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Abstract
Therapeutic angiogenesis aims at treating ischemic diseases by generating new blood vessels from
existing vasculature. It relies on delivery of exogenous factors to stimulate neovasculature
formation. Current strategies using genes, proteins and cells have demonstrated efficacy in animal
models. However, clinical translation of any of the three approaches has proved to be challenging
for various reasons. Administration of angiogenic factors is generally considered safe, according
to accumulated trials, and offers off-the-shelf availability. However, many hurdles must be
overcome before therapeutic angiogenesis can become a true human therapy. This article will
highlight protein-based therapeutic angiogenesis, concisely review recent progress and examine
critical challenges. We will discuss growth factors that have been widely utilized in promoting
angiogenesis and compare their targets and functions. Lastly, since bolus injection of free proteins
usually result in poor outcomes, we will focus on controlled release of proteins.

Blood vessels that carry oxygen, nutrients, cells and signals are critical in both
developmental and adult physiology. Without sufficient blood supply, tissues and organs
cannot maintain regular activities. On the other hand, induction of neovasculature provides a
potential strategy to treat many ischemic illnesses, especially cardiovascular diseases
(CVDs) including coronary and peripheral arterial diseases. The morbidity, mortality and
cost of CVDs are highlighted by the latest statistics from the American Heart Association
[1]: an estimated 82,600,000 American adults (≥20 years old) have one or more types of
CVDs; CVDs caused 813,804 of all 2,243,712 deaths (33.6%) or one of every 2.9 deaths in
2007, and coronary heart disease caused approximately one of every six deaths. The direct
and indirect cost of CVD was estimated to be US$286 billion in 2007. The amount is higher
than the $228 billion spent on cancer and benign neoplasms. As a potential therapy to
revascularize ischemic tissues, including ischemic heart, therapeutic angiogenesis has drawn
much attention in the last 20 years.

Neovasculature can be obtained by three approaches based on different mechanisms:
promoting expression of angiogenic genes, supplying potent angiogenic factors and
delivering progenitor or stem cells. No matter which approach is used, angiogenic activity
has to be precisely controlled in order to achieve stable vascularization. For cell delivery, the
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potential and challenges of progenitor or stem cells to treat CVDs are discussed in detail
[2,3]. For inducing neovasculature using angiogenic genes or growth factors, design of an
effective delivery strategy is critical. Several reviews are available for gene therapy
approaches [4,5]. Reviews on general strategies for growth factor delivery have been
published in the last few years [6,7]. The goal of this perspective is to highlight recent
developments in therapeutic angiogenesis using controlled delivery of growth factors. We
will start with an overview of therapeutic angiogenesis and then focus on delivery vehicles
of angiogenic proteins.

Vascularization
Blood vessel formation (vascularization) is highly coordinated and requires different types
of cells and associated signaling molecules to be accomplished. Insufficient vascularization
leads to ischemic conditions that inhibit tissue growth or survival, whereas excessive
abnormal angiogenesis can promote tumor progression and other diseases such as macular
degeneration. Three processes can lead to neovasculature: vasculogenesis, angiogenesis and
arteriogenesis. Vasculogenesis, which often occurs in early development, is initiated by
mesodermal stem cells that differentiate in situ to angioblasts and then to endothelial cells.
Vasculogenesis gives rise to the primitive circulatory system, including the heart and
capillary plexuses, and is followed by angiogenesis. Angiogenesis is a process that includes
sprouting and intussusceptive growth of pre-existing blood vessels, and subsequent
remodeling and maturation to form neovasculature [8]. Arteriogenesis usually takes place
when main arteries, such as coronary and femoral arteries, are occluded. It involves
generation of neovasculature from pre-existing collateral arteries. These pre-existing arteries
may carry no significant function originally but are able to proliferate rapidly upon
stimulation and bypass the occulted region to provide perfusion.

Unlike vasculogenesis, which happens primarily during the embryonic stage, angiogenesis
and arteriogenesis frequently occur during adulthood. As long as there are active vessels,
new vasculature can be generated following biophysical and physiological cues in the
environment, of which the most highly studied are angiogenic factors. Notable angiogenic
factors are VEGF, angiopoietin, TGF, FGF, HGF and PDGF, although dozens of other
proteins are also known to participate in blood vessel formation. The importance of several
angiogenic factors has been revealed by gene knockout, resulting in embryonic lethality
[9,10].

Under normal physiological conditions, most secretory growth factors are associated with
components of the extracellular matrix (ECM) including heparan sulfate proteoglycan and
fibronectin [11]. Physiological fluctuations, such as insufficient nutrients and low oxygen
concentration (hypoxia), induce the release of proangiogenic factors via cleavage of ECM
by hydrolytic enzymes. A chemical gradient is created as released factors diffuse away in
the surrounding tissue. Several downstream angiogenic processes are driven by this gradient,
including activation of additional angiogenic genes, proteolytic degradation of the ECM,
proliferation and migration of endothelial cells to form tubes, and recruitment of mural cells
that stabilize the nascent vessels. The molecular and mechanical signals involved interact
closely to generate mature vasculature. More detailed regulatory pathways during vessel
maturation are discussed in an excellent review by Jain [12].

Therapeutic angiogenesis
Therapeutic angiogenesis was pioneered by JM Inser. His seminal work observing
revascularization in response to VEGF165, an isoform of VEGF, injection in a rabbit
hindlimb ischemia model demonstrated that single factor administration can generate
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functional blood vessels [13]. Subsequently, several other angiogenic factors have been
utilized alone or combined to promote angiogenesis. Contrary to cancer treatment where
drugs are selected to inhibit blood vessel growth, angiogenic therapy aims to develop
neovasculature through various strategies. Therapeutic angiogenesis has been widely
examined for treatment of many human diseases. Other processes, such as wound healing
and organ repair and regeneration, also depend on a sufficient blood supply. Strategies for
therapeutic angiogenesis include gene delivery, protein delivery and cell delivery. So far, no
therapeutic angiogenesis treatment has been approved by the US FDA.

Gene therapy
Gene delivery can lead to high protein production efficiency providing a sustained source of
protein. Furthermore, genes carried by viral vectors such as adeno-associated virus, lenti-
virus and retrovirus are integrated into the host chromosome, resulting in expression of
angiogenic genes even after cell division. However, this is not always desirable, as
overproduction of a certain angiogenic factor could inhibit blood vessel formation, which
requires a precise balance between different signals. One prior study revealed that
unregulated overproduction of VEGF in the myocardium caused heart failure and vascular
tumor formation [14]. Viral vectors, which are the most effective vehicle to transfer genes,
can also trigger immune responses against viral components [15]. Other gene transfer
methods using nonviral vectors, such as synthetic polymers, ultrasound and electric field, are
less efficient and require further optimization [16,17]. Several clinical trials of gene therapy
have been conducted, mostly applying adenovirus or plasmids to deliver vegf or fgf [18].
The outcomes of Phase I/II trials support the safety of angiogenic gene delivery, but the
efficacy has not been concluded yet. Moreover, one Phase III trial investigating patients with
critical limb ischemia that received the FGF1-expressing plasmid failed to demonstrate
benefit. Another Phase III trial utilizing an adenoviral vector to express FGF4 in patients
with angina also revealed no difference from the placebo group [19]. The discrepancy is
possibly caused by variations in patient selection criteria and assessment methods.

Cell therapy
Cell-based therapy is another active field that is drawing much attention. Compared with
single factor therapies, cell therapy is believed to have a more comprehensive and extensive
effect. Cell selection is based on the capability of the candidate cells to differentiate into
blood vessel-associated cells or secrete proangiogenic factors. Several stem/progenitor cells,
such as bone marrow cells and endothelial progenitor cells, had been identified, isolated and
applied in clinical trials with myocardial infarction (MI) patients [20]. The results indicate
multiple benefits highlighted by improved blood perfusion and cardiac function. However,
acquiring enough cells, on the order of millions per patient, is a significant challenge and
their in vivo viability is usually very low. Most cells fail to integrate with the host tissue and
die soon after delivery. In recent years, induced pluripotent stem cells generated by
activating key transcriptional factors, provide an attractive avenue for cell therapy [21]. The
beauty of this technique is that terminally differentiated cells can be reprogrammed back to
an embryonic-like state and then differentiated to a desired cell type under specific culture
conditions [22]. Autologous cells are used, which avoids many difficulties such as limited
cell sources and immune rejection. However, the most effective way to achieve pluri-
potency is based on viral vectors that carry similar safety concerns to gene therapy. As a
very young technology, induced pluripotent stem-cell therapy still requires significant
investigation followed by validation in clinical trials before its potential can be accurately
evaluated [23].

Chu and Wang Page 3

Ther Deliv. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Protein therapy
Protein delivery is the most straightforward strategy for therapeutic angiogenesis. Blood
vessel formation is induced by simple injection of angiogenic proteins, with the extent of
angiogenesis being controlled by dosage and duration of release. Compared with gene- and
cell-based therapies, protein delivery is thought of as an ‘off-the-shelf’ treatment. Protein
production and purification are fairly established; it can be stored in the lyophilized form
and reconstituted easily in a buffer [24]. Most well-known angiogenic factors are now
commercially available and widely used in research. All of these factors contribute to the
advantages of angiogenic protein therapy. Nevertheless, maintaining angiogenic activity at a
specific site of interest is a significant challenge. Angiogenic protein, such as viral vectors or
cells, can be delivered either systemically or locally. Systemic administration, such as
intravenous or intraperitoneal injection, is performed easily but is inefficient at targeting a
desired tissue. Furthermore, most of the injected protein is rapidly cleared by the
mononuclear phagocyte system with only a small fraction reaching the desired location [25].
As a result, high dosage and repeated injections are usually required [26]. Local
administration, such as intracoronary, intramyo-cardial or intracerebral injection, can better
confine the distribution of the protein but usually requires a special device (pumps) or highly
invasive surgery [27]. Moreover, the delivered protein needs protection from proteolytic
degradation [28].

Angiogenic factors
VEGF

The VEGF family is the most widely studied and one of the most crucial modulators
involved in several steps of neovascularization [29]. There are five members discovered in
the human VEGF family including VEGF-A (vascular permeability factor), VEGF-B,
VEGF-C, VEGF-D and placenta growth factor. VEGF-A, often simply referred to as VEGF,
was the first to be discovered and is the most studied. Generated by alternative splicing,
VEGF has several isoforms among which VEGF121 and VEGF165 are predominant (the
numbers refer to amino acid residues). All isoforms contain heparan sulfate binding except
VEGF121 domains; their bioactivity is therefore localized and reliant on the presence of
heparan sulfate [30,31]. All VEGF isoforms bind to VEGFR-1 (also known as Flt-1) and
VEGFR-2 (also known as Flk-1 and KDR), which are receptor tyrosine kinases [32]. The
activation of VEGFR results in phosphorylation and dimerization of the receptor.
Downstream signaling is diverse and includes MAPK, PI3K and PLC-γ pathways. VEGF165
and other high-molecular-weight isoforms also bind to neuropilin-1, which serves as a co-
receptor that enhances VEGF–VEGFR interaction and alters VEGF signaling [33,34].
Endothelium is the major tissue that expresses both VEGFR-1 and VEGFR-2 and,
consequently, processes such as proliferation and survival of endothelium are highly
regulated by VEGF. It is worth mentioning that splicing also generates a group of anti-
angiogenic VEGFs, VEGFxxxb (xxx denotes the number of amino acid residues) [35]. For
example, only in the six VEGF165b differs from VEGF165 amino acids at the carboxyl-
terminus. It binds VEGFR-2 with a similar affinity but does not bind to neuropilin-1 because
the essential residues for neuropilin-1 binding are altered. The resultant phosphorylation of
VEGFR is insufficient and transient; therefore, it cannot activate the downstream signaling.
In certain conditions, this switch from angiogenic to antiangiogenic variant may explain the
cause of chronic ischemia [36].

For therapeutic purposes, local levels of angiogenic VEGF can be upregulated by using
genes, proteins and cells. Thus far, vegf gene delivery has comprised the majority of clinical
trials [37]. In some trials, significant neovasculature formation and increased blood
perfusion were observed [38,39]. On the other hand, several studies concluded that VEGF
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expression has to be very tightly regulated in order to avoid side effects [40,41]. Animal
studies have further confirmed that stable and functional vessel growth requires a high
degree of control over VEGF production [42]. More investigations are needed in VEGF
gene or protein delivery to fully realize the potential of this well-studied angiogenic factor
alone or, more likely, with other factors.

FGF
Another potent and widely employed angiogenic factor is FGF. FGFs are expressed in
diverse organisms from nematodes to vertebrates. In vertebrates, 22 FGFs with 30–70%
amino acid sequence homology, bind selectively to four major receptors: FGFR1b/c,
FGFR2b/c, FGFR3b/c and FGFR4 [43,44]. Direct comparison of amino acid sequences
suggests that FGFs share conserved sequences in the primary FGFR binding site but differ
in the secondary site, resulting in the selectivity between FGFRs [45]. FGFR is also a
receptor tyrosine kinase and its activation induces phosphorylation and dimerization. Similar
to VEGF, downstream signaling pathways include MAPK, PI3K and PLC-γ that control
both genotype and phenotype. It is worth noting that heparan sulfate binds to all FGF–FGFR
complexes and potentiates FGF signal transduction. The FGF pathway participates in many
biological processes including embryonic development [46], wound healing [47],
angiogenesis [48] and tumorigenesis. Thus, it is often regarded as one of the most
pleiotrophic factors. Specifically in angiogenesis, it is well known that the effects of FGFs
include migration [49], proliferation [50,51], differentiation and survival of blood vessel-
associated cells. Recent studies also show that the integrity of the vasculature is highly
regulated by FGF signaling. When FGF signaling is inhibited, endothelial junctions become
compromised resulting in increased vessel permeability [52]. FGF signaling is also capable
of controlling other angiogenic factor pathways, especially VEGF. This is evident because
sustained stimulation by FGF is required to maintain VEGFR expression in the endothelium
[53].

Among all FGF members, FGF2 is the most extensively studied and most often utilized in
therapeutic angiogenesis. Multiple animal studies have demonstrated the potential of
controlled delivery of FGF2 alone or combined with other factors in treating ischemic
diseases [54,55]. So far, a few FGF2 Phase I human trials have been conducted in MI
patients. No obvious toxicity was observed when high dosage of FGF2 was administered by
intracoronary delivery, verifying that these levels of FGF2 are safe in humans [56,57].
However, long-term benefit was not observed, possibly due to quick inactivation of FGF2 in
the human body [58,59].

Besides FGF2, other FGF members can also initiate angiogenesis and may be useful
therapeutically. For example, fgf4 and fgf5 are two angiogenic genes that have been
delivered via adenovirus at the embryonic stage for treating coronary heart diseases [19,60].
FGF9, in contrast to FGF2 that affects both endothelium and mesenchyme, is known to
primarily target mesenchyme. Developmental studies suggest that FGF9 induces vegfa
expression in lung mesenchyme and is necessary for capillary formation [61]. Another study
reveals that FGF9 controls the survival of smooth muscle cells and the physiological
response of vasculature; delivery of FGF2 and FGF9 together generates larger vessels and
thicker smooth muscle layers than that of FGF2 alone [62].

Although FGF members share conserved amino acid sequences, the expression pattern and
functions of each are still distinctive. Current knowledge of FGFs was mainly accumulated
by gene knockout studies, which are not able to detect events at a molecular level.
Consequently, the biological roles of many FGFs require further investigation to decipher. It
is reasonable to expect that more FGFs or FGF combinations will be used in future
therapies.
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Other factors
Besides VEGF and FGF, other angiogenic factors have also been intensely investigated. The
PDGF family consists of four members (-A to -D) that form homo- (-AA, -BB, -CC and -
DD) or heterodimer (-AB), which binds to PDGF receptors (PDGFRα and β). PDGFs
produced by diverse cell types are involved in the development of nervous and circulatory
systems and other organs [63]. The importance of PDGF signaling in angiogenesis is
highlighted in several aspects: PDGF-BB promotes FGF2 release and FGFR1 activation in
vascular smooth muscle cells [64]. On the contrary, PDGF-BB can also inhibit FGF
signaling by inducing formation of PDGFRα–FGFR1 heterodimers, which suggests its
regulatory roles [65]. PDGF signaling is also important for maturation of vasculature as it
controls the activity and behavior of mural cells [66,67]. Knockout of pdgfb and pdgfrβ in
mouse embryos have been shown to reduce the number of vascular smooth muscle cells and
pericytes associated with the endothelium. As a result the vessel becomes unstable and
prone to hemorrhage [68]. In addition, a recent study finds that pdgfrβ is upregulated during
cardiac regeneration in the zebrafish [69]. Its inhibition reduces the epicardial proliferation
and epithelial-mesenchymal transition and impairs coronary vessel formation.

Angiopoietin-1, which binds to the Tie-2 receptor, is able to balance the effects of VEGF
and enhance vasculature stability, and its efficacy has been demonstrated in animal studies
[70,71]. HGF, which stimulates endothelial cell proliferation, can potentiate the mitogenic
activity of VEGF and increase VEGF production [72]. It has also been shown to promote
secretion of proteases that are involved in ECM degradation and cell migration [73].
Granulocyte colony-stimulating factor acts primarily as a cytokine to mobilize progenitor
cells from the bone marrow and has been demonstrated to recruit CD34-positive cells to the
infarct area and improve ventricular function in a clinical study [74]. However, its overall
effect is still being debated [75]. Other angiogenic factors, such as IGF, erythropoietin and
stem-cell factor, have also been investigated in clinical trials [76].

Another group of proteins drawing significant attention in therapeutic angiogenesis are
morphogens such as Sonic hedgehog, Notch and Wnt [77–79]. The effects of morphogens
are thought to be more comprehensive because they can regulate transcriptional upregulation
of myriad pathways. However, their mechanisms in blood vessel development need to be
investigated more thoroughly.

Blood vessels are critical to maintain normal physiology. Induction of neovasculature has
the potential to treat many human diseases. No matter which approach is used, angiogenic
activity has to be maintained and precisely controlled in order to achieve stable
vascularization. In addition to a thorough understanding of angiogenic factors,
improvements of delivery strategies will be critical for the success of therapeutic
angiogenesis.

Controlled delivery of angiogenic factors
Regardless of the type of active agents that induce angiogenesis (genes, proteins or
progenitor/stem-cells), the key bottleneck to the ultimate therapeutic efficacy is delivery.
Controlled delivery is a multidisciplinary field focusing on effectively protecting therapeutic
molecules, increasing their overall efficacy and targeting the desired tissues. In this
multidisciplinary field, researchers bring insights from multiple fields, including physics,
chemistry, biology and materials science, to create and optimize delivery strategies for
maximum patient benefit. Compared with bolus delivery, which provides a burst and short
period of biological effects, controlled delivery aims to sustain the bioactivity of therapeutic
molecules in a steady and long-term fashion. In many cases, tissue regeneration takes weeks
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or months and requires persistent stimulation of growth factors [80]. Consequently,
controlled delivery is expected to be more favorable in terms of therapeutic effects.

Delivery vehicles for angiogenic factor can be made from natural or synthetic materials.
Many natural materials have good biocompatibility and degradability. However, controlling
the quality of natural materials is challenging. Sources and batch variations often lead to
different biological properties, which make mass production difficult. On the other hand,
synthetic materials usually offer better quality control. The biomaterials field has matured
enough that design of biocompatible and biodegradable materials with cell and tissue
specificity becomes feasible. That said there are constant exchanges between the two
approaches: natural component can enhance the biocompatibility of a synthetic material and
the synthetic component can strengthen a natural material or offer new properties and
utilities. Here, we categorize existing delivery vehicles broadly into hydrogels, particles, and
others based on their physical properties (Table 1). Different applications will have different
sets of requirements of the delivery vehicles and sometimes different types of vehicles are
also used together.

Hydrogel
A hydrogel is obtained when hydrophilic polymers are crosslinked to form a 3D network.
Most polymers that yield hydrogels form viscous solution and their gelation is achieved by
adding crosslinkers. There are three major properties that make hydrogels attractive in
biomedicine [81]: the high water content of the hydrogel closely mimics the environment of
most human tissues; having properties of a liquid and a solid, a hydrogel can be confined
spatially and, in the meantime, allow diffusion of contents entrapped inside; many hydrogels
have good biocompatibility that supports their clinical usage. With a long history of
development, current hydrogels are made from a variety of sources including natural
materials such as polysaccharides and proteins that are extracted from microorganisms or
animals and synthetic materials. The following section will discuss a few representative
examples of hydrogel delivery vehicles.

Alginate—Alginate is a polysaccharide purified from algae and is an FDA-approved
material used as a food additive. The repeating unit of alginate contains D-mannuronate and
L-guluronate and both units form strong hydrogen bonds with water molecules. In the
presence of crosslinkers such as Ca2+, alginate solution forms hydrogel spontaneously.
However, loss of ion causes dissolution of an alginate gel; therefore, crosslinking is
sometimes utilized to improve the mechanic property and control the degradation kinetics of
an alginate gel [82]. A recent study reveals that VEGF entrapped in the alginate gel has a
continuous and steady release over a month in vitro according to radioactivity measurement
of the 125I-labeled VEGF [83]. VEGF injected within the alginate gel is still detectable 15
days post-injection compared with free VEGF that is degraded within 72 h. Taken together,
this indicates that the alginate gel can offer spatio-temporal control of the release of VEGF.
More importantly, in a hindlimb ischemic model, alginate-delivered VEGF stimulates the
growth of perfused vessels and is more effective than bolus injection of free VEGF (Figure
1A). To enhance affinity to angiogenic factors, alginate can be modified without affecting its
gelling property. For example, sulfation of alginate so that it mimics the structure of heparin
was performed by conjugating urinate groups with sulfate groups via a N,N′-
dicyclocarbodiimide coupling reaction (Figure 1B) [84]. The resultant gel has stronger
binding to HGF and achieved a higher therapeutic effect than the unmodified gel.

Hyaluronic acid—Another widely studied polysaccharide hydrogel is derived from
hyaluronic acid (HA). HA, an anionic polymer composed of D-glucuronic acid and D-N-
acetylglucosamine, is found widely in the human connective and skin tissues. Native HA has
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an extremely high molecular weight, up to millions of Daltons. To reduce hydrolysis by
hyaluronidase, HA gels are usually formed by crosslinking, which often employs the
carboxyl groups of HA that can react covalently with different crosslinkers [85,86].
Crosslinking can reduce the biocompatibility of HA. However, it can be mitigated by
choosing appropriate cross-linkers [87,88]. HA carries abundant biochemical signals
including its interaction with cell surface receptor CD44. Therefore, it provides mechanical
support and specific biological signals [89]. As with alginate, modification of HA with
synthetic molecules can provide it with new characteristics. For example, layers of
polyelectrolytes were deposited on HA to change its surface property [90]. A recent study
uses a HA gel conjugated with cell adhesion peptides and matrix metalloproteinase-
cleavable sequence to entrap angiogenic factors and endothelial colony-forming cells [91].
When this gel is implanted in rats, it provides an excellent environment for cells to
proliferate, differentiate and migrate. As a result, a functional vascular network forms in situ
and integrates with the host vasculature (Figure 1C).

Collagen & gelatin—Collagen typifies protein-based vehicles. Collagen is one of the
most well-known biomaterials [92]. Among 28 types of collagens identified, type I is the
most abundant in the human body. There are many commercial products made of collagen
widely used for therapeutic purposes. One study reports that type I collagen has an affinity
to FGF2, but interactions between collagen and most growth factors are generally thought to
be weak [93]. Consequently, different methods have been adopted to immobilize angiogenic
factors on the collagen gel. For example, via a 1-ethyl-3 - [3 -dimethyla minopropyl]
carbodiimide hydrodrochloride coupling reaction, VEGF was covalently anchored to the
collagen gel [94]. The modified gel increased cell recruitment and vessel density in the
ischemic myocardium compared with the unmodified one. In addition, a collagen-binding
sequence, TKKTLRT, has been used for immobilization. In an MI model, TKKTLRT-
modified VEGF reveals better retention in the border zone than the unmodified one (Figure
2A) [95]. Consequently, the modified VEGF delivered by a collagen patch promotes
angiogenesis in the ischemic heart [96] and yields higher cardiac output and more blood
perfusion than unmodified VEGF.

Gelatin, being a denatured product of collagen, is made by acid or alkaline processing of
collagen. The alkaline process hydrolyzes the amide moiety of asparagine or glutamine and
generates carboxylic acid groups; consequently the isoelectric point increases to nine
compared with the acidic process, which keeps the isoelectric point at five. Gelation of
gelatin is highly dependent on temperature. When the temperature is below the sol-gel
transition temperature, approximately 40°C, gelatin solution forms a gel by partially forming
the triple-helix structure found in collagen. Crosslinking will strengthen the gelatin gels and
reduce its degradation rate [97,98]. Gelatin gels have been examined widely in growth factor
delivery with promising results [99,100]. Acidic gelatin is negatively charged at the
physiological pH because its isoelectric point is five. Therefore, it binds growth factors with
positively charged heparin-binding domains such as FGF2 [101]. The affinity makes basic
gelation an excellent vehicle for controlled release of these factors. In a rabbit hindlimb
ischemia model, intra-arterial administration of FGF2-loaded gelatin gel microspheres
induces collateral vessel formation and generates more perfused vessels than the untreated
group [102]. The same material increases cardiosphere-derived cell engraftment in the host
cardiac tissue, induces neovasculature and synergistically improves functions of the
ischemic heart [103].

Fibrin—Fibrin is another widely used protein gel. Fibrin is the major material in blood clots
formed by activated fibrinogen. Fibrinogen (340 kD) is a water-soluble glycoprotein. Once
cleaved by thrombin, intermolecular interaction increases and induces assembly of fibrin
fibers. Clinical-grade fibrinogen is obtained by processing blood plasma, and the production
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procedures are relatively simple. There are many fibrin-based products on the market; most
are used as surgical sealants in wound closure [104]. Fibrin gels provide a 3D environment
for cell growth and are a valuable tool to observe cell migration, morphology change and
other activities in vitro [105]. Specific to angiogenesis, endothelial cell tube formation is a
well-adopted assay to test the angiogenic or anti-angiogenic ability of molecules [106].
Release of growth factors from a fibrin gel is fast because of the low affinity between fibrin
and growth factors and fast degradation of fibrin. In many cases, burst release are over 50%
and total release is complete within 2 weeks [107]. Consequently, there are several methods
developed to improve the release kinetics:

• Angiogenic factors are covalently linked to fibrin via a cleavable peptide linker
[108]. The result indicates that the burst release is greatly reduced;

• A heparin-binding peptide is conjugated to fibrin to sequester heparin and heparin-
binding factors [109]. This approach retains more growth factors in the gel and
slows the release substantially;

• To prevent fibrinolysis, a protease inhibitor, aprotinin, is conjugated to the fibrin
gel and the plasmin-mediated degradation decreases accordingly (Figure 2B) [110].
An ex vivo assay suggests that the slowly degraded gel leads to more vessel
formation than the original one;

• PEGylation that conjugates or crosslinks fibrinogen can also inhibit fibrinolysis and
slows down protein release [111].

Poly(ethylene glycol)—Hydrogels formed by synthetic polymers such as poly(ethylene
glycol) (PEG) are also used in angiogenic factor delivery. PEG, HO(C2H4O)n, is one of the
most widely used materials in biomedicine because of its extremely low cytotoxicity and
immunogenicity. PEG has a distinct ability to reduce clearance of materials by the
reticuloendothelial system; therefore, it is a very useful modifier in prolonging drug
circulation time in the human body [112,113]. PEG gels are formed by covalent crosslinking
of PEG chains. Gel characteristics, such as stiffness and swelling properties, can be
controlled easily. Modification of PEG monomers with reactive methacrylate groups and
then exposure to UV light in the presence of radical initiator is a common method to
crosslink PEG monomers. However, PEG is not biodegradable and only those with low
molecular weights (MW < 5000) can be metabolized by the human body [114]. As a result,
several functional groups are introduced into PEG molecules to provide degradability and
also more utility [115,116]. Several PEG-based materials have been tested in therapeutic
angiogenesis: VEGF and the integrin-binding domain RGD has been linked to a PEG gel.
The resultant gel provides both sustained release of VEGF and guidance of vascular growth
[117]. A heparin-functionalized PEG gel that slowed VEGF release attracted more
endothelial cells surrounding the implantation site [118]. Last but not least, in a hindlimb
ischemia model, a PEG gel carrying protease-degradable sites, cell-adhesion motifs and
VEGF promoted functional recovery better than the control gels (Figure 2C) [119].

PEG is also a widely used building block to form composite hydrogels. For example, PEG/
gelatin gels with tunable mechanic properties and degradation rates can be made by
adjusting the ratio of PEG to gelatin utilized in the coupling reaction [120]. In addition, PEG
is often utilized in synthesizing reversible thermogels. The polymer chain of a reversible
thermogel has a distinct property in that its aggregation state varies with temperature. Those
with the sol-gel points close to body temperature are especially attractive in biomedicine
because they can offer injectability and spatial control of the delivery system [121].
Structure of the polymer that forms a thermogel has both hydrophobic and hydrophilic
portions; PEG often serves as the hydrophilic portion and offers control of gelation property
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[122,123]. PEG-based thermogels have been examined for delivery of different drugs
including small molecules, nanoparticles and proteins [124–126].

Peptide nanofibers—There are several types of peptide nanofibers. One is self-
assembled from a 16-residue peptide that forms a β-sheet structure [127]. Gelation of
nanofibers can occur immediately using specific triggers such as temperature, pH or ionic
strength. Sharing similar properties to other hydrogels, nanofibers are capable of delivering
angiogenic factors. Nanofibers injected with PDGF-BB into the infarct border zones of rat
hearts indicates that PDGF-BB is confined locally [128]. In the MI and ischemia-reperfusion
models, the nanofibers protect the PDGF-BB and results in better cardiac functions
compared with free PDGF-BB (Figure 3A). Here, the binding between nanofibers and
PDGF-BB is weak because there is no specific interaction between the vehicle and the
growth factor. To increase the interactions, nanofibers and the growth factor can be
biotinylated and complexed with streptavidin, respectively (Figure 3B) [129]. This method
increased the binding fivefold and the dissociation constant was reduced to the micromolar
range. Interestingly, a recent study found that nanofibers alone were able to slow
deterioration after MI [130]. Examined by a porcine model, injection of nanofibers
prevented ventricular remodeling and increased the efficiency of cell therapy. The exact
mechanism of these nanofibers’ beneficial effects is currently unknown.

Another type of peptide nanofiber is formed by the self-assembly of peptide amphiphiles
that contain a hydrophobic tail, a middle peptide region that forms a β-sheet structure and a
hydrophilic peptide epitope [131]. In an aqueous solution, peptide amphiphiles have the
propensity to assemble into cylindrical micelles resembling those formed by lipid molecules.
These peptides have no affinity to growth factors. One way to increase the affinity is to
integrate heparin-binding peptide sequence into the PA, which will bind heparin and,
consequently, heparin-binding growth factors (Figure 3C) [132]. This approach achieves
similar binding affinity as biotinylation of growth factors in the above case. More recently,
to create more functionality, the plain peptide sequences of these gels have been substituted
to signaling sequences that provide functional surfaces. For example, a fibronectin-mimetic
sequence was displayed on the surface to enhance cell adhesion [133]. In another report on
the use of functionalized peptides, a VEGF-mimic peptide was displayed to make
angiogenic nanofibers [134]. The in vitro experiment indicated that the displayed peptide
exhibited functions similar to VEGF, and a hindlimb ischemia model demonstrated that its
angiogenic activity was higher than unmodified peptide (Figure 3D). It is likely that more
signaling peptides will be used to provide the nanofibers more utility in the future.

Others—Many other hydrogels have been examined in therapeutic angiogenesis including
Matrigel™. Matrigel, comprising a mixture of proteins, including type IV collagen, laminin,
heparan sulfate proteoglycan and entactin, is secreted by Engelbreth-Holm-Swarm mouse
sarcoma cells. Matrigel is a useful material for tissue engineering and was reported to be an
environment for growth and differentiation of embryonic stem cells and neonatal
cardiomyocytes into cardiac tissues [135,136]. However, since this material is derived from
a tumor tissue, it may raise safety concerns and, consequently, was not used as often as other
natural hydrogels, especially in translational research.

Polyvinyl alcohol (PVA), (C2H4O)n, is an FDA-approved ingredient in drug formulation. It
has a high capacity to absorb water and forms a solid gel by a freezing–thawing process in
which PVA molecules form strong hydrogen bonds and crystallites [137]. Several freezing–
thawing processes can strengthen the PVA gel but sometimes crosslinking is also applied to
obtain a stronger gel [138]. PVA has an advantage over PEG in that its free hydroxyl groups
enable simpler covalent modification. For example, a heparin/PVA gel can form by addition
of PVA and heparin with methacrylate groups followed by photo-crosslinking [139]. A
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fibronectin/PVA gel has been made by converting hydroxyl groups to carboxylic acid
groups and then conjugating fibronectin via a carbonyldiimidazole coupling reaction [140].
PVA-based hydrogels have been examined in controlled delivery of several drugs, including
a composite material formed by PLGA microspheres/PVA hydrogels, which obtains a
steady VEGF release and sustains the bioactivity up to 4 weeks [141–143].

One study uses a sucrose aluminum sulfate pellet coated with poly(hydroxyethyl
methacrylate) hydrogel to co-deliver FGF2 and PDGF-BB and concludes that the synergistic
effect between the two factors generates a more stable vasculature [144]. Lastly, a pH- and
temperature-sensitive gel formed by poly(N-isopropylacrylamide-co-propylacrylic acid-co-
butyl acrylate) with encapsulated FGF2 is injected in ischemic myocardium [145]. The
result suggests a better retention of FGF2 at the injection site than free FGF2 and an
improved cardiac function through enhanced angiogenesis.

Application of hydrogels in biomedicine has a long history. Currently, development of
hydrogels has shifted from tuning their intrinsic properties, such as biocompatibility,
degradation and stiffness, to making multifunctional and responsive hydrogels that can
deliver diverse biomolecules or cells together and also respond to environmental changes. It
is reasonable to expect that there will be more sophisticated and smarter gels in the near
future.

Micro- & nano-particles
Micro- and nano-particles can be made from a variety of materials including metals,
synthetic polymers and biomolecules. Because the sizes are close to mammalian cells,
microparticles can diffuse in many tissues. Nanoparticles that have even smaller sizes can be
uptaken into cells by different pathways. On the other hand, micro- or nano-particles that
encapsulate therapeutic drugs could slow their release and protect their degradation, which
may enhance the therapeutic outcome. Consequently, a significant amount of effort has been
devoted to developing micro- and nano-particles. Now we have very good control on the
size and porosity of these particles. Two materials often utilized, poly(lactic acid-co-glycolic
acid) (PLGA) and chitosan, are discussed below.

Poly(lactic acid-co-glycolic acid)—PLGA has been fabricated into micro- and nano-
particles, foams and sponge. Owing to excellent biocompatibility and biodegradability,
PLGA had been approved by the FDA for several indications and are widely applied in
biomedical research as grafts and sutures. Different forms of PLGA are obtained by distinct
synthetic procedures. PLGA particles are mostly obtained by emulsion-evaporation
processes and their characteristics can easily be tailored by changing processing parameters
[146]. On the other hand, PLGA foam/sponge is produced by particulate leaching or gas
foaming methods [147]. Release of incorporated growth factors triggered by degradation of
PLGA is highly dependent on their composition and characteristics. Several studies
highlight the progress of PLGA in growth factor delivery: the sequential release of dual
factors has been examined by embedding PDGF-incorporated particles in a PLGA foam that
have VEGF dispersed within (Figure 4A) [148]. This strategy creates a significantly slower
release of PDGF and faster release of VEGF. Similarly, partition of the two factors in the
particle and foam enables control of the release pattern of each factor [149]. In addition to
release profiles, VEGF-loaded microparticles have been tested to improve angiogenesis in
an ischemia-reperfusion model [150]. Combining PLGA particles with cell therapy is also
possible: VEGF, HGF and Ang-1-loaded microparticles created a proangiogenic
environment for migration, homing and integration of vasculogenic progenitor cells [151].
The resultant vessels were more stable and functional compared with administration of
progenitor cells only (Figure 4B).
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Chitosan—Chitosan composed of D-glucosamine and N-acetyl-D-glucosamine is a
polysaccharide made by deacetylation of chitin, which is mostly extracted from the
exoskeleton of crustaceans. Chitosan is generally considered to be biocompatible and
biodegradable, but it is also shown to have antibacterial and mucoadhesive properties;
therefore, it has been applied extensively in the food industry and in drug development
[152,153]. The amino groups of chitosan offer simple routes of functionalization including
absorption, crosslinking and conjugation [154–156]. Chitosan forms nanoparticles with
many biomolecules, especially those with negative charges such as DNA, heparin, alginate
and HA [157–160]. The small size of chitosan nanoparticles increases cell uptake and,
consequently, are effective at delivering genes and small RNA [161,162]. In addition,
several studies use chitosan nanoparticles in growth factor delivery: the heparin-
functionalized chitosan/poly(γ-glutamic acid) nanoparticles can respond to pH changes and
adjust the release of the encapsulated FGF2 [163]. A decellularized scaffold carrying VEGF-
encapsulated chito-san/heparin nanoparticles promoted more vasculature in vivo compared
with the bare scaffolds [164].

Liposome—A liposome has a lipid bilayer structure similar to that of the cell membrane.
Liposomes have played a significant role in drug delivery and their characteristics, such as
size and surface property, can be controlled precisely by different preparation methods
[165]. Because of the similar structure and composition, liposomes can fuse with the cell
membrane and deliver the contents into a cell. As a result, they are suitable carriers of genes
and certain drugs that function inside the cell. On the contrary, most angiogenic factors have
receptors on the cell surface and, therefore, their encapsulation in a liposome may not be
advantageous for overall efficacy. Application of liposomes in therapeutic angiogenesis
mostly focuses on promoting expression of angiogenic genes [166]. Interestingly, a study
uses antibody-conjugated liposomes to target P-selectin, which is upregulated post-MI
[167]. The delivered VEGF promotes angiogenesis and improved cardiac functions (Figure
4C).

Other controlled-release vehicles
Other vehicles, such as porous scaffolds, have been adopted for the delivery of angiogenic
factors. For example, a collagen-coated porous poly(ε-caprolactone) scaffold releases the
entrapped VEGF and attracts endothelial cells to form neovasculature in situ [168]. A
heparinized chitosan/poly(ε-caprolactone) nanofibrous scaffold has been utilized to create a
VEGF gradient and guides cell growth [169]. Lastly, VEGF and PDGF-BB entrapped in a
heparinized porous polyurethane scaffold had varying release at different rates according to
their heparin-binding ability [170].

Recently, our group developed a new platform, coacervate, to deliver growth factors. The
coacervate forms when two oppositely charged polyelectrolytes bind and neutralize each
other to self-assemble into tiny oil droplets. The coacervation process happens immediately
upon mixing of the components. Herein, we mimicked the structure of the (FGF–heparin–
FGF receptor) complex and utilized a polycation to mimic the role of the FGF receptor
(Figure 5A) [171,172]. Taking advantage of the broad range of growth factors that bind
heparin, this platform can be used to deliver many growth factors useful in angiogenesis
including VEGF, FGF, HGF and PDGF. Our studies demonstrate that this (polycation–
heparin) coacervate was effective in loading the growth factors with a high efficiency,
controlling their release in a sustained fashion and enhancing their bioactivity over free
factors [173]. An in vivo examination shows that the injected FGF2 coacervate induced the
formation of more functional and mature vasculature than that induced by free FGF2 (Figure
5B) [173]. The self-assembly process of the coacervate relying on polyvalent ionic
interactions, thus, no crosslinking or other external trigger is required and the fluid nature of
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the coacervate allows for easy injection. We routinely use 31 G insulin needles for injection.
Although coacervates formed by polycation and DNA or small RNA are used in nucleic acid
delivery, this is the first application of coacervate in controlled delivery of proteins.

Future perspective
In many cases, delivery of angiogenic factors targets ischemic tissues that are intrinsically
different from normal tissues [174,175]. For example, ischemia causes hypoxic conditions
that shift glucose metabolism from aerobic to anaerobic. Hence, the production of lactic acid
is greatly increased and results in acidosis, which reduces pH down to approximately 6.5,
significantly lower than the normal value of 7.4 [176]. In addition, ischemia is often
accompanied by intense inflammatory responses including infiltration of neutrophils and
macrophages, and secretion of reactive oxygen species and hydrolytic enzymes to the local
region [177]. Lysosomal enzymes released from the necrotic tissue can degrade proteins.
Furthermore, a new study found that the rapid development of microvasculature
accompanying inflammation is not necessarily favorable and could trigger a refractory
mechanism to clear angiogenic factors [178]. All of these elements constitute a harsh
environment, which makes the bioactivity of delivered angiogenic growth factors difficult to
maintain. Understanding and addressing this challenging environment will lead to new
breakthroughs in controlled delivery for angiogenesis.

In addition, controlled delivery of angiogenic factors can benefit from materials innovation
in multiple areas:

• Development of materials that can respond to biological stimulants and control the
size of the therapeutic zone;

• Combination of materials with characteristics that can respond to biological cues in
a coordinated sequence;

• Distinct release kinetics and sequential release of multiple angiogenic factors that
can be adjusted to achieve mature vasculature;

• Novel engineering strategies that can create multiple gradients of growth factors
and guide tissue growth in desired patterns;

• Formulation of materials that are compatible with image-guided delivery.

Key Terms

Angiogenesis Physiological process that generates neovasculature from pre-
existing blood vessels

Ischemia Insufficient blood supply caused by blockage or narrowing of blood
vessels

Controlled release Drug-delivery strategy in which the release pattern, distribution and
activity are controlled by certain means

Peptide nano
fibers

Nanofibrous materials produced by self-assembly of artificial
peptides or peptide amphiphiles

Coacervation Spontaneous process in which two oppositely charged
polyelectrolytes interact with each other to self-assemble into tiny
oil droplets
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Executive summary

Therapeutic angiogenesis

• Angiogenesis induced by gene, protein or cell delivery is a potential therapy for
ischemic diseases. However, each approach faces its own challenges and none
has been approved by the US FDA.

• Delivery of angiogenic factors offers the off-the-shelf advantage but requires a
suitable vehicle to control their release and maintain their bioactivity.

Vehicles for controlled release of angiogenic factors

• Hydrogels (e.g., alginate hydrogel and peptide nanofibers):

– Hydrogels have high water content that mimics the environment of
most human tissues;

– Hydrogels can offer spatiotemporal control of the release of growth
factors;

– Many hydrogels have good biocompatibility and their medical
applications are well studied.

• Micro- and nano-particles (e.g., poly(lactic acid-co-glycolic acid) microspheres
and liposomes):

– Micro- and nano-particles are injectable and can circulate in the
bloodstream;

– Microparticles can diffuse and accumulate in tissues. Nanoparticles can
be uptaken by cells and target specific organelles;

– Micro- and nano-particles protect encapsulated growth factors from
proteolytic cleavage.

• Porous scaffolds (e.g., poly(ε-caprolactone) scaffolds):

– Porous scaffolds provide good mechanical support and guidance for
tissue growth;

– High surface area facilitates exchange of nutrients and biological
signals.

• Coacervates (e.g., [polycation–heparin] coacervates):

– Native heparin and heparin-binding growth factors are utilized without
modification;

– Coacervates require no elaborate steps for preparation and offer good
injectability.
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Figure 1. Alginate and hyaluronic acid hydrogels
(A) (i) CD31 staining of tissue sections from ischemic hindlimbs 6 weeks post-injection of
VEGF-alginate gels. (ii) Comparison of blood-vessel density: no injection (−−); bolus
VEGF (−+); alginate gel without VEGF (+−); or alginate gel with VEGF (++). The
statistical significance indicates enhanced vessel formation in the VEGF-alginate gel group.
*p <0.02. (B) ELISA measures HGF release from alginate microbeads with or without
sulfated alginate. Cumulative release percentage is calculated by dividing the amount of the
released HGF at a given time point by the total amount of HGF. (C) Design of a hyaluronic
acid (HA) hydrogel and its use in vascularization. Top: Acrylated HA (AHA) hydrogel. (i)
AHA polymers are first modified with and stromal cell derived-a RGD-containing cell-
adhesion peptide followed by mixing with a GF containing VEGF165, FGF2, TNF-α
factor-1. (ii) An AHA hydrogel is obtained by crosslinking AHA polymers with MMP-
sensitive linkers. Bottom: (i) ECFCs are encapsulated in the AHA hydrogel containing
multiple biological signals. (ii) ECFCs in the AHA hydrogel form vacuoles 3–6 h
postencapsulation. Continuing to grow in size, vacuolated ECFCs coalesce to form large
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lumens at day 1. (iii) From day 2, the ECFC tube structure forms via sprouting and
branching, and it is accompanied by degradation of the AHA hydrogel. (iv) By day 3, a
stable vascular network is observed in the AHA hydrogel.
ECFC: Endothelial colony-forming cells; GF: Growth factor mixture; MMP: Matrix
metalloproteinase.
(A) Reprinted with permission from [83] © Wiley (2007).
(B) Reprinted with permission from [84] © Elsevier (2010).
(C) Reprinted with permission from [91] © American Society of Hematology (2011).
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Figure 2. Collagen, fibrin and polyethylene glycol hydrogels
(A) Injection of VEGF or the CBD-modified VEGF to the infarcted heart. (i) VEGF or
CBD-VEGF was injected in the border zone indicated by dots. (ii) 3 h later, Western blot
assessed the exogenous level of VEGF. (iii) Quantitative comparison revealed that CBD-
VEGF was better retained in the border zones. **p <0.01.
(B) Plasmin catalyzes degradation of fibrin gels as detected by reduction of absorbance at
405 nm. (i) Aprotinin conjugation inhibits fibrin gel degradation. Degradation of fibrin gels
(1 mg/ml) is performed at plasmin (100 nM) containing 5 nM (● soluble or ○ aprotinin-
conjugated) or 10 nM (◆ soluble or ◇ aprotinin-conjugated) of fibrinogen. Control: fibrin
(▲) and 30 nM of aprotinin-conjugated fibrin (△) not subjected to plasmin; plasmin
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contained no aprotinin (■). (ii) Concentration effect in plasmin inhibition. Fibrin gels are
degraded by plasmin containing 10 nM (◆ soluble or ◇ aprotinin-conjugated), 30 nM (●
soluble or ○ aprotinin-conjugated) or 50 nM (■ soluble or □ aprotinin-conjugated) of
fibrinogen.
(C) Design of a PEG-based bioartificial matrix. The MMP-degradable sequence, adehesive
ligands and growth factors are modified with PEG-acrylate groups. Photopolymerization
crosslinks PEGylated precursors and generates in a hydrogel with multiple signals.
CBD: Collagen-binding domain; MMP: Matrix metalloproteinase; PEG: Poly(ethylene
glycol).
(A) Reprinted with permission from [95] © American Heart Association (2009).
(B) Reprinted with permission from [110] © American Chemical Society (2007).
(C) Reprinted with permission from [119] © National Academy of Sciences, USA (2010).
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Figure 3. Peptide nanofibers
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(A) Injectable peptide NF delivers PDGF-BB in a controlled fashion. (i) The binding
capacity of peptide NFs to PBS, BSA, PDGF-BB, VEGF, FGF2 or Ang-1 was determined
by ELISA assays. (ii) PDGF-BB was injected alone or with peptide NFs in the border zones
post-MI. The result suggests that PDGF-BB without peptide NFs was undetectable after 3
days, whereas PDGF-BB delivered by peptide NFs was still detectable after 14 days. **p
<0.001. (B) Approach of immobilizing IGF-1 on peptide NFs. (i) IGF-1 and self-assembling
peptides are biotinlyated first and then tethered together via tetravalent streptavidin. (ii)
Western blot reveals that biotinylated IGF-1 only binds the BPs (b-IGF-1+BP) and not the
non-biotinylated peptides (b-IGF-1+P). In addition, the affinity of b-IGF-1 to biotinylated
peptides does not change before or after peptides assembly (b-IGF-1+BP premix vs b-
IGF-1+BP outside). (C) The release of rhodamine-FGF2 (gray curve) from the PA-heparin
gel is significantly slower than that from the PA-Na2HPO4 gel (black curve).
(D) Laser Doppler imaging compares blood perfusion at ischemic hindlimbs among all
treatment groups, VEGF PA, VEGF peptide, mutated VEGF PA and saline control. (i)
Perfusion ratios (ischemic hindlimb/non-ischemic hindlimb) reveal that the VEGF PA group
has significantly higher perfusion than any other groups from day 14 to 28. (ii) Laser
Doppler images show the perfusion of the same animals from day 0 to 28.
BP: Biotinylated self-assembling peptide; BSA: Bovine serum albumin; MI: Myocardial
infarction; NF: Nanofiber; NS: No significance;
PA: Peptide amphiphile; PBS: Phosphate-buffered saline.
(A) Reprinted with permission from [128] © American Society for Clinical Investigation
(2006).
(B) Reprinted with permission from [129] © National Academy of Sciences, USA (2006).
(C) Reprinted with permission from [132] © American Chemical Society.
.(D) Reprinted with permission from [134] © National Academy of Sciences, USA (2011).
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Figure 4. Representative microparticles
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(A) Poly(lactic acid-co-glycolic acid) (PLGA) scaffolds enable different release kinetics of
growth factors. VEGF is incorporated into a porous PLGA scaffold by mixing with PLGA
followed by processing into a scaffold. This approach results in VEGF absorption on the
scaffold. On the other hand, PDGF is incorporated by pre-encapsulation of PDGF into
PLGA microspheres followed by processing into a scaffold. Compared with VEGF, PDGF
has a significantly slower release kinetic. These two approaches can be combined to deliver
dual factors with distinct kinetics. (B) Implantation of PLGA microparticles that release
VEGF, HGF, and Ang-1 is combined with intravenous injection of ECFCs to enhance
neovascularization in mice with hindlimb ischemia. (i) 14 days postadministration, relative
blood flow (ischemic/nonischemic hindlimb) assesses vascular function of each group. (ii)
Top: necrosis in toes has disappeared in the group receiving growth factor-carrying
microparticles and ECFCs. Bottom: fluorescent imaging by indocyanine green injection
compares blood perfusion in the toes. Red and yellow indicate high and low perfusion,
respectively.
(C) Two methods determine effect of VEGF-containing liposomes in angiogenesis post-MI.
Panels A–C: 3,3′-diheptyloxacarbocyanine iodide (green) stains perfused vessels. Panels D–
F: CD31 staining (brown) labels endothelial cells. Both results reveal that MI decreases the
quantity of blood vessels and VEGF-containing liposomes are able to induce
neovasculature.
ECFC: Endothelial colony-forming cells; MI: Myocardial infarction; PBS: Phosphate-
buffered saline.
(A) Reprinted with permission from [148] © Nature Publishing Group (2001).
(B) Reprinted with permission from [151] © American Heart Association (2010).
(C) Reprinted with permission from [167] © Federation of American Societies for
Experimental Biology (2009).
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Figure 5. Coacervate: design and application
(A) (i) The crystal structure of the FGF–heparin–FGFR complex. The proteins are shown as
coils and heparin as a stick model. The heparin-binding domains of FGFR and FGF are
highlighted in pink and yellow, respectively. Both analyses showed that the heparin-binding
regions contain a high density of positively charged amino acid residues such as arginine.
(ii) A possible model of the matrix formed by ionic interactions between an arginine-based
synthetic polycation and a heparin–growth factor complex. (B) Comparison of the number
of blood vessels in a given size range between free and coacervate FGF2 groups as
previously described; the value represents the cumulative number of all the slides examined.
The coacervate induced more blood vessel formation than free FGF2. Furthermore, the
coacervate group contained more large vessels (>1000 μm2, likely associated with arterioles
and venules).
PEAD: Poly(ethylene argininylaspartate diglyceride).
Reprinted with permission from [172] © National Academy of Sciences, USA (2011)
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Table 1

Types of growth factor delivery vehicles and their representative materials.

Forms Materials Natural or synthetic Biodegradable

Hydrogels Alginate Natural Yes

Hyaluronic acid Natural Yes

Collagen and gelatin Natural Yes

Fibrin Natural Yes

Poly(ethyleneglycol) Synthetic No

Peptide nanofiber Synthetic Yes

Micro- and nano-particles Poly(lactic-co-glycolic acid) Synthetic Yes

Chitosan Natural Yes

Liposome Synthetic Yes

Porous scaffolds Poly(ε-carptolactone) Natural/synthetic Yes

Coacervate Heparin and polycation Natural/synthetic Yes
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