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Pathological retinal angiogenesis (neovascularization) is one of the most feared complications among retinal
diseases, leading to visual impairment and irreversible blindness. Recent findings made by us on therapeutic
applications of biologically synthesized silver nanoparticles (AgNPs) against VEGF induced retinal endothelial
cells, elucidates the effectual inhibitory activities of AgNPs over the downstream signaling pathways (Src and
AKT/PI3K) leading to retinal angiogenesis. The current review focuses on the imperative role of VEGF induced
angiogenesis in the development of retinal neovascularization and despite the fact that several VEGF targeting
ocular drugs are available; the review examines the need for a cost economic alternative, thereby suggesting
the role of AgNPs as an emerging economic ocular drug for retinal therapies. The current technologies available
for the development of targeted and controlled release of drugs is being discussed and a model has been
proposed for the amenable targetingmechanism, bywhich Poly gamma glutamic acid (PGA) capsulated AgNPs
conjugated to cyclic RGD peptides carry out a sustained controlled release specifically targeting the
neovascularization cells and induce apoptosis unaffecting the normal retinal cells. These constructs
consequently affirm the futuristic application of silver nanoparticles as a boon to ocular therapies.
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1. Introduction

Visual loss is one of the most feared complications of human
diseases other than death [1]. Pathological retinal angiogenesis
(retinal revascularization) is the leading cause of severe vision loss
and irreversible blindness in developed countries, affecting people of
all ages [2]. Despite tissue specific aspects, retinal revascularization
shares many common features with other pathological angiogenic
conditions, such as in tumor genesis, rheumatoid arthritis and
atherosclerosis [3]. In developed countries, the primary causes of
visual loss are age-related macular degeneration in the elderly and
diabetic retinopathy, in working-age persons [1]. Hence gaining the
ability to control retinal angiogenesis does not only benefit clinical
therapy, but also has an enormous scientific appeal.

Ophthalmic complications of diabetes include corneal abnormalities,
glaucoma, iris neovascularization, cataracts, and neuropathies [4]. The
major retinal problems leading to diabetes-related vision loss include
diabetic macular edema that occurs due to the leaking of fluid from
blood vessels within the macula [5] and the other is the complications
from abnormal retinal blood vessel growth, i.e. angiogenesis terming to
the growthof newbloodvessels fromthepre-existing retinal circulation
into the vitreous humor [6]. Angiogenesis, the formation of new blood
vessels is essential for the growth and progression of tumors. Secondary
to angiogenesis, increased retinal blood flow is of pathogenic impor-
tance in the progression of diabetic retinopathy [7]. Thus visual loss
primarily occurs from either proliferation of new retinal vessels
(proliferative diabetic retinopathy) or increased permeability of retinal
vessels (diabetic macular degeneration). Initially there is capillary loss
in the mid-peripheral and peripheral retina and the resultant leads to
stimulation of retinal hypoxia thereby over expressing pro-angiogenic
growth factors, with vascular endothelial growth factor (VEGF) and the
growth hormone/insulin-like growth hormone-1 axis being implicated
in the resultant angiogenic response [8]. The vascular endothelial
growth factor [VEGF) is the major angiogenic factor in the retina that
promotes neovascularization and vascular leakage [9–11]. The balance
between VEGF and angiogenic inhibitors may determine the prolifer-
ation of angiogenesis in diabetic retinopathy. Thus the lifetime risk for
diabetes to developmacular edema is about 10%, whereas the condition
is closely associated with the degree of diabetic retinopathy [12].

The design of ocular drug delivery systems is undergoing a gradual
transition from an empirical to a rational base. Interest in the broad
area of ocular drug delivery has increased in recent years due to an
increased understanding of a number of ocular physiological
processes and pathological conditions, including aqueous humor
dynamics, inflammation, corneal wound healing, and cataract genesis
[13]. Thus, ophthalmic scientists are eagerly searching for new
therapeutic strategies that can selectively target pathological neo-
vascularization and other retinal complications.

Nanoparticles have become a part of our daily life, in the form of
cosmetics, electronics, computer science, biosensors and various
others. In the last few years, several pharmacological companies
won approval from the Food and Drug Administration (FDA) in the
US for the use and development of nanotechnology-based drugs.
They have attracted considerable attention in recent years, owing to
their various therapeutic applications [14]. The potential benefits of
nanomaterials in biomedical and industrial applications for human
health and environment have been proved with respect to their
various physico-chemical and biological activities [15]. The global
market for medical nanotechnology has been expected to reach more
than $3 billion within the next five years [16]. Over these few years
the use of nanoparticles has given remarkable breakthroughs to the
field of nanomedicine and has altered the foundations of disease
diagnosis, treatment and prevention based on their properties.
Furthermore, there is a wide array of fascinating nanoparticulate
technologies capable of targeting different cells and extra cellular
elements in the body to deliver drugs, genetic materials, and
diagnostic agents specifically to these locations [17–20]. Silver
nanoparticles (AgNPs) are emerging as an arch product from the
field of nanotechnology that have gained interest over the recent
years as a nanomedicine due to their distinctive properties and vivid
therapeutic applications [21].

This current review focuses on the crucial role of angiogenesis in
the development of diabetic retinopathy through vascular endothelial
growth factor (VEGF) as a foremost growth factor; the availability and
issues of the ocular drugs for their treatment and resolves the effective
role of silver nanotechnology in ophthalmological therapies towards
VEGF induced retinal angiogenesis It also explores the indispensable
role of RGD and Poly gamma glutamic acid in developing a targeted
and controlled release system for drug delivery. A proposed model for
the targeted and controlled release of silver nanoparticles as a drug in
ocular neovascularization using polymer encapsulated silver nano-
particles conjugated to RGD peptide is given, thereby stating AgNPs
futuristic applications as an ocular drug.

2. Angiogenesis mediates diabetic retinopathy

2.1. Angiogenesis paves way to complications since the ancient — an
overview

Angiogenesis is a significant phenomenon involved in normal
growth and wound healing processes in the system. An imbalance of
the growth factors involved in this process, however causes the
acceleration of several diseases including malignance, ocular, and
inflammatory diseases. In 1971, the first hypothesis about angiogen-
esis was given, that tumour growth is angiogenesis dependent and
that inhibition of angiogenesis could be therapeutic. The term anti-
angiogenesis was introduced during these researches that meant the
prevention of new vessel sprout from being recruited by a tumour.
This hypothesis predicted that tumours would be unable to grow
beyond a microscopic size of 1–2 mm3 without continuous recruit-
ment of new capillary blood vessels. The above proposed concept is
now widely accepted w.r.t. the supporting data's from experimental
studies and clinical observations carried out over the intervening
years [22,23]. Evidences for the dependence of tumour growth on
neovascularization state the role of angiogenesis in tumour formation.
Tumour growth after vascularisation was at an exponential rate when
compared to the tumour growth in the avascular cornea that
proceeded slowly at a linear rate [24]. Tumours grown in the vitreous
of the rabbit eye remained viable but attained diameters of less than
0.50 mm for as long as 100 days. Once such tumour reached the
retinal surface, it became neovascularized and within 2 weeks an
increase in volume of about 19,000-fold over the avascular tumour
was observed [25]. In transgenic mice that developed carcinomas of
the β cells in the pancreatic islets, large tumours arose only from a
subset of preneoplastic hyperplastic islets that became vascularised
[26]. The metastases were suppressed when a primary tumour was
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implanted and allowed to grow in nude mice, whereas they
underwent neovascularization and became clinically evident when
primary neoplasm was removed. In the absence of angiogenesis,
micro metastases rarely exceeded 0.2-mm diameter and contained
many proliferating tumour cells balanced by many apoptotic cells
[27]. When they were allowed to become angiogenic, they grew
rapidly. Dormancy may be generalizable to a variety of tumours in
which blocked angiogenesis, resulted in balanced tumour cell
proliferation and apoptosis [28].

2.2. Role of angiogenesis in diabetic retinopathy

Ischemia and hypoxia are conditions at which the retina uses a
common response pathway which is employed by most, if not all,
tissues to activate specific genes to deal with the crisis and restore
oxygen homeostasis, for example, by restructuring blood supply [29].
Deregulation of this restoration pathway can lead to retinal
neovascularization. Several lines of evidence indicate that the
progression of pathologic and physiologic angiogenesis is tightly
controlled by a balance of pro-angiogenic and anti-angiogenic stimuli.
Angiogenesis in retinopathy occurs through a progression of events
starting with the activation of endothelial cells located within normal
vessels nascent to the source of stimulation [30,31]. In most cases, this
activation occurs through the action of angiogenic cytokines but may
also be initiated through various other means. Ultimately, the new
capillary formation is carried out through a series of steps, which may
be broadly categorized into an early and late phase. Events in the early
phase tend to function in creating the new endothelial cell tubes
followed by events in the late phase resulting in the stabilization and
spatial orientation of the new micro vessels developed. The increased
levels of blood glucose at hyperglycemic conditions is considered the
most critical factor in regulating retinal blood flow, due to its
structural and physiological effect on retinal capillaries making
them functionally and anatomically incompetent. The efficacy of
development of proliferation, tubules formation and vascular perme-
ation mediating angiogenesis in retinopathy may depend on the
imbalance between the growth factors (leading to angiogenesis) and
angiogenic inhibitors. Other than angiogenesis mediated prolifera-
tion, the imbalance between the ROS generated and the antioxidant
defense system also leads to development of diabetic retinopathy
which is due to increased level of oxidative stress [32–37]. These
evidences states the effective role of angiogenesis in developing
ocular diseases and therebymakes clear that, preventing angiogenesis
leads to inhibition of sustained development of ocular diseases.

2.3. VEGF in retinal angiogenesis

Several growth factors are elevated during the angiogenesis in
retinopathy followed by the abnormalities in their respective
metabolic pathways and among which VEGF has a distinctive role in
the elevation. Thus here we mainly focus on the role of VEGF in
angiogenesis development and their pathogenesis [33–35].

Vascular endothelial growth factor [VEGF] is a potent, endothelial
cell mitogen that stimulates proliferation, migration and tube
formation leading to angiogenic growth of new blood vessels [38].
VEGF (or VEGF-A) is a heparin-binding homodimeric glycoprotein of
45 kDa, belonging to a gene family which includes VEGF-B, VEGF-C,
VEGF-D, and placental growth factor (PLGF). As the prototype
member of this gene family, VEGF is a key regulator of blood vessel
growth. VEGF-C and VEGF-D regulate lymphatic angiogenesis. It exists
in at least six isoforms (121-, 145-, 165-, 183-, 189-, and 206-amino
acid isoforms) in human and three isoforms (120-, 164-, 188-amino
acid isoforms) in the rodent. These isoforms are generated via
alternative splicing from a single VEGF gene. VEGF121/120 is freely
diffusible whereas VEGF189/188 and VEGF206 are primarily associated
with the cell surface and the extracellular matrix (ECM). VEGF165/164
has both properties, as a fraction is diffusible while some is
sequestered. Different VEGF isoforms possess distinct functions in
vascular development among which VEGF165/164 may plays an
important role in pathogenesis of retinal revascularization. Studies
of clinical specimens have shown a strong correlation between
increases in intraocular VEGF levels and the development of PDR [38–
41]. Several studies in animals and humans have proven the role of
VEGF in retinopathy. It wasMichaelson who first suggested that it was
an angiogenic factor that was responsible for neovascularization in
retinopathy [42], but it was not until the early 1980s that VEGF was
identified as the key angiogenic molecule [43,44]. VEGF also is
thought to have a key role in the pathogenesis of diabetic macular
edema (DME) due to its action in increasing vascular permeability.
Studies in diabetic animal models have shown that retinal vascular
alterations resembling background diabetic retinopathy are associat-
ed with increases in retinal VEGF levels and increased expression of
VEGFR2 [35,36]. Furthermore, blocking VEGF function can prevent
diabetes induced permeability increases in both patients [45–48] and
animal models [49–51], implying a direct role for VEGF in this
pathology. VEGF levels are increased in ocular fluid from patients with
diabetic retinopathy [52,53] and other retinal neovascularizing
diseases. In situ hybridization analyses showed the proliferation of
blood vessels to be accompanied by an induction of retinal VEGF
expression only in the retinal layer affected by decreased perfusion
[54]. Also, transgenic mice with over expression of VEGF in the
photoreceptor layer develop intraregional and sub retinal neovascu-
larization [55]. Gene expression of VEGF which is a tightly regulated
process has profound over expression leading to pathological
consequences in a variety of disease conditions, including diabetic
retinopathy [36,40]. In addition to hypoxia, a number of factors
contribute to the over expression of VEGF in a diabetic retina,
including TGF-b, TNF-a, IGF-1, advanced glycation end products and
oxidative stress, all of which are increased during diabetes [56–60].
Thus, the biological activity of VEGF is tightly linked to its expression
level that states the need for the balanced level of the growth factors.

2.3.1. Expression of VEGF receptors in retinopathy
VEGF receptors belong to the super family of tyrosine kinase

receptors. Both receptors have seven immunoglobulin-like domains
in the extracellular region, a single transmembrane domain, and a
split intracellular tyrosine kinase domain. VEGFR-2 is the major
mediator of biologically-relevant VEGF signaling in endothelial cells.
In endothelial cells, the biological effects of VEGF are mediated
through its high affinity receptors, VEGFR-1 (flt-1) and VEGFR-2 (KDR
in human/flk-1 in the rodent).The major retinal cell types capable of
producing and secreting VEGF, include the retinal pigmented
epithelium (RPE) [37], astrocytes [61], Muller cells [62], vascular
endothelium [63] and ganglion cells [64]. The responses to the
hypoxia determine the efficacy of the cells among which Muller cells
and astrocytes generally produce the greatest amounts of VEGF under
hypoxic conditions [65]. In vitro mRNA degradation assays clearly
states the evidence for increase in VEGF mRNA stability in response to
hypoxia that have led to the identification of adenylate/uridylate-rich
element (AREs) in the 30 UTR of VEGF mRNA. The half-life of VEGF
mRNA increases by 2–3-fold in hypoxic conditions [66] due to the
stabilizing effect of HuR, a 36 kDa RNA-binding protein, which binds
with high affinity to AREs in the 30-UTR of VEGF mRNA, thereby
avoiding their degradation by endonucleases [67,68]. Cultured retinal
pericytes showed expression of VEGFR-1, rather than VEGFR-2,
whereas cultured RPE cells expressed both receptors lead by oxidative
stress. A significant increase in VEGFR-2 was found when intraocular
inoculation with herpes virus was provided in ganglion cells of mouse
[69]. VEGF expression is first seen in trophoblast cells within a few
days of implantation, and expression is highest in the choroid plexus
and ventricular epithelium in a mouse developing retinopathy.
Studies in newborn mice using the VEGFR-specific kinase inhibitor,



79K. Kalishwaralal et al. / Journal of Controlled Release 145 (2010) 76–90
SU5416, indicate that Muller cell survival or proliferation during
retinal development is VEGFR- and MAPK-dependent, in which
VEGFR-1 and -2 were found on uterine smooth muscle cells in vivo.
In the human retina VEGFR-1 and -2 can be expressed by neural, glial
and vascular elements. In a study of patients with diabetic
retinopathy, VEGFR-1 expression dominated in normal retina, but
was not increased in the diabetic retina, while VEGFR-2 levels were
increased, particularly in the vascular elements [70]. VEGF is a
relatively endothelial cells specific mitogen, responsible for promot-
ing endothelial cell growth and survival [71–74]. VEGF also causes
increased vessel permeability that requires activation of several
receptors and growth factors, among which VEGF plays a vital role in
proper physiological angiogenesis. Evidence for the interaction
between VEGF, VEGF receptors, and neuroglial cells of the retina in
normal vascular development is been proven from various studies. In
addition to the mitogenic influence on endothelial cells, VEGF also
functions as a survival factor. These survival effects are developmen-
tally regulated, as inhibition of VEGF results in apoptotic changes only
in the neonatal vasculature. The expression of VEGF in the developing
retina has been examined in various species and in the human fetes. In
both animals and humans, VEGF expression is initially seen in the
astrocytes of the neuroblastic layer adjacent to the inner limiting
membrane near the optic disc, and it advances towards the periphery
with a gradual down regulation in the central retina. VEGF expression
always precedes the advancing blood vessels until the vessels reach
the peripheral margin of the retina. With advancing age, in rat and
kitten retinas, VEGF expression disappears from the superficial layer,
and there is a second wave of VEGF expression in the Muller cells of
the inner nuclear layer. This correlates with the formation of the deep
vascular plexus. A strong spatial correlation between VEGF expression
and increased neuronal differentiation and metabolic activity was
revealed in the human fetal retina from similar findings [70]. A
collective report over the above studies demonstrates that VEGF
expression in the retina is progressively and wholly related to
vascular developments.

2.4. Other factors

VEGF being known for its major contribution towards the
development of angiogenesis mediating retinopathy, there are several
other factors involved in the development of complications in diabetic
retinopathy. An analysis for the ocular angiogenic factors in the
analysis of human tissue (retina/choroid, RPE cells and endothelial
cells) and vitreous using ELISA, immunohistochemistry, in situ
hybridization or zymography showed that the following factors
namely PDGFa/b, aFGF, bFGF, CTGF, TGFb, HGF, IL-6, IL-1, TNFα,
EGF, MCP-1, PLGF, IL-8, M-CSF, Angiopoietin-1, Semaphorin-3A
Erythropoietin, Angiopoietin-2, Adrenomedullin, Leptin, SDF-1, IGF-1,
MMP-2, MMP-7 and MMP-9 were responsible for angiogenesis
development leading to complications such as AMD and diabetic
retinopathy [75,76].

3. Drug developments in retinal angiogenesis — an overview

Technology advancements have made therapies for retinal
diseases of neovasculature a potential field of research in developing
countries. Various researches on anti-cancer, anti-angiogenic agents
have fuelled the way for ocular therapeutics. The market size for age-
related macular degeneration and diabetic retinopathy is huge. Big
pharma and biotech are competing in developing drugs capable of
having reliable effect on ocular neovascular diseases, on the research
level, towards a serious activity to bring such technologies to the
clinic. Finally, over the last three years, triple digit million dollar
business development deals have been consummated, mostly for
VEGF-A targetedmodalities. Such bio dollar partnerships were the eye
openers which have now led to a concerted action to develop ocular
drugs to combat ocular neovascularization.

3.1. Recent approaches in development of drugs for retinopathy

The need for the development of the retinal drugs have
dramatically increased due to their low availability and cost
specificity. In the last 12 years only 24 drugs have been approved
for ocular therapies in comparison to 61 drug approvals for cancer
[70]. To date, no molecular therapies have received FDA approval for
the treatment of diabetic macular edema (DMO), proliferative DR or
ROP [77]. It is to be believed that, only three of these 24 agents were
directly aimed at ocular neovascularization. Of those three tech-
nologies, two were developed as anti-angiogenic and interestingly
both targeting the pro-angiogenic cytokine VEGF-A. The first
technology to be approved in the year 2000 was Visudyne
(verteporfin for injection) for the treatment of exudative age-related
macular degeneration by QLT. This technology utilized laser ablation
with a photosensitizing agent that aided in the destruction of
pathological ocular vessels. The second approval came 4 years later,
in 2004, withMacugen (pegaptanib for injection] for intravitreous use
given every 6 weeks. It is a pegylated aptamer that binds preferen-
tially to the heparin binding domain of the VEGF protein, and is
marketed to selectively inhibit the “pathologic” VEGF165 isoform
towards the treatment of exudative age-related macular degenera-
tion. Macugen proceeded through clinical trials and gained the
distinction of being the first “anti-angiogenic” drug to be approved
by the FDA for ocular application. Currently Macugen is owned by
Pfizer and OSI Pharmaceuticals. More recently, in June of 2006,
Genentech received approval for Lucentis (Ranibizumab for injection],
a Fab fragment of an antibody able to bind and neutralize VEGF-A, for
the treatment of exudative age related macular degeneration [76,78].
As of January 2007, there were 98,722 federally and privately
supported clinical trials registered with the FDA among which 1031
clinical trials (1%) designated for the eye as compared to 12,301 (12%)
for cancer. Of these 1031 trials, 14% (145 studies) were aimed at age-
related macular degeneration and 8% (82 studies) for diabetic
retinopathy. There are at least 60 agents in the clinic touted as anti-
angiogenic, with 2/3 having activity outside of VEGF-A inhibition.
Many more potential anti-angiogenic candidates are currently in
preclinical development, with the distinct possibility of moving into
ocular clinical studies. Hence, the window of opportunity remains
open for new drugs to synergize with the VEGFA antagonists now
approved for ocular application. A data from Sherris Pharma Partners
(Jan 2007) reveals that Avastin an Anti-VEGFmAb inhibitor have been
approved for AMD and DR suggesting IVT. The other drugs under
clinical trials are TG100801 owned by TargeGen which is a Src kinase
inhibitor under Phase trial I, Ruboxistaurin owned by Lilly which is a
PKC b inhibitor under phase trial III and Octreotide owned by Novartis
Growth hormone, IGF-I peptide inhibitor under phase trial III [76].

Thus these meagre approvals for therapies for retinal angiogenesis
state the urge for the need of therapeutic developments in the field of
research for ocular angiogenic targets.

3.1.1. Agents targeting VEGF receptors
Currently there are three available anti-VEGF agents namely

pegaptanib, bevacizumab, and ranibizumab. Several others are
under preliminary considerations for phase trials. Pegaptanib (Macu-
gen, OSI/Eyetech, and Melville, NY) is a pegylated aptamer directed
against the VEGF-A 165 isoform. It was the first FDA-approved
ophthalmologic anti-VEGF agent, for the treatment of choroidal
neovascularization from age-related macular degeneration (AMD).
In phase 2 it showed a profound effect in the improvement of
anatomic and visual outcomes in patients with DME. Phase 3 trials of
pegaptanib for DME are currently being conducted. Bevacizumab
(Avastin, Genentech, Inc., South San Francisco, Calif), a full-length
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recombinant humanized antibody, is active against all isoforms of
VEGF-A. It is FDA-approved as an adjunctive systemic treatment for
metastatic colorectal cancer. The agent has shown greater promise
through its intravitreal medication. Plans for a phase 3 trial of two
doses of an intravitreal anti-VEGF agent versus modified ETDRS grid
laser photocoagulation for DME are under discussion. Ranibizumab
(Lucentis, Genentech, Inc., South San Francisco, Calif), a recombinant
humanized antibody fragment, is active against all isoforms of VEGF-
A. Intravitreal ranibizumab is FDA-approved for the treatment of
exudative AMD. The risk of injection-related endophthalmitis with
the anti-VEGF agents is variable, but appears to be lower in more
recent studies. VEGF Trap is a molecule that contains immunoglobulin
domains of both VEGFR-1 and VEGFR-2 fused to the constant region of
human IgG. It functions as a high-affinity soluble receptor that binds
and neutralizes both VEGF and placental growth factor. Systemic
VEGF Trap reduced CNV volume determined by OCT in a trial of
25 patients. Still, the side effects seen from these clinical trials pro-
vide further evidence of the importance of VEGF in normal adult
homeostasis. It is interesting to note that the mechanism for
preeclampsia, a condition arising during pregnancy and associated
with similar systemic effects as those resulting from systemic
bevacizumab (proteinuria, edema, and hypertension), is believed
to be promoted by increased levels of circulating soluble VEGFR-1
(s-Flt-1), which sequesters VEGF and prevents it from downstream
signalling. Also, similar side effects were reported in a study testing
another anti-VEGF agent when administered systemically, VEGF Trap
(Regeneron) [76].

3.1.2. Laser therapy
The only available laser treatment for advanced PDR is the laser

photocoagulation in which the result is presuming in case depen-
dence. It is carried out by destroying retinal tissue which diminishes
retinal hypoxia and VEGF expression by lowering down the metabolic
demand. The therapy was effective in most cases but some undesired
or fatal effects such as the decreased peripheral vision, impaired night
vision and change colour perception was confound due to loss of
retinal tissues. Moreover, the retinopathy will sometimes progress
despite appropriate treatment. Therefore, there is a great need for
the development of new therapies to prevent and treat diabetic
retinopathy [78,79].

3.1.3. Future prospects of the retinal drugs
The global prevalence of AMD (age-related macular degeneration)

and diabetic retinopathy are increasing due to rising numbers of older
people worldwide. In addition, the world is facing a “diabetes
epidemic”, with rapidly-increasing numbers of people with diabetes
and diabetic retinopathy proving a clear market opportunity existing
for pharmacological treatments for diabetic retinopathy, dry AMD and
other retinal disorders. Clinical experience with pharmacologic
treatment for diabetic retinopathy continues to increase and reported
outcomes in observational case series are promising [80,81]. At this
time, improved metabolic control and local ocular treatments
(photocoagulation and vitrectomy) remain the proven. From 2009
to 2024, such treatments could repeat the commercial success that
Lucentis achieved in the treatment of wet AMD. The latest pharma
report — World AMD and Diabetic Retinopathy Pharmaceutical
Market 2009–2024 — examines prospects for the retinal disorder
market over the next 15 years. Although none of the pharmacologic
agents discussed have crossed over phase trial III for treatment of
patients with diabetic retinopathy, off-label treatment can be
considered for patients unresponsive to traditional standard care. In
patients with complications of PDR not amenable to photocoagula-
tion, intravitreal anti-VEGF agents may produce short-term stabiliza-
tion or regression of iris and/or retinal neovascularization [76].

The above information suggest that, ocular drugs that are
approved and are under clinical trials give the impression to be
mainly VEGF targeting and the interference with their downstream
pathways responsible for angiogenesis. VEGF blocking therapies
appears very promising in the treatment of cancer, since they have
been directed only against migrating and proliferating capillary
endothelial cells at a site of angiogenesis [82]. Hence there is a
surplus need for the development of drugs capable of eradicating
neovascularization targeting and inhibiting the pathways leading to
angiogenesis, with their known underlying mechanism.

3.2. Challenges and issues of drug development for retinopathy

There is no any clear approach for the elimination of the initial
stages of diseases of both retinal and sub-retinal origin i.e. diabetic
retinopathy and age-related macular degeneration though they are
being chronic. Neovascularization may utilize multiple angiogenic
pathways, to which an ideal anti-angiogenic agent may inhibit and
stabilize the disease but also expected to improve the vision.
Furthermore, late stage disease creates problems outside of neovas-
cularization (i.e., retinal scarring and detachment). In order to
evaluate drugs for retinal diseases characterized by ocular neovascu-
larization, several criteria's such as (i) they must be capable of
preventing or inhibiting disease progression caused by the growth of
pathological vessels i.e. a ‘magic bullet’ (ii) targeted delivery without
affecting the native cells thereby inhibiting vision loss (iii) less/non
toxic (iv) the binding of the drugs to non-specific receptors to be
avoided (iv) be formulated for long term drug delivery and disposal of
the unreacted drugs or by products, should be satisfied by the drug.
Agents able to cause non-specific but reversible damage to existing
vessels i.e. Vascular Disrupting Agents (VDAs) are also considered the
important characteristics of the drug developed against angiogenesis
but toxicity is a major factor unsatisfied when treated to normal
vessels. VDAs are believed to exert activity by reducing blood flow to
vessels. How these agents would work in the eye is still not entirely
clear. Unfortunately, as these agents do affect normal vessels, and they
may possess toxic consequences especially if there is partial non-
pathological blockage of the normal vessel. Evidence of this event has
been shown in cancer patients where these agents have caused
cardiac compromise leading to myocardial infarction Furthermore;
systemic exposure of VDAs could make systemic toxicity a possibility.
Thus a drug developed against neovascularization is modulated on
endothelial cell function (e.g. proliferation andmigration) or inducing
apoptosis in endothelial cells to inhibit pathological angiogenesis.
Among many pro-angiogenic cytokines capable of inducing angio-
genesis being identified, clinical researches are now focussed on
developing “designer” molecules i.e. small molecule tyrosine kinase
inhibitors activating endothelial cell surface tyrosine kinase receptors.
In addition, biologic agents targeting the expression and/or function
(e.g., binding, neutralization) of pro-angiogenic cytokines have been
popular choices of drug development companies.

Hence developing biological agents with broad anti-angiogenic or
vascular activity that can inhibit the late stage effects of retinal
detachment provide long-term effects and have a good safety profile to
the current requirements in ocular therapies.

4. Ophthalmological therapies aches economic advancements

In 1990 there were only three classes of drugs for diabetes
treatment namely insulin (animal or human), sulfonylurea and
metformin but nine classes are now available. The newer agents
have expanded the range of clinical choice with individual benefit to
many patients, but they have also greatly increased the cost of
treatment. Approximately 16 million Americans have diabetes, with
50% of them not even aware that they have it. Of these, only one half
receives appropriate eye care. Thus, it is not surprising that diabetic
retinopathy is the leading cause of new blindness in persons aged 25–
74 years in the United States. Approximately 8000 eyes become blind
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yearly because of diabetes. The treatment of diabetic retinopathy entails
tremendous costs, but it has been estimated that this represents only
one eighth of the costs of social security payments for vision loss. This
cost does not compare to the cost in terms of loss of productivity and
quality of life. This is because, though there have been so many drugs
developed for their VEGF targeting capability and anti-angiogenic
property there is a major problem with the economic condition for the
various production costs for the development and marketing of these
drugs [76]. Due to the high significant characteristics of the drug to be
confirmed, various cost-specific analysis and measurements have to be
carried out which makes development of these drugs a cost-expansive
one. Thus an alternative or a remedy for ocular therapies is the need of
the era that should provide a cost effective treatment reaching every
people of even lower economic status.
5. Silver nanotechnology invades therapies for angiogenic
retinal disorders

Silver has been a metal that came into use even before Neolithic
revolution. Even the Greeks used it for cooking and to keep water safe.
The first recorded medicinal use of silver was reported during 8th
century [83]. Silver powder was believed by Hippocrates, the father of
modern medicine, to have beneficial healing properties and listed as a
treatment for ulcers. Earlier, in the 19th century, microbial infections
were treated with 0.5% AgNO3 like ophthalmic neonatorum (by
German obstetrician Carl Creed), and for the prevention of infection in
burns. Prior to the introduction of the sulphadiazine cream, dilute
solutions of silver nitrate were used to treat infections in the 19th
century [84]. Silver-based antimicrobials can be effective in the
treatment of infections on account the non-toxicity of active Ag+ to
human cells [85]. However, the use of ionic silver has one major
Fig. 1. Silver nanoparticles induce cellular morphology. Silver nanoparticles induce
morphological changes in BRECs. BRECs were treated with (A) 10% FBS (B) 100 nM
AgNPs (C) 200 nM AgNPs (D) 300 nM AgNPs (E) 400 nM Ag NPs (F) 500 nM AgNPs and
were photographed under phase contrast microscope. The normal cells seemed to be
cobble shaped and the dead cells are of spherical shaped, which previously showed the
morphology of apoptotic bodies. (Blue arrow shows normal cells and black arrow
indicates dead cells) [98].

Fig. 2. Silver nanoparticles inhibit VEGF induced endothelial cell migration. Confluent
monolayer of BRECs with various treatments was wounded and wound closure was
monitored after 24 h and photographed using digital camera. Control cultures at 0 h
(A). When VEGF is added, more endothelial cells migrated from the margin (B) when
compared with the control (B) and the wounded area was closed by 24 h. While
significant area of wound is uncovered in plates treated with 500 nM of silver
nanoparticles in the presence (C) and absence (D) of VEGF by 24 h and the similar
phenomenon was observed in plates. Panel E shows the quantitative measurement of
migration assay as described in methods. The asterisk (*) represented significantly
different value from control, pb0.05, data were mean±SD calculated from three
individual experiments (n=3; *pb0.01, **pb0.001, ***pb0.0001) [98].
drawback; they are easily inactivated by complexation and precipi-
tation thus limiting the uses. Here zerovalent silver nanoparticles can
be a valuable alternative for ionic silver. When the era of the
antibiotics began with the discovery of penicillin, the use of silver
slowly diminished. But in the present scenario due to the emergence
of biocide-resistant strains, once again the use of silver for treating
infections has gained importance. There are many methods available
for the synthesis of silver nanoparticles [86]. Most chemical methods
use a reducing agent (e.g., sodium borohydride) to reduce Ag+ to Ag0
and a stabilizer (e.g., polyvinylpyrrolidone) to control particle growth
and prevent aggregation. However, these chemical fabrication
methods often have problems with particle stability and are difficult
to scale up. In addition, there is a demand for more environment-
friendly production methods. Alternatively, silver nanoparticles can
also be synthesized biologically usingmicrobes such as Bacillus subtilis
and B. licheniformis (Gram positive bacteria) and Escherichia coli
(Gram negative bacteria). The distinctive property of silver capable of
synthesizing nanoparticles at a specific concentration (1 mM) and
inducing apoptosis in another concentration (5 mM) makes it highly
preferable in the size dependent therapeutic applications [87–89].
Silver was known only as a metal till the recent past and it is when the
nano era came into existence, people started to believe that silver
could even be produced at the nanoscale. The recent emergence of
nanotechnology has provided a new therapeutic modality in silver
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nanoparticles for use in medicine [90]. Silver nanoparticles are also
reported to possess anti-fungal activity, anti-inflammatory effect,
anti-viral activity, anti-biofilm activity and anti-bacterial activity. But,
silver nanoparticles can be well applied in therapy safely when the
effective concentrations of silver nanoparticles on various size and
shapes are determined. The surface chemistry of the nanoparticles
controls the cellular uptake [91]. The toxicology is an important factor
that has to be taken under consideration in any therapeutic molecule.
Silver nanoparticles are proved to be non-toxic at specific concentra-
tions, at which their activity is also profound to be therapeutic [89].

Any drug developed through biological means may contribute
preferences towards their significant properties such as cost-eco-
nomic, efficacy, biocompatibility and non-toxicity. Silver nanotech-
nology is one of the most advanced developments in the field of
nanomedicine that finds its wide application in electronics, forensics,
medicine etc. It has also been proven for its vivid therapeutic
properties against angiogenesis and vascular developments [92] that
pave way for its effective use in treating various angiogenesis related
retinal problems. This is similar to TZDs and telmisartan that possess
demonstrable anti-proliferative, and anti-inflammatory effects, in
vivo, were shown to ameliorate PDR and CNV in rodent models,
implying their potential efficacy for treating proliferative retinopa-
thies in humans [93] but the preference for AgNPs lies on the fact that
they are cost economic, feasible and biocompatible. Though the Anti-
VEGF-A technologies dominate the field of development of drugs
towards ocular therapies, agents with broader activity that occurs
later down the angiogenic pathway and those drugs which are
capable to synergize with anti-VEGFA technologies will dominate the
next wave in ocular diseases of neovascularization [94]. Aromatic
compounds, such as tyrosine kinase inhibitors, are capable of
penetrating the blood-retinal barrier because of their small lipophilic
structure enabling transcellular migration. Systemic delivery of such
treatments has been tried. But the technology has some systemic
drawbacks due to side effects [95] In this scenario silver nanoparticles
Fig. 3. Ag-NPs and PEDF inhibit VEGF-induced tube formation of endothelial cells. BRECs (1×10
the presence or absence of either 500 nM of Ag-NPs or 10 nM of PEDF. The morphological chan
200×magnification. Tube formationwasquantifiedbycounting thenumberof connectedcells in
that number by the total number of cells in the field. Column shows the quantitative measur
significant differences from control group were observed (pb0.05) [92].
being a inhibitor of Src tyrosine kinase is capable of targeting and
inhibiting the downstream pathways of ocular angiogenesis and
proves itself as a cost effective therapeutic remedy to ocular
treatments (Fig. 1). In spite of the therapeutic applications, the clear
studies over the internalization process and the final intracellular
location of the silver nanoparticles within the retinal cells would
assure the role of these nanoparticles for effective therapies.

6. Silver nanoparticles — treating proliferative retinopathy

Angiogenesis is a complex process, involving multiple gene
products expressed by different cell types, all contributing to an
integrated sequence of events [96]. Ocular angiogenesis cascades the
activation of endothelial cells located within normal vessels nascent
to the source of stimulation, leading to migrations, vascular per-
meation and tubule formations that causes several retinal complica-
tions such as neovascularization. In elderly patients with diabetic
retinopathy or age-related macular degeneration, normal ocular
vessels may be affected by VDAs and result in hypoxia, ocular cell
death, and subsequent neovascularization [94]. In the cases stated
above in this context the silver nanoparticles have been proven for
their applicable properties in treatment for retinopathy that have
been clear from the various research carried out by our team.

6.1. Silver nano — an anti angiogenic molecule

The central role of VEGF in angiogenesis development serving as a
primary target for the anti-angiogenic molecules capable of targeting
the growth factor mediated angiogenesis for curing retinopathy is
clearly understood from the discussions made above. Clinical trials
have confirmed the importance of VEGF in the disease pathogenesis
and the drugs developed against the downstream pathways (Fig. 2).
In recent years the impending emergence of silver nanoparticles as a
potent anti-angiogenic agent is made clear from several researches
5 cells)were inoculated on the surface of theMatrigel, and treatedwith VEGF (50 ng/ml) in
ges of the cells and tubes formedwere observed under a microscope and photographed at
randomly selectedfieldsat200×magnification (Carl Zeiss, Chester,VA,USA), anddividing

ement of tube length. These experiments were performed thrice with similar results and



Fig. 5. Anti-angiogenic activity of AgNPs in vivo rat model. After rats were sacrificed,
tissues were taken pictures. Top panel: Gross photographs of Day 7 Matrigel implants
with skin vessel background. Representative figures show (A) Streptozotocin without
Ag-NPs, (B) Streptozotocin plus Ag-NPs. Bottom panel: Histologic sections and
hematoxylin and eosin stained cross-sections showing representative photographs
obtained from the sections of retina stained by hematoxylin and eosin in rats (C, D).
Significant differences from control group were observed (pb0.05) [94].

83K. Kalishwaralal et al. / Journal of Controlled Release 145 (2010) 76–90
made [92,98]. Ag-NPs and PEDF inhibited the proliferation of ECs in
similar trend, indicating the anti-angiogenic effect of Ag-NPs which is
due to its direct effect on ECs. The effect of silver nanoparticles was
observed in cell morphology itself. Silver nanoparticles-treated
endothelial cells showed normotonic cell shrinkage, typical of
apoptotic bodies (Fig. 3).

Consistent with the observations the data demonstrated an
inhibitory effect of silver nanoparticles on VEGF induced proliferation,
migration and tube formation in ECs (Figs. 4 and 5).

Silver nanoparticles were found to abrogate VEGF induced
angiogenesis in bovine retinal endothelial cells and in vivo angiogen-
esis using mice and rat model (Figs. 6 and 7).

Since endothelium is the major target for many therapies, the
effect of biologically-synthesized silver nanoparticles on VEGF
induced angiogenesis in BRECs has been investigated. Studies report
the biological functions of Ag-NPs as an inhibitor of angiogenesis by
illustrating the inhibition of PI3/Akt signalling pathways and also
inhibitory activity of angiogenesis in vivo (Figs. 8 and 9) [97].

The expression patterns of VEGF, a potent pro-angiogenic factor,
and PEDF have been well-characterized in the eye, and the balance of
their opposing stimuli prevented the development of neovasculariza-
tion, which is involved in the development of PDR [94]. The research
focused on the inhibitory effects of Ag-NPs on endothelial cell
viability, cell proliferation, migration, and capillary tube formation
in response to VEGF in BRECs. PI3K/Akt signalling plays a critical
role in executing multiple cellular metabolic pathways and in
particular cellular energy metabolism. It can mediate cell survival,
cell proliferation, cell growth, and differentiation whereas down
regulation of Akt activity leads to degenerative diseases. Akt is one of
the key signalling molecules in cell survival and angiogenesis in the
pro-survival function of VEGF. VEGF was able to activate Akt through
phosphorylation and silver nanoparticles were able to block it.
Furthermore, it also showed that Ag-NPs inhibit in vivo angiogenesis
in comparable level to PEDF. In addition, silver nanoparticles and PEDF
strongly inhibited VEGF induced capillary tube formation. Thus the
study revealed that Ag-NPs are potent anti-angiogenic molecule that
inhibits VEGF induced angiogenesis in BRECs through the inhibition of
the PI3K/Akt cell-survival signal in a similar pattern of PEDF [98]. It
further confirms that silver nanoparticles block the cell survival
through inactivation of Akt. To explore the potential effect of
inactivation of Akt on mitochondrial apoptotic pathway, the activity
of caspase-3 was examined. The caspase-3 assay showed an increase
in caspase-3 level during treatment with silver nanoparticles. Increase
in the caspase-3 activity is observed during most of the apoptosis and
silver nanoparticles are known to induce caspase-3 activity in cancer
cell lines. In silver nanoparticles-treated cells DNA laddering was also
observed. Therefore it can be clearly stated that silver nanoparticles
Fig. 4. Anti-angiogenic activity of Ag-NPs or PEDF using in vivoMatrigel plug assay Five-
to 6-week-old C57BL/6 mice were subcutaneously injected with Matrigel containing
Ag-NPs (500 nM) or PEDF (10 nM) with VEGF or without VEGF. After 7 days mice
were sacrificed and representative Matrigel plugs were removed and photographed.
Significant differences from control group were observed (pb0.05) [92].
induce apoptosis in BRECs, via blocking Akt phosphorylation and
activating caspase-3 molecules [92,98].
6.2. Silver nano: an anti-permeability agent

Vascular endothelial barrier dysfunction characterizes a diverse
array of disease processes and plays an important pathophysiological
role in many diseases including diabetic retinopathy. The develop-
ment of new therapeutic strategies aimed at reducing excessive
vasopermeability could therefore have serious clinical implications. In
particular, the characterization of new molecules with anti-perme-
ability properties and elucidation of their mechanisms of action could
facilitate efficient treatments [101–106].

In our study, to determine the effects of silver nanoparticles (Ag-
NP) on vascular endothelial growth factor (VEGF) and interleukin-1
beta (IL-1β) induced vascular permeability, and to detect the under-
lying signalling mechanisms involved in endothelial cells, Porcine
retinal endothelial cells (PRECs) were exposed to VEGF, IL-1β and Ag-
NP at different combinations and the endothelial cell permeability
was analyzed by measuring the flux of RITC-dextran across the PRECs
monolayer. It was found that VEGF and IL-1β increase flux of dextran
across a PRECs monolayer, and Ag-NP block the solute flux induced by
both VEGF and IL-1β. To explore the signalling pathway involved
VEGF- and IL-1β-induced endothelial alteration, PRECs were treated
with Src inhibitor PP2 prior to VEGF and IL-1β treatment, and the
effects were recorded. Further, to clarify the possible involvement of
the Src pathways in endothelial cell permeability, plasmid encoding
dominant negative(DN) and constitutively active(CA) form of Src
kinases were transfected into PRECs, 24 h prior to VEGF and IL-1β
exposure and the effects were recorded. Over expression of DN Src
blocked both VEGF-and IL-1β-induced permeability, while over
expression of CA Src rescues the inhibitory action of Ag-NP in the
presence or absence of VEGF and IL-1β (Fig. 10) [99,100].

Further, an in vitro kinase assay was performed to identify the
presence of the Src phosphorylation at Y419. Thus the study states
that VEGF and IL-1β stimulates endothelial permeability via Src



Fig. 6. Ag-NPs or PEDF inhibit VEGF-induced phosphorylation of Akt. A) Serum-starved
BRECs were treated with VEGF (50 ng/ml) in the presence or absence of Ag-NPs 100 nM
and 500 nM for 30 min. Equal amounts of total cell lysates were analyzed by Western
blot analysis for phospho-Akt and Akt. Densitometric normalization of phosphorylated
pAkt against Akt. Band density is shown in columns. All Western blot analyses were
performed triplicates. B) Serum-starved BRECs were treated with VEGF (50 ng/ml) in
the presence or absence of PEDF 10 nM and 5 nM for 30 min. Equal amounts of total cell
lysates were analyzed byWestern blot analysis for phospho-Akt and Akt. Densitometric
normalization of phosphorylated pAkt against Akt. Band density is shown in columns.
These experiments were performed thrice with similar results and significant
differences from control group were observed (pb0.05) [92].

Fig. 7. Role of Src kinase activity in VEGF- and IL-1-induced endothelial cell
permeability. (A) Effect of Src inhibitor on VEGF- and IL-1β-induced endothelial cell
permeability. PRECs were grown to confluent monolayers on porous membranes (12-
well transwell insert plate). The lower chamber was incubated with VEGF (25 ng/ml) or
IL-1β (10 ng/ml) and in the presence or absence of PP2 (10 μM) for 6 h at 37 °C; (B–C)
PRECs were transiently transfected with DNA dominant negative Src (HA-Src KD
K295 M) and constitutive active Src (HA-Src-CA Y527F). Transfected PRECs were
treated with VEGF and IL-1β for 6 h at 37 °C where the induction of permeability by
growth factor in wild type cells was completely blocked in DN Src transfected cells
(B) where the CA Src transfected cells resulted in increased permeability than the wild
type cells (C). The flux of RITC-dextran from the upper to the lower chamber was
measured 6 h after treatment. Values are expressed in relative fluorescence counts
(RFCs) as mean±SEM, with each condition performed at least in triplicate. [99].
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dependent pathway by increasing the Src phosphorylation and Ag-
NPs blocked the Src phosphorylation at Y419 [99].

The specific location of the nanoparticles during the treatment has
been checked through various time intervals under a transmission
electron microscope, which revealed that the nanoparticles of size
∼50 nm were internalized during the treatment (Fig. 11).

In another study based on the determination of the effects of silver
nanoparticles (Ag-NPs) on advanced glycation end-products (AGEs)-
induced endothelial cell permeability revealed the anti-permeability
nature of AgNPs [100]. Cultured porcine retinal endothelial cells
(PRECs) were exposed to AGE-modified bovine serum albumin
(AGEBSA) and the endothelial cell permeability was detected by
measuring the flux of RITC-dextran across the PREC monolayers.
Results revealed that AGE-BSA increased the dextran flux across a
PREC monolayer and Ag-NPs blocked the solute flux induced by AGE-
BSA. In order to understand the underlying signalling mechanism of



Fig. 8. Effect of Ag-NP and PP2 on VEGF- and IL-1β-induced Src phosphorylation [99].
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Ag-NPs on the inhibitory effect of AGE-BSA-induced permeability, it is
demonstrated that Ag-NPs could inhibit the AGE-BSA-induced
permeability via Src kinase pathway. AGE-BSA also increased the
PREC permeability by stimulating the expression of intracellular
adhesion molecule-1 (ICAM-1) and decreased the expression of
occludin and ZO-1 (Figs. 12 and 13).

Further, Ag-NPs inhibited the AGE-BSA-induced permeability by
increased expression of tight junction proteins occludin and ZO-1, co-
incident with an increase in barrier properties of endothelial
monolayer. Together, the results indicate that Ag-NPs could possibly
act as potent anti-permeability molecule by targeting the Src
signalling pathway and tight junction proteins and it offers potential
targets to inhibit the ocular related diseases. In developing new
molecular therapies for vasopermeability disorders, it is important to
recognize the spectrum of effects of the specific molecule which
hereby confirms the anti-permeability property of AgNPs that makes
them suitable for preventing retinal vascular hyper permeability and
treatments against angiogenic targets.

7. Current technologies in targeted and controlled release of
retinal drugs

The delivery of anti-angiogenic compounds to the choroid/retina
without disrupting the integrity of the globe is highly desirable.
Several researches on drugs developments for ophthalmological
diseases are carried out in the decade and the major factors that
every new drug developed relies upon is the targeting efficiency and
the mechanism by which they act. The clear mechanism by which a
Fig. 9. TEM images of PRECs treated with silver nanoparticles. (A) Shows the image of
the cells at 1st hour and (B) shows the image of the cells taken at the 6th hour. The
latter image shows the silver nanoparticles internalized into PRECs (where PM —

plasma membrane, Ag-NP — silver nanoparticles, Cy — cytoplasm, NM — nuclear mem-
brane, N — nucleus) [99].
drug is delivered and the mode of their action if known, can make the
drug an efficient scope for therapeutic advances. Drug delivery to the
retina is problematic and often resorting by invasive means such as
repeated intraocular injections [107]. Depending on the particle
charge, surface properties and relative hydrophobicity, nanoparticles
can be designed to be successfully used in overcoming retinal barriers
for targeted delivery systems [16]. The focus for an effective anti-
angiogenic treatment relies on the major objective of sustained
release with greater targeting efficiencies of a drug which can be
Fig. 10. Effect of Ag-NPs increasing occludin content in PRECs. (A cell lysates were
immunoprecipitated with antibody to occludin. Precipitated proteins were resolved by
SDS-PAGE, transferred to nitrocellulose membranes, and blotted with anti-occludin
antibody; (B) Bar graphs represent averaged data quantified by densitometry of im-
munoblots, expressed as increase in fold. Data are representative of three independent
experiments [100].



Fig. 11. Cellular distribution of occludin and ZO-1 PRECs monolayer cells [100].
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accomplished based on RGD-conjugated polymer encapsulations
carrying the drug i.e. silver nanoparticles.

7.1. Trends in targeted delivery using RGD peptides for retinal angiogenesis

Integrins are heterodimeric cell surface receptors found in early
studies to mediate adhesion between cells and the extracellular
matrix (ECM), by binding to ligands with an exposed arginine–
glycine–aspartate (RGD) sequence. Integrin αVβ3 are over expressed
in neocapillaries and in some tumor cells of various origins and are
involved in tumor angiogenesis. These receptors also stimulate
intracellular signaling through sphingomyelin pathway and gene
expression responsible for cell growth, migration, and survival [108].
Targeting here can be carried out by the RGD peptides which are
specific to the integrin receptors that are over expressed in the angio-
genic and tumor cells alone [109]. The cyclic RGD peptide (c(RGDyK),
cyclic arginine–glycine–aspartic acid–D-tyrosine–lysine) has been
employed in targeted drug delivery system for malignant gliomas in
the central nervous system [110]. The potential of cyclic RGD peptide is
evidenced from various studies made over its targeting efficiency for
tumormodels. In fact,αVβ3 integrins have been demonstrated to be the
Fig. 12. The targeting mode of RGD peptide coated silver nanoparticles in the condition
of neovascularization (new blood vessels — undesired) unaffecting the normal retinal
cells. The RGD peptide does bind only to the over expressed integrin αVβ3 receptors
that serve as amarker for the angiogenic cells. Thus the silver nanoparticles coated with
RGD peptide evade the other non-specific membrane receptors in the normal cells,
binding only to angiogenic cells.
participants in these diseases and can also be termed as diseasemarkers
for angiogenesis. Due to these significant properties, several researches
have been focused on developing RGD peptides that could mimic cell
adhesion proteins and bind to αVβ3 integrins. These RGD peptides are
used widely as a targeting moiety for receptors because of their high
affinity also [111]. Angiogenesis-related αVβ3-integrin expression is
VEGF-rather than hFGF-dependent, and the efficacy of cyclic penta-
peptid (RGDfV)-treatment in proliferative retinopathy is being proven
effective as long as this integrin target is prominently expressed [112].
Surface-functionalized nanoparticles that have been conjugated using
RGD peptides have proven for an effective targeted gene delivery to the
neovascular eye on intravenous administration and potential to inhibit
progression of laser-induced CNV in a rodent model [113]. The
advantage of using the cyclic RGD peptides is on the fact that they
posses their E residue side chain that are capable of binding to different
kind of molecules such as drugs and fluorescent agent used for both
targeted drug delivery and bioimaging.
Fig. 13. The above figure details the proposed model for the mode of action by which
the PGA capsulated silver nanoparticles conjugated with RGD peptide induce apoptosis
in the targeted endothelial cells. The PGA encapsulated silver nanoparticles that target
the specific integrin αVβ3 receptors are engulfed within the endosome through clathrin
mediated activity and they are profound to endosomal escape. A controlled released of
AgNPs is accomplished using the PGA and the released AgNPs inhibit the angiogenesis
by restraining the Src kinase and Akt/P1-3 kinase activity within the cell. They also
thereby augment the caspase-3 activity which leads to the apoptosis of the cells
through fragmentation of the DNA.
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7.2. Potential of PGA in controlled release of drugs

Controlled release of anti-angiogenic molecules for retinal thera-
pies is a critical property of any drug being developed in ophthalmol-
ogy. Polymer based delivery of drugs have greater advantage in
carrying out this type of sustained release of the desired drugs. There
are several evidences affirming the efficiency of polymer based
drug delivery for enhancement of controlled release fighting ocular
angiogenesis. Nanoparticles with CS dominated on the surfaces could
efficiently open the tight junctions between Caco-2 cell monolayers as
an efficient intestinal delivery system for peptide and protein drugs
and other large hydrophilic molecules [114].

In a studymade over the use nanogel composing of Ag nanoparticles
bound to poly (N-isopropyl acrylamide-co-acrylic acid) as shell in
bioimaging for cancer, the pH-responsive hybrid nanogel exhibited a
sustained pH-controllable drug releasing behavior along with the high
drug loading capacity [115] which thereby proved their efficiency of
polymer coated drugs for lower drug requirements and controlled
release during treatments. Among various polymers used in drug
delivery like PEG [116], PLAs, poly-lactic acid (PLA) and copolymers
with glycolic acid, making poly(lactic-co-glycolic acid) (PLGA) have an
advantage of easily being biodegradable by breaking down into lactic
and glycolic acids, both of which are metabolized via the Krebs cycle to
carbon dioxide and water [117]. Triamcinolone loaded PLGA micro
spheres (RETAAC) is being applied for treatment of refractory diffuse
that has reachedphase I/II trials for theDMO [118]. Poly-γ-glutamic acid
(PGA) which is water soluble and biologically synthesized has also
found greater potential resulting in controlled delivery and desired
efficiency of the drugs. It is a hydrophilic, biodegradable, and naturally
available biopolymer produced by a number of microbial species, most
commonly, the Bacillaceae family. Its biological properties such as non-
toxicity, biocompatibility, and non-immunogenicity qualify it as an
important biomaterial in drug delivery applications [119]. In a recent
study over the polymer based systems for drug delivery, nanosuspen-
sions (200 nm) of the drug rilpivirine (TMC278) stabilized by
polyethylene–polypro-pylene glycol (poloxamer 338) and PEGylated
tocopheryl succinate ester (TPGS 1000) were studied in dogs and mice.
A single-dose administration of the drug in nanosuspensions resulted in
sustained release over 3 months in dogs and 3 weeks inmice, compared
with a half-life of 38 h for free drug. This study evidences a proof-of-
concept that nanoscale drug delivery may potentially lower dosing
frequency and improve adherence [120] Addition of γ-PGA-NPs to the
influenza HA vaccine revealed that γ-PGA-NPs enhanced the virus-
specific protective immune responses [121]. γ-PGA has also known for
greater preference in targeted delivery to solid tumors. Oral adminis-
tration of the poly-gamma-glutamate is also known for inducing TLR4-
and dendritic cells mediated anti-tumour effect [94] and also in another
study supported for oral insulin delivery [122] Theseγ-PGA also possess
multiple important roles in enhancing the cellular uptake and
transfection efficiency of CS/DNA/g-PGANPsmaking it highly applicable
for gene delivery system [123]. An another study over the efficiency of
γ-PGA coated nanoparticles in vivo showed an efficient control over the
progression of the tumor with a greater increase in the controlled
release of the drug along with an efficient targeting [124]. Thus in this
review the application of PGA is preferred as a potent carrier for
controlled release of silver nanoparticles in the targeted cells.

8. Model for targeted delivery and controlled release of silver
nanoparticles for neovascularization

Research on nanoparticles-based drug delivery systems has gained
tremendous interest worldwide, owing to their ability to deliver drugs
to the desired target site for a prolonged period of time [77]. Silver
nanoparticles here are preferred as a therapeutic alternative for anti-
angiogenic therapies in the retina [97–100,125,126]. Their efficiency
of targeting the neovascularized cells has to be deep-rooted in order
to utilize them as a therapeutic remedy for retinal disorders. From the
various evidences stating the potential of PGA in controlled release of
drugs, alongwith the targeting efficiency of RGD peptides for theαVβ3

receptors that serve as biomarkers for neovascularized cells, a drug
delivery system with amenable controlled release of the silver
nanoparticles with respect to the time factor will enhance and
ascertain their role in treatments for retinal angiogenesis.. Encapsu-
lation of silver nanoparticles at a desired concentration preferably
500 nM will be optable with PGA capsulation in submicron level. The
targeting of neovascularization cells can be accomplished by using a
cyclic RGD peptide capable of binding its E residue side chain to the
desired drug i.e. silver nanoparticles. Silver nanoparticles capsulated
with Poly gamma glutamic acid may influence a double effect in
control of angiogenesis with respect to the anti-tumor activity of Poly
gamma glutamic acid. Thus here we propose a model for the targeted
delivery of silver nanoparticles in the neovascularized cells along with
a sustained control of release in the target cells thereby, avoiding the
deterioration of the normal retinal cells. These same processes, if not
properly regulated, can lead to thrombosis, inflammation, and cancer.
From the various evidences stated above along with the proposed
model we suggest that the targeting of the neovascularized cells using
AgNPs can be carried out by developing silver nanoparticles bound to
the cyclic E chain of the RGD peptide which is highly specific to the
αVβ3 receptors that serve as biomarkers for neovascularized cells. The
other major advantage is the luminescence property of silver nano-
particles at specific shapes and size that suspends the need for the use
of photo thermal dyes during imaging. This proposed model of drug
delivery using RGD peptides bound silver nanoparticles will serve as a
remedy for ocular therapies especially in neovascularization (Figs. 12
and 13).

9. Conclusion

Angiogenesis an imperative phenomenon in the human system,
through its various abnormalities and metabolic dysfunctions have
led to an imbalance in the growth factors induced by changes in
conditions within the system, thereby mediating proliferative
retinopathy. Though there are several drugs been developed against
ocular neovascularization, most strive the phase trials and they also
are cost dependent. Nanomedicine is the use of nanotechnology to get
pioneering therapeutic breakthroughs and have proven to be cost
economic. The various findings and advancements in the field of silver
nanotechnology have been able to address some of biggest questions
regarding human life. Great strides are already being made in creating
nanoparticles systems for targeted drug delivery. Silver nanoparticles
are better than conventional ophthalmic drug forms to enhance bio-
availability without blurring the vision. Nano enabled drug delivery
has already been successful in delivering drugs to specific tissues
within the body, and promises capabilities that will enhance drug
penetration into cells, as well as other means to improve drug activity.
A very promising prospect of nanoparticles is its use in targeted drug
delivery and also “multi-targeting”, which is essential in the case of
several diseases. Silver nanoparticles due to their potent character-
istics such as anti-permeability, anti-tubules formation, anti-vascula-
ture development, bear out them as an effectivemolecule in inhibiting
angiogenesis and also capable of inducing apoptosis by altering the
caspase-3 activity leading DNA fragmentation. They have been proven
to carry out these anti-angiogenic functions by inhibiting various
metabolic pathways mediated by Src, AKT/P13K that are responsible
for VEGF and IL1-β induced angiogenesis similar to the commercially
developed ocular drugs (TG100801 — Src inhibitor; Ruboxistaurin —

PKC b inhibitor). The targeting of neovascularization cells using silver
nanoparticles bound to RGD peptides will emerge the use nanosilver
as a novel approach in developing cost economic drugs for treating
ocular therapies. The evidence of molecular mechanism by which,
silver nanoparticles boundwith RGD peptides target theαVβ3 integrin
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receptors that are over expressed and serve as a marker to the
angiogenic cells, confirms the targeting mechanism of the nano drug
to the neovascularized cells unaffecting the normal cells. Use of PGA
for encapsulation of silver nanoparticles leads to a controlled release
of the silver nanoparticles at a single dosage avoiding frequent
treatments. Its further inhibitory activity of the pathways leading to
angiogenesis within the cell proposes a defined mechanism by which
they act. The above evidences archaize that biologically synthesized
AgNPs are cost economic swap to the cost effective ocular drugs. Their
targeting capability to the neovascularized cells through peptide
targeting affirm them as a trove of nanomedicine that will certainly
tribute to the development of therapeutic advances, serving as a
fortunate to ocular therapies.

10. Future directions

There is an enormous interest in exploiting nanoparticles in
various biomedical applications since their size scale is similar to that
of biological molecules (e.g., proteins and DNA) and structures (e.g.,
viruses and bacteria). It is likely that the next shift in the treatment of
retinal angiogenesis will be towards prolonged intravitreal delivery of
current anti-VEGF agents, rather than the replacement of VEGF as the
central target in the treatment of ocular angiogenesis. As nanotech-
nology is undergoing explosive expansion in many areas, even poorer
developing countries have also decided that this new technology
could represent a considered investment in future economic and
social well-being that they cannot ignore. The eye is a very suitable
organ for developing novel nanomedicines. Nanoscientists hence
should focus their efforts on nano-ophthalmology. In the future
transporter/receptor targeted nanoparticles may play a crucial role in
drug delivery and release. Our studies on AgNPs effect over
angiogenesis make a significant impact in treating common causes
of blindness such as PDR and AMD. Further studies on size controlled
effect of silver nanoparticles and other down streaming pathways, by
which they themselves act as a drug, by controlled release and
targeting, will surely signify the role of AuNPs for effective and
economic treatments in ocular therapies.
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