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Introduction: Angiogenesis is essential to human biology and of great
clinical significance. Excessive or reduced angiogenesis can result in, or
exacerbate, several disease states, including tumor formation, exudative
age-related macular degeneration (AMD) and ischemia. Innovative drug
delivery systems can increase the effectiveness of therapies used to treat
angiogenesis-related diseases.

Areas covered: This paper reviews the basic biology of angiogenesis, includ-
ing current knowledge about its disruption in diseases, with the focus on
cancer and AMD. Anti- and proangiogenic drugs available for clinical use
or in development are also discussed, as well as experimental drug delivery
systems that can potentially improve these therapies to enhance or reduce
angiogenesis in a more controlled manner.

Expert opinion: Laboratory and clinical results have shown pro- or antian-
giogenic drug delivery strategies to be effective in drastically slowing dis-
ease progression. Further research in this area will increase the efficacy,
specificity and duration of these therapies. Future directions with composite
drug delivery systems may make possible targeting of multiple factors for
synergistic effects.
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1. Introduction

Vascular perfusion is essential for adequate nutrient, waste and gas exchange for all
tissues in the human body. Many diseases stem from insufficient blood perfusion,
resulting in a shortage of oxygen, termed hypoxia. Angiogenesis is an important
mechanism of physiological vascularization in adults, whereby new blood vessels
sprout from existing ones by a coordinated interaction of endothelial cells with
angiogenesis-inducing signals, such as growth factors (GFs), hypoxic conditions
and extracellular matrix (ECM) components, specifically adhesion molecules [1].
Vasculogenesis is a neovascularization process that involves recruitment of circu-
lating vascular progenitor cells, originating from the multipotent hemangioblast
precursor cells residing in bone marrow or peripheral blood, instead of local endo-
thelial cells as in the case of angiogenesis [2]. Traditionally, vasculogenesis was con-
sidered to occur only during embryonic development of the circulatory system (31,
and neovascularization in adults was believed to occur by means of angiogenesis or
arteriogenesis, a process of flow-induced remodeling of pre-existing blood vessels.
However, recent studies have suggested that circulating endothelial progenitor
cells can be recruited by cytokines to induce limited vasculogenesis in ischemic
areas in adults (4.
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Article highlights.

» Aberrant angiogenesis is critical for tumor growth, for
the development of age-related macular degeneration,
and in a variety of ischemic diseases.

« Targeting major angiogenic factors, such as VEGF, has
resulted in clinically approved therapeutics.

» Drug delivery systems can be used to address various

limitations of current pro- and antiangiogenic drugs.

Microparticles, nanoparticles and reservoirs are drug

delivery systems used in cancer and AMD treatment in

order to extend drug half-life, improve targeting and
control dosage, among other benefits.

Drug delivery by means of cellular carriers, and in

combination with tissue engineering systems, has been

utilized for proangiogenic applications.

o Future directions with composite drug delivery systems
will make possible targeting of multiple factors for
synergistic effects.

This box summarizes key points contained in the article.

Angiogenesis is also critical in pathologic states such as pso-
riasis [5], atherosclerosis [6,7], rheumatoid arthritis [8,9], diabe-
tes [10], cancer [11] and ocular neovascularization [12] in
age-related macular degeneration (AMD) and diabetic retinop-
athy. Normal angiogenesis is usually focal and self-limited,
whereas in pathologic processes, aberrant angiogenesis is often
persistent and widespread [13].

A wide range of pro- and antiangiogenic processes act in
concert to orchestrate angiogenesis (Figure 1). Among the
many GFs implicated in angiogenesis, such as vascular endo-
thelial growth factor (VEGF), platelet-derived growth factor
(PDGF), epidermal growth factor (EGF) and fibroblast growth
factors (FGFs) 114, VEGF has been identified as the most cru-
cial. VEGEF is relatively specific to endothelial cells, and has a
non-redundant role during the ‘angiogenic switch’ (the critical
point where tumors begin to induce angiogenesis) [14,15]. VEGF
regulates several endothelial cell functions, including mitogene-
sis, vascular tone (inducing hypotension) and vessel permeabil-
ity 116}, as well as inducing the production of plasminogen
activators and proteases that help to degrade the basement
membrane and allow for formation of new blood vessels [17).
Hypoxia, the hypoxia-inducible factor HIF-1, and other GFs
and cytokines, regulate the transcription of erythropoietin and
VEGEF (16]. The vasoactive and angiogenic functions of VEGF
are mediated primarily through VEGFR-2 (16]. VEGEFR subse-
quently activates multple signaling pathways (Ras/MAPK,
FAK, PI3K/Aket, PLCy) 18, which leads to angiogensis. Fur-
ther GFs such as basic fibroblast growth factor (bFGF),
PDGF and TGEF-f help to stabilize newly formed blood vessels

by recruiting pericytes and smooth muscle cells [1,19].

1.1 Tumor angiogenesis and therapy
Overexpression  of oncogenes or downregulation of
tumor-suppressive genes resulting in aberrant, proliferative

cells is essential, but not sufficient, for the development of a
lethal tumor. Tumor angiogenesis is crucial for the growth
and persistence of tumors and metastases. This was first
described in 1971 by Judah Folkman, who observed that
tumors could only grow to 2 mm in diameter without the
growth of new blood vessels [11]. Two millimeters is the dis-
tance that oxygen can diffuse through tissue [201; tumors
need blood vessels to supply the oxygen and nutrients neces-
sary for survival and proliferation [11]. Folkman further postu-
lated in 1971 that a ‘tumor-angiogenesis factor’ (TAF)
induces blood vessel growth and that inhibition of TAF may
halt tumor progression, which he termed ‘antiangiogenic
therapy’ [11].

Compared with cancer cells, endothelial cells in malignant
tumors are genetically stable, non-malignant and rarely drug-
resistant, making them a relatively stable target [21]. Destroy-
ing the tumor vasculature can also amplify a drug’s antitumor
effect on a per-cell basis [22]. Antiangiogenesis can initially
help to ‘normalize’ tumor vasculature, increase tumor perfu-
sion and alleviate tumor hypoxia, thereby increasing the
efficacy of conventional anticancer therapies if both antian-
giogenic and anticancer therapies are carefully scheduled [23].
At later time points, VEGF inhibition induces tumor hypoxia
as more of the tumor vasculature is starved [24].

Many angiogenic inhibitors have been developed, and sev-
eral, such as bevacizumab [25], ranibizumab [26], pegapta-
nib [27), aflibercept [28], cetuximab [29,30], panitumumab [31],
trastuzumab [32,33], gefitinib [34), erlotinib [35], sorafenib (36,37],
sunitinib [38,39], temsirolimus [40] and everolimus (Table 1) 41,
have passed or are close to passing FDA approval and are
being utilized in therapy for various cancers and AMD. In
addition, a large number of chemotherapeutics developed
for cancer were later shown to have antiangiogenic properties,
especially when given often at lower doses in ‘metronomic
chemotherapy’ [421. However, the current therapies on the
market mostly target VEGF, its receptor, or the tyrosine kin-
ases that phosphorylate its receptor. As angiogenesis is a result
of the interplay between several pro- and antiangiogenic fac-
tors, simultaneous targeting of several proangiogenic signaling
cascades (rather than just VEGF) should be one of the most
promising antiangiogenic approaches [15].

1.2 Age-related macular degeneration biology and
therapy

AMD is the leading cause of blindness in the elderly and is
marked by loss of central vision. It is the most common of a
large number of inherited and acquired diseases, collectively
called macular degeneration (MD) [43]. AMD can be split fur-
ther into two main forms, exudative/wet (or choroidal neovas-
cular) and non-exudative/dry. Wet AMD is less common but
is a leading cause of blindness 44. Dry AMD results from
atrophy of retinal pigment epithelium (RPE), which leads to
photoreceptor atrophy (45]. The wet form is an advanced
form of AMD and is treatable with antiangiogenic drugs.
Choroidal neovascularization (CNV), the formation of new
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Figure 1. This schematic diagram depicts the angiogenic and antiangiogenic responses at a capillary level. The cancer cells in
tumor tissue secrete angiogenic growth factors that bind to their respective receptors on the endothelial cells lining the
capillaries, leading to recruitment of disorganized blood vessels infiltrating the tumor. This leaky vasculature allows entry of
the systemically injected vector (e.g., a PEGylated nanoparticle) into tumor tissue, whereas the vector cannot pass across the
mature walls of normal tissue vessels. This results in passive targeting of the tumor by the enhanced permeability and
retention effect. Antiangiogenic drugs, such as VEGF-TRAP and bevacizumab, block the angiogenic effect of the growth
factors. Therapeutic angiogenesis for the treatment of ischemic diseases or vascularization of a tissue-engineered construct is
achieved by controlled local delivery of proangiogenic factors using a synthetic delivery scaffold (e.g., fibrin hydrogel loaded

with non-covalently or covalently bound growth factors).

blood vessels from the choroids of the eye, leads to leakage of
blood and serum, which damages the retina by stimulating
inflammation and scar formation. This damage to the retina
causes central vision loss and, eventually, blindness if
left untreated.

Neovascular AMD results from an interplay of genetic,
metabolic and environmental factors [46). However, although
the exact causes remain an active research area, it is known
that angiogenesis and vascular imbalance play a central role
in this disease, importantly involving VEGF. Many cells of
the eye produce VEGF, including RPE cells, pericytes, endo-
thelial cells, glial cells, Muller cells and ganglion cells [47]. In
addition to stimulating blood vessel growth, VEGF can also
stimulate endothelial cells to produce matrix metalloprotei-
nases (MMPs), which can degrade extracellular matrix
and allow new vessels to grow into tissue [47]. It has been

demonstrated that VEGF overexpression in mouse models
and in human studies leads to CNV [46]. Other molecular
factors are also important in AMD, including pigment
epithelium-derived factor (PEDF), bFGF and angiopoie-
tins [47). Stimuli resulting from hypoxia, ischemia, inflamma-
tion and oxidative stress (all of which can accumulate with
age) can influence the production and balance of these factors.
Recent successful treatments of AMD have been devel-
oped that target these relevant effectors, specifically treating
blood vessel growth by targeting VEGF. As with cancer
treatments, improved clinical results might be achieved
through combination therapy that targets multiple GFs.

1.3 Proangiogenic therapy
Acute oxygen shortage in tissues leads to ischemia, resulting in
impaired organ functionality, wound healing ability and
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Table 1. Angiogenic inhibitors.

Drug (trade name)

Target

Type of molecule

FDA-approved target(s)

Bevacizumab (Avastin®, Genentech USA,
Inc., San Francisco, CA) [25]

Ranibizumab (Lucentis®, Genentech USA,
Inc., San Francisco, CA) [26]

Pegaptanib (Macugen®, Eyetech Inc.,
Palm Beach Gardens, FL) [27]

Aflibercept (VEGF Trap, Regeneron,
Tarrytown, NY) [28]

Cetuximab (Erbitux®, is a registered trademark
of ImClone LLC, a wholly-owned subsidiary of
Eli Lilly and Company, New York, NY) [29,30]
Panitumumab (Vectibix®, Amgen Inc.,
Thousand Oaks, CA) [31]

Trastuzumab (Herceptin®, Genentech USA, Inc.,
San Francisco, CA) [32,33]

Gefitinib (Iressa™, AstraZeneca Pharmaceuticals
LP, Wilmington, DE) [34] and erlotinib
(Tarveca®, Genentech USA, Inc., San Francisco,
CA) [35]

Sorafenib (Nexavar®, Onyx Pharmaceuticals, Inc.

(and Bayer HealthCare Pharmaceuticals, Inc.),
Emeryville, CA) [36,37]

Sunitinib (Sutent®, Pfizer Inc., New York,
NY) [38,39]

Temsirolimus (Torisel®, Pfizer Inc., New York,
NY) [40]

Everolimus (Afinitor®, Novartis Pharmaceuticals

Anti-VEGF receptor
Anti-VEGF receptor
Anti-VEGF receptor
Binds/sequesters

VEGF-A and PLGF
Anti-EGFR

Anti-EGFR
Anti-HER-2

RTKI of EGFR

RTKI of VEGFR-1,2,3,
PDGFR-B, and Raf-1

RTKI of VEGFR-1,2,3,
PDGFR-B, and RET
mTOR*

mTOR*

Humanized mAb
mAb fragment
PEGylated anti-VEGF
aptamer

Fusion protein

Chimeric IgG1 mAb

Fully humanized
IgG2 mAb

Humanized IgG1 mAb

Oral small molecule

Oral small molecule

Oral small molecule

Oral small molecule

Oral small molecule

mCRC, NSCLC, advanced
breast cancer

Wet AMD

Wet AMD

Wet AMD

mCRC, head and neck cancer
in KRAS-wt patients

mCRC
Breast cancer

NSCLC, pancreatic cancer in
EGFR + patients

aRCC, advanced hepatocellular
carcinoma

aRCC, GIST
aRCC

aRCC

Corporation, East Hanover, NJ) [41]

*Inhibits cell division, halts growth signaling, and reduces hypoxia-inducible factor (HIF-1 and HIF-20)) and VEGF expression.
AMD: Age-related macular degeneration; aRCC: Advanced renal cell carcinoma; EGFR: Epidermal growth factor receptor; mAb: Monoclonal antibody;
mCRC: Metastatic colorectal cancer; NSCLC: Non-small-cell lung cancer; RTKI: Receptor tyrosine kinase inhibitor; VEGF: Vascular endothelial growth factor.

tissue regenerative capacity. Ischemic tissues are deficient in
crucial angiogenic GFs and ECM adhesion sites for recruit-
ment, migration and differentiation of vessel-forming cells.
Ischemia-related pathologies exist most commonly in patients
suffering from cardiovascular and diabetic conditions, includ-
ing myocardial ischemia, coronary artery disease, peripheral
vascular disease and critical limb ischemia (19]. Tissue implan-
tation is another procedure in which successful outcomes
depend on establishing a robust angiogenic response [48].
Engineered tissue constructs or grafts are limited at present
to avascular tissues or thin tissue owing to limitations in per-
fusion to cells in the graft. Wound healing in ageing patients
can also greatly benefit from proangiogenic approaches [49-51].

The rapidly evolving field of regenerative medicine offers
promising approaches to repair, reconstruct and heal damaged
tissues, and restore their normal function 77 sizu. One approach
is to use tissue engineered biomaterials as ECM scaffolds that
organize cells into three-dimensional constructs and present
stimuli to communicate with the native cells to stimulate
growth and healing of the diseased tissue. The size and viability
of the constructs is limited by the perfusion of blood for

exchange of gas and nutrients with the cells. /z vivo, these
implanted scaffolds require rapid vascularization for cell sur-
vival. Therapeutic angiogenesis aims to increase blood perfusion
through ischemic areas within constructs or tissue by stimulat-
ing the patients’ endogenous cells at the molecular level [s2].
Traditionally, therapeutic angiogenesis has been achieved
by delivering angiogenic molecules either as recombinant
proteins or as genes (in naked form or using carrier vectors) to
help reconstitute the endogenous angiogenic potental of
ischemic tissues.

In this review, current approaches to controlled delivery of
antiangiogenic treatments for cancer and ocular neovasculari-
zation and proangiogenic treatments for tissue engineering
and cardiac therapy are focused on.

2. Drug delivery systems

Synthetic and biological materials have been studied
in the development of safe and effective drug delivery
systems. The chemical and physical properties of synthetic
materials, including polymers, are often easier to control,
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Table 2. Drug delivery systems and representative examples and applications thereof.

Delivery system

Examples

Clinical uses/potential applications

Free drug

Drug-delivery agent
conjugates

Implanted depots

Liposomes

Small molecule drug against receptor
tyrosine kinase [138]
Whole antibody against VEGF [25]

Antibody Fab” fragment against VEGF [26]
Whole protein rhPDGF [194]

Protein with VEGFR-binding domains and
Fc antibody region [168]

Protein regulating ocular blood vessel
growth [198]

RGD sequences bound to drug [199]

Interferon-o. bound to PEG [200-202]

Fab’” fragment against VEGFR-2 conjugated to
PEG [158]

PEGylated RNA aptamer targeting VEGF [27]
VEGF, bFGF, or TGF-B encapsulated in collagen
or gelatin hydrogels [60,61,63,64]

Cannula depot injection of anecortave

acetate [47]

Cationic liposomes containing paclitaxel or

Sunitinib: advanced renal cell carcinoma

Bevacizumab: mCRC, NSCLC, advanced breast
cancer

Ranibizumab: exudative AMD

Becaplermin: proangiogenesis in diabetic ulcers
VEGF-TRAP: antiangiogenesis in tumors and
exudative AMD

Adenovector-delivered Pigment Epithelium-Derived
Factor (adPEDF) AMD

EMD 121974 (Cilengitide): drug targeted to
vasculature for melanoma, glioblastoma, prostate
cancer (Genentech USA, Inc., San Francisco, CA)
Pegasys: antiviral

Pegintron (Merck & Co., Inc., Whitehouse Station,
NJ): antineoplastic

CDP791: inhibits VEGF signaling in non-squamous
NSCLC

Pegaptanib: exudative AMD

Proangiogenic tissue engineering scaffolds

Controlled release formulation of angiostatic steroid
for AMD

Targeting to tumor vasculature for cancer

oxaliplatin [149,150]
RGD-conjugated liposomes containing
doxorubicin [55]

Biodegradable micro-

and nanoparticles gelatin particles [69-72]

DNA, RNA, or oligonucleotides complexed with

polycations [106]

Non-degradable

nanoparticles

Cell-based systems
biodegradable polymer [121]

PLGA, PLA, PCL, polyanhydride, alginate, or

Gold or iron-oxide nanoparticles [128-130,132,134]
Mesoporous silicon microparticles [125,127]
VEGF-transfected CHO cells embedded in

chemotherapy

Injectable or embedded vehicles for long-term
delivery of proteins, mucleotides, or small-molecule
drugs

Self-assembled nanoparticles for gene delivery

Magnetic imaging, drug delivery, thermal therapy
Intravenous delivery of therapeutics

Proangiogenic factors secreted by cells within tissue
engineering scaffolds

AMD: Age-related macular degeneration; bFGF: Basic fibroblast growth factor; CHO: Chinese hamster ovary; mCRC: Metastatic colorectal cancer;
NSCLC: Non-small-cell lung cancer; rhPDGF: Recombinant human platelet-derived growth factor; VEGF: Vascular endothelial growth factor.

but their biocompatibility must be carefully assessed.
Biological materials already possess many desired properties
but may be more difficult to modify or manufacture as
well as being potentially immunogenic. Strategies under
current investigation in the field of drug delivery are discussed
below and summarized in Table 2, with particular focus on
those that promote or suppress angiogenesis.

2.1 Drug-agent conjugates

Perhaps the simplest drug delivery system in concept is
the direct conjugation of a drug to a delivery agent. As
poly(ethylene glycol) (PEG) has been shown to increase
circulation time after systemic delivery, several therapeutics
have been PEGylated with the goal of avoiding biological

clearance mechanisms, some of which have been translated

to the clinic or are in clinical trials. Also in use are
antibody-drug conjugates (ADCs) for specific targeting,
such as blocking angiogenesis by using cytotoxic drugs
bound to antibodies against markers of tumor vascula-
ture [53). Adhesive peptide moieties such as arginine-
glycine-aspartate (RGD) sequences can be used to localize
a drug carrier to desired tissues [54,55]; because RGD
sequences bind to integrins, this method has been used to
target vasculature and suppress angiogenesis [56. Other
delivery conjugates bind to a therapeutic in order to
increase solubility or improve biodistribution, as in the
case of Abraxane® (Celgene Corporation, Summit, NJ),
in which the cancer drug paclitaxel is bound to albumin
in order to increase its solubility and thereby reduce
solvent-mediated toxicity [57].
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2.2 Implanted drug-loaded materials

Another strategy for drug delivery is the use of implanted
depots, usually made of biological or synthetic polymers that
are loaded with a therapeutic. An advantage of this type of sys-
tem is its suitability for localized delivery. Generally, as in the
case of the GLIADEL® (Eisai Inc., Woodcliff Lake, NJ) wafer
made of poly(carboxyphenoxy propane:sebacic acid) discs
loaded with bis-chloronitrosourea (BCNU) and used to
treat glioblastoma multiforme (GBM) (58,591, the depot is
implanted directly at the site of the tissue to be treated. This
eliminates the need for targeting mediated by specific interac-
tions between chemical or biological moieties. Furthermore,
drug-loaded depots can themselves be substrates for cell
growth, as in the case of GF-loaded hydrogels [60-62]. These
can be used as tissue engineering scaffolds that provide spe-
cific cues for cell survival and proliferation, wound healing,
or angiogenesis [63.64]. One concern with implantable reser-
voirs is the potential for local inflammation or foreign body
response [65,66. They are also limited for use in systemic
drug delivery [67,68] unless the loaded drug can permeate freely
through the matrix.

2.3 Microparticles and nanoparticles for drug
delivery

An alternative to large, implanted drug reservoirs is a micro-
or nanoparticulate system. In many cases, these are small
enough to be injected, reducing injury resulting from surgical
implantation. Among the frequently investigated synthetic
polymers are polyesters, including poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), and
derivatives or copolymers of the above, such as poly(lactic-
co-glycolic acid) (PLGA). These degrade hydrolytically under
physiological conditions [69,70] and are biocompatible iz vitro
and in vivo [71]. They are used in nanoparticulate delivery of
proteins, small molecules and genes [72.73], as well as micropar-
ticulate delivery of proteins and small molecules [71,7475]. In
one case, VEGF and dexamethasone were released slowly
from PLGA particles to encourage angiogenesis while mini-
mizing local inflammation (76]. The drug release kinetics, deg-
radation, biodistribution and clearance of synthetic particles
are dependent on several factors, including size, geometry,
charge, surface chemistry, encapsulation procedure and the
encapsulated drug itself [77-80]. Other than direct injection,
particles can also be embedded within a larger mesh, thereby
providing localized delivery similar to implantable systems
while also allowing for a wider biodistribution as particles
are released by diffusion or degradation of the mesh (s1-83].
One difficulty with particulate-based systems, however, is
their tendency to be cleared relatively quickly through the
liver, spleen and kidneys in a size-dependent manner [84,85].
Though circulation time can be lengthened (by PEGylation
to form ‘stealth” particles [86]) and their targeting can be tai-
lored (by changing the size or geometry of the particles and
changing the surface chemistry (79,87.88]), for many systems,
an ideal 77 vivo distribution has yet to be achieved.

Amphiphilic lipids, surfactants, or block copolymers con-
stitute another form of drug delivery. Self-assembly of amphi-
philes into colloids causes micelle formation, in which a
lipophilic core is isolated from the surrounding aqueous phase
by an external hydrophilic shell or corona [s9). A bilayer of
these molecules can form vesicles classified as liposomes with
hydrophilic moieties both at the core and in the surrounding
corona, while the lipophilic moieties associate within the
bilayer. The biphasic character of these molecules allows
them to serve as vehicles for either hydrophilic or lipophilic
drugs [90-92] and techniques can tailor the particles’ size, lamel-
larity, fluidity and hydrophobicity [93-96]. Liposomes were
found to be effective in targeting the mononuclear phagocyte
system (MPS) because they were easily captured by MPS cells
and removed from circulation 97,98]; this short lifetime in the
bloodstream is a disadvantage, however, for targets beyond
the MPS. Altering surface charge or size, conjugation of
surface molecules such as PEG, and coadministration of sup-
pressive drugs have been shown to alleviate this problem to
some degree [94,99,100]. Similar to the surfactant- and lipid-
based micelles and liposomes are nanocapsules and polymer-
somes. Nanocapsules have a lipophilic interior consisting of
the lipophilic block of a copolymer, which serves as a drug res-
ervoir and is surrounded by a hydrophilic core, whereas poly-
mersomes are composed of bilayers, similar to liposomes [101].
Nanocapsules and polymersomes are made of semi or totally
synthetic copolymer amphiphiles, which can be of greater
molecular mass than naturally occurring lipids [102]. These dif-
ferences impart a more fluid, dynamic character to liposomes
and micelles that are suitable for many biological pro-
cesses [103], whereas nanocapsules and polymersomes often
display more stability than fluidity [104], in addition to the
flexibility granted by the ability to control chemical properties
of the polymers [102,103].

Cationic biomaterials, including both synthetic and bio-
logical polymers, have been used to form complexes with
nucleic acids for the purpose of nanoparticulate gene
delivery. Cationic moieties in polymers, including polyethy-
leneimine [105,106], chitosan [107], polyamidoamines [108] and
poly(B-amino esters) [109,110], can interact with anionic
DNA, RNA, or oligonucleotides. The polycations mediate
transport into the cell, through degradative cellular com-
partments, and into the cytoplasm, nucleus, or other com-
partments where the cargo is active [106]. These materials
have recently been studied for their potential to treat or
cure many diseases, including those whose genetic basis is
known but whose downstream molecular effectors are hard
to target. Polymeric gene delivery has gained attention as
an alternative to viral gene delivery, which suffers from lim-
ited cargo capacity, immune response, and the possibility of
insertional mutagenesis [111]. Recent work on polymeric
gene delivery to human endothelial cells, for example, has
demonstrated virus-like efficacy along with minimal
cytotoxicity [112-114]. In addition to these particles’ potential
to regulate therapeutically any gene of known sequence,
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gene delivery can also be used as a first step in cell-based
drug delivery systems.

2.4 Cell-based delivery systems

Ex vivo gene delivery can be used as a precursor to cell-based,
proangiogenic drug delivery. In one study, human mesenchy-
mal stem cells (hMSCs) were transfected with polymeric par-
ticles to express VEGF at high levels and subsequently seeded
onto polyester scaffolds in order to promote angiogenesis
in vivo N115]. Success in a similar system was seen with
VEGF-expressing endothelial cells and adipose-derived stro-
mal cells [116]. Cell-based systems are attractive because drug
dose and release kinetics can be controlled over long periods
of time of up to nearly a year [117], provided that the cell stably
expresses the desired therapeutic. Other studies have used cells
as a method of delivering nanoparticles, allowing for a two-
stage release of drugs or proteins [118], particles that serve as
MRI contrast agents [59], or particles that enhance radiation
therapy [119].

Delivery of cells can also be combined with other biomate-
rials such as hydrogels or other polymer capsules [115-117,120]
that encapsulate cells. In one study, Chinese hamster ovary
(CHO) cells transfected with VEGF ¢DNA and subsequently
encapsulated in alginate and poly(L-lysine) microspheres were
shown to increase angiogenesis after implantation in
mice [121]. Cell-based therapies, however, pose extra safety
concerns, including the potential for inflammation, immune
response or rejection of the graft, and unanticipated
host-donor cell interactions. There are also questions of
which cells to use and how to harvest enough for therapeutic
purposes and dose regulation, especially for cases in which
the secreted protein might have an off-target effect on the
secreting cell itself [122-124].

2.5 Non-degradable particles

Although a great deal of research has focused on biodegrad-
able particles, non-degradable particles are also studied for
delivery of therapeutics. Mesoporous silicon microparticles
can be loaded with proteins and other therapeutics, including
insoluble drugs [125], and their microstructure allows surface
interactions to be minimized, reducing damage to a drug dur-
ing the loading process [126]. Drug delivery systems like these
can be nested, such as with mesoporous microparticles that
encapsulate nanoliposomes that are themselves loaded with
small interfering RNA to create multistage delivery sys-
tems [127]. Another class of non-degradable particles is metal
nanoparticles, notable for their monodispersity, small sizes,
and magnetic and thermal properties. Iron oxide nanopar-
ticles have been used as magnetic resonance contrast agents
as they accumulate passively in tumor vasculature [128,129]
and can be encapsulated in lipids or polymeric particles [130].
They can also be conjugated to ligands such as RGD that
can actively target the particles to areas of high angiogenesis,
such as tumors [131]. Gold nanoparticles, in part owing to their
relative biocompatibility, have been used as vehicles for gene
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or drug delivery (132133 and for thermal therapy [134].
Although many of these particulate systems allow greater con-
trol over fabrication and processing variables, many of them
are also limited by their toxicity [135,136].

3. Antiangiogenic drug delivery systems

3.1 Anticancer drug delivery concepts and systems

A key concept when considering the development of con-
trolled release formulations for antiangiogenic therapy is
that many angiogenesis inhibitors have a biphasic dose-
response curve [137). As a result, maximum tolerated dose is
not the paradigm to use for antiangiogenic therapy [15]. As
an example, a high-dose regimen (120 mg/(kg day)) of
sunitinib leads to a compensatory increase in proangio-
genic proteins and reduced survival and increased metastases in a
mouse model, whereas a lower dose regimen (40 - 60 mg/(kg
day)) has the opposite, beneficial effect [138,139]. Combinations
of therapies, such as blocking the signaling of more than one
GF, have also been shown to be more effective in some cases
(Figure 2A, B). For example, researchers have used simulta-
neous administration of antibodies against both VEGFR-2
and PIGF to suppress tumor growth as well as an anti-
angiogenic antibody to enhance the efficacy of a conventional
chemotherapy drug. This can be especially useful when a cer-
tain type of tumor is known to be resistant to one treatment
but not another, or when treatment with a low dose of
two therapies is less toxic to healthy cells than a high dose
of either one of the individual therapies [140]. In other
cases, combination therapy is no more effective than the
single therapy (Figure 2C), highlighting the importance of a
systems-level understanding of the effect of one pathway on
another [141].

Nanoparticles can be effective at targeting tumor vasculature
owing to specific and nonspecific biochemical and biophysical
mechanisms. One of the advantages of nanoparticle-mediated
delivery is due to the enhanced permeability and retention
(EPR) effect (Figure 1). Nanoparticles that are ~ 50 — 200 nm
have been shown to accumulate in tumors, provided they
have a long circulation time, as a result of the leaky vasculature
and absence of a draining lymphatic system present in the
tumor bed [142-144]. Active targeting of endothelial molecules
that are upregulated in response to high levels of angiogenesis
can also be used for extra specificity. The size exclusion caused
by leaky vasculature, as well as the increased angiogenesis at
tumor sites, has been exploited to image tumor angiogenesis
by means of metallic nanoparticles [145]. In this case, the passive
targeting of nanoparticles by means of the EPR effect was
enhanced by active targeting via 0tyf35 integrin on the nanopar-
ticles. Another example of an approach combining EPR with
remote activation is that of metallic nanoshells, which accumu-
late in tumor vasculature before being activated externally by
near-infrared light for thermal ablative therapy [134]. Other for-
mulations include the conjugation of integrin and VEGF
receptor antagonists, which target sites of angiogenesis and
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also suppress signaling through receptors to inhibit vessel
growth [146].

The charge of a drug or delivery vehicle affects its ability to
penetrate tissue, accumulate in desired sites, and escape rapid
clearance from the bloodstream [(147,148). Experimental antian-
giogenic therapies have included cationic liposomes, which
can target neovasculature, to deliver the cancer drugs oxalipla-
tin [149] or paclitaxel [150], with or without PEGylation to
increase circulation time. Both of these showed not only the
expected antitumor activity from the platinum analogue
drugs, but also a marked antiangiogenic effect.

The abnormal vasculature of tumors, although potentially
useful for drug delivery applications, can also be a hindrance.
For example, one study found that tumor vessels composed of
cells with heterogenous mutations caused preferential extrava-
sation of 90-nm liposomes (Figure 3) (151]. This could poten-
tially contribute to tumor recurrence from the cells in the
parts of the tumor mass that were not exposed to extravasating
drug-loaded vehicles. Another challenge to cancer drug
delivery is the increased interstitial pressure in the tumor
space [152] and decreased perfusion near the center of the
tumor mass [153); as a result, most unmodified particles or
other delivery agents can penetrate only a small distance. Pep-
tide sequences that cause tumor penetration have been identi-
fied [154], and efforts are being made to use this principle to
enhance the effect of peptides to tumor endothelium [155].
Also contributing to the problem of low tumor penetration
is the high expression of certain collagens by tumor endothe-
lial cells 156]. The difficulties in targeting the core of tumors
further motivate the approach of targeting tumor vasculature,
as it is more easily reached.

Recent studies exploring overexpressed genes [157] on tumor
endothelium have shown that the collagens that may prevent
tumor penetration can also be used as targets for drug deliv-
ery. For example, a di-Fab’ fragment-PEG conjugate called
CDP791 that targets VEGFR-2 was recently shown to pre-
vent VEGF signaling and reduce angiogenesis in a Phase II
clinical trial for the treatment of non-squamous non-small-
cell lung cancer [158]. A review of these delivery challenges
makes it clear that simultaneous targeting of multiple barriers
may improve the likelihood of success of antiangiogenic
treatments delivered to tumors.

3.2 AMD drug delivery concepts and systems

There are at present two anti-VEGF treatments approved in
the US for AMD: pegaptanib and ranibizumab. Bevacizumab,
which is approved for some cancers, is also routinely used
off-label for AMD. Bevacizumab is a murine recombinant,
humanized, monoclonal antibody that has been shown to
bind to and inhibit all known isoforms of VEGF [46]. Ranibi-
zumab is an antibody fragment developed from the same
murine antibody as bevacizumab, also binding to all known
isoforms of VEGF [46]. The constant region was eliminated
to improve retinal penetration and reduce inflammation
response. Specific amino acids were substituted to increase its
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binding affinity to VEGF [46). It is administered by means of
intravitreal injections once a month and has a half-life of
3 days [(159]. Both have been found to work similarly well,
although off-label bevacizumab use is considerably less
expensive (~ $50 per dose as compared with ~ $2000 per
dose) [160,161].

Long-term and-VEGF therapy can cause detrimental
effects, however, and frequent intravitreal injections could
damage the eye [43]. These treatments do not help all patients,
as ~ 20% still lose vision over time. Newer treatments include
VEGEF-TRAP, a recombinant protein that targets VEGF
rather than the VEGF receptor [162], and a recently completed
Phase III trial has found it to be comparably effective
to ranibizumab.

Improving the route of drug delivery to the back of the eye
is a central challenge that needs to be addressed. There are var-
ious routes of entry into the eye, including topical application,
transscleral delivery, intravitreal injection and systemic deliv-
ery. Topical application is the least invasive of these methods.
However, drugs delivered topically must cross corneal epithe-
lial layers, avoid aqueous humor clearance mechanisms and
diffuse all the way to the posterior eye [163]. Transscleral deliv-
ery is relatively less invasive and provides a more direct route
to the posterior segment as compared with topical applica-
tion. It still must pass several barriers, including tissue pene-
tration, avoiding clearance due to circulation, and avoiding
metabolic activity of these cellular barriers [164].

Intravitreal injections allow drugs or implants to be deliv-
ered directly into the vitreous humor. This method is also
the most invasive, can cause trauma to the eye, and as a result
leads to reduced patient compliance [163]. Systemic delivery
has the advantage of being easier for patients than intravitreal
or transscleral delivery, as well as the potental ability to
deliver higher doses. The limitations include increased risks
for side effects in other tissues, as well as the difficulty of cross-
ing the blood-retinal barrier [165]. The drugs that have already
been approved are usually delivered by means of intravitreal
injections, as this is the most direct route. However, depend-
ing on the delivery platform, other routes might be used. For
example, a drug delivery reservoir implanted in the sclera [166]
contains a controlled-release membrane fabricated from cross-
linked polyethylene glycol with interconnected collagen
microparticles embedded within the membrane (Figure 4).
A constant and controllable release rate was obtained by
tuning the membrane’s chemical and physical properties.

Extending the half-life of the therapeutic is also key, as it
can reduce the dosage, frequency of injections, costs, and neg-
ative patient outcomes. As mentioned previously, PEGylation
can increase half-life, as in the case of pegatanib, an approved
AMD therapy. This PEGylated aptamer, made of short RNA
strands with three-dimensional conformation, binds to one
specific isoform of VEGF [27].

In another strategy, an antiangiogenic integrin antagonist,
C16Y, peptide was encapsulated within PLA/PLA-PEO

nanoparticles [167]. Intravitreal injections led to improved
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Figure 3. Tumor vasculature is highlighted by green
fluorescence, overlaid with red-fluorescent liposomes. The
two sections shown are 50 pm apart in the tumor tissue, with
a large difference in liposome migration from one part of
the tumor to the other. Scale bar: 50 pm.

Adapted with permission from [151].

antiangiogenic outcomes attributed to the increased half-life
of the peptide in the eye. Also, nanoparticles were observed
to penetrate the retina and localize to the retinal pigment epi-
thelial layer. The identification of several other antiangiogenic
peptides has also been achieved through computational and
experimental methods [168]. These peptides inhibit prolifera-
tion and migration of human umbilical vein endothelial cells,
as well as reduce tumor size in iz vivo cancer models [169].
Encapsulation of these new agents in particles may make
possible combinatorial delivery, long-term activity and
enhanced efficacy.

There has been extensive work on drug depots in the
context of ocular drug delivery for antiangiogenesis.
Molokhia er al. developed a capsule drug ring (CDR) that
can be implanted in the peripheral lens capsule during cata-
ract surgery [170]. This semipermeable poly(methyl methacry-
late) depot can release bevacizumab and other drugs in a
continuous and controlled fashion and may allow for the
replacement of intravitreal injections. This system is still being
tested in animal models and there are clinical trials underway
for other implantable drug delivery systems. An intravitreal
polymeric non-biodegradable matrix insert system has been
utilized for the delivery of fluocinolone acetonide to treat
diabetic macular edema [171). The inserts released the drug
consistently for over a year in patients. Other implants
degrade over time, reducing any possible future complications
in the eye [172]. Systemic delivery may also be possible by tem-
porarily easing the blood-retinal barrier [173], as shown in the
delivery of RNAI to mice.

4. Proangiogenic therapy

Members of the VEGF superfamily have been evaluated
extensively in preclinical studies for their proangiogenic

potential in animal models of myocardial and limb ischemia,
as they play a key role in angiogenesis. The use of recombi-
nant protein therapy presents critical challenges with respect
to difficulty in maintaining adequate levels of protein in the
ischemic site and high production costs. An alternative focus
in therapeutic angiogenic strategies is gene therapy using viral
or non-viral vectors [174,175]. In the context of ischemic dis-
eases, gene therapy is utilized to deliver genes encoding angio-
genic GFs to ischemic tissues to stimulate revascularization
and enhance organ function and graft survival (Figure 1).
Adenoviruses are the most common viral carrier used for
angiogenic therapies [176], although the immunogenic and
mutagenic risks involved with the use of viruses have
motivated the development of non-viral vectors. Recently,
combination therapy that simultaneously uses multiple GFs,
cell therapy, bioresponsive scaffolds and upstream activators
for controlled drug delivery has shown promising results in
animal models, suggesting that such combination approaches
may constitute a major part of future proangiogenic
clinical studies.

4.1 Proangiogenic strategies in cardiovascular and
peripheral vascular disease
Proangiogenic gene therapy has shown promise for the treat-
ment of myocardial ischemia in animal models as well as in
human trials [176]. The first gene therapy study for cardiac dis-
ease was conducted in angina patents by delivering
VEGF165 plasmid by epicardial injection following thorac-
tomy. Subsequent studies have explored less invasive routes
to administer plasmids, such as by means of intracoronary
infusion. However, the delivery of naked VEGF plasmid has
failed to have significant efficacy in clinical trials. Biodegrad-
able polymers have been investigated for non-viral gene
delivery as a safer alternative to viral vectors. To reduce
carrier-associated toxicity, degradable designs have been
proposed, including hydrolysable ester bond-containing
polymers and reducible disulfide bond-containing poly-
mers [110]. A reducible disulfide poly(amido ethylenediamine)
(SS-PAED) was used as a carrier for VEGF plasmid delivery
for myocardial ischemia therapy iz vitro and in an in vivo rab-
bit model [177). Advantages of this system include stability in
aqueous environment, low cytotoxicity and increased efficacy
compared with non-degradable polyethyleneimine, ability to
compact DNA, endosomal buffering capacity, and, impor-
tantly, the ability to degrade and release the genetic material
in the reducing intracellular compartment. In rat cardiomyo-
blasts, SS-PAED achieved 16-fold higher luciferase gene
expression compared with branched PEI and a transfection
efficiency of 57 + 2%. The efficacy was dependent on the level
of GSH, a reducing agent, inside the cell. In the iz vivo infarct
model, the study reported fourfold increased expression of
VEGEF at the infarct site compared with negative control
injections of SS-PAED/luciferase plasmid.

An early clinical trial for the delivery of VEGF plasmid
used a hydrogel-coated angioplastic balloon to treat ischemic
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limb (178]. The authors reported increased collateral vessel for-
mation and improved flow without any significant side
effects. Most subsequent clinical trials have used an intramus-
cular route to deliver either VEGF or FGF as a recombinant
protein or gene to treat peripheral vascular conditions.
Recombinant bFGF delivered intramuscularly in peripheral
artery disease (PAD) patients was well received without any
adverse events, and VEGF165 plasmid injected into the
limb muscle of critical limb ischemia patients healed non-
healing ulcers and improved resting pain [(179]. However, a
double-blind, randomized, placebo-controlled study of intra-
muscular adenoviral gene transfer for treating PAD conducted
with 105 patients found no significant difference between
high dose, low dose and placebo-controlled groups [180].
Studies have described the use of injectable PLGA nanopar-
ticles for controlled non-viral delivery of VEGF. Mice treated
with VEGF-PLGA nanoparticles showed significantly better
vessel growth recovery than those treated with saline or
VEGF in naked form in a hindlimb ischemia model [181].
The size of the PLGA nanoparticles ranged from 200 to
600 nm and demonstrated sustained release of VEGF for
2 weeks. The release kinetics could be tuned by changing
the copolymer ratio used to synthesize the nanoparticles.

4.2 Proangiogenesis using a cellular therapy
approach

Cellular therapy has emerged in the last decade as another
promising strategy to treat vascular diseases, owing to
increased knowledge about the mobilization, differentiation
and homing of progenitor cells. Vascular progenitor cells are
derived from bone marrow and peripheral blood for their
use in the treatment of myocardial infarction and ischemic
cardiomyopathy [174]. As only a small number of injected pro-
genitor cells home to an ischemic site, beneficial vascular
effects may be due to certain paracrine factors released by
these cells. Human cell therapy trials have evaluated the effi-
cacy of bone marrow-derived mononuclear cells, epithelial
cells and skeletal myoblasts for treatment of myocardial ische-
mia and peripheral vascular disease [1,52]. In these trials, cells
were delivered by intracoronary or intramyocardial injection
for cardiac diseases, and intramuscular and/or intra-arterial
injection for peripheral diseases.

In addition to proangiogenic approaches using downstream
single GF delivery, another approach being pursued is delivery
of factors upstream in the angiogenesis cascade to mediate a
stronger response. The transcription factor hypoxia-inducible
factor-1 (HIF-1) is a master regulator responsible for initiating
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a large number of adaptive responses during hypoxia, including
expression of genes encoding angiogenesis-inducing cytokines
and their receptors. HIF-1 consists of an oxygen-regulated
HIF-1o and a constitutively expressed HIF-1P subunit. The
HIF-1o. subunit is degraded under normoxic conditions
owing to its oxygen-sensitive domain, but its stabilization
under hypoxic conditions has been exploited for proangiogenic
therapies. The delivery of HIF-10t/VP16 fusion protein has
been shown to help recovery of peripheral limb ischemia in
animal models, as well as to improve ulcer healing and reduce
pain in a Phase I clinical trial with patients suffering
from limb ischemia [176]. Recent studies have also combined
cellular therapy approaches with angiogenic factor delivery to
induce angiogenesis and vasculogenesis simultaneously. Bone
marrow-derived angiogenic cells, primed to express integrins
to enhance targeting to ischemic tissue were combined with
delivery of adenoviruses expressing HIF-1ol in a mouse limb
ischemia model [182].

4.3 Proangiogenesis and tissue engineering
Rationally designed biodegradable three-dimensional matri-
ces that communicate with endogenous angiogenic cells are
being pursued. An interesting case that demonstrates the
importance of vascular networks in engineered tissues is
that of cartilage, an avascular tissue that has been commonly
studied for in vitro tissue engineering [183]. Without the
requirement of vascular network formation, it was an early
example of tissue that was successfully expanded in wvitro
from cells seeded on scaffolds and subsequently implanted
or injected into human patients to heal cartilage
defects [184-186], though these methods still incompletely
recapitulate the complex native tissue [187]. In this case, hyp-
oxia caused by the lack of vascular supply may in fact be
required, as oxygen tension, HIF-10., and other factors reg-
ulate ECM formation and organization, which is crucial to
cartilage mechanics and function [188,189). Hypoxia also
arrests tissue growth; cartilage thickness must necessarily be
limited for survival without blood vessels [(190]. This observa-
tion, and the slow and limited repair capacity of cartilage
that has also been attributed in large part to lack of blood
supply [191,192], emphasize further the importance of vascu-
larization in growth and healing. Hypoxia is needed for
correct formation of cartilage structure; however, the disad-
vantages of an insufficient blood supply are crippling in
other organs for which greater thickness, regenerative ability
and mitotic activity are necessary for survival and function.
Strategies to vascularize engineered tissue include incor-
poration of specific adhesion sequences to promote the
migration or homing of endogenous angiogenic cells, pre-
seeding of endothelial progenitors, and adding a controlled
release reservoir of angiogenic GFs (Figure 1). Hydrogel
matrices are ideal for this purpose because of their biocom-
patibility, mechanical properties and resemblance to native
ECM [19). These matrices can act as depots for GFs or
pharmacological agents that are released on physiological

stimuli, such as hydrolytic or enzymatic degradation.
Three-dimensional fibrin scaffolds have been investigated
extensively as matrices for delivery of angiogenic drugs
owing to their clinical availability and wound healing capac-
ity 119]. Fibrin matrices by themselves lack the mechanical
strength needed in certain iz vivo applications such as car-
diac tissue regeneration where the implant should be capable
of handling continuous repetitive stresses. To address this
issue, fibrin scaffolds have been combined with synthetic
elastomers such as polydimethylsiloxane (PDMS) and poly-
urethanes, which are biocompatible, to impart elasticity
and strength. A study evaluated the angiogenic potential of
a poly(ether urethane)-PDMS semi-interpenetrating net-
work and GF-loaded fibrin composite scaffold implanted
in an ischemic hindlimb of Wistar rats [193]. Immunohisto-
chemical analysis showed higher capillary density after
14 days for the composite scaffold plus GF group than the
composite scaffold only group, and laser Doppler perfusion
imaging also showed improved blood perfusion in ischemic
hindlimb of the composite scaffold plus GF implant group
(Figure 5). This study highlights the importance of using bio-
compatible delivery systems for localized and controlled
release of multiple GFs for therapeutic angiogenesis.

The only FDA-approved drug for therapeutic angiogene-
sis is REGRANEX® (Systagenix Wound Management Inc.,
Quincy, MA) gel 0.01% (becaplermin), which is a recombi-
nant human PDGF (thPDGF) drug used for topical applica-
tions to treat lower extremity diabetic ulcers [194]. The
thPDGF helps in recruitment and proliferation of cells
that improve wound repair and vessel formation near the
affected area. As compared with a placebo gel, becaplermin
resulted in greater incidences of complete ulcer healing and
closure at ~ 10 weeks and continued to improve with time.
The delivery of GFs can also be achieved by administering
autologous platelet concentrates. Harvest Technologies’
SmartPReP platelet concentrate system is the first and only
FDA-approved system to isolate patient-specific transfusable
platelets that release GFs, including PDGF and VEGEF, for
about a week to promote wound healing [195]. Unlike these
protein-based therapies, there is as yet no FDA-approved
gene therapy owing to safety concerns. However, clinical tri-
als indicate encouraging results, particularly for peripheral
vascular disease.

A critical aspect of therapeutic angiogenesis is to optimize
the dose, duration of expression and timing of factor
administration. Non-virally delivered angiogenic factors are
expressed for about a week following administration, whereas
adenoviral gene expression may last for a few weeks [110,196].
Thus, multiple doses may be needed to sustain the therapeutic
level of angiogenic factors until the newly formed vessels
mature. The delivery method also dictates how adequately
the vector reaches the target site. Intramuscular injection is
preferred over intracoronary delivery to avoid complications
resulting from improper targeting to healthy tissue and to
achieve better targeting in peripheral vascular disease [176].
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Figure 5. A. Images of scaffolds implanted subcutaneously in the ischemic hindlimb model of a rat taken on day 14 after
implantation. The images show that the capillary number is higher in the poly(ether)urethane-polydimethylsiloxane-fibrin
(PEtU-PDMS/fibrin) + GF scaffold implant group (lower right) than in the PEtU-PDMS/Fibrin only group (lower left) and least
in the bare PEtU-PDMS scaffold group. B. In vivo images of hindlimb blood perfusion monitored by laser Doppler perfusion
imaging in rats. The left limb is the non-ischemic control limb and the right limb is the ischemic limb treated with the PEtU-
PDMS/Fibrin + GF implant. Images in the upper row were taken immediately after ischemia induction and the lower row
images were taken 14 days after scaffold implantation. In colored images, normal blood flow is represented by red and
reduced blood flow by blue. Blood perfusion markedly increased 14 days after implantation, as seen in the colored images of

the right hindlimb.
Adapted with permission from [193].

In the case of cardiac disease, percutaneous endomyocardial
delivery has been combined with delivery technologies such
as ultrasound in preclinical trials [197].

5. Conclusion

Angiogenesis is crucial not only to normal biology but also to
many diseased states, including cancer, AMD and ischemia.
Drug delivery paradigms are being developed that combine
well-studied principles of material transport and pharmacoki-
netics with new biomaterials and fabrication methods. Some
of these therapeutic systems have been translated to the clinic
with success. However, more research is needed to optimize
further the delivery of available drugs and to identify new
treatment modalities.

6. Expert opinion

Advanced drug delivery systems can benefit therapeutic
angiogenesis and antiangiogenesis by increasing specificity,
prolonging duration and combining multiple components.
As more information is gleaned on a systems-level view of
angiogenesis, precision delivery in both time and space of
multimodal agents to control angiogenesis will become
increasingly important. Drug delivery systems are the
enabling technologies to translate this information into
new therapies.

Numerous targets have been identified for antiangiogenic
therapies, including growth factors and their receptors and
ligands localized on tumor vasculature. In the case of cancer,
despite the ever-increasing understanding of cancer biology
and drug delivery, current therapies are still plagued by ineffi-
ciency, systemic toxicity and tumor recurrence. As there are so
many factors that contribute to excessive tumor angiogenesis
and growth, and because great flexibility is granted through
drug delivery approaches, it will be advantageous to consider
engineered systems and more than a single pathway to
decrease angiogenesis in tumors for maximal therapeutic
effect. For example: i) the conjugation of targeting ligands
to drugs can increase specificity; ii) encapsulation of multiple
drug-agent conjugates in liposomes or polymer nanoparticles
can protect the drugs and facilitate extravasation from the
bloodstream and into tumor tissue; iii) control of physico-
chemical properties can further narrow the tissues targeted
by the particle and also increase efficiency; and iv) the particle
itself can be protected from clearance by conjugation of
‘stealth’ molecules or secondary encapsulation in micropar-
ticles or scaffolds. Furthermore, potentially hundreds of
lead drug molecules can be formulated together in different
combinations into systems that control release dosages and
the order of drug release. Similarly, in AMD drug delivery
strategies could enable co-delivery of agents for increased
potency and reduce the need for repeated intravitreal
injections. Such antiangiogenic approaches for both cancer
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and AMD are now being explored clinically to increase both
efficacy and specificity.

The goal of proangiogenic therapies is to deliver success-
fully key angiogenic factors that stimulate revascularization
of an ischemic site. In the context of ischemic diseases, reper-
fusion improves the function of the diseased organ, whereas in
the case of tissue-engineered constructs and tissue implanta-
tion, revascularization enhances graft survival. A critical aspect
of developing any therapeutic angiogenesis strategy is to
optimize the dose, duration of expression and timing of
factor administration. According to preclinical data, in non-
ischemic tissues induction angiogenesis may be required for
a period of weeks or months to allow maturation of newly
formed capillaries; in an ischemic environment, this period
of dependence on proangiogenic stimulation may be lon-
ger (176]. A leading failure of many potential therapies is the
limited duration of angiogenic agent expression in the tar-
geted diseased area. Furthermore, improper targeting of
angiogenic factors can have deleterious side effects, including
retinopathy and build-up of atherosclerotic plaque. To
address these issues, it is critical to develop controlled and
targeted delivery strategies that can prolong the duration of

factor exposure. The clinical success of a proangiogenic ther-
apy may require a patient-specific tailored delivery strategy
that accounts for factors such as age, level of tissue damage,
route of administration and the native iz vivo environment.
Rationally designed biodegradable three-dimensional matrices
that can act as depots for growth factors and present stimuli
to communicate with endogenous angiogenic cells are prom-
ising technologies. Combinatorial strategies that use such
smart delivery platforms in conjunction with angiogenesis-
stimulating cells and growth factors need to be explored fur-
ther to expedite the successful translation of proangiogenic
therapies. For both proangiogenic and antiangiogenic
approaches, the use of biomaterials to encapsulate biological
molecules and cells greatly enhances efficacy and will lead to
many future clinical therapies.
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