recently, PCL was covalently conjugated with heparin using
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)–N-hydroxy-
succinimide (NHS) chemistry, and subsequently electrospun
into small-diameter tubular scaffolds and loaded with fibroblast
growth factor-2 in aqueous solutions. The released heparin is
effective in preventing the proliferation of VSMCs in culture;
otherwise, their proliferation can cause graft occlusion and
failure.132 These heparin modified PCL vascular scaffolds could
significantly improve cell morphology on the surface and they
benefit from the growth factor.133

Composite scaffolds and multilayered scaffolds are fascinating
directions to mimic natural vascular tissue and many studies have
been performed to evaluate the biofunctions of PCL grafts in vitro
and in vivo. To improve the tolerance to the physiological vascular
environment, Yoo et al.134 developed a type of graft composed of
PCL and collagen, which possessed enough biomechanical prop-
erties to resist a high degree of pressurized flow over a long-term
period. When the PCL/collagen grafts were implanted in New
Zealand white rabbits, they were able to retain their structural
integrity over 1 month. Furthermore, upon retrieval, the grafts
continued to maintain their biomechanical strength, which was
comparable to native arteries.135 In addition, Bowlin et al.136

fabricated a three-layered electrospun matrix comprised of PCL,
elastin and collagen to mimic native arterial architecture. The
compliance values of these three-layered grafts ranged from 0.8%
to 2.8%/100 mm Hg and the uniaxial results demonstrated an
average modulus range of 2.0–11.8 MPa. Both their modulus and
compliance data displayed values within the range of native
arteries. Through optimal chemical compositions, weight ratio
of PCL and gelatin, peptides or other biopolymers, as well as
surface modification methods, the inner layer can be fabricated so
that ECs can preferentially attach and proliferate onto its surface,
and then create a confluent, non-thrombogenic surface to prevent
or significantly decrease intimal hyperplasia.136–138 The middle
layer can be tailored to have low modulus, and provide the
distension required for proper compliance, which is biomimetically
similar to native arteries. The outer layer is made from high elastic
polymers to ensure enough mechanical properties of the graft so
that it avoids overextending itself.136 Usually, PUs with high elastic
and mechanical properties can be electrospun to form the outer
layer.139,140

Although the electrospinning technology has been widely
used to fabricate small-diameter vascular grafts, these electro-
spun grafts often have relatively small pores. This shortcoming
usually hinders tissue regeneration and remolding and limits
the application of electrospun scaffolds in tissue engineering.
In order to significantly increase the pore size in electrospun
scaffolds and enhance cell migration, Kong et al.141 prepared
composite scaffolds consisting of PCL fibers and poly(ethylene
oxide) (PEO) microparticles (MPs) by simultaneously using the
electrospinning and electrospraying technologies. Larger pores
were acquired by the removal of PEO MPs from the composites.
They found that the average pore size was markedly increased
to the range of 31.71� 8.07–37.63 � 11.95 mm, which was about
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2- to 3-fold larger than that of the corresponding regular electrospun
PCL scaffolds, whereas the fiber diameters were not obviously
affected by PEO MPs. As a result, the mechanical strength and
burst pressure of these vascular grafts could reach the standard
for vascular implantation.141 Kong et al.142 further prepared
macroporous PCL scaffolds with thicker fibers (5–6 mm) and
larger pores (B30 mm) (Fig. 6). The macroporous grafts markedly
enhanced cell infiltration and ECM secretion. The in vivo
implantation, by replacing rat abdominal aorta, results demon-
strated that these grafts had satisfactory patency for up to 100 days
and the endothelium coverage was complete at day 100 (Fig. 7).
In addition, the regenerated smooth muscle layer was correctly
organized with abundant ECM similar to those in native arteries,

and the regenerated arteries showed contractile response to
adrenaline and acetylcholine-induced relaxation.

2.5 Biodegradable copolymers based on lactide, glycolide,
trimethylene carbonate and other monomers

Although the properties of the above-mentioned PCL are
attractive, its slow and un-adjustable degradability might limit
its further application as tissue-engineered vascular grafts.
Consequently, biodegradable polymers based on lactide (LA)
and glycolide (GA), such as PLLA, PGA and PLGA, have been
developed and used as biomaterials. The degradability of PGA
is very rapid, which ultimately leads to implantation failure
under physiological pressures. Although PLLA degrades slower
than PGA, its stiffness still makes it less desirable as vascular
grafts. Fortunately, the PLGA copolymer is a suitable biomaterial
for vascular grafts because its degradability and stiffness can be
adjusted by changing the weight ratio of LA and GA monomers in
the copolymerization process. Venkatraman et al.143 found that ECs
could grow and proliferate well in PLGA (80/20) scaffolds with a
suitable pore size (20–40 mm), whereas ECs grew relatively poor on
PLLA scaffolds regardless of their pore features.

The electrospinning technology is widely used in the fabrication
of fibrous grafts from PLGA and other biomaterials in order to
improve their biocompatibility. Lee et al.144 electrospun 2-metha-
cryloyloxyethyl phosphorylcholine (MPC) copolymers with PLGA to
acquire a type of biodegradable graft with good biocompatibility.

In addition to PLGA, numerous biodegradable homopolymers,
random copolymers, diblock copolymers, multiblock copolymers
and networks145,146 have been prepared from trimethylene carbonate
(TMC),147,148 CL, p-dioxanone (PDO), morpholine-2,5-dione deriva-
tives and other monomers. In addition, these monomers can also be
copolymerized with LA and/or GA to obtain various copolymers,
for example, poly(TMC)–PEO diblock copolymers,149 poly-
(trimethylene carbonate-co-L-lactide),150 poly(trimethylene

Fig. 6 SEM images of electrospun PCL mats with thicker fibers (A) and
cross-sections of the tubular thicker fiber grafts (B–D). Reproduced with
permission from ref. 142. Copyright 2014, Elsevier.

Fig. 7 Histological analysis and deposition of extracellular matrix in the regenerated grafts at day 100 in comparison with native aorta. Cross-sectional
images of the regenerated grafts (A, C and E) and native artery (B, D and F), which were immunochemically stained to identify the endothelial cells,
smooth muscle cells and elastin. H&E staining shows the structure of the explanted grafts (G) and native aorta (H). Masson’s trichrome staining shows the
presence of collagen (green) in the explanted grafts (I) and native aorta (J). Verhoeff’s staining shows the presence of elastin (black) in the explanted grafts
(K) and native aorta (L). Scale bar: 100 mm. Reproduced with permission from ref. 142. Copyright 2014, Elsevier.
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carbonate-co-glycolide-co-dioxanone),151 poly(para-dioxanone-co-
L-lactide), poly[LA-co-(Glc-alt-Lys)],152 poly(morpholine-2,5-dione)-
block-polylactide,153 poly(o-pentadecalactone),154 multiblock copoly-
mers of poly(PDO) or PCL with PADOH (Dioreza, Hyperlast)155 and
poly(rac-lactide)urethane.156

Biodegradable polyesters are often used for biomedical
applications such as surgical sutures, tissue engineering scaffolds,
functional NPs and carrier systems for the controlled release of drugs
and genes.157,158 However, upon degradation in vivo, they produce
acidic degradation products that may cause low local pH, and
consequently induce an inflammatory response upon implantation
in the body. Recently, a-amino acids based poly(ester amide)s
have attracted considerable attention because they have both
ester and amide groups in their backbone chains, and they
possess the good degradability of polyesters as well as high
mechanical properties of polyamides.159 Therefore poly(ester
amide)s have become an important family of biodegradable
synthetic polymers. Particularly, poly(ester amide)s containing
a-amino acids are potential important tissue engineering scaffold
biomaterials owing to their better cell–biomaterial surface inter-
actions.160 Moreover, the presence of the multifunctional a-amino
acids provides the introduction of pendant bioactive groups or
biomacromolecules and enhances the overall biofunctionality of
poly(ester amide)s. The alternating copolymers of a-amino acids
and a-hydroxy acids, which are called polydepsipeptides, are an
interesting family of biodegradable poly(ester amide)s.161,162

In our previous studies, we have successfully prepared
several linear, diblock, triblock and star-shaped poly(ester
amide)s copolymers using the ROP of morpholine-2,5-dione
derivatives with other monomers in the presence of various
initiators and Sn(Oct)2 as a catalyst.163–171 Furthermore, we first
used enzymes to catalyze the ROP of morpholine-2,5-dione
derivatives to synthesize polydepsipeptides in order to avoid
using the toxic Sn(Oct)2 catalyst. Porcine pancreatic lipase type II
crude, lipase type VII from Candida rugosa (CR) and lipase type XIII
from Pseudomonas species (PS) showed high catalytic activity,
while Novozym-435 could not catalyze the ROP of 3(S)-isopropyl-
morpholine-2,5-dione or 6(S)-methyl-morpholine-2,5-dione.172–174

Surprisingly, we observed the racemization of the L-lactic residue
during the ROP of 3(S)-methyl-morpholine-2,5-dione (MMD)
in the presence of enzymes. Recently, we further synthesized
shape-memory polymers from poly(ester amide)s175 and evaluated
their biocompatibility.176 The advantages of depsipeptide-based
multiblock copolymers are that they have both shape-memory
properties, and degradability; moreover, their degradation products
containing a-amino acids may act as a buffer for hydroxy acids,
thereby stabilizing the microenvironment pH value. Our results
showed that these copolymers are promising candidates for soft,
multifunctional implant materials, as well as gene and drug
carriers.177–180

Other groups have also demonstrated poly(ester amide)s
containing a-amino acids as tissue engineering scaffolds and
delivery systems.181,182 More recently, Mequanint et al.183 used the
electrospinning method to fabricate nanoscale three-dimensional
scaffolds with average fiber diameters ranging from 130 to 294 nm
and conjugated the transforming growth factor-b1 (TGF-b1) to the

surface through pendant carboxylic acid groups. Their results
showed that the aspartic acid containing poly(ester amide)s are
good candidates for vascular biomaterials, while more detailed
studies should further investigate the ability of conjugated TGF-b1
to initiate cell signaling activities on 3-D fibrous mats, includ-
ing ECM production over extended culture periods. The EC
viability, proliferation and adhesion on three surfaces, i.e.
amino-functionalized, carboxylic acid functionalized and a
neutral poly(ester amide)s films, were evaluated and all of them
were noncytotoxic and noninflammatory in vitro.184 Furthermore,
the amino-functionalized positively charged film promoted the
adhesion and proliferation of ECs to form a monolayer.185

2.6 Natural biodegradable polymers

In addition to synthetic biodegradable polymers, natural bio-
degradable polymers, such as collagen,186 elastin,187 gelatin,188 silk
fibroin,189 chitin, chitosan190 and cellulose,191 have also been widely
investigated for medical and pharmaceutical applications, especially
for the preparation of artificial vascular grafts and tissue engineering
scaffolds. Natural biodegradable polymers usually display
good biocompatibility, biomechanical function, physical and
chemical properties, and biological properties. More importantly,
they can provide many motifs for cell attachment and proliferation.
Therefore, various artificial vascular grafts and scaffolds for
tissue engineered vascular grafts have been developed from
natural biodegradable polymers using the following approaches:
cell-populated protein hydrogels,192 crosslinked protein scaf-
folds,186,193,194 decellularized native tissues195–197 and self-
assembled vascular grafts.198–201

Compared with synthetic polymers for the construction of
3D scaffolds, natural biodegradable polymers, such as proteins
or carbohydrates, could dominate in shaping cell behavior,
especially biocompatibility.202 One example is collagen hydro-
gels, which are widely investigated as scaffolds for vascular
tissue engineering because of the abundance of collagen in the
blood vessel wall. However, many results have demonstrated
that collagen hydrogels exhibit relatively low stiffness and
strength. In particular, their elastic modulus (1–100 Pa) is
significantly lower than that of small-diameter vascular tissue
(40–900 kPa). More recently, a collagen–PEG diacrylate inter-
penetrating polymer network (IPN) has been developed to
address these limitations. This IPN displays improved stiffness,
strength, physical stability and hemocompatibility, as well as
retains the benefits of collagen hydrogels. In particular, cells
can elongate and spread within collagen based IPN.186 Elastin
is derived from ECM as a potent pro-angiogenic factor that
contributes to the visco-elastic property of arteries by combin-
ing with fibrillin 2. Elastin mainly dominates the elasticity of
blood vessel walls, which directly decides the stretching and
recoiling ability of blood vessels. Collagen and elastin tubular
scaffolds have been prepared from their suspension solutions
using the freeze-drying method. These scaffolds have high
porosity and micron-scaled pores, but their mechanical properties
are poor.187,203 Gelatin is a natural biopolymer that is derived from
collagen. A type of core–shell nanofibers with gelatin in the
shell and poly(vinyl alcohol) in the core was prepared by coaxial
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electrospinning. These core–shell nanofibers can promote cellular
viability and growth, as well as minimize platelet adhesion and
activation, and possess appealing hemocompatibility for use in
vascular applications.188

In addition to collagen, elastin and gelatin, silk fibroin (SF) is
also a promising natural protein for the preparation of artificial
vascular grafts because it possesses excellent biocompatibility,
biodegradability and minimal immunogenicity. Electrospun
SF and its blends with other biomaterials as small-diameter
vascular grafts have been widely investigated.189,204–210 More-
over, SF vascular grafts and heparin-loaded SF vascular grafts
with high porosity and highly interconnected pores have been
prepared by freeze-drying method. Heparin could be released in
a sustained manner for approximately 7 days, thus inhibiting the
proliferation of hSMCs within the scaffold in vitro while signifi-
cantly promoting neovascularization in vivo. Therefore, these SF
based scaffolds are attractive candidates for use as potential
vascular grafts for implantation.193,211

Another type of natural polymers is natural carbohydrates,
which have also been used as vascular graft materials. Among
them, chitosan is attractive because of its low immunogenicity
and inherent antimicrobial characteristics.190,212,213 Chitosan
vascular grafts and scaffolds have been prepared by the electro-
spinning and freeze-drying method.202 In addition, bacterial
cellulose obtained from bacteria is a kind of biocompatible
polysaccharide.214–217 Small-diameter vascular grafts with a
supramolecular fiber network structure consisting of tubular
hydrogels from bacterial cellulose were created using Glucon-
acetobacter strains and the matrix reservoir technology. These
grafts provided a scaffold for cell ingrowth and seemed to
support tissue engineering to form a three-layered structure
organism, which was similar to those of native arteries with a
single layer of endothelium with a basement membrane followed
by a concentric layer of SMCs and an outer layer with adjacent
tissue with ingrowing capillaries after 3 months in a sheep model.
However, the overall patency rate was 50% at 12 weeks.218 One of
the challenges for using bacterial cellulose grafts is their densely
packed network of cellulose nanofibrils. In order to address this
problem, Davalos et al. developed a novel biofabrication method,
i.e. irreversible electroporation, to incorporate porosity into bacter-
ial cellulose scaffolds. This method can kill the bacteria in specific
locations and cellulose deposition at these sites can be pre-
vented.219 Thus the porosity of bacterial cellulose scaffolds can be
altered to facilitate cell ingrowth. In addition to bacterial cellulose,
nanocrystalline cellulose has vast potential due to its remarkably
high strength, which is stronger than steel and comparable to
Kevlar. Nanocrystalline cellulose–fibrin nanocomposites provide
potential new biomaterials for small-diameter vascular grafts.220

To mimic the structural complexity of the natural ECM and
obtain negligible immunogenicity, various methods have been
performed to fabricate artificial vascular grafts such as knitting
or weaving technology, electrospinning technology,221 electro-
spraying technology, consolidation technique,65 extrusion-
phase inversion technique,111,222 thermally induced phase
separation, gas foaming, liquid–liquid phase separation with
freeze extraction technique,223 layer-by-layer (LbL) technology

and three-dimensional (3D) printing technology.224–227 Among
these methods, electrospinning technology is now widely utilized to
prepare nano- and micro-fibrous vascular grafts and scaffolds. Fiber
diameter and pores can be easily controlled by the electrospinning
parameters. The LbL technology is a great tool for the development
of biocompatible surfaces of biomaterials. More recently, the
3D printing/bioprinting technology has appeared for biomaterial
engineering. This technology can print a multitude of biocompatible
materials, various types of cells and growth factors into a complex
functional 3D format. A major advantage of this technology is its
ability for simultaneously 3D printing various types of cells in
defined spatial locations, which makes this technology applicable
to regenerative medicine. The combination of the electrospinning
and 3D printing technologies can be used to manufacture complex
structures with defined microarchitectures and cell types in a
confined area.228 For example, artificial vascular grafts have been
prepared from a blend of chitosan and PCL by electrospinning.
Subsequently, the surface was coated with PCL strands using the
3D printing technology. This tubular vessel exhibits excellent
mechanical properties for vascular reconstruction.229 Thus, the
combination of these technologies can be used to manufacture
artificial vascular grafts with demanding properties, which
include surface hemocompatibility, microarchitecture for cell
ingrowth, complex macrostructures and mechanical properties.

2.7 Polymer blends for artificial vascular grafts

Although natural polymers display excellent biocompatibility
and biodegradability, their mechanical properties (except for
celluloses) are still insufficient for artificial vascular grafts. On
the other hand, synthetic polymers usually have excellent
mechanical properties and processability but lack biocompatibility
and cell recognition sites. To overcome these problems, many
research groups have blended natural polymers and synthetic ones
to prepare desirable bio-composites for artificial vascular grafts.230,231

Natural biopolymers, such as alginate, agarose, chitosan, peptide,
gelatin, collagen, fibroin and elastin, are biocompatible and can be
used to modify PUs.232–234 For example, PU grafts were reported to
be modified by the incorporation of superfine SF powder. Human
umbilical vein endothelial cells (HUVECs) strongly attached, grew
and proliferated rapidly on the surface of the modified grafts. The
proliferation ability improved with the increased proportion of SF
powder.235,236 Recently, we fabricated a type of bilayered tubular
scaffold, which was composed of elastic PU fibers as the outside-
layer and hemocompatible gelatin–heparin fibers as the inner-layer
using the electrospinning technology (Fig. 8).26,104,237 The elastic PU
layer improves the flexibility and decreases the rigid property of the
gelatin layer. These bilayer tubular scaffolds have both appropriate
stress and high elongation at break to maintain the elasticity under a
periodically loaded stress field. They have desirable tensile properties
for vascular grafts, which are generally accepted to be 1.0 MPa (stress
at break) and 40.0% (elongation at break). Moreover, heparin release
from the gelatin–heparin scaffolds is uniform from the 2nd to 9th
day, which results in rare platelet adhesion in in vitro tests.26

Collagen and chitosan have also been used to improve the
biocompatibility of PU grafts. Collagen–chitosan–PU blend grafts
have excellent mechanical properties and biocompatibility;
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furthermore, their aligned fibers could regulate cell morphology by
inducing cell orientation.238 To mimic the compliance and
mechanical properties of native arteries, Wong et al.239 fabricated
aligned nanofibrous PU blend scaffolds with elastin, collagen or a
mixture of both proteins. The elastin–PU blend scaffolds show the
tensile stress and elongation at break of 7.86 MPa and 112.28%,
respectively, which are similar to those of blood vessels. The
aligned nanofibers of these scaffolds enable SMCs to proliferate
in an environment with biomimetic structural organization to
natural blood vessels. These blend vascular grafts benefit from
elastin and collagen since elastin provides the necessary viscoelastic
properties while collagen enhances the cellular interactions.
Moreover, elastin-like polypeptides also show great promise as
modifiers for candidate scaffolds for engineering contractile
vascular tissues.240,241

Heparin is incorporated into electrospun PCL fiber scaffolds
with the aim to prevent the proliferation of VSMCs in culture by the
controlled release of heparin. Recently, Kong et al.242 prepared PCL
and chitosan grafts by the co-electrospinning technique. Heparin
was immobilized on these grafts through ionic bonding between
heparin and chitosan in the fibers. This provides a facile and useful
technique for the development of heparinized vascular grafts.

Lelkes et al.243 prepared a series of grafts from tertiary
blends of PLGA, gelatin and elastin (PGE). All the PGE grafts
supported the attachment and metabolization of ECs and
cytoskeletal spreading as observed at 48 h post-seeding. Importantly,
the EC monolayer generated on the PGE graft surface was non-
thrombogenic and had biofunction. To improve the mechanical
properties of grafts, Stamatialis et al. used the phase inversion
method to prepare membranes from PLGA and PCL blends. These
membranes exhibited good human adipose stem cell attachment
and proliferation.244

Recently, our group electrospun SF and PLGA mixtures to
form fibrous scaffolds with different SF/PLGA weight ratios

(0/100, 30/70, 50/50, 70/30, 90/10) to mimic the morphology
and ECM.245 The introducing of SF improves the surface
hydrophilicity of the grafts and enhances the viability, spreading
and attachment of HUVECs on these SF/PLGA scaffolds in
comparison with the pure PLGA scaffolds. To achieve rapid
endothelialization and reduce the failure rate of implantation
of small-diameter vascular grafts, we introduced gene complexes
to PLGA grafts by electrospraying, which can promote the
proliferation of ECs (Fig. 9).246 This work has obtained some
satisfactory results now and needs more effort in this aspect.

Pfeiffer et al. prepared three-layered vascular grafts from
PCL, PLA and/or PEG. The outer layer and inner layer were spun
from a polymer blend consisting of PCL–PLA or PCL–PLA–PEG,
whereas the middle layer was spun from PCL solution. These
small-diameter vascular grafts were pre-coated with fibronectin
and seeded with ECs. ECs attached on the surface and appeared
to have a cobblestone morphology with the high viability rate of
98%. Hence, they may be a promising improvement for small-
diameter vascular grafts.67

It is well known that nitric oxide (NO) generated in situ can
prevent platelet adhesion on artificial vascular grafts.247–250

Thus, we blended PCU and a lipophilic Cu(II)-complex (Cu(II)–
DTTCT) as a catalyst to enable its surface with the ability to
generate NO in the presence of nitrite.251 In order to improve
the hemocompatibility and biocompatibility of the PCU surface,
hydrophilic PEG modified PCU fibrous scaffolds were prepared from
PEG and PCU solutions using the electrospinning technology.13

The highly hydrophilic PEG can improve the hydrophilicity and
anti-protein adsorption of scaffolds. The scaffold with 20 wt% PEG
shows a lower possibility of thrombus formation and better cell
attachment and proliferation than the control.252 However, PEG can
be dissolved out from blend scaffolds during culture; thus, the
surface will change from hydrophilic to hydrophobic. In order to
improve the modification stability of PEG in the blend scaffolds, we

Fig. 8 Macroscopic view and SEM images of the PU/gelatin–heparin tubular scaffolds. Images of the tubular scaffolds (a and b), images of the cross
section of the tubular scaffolds (c and d), SEM image of gelatin–heparin (inner-layer of scaffold, heparin 1 wt%) (e), and SEM image of PU (outside-layer of
scaffold) (f). Reproduced with permission from ref. 104. Copyright 2005, Springer.
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electrospun a solution of PCU and poly(ethylene glycol)monoacrylate
(PEGMA) to prepare hybrid nanofibers by in situ ultraviolet (UV)
photopolymerization.253 PEGMA was polymerized with a small
amount of crosslinker to form a crosslinked polymer network in
the PCU fibers. Thus, the fibers exhibited high hydrophilicity and
good hemocompatibility even after a long period of immersion in
PBS.254,255

In addition to PEG, zwitterionic PC polymers are well known
hydrophilic and non-fouling materials and have been widely
used to modify biomaterials by the blending and coating methods.
Generally, PC-based random, block and graft copolymers are
prepared from MPC, butyl methacrylate (BMA), 2-hydroxyethyl-
methacrylate (HEMA), or 2-ethylhexyl methacrylate (EHMA) by
radical polymerization, atom transfer radical polymerization
(ATRP) or other living polymerization technologies.256–258 The
molecular architectures and chemical compositions of MPC
copolymers affect the surface properties and bulk mechanical
properties of modified materials. For example, the poly(MPC-
graft-EHMA) graft copolymer layer shows high stability on the
PU surface after immersion in an aqueous medium compared with
the poly(MPC-co-EHMA) random copolymer and poly(MPC-b-
EHMA) block copolymer, which is attributed to the intermiscibility
of the hydrophobic poly(EHMA) segments in the domain of the
soft segments of PU. Importantly, the modified surface exhibits
high hydrophilic property and a dramatic suppression of
protein adsorption. In addition, Nakabayashi et al.259 blended
the poly(MPC-co-EHMA) random copolymer with segmented
PU, and then coated them on a polyester tube surface to make
small-diameter vascular grafts (2 mm inner diameter and 2 cm
long). These grafts were placed in rabbit carotid arteries for
8 weeks, and showed excellent antithrombogenic properties.
However, it is to be noted that the vascular graft surface was
prohibited from attaching both blood cells and ECs. Wagner
et al.260 fabricated fibrous vascular grafts (1.3 mm inner dia-
meter) from the blend solution of biodegradable poly(ester
urethane)urea (PEUU) and poly(MPC-co-methacryloyloxyethyl
butylurethane) (PMBU) using the electrospinning technology.
MPC based copolymers possess high hydrophilicity, hence they
cannot be blended uniformly with the relatively hydrophobic
PEUU. In order to blend well with PEUU, Wagner et al. designed
and synthesized MPC copolymers having a urethane bond in
each side chain. This fibrous surface markedly reduced platelet
and SMC adhesion in vitro, which is most likely due to the
presence of PC moieties on the surface. After implantation in

rat abdominal aorta for 8 weeks, the fibrous small-diameter
vascular grafts showed high patency and reduced thrombogenicity;
moreover, their surface allowed complete endothelialization and
good anastomotic integration.260

Inorganic materials can also modify biomaterials for the
application in small-diameter vascular grafts. Recently, Peng et al.261

co-electrospun thermoplastic polyurethane (TPU)–graphene oxide
(GO) blends with different contents of GO. The surface properties,
tensile strength, Young’s modulus and hydrophilicity of these grafts
increased with the increase of GO content. The suture retention
strength and burst pressure of the TPU–GO grafts (0.5 wt% GO)
were found to meet the requirements of human blood vessels;
furthermore, they showed reduced platelet adhesion and acti-
vation. Moreover, ECs were able to attach to the inner surface of
the tubular grafts.

Numerous studies have demonstrated that drug eluting
stents, PU scaffolds and artificial vascular grafts can effectively
suppress local SMC proliferation.262 Domb et al.263 found that
incorporating rapamycin into PU fibers did not significantly
compromise the morphology and the mechanical properties of
the ensuing fibers. These grafts showed high encapsulation
efficiency and maintained bioactivity even after 77 days in vitro
release. Thus, they can serve as effective drug reservoirs for the
local inhibition of the proliferation of SMCs. These bilayered
rapamycin-eluting grafts may be promising candidates for
functional vascular grafts with the prospect of long-term safety
and patency.

3. Surface modification for improving
the hemocompatibility of artificial
vascular grafts

Ideal artificial vascular grafts should have good surface properties
such as excellent biocompatibility (especially hemocompatibility),
anti-thromboticity and anti-infection. In particular, surface hemo-
compatibility is one of the most important properties for small-
diameter artificial vascular grafts. Insufficient hemocompatibility
impairs their functionality and safety through the activation of
blood coagulation and immune systems. Thus, graft surfaces
should be absolutely antithrombotic; otherwise, slow blood
flow in the cavity of artificial vascular grafts is easy to cause
mural thrombus, hemagglutination, thrombosis and occlusion.
Therefore, it is highly desirable and critically important for us

Fig. 9 SEM micrographs of (a) pure PLGA/SF, (b) composite scaffold of MPs-PLGA/SF, and (c) composite scaffold of MPs/pEGFP-ZNF580–PLGA/SF.
Reproduced with permission from ref. 246. Copyright 2013 Trans Tech Publications Ltd.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
Z

G
 L

ib
ra

ry
 o

n 
06

/0
6/

20
16

 0
9:

13
:5

9.
 

View Article Online

http://dx.doi.org/10.1039/c4cs00483c


5694 | Chem. Soc. Rev., 2015, 44, 5680--5742 This journal is©The Royal Society of Chemistry 2015

to understand the fundamental mechanism that induces restenosis
and thrombosis. When artificial vascular grafts are implanted into
the human body, their surface is in direct contact with blood.
Plasma proteins and blood cells, which are the main components of
blood, will be adsorbed on the foreigner exposed to them within a
few minutes. The unfavorable physical and chemical characteristics
of the interface may cause a conformation change in adsorbed
proteins, thus activating the coagulation cascade, which leads to the
adhesion, activation and aggregation of blood platelets. Denatured
fibrinogen and activated blood platelets grow to form a stable
thrombus, which narrows the artificial vascular grafts and
causes immune and inflammatory reactions.264 As a result, the
attachment and proliferation of vascular cells, such as ECs and
SMCs, are disturbed and all these eventually lead to endothelial
dysfunction.265

The hemocompatibility of biomaterials is mainly dependent
on the physical and chemical characteristics of biomaterial
surfaces; thus, surface modification is one of the most direct and
effective strategies to minimize thrombogenicity and to improve
the hemocompatibility of artificial vascular grafts.266,267 One
remarkable advantage of this method is that the intrinsic
mechanical properties of biomaterials and grafts are not significantly
changed after surface modification.

3.1 Surface modification of artificial vascular grafts by PEG

PEG has been widely used as a biocompatible material due to
its high hydrophilicity. The hydrophilic PEG can bind water
molecules strongly to form a surface hydration layer, which can
effectively inhibit the adsorption of plasma proteins and most
components of blood such as fibrinogen and lysozymes. More-
over, the flexible PEG chain segment can move easily and fast in
water and its large exclusion volume may also suppress the
adsorption of proteins, blood platelets and red cells; in parti-
cular, PEG can avoid protein conformation change to maintain
their natural characteristics. Moreover, PEG has a tendency to
autoxidize to non-toxic products. Nowadays, PEG has been
certificated by the FDA as an additive for various biomaterials.
As a bio-inert macromolecule, PEG is also non-immunogenic,
which is fairly important for biomaterials. Due to these unique
properties, PEG is often used to improve the hemocompatibility
of biomaterials.268,269

Because PEG is soluble in aqueous media such as blood, it is
necessary for it to be covalently grafted onto biomaterial
surfaces. Lendlein et al. grafted monoamino PEG with different
chain lengths (Mn = 1000 or 10 000 g mol�1) and end groups
(methoxy or hydroxyl) onto a poly(ether imide) surface by
nucleophilic addition at pH = 11 and 70 1C for 17 h. The
surface functionalization leads to a reduction in the adsorption
of bovine serum album (BSA) but not fibrinogen.270 Compared
with grafting onto poly(ether imide), the grafting of PEG onto
PU surface is more complex. Generally, PU surface was first
treated with diisocyanates as coupling agents, using dibutyltin
dilaurate (DBTDL) or Sn(Oct)2 as a catalyst to introduce free
isocyanate groups on the surface, and subsequently covalently
grafting PEG via the reaction between the surface isocyanate
groups and the hydroxyl groups of PEG.271,272 Alternatively, in

many other approaches, the hydroxyl groups of PEG were
functionalized firstly by an end-capping reaction with HMDI
or IPDI.273,274 For example, IPDI reacted with star shaped PEG
to yield isocyanate-terminated reactive stars. Interestingly, the
crosslinking and chain extension reactions of star shaped PEG were
avoided by optimizing the reaction conditions. The isocyanate-
terminated PEG was finally grafted onto the biomaterial surface via
an allophanate reaction, and the reactive functional groups were
introduced by this special PEG at the same time. Star-shaped PEG
modified surfaces could prevent the non-specific adsorption of
proteins and cells very efficiently. In addition, these functionalities
on the surface can be used to incorporate ligands for bio-
logical targets, which endow surfaces with specific biological
interactions.275–278

More recently, Gu et al. reported a PEO modified PU surface
using the ozone activation method without the use of an
organic stannous catalyst and highly toxic diisocyanates.279

They successfully modified PU by PEO with various molecular
weights, which ranged from 1000 to 300 000 g mol�1. The
modified surfaces exhibited high hydrophilicity (water contact angle
less than 201) and reduced platelet adhesion. Additionally, even the
adhered platelets showed less shape deformation. Especially, no
platelets were adhered on most areas of the surface of high
molecular weight PEO (300 000 g mol�1) modified PU.279

Liner PEG can be grafted directly onto a substrate surface,
but the grafting density is limited due to high steric hindrance.
A suitable method to increase the number of effective PEG
chains involves the introduction of PEG in a brush-like struc-
ture on the surface of biomaterials.280 In our previous studies,
we employed UV initiated photopolymerization to graft PEGMA
onto the PCU surface. By adjusting the reaction parameters,
such as reaction temperature, PEGMA concentration, UV irra-
diation time and photoinitiator concentration, the grafting
density of PEGMA could be controlled.281 The grafted
poly(PEGMA) chains on the surface had many PEG blocks as
side chains, in which the end hydroxyl groups were introduced
as functional groups for further modification. Anticoagulants,
bioactive molecules or drugs could be immobilized onto the
surface by means of coupling of these hydroxyl functional
groups. PEGMAs with different molecular weights (400, 600,
800, 1000 g mol�1) were used to investigate the influence of
molecular weights on surface hydrophilicity and hemocompatibility.
The ratio of hydrophilic PEG chains to hydrophobic polyacrylate
chains can be controlled by the molecular weight of the macro-
monomer, PEGMA. The grafting density of PEGMA increased from
1.75 mg cm�2 for PEGMA Mw = 400 g mol�1 to 2.33 mg cm�2 for
PEGMA Mw = 1000 g mol�1, while the molar immobilization density,
which is given by the ratio between the grafting density and Mw of
macromonomer PEGMA, decreased from 4.38 mmol cm�2 to
2.33 mmol cm�2 with the increasing molecular weight of
PEGMAs. This means that high molecular weight PEGMA has
higher steric hindrance as well as lower ability for movement,
which results in a decreased affinity for active free radicals and low
molar immobilization density. The PEGMA modified surfaces
exhibited excellent hydrophilic property and effectively resisted
platelet adsorption compared with the unmodified surface.
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Furthermore, PCU grafted PEGMA Mw = 800 g mol�1 minimized
platelet adsorption and had the best hemocompatibility, which
might be explained by the optimum balance between PEGMA
immobilization density and PEG chain length.254

Surface-initiated atom transfer radical polymerization (SI-ATRP)
method as living polymerization can easily control the length of
grafting chains according to need or design. We employed SI-ATRP
to graft controlled hydrophilic PEGMA chains onto the surface of
electropsun PCU nanofibrous scaffolds, which had little change in
fiber morphology.282 It is worth mentioning that the mechanical
properties of the modified scaffolds were similar to the scaffolds
without modification, for example, the value of the elastic modulus
was 2.83� 0.11 MPa, tensile strength was 2.34� 0.17 MPa, and the
elongation at break was 110% � 32%. The modified scaffolds
showed significantly improved hydrophilicity, enhanced hemo-
compatibility and high tendency to induce cell adhesion. Moreover,
ECs reached out pseudopodia along the fibrous direction and
formed a continuous monolayer in vitro.255

Other approaches include the photografting of PEGMA (Mn =
570 g mol�1) on cyclic olefin copolymers283 and the develop-
ment of hyper-branched surfaces of poly(PEGMA) (Mn =
360 g mol�1).284 In all these cases, the effectiveness of protein
adsorption reduction has been significantly influenced by the
chain length and surface density of PEG.32,285,286

Jiang et al.287 constructed amphiphilic membrane surfaces
based on PEO and polydimethylsiloxane (PDMS) segments and
prepared a biomimetic topography PDMS surface for improving
antifouling performances. The PEO segments are utilized to
prevent biofoulant adsorption while the PDMS segments are
used to drive away the adsorbed biofoulant. As a result, the
amphiphilic surfaces exhibit good antifouling properties.287

Additionally, hydrophobic PDMS segments in the PDMS-g-
PEO copolymers can be used to anchor PEO onto a hydrophobic
surface such as polystyrene or PDMS. The PEO segments are
expected to extend outwards into the aqueous phase. The
PDMS-g-PEO copolymers (having a PEO content from 58 to
80 wt%) can behave like molecular brushes, which are able to
reduce the fibrinogen adsorption on the surface.288

In addition to PDMS-g-PEO copolymers, a type of triblock
copolymer, namely, PEO–polybutadiene–PEO (PEO–PB–PEO), has
been used to modify medical grade Pellethane, Tygon polyurethanes,
PDMS and polycarbonate. A highly stable, protein-repellant PEO
layer was formed on the surface by the adsorption and g-irradiation
of these PEO–PB–PEO triblock copolymers. During the self-assembly
of the PEO–PB–PEO triblock polymers at the surface, the adsorption
mechanism and kinetics depended on the triblock polymer
concentration. When the concentration was slightly below the

critical aggregation concentration, the most homogeneous coverage
and highest grafting efficiency were achieved. In addition to the
coating and self-assembly technology, the g-irradiation process can
induce covalent grafts onto material surfaces, and thus produce a
stabilized PEO layer.289,290

Although PEG and PEO modified surfaces can improve
hydrophilicity and anti-nonspecific protein adsorption, PEG
and PEO could autoxidize rapidly, especially in the presence
of oxygen and transition metal ions, which typically exist in
biological media. Thus, these modified surfaces may face a
problem, i.e. long-term poor protein repulsive property in vivo
and in clinical applications.

3.2 Surface modification of artificial vascular grafts by
zwitterionic polymers or groups

Zwitterionic polymers are well known as hydrophilic and non-
fouling materials.291–298 They have both cationic and anionic
moieties on the same side chain while maintaining overall
charge neutrality. The zwitterions usually mean zwitterionic
betaines, which include phosphobetaine, sulfobetaine and
carboxylbetaine. They are named according to the difference
in the negatively charged groups, as shown in Fig. 10. Zwitter-
ionic betaines generate a tightly bound, structured water layer
around the zwitterionic head groups via electrostatic and
hydrogen bond induced hydration in water, thus significantly
reducing protein adsorption and platelet adhesion and effec-
tively controlling coagulation cascade and immune inflamma-
tion. If biomaterial surfaces are modified by zwitterionic
polymers, their surface hemocompatibility should be improved
significantly.296,299

The zwitterionic PC group plays an important role in pre-
venting blood coagulation on the surface of cell membranes. If
PC groups are incorporated onto the surface of artificial vas-
cular grafts, their surfaces become highly hemocompatible
because of the biomembrane-like structures. PC groups on
the surface can effectively reduce plasma protein adsorption,
suppress platelet adhesion and activation, and improve the
hemocompatibility of biomaterials when they are in contact
with blood or cell suspensions.297,300

Many approaches have been developed to introduce PC
groups onto biomaterial surfaces. Among them, most attempts
apply PC containing monomers, in which MPC is widely used.
MPC is a polymerizable methacrylate monomer. Its homopolymer,
and random-type, block-type and graft-type copolymers have
been immobilized on PU surface by coating,301 blending,302,303

grafting304–307 or the formation of semi-interpenetrating
polymer networks.308–310 For example, PU has been modified

Fig. 10 The schematic structures of some zwitterions. R, R1, R2, R3 = –CH3, –CH2CH3, –CH2CH2OH, –(CH2)nOCOCCH3QCH2 or –(CH2)nNHCOCCH3QCH2,
where n is 1, 2, 3, 4, 5 or 6.
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by poly(2-methacryloyloxyethyl phosphorylcholine-graft-2-ethylhexyl
methacrylate), which is composed of a poly(MPC) segment as the
main chain and poly(2-ethylhexyl methacrylate) (poly(EHMA))
segments as the side chains. The domain of poly(EHMA)
segments is intermiscible with the soft segments of PU; thus,
this modified surface shows high stability in aqueous media.
They can dramatically suppress protein adsorption from human
plasma and effectively protect blood-contacting surfaces from
thrombus formation, but they also decrease EC adhesion.
Recently, we used MPC to modify the PCU surface by the Michael
reaction,31 UV-initiated and SI-ATRP polymerization311 in order
to improve surface hemocompatibility, as shown in Fig. 11.

The Michael reaction method to graft MPC onto the PCU
surface involves three steps as shown in Fig. 11A. Firstly, HDI
was coupled onto the PCU surface through an allophanate
reaction. Then, tris(2-aminoethyl)amine (TAEA) was linked to
the PCU surface through the coupling of the amino group of
TAEA with the rest of the isocyanate groups of HDI to create

primary amine groups on the surface. Here, owing to the fact
that there are three primary amino groups in one TAEA
molecule, TAEA introduced a high amino content on the PCU
surface. Finally, MPC was grafted onto the PCU surface via the
Michael reaction of MPC with amino functional groups.31 The
Michael reaction is a simple and effective method to introduce
functional groups.312 This modification method may not only
be favorable for the polar head-group arrangement of PC on the
PCU surface, but also greatly improves the grafting density of
PC functional groups, where the P content of the modified PCU
surface was 1.3%.

In our previous study, we synthesized an acrylate monomer
that had a PC group (Fig. 12, PC monomer).313 The intermediate
product of (6-isocyanato n-hexyl)carbamoyloxyethylmethacrylate
was firstly synthesized from HEMA and HDI in an equal molar
ratio, and then reacted with L-a-glycerylphosphorylcholine. Since
one HDI molecule has two equivalent reactive isocyanate groups,
side reactions may result in isocyanato urethane methacrylate as

Fig. 11 Schematic diagram of grafting MPC onto the PCU surface via the Michael reaction (A), UV-initiated and SI-ATRP (B) polymerization. Reproduced
with permission from ref. 31 and 311. Copyright 2013 Elsevier and Copyright 2011 Wiley-VCH, respectively.
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well as dimethacrylate diurethane. As a result, it is very difficult
to completely purify the reaction mixture to obtain the goal
monomer. This monomer was grafted onto the surface of PCU
films by UV initiated polymerization in the presence of BP as a
photoinitiator. The modified PCU film has a low water contact
angle and high water uptake. Moreover, platelet adhesion was
significantly decreased, which suppresses its activity and controls
the coagulation cascade and immune responses.314 Alternatively,
L-a-glycerylphosphorylcholine was oxidized to obtain the aldehyde
derivative phosphorylcholine glyceraldehyde (PCGA, in Fig. 12).
Then, PC groups could be covalently linked onto the PCU surface
via the reductive amination of PCGA.315

Furthermore, PC groups were covalently linked onto the
PCU surface with a flexible chain as a spacer to improve their
moving ability. 1,6-Hexanediamine reacted with the isocyanated
PCU surface by coupling its amino group with the rest of the
isocyanate groups on the polymer surface. Finally, PC groups were
introduced onto the PCU surface via the reductive amination
reaction between the aldehyde group of PCGA and the surface
amino groups.315 In another approach, the above hydrophobic
spacer was replaced by a short hydrophilic PEG chain (Fig. 13).316

Compared with other methods, the immobilization of PC groups
onto the PCU surface using a flexible PEG chain as a spacer has
apparently many advantages. For example, the flexible PEG
segment enhances the mobility of the zwitterionic PC groups
in water and endows them with self-assembling ability in an
aqueous environment. Moreover, as mentioned above, the
hydrophilic PEG chain also provides a large exclusion volume
in an aqueous medium due to its unique coordination with
surrounding water molecules, which forms a biocompatible
layer to reduce the absorption of plasma albumen and red blood
cells. The assembled PC groups form a specific biomimetic
surface, which can resist the nonspecific adsorption of bio-
macromolecules via the bound hydration layer from the solvation

of the zwitterionic terminal groups, in addition to hydrogen
bonding.317 When 1,6-hexanediamine or amino-poly(ethylene
glycol) (APEG) was used as a spacer to directly modify PCU, the
grafting density of the PC groups was very low. Thus, we
developed another method to graft PC on the surface of PCU
films with a high grafting density but maintained the intrinsic
mechanical properties of PCU (Fig. 14).318 Firstly, PEGMA was
grafted onto the PCU surface by UV initiated photopolymeriza-
tion, thus providing a hydrophilic flexible PEG spacer and
abundant reactive sites, i.e. –OH groups. Then IPDI acted as
the coupling agent, i.e. one –NCO of IPDI was connected to the
hydroxyl group of poly(PEGMA), while the other one hydrolyzed
to form an amino group by reacting with water under mild
conditions. Finally, the aldehyde groups of the PCGA molecules
reacted with these amino groups to realize the grafting PC onto
the flexible PEG spacer. The synergism of the PEG spacer and PC
functional groups could improve the hydrophilicity and anti-platelet
adhesion effect of the modified PCU film. The PCU–PEGMA–PC film
may have potential applications in blood-contacting biomaterials
and some relevant devices.

The above approaches grafted PC on the PCU surface, which
improved its surface hydrophilicity significantly. Most areas of
these modified PCU surfaces resisted blood platelet adhesion
compared with the blank control; however, the graft density or PC
concentration on the surface was low. Only the XPS method could
prove the existence of the P element on the surface. Some areas of
the surface may have not been covered with PC functional groups;
thus, these areas still adhere some platelets, which finally results in
coagulation. This low concentration of PC groups on some areas is
mainly caused by low functional amino groups and incomplete
functionalization, thus increasing the functional groups on the
modified surface is still a big challenge.

In order to graft more functional PC groups, MPC can be
polymerized to form poly(MPC) chains on the surface by

Fig. 12 Chemical structures of the PC monomer, PCGA and MPC.

Fig. 13 Schematic diagram of phosphorylcholine glyceraldehyde modification on the PCU surface by a hydrophilic PEO spacer.
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photopolymerization319,320 or SI-ATRP.321,322 For example, MPC
was grafted onto a PCU–PEG–Br surface via SI-ATRP. The required
surface initiator for the biomimetic diblock copolymer brush of PEG-
b-poly(MPC) was formed by the reaction between 2-bromoisobutyryl
bromide (BIBB) and PEG on the PCU surface. Here, the grafted
brush chains contained both soft PEG chains as a spacer and
zwitterionic poly(MPC) chains as functional segments, as shown in
Fig. 15.322

The hydrophilicity of the modified surfaces is in the following
order: PCU o PCU-g-poly(PEGMA) o PCU–PEG–PCGA o PCU–
PEG-b-poly(MPC). The structure and compositions of the grafted
chains affected hydrophilic properties of the surfaces. The PCU-
g-poly(PEGMA) surface showed a reduced number of adhered
platelets 110 � 21 number per mm2 and PCU–PEG–PCGA surface
demonstrated much lower platelet adhesion than the PCU-g-
poly(PEGMA) surface. Significantly fewer platelets (10 � 7
number per mm2) adhered on PCU–PEG-b-poly(MPC), which
was attributed to the synergistic effect of both blocks and the
high content of PC groups on this modified surface. The
number of adhered platelets on these modified surfaces is in
the following order: PCU c PCU-g-poly(PEGMA) 4 PCU–PEG–
PCGA 4 PCU–PEG-b-poly(MPC), as shown in Fig. 16. This
means that PC functional groups and PEG can improve anti-
platelet adhesion; moreover, PC functional groups are more
effective. In addition, the grafting of PC with a flexible

hydrophilic spacer is also a very effective method to prevent
platelet adhesion.

Zwitterionic poly(3-dimethyl (methacryloyloxyethyl) ammonium
propane sulfonate) (poly(DMAPS)) brushes have also been success-
fully grafted onto substrates for enhancing hemocompatibility by
our group298 and other groups.323 Poly(DMAPS) brushes modified
surfaces can decrease hemolysis, protein adsorption and platelet
adhesion. Similar to the abovementioned PC modification results,
the high coverage of grafted poly(DMAPS) can also improve surface
hemocompatibility.

We have developed an approach by using poly(PEGMA-g-
DMAPS) multicomb block copolymers to modify the PCU surface,
in which the grafted PEG and sulfobetaine chains contribute
synergistically to hemocompatibility, as shown in Fig. 17. These
PCU–poly(PEGMA-g-DMAPS) surfaces were created by grafting
DMAPS on a multifunctional macroinitiator PCU–poly(PEGMA–
Br) surface, which was prepared by the reaction between BIBB
and the hydroxyl groups of poly(PEGMA) on the PCU–poly-
(PEGMA) surface. As expected, the PCU–poly(PEGMA–Br) surface
had a significantly higher initiating activity, thus enabling a high
grafting density of zwitterionic DMAPS chains. However, PCU–
poly(PEGMA-b-DMAPS) surfaces modified by linear poly(PEGMA-
b-DMAPS) block copolymers were prepared by grafting DMAPS
on the remaining initiator species of the PCU–poly(PEGMA)
surface, and they exhibited a contact angle of 30.51 � 2.61.

Fig. 14 Schematic illustration of grafting PEGMA and PCGA onto the PCU surface. Reproduced with permission from ref. 318. Copyright 2014 Springer.

Fig. 15 The synergistic modification of the PCU surface with PEG and MPC. Reproduced with permission from ref. 322. Copyright 2012 Cambridge
University Press.
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The PCU–poly(PEGMA-g-DMAPS) surface further showed high
hydrophilicity with a low contact angle of 20.61 � 1.81 compared
with the PCU–poly(PEGMA-b-DMAPS) surface. This might be
attributed to the surface topology, which was more uniform for
PCU–poly(PEGMA-g-DMAPS) compared with PCU–poly(PEGMA-
b-DMAPS). Furthermore, the PCU–poly(PEGMA-g-DMAPS) surface
showed very low platelet adsorption, which indicates that multicomb
structure modified PCUs are preferred candidate materials for blood-
contacting materials.324

In addition to surface modification by radical polymerization, we
used a mild and friendly technique, i.e. a thiol–ene click reaction, to
graft zwitterionic polynorbornene (poly(NSulfoZI)) onto the PCU
surface.325 Poly(NSulfoZI), which is a new emerging biomaterial,

has many double bonds and zwitterions. Its zwitterionic moieties
provide excellent hydrophilicity and non-fouling properties and the
double bonds facilitate its modification. Free thiol groups were first
introduced onto PCU surfaces by L-cysteine or b-mercaptoethanol,
and then poly(NSulfoZI) was grafted by a photo-initiated thiol–ene
click reaction. L-Cysteine was verified to be a proper thiol group
donor with less toxicity in cell culture. In another way, thiol groups
were first introduced onto poly(NSulfoZI) via a thiol–ene click
reaction.326 With HDI as the crosslinking agent, PCU was cross-
linked with the thiolized poly(NSulfoZI). The poly(NSulfoZI)
modified PCU showed good cytocompatibility and facilitated
EC growth and proliferation.

More recently, Gao et al. found that the linked hydrophilic
polymer chains such as PEG do not overlap at low grafting
densities, but can rotate randomly without disturbance in the
hydrate state and form a mushroom-like regime.32 When the
grafting density is high enough, PEG chains are in a crowed
state and form a brush regime. Husson et al. also reported that
poly(PEGMA) brush layers transformed from mushroom-like
to brush regimes with an increase in grafting density.327

This finding can explain why protein adsorption is reduced
with the increase in grafting density. Generally, the grafting
density of linear homopolymers and copolymers onto material
surfaces depends on the concentration of active sites or initiators
on the surfaces. One approach to increase the grafting density
is to graft macromonomers with high molecular weights
but unfortunately their reactivity is low. On the other hand,
another approach is to introduce more initiators on surfaces
as the abovementioned PCU–poly(PEGMA–Br). This method
can graft more brushes onto surfaces by surface initiated
polymerization.

Fig. 16 Quantification of platelets adhering to the blank PCU (A), PCU-g-
poly(PEGMA) (B), PCU–PEG–PCGA (C), PCU–PEG-b-poly(MPC) (D), PCU–
PEG–Br (E), PCU–APEG (F) films.

Fig. 17 Schematic of PEGMA and/or DMAPS grafting polymerization from PCU films via s-ATRP to prepare PCU–poly(PEGMA-b-DMAPS), PCU–
poly(PEGMA-g-DMAPS), PCU–poly(DMAPS). Reproduced with permission from ref. 324. Copyright 2013 Wiley-VCH.
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PTFE is a chemically and thermally stable material; thus, the
surface modification of PTFE involves coating, high energy radiation,
radiation-induced grafting process, and plasma treatment-induced
grafting process.328–332 For example, a doubly biomimetic random
copolymer bearing cell antifouling PC groups and mussel adhesive
protein catechol groups was adsorbed onto PTFE by the strongly
adhesive catechol groups while at the same time forming a cell outer
membrane mimetic antifouling surface.333 These coated surfaces
reduced protein adsorption and highly suppressed platelet adhesion
from human serum. However, this modification needs a high
catechol content (50%) in the copolymer to afford the effective
adhesion on the hydrophobic PTFE surface. Furthermore, this
research did not involve the stability of the modification layer
in vitro and in vivo.

The PTFE surface was treated by high energy radiation in order
to introduce active species, which was further used for the surface-
initiated graft polymerization of acrylic acid (AAc). The grafting AAc
onto the PTFE surface yielded a highly hydrophilic surface with
significantly high water uptake when immersed in water. The
carboxyl groups provided reactive sites for the immobilization of
gelatin and other biomacromolecules so that the surface could
adhere HUVECs and enhance their proliferation.330 Another
approach is covalently anchoring PC groups to the amine moieties
of ammonia plasma-treated ePTFE arterial prostheses.334 Interest-
ingly, the PC grafting surfaces were homogeneous and stable to
sterilization. They exhibited statistically lower thrombogenicity and
lower neutrophil adhesion. Furthermore, they inhibited platelet
activation, as well as showed good biocompatibility responses that
were characterized by cell adhesion and proliferation.334

As another kind of zwitterionic material, polycarboxybetaines
have also been used to modify biomaterial surfaces.53,335,336 The
modification methods are analogous with the abovementioned
approaches for PEGMA, MPC and DMAPS. Interestingly, Jiang
et al. first reported a non-fouling surface that contains a
nanometer-scale homogenous mixture of balanced charge groups
from counter-charged groups.337 This surface is able to mimic
zwitterionic polymer modified surfaces with the remarkable advan-
tage of simple synthesis. More recently, the same group reported a
biologically inspired stealth peptide sequence that is composed of
alternating negatively charged glutamic acid (E) and positively
charged lysine (K) residues. This alternating EK sequence mimics
the surfaces of human proteins, which adapt to avoid nonspecific
adsorption. This peptide sequence modified surface shows ultra-low
fouling property because alternating charged groups are uniformly
distributed at the molecular level to mimic zwitterionic groups. Its
high resistance to nonspecific protein adsorption is comparable to
what is achieved by PEG modified material surfaces. Moreover, this
non-fouling functional peptide sequence can be extended with cyclic
RGD to demonstrate specific cell targeting.338,339 This method opens
a new avenue to design and synthesize new non-fouling materials,
and especially to modify biomaterial surfaces.

3.3 Surface modification of artificial vascular grafts by
heparin

Heparin is a well-known anti-coagulation drug, which has
the structure of a linear polysaccharide containing sulfonic,

carboxylic and sulfanilamide groups. The most common dis-
accharide unit of heparin is composed of 2-O-sulfated iduronic
acid, and 6-O-sulfated and N-sulfated glucosamine residues. The
anticoagulation function is based on its interaction with AT III, such
as thrombin and factor Xa, which are serine protease inhibitors. The
binding causes a conformational change in AT III, and accelerates
the additional binding of serine proteases; thus, blood coagulation
cascade can be prevented. Heparin has been successfully used to
improve the hemocompatibility of biomaterials by coating,340

covalent immobilizing,341–343 and LbL technology.344,345

In our previous study, we covalently immobilized heparin
and PC groups on the PU surface by the reaction between the
amino groups of PU and the carboxyl groups of heparin as well as
the aldehyde group of PCGA to improve surface biocompatibility
and endow the surface with anticoagulant activity.341 The immobi-
lization amount of heparin can be tuned by controlling the grafting
sites of PU, which has been first modified with PEI. The hydro-
philicity and antithromboticity of the grafted surfaces were signifi-
cantly improved with obviously decreased platelet adhesion.341

We also used heparin and gelatin to prepare hemocompatible
gelatin–heparin fibers as the inner layer and elastic PU fibers as
the outer layer by sequentially using the electrospinning technology.
Heparin retains its bioactivity after the electrospinning process. The
controlled gradual release of heparin from these fibers is main-
tained over 14 days, which results in rare platelet adhesion in vitro
and indicates a potential delivery system for the localized adminis-
tration of heparin to the site of vascular grafts. These antithrombotic
fibrous scaffolds have a high potential as artificial vascular grafts
with appropriate mechanical properties.26

A number of covalent immobilizing heparin strategies have
been investigated and evaluated.271,346 Generally, for the immo-
bilization of heparin onto biomaterial surfaces, amine or
carboxylic acid groups should be first introduced to serve as
the anchoring groups. For example, a biomaterial surface was
pretreated using the plasma technology and UV-induced graft
polymerization with AAc. Subsequently, heparin was covalently
immobilized with the carboxylic acid groups of poly(AAc) via an
esterification reaction using a 4-dimethylaminopyridine catalyst
and dicyclohexylcarbodiimide (DCC) coupling agent.347

Another method involves the introduction of free amino
groups onto material surfaces, such as the controlled aminolysis of
a PDLLA film by 1,6-hexanediamine,348 polydopamine-coated PLA
and polyethylene membranes,349,350 pulsed-plasma polymerized
allylamine films on 316L stainless steel,351 and surface prepared
by the photopolymerization of tert-butyl-2-(acrylamide)ethyl-
carbamate and deprotection of BOC groups.352 Heparin modified
surfaces are achieved by using a condensation reaction between the
activated carboxylic acid groups of heparin by EDC–NHS and free
amines on the surfaces.189,353 In addition to aminated surfaces, a
surface having hydroxyl groups such as poly(hydroxyethyl metha-
crylate) (PHEMA) was modified with low molecular weight heparin
after activation by 1,10-carbonyldiimidazole (CDI).354 For the ampli-
fication of reaction sites of heparin, the ‘‘alkyne–azide’’ click
chemistry technique was usually used in recent research.197 The
above methods for the preparation of heparin modified surfaces
are based on covalent linkage formation between heparin and the
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reactive groups of the substrates. However, they usually involve
complicated multistep procedures and the heparin immobilization
amount cannot be controlled precisely. Alternatively, Lee et al.
reported a robust heparin coating method on the PU surface.355

They prepared dopamine-conjugated heparin via the amidation
reaction between the activated carboxylic acid groups of heparin
and dopamine. 27%� 8% of the carboxylic groups in heparin were
conjugated with dopamine. The PU surface could be modified by
immersion in an aqueous solution of dopamine-conjugated
heparin. It is a simple and one-step procedure, and especially,
neither plasma nor chemical pretreatment of the substrates is
necessary. The heparinized surface by dopamine-covalent
immobilization usually displays excellent hemocompatibility,
and it is robust enough for long time immersion in vitro.

One heparin molecule has several carboxylic acid groups.
These groups can react with amino groups and hydroxyl groups to
yield multiple covalent linkages, which can robustly immobilize
heparin on biomaterial surfaces. Multiple covalent linkages are
able to prevent the immobilized heparin from being washed away
when the surface is in contact with blood flow. However, the free
movement of heparin molecules is hindered and restricted by the
direct and unspecific immobilization. Therefore, the natural
configuration of heparin might be affected and changed during
and after immobilization. Thus, these immobilization methods
may affect heparin activity after modification. One strategy to
enhance the hemocompatibility of heparinized surfaces is to
introduce a certain length hydrophilic spacer between heparin
and the material surface. For example, heparin and PEG were
sequentially immobilized onto a Ti surface via sequential
immobilization using the carbodiimide covalent coupling
method. This method can improve hemocompatibility and
enhance EC adhesion and proliferation.356

Furthermore, the end point immobilization strategy has
been proposed for surface modification of various materials
by heparin. This strategy immobilizes each heparin molecule
on the surface by a single covalent bond at the end of the
heparin chain for the purpose of maintaining its natural
configuration and bioactivity.357 This process involves the
partially controlled depolymerization of native heparin sodium
with nitrous acid.358 The terminal aldehyde of heparin is
formed on the sugar unit of the cleavage site. Subsequently,
heparin is covalently linked onto the material surface by a
reductive amination reaction between the terminal aldehydes
and the primary amines on the surface. End point immobilized
surfaces have been proven to prevent activation of the coagulation
cascade,349,359 reduce platelet adhesion353,360 and activation, as well
as diminish complementary and inflammatory responses of blood
to coated surfaces.361

Nowadays, the co-immobilization of heparin with other
biomolecules onto biomaterial surfaces has been proposed as
one of the most popular strategies to improve hemocompatibility
and to prevent blood coagulation. For example, heparin-loaded
mesoporous silica, catechol-modified chitosan and heparin were
mixed together to form a heparin-releasing film, which was coated
on a polydopamine-modified substrate. The long and narrow
channels of mesoporous silica are beneficial for the sustained

release of heparin. This heparin-releasing film shows low fibrinogen
adsorption, platelet adhesion and hemolysis rate, which indicates
good hemocompatibility.362 Similarly, the co-immobilization of
heparin with fibronectin can also improve the anticoagulant activity
of heparin and obtain favorable hemocompatibility.363 Fibronectin
is an adhesion protein, which can promote EC attachment and
spreading. Unfortunately, fibronectin can also cause platelet
adhesion by the RGD peptide on itself and the integrin receptor
on the platelet membrane. Interestingly, the co-immobilization
of heparin and fibronectin may prevent platelet adhesion and
blood coagulation. It is speculated that the reaction conditions,
such as EDC and NHS, may enhance the anticoagulation activity
of heparin and inhibit the platelet adhesion of fibronectin;
however, the detailed mechanism is still unclear.

Heparin can also mediate cell adhesion and proliferation
processes, which is unrelated to its anticoagulant activity. For
ECs, heparinized PLLA/poly(L-lactide-co-e-caprolactone) (PLLA/
PLCL) scaffolds show good cellular attachment, spreading,
proliferation and phenotypic maintenance in vitro. Further-
more, when subcutaneously implanted into New Zealand white
rabbits, the heparinized scaffolds exhibited neovasculariza-
tion.364 Conversely, heparin could reduce SMC proliferation
in vitro and in vivo, which may be determined by the overall
level of sulfation and the disruption of exogenous or autocrine
bFGF signaling. The heparin dose and release kinetics could
sufficiently modulate the SMC phenotype, and significantly
up-regulate SMC contractile markers such as smooth muscle
a-actin (a-SMA).365

More recently, heparin and poly(L-lysine) (PLL) were mixed
to develop a type of NPs via tight interactions between amine-
rich PLL and negatively charged heparin.366 These NPs were
immobilized on a dopamine-coated surface to form a gradient
surface of heparin.367 The abundant amine groups of PLL are
beneficial for the robust covalent immobilization of these NPs.
It is noteworthy that the low heparin density (3.5 mg cm�2) on
the surface selectively prevented SMC proliferation but accelerated
endothelialization.367 Furthermore, a time-ordered heparin-releasing
surface was developed by the immobilization of these NPs. In the
early phase (1–7 days) after implantation, the surface released
predominantly anticoagulant and anti-inflammatory substances
and exhibited an antiproliferative effect against SMCs. After
7 days, EC proliferation was enhanced while SMC proliferation
was selectively suppressed. Interestingly, the modified surface
exhibited excellent properties in vivo, such as favorable hemo-
compatibility, anti-inflammatory effect, as well as inhibition of
intimal hyperplasia.340

In order to immobilize heparin onto biomaterial surfaces,
the LbL technology has also been utilized in recent research.
Heparin is an anionic linear polysaccharide; thus, it can form a
multilayer surface with cationic polymers or biomacromolecules
by alternative immersion in their solutions.368,369 Many cationic
polymers or biomacromolecules have been used for this applica-
tion such as PLL,370,371 PEI,372 poly(L-arginine),373 collagen,331

chitosan,369,374 N,N,N-trimethyl chitosan,375,376 kappa-
Carrageenan,377,378 and layered double-hydroxide.379,380 Interest-
ingly, heparin with other anionic polymers381 or VEGFs382 as the
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polyanions has been employed to fabricate multilayers using LbL
coating. Although LbL assembled multilayers have been successfully
used in various areas of biomedical applications, they still
suffer from a lack of stability, because this depends mainly
on the electrostatic interaction between oppositely charged
polymers.381,383–385 In order to enhance the stability of LbL
films, in the consideration of long-term applications in physiological
media, chemical386 and photo-crosslinking387 methods have been
employed to convert the interlayer forces from weak interactions to
strong covalent bonds.

In addition, an interesting strategy has been explored by
introducing catechol groups into branched PEI (bPEI) and
anionic polymers. The catechol groups in multilayers can undergo
rapid crosslinking through nonionic types of interactions (e.g.,
hydrogen bonding and p–p stacking) at biological pH conditions,
thus enhancing stability. This catechol modification can serve as a
general and efficient platform for various applications. The heparin/
collagen multilayer-modified surface exhibits excellent hemo-
compatibility and promotes EC adhesion and proliferation.388

Moreover, multilayer functionalized surfaces with the anti-CD133
antibody possess prolonged blood coagulation times, less platelet
activation and aggregation, enhanced EC attachment and early
rapid endothelialization in vivo.331

3.4 Surface modification of artificial vascular grafts by
immobilization of gelatin and other bioactive macromolecules

Gelatin is a natural biomacromolecule, which consists of highly
bioactive polypeptides that are derived from collagen in animal
skin, bones and connective tissues. Generally, the triple helix
structure of collagen is broken down into a single-stranded
structure to form gelatin. Gelatin has many RGD integrin
recognition sequences that are beneficial for cell attachment,
migration, proliferation and differentiation. As a biological,
excellently biocompatible, biodegradable and edible polymer,
gelatin has attracted great interest in tissue engineering applica-
tions as well as in surface modification.

Gelatin is soluble in water above 40 1C, and the solution
forms a gel when the temperature is cooled to room tempera-
ture. This sol–gel transition property limits its application in
implantable materials and devices; thus, gelatin must be cross-
linked to overcome this problem. Although many crosslinkers,
such as glutaraldehyde, genipin, carbodiimide and epoxy
compounds, can efficiently crosslink gelatin, cytotoxicity and
chronic inflammation are usually caused by these chemical
crosslinkers. Recently, microbial transglutaminase,389–391 citric
acid,392 oxidized pectin393–395 and alginate dialdehyde396 have
been used as nontoxic crosslinkers. In particular, gelatin can be
crosslinked with alginate dialdehyde, oxidized pectin, gellan
gum and K-carrageenan to form IPN materials by a combination
of enzymatic and ionic crosslinking methods. An alternative
approach involves methacrylated or acrylated gelatin by photo-
polymerization, which is controllable through the exposure time
to UV light and irradiation intensity.397–399 Methacrylated gelatin
was synthesized by the reaction of methacrylic anhydride and
the amine groups of gelatin. It has been proven to be able to
deliver cells to generate vascular networks by in situ transdermal

photopolymerization. Interestingly, the proliferation, alignment
and cord formation of ECs depend significantly on the micro-
pattern structure. An optimal microstructure enables ECs to
form a circular and stable cord structure. This is a preceding
step to create tubulogenesis for engineered tissue constructs.399

In order to maximally utilize the excellent properties of
gelatin in tissue engineering, gelatin has also been immobilized
on biomaterial surfaces or modified with various materials.400

For example, gelatin has been immobilized onto AAc-grafted
PLCL biomimetic dual-layered scaffolds through EDC/NHS
chemistry. These dual-layered scaffolds have one microfibrous
layer and one nanofibrous layer. The gelatin modified micro-
fibrous layer exhibited the proliferation and infiltration of SMCs
owing to its large pores and coupled gelatin, while the nano-
fibrous layer accelerated proliferation of ECs.401 Thus, these
specially designed dual-layered scaffolds can alternatively mimic
native blood vessels for use in vascular tissue engineering.
Choong et al. used ATRP to graft glycidyl methacrylate onto
the PCL surface to introduce epoxy side groups and subsequently
covalently immobilize gelatin. The gelatin modified PCL surface
showed significant improvement in EC attachment and growth
and low expression of thrombogenic markers.138 However, the
non-specific reactivity of epoxide groups of poly(glycidyl metha-
crylate) towards surface proteins on ECs may also compromise
normal cellular signaling activity and lead to the upregulation of
inflammatory responses.138 More recently, we grafted PEGMA on
PCU nanofibrous scaffolds and then immobilized gelatin to
obtain PCU-g-PEGMA-g-gelatin scaffolds. The scaffold surface
changed from hydrophobic to hydrophilic and showed low
platelet adhesion and excellent EC growth and proliferation.402

Gelatin has also been modified by various compounds to change
its hydrophilic and chemical properties. For example, gelatin
reacted with phosphonobutyric acid in the presence of water-
soluble carbodiimide, and the obtained phosphorylated gelatin
had many phosphoric acid groups. This phosphorylated gelatin
could enhance cell adhesion, as well as the binding affinity of
gelatin to titanium surfaces.403 Hydrophobically modified gela-
tin was achieved by the reaction of the amino groups of gelatin
with hexanoyl chloride, decanoyl chloride and stearyl chloride.
The hexanoyl chloride-treated gelatin possessed high wettability
and significant cell adhesion compared with the others.
Although the mechanism is not clear, the paper speculated that
the hexanoyl residue can easily interpenetrate the surface of
blood vessels and effectively enhance the bonding strength between
the films and tissues.404 Gelatin has also been electrospun to prepare
gelatin nanofibrous scaffolds, but their mechanical properties are
too poor, thus to improve their mechanical properties, gelatin was
co-electrospun with synthetic polymers405,406 and inorganic compo-
nents.407 The composite nanofibers exhibited enhanced biocompat-
ibility over their counterparts that were composed solely of synthetic
polymers owing to the biofunctions of gelatin. However, most of the
gelatin exists in the bulk of the fibers, which reduces the availability
of gelatin. The core–shell structured fiber with gelatin as a shell layer
can maximally utilize the biological properties and biofunctions of
gelatin as well as maintain the excellent mechanical properties of
synthetic polymers.408
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The LbL technology can be used to immobilize gelatin and
its derivatives onto biomaterial surfaces. Because gelatin is a
negatively charged biopolymer, it was alternatively deposited
with positively charged PEI onto an aminolyzed poly(propylene
carbonate) surface. The outermost layer of the formed polyelectrolyte
multilayer surface was covered by crosslinked gelatin. This surface
showed high hydrophilicity, biocompatibility, and enhanced cell
attachment and proliferation. On the other hand, when gelatin
was treated with ethylenediamine and N0-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide hydrochloride, cationized gelatin was
obtained. Positively charged cationized gelatin and negatively
charged hyaluronic acid were alternatively coated on the surface of a
PET artificial ligament graft by LbL self-assembly, and the modified
surface efficiently enhanced cell adhesion, facilitated cell growth, as
well as suppressed the expression of inflammation-related genes
relative to the pure PET graft in vitro. The in vivo results proved that
the surface inhibited inflammatory cell infiltration and promoted
new tissue regenerated graft fibers.409,410

Serum albumin is a small and highly abundant plasma
protein, which has highly specific functions, such as maintaining
the colloid osmotic pressure in the blood and improving the
hemocompatibility of materials. Many studies have demonstrated
that albumin immobilization on material surfaces can mask the
complement-activity sites and reduce thrombosis and hemolysis
rate of biomaterials.411–413 Although the pre-adsorbed protein sur-
face inhibits thrombogenic protein adsorption and decreases
platelet adhesion and activation, these functions will be lost by
protein exchange when the surface is in contact with blood. Hence,
the covalent immobilization of albumin is proposed as an effective
method to overcome this limitation. Yin et al. successfully grafted
poly(AAc) onto polypropylene non-woven fabric membranes with
O2 plasma treatment and the UV-irradiated technology, and
subsequently grafted BSA onto the surface in the presence of
EDC and NHS.414 Zhu et al. immobilized BSA onto a porous
polyethylene surface using strongly attached polydopamine as a
spacer. The albumin immobilized surface exhibited excellent
hemocompatibility because of albumin’s biofunctions.412 More
recently, Yin et al. reported another approach to immobilize
BSA onto polypropylene. They used SI-ATRP to create a surface
with PEG and epoxy functional groups, followed by covalently
immobilizing BSA by the ring-opening reaction of the epoxy
groups.413 The non-fouling ability as well as BSA conjugation
sites were successfully controlled by adjusting the monomer
ratio of PEGMA and glycidyl methacrylate. These modified
surfaces showed low hemolysis rates, remarkably suppressed
platelet adhesion and activation, as well as inhibited thrombosis
formation. It is noteworthy that the excellent hemocompatibility
is due to the hydrophilicity of the comb-like structures of the
PEG chains and inertness of BSA. In conclusion, their high
hydrophilicity and strong resistance of plasma protein adsorp-
tion provide an outstanding platform for the construction of
hemocompatible surfaces.415 Ji et al. successfully prepared multilayer
films consisting of PEI and albumin on a biomedical surface
via the electrostatic self-assembly technology. The multilayer
coating exhibited excellently stability in Tris-HCl (pH 7.35)
buffer solution for 21 days, and less than 10% albumin was

eluted by PBS in 45 days. This stable multilayer coating could
resist platelet adhesion effectively.416

More recently, Chang et al. reported a protein-based conjugate
with a biodegradable polyester for the first time. They used a
tailor-made initiator to introduce a maleimide functional group
into PCL via the ROP of e-caprolactone with stannous octoate as
a catalyst, and then covalently linked it to reduced BSA via the
maleimide–sulfhydryl coupling reaction. The biodegradable
amphiphilic BSA–PCL conjugate biohybrid displayed a well-
defined structure, low cytotoxicity, excellent biocompatibility
and self-assembly behavior.417

Although numerous surface modification approaches have
been investigated with the purpose to create a surface to
prevent clot formation, it appears that the ideal and complete
anticoagulation of biomaterial surfaces is still difficult to be
realized. An alternative approach is to design surfaces with
natural fibrinolytic functions or clot dissolving ability. To prepare a
biomaterial surface with these biofunctions, biomaterials are
modified by the coating or immobilization of bioactive sub-
stances, such as tissue plasminogen activator (t-PA), urokinase
and streptokinase.418–422 For example, the streptokinase coenzyme
was coupled onto the functionalized graft copolymer poly(vinyl
chloride)-g-poly(ethylene glycol)methacrylate using the water soluble
carbodiimide 1-ethyl-3-(3-dimethyl aminopropyl carbodiimide
hydrochloride) and sulfo-N-hydroxysulfo succinimide.420 Another
example is the covalent immobilization of streptokinase on poly-
glycerol dendrimer (generation 5) using 1-cyano-4-(dimethylamino)-
pyridinium tetrafluoroborate.423 PEG phospholipid conjugates
bearing a maleimide group (Mal–PEG–lipid) and poly(vinyl alcohol)
with thiol groups were used to immobilize urokinase.419 The Mal–
PEG–lipid anchored to cell membranes and further conjugated with
thiolated urokinase and thrombomodulin by the reaction of thiol
and maleimide. The bioactivity of the immobilized urokinase and
thrombomodulin was maintained, and this modification prevented
thrombus formation on the material’s surface. Chen et al. prepared
lysine modified poly(vinyl alcohol) in which the lysine residues have
free e-amino and carboxyl groups, because lysine with these func-
tional groups has specific tethering affinity for t-PA. This surface can
efficiently lyse the formed clot in in vitro plasma assays; moreover,
the quantities of tethered t-PA on the surface and its release could
easily be regulated by varying the blend ratio. An analogous chemical
modification method was used to prepare a fibrinolytic PU surface
by conjugating lysine to the distal terminus of surface-grafted PEG.
The plasminogen adsorption and lysing fibrin ability were affected
by the length of the PEG spacer. When the number average
molecular weight of PEG was 300 g mol�1, the lysine modified
surface was more effective in lysing fibrin, which was formed on the
surface, in advance for the purpose of analysis.286 This new finding
provides us with an interesting candidate and approach to develop
vascular grafts and other blood contacting devices.424

We have reviewed the current and most promising surface
modification strategies to develop improved hemocompatible
surfaces for artificial vascular grafts, which include highly
hydrophilic surfaces, heparin immobilized surfaces, and gelatin
or other bioactive molecules modified surfaces. Although these
approaches have been demonstrated to be efficient methods

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
Z

G
 L

ib
ra

ry
 o

n 
06

/0
6/

20
16

 0
9:

13
:5

9.
 

View Article Online

http://dx.doi.org/10.1039/c4cs00483c


5704 | Chem. Soc. Rev., 2015, 44, 5680--5742 This journal is©The Royal Society of Chemistry 2015

individually, combining two or more of these approaches may
be more beneficial for artificial vascular grafts. The modified
vascular graft surfaces have been proven to have superior
hemocompatibility in vitro via the immobilization of anticoagulants,
bioactive molecules, PEG and zwitterionic polymers, but very few
have achieved successful results in vivo. A potential reason for the
failure of these modified surfaces involves the inadequate retention
of surface chemistry and bioactivity once exposed to blood flow.117

For example, the oxidation susceptibility of PEG may limit its
long-term applications in biological environments because
platelets can be adsorbed on some PEG modified surfaces
during in vivo experiments.317,425 Compared with PEG modified
surfaces, surfaces modified by zwitterionic polymers or groups
are relatively stable in biological environments, and show
excellent anti-protein adsorption properties.426 Moreover,
heparin immobilized surfaces can also suppress platelet adhesion
and protein adsorption, thus enabling biomaterial surfaces to
possess superior hemocompatibility. Heparin can selectively
accelerate endothelialization but prevent SMC proliferation at
low heparin densities, while high densities are unsuitable for
vascular cell proliferation and endothelium regeneration. There-
fore, heparin density, bioactivity and the inherent short half-life
of the immobilized heparin should be addressed in surface
modification.

Surface modification strategies have successfully improved
the hemocompatibility of artificial vascular grafts, but an ideal
non-thrombogenic surface is still yet to be identified. The ideal graft
surface should have superior hemocompatibility and regulate blood-
graft responses spatiotemporally, enhance endothelialization, and
accelerate to form an endothelial monolayer. The physical, biological
and chemical properties of the surfaces need to be integrated and
tuned for artificial vascular graft applications.

4. Surface modification for enhancing
the endothelialization of artificial
vascular grafts

In order to improve the hemocompatibility of artificial vascular
grafts, one option is to functionalize their inner surface with
the aim to minimize protein adsorption as well as to inhibit
platelet adhesion and activation. For this purpose, hydrophilic
surfaces have been created by various approaches such as
linking hydrophilic polyethers or zwitterionic moieties onto
the surface of the vascular graft. Examples for improving the
hydrophilicity of artificial vascular grafts include surface grafting
with PEGMA, PEG, MPC, DMAPS and monomers having carboxy-
betaines, as well as the immobilization of heparin, gelatin and
other bioactive compounds. These surface modifications can
enhance surface hemocompatibility, but at the same time highly
hydrophilic surfaces hinder ECs from attaching onto and cover-
ing the graft. However, completely covering the inner surface of
an artificial vascular graft with a biofunctional and confluent
layer of ECs could mimic healthy blood vessel tunica intima and
in this way potentially enable the long-term applicability of such
implants. Otherwise, the lack of endothelialization in synthetic

grafts usually results in low patency rates in the long-term
studies.427 Hence, it is a tough challenge for researchers to
specifically enhance adherence, migration and proliferation of
ECs on hydrophilic and protein repellent surfaces.

It is generally assumed that rapid endothelialization and
re-endothelialization of artificial vascular grafts in situ play a key
role to prevent thrombus formation and avoid the restenosis of
artificial grafts. Since cell adhesion onto an artificial scaffold is an
important early stage in the generation of an EC layer on a
material’s surface, many strategies have been developed to enhance
or endow surfaces with the ability to specially and selectively adhere
ECs. Most of them involve immobilizing or fixing cell adhesive
proteins and active peptides on the surface of artificial vascular
grafts, which can promote EC adhesion and in situ rapid endo-
thelialization on them.428 Compared with proteins, active peptides
have simple structures and high stability. Furthermore, active
peptides can be coated, covalently grafted or immobilized onto
material surfaces by either physical absorption or chemical reac-
tions. In this section, we will review several active peptides and their
applications in EC proliferation and endothelialization.

4.1 Surface modification by RGD peptide and RGD derived
peptides

Usually, biological recognition between cell–surface receptors
and their ligands is the key switch to mediate cell migration
and adhesion in physiological environments. Integrins are the
major cell–surface adhesion receptors to extracellular matrix
proteins.429 Integrins and their ligands that engage and activate
integrin adhesion receptors on the cell surface play leading
roles in cell spreading and proliferation.

The tripeptide sequence of Arg–Gly–Asp (RGD) was identi-
fied by Pierschbacher and Ruoslahti in 1984 as a minimal
essential cell adhesion peptide sequence in fibronectin,430

and now is known to serve as a recognition motif in multiple
ligands that bind to numerous integrin species, especially
integrins a5b1 and avb3. In this view, the RGD tripeptide is by
far the most often employed peptide sequence to modify
synthetic biomaterial surfaces for simulating and promoting
cell adhesion. Artificial vascular grafts, which are made from
synthetic materials, usually exhibit perfect mechanical proper-
ties, biocompatibility and hemocompatibility. However, their
surfaces, especially highly hydrophilically modified surfaces,
often suffer from poor cell adhesion. Therefore, numerous
approaches have been developed to promote EC adhesion
and proliferation by modifying artificial vascular grafts with
RGD. Fig. 18 summarizes the five usually used immobilization
methods of the RGD peptide on material surfaces by different
reactions. In most cases, RGD can be immobilized onto the
surface of artificial vascular grafts through a stable amide
bond, which is formed by the reaction of surface carboxylic
acid groups and the free amino group at the N-terminus of the
RGD peptide. In order to avoid side reactions between the
carboxyl acid group of the RGD peptide and its own amine
group, protected RGD peptides were usually used in some of
the early immobilization studies.431 However, in recent years,
approaches involving carboxyl active esters have been developed
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to link unprotected peptides to polymer chains and biomaterial
surfaces. This technology makes the covalent immobilization of
peptides easier and simpler than the protection and deprotection
route. This is attributed to the activation of carboxyl acid groups with
NHS, usually in the presence of EDC, DCC, CDI or water-soluble
carbodiimide as a condensation agent.432 Alternatively, if the
material surface has hydroxyl groups, the pre-activation can be
performed by tresyl chloride433 and p-nitrophenyl carbonate.434

Another approach involves using the Michael addition reaction:
the RGD peptide is functionalized with thiol groups, such as by
linking a cysteine to its end; thus, it could be immobilized via
the Michael addition reaction onto acrylic ester or maleinimide
functionalized surfaces.435 Furthermore, click chemistry436 and
photo-induced reactions have also been employed to immobilize
the RGD peptide to material surfaces.437 In particular, the azido–
alkyne click reaction offers a versatile and simple method to the
specific immobilization of peptides on biomaterial surfaces by
phenylazido-derivatized peptides.

As mentioned above, immobilizing the RGD peptide onto
biomaterial surfaces generally requires the surface to have
some reactive groups such as hydroxyl, amino or carboxyl
groups. However, most biocompatible and biodegradable poly-
mers of artificial vascular grafts do not have such functional
groups on their surfaces to afford immobilization reactions
with peptides. Therefore, some strategies have to be developed
to solve or avoid this problem. One of the most popular
approaches is the coating technology, by which some polymers
containing peptide functional groups have been coated onto

substrate surfaces to realize surface modification with good
initial cell adhesion. For example, Kong et al. modified electro-
spun tubular PCL grafts with Nap-FFRGD using the surface
coating method. The Nap-FFRGD molecule contains both the
RGD peptide and hydrophobic naphthalene group, which can
self-assemble onto hydrophobic PCL surfaces to form an RGD
coating layer.438 The modified surface shows improved hydro-
philicity and can enhance cell adhesion and spread in vitro.438,439

In particular, the encouraging in vivo results have proven that
this modified graft exhibits an excellent inhibition of platelet
adhesion and can enhance cell infiltration, endothelium for-
mation and high patency.

An alternative route, which involves a hydrophobic polymer
with pendant RGD, has been used to produce RGD functionalized
graft surfaces. Marchant’s group synthesized a peptide fluoro-
surfactant polymer (PFSP), which was coated onto ePTFE vascular
grafts to facilitate the adhesion and growth of ECs.440 Firstly, a
reactive glutaraldehyde-modified RGD peptide was synthesized
by the Schiff base reaction of the terminal amine group of RGD
with excess glutaraldehyde. Secondly, this peptide was attached
to a poly(vinyl amine) backbone. Finally, perfluorocarbon chains
were covalently linked onto this backbone by the reaction with
N-(perfluoroundecanoyloxy)succinimide. These hydrophobic
perfluorocarbon pendant branches enable them to be adsorbed
onto the ePTFE surface441 and they formed a stable layer in the
test time (4 weeks). However, the hydrophilic peptide ligands
migrated toward the surface during dip-coating and provided
the modified surface with a stable attachment, growth and

Fig. 18 Immobilization methods of the RGD peptide on biomaterial surfaces by different reactions: (1) activation of the carboxyl acid groups on the
material’s surface with NHS; (2) activation of the hydroxyl groups on the material’s surface with p-nitrophenyl carbonate; (3) thiol-RGD peptide reacts
with acrylic derivatives via the Michael addition reaction; (4) thiol-RGD peptide reacts with maleinimide via the Michael addition reaction; (5)
immobilization of the RGD peptide via the azido–alkyne click reaction.
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function of ECs. This is a simple, quantitative and effective
approach to physically modify ePTFE compared with other
methods. The dip-coating method has also been used to modify
the PU surface with a multiblock copolymer through strong
hydrogen bonding. The multiblock copolymer has a ‘‘CBABC’’-
type structure with a central diurethane A block to form
hydrogen bonds with the PU chains on the surface, which
could improve the coating stability. The B block is a PEG spacer
arm with a cleaving methanesulfonyl end group as the C block,
on which the RGD peptide can be covalently immobilized in situ
by the cleavage of the original mesyl end group. The PEO and
RGD-modified surfaces are highly hydrophilic, exhibit good
compatibility with HUVECs, and effectively promote HUVEC
growth.442 In addition, RGD has also been attached to PLL and
subsequently coated on PLA surface to immobilize the RGD
sequence.443 However, coating methods have some drawbacks
such as complicated preparation procedures, and only limited
amounts of the peptides can be stably immobilized on substrate
surfaces. Recently, researchers have developed a facile coating
method based on polydopamine to immobilize peptides on
implantable materials in order to improve coating stability.444,445

RGD and other peptides have been successfully immobilized onto
polydopamine-coated polystyrene,446 PLGA,447,448 PLCL,449,450 as
well as decellularized vein matrix.445 In order to increase the
immobilization efficiency of peptides, lysine with an e-amine
group or cysteine with a thiol group has been attached to the
N-terminus of peptides.445,446 Alternatively, copolymerization is
another strategy to introduce functional peptide sequences onto
biomaterial surfaces. Deng et al. synthesized a biodegradable
triblock copolymer of PEG-b-PLA-b-PLL by the ROP of 3-benzyloxy-
carbonyl-L-lysine N-carboxyanhydride with amino-terminated
PEG–PLA–NH2 as a macroinitiator. The pendant amino groups
of the lysine residues were used to link RGD peptides.451 Moreover,
3-[Ne-(carbonyl-benzoxy)-L-lysine]-6-L-methyl-2,5-morpholinedione
has also been used to introduce pendant amine groups by the
ROP with LA and other morpholine-2,5-dione derivatives, following
the deprotection of the protected groups.162,452

An additional strategy to modify surfaces involves introducing
functional groups into polymer chains or onto biomaterial surfaces
by chemical treatment, plasma treatment,453 g-irradiation graft
polymerization,454 or SI-ATRP,455,456 and subsequently immobilizing
peptides. For instance, Choi et al. chemically modified PU materials
by a two-step reaction to enhance EC affinity. They grafted a PEG
spacer containing an amine group onto electrospun PU matrix,
followed by immobilizing the RGD peptide via amidation.457 Causa
et al. treated a PCL substrate with aminolysis by diamine solutions,
and then the resultant primary amine groups on the PCL surface
tethered GRGDY peptides.458

Nowadays, RGD-modified biomaterials and surfaces have
been investigated extensively. Many studies have demonstrated
that RGD peptide modified surfaces show excellent cell adhesion
and proliferation. Furthermore, the cell proliferation rate on RGD-
modified surfaces mainly depends on the RGD peptide density. A
high RGD density on the surface favors rapid proliferation of ECs.
It should be noted that the retention of biological activity of
peptides after surface immobilization may be affected by the

chemical covalent immobilization because of their short sequences.
This means that the specific peptide sequences, retention bioactivity
and surface density of peptides are critical for guiding these cellular
responses. Thus, several Lys and glycine molecules are incorporated
at the N-terminus of peptides, which could act as a spacer to endow
the bioactive motifs with easier interaction with cells.459 Moreover, a
polymerizable peptide containing the RGD sequence, i.e. acrylamide-
terminated peptide containing the biologically active sequence AAM–
Gly–Gly–Arg–Gly–Asp–Ser (AAM–GGRGDS), has been used to modify
biomaterial surfaces via surface initiated free radical polymeriza-
tion.460 This approach provides us with a method to control the RGD
density on modified surfaces. However, the synthesis of polymeriz-
able acrylamide-terminated or acrylate-terminated peptides often
involves solid phase synthesis with acryloyl chloride.461,462 These
synthetic methods have serious limitations on the large scale and in
the application of high molecular weight PEG. Alternatively, a simple
synthetic route was reported through the conjugation of the GRGDS
peptide to acrylate–PEG–NHS or activated PEGMA by free GRGDS
peptides or GRGDS trifluoroacetate salt in the presence of CDI.463

More interestingly, a facile immobilization method of the
RGD peptide on electrospun PU meshes was performed in the
presence of tyrosinase and PRGDGGGGGY peptide in 0.01 M
PBS at 37 1C for 1 h.464 The amount of immobilized peptide
varied from 0.045 to 0.120 nmol per mg-mesh when the peptide
concentration was increased from 0.1 to 2.0 mg mL�1. Tyrosinase
catalyzed the oxidation of phenol molecules into o-quinones in the
presence of oxygen and conjugated peptides on various polymer
surfaces;465,466 however, the conjugation mechanism of o-quinone
groups is still unclear.467

Ding et al. found that the immobilizing site affected the
bioactivity of the c(–RGDfK) modified amphiphilic triblock
copolymer PCLA–PEG–PCLA.45 When c(–RGDfK) was immobilized
to the hydrophobic blocks (PCLA) by the end-capping reaction with
succinic anhydride, followed by coupling with c(–RGDfK) in the
presence of EDC and NHS, the PEG corona shielded the peptide on
the hydrophobic block, thus decreasing its biofunction. On the
other hand, this peptide was immobilized onto the hydrophilic
PEG block by photografting a bifunctional linker (4-(p-azidophenyl)-
N-succinimidyl butanoate) and then by the reaction with the
free e-amino group of Lys in the cyclic peptide. This immobi-
lized c(–RGDfK) onto PEG block could stretch out of the PEG
corona; thus, the modified surface enhanced cell adhesion
much more significantly than peptides in hydrophobic blocks.
This effect is also due to the spacer function of PEG because a
sufficient spacer plays an important role in ligand–receptor
binding.468,469 It is to be noted that PEG in the modified
polymers acts as a hydrophilic block as well as a spacer. More
recently, Ding et al. further successfully prepared nanopatterns
of RGD on a non-fouling PEG hydrogel with five RGD nanospacings,
from 37 to 124 nm, to study cell adhesion and differentiation.470

They used the transfer lithography strategy to provide the surface
with a strong and persistent non-fouling background against cell
adhesion,471 so that the adhesion results could exhibit the effect of
RGD-nanopatterns only, but not the background’s adhesion. They
found that the cell density and spreading area decreased with the
increase of nanospacing, which is consistent with previous studies
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about cell adhesion.472,473 Since integrin has a size of about 12 nm,
each RGD ligand on the nanopatterns can eventually bond to a
single integrin. The nanospacing of the RGD ligand determines the
integrin nanospacing in the cell membrane. Furthermore, the effect
of the RGD nanospacing on cell shape parameters was evaluated
quantitatively. As shown in Fig. 19, the cell circularity increased with
the increasing RGD nanospacing, but the average aspect ratio of the
cells did not change significantly. This finding of the nanospacing
effects is stimulating for new biomaterial surface design with the
appropriate spatial arrangement of ECM-mimetic ligands.

It is to be noted that numerous studies have demonstrated that
linear RGD and cyclic RGD peptides can enhance EC adhesion,
growth and proliferation.445,474 The linear RGD, GRGDSP, GRGDNP
and RGDSPASSKP sequences are selective for a5b1, while cyclic RGD
peptides, which include GPenGRGDSPCA and cyclo(RGDf(NMe)V),
bind preferentially to avb3.475 Compared with linear RGD, cyclic RGD
peptides are usually stable in vivo in the presence of enzymes.428

Apart from the enhancement of EC adhesion and growth,
RGD functionalized vascular grafts usually lead to platelet
deposition and adhesion, because the RGD peptide has the

ability of recognizing aIIbb3 integrin and mediating platelet
adhesion.476 Although platelets are absorbed on the surface,
they are still not activated, so neither thrombosis nor coagulation is
formed, although some studies have observed thrombosis or
coagulation formation. The possible explanation for this is that
the modified surfaces are not completely covered by peptides. If
only a few enzyme molecules become activated, they will initiate
coagulation since the coagulation process is an amplification
cascade event. In addition, RGD motifs can selectively target and
bind integrin GPIIb–IIIa on the activated platelets.

Generally, vascular graft surfaces should be designed or
modified to facilitate the promotion of EC attachment, prolifera-
tion, and in vivo rapid endothelialization, whereas minimizing
platelet adhesion. To accomplish this goal, the ligands on the
vascular graft surface should predominantly interact with EC
adhesion receptors such as avb3 and a5b1 but not platelet-
adhesion receptors such as aIIbb3. Unfortunately, RGD and cRGD
modified surfaces usually adhere platelets significantly; further-
more, a high proportion of the adherent platelets exhibit spread
morphology.477 This is because RGD and cRGD predominantly

Fig. 19 Cell adhesion on nanopatterned surfaces with various nanospacings. The top and middle rows show low-magnification and high-magnification
fluorescent micrographs of MSCs cultured on nanopatterns for 24 h, respectively. Cells were stained to visualize F-actins (red), vinculins (green) and
nuclei (blue). MSCs on the surfaces of the small RGD nanospacings got high densities and exhibited more spreading morphology, more mature skeleton
and stronger focal adhesion. The bottom graphs are statistical results of the cell adhesion: the p values from Student t-tests are listed in supplementary
Tables S2–S5 in ref. 470. Reproduced with permission from ref. 470. Copyright 2013, Elsevier.
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interact with the integrin b-subunit while various integrins
possess the same b-subunit.478 This means that they may be
insufficient to selectively adhere ECs over platelet adhesion. In
contrast, another peptide, cRRE, exhibits significantly lower
affinity for aIIbb3 than the RGD peptide but similar affinity for
a5b1. In addition to extensive interactions with the b1-subunit
through the Arg–Arg–Glu sequence, cRRE has a Trp residue that
can interact with the Trp residue on the a5-subunit.479 As a
result, cRRE is more suitable for selectively promoting integrin
binding in ECs than RGD and cRGD peptides.

In addition to anti-platelet adhesion and EC-selective adhe-
sion as important goals in the modification of artificial vascular
grafts, the balanced control of the adhesion and proliferation of
ECs and SMCs is another critically important factor during
vascular regeneration. The competitive growth of SMCs or other
cells can interfere with the formation of an endothelial monolayer,
thus leading to low patency of artificial vascular grafts in vivo.480 As
is well known, RGD and its derivative peptides can enhance the
adhesion of many types of cells; thus, novel peptides should be
screened and found to have selective binding biofunctions to the
special integrins in ECs.

4.2 Surface modification by CAG peptide

Kato et al. screened the EC- or SMC-selective tripeptides from
the specifically enriched tripeptides in collagen type IV, but not
in types I, II, III and V by the peptide array-based interaction
assay of solid-bound peptides and anchorage-dependent
cells.481,482 They found 12 novel EC-selective tripeptides (cell-
selective rate 41.0, in Table 1) and SMC-selective tripeptides
(cell-selective rate o�1.0). Among these EC-selective tripeptides,
the Cys–Ala–Gly (CAG) tripeptide possesses the best EC-selective
function according to the cell-selectivity adhesion assay. The
CAG peptide has high affinity for ECs, but its affinity for SMCs is
far lower than RGD. To further evaluate the EC-selective perfor-
mance of CAG peptide modified materials, PCL was blended
with the CAG peptide to fabricate a fine-fiber sheet with the
peptide concentration o1.0 nmol mm�2 using the electrospin-
ning technique.481 The results showed that CAG significantly
enhanced EC adhesion on this modified PCL sheet in vitro under
serum-free conditions, with a nearly twofold rate compared to
SMCs. Moreover, ECs were found to spread widely and cover an
apparently large area of the CAG modified sheet, while SMCs
appeared shrunken and rounded. It is clear that CAG can
enhance EC adhesion and at the same time inhibit SMC
adhesion.

In 2012, Narita et al. prepared a small-diameter vascular
graft (0.7 mm in diameter and 7 mm in length) from PCL and
the CAG peptide. The degree of endothelialization of the inner
surface of the grafts was significantly higher for the CAG
modified graft group than the control group. After 6 weeks
implantation, the degree of endothelialization was up to 97.4% �
4.6% for the CAG modified graft group versus 76.7% � 5.4% for
the control group, while no significant difference in patency rate
was observed in vivo.483

In the view of the CAG peptide’s high specificity for EC
adhesion, we functionalized the PCU surface by covalently

linking the CAG peptide via photo-initiated thiol–ene click
chemistry.484 Firstly, we grafted hydrophilic PEGMA and the
active monomer pentafluorophenyl methacrylate onto the PCU
surface to form diblock copolymer or brush copolymer modified
surfaces via SI-ATRP. After postpolymerization modification with
allyl amine, the formed pendant allyl groups on the surfaces
were functionalized with the cysteine terminated short peptide
sequence CAG via photo-initiated thiol–ene click chemistry.
These peptide modified surfaces exhibited selective and rapid
growth of ECs in the co-culture of ECs and HASMCs. Further-
more, they reduced platelet adhesion and activation in contact
with platelet-rich plasma for 2 h. Therefore, CAG functionalized
surfaces may be an effective anti-thrombogenic platform for
vascular tissue engineering application.

To the best of our knowledge, there are only three publica-
tions about the EC-selectivity of the CAG peptide since this
peptide was first identified to have this special function in vitro
in recent years. Its biofunctions still need more investigations
to be proven in vitro and in vivo.

4.3 Surface modification by REDV peptide

The tetrapeptide, Arg–Glu–Asp–Val (REDV), is a fibronectin-
derived peptide that can specifically bind to the a4b1 integrin,
which is abundant on ECs, whereas scarce on SMCs. Owing to
its special ability to selectively adsorb and proliferate ECs
rather than SMCs,47,476,485 REDV has gained much attention
in the surface modification of biomaterials, especially for the

Table 1 List of cell-selective tripeptides. Reproduced with permission
from ref. 481. Copyright 2012, Wiley Periodicals, Inc.a

Cell
selectivity Number Sequence

rRATIO (—) Cell-selective rate (—)
((rRATIO of ECs) �
(rRATIO of SMCs))EC SMC

EC 1 CAG 2.85 1.18 1.67
2 CNG 2.68 1.05 1.63
3 CSG 2.43 0.88 1.55
4 GYL 2.57 1.24 1.32
5 CNY 2.25 0.94 1.31
6 PCG 2.56 1.37 1.19
7 CDG 2.31 1.16 1.15
8 AVA 2.19 1.05 1.15
9 FLM 2.03 0.90 1.14

10 GPY 2.38 1.28 1.10
11 GCP 3.07 2.01 1.06
12 QAL 1.97 0.94 1.03

SMC 1 DGY 1.35 3.04 �1.69
2 SLW 1.01 2.47 �1.46
3 EGF 1.10 2.45 �1.35
4 HSQ 1.06 2.34 �1.28
5 EAP 0.98 2.22 �1.24
6 CNI 0.96 2.15 �1.20
7 GFG 2.47 3.59 �1.12
8 RND 1.13 2.18 �1.05
9 PFI 1.01 2.03 �1.02

10 SYW 1.28 2.29 �1.01
RGD 3.20 2.29 0.91

a Note: the relative ratio of cell adhesion (rRATIO) of individual cells was
obtained by comparison to the negative control. Cell selective rates were
expressed as the difference between the rRATIO of ECs minus the rRATIO

of SMCs.
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enhancement of rapid endothelialization because of its specific
affinity with ECs.

Seeto et al. investigated the dynamic adhesion of endothelial
progenitor cells (EPCs) to REDV peptide-grafted hydrogels. They
conjugated REDV to acryloyl–PEG–succinimidyl valerate and
then grafted it onto poly(ethylene glycol) diacrylate hydrogels.486

REDV is able to capture endothelial colony forming cells (ECFCs,
one type of EPCs) under flow since it can specifically interact
with the surface receptor on ECFCs. Furthermore, REDV-grafted
hydrogels reduce the ECFC rolling velocity to a significantly
greater extent. This demonstrates that the ECFC rolling velocity
depends on the particular grafted PEG–REDV peptide and
indicates that a4b1 integrin bound by REDV maybe play an
important role in ECFC rolling.

Ji et al. successfully immobilized the REDV peptide onto the
PET surface by dip-coating in a reactive copolymer solution,
followed by the covalent conjugation of the REDV peptide.47

They synthesized several binary copolymers via the conventional
radical polymerization of BMA and p-nitrophenyloxycarbonyl
poly(ethylene glycol)methacrylate (MEONP with n1, n6 and n10
indicate the repeating unit number of the PEG block), whereas
terpolymers were prepared from PEGMA, BMA and MEONP by
the same method. PET films were coated with the reactive
copolymers and then reacted with the REDV peptide in PBS
(pH 7.4) at 4 1C for 24 h. Through this method, PEG chains and
REDV peptides were introduced onto the PET surface with
different structures. They gave a schematic of the modified
surfaces to clearly understand the mechanism of nonspecific
resistance and specific adhesion, which is due to PEG and the
REDV peptide, respectively (Fig. 20). It is well known that
the density and length of PEG play an important role for the
nonspecific resistance of PEG modified surfaces. When PET
surfaces were modified by binary copolymers with a short PEG
spacer (n o 10) and end tethered REDV peptides, the surfaces
exhibited slight selectivity for ECs over SMCs. However, the
modified surfaces by the terpolymers with free PEG chains and
end tethered REDV peptides, especially for n = 6, showed
significant HASMC adhesion resistance, but promoted HUVEC
attachment, proliferation and growth. The short PEG chains
(n = 6) in the terpolymers are more suitable for forming EC
selective surfaces in co-cultures of HUVECs and HASMCs than
long chains because long PEG chains possess a strong repulsion

effect, which inhibits the attachment of all types of cells including
HUVECs and HASMCs. Thus, REDV peptides on modified surfaces
can effectively exhibit high selectivity for HUVECs, but only when
the surfaces have a suitable structure, as well as the PEG chains
have optimal length.

Ji et al. and Yuan et al. further fabricated several antifouling
polymers with EC selectivity by covalently immobilizing REDV
peptides onto zwitterionic polycarboxybetaine copolymers,53

phosphorylcholine copolymers,487 polysaccharide multilayer
surfaces and polysaccharide hydrogels.488,489 Synergic effects of
antifouling hydrophilic zwitterionic carboxybetaine, phosphoryl-
choline, or polysaccharide and bioactive peptide REDV have been
demonstrated by these modification methods. In particular,
zwitterionic carboxybetaine not only offers a functionalizable
binding site for the REDV peptide but also helps to realize
selectivity because of its resistance to SMCs. In addition, the
surface modification by REDV–phosphorylcholine copolymers
was performed via the reaction of poly[2-methacryloyloxyethyl
phosphorylcholine-co-n-stearyl methacrylate-co-p-nitrophenyloxy-
carbonyl poly(ethylene glycol)methacrylate] and REDV similar to
the above-mentioned PEG and REDV method. The modified
surfaces exhibit superior hemocompatibility and antifouling
properties. More importantly, they are able to enhance the
competitive growth of ECs, and inhibit the adhesion, prolifera-
tion, and migration of SMCs. The in vivo results have successfully
demonstrated that the competitive ability of ECs over SMCs plays
a very important role in the development of a pure confluent layer
of ECs and the attainment of a better anti-restenosis effect.480

More recently, Yuan et al. investigated cell migration, adhe-
sion and proliferation with in vitro as well as in vivo tissue
responses and blood vessel formation on REDV, RGD and
YIGSR peptide modified alginate scaffolds.489 REDV exhibited
the best ability to enhance EC proliferation and promote
angiogenesis in vivo. Furthermore, the REDV-modified alginate
scaffold showed selective adhesion to HUVECs and enhanced
the completive growth between ECs and other cell types. The
blood vessel density in the cambium fibrous tissue of the
REDV-modified alginate scaffold was about 1.5 times higher
than that of other scaffolds.

In addition to the above-mentioned modification methods
for the introduction of REDV onto biomaterial surfaces, dopamine
was electropolymerized with REDV to construct bioactive

Fig. 20 Schematic illustration of different surfaces coated with the REDV peptide. Reproduced with permission from ref. 47. Copyright 2011, Elsevier.
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functionalized surfaces via a one-pot strategy using precisely
controlled electrochemical parameters. This one-pot modification
method is an easy and rapid way to create a bioactive molecule
modified surface on complicated conductive biomaterials and
devices.490,491

4.4 Surface modification by YIGSR peptide

Tyr–Lle–Gly–Ser–Arg (YIGSR) is a segment of the basement
membrane matrix glycoprotein laminin. YIGSR is crucial for
binding to integrin a4b1 on the cell membrane. YIGSR peptide
mediates the attachment and migration of cells including ECs,
fibroblasts and SMCs.492 Furthermore, the YIGSR peptide can
interact with the 67 kDa laminin binding protein (67LR), which
is highly expressed on the membrane surface of ECs.493

Hubbell et al. grafted the YIGSR peptide onto PET and PTFE
surfaces by the reaction of the N-terminal amine of the peptide
with surface hydroxyl moieties using tresyl chloride chemistry.
In order to increase the grafting density, the surfaces were first
hydroxylated to yield high hydroxyl containing surfaces and
then conjugated with the peptide. The YIGSR-grafted surface
supported cell adhesion and spreading, even when only albumin
was present, while the control groups (PET and PTFE surfaces) did
not support adhesion.494 By incorporating the GGGYIGSRGGGK
peptide sequence into a polymer backbone, Jun and West
synthesized a bioactive polyurethaneurea, which may improve
the endothelialization of vascular grafts.495 In addition, YIGSR
was used to modify hydrogels,496 PLLA nanofibers, PLGA films and
nanofibers,497,498 poly(3-hydroxybutyrate-co-3-hydroxyhexanonate),499

poly(ethylene-co-vinyl alcohol),500 nanostructured polyurethane–
poly(lactic-co-glycolic acid) scaffolds,501 polystyrene carboxylated
nanoparticles,502 as well as decellularized blood vessels.445

Recently, Gao et al. successfully fabricated a complementary
gradient surface of PHEMA brushes and YIGSR peptides using
a dynamically controlled reaction process.492 Based on this
complementary gradient, the selective directional migration
of one type of cells over another type has been investigated
and evaluated. ECs exhibited a significant preferential orienta-
tion and enhanced directional migration behavior on the
gradient surface toward the region of lower PHEMA density
and higher YIGSR density, while SMCs did not show either
preferred directional migration or enhanced mobility on the
gradient surface as shown in Fig. 21.492 This important finding
indicates that the specific interaction between ECs and mate-
rial surfaces plays a decisive role in the selective guidance of EC
migration over SMCs. YIGSR can selectively enhance and
induce EC migration along peptide modified surfaces, such
as the inner surface of vascular grafts, and thus guide ECs to
form an endothelial layer.

4.5 Surface modification by other active peptides

In addition to the abovementioned peptide sequences for surface
modification, many other active peptides with cellular recognition
have also been investigated. The Ser–Val–Val–Tyr–Gly–Leu–Arg
(SVVYGLR) sequence is an integrin-binding site which is adjacent
to the RGD sequence in osteopontin.503 The SVVYGLR sequence
can be recognized by the a4b1, a4b7, a9b1 and avb3 integrins.504,505

The SVVYGLR peptide can be adhered to ECs sufficiently and also
potentiate migratory activity, while it does not influence EC
proliferation ability.506

Lei et al. used the cell adhesive RGD peptide, EC specific
REDV and YIGSR, or angiogenic SVVYGLR sequence to functionalize
the PET surface. They covalently immobilized each peptide
individually or two kinds of peptides combinatorially onto the
PET surface.507 When the surface was modified by the combi-
nation of RGD with SVVYGLR or YIGSR peptide, the peptide
functionalized surfaces can significantly induce EC adhesion,
spreading and migration, which takes advantages of the synergy
effects of both peptides. This modification method is beneficial
for promoting the endothelialization of vascular grafts.

As discussed in this section, various peptides have been
immobilized onto biomaterial surfaces to promote the endothelia-
lization of artificial vascular grafts. However, it should be noted that
different peptide sequences show different effects on EC adhesion,
spreading and migration on biomaterial surfaces. RGD as a cell
adhesion peptide can enhance the adhesion and proliferation of
various types of cells, while YIGSR and SVVYGLR peptides seem to
improve cell spreading and migration effectively.507 The different
biofunctions of various peptide sequences are associated with
integrins, which are a family of heterodimeric transmembrane
adhesion receptors.429 RGD consists of hydrophilic amino acid
residues and could be recognized by many integrins. Moreover,
different peptides mediate different cell signaling pathways, which
consequently results in different levels of cell spreading and
migration. For example, the RGD and REDV peptides have been
proven to induce inhibition of cell spreading and migration,507

while the YIGSR peptide can enhance the adhesion and spreading
of ECs.508 In addition, the SVVYGLR peptide has an important
ability to promote EC migration.506

For the endothelialization of artificial vascular grafts, it
should be comprehensively considered to balance various
factors, which include peptide sequences and appropriate
peptide density, with the aim to obtain optimal or suitable
adhesion, spreading and migration of ECs. For example, cell
attachment and spreading are mainly related to both the
peptide density and peptide distribution on biomaterial sur-
faces for a certain peptide. A certain level of RGD density can

Fig. 21 Schematic illustration to show the structure of the complementary
density gradient of PHEMA and YIGSR and its influence on the mobility of
ECs and SMCs. The direction of increased YIGSR density and decreased
PHEMA density is defined as the ‘‘+X’’ direction. Reproduced with permission
from ref. 492. Copyright 2014, American Chemical Society.
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enhance cell migration on biomaterial surfaces because it is
beneficial for the formation of a focal contact, but a too high
level leads to reduced cell migration, resulting in an overall
biphasic relation of ligand density and cell migration.428 There-
fore, in order to optimize EC specific responses and promote
the endothelialization of artificial vascular grafts, it is necessary
to consider peptide sequences and their density as well as
distribution on surfaces to take advantage of them. Further-
more, with the development of the 3D bioprinting technique,509

artificial vascular scaffolds with hierarchical structures can be
produced to mimic the physiological assembly of blood vessels
with surface lining ECs and underlying SMCs. The 3D bioprinting
technique can precisely control the concentration and distribution
of cells, peptides, growth factors and other bioactive molecules in
scaffolds. Through the understanding of peptide biofunctions and
the development of the 3D bioprinting technique, ECs and SMCs
will be selectively or preferentially cultured in different layers of
scaffolds and consequently novel artificial vascular grafts may be
developed.

5. Gene delivery for enhancing the
endothelialization of artificial vascular
grafts

Surface modifications with PEG, zwitterionic polymers, heparin,
gelatin, targeting peptides and other bioactive macromolecules have
been demonstrated to significantly have positive effects on hemo-
compatibility, EC attachment and spreading, which are beneficial for
artificial vascular grafts. However, rapid endothelialization on artifi-
cial vascular grafts is a complex process that mainly involves EC
adhesion, migration, proliferation and differentiation, which are
regulated by numerous signals.510 ECM proteins act as non-
soluble cues to modulate cell fate through cell signaling cascades.
Numerous growth factors, in particular, VEGFs and bFGF, are
implicated in the regulation of EC activities and new blood vessel
formation either by direct binding to cellular transmembrane
receptors or to ECM proteins. Moreover, the interactions between
ECs and SMCs in the blood vessel wall may also control the growth
and function of blood vessels, while in vitro these interactions can
affect the gene and protein expression of angiogenic factors.

Gene engineering is an alternative and favorable strategy to
enhance endothelialization because a new endothelial layer on
vascular graft surfaces can be rapidly created via transfected
ECs. The success of gene transfer into cells plays an important
role for the transfection efficiency of ECs. However, owing
to the intrinsic resistance to foreign genes, the transfection
efficiency of ECs is relatively low in direct intravascular gene
transfer. Hence, the transfer of genes into ECs usually needs
highly efficient gene carriers. To increase the transfection
efficiency of ECs, the selection of reasonable gene carriers,
efficient cell growth factors and specific genes for EC growth
and proliferation are significantly important. Although viral
gene carriers are more efficient than non-viral gene carriers for
gene delivery, they may bring serious risks to patients.511 On
the other hand, non-viral gene carriers are inherently safer than

viral gene carriers.512,513 Furthermore, non-viral gene carriers
have many advantages, such as simple preparation, possible
versatile modifications to enable them with targeting function,
as well as less immunogenicity. Nowadays, non-viral gene
carriers, such as liposomes, PEI, oligoethylenimine modified
polymers, cationic dendrimers and cationic polysaccharides,
have been widely used in gene delivery because of their safety
and practical application.514–526

Gene complexes that are prepared from non-viral gene
carriers, cell growth factors and genes, have been commonly
used to enhance the endothelialization of artificial vascular
grafts. Another promising method for the selective and efficient
transfer of genes into specific cells, such as ECs, involves
multifunctional gene carriers or systems with targeting func-
tions.527 Excellent active targeting ligands and peptides endow
gene carriers with specific cell targeting ability and high
transfection efficiency. In this section, we will review several
non-viral gene carriers and their applications in EC prolifera-
tion and endothelialization.

5.1 Non-viral gene carriers in gene delivery for the
endothelialization of artificial vascular grafts

5.1.1 Liposomes as gene carriers. Liposomes have been
developed as non-viral gene carriers for the transfection of ECs.
They are composed of three parts, i.e. a cationic headgroup,
hydrophobic chains and a connector linking these two parts.
The cationic headgroup can bind with negatively charged DNA
via electrostatic interactions, which play an important role in
the transfection efficiency of liposome–DNA complexes, while
hydrophobic chains affect the crimping capacity of liposomes.
In addition, the connecting linker determines the stability and
biodegradability of liposomes. Simultaneously, this linker can
also provide reaction sites for targeting and diagnostic reagents.
Nowadays, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethyl-ammonium
chloride (DOTMA),528 1,2-dioleoyl-3-trimethylammoniumpropane
(DOTAP),529 dioctadecylamido-glycylspermine (DOGS)530 and
2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-
propanaminium trifluoroacetate (DOSPA)531 are commercially
available lipid reagents.

In 1997, Nabel et al. first investigated whether liposome-
mediated gene transfer into HUVECs is feasible. They evaluated
the transfection efficiency of b-galactosidase or the placental
alkaline phosphatase gene into HUVECs by cationic liposomes
and compared them with the particle-mediated gene transfer
by biolistics, calcium phosphate and DEAE-dextran.532 The
results of this study demonstrated that gene expression was
detectable in a high percentage (20.28% � 1.38%) of HUVECs
after transfection by liposomes while biolistics-mediated trans-
fection was less efficient (3.96% � 0.37%), and the transfection
efficiency of calcium phosphate and DEAE-dextran were the
lowest with the values of 2.09% � 0.33% and 0.88% � 0.21%,
respectively.

In addition to HUVECs, the transfection of corneal ECs by
liposome-mediated carriers has also been extensively described
in early reports.533,534 Dannowski et al. used Lipofectaminet as
a carrier to transfect plasmids coding for the acidic fibroblast
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growth factor (aFGF) and enhanced green fluorescent protein
(eGFP) into human corneal ECs, and then compared it with
other commercial transfection reagents: DMRIE-Ct, DAC-30,
Effectenet and FuGenet6. The transfection efficiency and
toxicity of these gene carriers as well as the corresponding
proliferation of human corneal ECs were investigated. The
results showed that Lipofectaminet transfected corneal ECs more
successfully than the other carriers, transfection efficiency (17%�
2.02%) was the highest and toxicity was low. Unexpectedly, only
the DAC-30–FGF complexes resulted in an evident proliferation
of corneal ECs, while the other carriers did not result in any
proliferation.533

It should be noted that the low transfection efficiency limits
liposome application in the gene therapy although liposomes are
safe gene delivery carriers for ECs. Therefore, many modification
methods have been investigated to improve the transfection
efficiency of liposome-mediated complexes such as structural
modification via manipulation of the cationic headgroup, hydro-
phobic chains and connecting linker.534–536 Moreover, physical
methods can also contribute to promote the transfection effi-
ciency in ECs.

Negishi et al. developed a type of peptide-modified bubble
liposomes (BLs) as pcDNA3-Luc plasmid carriers to improve the
transfection efficiency of HUVECs by ultrasound (US).537 The
liposomes were prepared by a reverse-phase evaporation method
using dipalmitoylphosphatidylcholine (DPPC), 1,2-distearoyl-
phosphatidylethanolamine-methoxy-poly(ethylene glycol) (DSPE-
PEG2000-OMe) and 1,2-distearoyl-sn-glycero-3-phosphatidyl-
ethanolamine-poly(ethylene glycol)-maleimide (DSPE-PEG2000-Mal).
The EC-targeted peptide, Cys-AG73, was grafted onto these
liposomes by the reaction of the cysteine in the Cys-AG73 peptide
and the maleimide in the liposomes. Then AG73 peptide-modified
BLs (AG73-BL) were prepared by filling perfluoropropane gas into
the cavity of the corresponding liposomes. As shown in Fig. 22,
AG73-BL can specifically bind to tumor angiogenic HUVECs via the
recognition of the AG73 peptide to the syndecan of tumor HUVECs.
When these AG73-BL attached with HUVECs and were exposed to

ultrasound, the bubble was destroyed immediately. This forms
an instantaneous jet stream in the cavity of AG73-BL, which
results in a large ejection of extracellular plasmid or other
nucleic acids into the cytosol. Subsequently, the capability for
plasmid to enter into cells is enhanced. Their results confirmed
this interesting strategy. The transfection efficiency was signifi-
cantly improved when AG73-BL attached to HUVECs was
exposed to ultrasound compared with BL-modified with no
peptide or inactive peptides. Moreover, cell viability was higher
than 80% after transfection by AG73-BL.537

Lajunen et al. used microfluidic technology to control the
size of liposomes with the aim to prepare small-sized liposomes
for increased penetrability into cells.538 As is known to all, the
size of gene carriers is an important factor for entrance into
cells, especially retinal pigment epithelium, because the capil-
laries below the retinal pigment epithelium are densely fene-
strated with small pores. The diameter of these pores is only
75–85 nm. This means that the size of the delivery carriers used
in eye drops must be smaller than 85 nm to reach the posterior
segment of eyes. Hence, they used microfluidizer methods to
prepare small sized liposomes (o85 nm, as the test group) and
large sized liposomes (Z100 nm, as the control group), and the
effect of liposome sizes on their in vivo distribution in rat eyes
after topical administration was investigated. The results exhib-
ited that liposomes with diameters less than 80 nm could
permeate the retinal pigment epithelium, while liposomes with
diameters of 100 nm or more were distributed to the choroidal
endothelium. The great significance of their research on the
transfection of ECs is the microfluidic technology that controls
the size of gene carriers, which may be used in the optimization
of other gene carriers to achieve high transfection efficiency.538

The above results have demonstrated that liposomes act as a
safe gene carrier for the transfection of ECs, while their
transfection efficiency should be improved for applications in
gene therapy. Thus, new technologies and other non-viral gene
carriers needed to be explored for improving the transfection
efficiency of ECs.

Fig. 22 Scheme of gene transfection with AG73-BLs exposed to US. If AG73 peptide-modified BL, which can attach to the cell membrane of HUVECs, is
used for gene delivery in combination with US exposure, after binding the AG73-BL onto the cell membrane of the HUVECs and exposing it to US, it may
be possible for efficient cavitation to be induced on the target cell membrane, which leads to efficient gene delivery into the target cell. Reproduced with
permission from ref. 537. Copyright 2013 Wiley Periodicals, Inc.
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5.1.2 Polyethyleneimines as gene carriers. Because of its
high charge density capacity, PEI is one of the most efficient
and widely used non-viral carriers in gene delivery systems both
in vitro and in vivo.539,540 The abundance of amine groups
endows PEI with easy protonation ability at pH 6–8 in biological
conditions. PEI is usually divided into bPEI and linear PEI
(lPEI) according to its chain architectures and they are prepared
by different synthetic methods. bPEI can be synthesized by the
polymerization of aziridine under acid catalysis,541 while lPEI is
usually prepared by the ROP of 2-ethyl-2-oxazoline, followed by
acid hydrolysis using an excess of hydrochloric acid.542 The
preparation of lPEI is tanglesome because of the low reaction
temperature required and repeated purification processes.

Since PEI shows relatively high transfection efficiency and
acceptable cytotoxicity, PEI-mediated gene carriers have
achieved great success in gene therapy. PEI has become a strong
alternative candidate as an effective non-viral gene carrier. It has
been approved that the transfection efficiency of PEI is mainly
connected with its molecular weight and chemical structure. High
molecular weight PEI shows high transfection efficiency but it is
often accompanied with significant cytotoxicity.543 Therefore,
reducing its cytotoxicity is requisite for gene delivery. PEGylation
is one of the most frequently used methods for modifying high
molecular weight PEI and other gene carriers.544,545 PEGylated
PEI can create a hydrophilic exterior that improves the bio-
compatibility of polycationic gene carriers. Zhang et al.546 pre-
pared a series of PEG 5 kDa conjugated PEI 25 kDa (PEG–PEI)
copolymers with different PEG grafting densities and investigated
their cytotoxicity and transfection efficiency to ECs as pEGFP–
VEGF165 gene carriers. Their results proved that PEG–PEI copoly-
mers showed low cytotoxicity compared with PEI 25 kDa, and the
transfection efficiency was influenced by the number of PEG side
chains in PEG–PEI, as well as the molar ratio of PEI nitrogen to
DNA phosphate (N/P ratio) in the PEG–PEI–DNA complexes. When
the mass ratio of PEG and PEI was 1/9 and N/P was at 30, the
transfection efficiency reached a maximum value, which was much
higher than that of PEI 25 kDa. In addition, the results also
demonstrated the increased expression of the VEGF protein and
accelerated EC proliferation after transfection. Their research indi-
cated that PEGylated high molecular weight PEI can be used as
effective gene carriers for the delivery of the pEGFP–VEGF165 gene
and further promote endothelialization. In addition to PEGylation
modification of PEI, partial acetylation has also been used to shield
the amino groups and reduce PEI intrinsic cytotoxicity and geno-
toxicity. Calarco and coworkers prepared bPEI 25 kDa nanoparticles
(PEI-NPs) and partially acetylated bPEI 25 kDa modified PLGA
nanoparticles (AcPEI-NPs) by using the emulsion–solvent-
evaporation method.547 The biocompatibility and genotoxicity
of these two kinds of NPs were investigated by using ECs as
model cells. The produced reactive oxygen species (ROS) in
endocytosis was determined to evaluate the genotoxicity of the
NPs using the DCFH-DA assay. The equivalent cellular viability
of PEI-NPs and AcPEI-NPs exhibited that their biocompatibility was
basically consistent, while their genotoxicity and transfection effi-
ciency were significantly different. The AcPEI-NPs did not increase
ROS-production at 50–300 mg mL�1 nanoparticle concentration.

However, an ROS increase in a dose-dependent manner could be
clearly found in the PEI-NPs group. Based on the mechanisms of
the genotoxic effect,548 the production of ROS probably damaged
plasmid DNA, which would cause serious genotoxicity. Calarco
group’s and other groups’ studies549 demonstrated that the
partial acetylation of PEI and other cationic polymers could
reduce the toxicity of gene carriers, which provides us with an
alternative method to prepare low toxic gene delivery carriers for
the transfection of ECs.

Compared with bPEI, lPEI consists of two primary amine
groups and abundant secondary amines, which act as both proton
donors and acceptors. This chemical structure endows lPEI with
lower toxicity than bPEI carriers with a similar molecular weight.550

However, unfortunately, lPEI cannot efficiently buffer at a low pH in
secondary lysosomes, which limits the escape of gene complexes
from lysosomes. The number of publications about modified lPEI is
far less than that of modified bPEI; furthermore, very few studies
involve chemically modified lPEI and its application in the field of
transfection and proliferation of ECs lines. One example of modified
lPEI is the glucose-grafted lPEI (lPEI-Glc4) for the transfection of
HUVECs.551 After incubation for 4 h in 150 mM sodium chloride
solution, the transfection efficacy of lPEI-Glc4–luciferase gene
complexes was significantly higher than that of optimal formu-
lated lPEI–luciferase complexes. In addition, the cytotoxicity of
the lPEI-Glc4–luciferase complexes was significantly lower than
that of the lPEI gene complexes. The lower cytotoxicity of lPEI-
Glc4–luciferase complexes benefits from the glycosyl residues
grafted on their particle surface, which has less positive charges
compared with lPEI–luciferase DNA complexes.551

In addition to the glycosyl residue modification of lPEI,
cholesterol,552 biodegradable PLGA553 and hydrophilic poly-
(N-propylethylenimine)554 have also been used to modify lPEI.
Compared with original lPEI polymers, these modified lPEI can
promote transfection efficiency as well.

5.1.3 Polycations based on PEI copolymers. Compared
with high molecular weight PEI, low molecular weight PEI
possesses weak ability for compressing plasmid DNA because
of its low cation density while its cytotoxicity is acceptable.555

Therefore, crosslinking low molecular weight PEI via inert
polymers or crosslinking reagents has become one of the most
promising strategies for enhancing the cationic charge of this
low molecular weight PEI, and further for promoting its ability
to condense DNA. Forrest et al. synthesized a degradable PEI
derivative by combining PEI 800 Da with a diacrylate cross-
linker. The structure, size, and DNA-binding capability of this
PEI derivative were similar to commercially available PEI 25
kDa, while this carrier exhibited higher gene expression and
nontoxicity to human breast carcinoma cells.556 In addition to
the diacrylate crosslinker, low molecular weight PEI can also be
crosslinked by dithiobis(succinimidylpropionate),557 dimethyl-
3,30-dithiobispropionimidate�2HCl and PCL558 crosslinking
reagents. The modified PEIs also show high gene expression
and acceptable cytotoxicity.

More recently, we have developed a strategy via the combi-
nation of chemical modification and the self-assembling
method to improve the transfection efficiency of low molecular
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weight PEI.61,559 We synthesized a series of amphiphilic block
copolymers containing a biodegradable hydrophobic segment
of depsipeptide based copolymers, P(LA-co-MMD), and short
PEI chains, and explored them as gene carriers for pEGFP-
ZNF580 gene delivery into ECs in vitro. The core of a single
nanoparticle is formed from several P(LA-co-MMD) segments,
whereas hydrophilic short PEI chains are preferentially located
on the surface of the NPs (Fig. 23). These NPs with the high zeta
potential of 28.0–36.2 mV could condense pDNA and protect
them against deoxyribonuclease I. The transfection efficiency
of the NPs–pEGFP-ZNF580 complexes is approximately similar
to that of Lipofectaminet 2000. These results indicate that
these NPs might have potential as a carrier for pEGFP-ZNF580,
which could support the endothelialization of cardiovascular
implants.559

Furthermore, we prepared a type of diblock copolymer of
methoxy-poly(ethylene glycol)-block-poly(3(S)-methyl-2,5-morphol-
inedione-co-glycolide) via the ROP of 3(S)-methyl-2,5-morphol-
inedione and glycolide in the presence of methoxy-poly(ethylene
glycol) as an initiator, and then grafted PEI to form amphiphilic
triblock copolymers of methoxy-poly(ethylene glycol)-block-poly(3(S)-
methyl-2,5-morpholinedione-co-glycolide)-graft-polyethyleneimine
(mPEG-b-P(MMD-co-GA)-g-PEI). MPs were prepared by self-
assembling mPEG-b-P(MMD-co-GA)-g-PEI triblock copolymers.
The biodegradable P(MMD-co-GA) segments of the amphiphilic
triblock copolymers preferentially formed the hydrophobic core
while PEG as well as short PEI chains served as the hydrophilic
shell (Fig. 24). The short PEI chains and PEG chains were linked
on the surface of the MPs. The hydrophilic PEG is responsible
for the stabilization and low cytotoxicity of the MPs and PEI
provides the MPs with positive charges for gene delivery. This
special structure endows the MPs with hydrophilic and positive
charge characteristics. The MPs could efficiently deliver the
pEGFP-ZNF580 gene into EA�hy926 ECs, and the transfection
efficiency of MPs/pEGFP-ZNF580 complexes was as high as the
Lipofectaminet 2000 reagent for EA�hy926 ECs. The prolifera-
tion and migration of EA�hy926 ECs were improved greatly by
the expression of the pEGFP-ZNF580 gene after 60 hours.61

Based on this study, we further synthesized a series of amphi-
philic biodegradable copolymers with different biodegradable
hydrophilic blocks, PEG and low molecular weight PEI chains

such as methoxy-poly(ethylene glycol)-block-poly(3(S)-methyl-
morpholine-2,5-dione)-graft-poly(ethyleneimine) (mPEG-b-PMMD-
g-PEI), methoxy-poly(ethylene glycol)-block-poly(3(S)-methyl-morphol-
ine-2,5-dione-co-lactide)-graft-poly(ethyleneimine) (mPEG-b-P(MMD-
co-LA)-g-PEI) and methoxy-poly(ethylene glycol)-block-poly(3(S)-
methyl-morpholine-2,5-dione-co-lactide-co-glycolide)-graft-poly-
(ethyleneimine) (mPEG-b-P(MMD-co-LA-co-GA)-g-PEI). The bio-
degradable hydrophilic blocks of polydepsipeptides and poly(ester
amide)s provide the gene carriers with a controllable degradation
rate. We prepared the corresponding complexes from these self-
assembled MPs with the pEGFP-ZNF580 gene. The low cytotoxicity
and high transfection efficiency of these biodegradable gene
carriers benefit from the surface PEG and PEI chains. They could
be a type of biodegradable non-viral gene carrier for the pEGFP-
ZNF580 gene to enhance rapid endothelialization.60

The above strategies involve the synthesis and self-assembly
of triblock copolymers. The chemical structures and composi-
tions of triblock copolymers can affect the formation and
properties of MPs, especially the ratio between PEI and PEG,
but it is difficult to control. Thus, we used another method to
prepare complex micelles as gene carriers with the aim to
improve the cationic charges of low molecular weight PEI.560 As
shown in Fig. 25, two kinds of block copolymers, i.e. methoxy-
poly(ethylene glycol)-b-poly(lactide-co-glycolide) (mPEG-b-PLGA)
and poly(ethyleneimine)-b-poly(lactide-co-glycolide) (PEI-b-PLGA-b-
PEI), were prepared and then the complex micelles were formed in
aqueous solution.560 After the addition of the pEGFP-ZNF580 gene
into the complex micelle suspensions, pEGFP-ZNF580 plasmid-
loaded micelles were obtained. The MTT assay demonstrated that
the cytotoxicity of these complex micelles can be regulated well by
controlling the mass ratio of PEI and PEG, which can be very easily
realized by varying the relative amount of PEI- and PEG-containing
polymers. The transfection efficiency of these pEGFP-ZNF580
plasmid-loaded micelles is under study in our laboratory.

5.1.4 Cationic dendrimers as gene carriers. Poly(amido
amine) (PAMAM) dendrimers are a class of hyperbranched
polymers with an ethylene diamine or ammonia core and
amido amine branching structures.561–563 The synthesis of
PAMAM dendrimers is performed by Michael addition and
amidation, repetitively. Take ethylene diamine for example
(Fig. 26A), one ethylene diamine molecule as a nucleophilic

Fig. 23 Formation of NPs from PEI–P(LA-co-MMD) block copolymers and process of delivery of pEGFP-ZNF580 into EA�hy926. Reproduced with
permission from ref. 559. Copyright 2015 Wiley Periodicals, Inc.
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core reacts with 4 methyl acrylate molecules by Michael addition,
following by amidation of the resulting ester with ethylene
diamine. When similar alternating Michael addition–amidation
reactions are further continued, one additional PAMAM is
generated; moreover, the dendrimer diameter increases about
1 nm, and the number of functional amino groups doubles.564

Owing to the unique size, perfect structure, and active surface
properties of these dendrimers, PAMAM has become one of the
most widely studied cationic dendrimer polymers for gene
therapy.565 Fig. 26A illustrates PAMAM dendrimers with a depic-
tion of shell generation.566

Hudde et al.567 activated a PAMAM dendrimer by heating in
water, and this activated dendrimer was used to transfect rabbit
and human cornea ECs in vitro. They investigated the transfec-
tion efficiency of this activated dendrimer and compared it with
that of the non-activated dendrimer. After optimizing the ECs
and the ratio of TNF receptor fusion plasmid DNA (TNFR-Ig)/
dendrimer, the transfection efficiency of the activated PAMAM
dendrimer can be increased more than 50-fold. More impor-
tantly, a bioassay indicated that the cornea ECs transfected by
TNFR-Ig plasmid were able to inhibit the cytotoxicity, which
results from the TNF receptor. Their results showed that the
activated PAMAM dendrimer is a promising non-viral carrier

for experimental research, which may be potentially used in
in vivo corneal storage before transplantation.

Owing to its proper size and low cytotoxicity, fourth generation
PAMAM has been mostly used in gene delivery compared with
the dendrimers with other generations.568 Nam et al. synthesized
two kinds of amino acid modified PAMAM dendrimers, namely,
an arginine modified dendrimer (PAM-R) and lysine modified
dendrimer (PAM-K).569 They conjugated the hydroxyl-terminated
PAMAM dendrimer with Fmoc-L-Arg(pbf)-OH or Fmoc-Lys-
(Fmoc)-OH through esterification, and then deprotected the
protected groups to obtain PAM-R and PAM-K, respectively. They
used 1H NMR spectroscopy to evaluate the degradation patterns
of PAM-R and PAM-K in D2O. The results showed that both PAM-R
and PAM-K were easily degraded under physiological conditions
(pH = 7.4, 37 1C), while they hardly degraded under endosomal
conditions. These amino acid-modified dendrimers had excellent
buffering capacity between pH 5.1 and 7.0, which means that
PAM-R and PAM-K with a large endosome buffering effect could
escape from endosomes quickly. Unexpectedly, the transfection
efficiency of PAM-K was not satisfied for gene delivery. In
contrast, PAM-R displayed significant improvement in transfec-
tion efficiency and lower cytotoxicity. Their findings demon-
strated that the arginine-grafted PAMAM dendrimer could be a

Fig. 24 MPs were prepared by the self-assembly of amphiphilic triblock copolymers, and MPs–pEGFP-ZNF580 complexes by condensation with
pEGFP-ZNF580. The self-assembly process was illustrated by the example of the mPEG-b-PMMD-g-PEI1 triblock copolymer, the PMMD hydrophobic
segments act as the core and PEI and mPEG form the cationic shell and hydrophilic corona. The P(MMD-co-LA) or poly(MMD-co-LA-co-GA) segments
act as the hydrophobic core for other MPs. Reproduced with permission from ref. 61. Copyright 2014 Elsevier.

Fig. 25 Self-assembly of complex micelles and pEGFP-ZNF580-loaded micelles. Reproduced with permission from ref. 560. Copyright 2014 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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potential candidate as an efficient and safe gene delivery carrier
for ECs gene therapy. Recently, single-, dual- and triple-amino
acid functionalized PAMAM (G5) dendrimers with Arg, Phe and
His were reported for gene delivery.570 These three amino acids
show synergistic effects, i.e., Arg in the conjugates is essential for
complex formation, Phe facilitates the cellular uptake process
through the balance of hydrophobic and hydrophilic properties
on the dendrimer surface, and His improves pH-buffering
capacity and reduces the cytotoxicity of cationic dendrimers.

In addition to PAMAM dendrimers and amino acid modified
PAMAM dendrimers, peptide dendritic polymers are a new-
generation of cationic carriers that have been developed recently
(Fig. 26B).549,571,572 These dendritic polymers are usually synthe-
sized from amino acids, especially from L-amino acids. Recently,
Gu et al. synthesized dual-functionalized low generation peptide
dendrons (PDs) by the condensation reaction of H-Lys-OMe�HCl
and Boc-Lys(Boc)-OH with EDC, 1-hydroxybenzotriazole hydrate,
and N,N0-diisopropylethylamine in CH2Cl2 under a nitrogen atmo-
sphere.573 After the removal of the N-tert-butoxycarbonyl groups, all
peripheral groups of the PDs were functionalized with Boc-Arg(Pbf)-
OH. Then, the core of the arginine-functionalized PDs was
modified with lipoic acid derivatives. The dual-functionalized
PDs self-assembled onto oil-soluble CdSe/ZnS inorganic NPs via
coordination interactions to generate multifunctional supra-
molecular hybrid dendrimers. These peptide dendrimers exhib-
ited a well-defined nanostructure, arginine-rich peptide corona,
and fluorescent signaling properties. More importantly, they
offered both considerable gene transfection efficiency and real-
time bioimaging capabilities in vivo. Thus, they may have
promising biomedicine applications.573

Wimmer et al. also synthesized a low-generation cationic
dendrimer with a lipophilic peptide as the core. They prepared the
complexes from these polycationic polymers and oligonucleotides
and used them to transfect human retinal pigment epithelium
cells. The transfection efficiency was indirectly measured according

to the decreased production of hVEGF in the medium. Compared
with the cytofectin GSVt transfection agent, this polycationic poly-
mer carrier showed high transfection efficiency, which indicates its
potential application in EC transfection and endothelialization of
artificial blood vessel materials.574

5.1.5 Cationic polysaccharides as gene carriers. Owing to
the excellent biocompatibility and biodegradability of polysac-
charides, cyclodextrin, chitosan and dextran have been used in
the field of gene delivery.575–577 However, due to their weak
ability of compressing DNA and low transfection efficiency,
these polysaccharides cannot meet the requirements for appli-
cation in gene therapy. Thus, scientists have developed many
strategies to overcome these shortcomings, e.g., conjugating or
incorporating polysaccharides with cationic polymers such as
oligoamines, PEI or amino acids.578 These polysaccharide
derivatives or polysaccharides complexes exhibit high transfec-
tion efficiency and biocompatibility compared with that of the
original polysaccharides or cationic polymers.579–582

Domb et al. synthesized a novel class of cationic poly-
saccharides based on spermine–dextran conjugates and evaluated
the transfection efficiency of these gene carriers by using pCMV-GFP
as a model plasmid. The spermine–dextran conjugates were pre-
pared by the reductive amination of spermine with oxidized poly-
aldehydes. Their results showed that the mole ratio of spermine/
aldehyde, pH and temperature of the medium had a significant
effect on the efficiency of the spermine–dextran carriers. When the
spermine/aldehyde mole ratio was 1.25, the four amino groups of
spermine were conjugated to a short chain dextran (5–10 kDa) at pH
11 at room temperature, and the transfection efficiency was about
50% in HEK293 and NIH3T3 cells.583 However, the strong hydro-
philicity of these spermine–dextran conjugates might inhibit the
transfection efficiency in a high serum concentration. Hence, they
further modified these conjugates with oleic acid to obtain a novel
cationic polymer, i.e., dextran–spermine. The results showed that the
dextran–spermine/pGeneGrip plasmid complexes were effective to

Fig. 26 (A) Synthetic route of PAMAM dendrimers and schematic illustration of the structures of the (PAMAM) dendrimer (G = 2). Reproduced with
permission from ref. 566. Copyright 2010 Elsevier. (B) Structures of peptide dendrimers. Reproduced with permission from ref. 572. Copyright 2012
Elsevier.
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transfect the HCT-116, HeLa, NIH 3T3 and CHO cell lines, especially
CHO cells, and the transfection efficiency compared well with PEI
and liposome polyplexes in vivo.584 Based on these results, it can be
concluded that cationic polysaccharides serve as a good carrier to
deliver and transfect low differentiation cells such as HCT-116,
HeLa, NIH 3T3, CHO and HEK-293 cells. However, for the highly
differentiated cell lines, the transfection efficiency of cationic poly-
saccharide carriers is still very low.577 Therefore, it is still a challenge
for researchers to improve the transfection activity of cationic
polysaccharide carriers.

Peng et al. synthesized a b-cyclodextrin-linked PEI (CD-PEI)
polymer, and then prepared CD-PEI–VEGF165 gene complexes.
They investigated the in vitro expression of the VEGF gene in the
transfection of epidermal stem cells (ESCs) and in vivo topical
application in wound treatment. Gelatin scaffold incorporated
b-tricalcium phosphate (b-TCP) was utilized as the substrate for
the culture and transfection of ESCs. The 3D transfection system was
formed by incorporating CD-PEI–VEGF165 gene complexes with a
gelatin–b-TCP scaffold. Compared with the conventional 2D trans-
fection system of just culture ESCs in common medium, the 3D
transfection system could prolong VEGF expression signifi-
cantly. At the N/P ratio of 5, CD-PEI exhibited a relatively higher
transfection efficiency than that by the commercial non-viral
carrier, Lipofectaminet 2000. Moreover, the CD-PEI–VEGF165
gene complexes showed no obvious cytotoxicity to ESCs when
the N/P ratio was up to 20. The transfected ESCs by the CD-PEI–
VEGF165 gene complexes combined with gelatin–b-TCP scaffolds

were pasted over the wound skin of mice for topical application
in vivo (Fig. 27). The results showed that the application of
transfected ESCs in vivo could promote dermal collagen synthesis,
skin re-epithelization and hair follicle regeneration. This promising
strategy of incorporating CD-PEI–VEGF165 gene complexes with a
3D transfection system can increase the transfection efficiency of
ESCs and may be potentially applied in wound healing.582

5.1.6 PEG or zwitterionic polymers modified cationic poly-
mers. It is well known that the modification of PEI cationic
polymers by PEG can decrease systemic toxicity, as mentioned
in Sections 5.1.2 and 5.1.3. In addition to low toxicity, the
introduction of PEG into cationic polymers is also favorable for
high colloidal stability, long circulation time of complexes, and
reduction of nonspecific uptake by the reticuloendothelial
system (RES).585 Zhong et al. grafted various quantities of PEI
1800 Da on PEO chains to obtain a series of PEO-g-PEI copo-
lymers such as PEO (13 kDa)-g-10PEI, PEO (24 kDa)-g-10PEI,
and PEO (13 kDa)-g-22PEI, where 10 and 22 are the number of
1800 Da PEI per PEO chain. These PEO-g-PEI copolymers were
evaluated in vitro as non-viral gene carriers. With the increase
of PEO molecular weight and decrease of PEI graft density, the
reduced cytotoxicity of the PEO-g-PEI polyplexes was demon-
strated by MTT assays in 293T cells. The transfection activity of
PEO (13 kDa)-g-10PEI was the best in these three copolymers,
which was 3- and 4-fold higher than that of PEI 25 kDa
complexes under serum-free and 10% serum conditions,
respectively (Fig. 28). The higher transfection efficiency of the

Fig. 27 (A) Flowchart of the animal study procedure. S1: isolation and culture of ESCs. S2: construction of the CYD-PEI/pDNA polyplexes and gelatin–b-
TCP matrix based 3D transfection system. S3: culture and transfection of the ESCs in the gene-activated matrix. S4: establishment of rat full-thickness
skin wound. S5: application of the recombinant ESCs with the 3D matrix to the wound site. S6: wound treatment by the recombinant ESCs. (B) Wound
sites appearance on days 3–14 postwounding. (C) Wound closure rates on days 3–14 postwounding (*p o 0.05, versus blank control group). BC, MC,
ESC, and TESC represent the blank control, matrix control, ESCs topical treatment, and TESCs topical treatment, respectively. Reproduced with
permission from ref. 582. Copyright 2013 American Chemical Society.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
Z

G
 L

ib
ra

ry
 o

n 
06

/0
6/

20
16

 0
9:

13
:5

9.
 

View Article Online

http://dx.doi.org/10.1039/c4cs00483c


5718 | Chem. Soc. Rev., 2015, 44, 5680--5742 This journal is©The Royal Society of Chemistry 2015

PEO (13 kDa)-g-10PEI polyplexes may be due to their superior
colloidal stability. PEO with 13 kDa molecular weight and
10 PEI chains give them median polyplex sizes (126–131 nm)
and positive zeta potentials (+18.8 to +20.2 mV) at N/P ratios
between 10/1 and 30/1. Thus, these stable PEO (13 kDa)-g-10PEI
polyplexes can effectively deliver DNA into the cell nuclei,
resulting in high levels of gene expression.586

Ko et al. mixed PEI 2.7 kDa with oligodeoxynucleotides
(ODN) to prepare PEI–ODN complexes, and then encapsulated
them into PEGylated liposomes. The combination of PEI–ODN
complexes with PEG-stabilized liposomes (PSL) is expected to
enhance in vivo stability with prolonged circulation time. It has
been proven that the PSL entrapping PEI–ODN complexes were
very stable even in the presence of serum. Upon intravenous
administration, the DNA in PSL showed high passive accumu-
lation due to long half-life in circulation as compared with
the naked PEI–ODN complexes, and the transgene expression
in PSL increased about 3.2-fold compared with the DNA that
was not condensed by PEI. Their research indicated that the
encapsulation of PEI–ODN complexes within a long-circulating
PEGylated liposome provided a promising DNA delivery system
for in vivo application.587

Zwitterionic polymers, such as poly(DMAPS) and poly(MPC),
have been used for surface modification in order to resist the
nonspecific adsorption of proteins and cells as discussed in
Section 3.2. In addition to this, zwitterionic polymers can also
shield redundant positively charged complexes in the physio-
logical environment for the reduction of the toxicity of cationic
polymers. It is well known that serious aggregation of cationic
polymers on the surface of cell membranes would induce
significant cytotoxicity both in vitro and in vivo. Therefore,
effective shielding of positively charged complexes is very
important and necessary in gene delivery. Chen et al. designed
and synthesized a novel zwitterionic copolypeptide, i.e. PEI–
poly(L-lysine)–poly(L-glutamic acid) (PELG), by the ROP of
Lys(Z)-NCA and BLG-NCA in the presence of PEI 1.8 kDa as a
macroinitiator, followed by the deprotection of benzyloxylcar-
bonyl and benzyl protection groups in trifluoroacetic acid and
hydrobromic acid, respectively.588 PELG was used to shield PEI

25 kDa/DNA and to form ternary complexes in the physiological
environment. At acidic pH, such as tumor extracellular environ-
ment (about pH = 6.5), the zeta potential of PELG zwitterionic
copolypeptide changed from negative to positive, which means
that complexes with positive charges can be restored easily.
Complexes encapsulated in tumors are beneficial to the electro-
static interaction between positive complexes and negative tumor
cells, which leads to high cell uptake efficiency and transgene
expression. In vitro transfection and an uptake efficiency assay
demonstrated the superiority of the PELG copolypeptide and the
in vivo anti-tumor therapy experiment also proved that the tumor
growth rate decreased significantly after introducing PELG into PEI
25 kDa/DNA complexes.588

The advantages of PEG and zwitterionic polymers for
prolonging circulation time and shielding positively charged
polyplexes can also be used in ECs gene therapy, which may
improve EC expression and endothelialization in revasculariza-
tion applications. However, this still needs more in vitro and
in vivo experiments to be proven.

5.1.7 Other gene carriers. In addition to the aforementioned
non-viral gene carriers, other gene carriers, such as PLL,589,590

cationic peptides, poly(dimethylamino ethylmethacrylate),492,591

hyperbranched poly(dimethylamino ethylmethacrylate),592,593

poly(carboxy betaine methacrylate ethyl ester) (PCBMAEE),
poly(carboxy betaine methacrylate ethyl ester)–poly(carboxy
betaine methacrylate) (PCBMAEE–PCBMA),594 have also been
investigated for potential application in gene delivery systems.
The DNA binding capability of PLL depends on its molecular
weight. High molecular weight PLL can improve transfection
efficiency but its cytotoxicity is high. Therefore, PLL has been
modified by PEG595 or other NPs596 in gene therapy applications.
Compared with liposomes, PEI and dendrimers, PLL shows
relatively low transgene expression activity, which limits its
application in gene therapy.

Jiang et al. developed a type of charge shifting cationic polymer
to reduce the cytotoxicity of cationic gene carriers.597,598 They
synthesized PCBMAEE polymers, whose anions were hidden by
ester bonds, and thus they could condense DNA in the cationic
state. These gene carriers enhanced DNA release after passive

Fig. 28 PEO modified PEI copolymers effectively deliver DNA into the cell nuclei with high transfection efficiency. Schematic from ref. 586. Copyright
2012 American Chemical Society.
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hydrolysis (or with the help of intracellular esterases) into the
zwitterionic state and minimized the cytotoxicity caused by the
accumulation of the positively charged polymers in host cells.
The hydrolysis rate of the ester bonds in PCBMAEE-based polymers
can be readily tuned by changing the alkyl chain length, head
group size, hydrolytic groups, or leaving groups, which may solve
the drawbacks of these carries for gene release. PCBMAEE carriers
showed high gene transfection efficiency in serum-free media,
but they lack a fouling resistant shell, which may reduce the
endocytosis of DNA complexes due to serum protein adsorption.

Therefore, Chen et al.594 developed diblock copolymers
based on the hydrophobic PCBMAEE segment and nonfouling
zwitterionic PCBMA segment (Fig. 29). Importantly, due to the
nonfouling characteristic of the zwitterionic PCBMA segment,
these carriers can reduce the interference from serum proteins,
without impeding endocytosis. The complexes formed by
PCBMAEE–PCBMA with luciferase or the pEGFP gene exhibited
significantly higher transfection efficiency of pDNA than that by
PEI 25 kDa or Lipofectaminet 2000 in HUVECs. Furthermore,
these complexes also showed significant advantages in transfec-
tion rate, dosage effectiveness and preservation of transfecting
activity in serum containing growth media. These results demon-
strated that this polymeric gene carrier, which consisted of a
convertible hydrophobic polyzwitterionic precursor and poly-
zwitterionic nonfouling segment, is a promising candidate for
high and stable gene transfection in complex growth media.

Cell-penetrating peptides (CPPs) have been developed and
used in gene delivery because they exhibit excellent membrane

activity, low cytotoxicity, high uptake by a variety of cell types,
dose-dependent efficiency, and no restriction with respect to
the size or type of cargo.599,600 CPPs have been proven to be
potent for promoting transfection efficiency by overcoming the
first barrier to successful gene delivery.601–605 However, CPPs,
such as oligoarginine, TAT and penetratin, are often too short
(10–25 peptide residues) and lack adequate cationic charge to
efficiently condense and deliver genes by themselves; thus,
CPPs often serve as membrane active ligands to improve
delivery efficiency by incorporating or conjugating to delivery
carriers.606 Zhang et al. designed and synthesized a peptide of
TAT-PKKKRKV as a carrier for VEGF165 plasmid to facilitate
in vivo angiogenesis.601,607 This peptide exhibited low cytotoxi-
city and efficient transfection ability with serum, which might
be beneficial for clinical applications. More importantly, they
found that the application of TAT-PKKKRKV/VEGF165 com-
plexes in hindlimb ischemia rats obviously promoted the
expression of the VEGF protein and further enhanced effective
angiogenesis. Their results demonstrated that TAT-PKKKRKV is
an efficient gene carrier with low toxicity both in vitro and
in vivo, which has great potential for clinical gene therapy.601,607

5.2 Cell growth factors and target genes for the
endothelialization of artificial vascular grafts

5.2.1 Fibroblast growth factors (FGFs). FGFs are a type of
polypeptide growth factor that exists widely in many tissues of
the body. FGFs mainly include two classes, namely, acid FGF
(aFGF) and basic FGF (bFGF or FGF-2). FGFs can promote

Fig. 29 (a) Synthesis of PCBMAEE–PCBMA diblock copolymers via ATRP; (b) polyplex formation and process of gene delivery mediated by PCBMAEE–
PCBMA. Reproduced with permission from ref. 594. Copyright 2014 Elsevier.
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fibroblast mitosis, EC migration and SMC proliferation; thus,
FGFs act as a potent stimulator of vasculogenesis.608,609

Thompson et al. investigated the influence of fibrin and FGF
on wound healing in a rabbit model.610 After a same-thickness
wound was made on the dorsum of each test rabbit, four
groups were divided by the treatments of the wounds: control,
FGF, fibrin and FGF/fibrin scaffold groups. Two weeks later,
mechanical testing was used to evaluate the healing response.
The tensile strength of the new tissue in the FGF/fibrin treatment
group was significantly higher than that of the fibrin treatment
group. Histomorphometric analysis indicated that the percentage
of new epithelium generated by FGF and FGF/fibrin treatments was
higher than that of other treatments.610

Although FGF is important for cell migration, proliferation
and vasculogenesis, its short half-life, lack of long-term stability, and
slow tissue penetration limit its application in tissue engineering. In
particular, bFGF has been well known to be highly unstable under
normal culture conditions.611 Therefore, many strategies have been
investigated for the delivery and controlled release of FGF. In recent
years, the application of microspheres and microbeads for the local
release of growth factors has been developing rapidly.612,613

Generally, microspheres with FGF can be implanted to increase
local tissue regeneration. Importantly, they can enhance local
vascularization when microspheres are simultaneously implanted
with encapsulated cells.614,615 More recently, Brey et al. prepared
the multilayered alginate microbeads with core and shell struc-
tures.616 The inner core was generated by using low viscosity
sodium alginate (20–200 mPa s, high mannuronic acid content)
and CaCl2 as a crosslinker, while the outer layer was prepared from
sodium alginate (high glucuronic acid content) with two different
doses of FGF-1 supplemented with heparin. The in vitro release
results showed that the FGF-1 loaded microbeads had an initial
burst release, followed by the long-term release of FGF-1 over
30 days. Furthermore, these multilayered alginate microbeads were
surgically implanted into rats to evaluate the increased neovascu-
larization in vivo. The rats implanted with the microbeads were fed
for 4 days, 1 week and 6 weeks, and then were sacrificed to harvest
the samples. The in vivo experiment results demonstrated that the
alginate microbeads were still visibly intact inside the omentum
pouch at all harvest times. Moreover, FGF-1 loaded alginate
microbeads implanted for 6 weeks provided a relatively high
vascular density compared with the microbeads implanted for
4 days and 1 week. Their results demonstrated that the sustained
delivery of FGF-1 from multilayered alginate microbeads could
stimulate local neovascularization.616

Recently, microspheres containing FGF have been prepared
for the controlled release and delivery of growth factors.613 Kok
et al. prepared gelatin microspheres containing FGF-2 using a
coacervation technique and incorporated them in the middle of
two electrospun nanofibrous layers for controlled growth factor
delivery.617 The bottom layer was formed from PCL/PLLA
nanofibers with high mechanical strength, whereas the upper
layer was made from PCL/gelatin nanofibers with excellent cell
adhesion. Preliminary cell culture studies demonstrated that
FGF-2 was actively loaded into the microspheres and could
enhance cell attachment and proliferation. Importantly, this

sandwich system exhibited the hydrophilic and bioactive nature
of the upper layer and promoted cell attachment to the surface,
which is attributed to gelatin and the controlled release of FGF-2
from the microspheres.617

In addition to the sandwich system, multilayer materials
have also been prepared for FGF controlled release. Hong et al.618

used the LbL assembly technology to prepare a chitosan/starch/
FGF-2/starch nano-assembly surface coating by the sequential
adsorption of positively-charged chitosan, starch, FGF-2 aqueous
solutions, and negatively charged starch through electrostatic
interactions. Interestingly, they found that the release rate of
FGF-2 could be controlled by heat-treatment, because high tem-
perature induced starch gelatinization and rearrangement of inter-
nal film structures. The same group further prepared another
multilayer nanofilm from PLL, FGF-2 and starch using the LbL
technology.619 PLL provided enhanced geometric compatibility and
cell adherence, whereas starch increased film stability. FGF-2
release was sustained for over 10 days. In the presence of released
FGF-2, human induced pluripotent stem cells maintained their
undifferentiated morphology and expression levels of pluripotency
marker proteins and AP activity. Considering the many choices of
various biomaterials for the LbL technology, this multilayer
approach is expected to be a great tool for the development of
therapeutic surface coatings with controllable release of the growth
factor, FGF.

In addition, Brewster et al. engineered a thrombin-resistant
mutant of FGF-1 through a lysine (K) for arginine (R) base
substitution at residue 136 (termed R136K), which is the primary
thrombin induced cleavage site.620 Compared with FGF-1, R136K
exhibits superior chemotactic activity on ECs in a thrombin-rich
environment while retaining FGF-1’s mitogenic activity on
ECs.621 They further ligated R136K with a collagen binding
domain (termed R136K-CBD) in order to direct this growth factor
to the sites of exposed vascular collagen or bioengineered
scaffolds. Interestingly, R136K-CBD exhibits the advantages of
both R136K and CBD, such as the angiogenic, chemotactic, and
mitogenic activities of R136K, as well as the selective binding
activity of CBD, without diminishing R136K’s thrombin resis-
tance. These advantages enable R136K-CBD with selectivity and
high affinity binding to exposed collagen in the ECM after
endothelial injury or to bioengineered collagen matrices. These
beneficial characteristics are useful in promoting the vascular
regeneration of injured arteries or endothelialization of collagen-
based bioengineering scaffolds with good control of growth
factor delivery. This collagen binding domain ligated R136K can
intelligently promote the endothelial regeneration of selected
matrices.620 In addition to FGF-1 and R136K, FGF-2 has been fused
with a recombinant human collagen-binding domain to obtain
rhCBD-FGF-2. rhCBD-FGF-2 with collagen matrices, which could
improve tissue repair and regeneration by controlling cellular
adhesion, proliferation and differentiation.622

All of the aforementioned results demonstrate that FGF is a
potent angiogenic factor for improving the endothelialization
of vascular prosthesis.623–625 Several studies were conducted in
ePTFE grafts or decellularized porcine arterial grafts coated
with fibrin, heparin, FGF and other growth factors.626,627 FGF-2
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coating on the heparin bound decellularized grafts significantly
increased EC proliferation and the seeded cells were stable under
perfusion conditions. However, unfortunately, the decellularized
vascular graft with PDLA and FGF coating showed massive stimula-
tion of giant cells and eosinophils, which resulted in complete graft
encapsulation. It has to be noted that different studies may obtain
opposite results, which might be caused by the materials, coating
methods, FGF concentrations, controlled release rate of FGF, as
well as the animal models.

Furthermore, owing to its wide distribution and the lack of
signal peptides, FGF can elicit diverse biological effects (include
promoting proliferation, survival, migration, motility, adhesion,
apoptosis and physiopathology) on numerous cell types such as
ECs, SMCs, fibroblasts and keratinocytes.628 Because of these com-
plicated physiological actions, further studies should be performed
both in vitro and in vivo to evaluate the biofunctions and safety of
FGF in the application of artificial vascular grafts.

5.2.2 Vascular endothelial growth factors (VEGFs) and
VEGF genes. As specific heparin-binding growth factors in
vascular ECs, VEGFs are important signaling proteins that are
involved in both vasculogenesis and angiogenesis processes by
mediating the migration and mitosis of ECs and methane
mono-oxygenase and avb3 activities.629 The biological function
of VEGFs is mediated by its specific membrane receptor-
vascular endothelial growth factor receptors (VEGFR). VEGFR1
(Flt1), VEGFR2 (KDR) and VEGFR3 (Flt4) are three kinds of
VEGFRs that have already been discovered in vascular ECs.
Among them, VEGFR2 is the first molecule known to be
expressed on mesodermal cells, which enhances the prolifera-
tion of EPCs.630,631 The key functions of VEGFs and their
receptors for the early embryogenesis of ECs were initially
investigated and established with gene-targeting experiments
in mice. After knocking out the genes for VEGFR-2 or VEGFR-1,
the differentiation of EPCs and vasculogenesis were obstructed,
respectively, leading to the death of embryos between 8 and
10 days.632 These results indicated that the VEGFs and VEGF
genes are essential for EC embryo formation and vasculogenesis
in the EC embryo. VEGFs can induce enhancement of the
endothelial functions that mediate the inhibition of vascular
smooth muscle cell proliferation, suppression of thrombosis,
and anti-inflammatory effects. Nowadays, the VEGFs and VEGF
genes are usually used to enhance the proliferation of ECs in
in vitro and in vivo studies.633,634

Generally, the administration of VEGFs for the treatment of
coronary artery diseases is by injection, which includes intra-
coronary injection,635 intramyocardial injection,636 intravenous
injection637 and intra atrial injection.638 Banai et al. treated
dogs with 45 mg VEGF daily by the intracoronary injection
method. After 28 days, enhanced collateral blood flow to the
canine ischemic myocardium can be observed, which means
that VEGF plays an important role in myocardial collateral
formation.635 Subsequently, Hendel et al. investigated the effect
of the recombinant VEGF protein on the human vascular
endothelial growth. Their research results indicated that the
intracoronary and intravenous recombinant VEGF165 protein
is safe and tolerable for patients.639 However, these clinical

trials were performed in a small number of patients and few
had placebo controls. Henry et al. carried out a double-blind
and placebo-controlled trial in 178 patients with coronary artery
diseases to evaluate the safety and efficacy of the VEGF165
protein, and an interesting dose–response relationship was
observed. VEGF was very safe and tolerable in the low-dose
group by intracoronary and intravenous administration, while
significant side effects occurred in the high-dose group.640

Because of its short biological half-life, VEGFs are rapidly
degraded in serum less than 1 h after injection.641 Therefore,
control release of VEGFs to maintain the long presence of
growth factors at target sites is very important for enhancing
vessel formation. Recently, coacervates,642 gels,643,644 micro-
gels,645 biomimetic microspheres646,647 and core–shell fibrous
membranes58 have been used to control the release of VEGFs in
the bloodstream.

Kim et al. developed a combined strategy by using outgrowth
endothelial cells (OECs) and angiogenic proteins for the treat-
ment of vascular disease.643 They used RGD-conjugated algi-
nate to prepare an injectable multifunctional micro-sized gel
system (microgel) via electrospraying. OECs, VEGF and HGF
were encapsulated in these microgels. Their results demon-
strated that the RGD–alginate microgels exhibited a sustained
release of the encapsulated growth factors. Owing to the
absence of an early burst release, the injectable microgel
system showed no toxicity to the targeted sites. Furthermore,
the increased angiogenesis in the in vivo mice model was also
observed by treatment with RGD-microgel containing OECs and
growth factors. This injectable multifunctional microgel system
can be used for the well-controlled release of growth factors and
potentially applied in the treatment of vascular diseases.643 In
addition, Poldervaart and coworkers used gelatin microparticles
(GMPs) for the controlled release of VEGF to prolong its activity.648

Compared with VEGF incorporated with matrigel, the complexes of
VEGF/GMPs showed a slow VEGF release in PBS/0.5% BSA. More-
over, VEGF maintained its biological activity well by VEGF/GMPs,
which was proven by migration assays using the 24-well Transwell
system. In vivo experiment results showed that the controlled release
of VEGF led to a significant increase in vessel formation from the
quantification of the stained vessels.648

In addition to gels and MPs, an interesting fiber system has
also been developed using the electrospinning technology for
the sustained release or staged release of VEGF and other fragile
water soluble bioactive agents.647,649 Yuan et al. fabricated core–
shell electrospun fibrous membranes with a double-layer structure
for the dual-delivery of VEGF and platelet-derived growth factor-bb
(PDGF) to regulate the proliferation of vascular ECs and VSMCs.
PDGF can stimulate the proliferation of SMCs, which plays a
significant role in vascular maturity and stability.58 The inner layer
of the coaxial electrospun membrane was composed of chitosan
hydrogel and poly(ethylene glycol)-b-poly(L-lactide-co-caprolactone)
(PELCL) loaded with VEGF, while the outer layer consisted of
methoxy poly(ethylene glycol)-b-poly(L-lactide-co-glycolide) (PELGA)
and PELCL loaded with PDGF. Fig. 30 shows the SEM micrographs
of the double-layered electrospun membranes. The in vitro
release demonstrated that VEGF had a higher release percentage
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(about 66%) in the initial 6 days, which reached 96.5% � 7.4%
on day 28. Contrarily, only 38.4% � 13.9% of PDGF was released
in the initial 6 days, which reached 90.1%� 14.4% on day 28. As
shown from the proliferation results of vascular ECs and SMCs,
the dual-release of VEGF and PDGF could accelerate vascular ECs
proliferation in the first 6 days and generate rapid proliferation
of vascular SMCs after day 6. After four weeks, the in vivo
replacement of the rabbit carotid artery demonstrated that
vascular ECs and SMCs developed on the lumen and exterior
of the artificial vascular grafts, respectively, and no thrombus or
burst appeared. These results confirmed that the release of VEGF
can be controlled well by fibrous membranes. Moreover, the
release profiles of both growth factors can be modulated by
adjusting the compositions of electrospun fibers to meet variable
requirements.

In addition, Yuan et al.650 further prepared a multilayered
vascular graft (1.5 mm diameter) with sufficient mechanical

properties as well as dual-delivery of VEGF and PDGF. They
electrospun PELCL and gelatin to obtain the inner layer using
the dual-source and dual-power electrospinning technology,651

and then prepared the middle layer from PLGA and gelatin.
Finally, PCL and gelatin fibers were applied to form the outer
layer to enhance mechanical properties and delay PDGF release
(Fig. 31). This multilayered scaffold showed spatio-temporal
dual-delivery of VEGF and PDGF from its inner and middle
layers, which is beneficial for new blood vessel formation and
maturation. More importantly, this specially designed vascular
graft with dual-loading VEGF and PDGF could keep long-term
patency in the replaced rabbit left common carotid artery
in vivo for 8 weeks. The animal test results demonstrated that
this multilayered scaffold is better than the grafts that load only
one kind of growth factor or without loading any growth factor.
The superior properties and in vivo successful results benefit
from the spatio-temporal release of VEGF and PDGF, which is
specially controlled by the inner PELCL and middle PLGA
layers, respectively; moreover, the outer PCL layer contributed
to the mechanical stability.

In addition, MP and NP loaded VEGF have been successfully
prepared using double emulsion solvent evaporation method
or other methods.652–654 VEGF can be delivered, locally con-
trolled and have sustained release by these particles for several
weeks in vitro. Importantly, heparin/chitosan nanospheres with
VEGF highly facilitate neovascularization and ECM production
and accelerate vascularization in mouse subcutaneous implan-
tation models in vivo.655

In addition to the application of VEGF in vascular tissue
engineering, plasmids encoding VEGF (pVEGF) are also widely

Fig. 30 SEM micrographs of the small-diameter vascular graft with a
2.2 mm diameter. (A) Gross appearance; (B) cross section of the fibrous
membrane with inner-outer double layers loading VEGF and PDGF, respec-
tively. Reproduced with permission from ref. 58. Copyright 2013 Elsevier.

Fig. 31 Schematic representation of the preparation of the multilayered electrospun membranes and the cell growth tendency. Reproduced with
permission from ref. 650. Copyright 2013 Elsevier.
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used for angiogenesis. In the early studies, many trials used
injection of naked plasmid DNA in ischemia tissue to promote
angiogenesis. Takeshita et al. transfected pVEGF or plasmid
encoded b-galactosidase (control) into the ischemia limb of
mice, which was evaluated by microangiography.656 The devel-
opment of collaterals in the ischemic limb was observed after
four weeks treatment. The morphological results showed that
the collateral arteries developed more extensively in the VEGF-
treated group than that of the control group. The microvascular
reactivity test was performed by the administration of papaver-
ine to collateral vessels. The evident vasodilator effect of
papaverine was found in relatively large vessels in both groups,
while at the microvascular level (diameter o100 mm) papaver-
ine induced significant vasodilation only in the VEGF-treated
groups and almost no vasodilation was found in the controls.
The above results demonstrated that gene transfer of VEGF
produced significantly more extensive and collateral networks
at the microvascular level.656

Compared with the injection of naked plasmid DNA, the
sustained delivery of pVEGF over a specific period provides a
powerful alternative to produce angiogenic growth factors in
transfect cells, which is generally advantageous for long-term
effects in peripheral artery diseases and clinical ischemic heart
trials. The delivery and release of pVEGF are considered pre-
ferentially by electrospun membranes,657 non-viral gene car-
riers and viral gene carriers,656,658,659 which have been
extensively studied in the endothelialization of artificial vascu-
lar grafts.

More recently, Li et al. developed a new strategy involving
the combination of pDNA condensation and the electrospray-
ing technology.657 They used the reverse microemulsion
method to prepare calcium phosphate (CP) NPs that encapsu-
lated pVEGF and plasmids encoding bFGF (pbFGF), and then
electrosprayed these NPs with the biodegradable PELA polymer
and hydrophilic PEG to form CP-pDNA/PELA MPs. Therefore,
each MP has several plasmid NPs. PEG with Mw of 2, 4 and
6 kDa, which was blended into the MPs, creates many micro-
scopic holes in the MPs after its dissolution in buffer solution
or physiological condition. This effect can modulate the pDNA
release because PEG with high molecular weight induces the
formation of large channels and cavities in the MPs, which is
beneficial for the medium exchange and pDNA release. The
gradual release of pDNA from these MPs (4 weeks) led to an
incremental expression of VEGF and bFGF to stimulate cell
growth in vitro. Furthermore, they studied the in vivo perfor-
mance of these MPs by subcutaneous infusion. The results
demonstrated that the MPs with both pVEGF and pbFGF
plasmids induced the rapid proliferation of ECs and created
considerably high densities of vascular prosthesis compared
with the MPs only containing individual plasmid NPs.657

In addition to MPs, non-viral gene carriers660 and viral gene
carriers661,662 have also been widely used to deliver VEGF genes
with high transfection efficiency. Considering the toxicity and
potential risk of viral gene carriers, non-viral gene carriers are
the preferred choice for the transfection of VEGF genes. Kim et al.
synthesized a reducible disulfide poly(amido ethylenediamine)

(SS-PAED) polymer and used it as a non-viral gene carrier
for VEGF gene delivery in vivo and in vitro.658 The in vitro
transfection efficiency of SS-PAED with a weight ratio of 12 : 1
(polymer/DNA) showed 16-fold higher expression of luciferase
than that of the optimized bPEI control group. Furthermore,
the in vivo delivery of the VEGF gene by SS-PAED was investi-
gated in a rabbit myocardial infarct model and compared with
the injection of the SS-PAED/RTP-Luc control. The results
demonstrated up to a 4-fold increase in VEGF protein expres-
sion by SS-PAED gene delivery than that by direct intravenous
injection.658

Park et al. combined pVEGF with an arginine-grafted cationic
dendrimer, PAM-RG4, to treat diabetic skin wounds. RT-PCR and
ELISA were used to measure the VEGF expression level in the
wound tissue. After subcutaneous injection of PAM-RG4–pVEGF165
complexes, the VEGF expression was first detected on the fourth
day, and the expression level gradually increased with the extension
of time. Histological staining demonstrated that the skin wounds
in the diabetic mice were generally healed and displayed a well-
ordered dermal structure after day 6.663

Recently, a lipopolysaccharide-amine nanopolymersome
(LNP) carrier has been developed by Huang and coworkers.
They synthesized a water soluble, degradable, amphiphilic and
amphoteric brush copolymer from PEI 1.8k, cholesteryl (Cho)
and oxidized sodium alginate (OA), where OA serves as the
backbone and Cho-grafted PEI 1.8k (PEI-Cho) acts as the side
chains. This brush copolymer can self-assemble into empty
LNPs with a particle size of 110 nm and zeta potential of
+39 mV, which can efficiently deliver pEGFP with higher than
95% transfection efficiency in MSCs in serum-free or serum
transfection.664 Furthermore, LNPs can completely condense
pVEGF and form pVEGF–LNP complexes (N/P = 60) with the
shape of an empty football.665 The morphology, diameter and
zeta potential of these complexes are nearly the same as that of
pEGFP loaded LNPs. Interestingly, the pVEGF–LNP complexes
showed low toxicity to MSCs because cholesteryl and OA in the
copolymer can decrease cytotoxicity by reducing the positive
charge density and decrease the immediate toxicity from aggre-
gation by facilitating endocytosis.666,667 They can induce MSCs
to express a high level of VEGF in vitro and produce significant
angiogenesis in vivo. The high expression is attributed to the
synergism of its three components, i.e. cholesteryl, OA and PEI.
Moreover, the formation of nanopolymersomes is beneficial to
high expression since this nanostructure helps them break
through the key barriers in transfection. More importantly,
the expression of VEGF can conveniently be controlled by
adjusting the pVEGF dose or N/P ratio. It should be noted that
the level of VEGF synthesized by cells at 5 ng per 106 cells per
day is sufficient to establish normal homogeneous capillary like
vessels, because a too high level (470 ng per 106 cells per day)
will cause abnormal angiogenesis.668

Although PEI has been used to deliver VEGF genes for many
years,669 the efficiency and cytotoxicity of PEI-mediated gene
transfection increase simultaneously with the increase of both
N/P ratio and PEI molecular weight. It is still a challenge for
researchers to develop more efficient strategies to increase
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the transfection efficiency and decrease cytotoxicity of gene
carriers. Recently, a novel technology, namely, microbubble
inertial cavitation, has been demonstrated as a promising
noninvasive method to enhance gene transfection efficiency
both in vitro and in vivo.537 By employing ultrasound-induced
microbubble inertial cavitation, optimized bPEI-mediated
VEGF transfection efficiency can be achieved even at relatively
low N/P ratios with the appropriate ultrasound parameters.670

Alternatively, b-cyclodextrin-linked polyethylenimines were synthe-
sized by conjugating PEI600 with b-cyclodextrin via a polycondensa-
tion reaction, which showed no apparent cytotoxicity to ESCs with
the N/P ratio of 20.582 Compared with the external administration of
VEGF, the controlled release of VEGFs and VEGF gene delivery
systems by non-viral or other active carriers may be potential
methods for promoting the endothelialization of vascular pros-
thesis in clinic trails. Although local excess VEGFs might cause
angiogenesis and even have the risk for tumor formation,
precisely controlling VEGF or VEGF gene release is still a
challenge in in vivo applications.

5.2.3 ZNF580 gene. The ZNF580 gene (GenBank ID: AF184939),
which contains 172 amino acids, was initially cloned by Zhang and
coworkers using the differential display reverse transcription PCR
technique.671 As a C2H2 zinc finger protein, the expression of
ZNF580 is related on low-density lipoproteins (LDL) in vascular
ECs. It is well known that LDL regulates the incidence of coronary
artery diseases in a concentration-dependent manner, while
atherosclerotic plaque is formed in ECs first. So the expression
of the ZNF580 gene plays an important role in the proliferation
and migration of ECs. Many results have proven that ZNF580
gene expression can up-regulate the proliferation and migration
of ECs,59,672,673 which can potentially promote endothelialization
for revascularization.

By encoding with the green fluorescent protein (GFP), the
pGFP–ZNF580 gene can be used as a target gene and reporter

gene. More recently, we used this gene as a model gene and ECs
as model cells to investigate the transfection efficiency of
amphiphilic PEI-based cationic carriers. Their transfection
efficiency was as high as Lipofectaminet 2000 and obvious
significant proliferation and migration can be observed after
the expression of the pGFP–ZNF580 gene in ECs.60,61,559 Fig. 32
shows the process of transfection promoted by biodegradable
MPs–pEGFP-ZNF580 complexes.61 The first step or bottleneck
for the complexes transported into cells is endocytosis. When
the complexes escape from the endolysosome, the pGFP–
ZNF580 gene can be expressed in the nucleus. The transfected
ECs are beneficial to the formation of a living functional layer
of ECs.

5.3 Targeting gene-complexes for the endothelialization of
artificial vascular grafts

The RGD peptide is commonly used as a tumor-targeted peptide
because of its specific binding ability with the avb3 or avb5

integrin, and the RGD targeting gene-complexes have been
widely used in recognizing and eradicating tumor cells in cancer
therapy.475,674–676 In addition to tumor cells, the avb3 and avb5

integrins also exist in some other cells, which include ECs. These
integrins have a high expression level on ECs, which not only
facilitates the binding of targeting gene-complexes with ECs, but
also improves the expression of relative genes. Hence, RGD
targeting gene-complexes can also be used to enhance the
endothelialization of artificial vascular grafts.677,678

Suh et al. developed an angiogenic EC-targeted polymeric
gene delivery carrier (PEI-g-PEG–RGD) by conjugating the RGD
peptide onto the PEI polymer with PEG as a spacer. In trans-
fection experiments with angiogenic ECs, the transfection efficiency
of the PEI-g-PEG–RGD targeting gene carrier is five times as PEI due
to the binding affinity of RGD with the integrins of ECs. Compared
with the non-targeting delivery carrier PEI-g-PEG–RAE, which is

Fig. 32 The process of transfection and proliferation promoted by biodegradable MPs–pEGFP-ZNF580 complexes. (A) MPs–pEGFP-ZNF580 com-
plexes at the N/P ratio of 10 were mixed with ECs in a serum-free medium, then the MPs–pEGFP-ZNF580 complexes was transfected into ECs via
endocytosis, through path 1 or 2 plasmids of pEGFP-ZNF580 and enter into nucleus, (B) after 4 h, the ECs were cultured with fresh growth medium (10%
FBS DMEM), (C) by rapid endothelialization, a living functional layer of ECs was formed. Reproduced with permission from ref. 61. Copyright 2014 Elsevier.
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composed of the RAE (Arg–Ala–Glu) peptide with PEI-g-PEG, PEI-g-
PEG–RGD exhibited a higher binding ability to angiogenic ECs than
normal ECs. Their study proved that the gene complexes formed by
PEI-g-PEG–RGD can be directly delivered into angiogenic ECs via the
binding ability of the RGD peptide with the avb3 and avb5 integrins.
Thus, the transfection efficiency of these targeting gene carriers can
be improved in angiogenic ECs gene therapy.679

Anwer et al. synthesized targeting gene delivery systems by
conjugating the RGD peptide with liposome–pCMV-Luc plasmid
complexes.680 The transfection efficiency of the targeted complexes
was 4-fold higher than the non-targeted liposome–pCMV-Luc com-
plexes under serum-free conditions. More interestingly, in the
presence of serum, the RGD targeted transfection complexes
yielded a 4-fold higher expression level than the non-targeted
transfection complexes, which indicates that the binding affinity
of RGD to the avb3 integrin can also be maintained under serum
conditions. However, in in vivo transfection experiments of targeted
transfection complexes, the plasmid expression level was decreased
by 50 times compared with the non-targeted complexes. They
inferred that the low transfection efficiency in vivo may be induced
by the aggregation of these complexes in the blood, and then they
are cleared by alveolar macrophages. Thus, further investigations
should be done by using different gene-complexes for transfecting
ECs and modifying the complexes by PEG for high stability and
prolonging the circulation time in vivo.

In 2011, Kibria et al. prepared PEGylated liposomes (PEG-LP)
to obtain a stable gene carrier.681 The RGD peptide, which has
affinity for the avb3 integrin, was further conjugated with PEG-
LP to form RGD–PEG-LP for targeting ECs. More interestingly,
they further incorporated stearylated octaarginine (STR-R8) on
the surface of RGD–PEG-LP to obtain a dual-ligand R8/RGD–
PEG-LP carrier containing the RGD motif in association with
STR-R8 as a CPP. As expected, the R8/RGD–PEG-LP–pDNA
complexes showed a higher cellular uptake as well as transfec-
tion efficiency in avb3 integrin expression ECs than the PEG-LP–
pDNA and RGD–pDNA complexes. They concluded that the
dual-ligand (RGD and STR-R8) modified PEG-LP possesses a
strong capability for recognition and entrance into ECs. This
inspires us to have new insight for targeting delivery in the
endothelialization of artificial vascular grafts.

In addition to the RGD peptide, other EC-targeted peptides
as discussed in Section 4, such as CAG,481 REDV and YIGSR,492

can selectively bind with the integrins of normal vascular ECs. Thus,
a novel promising strategy has been developed by incorporating
these peptides with gene-complexes for EC transfection. These
gene-complexes might have a very promising application in the
rapid endothelialization of artificial vascular grafts. More
recently, we developed a REDV functionalized polycationic gene
carrier for pEGFP-ZNF580 delivery in ECs (Fig. 33).527 This
polycationic gene carrier, mPEG-P(LA-co-CL)-PEI-REDV, was pre-
pared by the conjugation of the Cys–Arg–Glu–Asp–Val–Trp
(CREDVW) peptide with the amphiphilic block copolymer of
methoxy poly(ethylene glycol)ether-poly(L-lactide-co-e-caprolactone)-
poly(ethyleneimine) (mPEG-P(LA-co-CL)-PEI). mPEG-P(LA-co-CL)-
PEI-REDV nanoparticles (REDV-NPs) and mPEG-P(LA-co-CL)-PEI
nanoparticles (control NPs) were formed by the self-assembly of

the corresponding copolymers. Both NPs could condense pEGFP-
ZNF580 plasmids into stable complexes and protect plasmids
against DNase I degradation. The REDV-NP–pEGFP-ZNF580
complexes exhibited better cytocompatibility than the control
NP–pEGFP-ZNF580 complexes. Moreover, in vitro transfection
experiments and western blot analysis showed that pEGFP-
ZNF580 plasmid expression and key protein expression in the
REDV-NP–pEGFP-ZNF580 complexes group were better than the
control group. More importantly, cell spreading ability was
improved significantly in the targeted gene complexes group.
The better results of the targeted complexes in the transfection
and migration experiments are mainly ascribed to the REDV
biofunction. Due to the specific selectivity between the REDV
peptide and the a4b1 integrin in ECs, the targeted complexes have a
higher recognition to ECs than the non-targeted complexes. Thus,
the REDV-NP–pEGFP-ZNF580 complexes can be efficiently and
selectively adsorbed onto the surface of ECs, which is beneficial
for complexes to enter into cells by endocytosis. These positive
results demonstrated that these copolymers with functional
EC-selective peptides can be a type of promising gene carrier with
low cytotoxicity and high transfection efficiency.527 We believe that
this method will open a new avenue for the design and synthesis of
novel targeting gene carriers for ECs, and will be more widely used
in the rapid endothelialization of biomaterial surfaces in the future.

5.4 Biomimetic scaffolds modified with plasmid complexes
for enhancing the proliferation of ECs

Biomimetic electrospun scaffolds are particularly beneficial
for tissue-engineered vascular grafts and artificial vascular
grafts.245,402,682,683 These scaffolds usually have a large, inter-
connected porous structure that is ideal for the controlled
release of bioactive molecules, growth factors, genes as well
as for cell delivery.647,684 Hadjiargyrou et al. first successfully
demonstrated plasmid DNA incorporation into a polymer scaf-
fold using electrospinning in 2003.684 Their interesting results

Fig. 33 Schematic illustration of the preparation of REDV-mediated
REDV-NP–pZNF580 complexes by the self-assembling method and
recognition of REDV-NP–pZNF580 complexes and integrins in ECs.
Reproduced with permission from ref. 527. Copyright rThe Royal Society
of Chemistry 2015.
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indicated that plasmid DNA released directly from these electrospun
scaffolds was indeed intact, capable of cellular transfection, and
successfully encoded the protein b-galactosidase. Another approach
involved encapsulating plasmid DNA into core–shell fibers where the
shell was composed of PCL and poly(ethylenimine)–hyaluronic acid
(PEI–HA), while plasmid DNA containing PEG constituted the core
content.647,685 The transfection efficiency of released plasmid DNA
from these scaffolds was sustained up to 60 days. The release
kinetics and transfection efficiency can be modulated by changing
the electrospinning parameters and by varying the structures and
compositions of electrospun scaffolds to meet tissue growth rate.684

Inspired by DNA incorporation into scaffolds, we recently prepared
PLGA/SF nanofibrous scaffolds with a weight ratio of 70/30 by the
electrospinning technology to meet the mechanical demands in
vascular tissue engineering applications; furthermore, we modified
them with MPs–pEGFP-ZNF580 complexes using the electrospraying
technique. MPs–pEGFP-ZNF580 complexes were prepared from
ZNF580 plasmid and MPs of the amphiphilic copolymer, mPEG-b-
P(MMD-co-GA)-g-PEI.686 Negatively charged PLGA/SF scaffolds
adsorbed the positively charged MPs–pEGFP-ZNF580 complexes
via physical deposition and electrostatic forces. These scaffolds did
not change their macroscopic shape and microscopic 3-D structures
after the introduction of the MPs–pEGFP-ZNF580 complexes. Impor-
tantly, they could significantly enhance the adhesion and prolifera-
tion of HUVECs and inhibit SMC proliferation, which is beneficial
for the rapid endothelialization of artificial vascular scaffolds.
Although a fundamental understanding of gene complex modified
scaffolds prepared by the electrospinning process, which include
gene release kinetics, transfection properties and effects of electro-
spinning parameters, has yet to be achieved, this method is a
promising approach to enhance the endothelialization of scaffolds.
It will open a new avenue to prepare novel tissue-engineering
scaffolds for artificial vascular grafts in the future.

The sophisticated processes of endothelialization on artifi-
cial vascular grafts involve many complex processes, such as EC
adhesion, migration and proliferation, which are regulated by
numerous signals. The delivery of growth factors and genes in
the same temporal and spatial sequences as in ECs during the
endothelialization processes is beneficial for inducing ECs to
migrate, proliferate and finally form a new endothelial layer.
The gene complexes and growth factor modified scaffolds will
be able to deliver a potent combination of genes in a control-
lable sequence if they are further optimized. Moreover, the
transfection efficiency can be improved by new emerging
approaches, such as targeting gene carriers with bioactive
peptides for selectively promoting the proliferation and migra-
tion of ECs. These combination approaches will promisingly
develop more efficient gene delivery systems and composite
scaffolds for vascular tissue engineering.

6. Conclusion and perspectives

Implantable PET, ePTFE and PU artificial vascular grafts have
become one kind of main treatment for vascular diseases;
however, thrombosis, restenosis and low long-term patency

always limit their usage, especially as small-diameter artificial
vascular grafts. In recent years, many strategies have been
developed to improve the hemocompatibility and endothelialization
of small-diameter artificial vascular grafts. In this review, we have
summarized recent research progress in the surface modification
and endothelialization of vascular biomaterials.

From the standpoint of anti-nonspecific protein adsorption
on artificial vascular graft surfaces, the application of hydro-
philic polymers in the modification of graft surfaces has
obviously experienced rapid growth during the past few years.
Hydrophilic PEG and zwitterionic polymers have been success-
fully grafted onto biomaterial surfaces by UV polymerization
and ATRP. Importantly, the surface should be completely
modified by these hydrophilic polymers, namely, the surface
must be fully covered by a hydrophilic layer. Otherwise, even
only few default areas will cause the adsorption of proteins and
platelets from blood plasma and consequently induce throm-
bosis and restenosis. High graft densities and optimal polymer
chain structures are beneficial to modify surfaces without any
default. Therefore, through the grafting of poly(PEGMA) chains
on biomaterial surfaces with many end hydroxyl groups as
functional groups to introduce surface initiators for ATRP,
multicomb block copolymers have successfully modified sur-
faces with high graft density. We believe that this modification
strategy opens a new avenue to construct non-default surfaces
with the combination of high hydrophilicity and the immobi-
lization of bioactive molecules. While there are some intrinsic
limitations of hydrophilic modification, such as poor EC
attachment and spreading, it is a tough challenge to specifically
enhance the adherence and proliferation of ECs on hydrophilic
graft surfaces. Fortunately, these limitations can be overcome
by linking EC specifically selective peptides onto the surfaces.
The RGD, CAG, REDV, YIGSR and SVVYGLR peptides have been
demonstrated to promote the adhesion and proliferation of
ECs efficiently.484 Among these peptides, RGD has been exten-
sively investigated to modify artificial vascular grafts by various
approaches. However, RGD can simultaneously enhance EC,
platelets as well as SMC adhesion. This non-selectivity for cell
types causes the competitive growth of SMCs or other cells on
graft surfaces, which interferes with the formation of an
endothelial monolayer. The CAG and REDV peptides exhibit
high affinity for ECs, but far lower affinity for SMCs than
RGD.47,484 REDV has been demonstrated to have the best ability
to enhance EC proliferation and to promote angiogenesis
in vivo. The in vivo competitive ability of ECs over SMCs plays
a very important role in the development of a pure confluent
layer of ECs and the attainment of a better anti-restenosis
effect.687 Moreover, different peptides mediate different cell
signaling pathways, which consequently result in different
effects on cell spreading and migration. The surface modifica-
tion by covalently immobilizing two or more kinds of peptides
may be beneficial for optimal EC specific responses and
endothelialization of artificial vascular grafts.

In addition to PET, ePTFE and PU non-degradable artificial
vascular grafts, biodegradable electrospun scaffolds are bene-
ficial for tissue engineered vascular grafts and blood vessel
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regeneration as well as blood vessel reconstruction. These
biodegradable scaffolds can easily be prepared with optimal
pore size, multilayer structures, as well as complex structures
with nanofibers, microfibers, nanoparticles and gene complexes.686

In particular, multilayer structure grafts can mimic native arteries
with sufficient mechanical strength and elasticity as well as bio-
compatibility, bioactivity and antithrombotic properties. Further-
more, macroporous PCL scaffolds (B30 mm) have been successfully
developed by simultaneously using the electrospinning and
electrospraying technologies, which overcomes some limitations
of electrospun scaffolds such as inadequate pore size and poor
cell spreading.142 These macroporous scaffolds provide cells
with enough large pores to grow and also significantly enhance
cell migration. Another attractive feature of multilayer scaffolds
is the locally sustained release of growth factors and other fragile
water soluble bioactive agents. Recent research has demonstrated
that multilayered electrospun scaffolds can act as potential artificial
vascular grafts with spatio-temporal delivery of growth factors.651

Although tremendous progress in electrospun vascular grafts has
been made in vitro during the past decade, they have still not
approached the clinical trial stage. In addition, the electrospinning
technology can be used to prepare linear tubes easily, but it is not
suitable for mimicking the complex macrostructure of native blood
vessels. More recently, 3D printing and 3D bioprinting technologies
have been developed to reproduce complex configurations other
than simple cylindrical structures; therefore, they are able to create
patient-specific arterial scaffolds with biodegradable polymers,
hydrogels and cells. Moreover, 3D bioprinting technology can print
ECs and SMCs in defined spatial locations of scaffolds to mimic
native blood vessels.509 A combination of the electrospinning
technology, 3D bioprinting technology, controlled release of growth
factors and gene delivery will benefit the development of artificial
vascular grafts or scaffolds with complex macrostructures, defined
microarchitectures and biofunctions. However, the endothelializa-
tion process involves EC adhesion, migration and proliferation and
is regulated by numerous signals.

Gene delivery technology has been utilized to promote the
endothelialization of artificial vascular grafts; therefore, the
development of safe and effective gene carriers is of great
demand and importance.688 As the ‘‘golden’’ standard for gene
delivery, high molecular weight PEI is the most effective non-
viral gene carrier in vitro and in vivo because of its unique
combination of high charge density and enhanced ‘‘proton
sponge effect’’ in endolysosomes, but it is often accompanied
with significant cytotoxicity. Recently, micro- and nano-
particles with different biodegradable and hydrophobic cores
have been developed to overcome the limitations of PEI.60,61,559

The cores of these micro- and nano-particles are composed of
degradable poly(ester amide)s; moreover, several PEG chains as
the hydrophilic corona and short PEI chains as the cationic
shell are connected with the core. This special structure enables
these gene carriers with considerable positive charges, low
cytotoxicity and biodegradability. Furthermore, the gene carriers
modified by EC selective peptides can be specifically recognized
by ECs and efficiently promote EC transfection and migration.527

The combination of cell-penetrating peptides, cell-adhesion

peptides, hydrophilic polymers (for improved serum stability
and low cytotoxicity) and cationic endosomal buffering func-
tionality in one gene carrier seems to serve as a highly efficient
transfection agent for ECs.599,601 In addition to the VEGF gene,
the ZNF580 gene also plays an important role in the interven-
tion of atherosclerosis and the process of migration and pro-
liferation of ECs. More importantly, compared with the VEGF
gene, the ZNF580 gene not only promotes the proliferation of
ECs, but also might inhibit the proliferation of SMCs. We
believe that complexes with ZNF580 gene, especially targeted
complexes with low cytotoxicity and high transfection efficiency,
might be used to enhance the endothelialization of tissue
engineering scaffolds and vascular grafts.60,61,527,559 However, it
should be noted that these special selectivity functions of
targeted complexes still need more investigations to be proven
both in vitro and in vivo.

In summary, numerous strategies have been explored and
developed to improve the performances of small-diameter
artificial vascular grafts (diameter o4 mm); however, it is still
a major challenge to selectively promote rapid endothelializa-
tion and endothelium regeneration at the early stage to
enhance the formation of a confluent endothelium layer on
graft surfaces, as well as to prevent thrombosis and intimal
hyperplasia. This review highly recommends several technolo-
gies, methods and their combinations with the aim to develop
ideal artificial vascular grafts, such as the synthesis of novel
biomaterials, biomaterial processes, multilayer scaffolds, sur-
face modification, targeting peptides and gene delivery.689

Some multifunctional artificial vascular grafts with hydrophilic
polymer modified surfaces, bioactive peptides, spatio-temporal
delivery of growth factors and gene complexes, may exhibit
great potential in future. However, much more fundamental
research must be performed to better understand the mechan-
isms of the interactions between ECs and material surfaces,
growth factors as well as targeting gene delivery systems in vitro
and in vivo. In particular, the release kinetics of growth factors
and genes should be controlled precisely, locally and spatio-
temporally. Moreover, there remain many major challenges to
create an ideal small-diameter artificial vascular graft with all
the requirements in terms of mechanical properties and biolo-
gical functions. In conclusion, considering EC adhesion, migra-
tion and proliferation, surface modification by EC selective
peptides and targeting gene delivery systems will play a key
role in the in situ endothelialization process. With future
emerging advanced biomaterials and novel strategies for the
preparation of small-diameter artificial vascular grafts (dia-
meter o4 mm), we believe that highly performed artificial
vascular grafts will be developed in the future.
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