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Abstract
Nanotechnology is an up-and-coming branch of science that studies and designs materials with at least one
dimension sized from 1–100 nm. These nanomaterials have unique functions at the cellular, atomic, and
molecular levels.1 The term ‘‘nanotechnology’’ was first coined in 1974.2 Since then, it has evolved dramatically
and now consists of distinct and independent scientific fields. Nanotechnology is a highly studied topic of
interest, as nanoparticles can be applied to various fields ranging from medicine and pharmacology, to
chemistry and agriculture, to environmental science and consumer goods.3 The rapidly evolving field of
nanomedicine incorporates nanotechnology with medical applications, seeking to give rise to new diagnostic
means, treatments, and tools. Over the past two decades, numerous studies that underscore the successful
fusion of nanotechnology with novel medical applications have emerged. This has given rise to promising new
therapies for a variety of diseases, especially cancer. It is becoming abundantly clear that nanotechnology has
found a place in the medical field by providing new and more efficient ways to deliver treatment. Ophthalmology can also stand to benefit significantly from the advances in nanotechnology research. As it relates to
the eye, research in the nanomedicine field has been particularly focused on developing various treatments to
prevent and/or reduce corneal neovascularization among other ophthalmologic disorders. This review article
aims to provide an overview of corneal neovascularization, currently available treatments, and where
nanotechnology comes into play.

Introduction

C

orneal neovascularization (NV) is the formation of
new vascular structures in areas that were previously
avascular. The mechanisms that may be involved in NV
regulation are vasculogenesis—the formation of new blood
vessels from bone marrow–derived angioblasts (mainly
during embryogenesis)—and angiogenesis—the formation of
new vessels from preexisting vascular structures.4 Corneal
angiogenesis results from a wide variety of diseases and
conditions, but most of these pathologies are associated with
hypoxia, inflammation, and/or limbal barrier function.5,6
Therefore, it is no surprise that the most affected populations
are patients who wear contact lenses, have had corneal
transplants, or suffer from an infectious disease of the eye. In
general, patients who have sustained a traumatic eye injury
(physical insult, infectious disease, or inflammation) are at
risk of developing corneal angiogenesis, which can have
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detrimental effects on the patient’s vision. In 2010, 42,642
corneal transplants were performed in the United States
alone compared to just over 12,000 in the two preceding
years,7 indicating the increasing prevalence of the operation.
As of 2007, there were also 35 million patients wearing
contact lenses.8 From these statistics alone, one can see the
large size of the population at risk of developing corneal NV.
Currently, the treatments for corneal NV include corticosteroids and nonsteroidal anti-inflammatory eye drops, photodynamic therapy, photocoagulation, and intravitreal/
subconjunctival injections of antibody against vascular endothelial growth factor-A (VEGF-A).9 While useful, these
therapies face an array of obstacles based on the unique
physiological composition of the eye. As a result, the efficacy
of these therapies is limited. The difficulties associated with
current treatment options highlight the need for newer
drugs that are not subject to the same physiological barriers.
This need has prompted researchers to study the use of
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nanoparticles in the treatment of eye-related diseases intensively. In the future, these therapies could become mainstays
for the treatment of corneal angiogenesis as well as a host of
other non-ocular diseases, such as cancer, Parkinson’s disease, and Alzheimer’s disease.10,11 This review examines the
current body of literature for the ways in which ocular disorders are currently treated and considers how nanotechnology might offer new therapeutic options for the
management of corneal NV as well as other diseases.

Angiogenesis in the Anterior Segment
Angiogenesis is the result of an upregulation of angiogenic
factors with concurrent downregulation of antiangiogenic
factors owing to some kind of injury or inflammation within
the eye.9 These factors help shape vascular growth by inducing endothelial cell migration and proliferation and
promoting the formation of a capillary tube as part of the
wound-healing process.12,13 Therefore, it is no surprise that
an injury to the cornea engenders the same response that
occurs in the rest of the body. However, in the case of the
cornea, NV leads to severe disturbances in vision. Before
delving into how NV is treated and how nanomedicine can
help shape new therapies, one must first understand the
basic principles of corneal angiogenesis.
Corneal NV is one of the most common sources of vision
loss and blindness,14 underscoring the importance of effective therapies for treating patients that display corneal NV.
To treat corneal NV effectively, the therapy must target the
source. In the case of the cornea, NV occurs as a result of the
presence of members of a family of related proteins termed
vascular endothelial growth factors (VEGFs) and other potential players, such as platelet-derived growth factor
(PDGF), basic fibroblast growth factor (bFGF), and interleukin (IL)-1b and IL-8.15 VEGF-A in particular is a potent factor
for angiogenesis. This angiogenic factor binds the receptors,
VEGFR-1 (Ftl-1) and VEGFR-2 (KDR/Flk-1), stimulating
autophosphorylation of specific receptor tyrosine residues.5
These autophosphorylated receptors trigger a signaling cascade that ultimately results in the transcription of genes that
promote vascular endothelial cells to mobilize, grow, and
divide. This process leads to angiogenesis within the cornea.14 Another important angiogenic factor is bFGF. In the
cornea, this growth factor is normally found only in epithelial cells, but is absent from the corneal epithelial cell basement membrane. However, in the case of an injury to the
cornea, the ruptured cells release bFGF, which binds to bFGF
receptors (FGFRs)—also tyrosine kinases—in fibroblasts located near the basement membrane. This stimulates a process similar to that initiated by VEGF, resulting in
transduction of a transcription signal.14 In both cases, the end
result is the promotion of angiogenesis. A third class of
factors important in corneal angiogenesis is the matrix metalloproteinases (MMPs).16–18 MMPs cleave the basement
membrane, allowing vascular endothelial cells to mobilize
toward the site of injury.14 All of these factors provide possible targets for therapeutic intervention.

Diseases Related to Corneal NV
Various disease states, such as infection, inflammation,
and traumatic injury, can lead to corneal NV. Neovascular
patterns can be categorized into three clinical groups.5,6,9,19
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The first is deep NV that overlies Descemet’s membrane, as
seen in herpetic and interstitial keratitis. The second is stromal NV, which can result from stromal keratitis or alkaline
injury. The third is vascular pannus, a consequence of ocular
surface disorders. The most common culprit in corneal NV is
infection. For example, infectious keratitis frequently leads to
corneal NV and is usually caused by infection by members of
the herpes virus family. Not much is known about the
mechanisms by which these viruses induce NV and VEGF
upregulation, but it is hypothesized that IL-6 and MMP-9
play a role.15 Viruses are not the only culprits responsible for
keratitis; bacterial and fungal infections can also produce
this pathology. A bacterial infection brought on by chlamydia
trachomatis is the world’s leading infectious cause of blindness.20 Inflammation and trauma to the eye can also occur
with contact lens overuse, chemical burns, and limbal stem
cell deficiency, all of which lead to corneal NV. Corneal NV
may also present secondary to autoimmune diseases, such
as rheumatoid arthritis and Sjörgen’s syndrome. For example, keratoconjunctivitis sicca due to Sjörgen’s syndrome is the most common ophthalmic manifestation of
rheumatoid arthritis and leads to corneal NV.21 Other degenerative diseases, such as pterygium and Terrien’s marginal degeneration, can also lead to corneal NV.15 Recently,
ectrodactyly-ectodermal dysplasia-cleft lip and palate
(EEC) syndrome was linked to corneal NV. EEC is a rare
autosomal-dominant form of multiple congenital anomaly
with variable expression and reduced penetrance. A study
conducted by Felipe et al. described corneal changes in
three unrelated patients with EEC syndrome.22
Allograft rejection after corneal transplantation is one
major issue arising from corneal NV in these patients.
Transplantations are termed ‘‘high risk’’ when grafting onto
a vascularized corneal bed. Corneal transplantation has an
impressive 90% success rate and is one of the most performed graft procedures worldwide. However, in cases
where the surgery is high risk, the success rate is drastically
reduced to 50%.23 Minimization of the inflammatory response reduces corneal NV after corneal transplantation and
increases graft survival.
As noted above, another major source of corneal NV is
hypoxia caused by extended use of contact lenses. In this
setting, hypoxia induces the translocation of the transcription
factor hypoxia-inducible factor 1a (HIF-1a) into the nucleus
and binding to HIF-1b to form HIF-1. HIF-1 is then able to
bind to the hypoxia response element (HRE) in the promoters of VEGF genes.24 Binding of HIF-1 to the HRE region
then activates transcription of the VEGF genes, increasing the
levels of these potent activators of corneal angiogenesis. A
study by Chen et al. demonstrated that VEGF and HIF-1a
expression are upregulated after extended contact lens wear
in a mouse model,24 providing further evidence that HIF-1a
and VEGF cooperate in the induction of corneal NV. However, this group also noted that inhibiting HIF-1a altered the
expression of several other genes related to angiogenesis. In
particular, they showed that knocking down HIF-1a using
short hairpin RNA (shRNA) decreased the expression of IL1b as well as MMP-2/9 compared to negative control mice
administered only saline. Similar to the pattern described
above, this pathway involves production of IL as a byproduct of the inflammatory process as well as MMPs as
critical angiogenic factors. The importance of this observation is that hypoxia causes NV through two processes: one

126
involving the expression of VEGF, and the other involving
the expression of inflammatory factors.
Regardless of the source, corneal NV represents a major
complication in transplant rejection, infection, and injury.
Understanding the etiology of corneal NV has been hampered by the complexity of the multiple overlapping pathways that may be at work. Nonetheless, elucidating these
pathways allows researchers to develop drugs that inhibit
angiogenesis by targeting the factors involved in the process.
In the following section, the current treatments and their
limitations as anti-angiogenic factors in relation to anterior
segment disorders is examined, laying the groundwork for
understanding the importance of developing novel therapeutic options.

Current Treatment Options for Corneal NV
Ocular anterior segment disorders are restricted to the
structures anterior to the vitreous humor, which includes the
anterior and posterior chambers and the aqueous humor
filling them. The major treatment for ocular anterior segment
disorders is drug therapy. However, ocular therapy faces
numerous obstacles that impede adequate drug delivery and
efficacy. Such obstacles may include various cellular barriers
in the eye, such as the blood–aqueous and blood–retinal
barriers. The most common therapy for diseases of the anterior segment are topical drugs in the form of eye drops.25
These are the most accessible and the least invasive form of
treatment for ocular disease. Unfortunately, regardless of the
drugs they carry, many eye drops are limited in their ability
to treat these diseases to their fullest potential due to the
lipophilic and hydrophilic nature of the cornea, which acts as
a protective barrier.26–29 Further, eye drops are washed away
by tear fluid, limiting the bioavailability of the drugs they
carry.25 Because of these physiological barriers, topical eye
drops must be applied multiple times throughout the day.
They also irritate the eye and produce temporary blurred
vision after application, causing discomfort to the patient
and leading to poor patient compliance.30,31 The physiological barriers that limit the efficacy of eye drops also produce
limitations for drugs delivered via subconjunctival and intravitreal injections. In addition, these methods can be more
invasive and expensive. Current treatments for corneal
NV can be divided into anti-VEGF-A treatments and nonVEGF-A treatments.

Anti-VEGF treatments
Numerous anti-VEGF-A treatments have demonstrated
positive results in the treatment of corneal NV. Whether of
traumatic, inflammatory, or hypoxic origin, corneal diseases are
associated with upregulation of a number of cytokines and
growth factors that induce infiltration of neutrophils, macrophages, and lymphocytes.32 This inflammatory response, which
can be coupled to trauma or hypoxia, is often accompanied by
an angiogenic response. As mentioned above, studies have also
shown that VEGF is a major inducer of corneal NV in both
experimental models and human corneas. Therefore, antiangiogenic therapies that target VEGF-A or other VEGF-related
molecules are becoming the ‘‘gold standard’’ in corneal NV
treatment. Anti-VEGF-A and other VEGF-related treatments
use topical drops, subconjunctival injections, and intravitreal
injections to deliver the therapeutic agent.19
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A study by Hashemian et al. comparing bevacizumab
(Avastin) with betamethasone (a corticosteroid) showed that a
single subconjunctival injection of bevacizumab prevented the
formation and promoted the regression of major vessels
compared to a single subconjunctival injection of betamethasone in a rat model of corneal NV.32 The study employed male
Sprague–Dawley rats (n = 100) whose corneas were chemical
cauterized using silver nitrate/potassium nitrate sticks. The
rats were randomly divided into 10 treatment groups. Groups
1–5 were treated immediately after cauterization, and groups
6–10 were treated 7 days after cauterization. The numbers of
major vessels originating from the limbus and reaching the
corneal scar were counted 7 days after cauterization in groups
1–5 and 14 days after cauterization in groups 6–10. Animals in
groups treated with the highest two doses of bevacizumab (5
and 25 mg/mL) exhibited a significant reduction in the number of major vessels whether treated immediately after cauterization or 7 days after cauterization. Similarly, a recent
study conducted by Sener et al. investigated the inhibitory
effects of subconjunctival application of various VEGF antibodies, including bevacizumab, ranibizumab, and pegaptanib, as well as the Human Epidermal Growth Factor Receptor
(HER)-2 antibody, trastuzumab, in a rat model of experimental
corneal NV.33 These VEGF antibodies were all found to be
effective in reducing corneal NV. However, bevacizumab was
found to be the most effective of the group. With its high
success rate, bevacizumab has moved into clinical trials, with
various studies currently ongoing. For example, Bock et al.
investigated the ability of bevacizumab eye drops to inhibit
corneal NV.34 Five patients (aged 42 – 14 years) with aggressive corneal NV who were unresponsive to conventional
therapy were treated with bevacizumab eye drops (5 mg/mL)
five times daily for 0.6 to 6 months. Bevacizumab was well
tolerated and caused no obvious corneal side effects, and all
patients showed a reduction in the area of NV. Although numerous studies have found bevacizumab to be the most effective therapy, this is not a universal finding. For instance, a
comparative study of ranibizumab (Lucentis) and bevacizumab conducted by Stevenson et al. suggested that ranibizumab may be modestly more effective than bevacizumab in
terms of both onset of action and efficacy.20 However, ranibizumab (also a monoclonal antibody Fab fragment derived
from the same parent mouse antibody as bevacizumab) is
more costly.
The use of small interfering RNA (siRNA) to silence VEGF
genes is another anti-VEGF therapeutic approach. siRNA is
double-stranded, and after processing by Dicer (an RNAase
III enzyme), these double-stranded RNA fragments insert
into the RNA-induced silencing complex, resulting in sequence-specific degradation of the target mRNA. The unique
advantage of siRNA over anti-VEGF antibodies is that
siRNA is capable of traversing cellular boundaries and inhibiting post-translational processing. In this way, siRNA
can target both extracellular and intracellular VEGF and its
receptors, something anti-VEGF antibodies cannot do.
However, siRNA may only have a transient effect on mammalian cells because it is not replicated. At present, siRNA
therapeutic agents such as bevasiranib and siRNA-207 are
being tested.35,36 However, siRNA may have some limitations, as it may be too short to be recognized by Dicer, and it
may require a vehicle to be delivered into the cell and
modification to bypass the TLR-3 innate immunity receptors
to which it binds nonspecifically.37,38
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It is important to keep in mind that the counterbalancing
mechanism that regulates angiogenesis is the overproduction
of angiogenic stimulators (VEGF) and the underproduction
of angiogenic inhibitors (e.g., angiostatin, endostatin).15,39–41
Because this balance is so delicate, therapeutic alternatives
targeting angiogenic inhibitors are as essential as those targeting angiogenic stimulators. In one study of angiogenic
inhibitors, Zhang et al. examined the effects of plasminogen
kringle 5 (K5), a proteolytic fragment of plasminogen that
functions as a potent angiogenic inhibitor by preventing the
proliferation of endothelial cells. In this study, which employed a rabbit model of alkali (NaOH)-burn–induced corneal angiogenesis, these authors showed that subsequent
topical application of K5 (eye drops, four times daily) inhibited the development of both corneal NV and inflammation.42 Using a slit lamp microscope to monitor corneal NV
(including the length of vessels in the cornea) and inflammation, they found that K5 delayed the onset of corneal NV
and decreased NV areas in a dose-dependent manner.
Moreover, K5 induced the regression of newly formed vessels and decreased the inflammatory index in corneas at
different time points after the alkali burn. This study further
showed that K5 inhibited VEGF-induced endothelial cell
proliferation. Thus, topical application of K5 eye drops inhibited and reduced corneal NV. This was achieved in these
animal models without a detectable immune response or
toxicity. VEGF expression, as examined by immunohistochemical and Western blot analyses, was increased in the
cornea. Apoptosis of corneal endothelial cells, as assessed
using the TUNEL assay, was also increased by K5. The effects of K5 were also examined in primary bovine aortic
endothelial cells (BAECs). Using MTT assays, flow cytometry, transmission electron microscopy, and DNA fragmentation assays, these authors showed that K5 inhibited
proliferation and induced apoptosis in BAECs.42
Antisense oligonucleotides with a base sequence complementary to a specific mRNA are able to modulate the expression of specific genes containing the corresponding
sequence. Antisense oligonucleotides have been used to
target insulin receptor substrate (IRS-1), a cytosolic adapter
protein involved in the recruitment of proteins to surface
receptors that does not contain intrinsic kinase activity. In
addition, IRS proteins have the ability to associate with integrins, which may intervene in the regulation of cell growth.
The use of antisense oligonucleotides targeting IRS-1 has an
antiangiogenic effect that can also be used therapeutically to
restore homeostasis when the pro- and anti-angiogenic balance has been disturbed. Using this approach, Andrieu-Soler
et al. treated rat eyes containing neovessels with subconjunctival injections of IRS-1 Antisense oligonucleotides,
IRS-1 sense oligonucleotide, or PBS for 4 to 9 days and then
evaluated corneas on day 10 for corneal NV.43 Western blot
analyses revealed that IRS-1, VEGF, and IL1-b mRNA expression were modulated 8 and 24 hours after the first subconjunctival injection. Importantly, this study showed that
inhibition of IRS-1 expression using a specific phosphorothioate antisense oligonucleotide efficiently reduced the
growth of neovessels in the corneal model of NV. The use of
antisense oligonucleotides has already moved into a Phase II
clinical trial with studies of gene signal (GS)-101, an antisense oligonucleotide that inhibits the expression of IRS-1
and is designed only to target currently growing neovessels. In this randomized, double-blind, multicenter, dose-
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determining study, four groups of 10 patients were treated
with three doses of GS-101 (43, 86, and 172 mg/day total) or
placebo administered twice daily in eye drops. The results
showed that GS-101 eye drops were well tolerated at an
optimal dose of 86mg/day, which specifically inhibited and
promoted the regression of NV, providing an effective and
noninvasive approach for the treatment of active corneal
angiogenesis.43
The problem with the use of any of these therapies, both
VEGF related and non-VGF related, is that the mechanism by
which the drugs are introduced into the eye is not efficacious. Suspensions eye drops are quickly cleared, intravitreal
and subconjunctival injections may lead to inflammation,
and systemic dosing may lead to cytotoxicity. These limitations have prompted researchers to develop novel agents for
the treatment of ocular disorders. The solution to the problems caused by the physiological barriers of the eye may be
solved through the use of nanotechnology.

Non-VEGF treatments
The term ‘‘non-VEGF-related treatment’’ is used here to
refer to any treatment of corneal angiogenesis that does not
directly inhibit the VEGF protein (e.g., an antibody against
VEGF-A). These treatments can be generally grouped into
anti-inflammatory agents, proteinaceous factors, and laser
therapy.
Since 1950, the antiangiogenic effects of steroids have been
well documented.44 Because steroids inhibit inflammation, it
is reasonable to surmise that angiogenesis is also related to
inflammation. Indeed, this has been shown to be true. The
list of commonly used steroids includes cortisone, dexamethosone, prednisolone, and methylprednisolone, among
others. The overall antiangiogenic effect of steroids results
from multiple properties, including inhibition of chemotaxis,
modulation of proteolytic functions of vascular endothelial
cells, and inhibition of proinflammatory cytokines. Furthermore, steroids also inhibit prostaglandin production, which,
as will be shown below, is a regulator of VEGF expression.44
Clinical studies have shown that the use of steroids both preand postkeratoplasty decreases the rate of rejection due to
corneal NV.45
It has been established that the inflammatory response
plays an important role in angiogenesis, as evidenced by the
concurrent upregulation of cyclooxygenase (COX)-2 and
prostaglandins (PGs) with angiogenesis. Studies have shown
that COX-2 and PGs regulate VEGF expression by inducing
transcription of VEGF genes and also regulate genes necessary for the inflammatory response. A proposed mechanism
for the role of PGE2 in angiogenesis posits that PGE2 induces
expression of the chemokine receptor CXCR4, which functions in endothelial cell migration. In any case, it is clear that
components of the inflammatory response play an important
role in angiogenesis.46 Knowing this, researchers have examined nonsteroidal anti-inflammatory drugs (NSAIDs) as a
means for reducing corneal angiogenesis. For example,
Monnier et al. established that NSAIDs and COX-2 inhibitors
effectively reduced corneal angiogenesis in a mouse model.46
In a clinical setting, this could mean that NSAIDs in conjunction with other treatments might help improve patient
outcome.
In addition to the anti-inflammatory treatments available,
other proteinaceous factors have shown promise in
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inhibiting angiogenesis in an indirectly VEGF-related manner. One example is a recent study of netrin-1 on corneal
angiogenesis. Netrin-1 is expressed in many different tissues
in mammals, including mammary glands, pancreas, lungs,
kidneys, intestines, liver, and spleen.47 Historically, the role
of netrin-1 in angiogenesis has been a source of debate, with
some studies showing that netrin-1 is an antiangiogenic
factor and others showing that it has proangiogenic properties. In a study by Han et al., mouse corneas were subjected
to alkali burns and the effect of topically administered netrin1 on corneal angiogenesis was examined. These authors
established that the netrin-1 receptor, UNC5B, is highly
expressed in corneal stroma after wounding and showed that
corneal edema and corneal scarring were reduced in mice
treated with netrin-1 eye drops compared to control (PBStreated) mice 24 days after alkali burn. More importantly,
netrin-1 reduced both the area and length of new blood
vessels formed through angiogenesis. Armed with the
knowledge that angiogenesis is the result of an imbalance
between angiogenic and antiangiogenic factors, these researchers then looked at netrin-1’s effect on the expression of
VEGF and the natural antiangiogenic compound, pigment
epithelium-derived factor (PEDF). Western blot analyses revealed that the levels of VEGF on day 24 were reduced and
those of PEDF were increased in netrin-1 treated mice, effects
not observed in PBS-treated controls. Taken together, these
results showed that netrin-1 effectively reduced corneal NV
in vivo and demonstrated its potential use in suspension eye
drops.
A similar study evaluated the effects of SERPINA3K, a
natural antiangiogenic protein,48 on corneal angiogenesis.
Similar to the experiment described above, mice were subjected to an alkali burn and then treated with either a PBS
control or SERPINA3K eye drop solution. Eight days after
alkali burn, the area of corneal NV was smaller in mice
treated with SERPINA3K, and the cornea appeared more
transparent and with less edema compared to control mice.48
A Western blot analysis of the cornea performed 8 days after
alkali burn showed that mice treated with the SERPINA3K
expressed much lower levels of VEGF and higher levels of
PEDF.48 From these data, it is clear that netrin-1 and SERPINA3K are two factors that show considerable promise in
the inhibition of corneal angiogenesis.
In addition to drug treatments, more invasive interventions can be used to treat corneal NV in a VEGF-independent
manner. One such technique is the use of an argon laser. In

FIG. 1. Scale comparison of
various nanocarriers to cells
and a cornea.
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this technique, laser light is used to ablate new blood vessels
in the cornea. The premise of this technique is that the absorption rate of argon energy by hemoglobin is high enough
to cause coagulation of the blood in the vessels.44 One clinical
study observed that rejection episodes were reversed using
argon laser therapy. The patients in the study suffered from
corneal NV related to transplant rejection that was unresponsive to steroid treatment.44,49 Photodynamic therapy, a
similar process, uses a laser to activate a photosensitizing
compound that is preferentially targeted to the neovasculature. The activated compound generates free radicals,
which are cytotoxic to vascular endothelial cells, thereby
destroying blood vessels.44 Although both techniques have
shown success in a clinical setting, they both suffer from the
same flaw: high-energy lasers can result in activation of the
inflammatory response, which can exacerbate the problem.
Another surgical technique that can be used is fine-needle
diathermy. In this procedure, a needle is inserted within the
lumen of, or adjacent to the neovasculature and an electrical
or thermal current is used to cauterize the vessels. In a pioneering clinical study, Pillai et al. treated 14 patients with an
established history of corneal NV.50 In 8 of the 14 patients,
the surgeons achieved successful occlusion of all of the
neovasculature; in four patients, 75% of the vessels were
occluded; and in two patients, 50% of vessels were occluded.
Used in conjunction with anti-VEGF therapy, the full occlusion rate improved to 11 of 16 patients. Despite these
promising results, this technique may also evoke an inflammatory response, as seen with laser therapy.51

Nanotechnology Drugs and Targeting
The need to develop new drugs for diseases that have been
notoriously difficult to treat has led to the use of nanotechnology in medical applications, an emerging field known as
nanomedicine. This field utilizes small particles with a size
less than 100 nm to treat various disorders.52 Nanomedicine
offers several advantages over traditional therapies. Figure 1
summarizes the different types of nanocarriers and how they
compare in size to other biological components. The unique
multifunctional properties of nanomaterials make them suitable for therapeutic use and enable them to overcome many
physiological barriers. The versatility in nanomaterial synthesis can also provide opportunities for structural modification to impart properties such as biodegradability, stimuliresponsiveness, and attachment of targeting and imaging
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agents. Nanotechnology applications are capable of achieving
enhanced drug permeation, controlled drug release, and drug
targeting.53 For example, nanocarriers such as polymer–drug
conjugates have demonstrated better biodistribution profiles
and longer blood circulation times compared to the free drug,
especially with the use of targeting moieties that home the
therapeutic agent to its target tissue.52–54 This provides a solution to the rapid clearance of free drugs, which often results
in a rapid loss of therapeutic efficacy.55
Nanomedicine has also found applications in ophthalmology, by providing safer, less invasive, and cheaper
treatment options. For example, chitosan nanoparticles have
been shown to be beneficial in certain ocular surgeries by
treating and preventing postsurgical scarring.56
The primary goal of using nanotechnology for the treatment of ocular diseases is to achieve targeted delivery, controlled release, enhanced pharmacokinetics, and improved
efficacy.57 The bioavailability of a drug in the ocular environment is one of the major barriers to effective drug therapy. Unlike conventional topical treatments, nanocarriers
can interact with the unique chemical composition of the
cornea, allowing for longer residence times and resistance to
ocular clearance mechanisms. As reported by Bhatta et al.,
natamycin-encapsulated licithan/chitosan nanoparticles
prolonged ocular exposure to the drug by 1.5 times and
decreased clearance by a factor of 7.4 compared to commercially available suspensions.58 A separate study using
polyanhydride nanoparticles to deliver mamantine into the
eye showed that nanoparticles sustained drug release for 15
days following an initial burst release.59 This suggests that
drug therapy using these types of nanocarriers allows for
extended, continuous release of the drug, which overcomes
another obstacle facing conventional treatment options. In
another study, 20-nm gold nanoparticles (Au-NPs) were able
to pass through the blood–retinal barrier and associate with
retinal-epithelial cells, retinoblastoma cells, and astrocytes
without any observed toxicity.60 The mechanism for this
passage was not determined, but it was hypothesized that
the size of the nanoparticles as well as their shape and chemical composition could play important roles in this process.
This study demonstrates the ability of such nanoparticles to
bypass the blood–retinal barrier, a critical step in drug delivery and yet another barrier in conventional ocular drug
treatments. Moreover, the lack of cytotoxicity means that a
therapy utilizing Au-NPs would not produce unwanted side
effects, which can also occur with current therapeutic options.60 The three studies summarized above are just a few of
many that have demonstrated the great potential of different
types of nanocarriers in this area.57

Nanotechnology for Ocular Delivery
A number of nanocarriers, including polymeric nanoparticles, micelles, liposomes, and polymer–drug conjugates,
among others, have been developed to deliver drugs for
various therapeutic applications. The materials that constitute these systems are often decorated with targeting moieties and imaging tags to aid in the delivery of therapeutic
payloads to target tissues. An ideal nanocarrier for ocular
delivery should meet several criteria in order to achieve an
optimal outcome. For example, particle size should be small
to minimize irritation. Moreover, the nanocarrier itself
should be sufficiently bioavailable to provide adequate
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treatment. It should ideally be in a suspension form to ensure
high therapeutic efficacy, and it should be either biodegradable or biocompatible to avoid producing unwanted
side effects such as cytotoxicity.57
Nanoparticles have been typically administered via intravitreal injections into the eye. However, this procedure is
invasive and has a high degree of risk. An alternative that
satisfies the need for less invasive and safer delivery methods
is to combine nanotechnology with contact lenses, which are
commonplace devices used by millions of people every day.8
The goal in using contact lenses for drug delivery is to increase the amount of time drugs reside on the corneal surface
without being cleared via the nasolacrimal system. On the
basis of modeling studies, it has been postulated that 50% of
a drug released from contact lenses could be absorbed by the
cornea. However, in vivo studies are necessary to confirm this
mathematical prediction. In this context, it has been shown
that contact lenses coated with poly(lactide-co-glycolic acid)
(PLGA), an FDA-approved biodegradable polymer that is
widely used for various biomedical studies,61 are able to
control drug release kinetics.62 However, these nanoparticlecoated contact lenses for drug delivery still face challenges,
including the requirement that they be worn for a longer
period of time, causing discomfort; the fact that drugs are
released in the same pre-lens tear film, leaving them susceptible to clearance; and the potential for the drug to become trapped in the hybrid hydrogel matrix of the contact
lenses due to its slow release from the nanoparticles, highlighting the importance of sufficient drug shelf life to maintain its efficacy.8
Polymeric micelles are nanoparticles that self-assemble as
a result of amphiphilic interactions.63 An important characteristic of micelles is their core–shell structure. The core
contains the hydrophobic constituents of the nanoparticle
matrix and typically constitutes the depot for therapeutic
drug, whereas the hydrophilic shell provides interactions
with solvents, thereby stabilizing and prolonging the half-life
of the therapeutic drug.64,65 Furthermore, polymeric micelles
are biodegradable and biocompatible, thus preventing adverse effects. Polymeric micelles have attracted considerable
interest in the drug-delivery field and offer a number of
benefits in ocular delivery.8 In a series of in vivo studies, Di
Tommaso et al. demonstrated that polymeric micelles have
the ability to overcome ocular surface barriers, thus providing a drug reservoir in the cornea that leads to effective
prevention of corneal graft rejection.23 Studies have also
shown that polymeric micelles increase the ocular permeability of various drugs.66 Thus, polymeric micelles as a delivery mechanism, promises to improve both drug stability
and function, thereby prolonging drug efficacy.
Microemulsions have proven to be an interesting alternative because of their intrinsic properties and specific structures. Microemulsions are clear, stable mixtures of water, oil,
and surfactant in combination with a cosurfactant to help
stabilize the system.67,68 They can be administered in suspensions, whereby they help minimize the limitations presented by typical eye drops. When so administered, the
presence of surfactant and cosurfactant molecules enhances
membrane permeability, thereby increasing drug uptake and
passage through the corneal membrane. Adding to the
benefits of microemulsions is their transparency, thermodynamic stability, and small droplet size in the dispersed
phase.57 Although there is no physical difference between
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micelles and microemulsions, a distinction in nomenclature
has arisen because of an industrial aspect. Microemulsions
have a more complicated composition, which can include up
to five components: water, oil, a surfactant, a cosurfactant,
and salt.57
Liposomes are composed of a lipid bilayer and function as
artificial vesicles. Liposomes have a biphasic nature reflected
in their lipophilic lipid bilayer and hydrophilic interior
aqueous compartment. Thus, liposomes can encapsulate
hydrophilic and/or lipophilic therapeutic agents.69 The surface charge of liposomes is a characteristic of special importance to the cornea. The corneal surface is negatively
charged and therefore favors positively charged liposomes
over negatively charged and neutral liposomes. Moreover,
current research suggests that absorption of encapsulated
drugs across corneal membranes can be enhanced by positively charged liposomes.70 Liposomes have shown enhancement in precorneal retention, sustained drug release,
and transcorneal permeation. Despite these advantageous
properties, liposomes still face challenges in application due
to their short shelf life and limited drug-loading capacity.8,57
Niosomes are nonionic surfactant vesicles. Like liposomes,
niosomes have a biphasic nature that enables them to entrap
lipophilic and hydrophilic drugs.71,72 Preference is given to
niosomes for topical ocular delivery for various reasons: they
are chemically more stable; they are less toxic due to their
nonionic nature; they improve drug performance through
better bioavailability and controlled delivery at specific sites;
and they are nonimmunogenic, biodegradable, and biocompatible.8,57
Dendrimers are nanometer-size, three-dimensional, hyperbranched, monodisperse, multifunctional macromolecular structures that have been widely explored for various
biomedical applications.73,74 Dendrimers, which are typically
1–10 nm in size, are effective therapeutic drug carriers for
various reasons. Notably, the highly branched structure of
the dendrimer allows easy functionalization of its surface.75,76 Dendrimers have also been used to encapsulate
drugs in their cores in the form of host–guest inclusion
complexes.75,76 Poly(amidoamine) (PAMAM) dendrimers,
which are among the most widely investigated family of
dendrimers for biological applications, have been shown to
improve ocular residence time. On the downside, dendrimers have been reported to cause blurred vision in some
animal models.8
Cyclodextrins (CDs) are a series of cyclic oligosaccharides
capable of forming inclusion complexes with therapeutic
drugs, thus improving their pharmacokinetic properties.77,78

Table 1.

Ophthalmic formulations co-administered with CDs enhance
corneal penetration, ocular absorption, and efficacy of poorly
water-soluble drugs, such as dexamethasone, cyclosporin,
and acetazolamide. Moreover, cytotoxicity studies have
shown that orally administered CDs are practically nontoxic,8
highlighting another positive aspect of CDs. CDs, as well as
other nanocarrier systems described above, represent highly
promising ocular drug-delivery systems that merit further
research.
Gold and silver nanoparticles (Au-NPs and Ag-NPs respectively) conjugated with a heparin derivative have
demonstrated efficacy as anti-angiogenesis agents.79 Studies of both cancer- and ocular-therapy applications have
shown that Au-NPs and Ag-NPs conjugated with a heparin
derivative are effectively delivered to their target, where
they bind VEGF receptors to inhibit the actions of VEGF via
different signaling pathways and ultimately inhibit angiogenesis. Thus, both Au-NPs and Ag-NPs conjugated with
antiangiogenic factors clearly have antiangiogenic properties that make them excellent candidates for biomedical use.
The unique properties of these metal particles also confer
excellent stability at physiological salt concentrations,
making them useful tools for coupling antiangiogenic
factors in ocular drug therapy, among other biomedical
applications.

Nanotechnology in Corneal Angiogenesis
Currently, one of the main treatments for angiogenesisrelated blindness is monthly, intravitreal injection of bevacizumab (Avastin), an antibody that targets VEGF-A.80 The
drug functions by directly inhibiting the angiogenic factors
that vascularize the cornea, which in turn inhibits corneal
angiogenesis.81 Anti-VEGF injections are expensive, and
their efficacy is limited by the bioavailability of the drug. By
improving bioavailability, nanotechnology may offer a solution, providing effective inhibition of the angiogenic factors that can lead to blindness.
Table 1 outlines the various nanocarrier systems used for
corneal NV treatment. In a study using polymeric nanoparticles for antiangiogenesis therapy by Singh et al., PLGAbased nanoparticles were used for targeted nonviral retinal
gene delivery for the management of choroidal NV.82 Seemingly unconventional by current standards, this approach
involved the generation of an anti-VEGF intraceptor plasmid
termed Flt23K encoding a synthetic construct composed of
the VEGF-binding domains 2 and 3 of VEGFR-1. These
domains were then coupled to the KDEL endoplasmic
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Nanomaterial

Formulation

Administration

Ref.

Dendrimers
Micelles

Dendrimer porphyrins (DP)
DP-encapsulated PEG-PLL micelles
PEG-b-P[Asp(DET)] encapsulating sflt-1
PEG-PCL encapsulating celastrol
Albumin NPs encapsulating Flt23K
PLGA NPs encapsulating Flt23K
PLGA NPs encapsulating VEGF-A shRNA

Intravenous injection
Intravenous injection
Subconjunctival injection
Subconjunctival injection
Intrastromal injection
Intrastromal injection
Intrastromal injection

86

Nanoparticles (NPs)

86
85
87
88
82
89

PEG-PLL, polyethylene glycol-b-poly(L-lysine); PEG-b-P[Asp(DET)], polyethylene glycol-b-poly(N-(2-aminoethyl)-2-aminoethyl aspargine;
PEG-PCL, polyethylene glycol-b-poly(e-caprolactone); PLGA, polylactide-co-glycolide.
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reticulum-retention sequence, which functions in sequestering proteins within the endoplasmic reticulum. The nanoparticles were then coated with linear sequences of
arginine-glycine-aspartic acid (RGD) peptides, tranferrin or
both, and tested in a rat model of choroidal NV. Upon intravenous administration, nanoparticles exhibited targeted
delivery to the neovascular eye but not the control eye. In
general, the presence of transferrin, RGD peptide, or both
resulted in increased retinal delivery of the nanoparticles
and subsequent gene expression compared to nonfunctionalized nanoparticles. Moreover, choroidal NV areas
were reduced by 73.3%, 56.5%, and 46.7% in rats treated
with RGD, transferrin, and dual-targeted nanoparticles,
respectively, compared to rats treated with nontargeted
nanoparticles.82 Thus, these nanoparticles allowed targeted
gene delivery to the neovascular eye after intravenous administration and inhibited the progression of choroidal NV.
Importantly, the nanoparticles did not accumulate in organs other than the eye, reducing the possibility of cytotoxicity to other tissues. The authors attributed the high
efficiency of the RGD nanoparticles in particular to the fact
that RGD binds to integrin avb3,82 which is overexpressed
in ocular NV. This study demonstrates that therapies based
on nanotechnology have the capacity to target unique
components of the angiogenesis cycle in a very different
manner than conventional therapies. For this reason, new
therapies should aim to target different aspects of the angiogenesis pathway. For example, the activator, receptor,
signaling pathway, and downstream gene expression are all
suitable targets for novel therapies.
One problem with conventional gene therapy in the
treatment of corneal NV is the lack of highly efficient vectors
with low toxicity. Adenoviral vectors can cause toxicity and
evoke immune/inflammatory responses.78 Adeno-associated
viruses (AAVs) and gutless adenoviruses have emerged as
an attractive alternative to adenoviral vectors due to the
significant reduction in immunogenicity and good tissue
penetration in the case of AAVs.83 Intrastromal injection of
naked DNA, while safe and possibly effective, is not a viable
option for repeated use because it is invasive and can lead to
edema and inflammation.84 Therefore, nonviral vectors appear to be the most useful alternatives.
In a recent study of gene therapy in corneal angiogenesis,
Iriyama et al. designed micellar nanovectors as nonviral gene
delivery vectors.85 These micelles were composed of polyethylene glycol (PEG)-b-polycation copolymers containing
ethylenediamine units in their side chains. The copolymers
formed a polyplex micelle by complexing with plasmid DNA
containing an expression construct for soluble VEGFR-1
(sFlt-1). By acting as a sink for VEGF, exogenously expressed
sFlt-1 prevented activation of the signal cascade that triggers
angiogenesis. The micelle nanovectors harboring the sFlt-1
gene were stably introduced in vivo via subconjunctival injection and exhibited prolonged sFlt-1 expression, as demonstrated by reverse transcription-polymerase chain reaction
(RT-PCR). Compared to control mice, nanovector-treated
mice showed a 45% decrease in experimentally induced
vascularization of the cornea, indicating that sFlt-1 was able
to inhibit corneal NV significantly. From this study, it is clear
that treatments for corneal NV are not limited to the use of
conventional therapeutic agents. By using nanoparticles and
other classes of nanomaterials in conjunction with factors
that prevent angiogenesis in vivo, it is possible to design
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novel therapies that are not subject to the common pitfalls of
available treatments.

Conclusions
Ocular angiogenesis results from the upregulation of
proangiogenic and downregulation of antiangiogenic factors,
which occurs due to wound healing following a traumatic
injury to the eye. This process is primarily mediated by the
VEGF family of proteins, and current therapies are aimed at
disrupting the various steps in this pathway. Within the
cornea, NV can have detrimental effects on the patient’s vision. The logic behind current treatment options is that, by
preventing angiogenesis, physicians can negate these adverse effects. Considerable research has demonstrated the
advantages and disadvantages of available treatment options. Notably, physiological barriers within the eye, such as
tears, prevent adequate treatment of ocular disorders by
limiting the bioavailability of applied drugs. Repeated intraocular injections of drugs that inhibit angiogenesis, while
proven useful, also carry a risk of inflammation, edema, and
short-term side effects, including retinal detachment. These
shortcomings of pharmacological treatments have motivated
researchers to develop drugs that can overcome these challenges while remaining nontoxic and efficient. Specifically,
researchers have investigated the use of different classes of
nanomaterials in the treatment of corneal NV and other
ocular diseases.
It is clear that nanotechnology has vast therapeutic potential in biomedical applications. As the field of medicine
moves forward, it remains to be seen what role nanotechnology will play in the treatment of various diseases. The
technology is available, and its promise has been demonstrated, but where this exciting field of research will lead is
ultimately dictated by human ingenuity. Clearly, advances in
nanotechnology show powerful potential for patients suffering from corneal NV disorders. However, the current lack
of nanodrugs approved for clinical use represents a major
challenge. Hopefully, in the coming years, novel treatments
based on nanotechnology will emerge as the standard of care
for corneal NV because such new treatments are badly needed to improve therapeutic efficacy.
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