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ABSTRACT 

 

Prolonged uncontrolled hyperglycemia is reported to lead to a chronic 

progressive disease called diabetic retinopathy (DR). It is associated 

with and characterized by neurodegeneration, increased vascular 

permeability, progressive vascular occlusion, followed by 

neovascularization at later stages due to increased expression of 

vascular endothelial growth factor (VEGF) and proliferation of basal 

epithelial cells. Celecoxib is reported to be useful in the treatment of 

DR due to its anti-VEGF activity and anti-proliferative effects on the 

retinal pigment epithelial (RPE) cells. Another drug memantine is 

reported to prevent the neurodegeneration in DR by blocking the over-

excitation of N-Methyl-D-aspartate (NMDA) receptors. Thus, the 

simultaneous administration of both the drugs would provide a 

complete neurovascular treatment for DR as the current therapy 

targets only anti-VEGF activity. Furthermore, this study used 

conjugation of reactive oxygen species (ROS) sensitive moiety which 

triggered the release of incorporated drugs in response to ROS in DR.  

Beta-cyclodextrin was conjugated with a ROS sensitive moiety (Ox- -

cyclodextrin), 4-(hydroxymethyl) phenylboronic acid pinacol ester 
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(PBAP) and was characterized by FTIR and NMR. Nanoparticles were 

prepared from Ox- -cyclodextrin by nanoprecipitation. The size of the 

nanoparticles and the surface charge was found to in the range of 230 

to 295 nm and -15 to -20 mV, respectively. An LC-MS/MS-based 

analytical method was developed to quantify both drugs 

simultaneously in aqueous matrix which was validated as per the USP 

guidelines. The developed analytical method was used to determine 

drug load and its release from nanoparticles. The drug load of 

celecoxib and memantine was found to be 9.64±0.57% and 

4.80±1.18%, respectively. The drug release from the nanoparticles 

was found to be significantly higher (p<0.05) in the presence of ROS. 

MTT study did not indicate any significant (p<0.05) difference for cell 

viability between blank nanoparticles or drug loaded nanoparticles and 

blank (growth media). Future studies should attempt to increase the 

drug load and further extend the period of sustained release. The 

successful outcomes of this kind of study would provide a better DR 

treatment as well as its prevention or delaying the appearance of 

disease symptoms. Such a successful outcome will help 126.6 million 

DR patients in the world. 
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Anatomy of the eye 

1.1. Eye 

 The human eye is a specialized sensory organ with a complex 

structure that is anatomically divided into anterior and posterior 

segments (Figure 1). 

 

 

Figure 1: Anatomy of the eye 

The anterior chamber structures include cornea, limbus, anterior and 

posterior chambers, trabecula meshwork and Canal of Schlemm 
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(Schlemm’s canal), iris, lens, zonule and ciliary body. The posterior 

segment includes the vitreous, retina, choroid, sclera and optic nerve 

(Henderer and Rapuano, 2011; Riordan and Cunningham, 2011). The 

retina is the innermost layer present in the posterior part of the eye. 

1.2. Retina 

Retina is the neurosensory tissue of the neuro-ectodermal origin which 

lines the internal space of the posterior segment. The retina consists 

of a thin, transparent highly organized structure of neurons, glial cells, 

and blood vessels. The retina can be broadly divided into the neural 

retina and the retinal pigment epithelium (RPE). The neural retina 

consists of six major classes of neurons: photoreceptors, bipolar cells, 

horizontal cells, amacrine cells, ganglion cells, and the Mullerian glia 

(Yanoff and Duker, 2009; Riordan and Cunningham, 2011).  

The nerve cell bodies are organized into different layers namely: inner 

limiting membrane, optic fiber layer, ganglion cell layer, inner plexiform 

layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, 

outer limiting membrane, photoreceptor layer (Figure 2).  



  

4 

 

 

Figure 2: The neuronal cells and layers of the retina (Yanoff and 

Duker, 2009) 

The outer nuclear layer consists of the nuclei of the photoreceptor cells 

i.e. the rods and cones. These photoreceptor cells connect with the 

bipolar and horizontal cells in the outer plexiform layer.  The nuclei of 

the bipolar cells, the amacrine, the horizontal cells and the Mullerian 

glia are located in the inner nuclear layer of the retina. Processes of 

the Mulerian glia, which is in the outer nuclear layer, spans throughout 

the retina. Thus, the Mullerian glia processes can be found in the 
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ganglionic layer as well as the inner nuclear layer.  The bipolar and 

amacrine cells synapse with ganglionic cells in the inner plexiform 

layer. The nuclei of the ganglionic layer and its axons lie in the nerve 

fiber layer which is present at the front of the retina where light reaches 

first. These nuclei are responsible for transferring the visual signals to 

the brain (Yanoff and Duker, 2009). 

The light reaches the ganglionic layer first and travels through the 

transparent layer to the photoreceptors. The flow of information 

through the retina occurs via two paths: a direct path and an indirect 

path. The direct path involves movement of information from light 

receptors to ganglion cells via bipolar cells. The indirect path, involves 

the movement of information through the same path as direct 

information with a longer route via horizontal cells and amacrine cells 

present between bipolar and ganglionic cells (Miller et al., 2005). Thus, 

the ganglionic cells play an important role in the vision perception by 

transferring visual information from light receptors in the retina to the 

brain. Some neurodegenerative diseases such as glaucoma, diabetic 

retinopathy affect the ganglionic cells thus affecting the movement of 

light information leading to blindness. 
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1.3. Retinal vasculature 

The retina requires a constant supply of oxygen and nutrients to meet 

the high metabolic demands of the retinal neurons. The higher 

metabolic demands of the retina are met by a complex dual ocular 

vascular system consisting of choroidal network and the retinal 

network (Maria et al, 2013). The ophthalmic artery bifurcates into 

choroidal network that supplies blood and nutrients to choroid and 

outer retina by a dense network of highly fenestrated choriocapillaries 

and the retinal network that oxygenates the inner retina (Cunha-Vaz J, 

2004). These two distinct branches of the ocular vasculature help in 

accommodating the different metabolic needs of the distinct layers of 

the retina. 

1.4. Blood Retinal Barrier 

Since the neurons of the retina are important for vision, it should be 

protected from the foreign particles or micro-organisms that circulate 

in the blood. The BRB is complex tightly bound structure of retinal 

capillary endothelial cells and RPE cells that shield the neural retina 

from the circulating blood. 
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Figure 3: The schematic structure of the outer and inner retinal 

barriers (Willoughby et al, 2010) 

 

The BRB is present at two places and depending on its presence in 

the retina it is termed as outer BRB and inner BRB as seen in Figure 3 

(Campbell and Humphries, 2013; Cunha-Vaz J, 2004). The inner BRB 

comprises of the complex tight junctions of the retinal endothelial cells 

which line the inner retinal network, limiting nonspecific transport 
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between the circulating blood and the neural retina, thus protecting the 

inner retina (Hosoya and Tomi, 2008; Choi, and Kim, 2008; Lee et al., 

2015). The outer BRB constitutes the tight junctions between RPE cells 

and the Bruch membrane protecting the photoreceptors present in the 

outer segments from macromolecules in the blood circulation (Choi 

and Kim, 2009; Lee et al., 2015; Toda et al., 2011). 

The barrier properties of the BRB are comparable to that of the blood 

brain barrier (BBB). The BRB prevents the entry of toxic substances 

and/or xenobiotics and regulates ion, protein, and water flux into and 

out of the retina with the help of specific ion transport channels (Cunha-

Vaz et al., 2011). The tight junctions present in the BRB prevent the 

entry of most of the water-soluble substances. Whereas the nutrients 

and metabolites enter via specific transporters, cell homeostasis is 

maintained by active ion transporters. The specific nutrients and 

metabolites that are transported across the BRB include glucose 

(GLUT1 and GLUT3), amino acids, nucleosides (purine nucleoside 

transporter), folic acid (reduced-folate transporter), lactic acid 

[monocarboxylate transporter (MCT)1–4], ascorbic acid and retinoids 

(cellular retinol-binding protein and interphotoreceptor retinoid-binding 

protein) (Gunda et al, 2008; Cunha-Vaz et al, 2011).  The rigid BRB is 
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formed by the tight junctions such as zonulae occludens between the 

endothelial cells. The cytokines secreted by the endothelial cells help 

protect the retina (Kim et al., 2009). The neuronal cells of the retina 

such as the pericytes and astrocytes induces the tight junctions to bind 

tightly to form the BRB. Thus, the pericytes and astrocytes play an 

important role in providing support to the BRB (Choi and Kim, 2008; 

Lee et al., 2015; Toda et al., 2011). The dysfunction of astrocytes 

occurs in diabetic retinopathy (DR) leading to the disruption of the BRB 

(Zheng et al., 2012; Shen et al., 2010). 

1.5. Retinal Pigment Epithelium 

The RPE is a simple continuous layer of cuboidal cells that is 

anatomically present between the outer segments of the 

photoreceptors and blood supply of the choroid. The melanosome is a 

prominent organ of the RPE cell responsible for producing melanin 

(Weiter et al.,1986). The RPE is a simple epithelium with microvilli 

extending from the apical surface that envelop the outer segments of 

both rod and cones facilitating the unique functional relationship with 

the photoreceptor cells. The cuboidal cells of the RPE consists of tight 

junctions that form the outer BRB (Anderson and Fischer, 1977; Miller 

and Steinberg, 1997).  
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1.5.1. Functions of the RPE 

The RPE performs important functions such as protecting the retina 

and maintaining the homeostasis of the retinal photoreceptor cells. The 

melanin pigment absorbs light that has passed through the 

photoreceptor layer of retina which results in better visual image (Miller 

and Steinberg,1977). The tight junctions of the RPE provide selective 

barrier properties for the transport of substances to the retina from the 

circulation (Boulton and Dayhaw-Barker, 2001). The RPE also 

transports important nutrients required by photoreceptors such as 

glucose, retinol and ω-3 fatty acids (Sugasawa et al., 1994; Miller and 

Steinberg, 1997; Ban and Rizollo, 2000). Water is transported by the 

aquaporine channels present in the RPE. The high metabolic activity 

of the photoreceptors results in increased lactic acid production. RPE 

helps in the transport of lactic acid and CO2 from the subretinal space 

to the blood (Adler AJ et al.,1997; Sparrow et al., 2010). The RPE helps 

in quick spatial buffering of ions brought about by cGMP-gated cation 

channels that are present in the outer segments of photoreceptors 

thereby maintaining the concentration of ions with the help of Na+, Ca2+ 

and K+ gradient (Steinberg et al., 1983). It is important to maintain the 

ion concentration with the help of fast acting cGMP-gated cation 
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channels in order to maintain the overall excitability of the 

photoreceptors and the neurons (Stauss, 2005). RPE plays an 

important role in phagocytosis of the light sensitive photoreceptor outer 

segments (POS) that are constantly shredded and renewed (Strauss, 

2005; Sparrow, 2010). A large variety of factors and signaling 

molecules are secreted by the RPE that includes- ATP, fas-ligand (fas-

L), fibroblast growth factors (FGF-1, FGF-2, and FGF-5), platelet-

derived growth factor (PDGF), transforming growth factor-  (TGF- ), 

insulin-like growth factor-1 (IGF-1), ciliary neurotrophic factor (CNTF), 

vascular endothelial growth factor (VEGF), members of the interleukin 

family, tissue inhibitor of matrix metalloprotease (TIMP) and pigment 

epithelium-derived factor (PEDF). These growth factors interact 

closely with endothelial cells or cells of the immune system (Strauss, 

2005). 

1.5.2. RPE and proliferative disease 

The RPE do not undergo mitosis in a healthy normal state but under 

some conditions, such as retinitis pigmentosa and proliferative diabetic 

retinopathy (PDR), they proliferate as well as migrate (Amrite and 

Kompella, 2008). Since RPE performs many important functions and 

is closely connected to the photoreceptors, their relationship is crucial 
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to sight. The disruption of RPE in diseases such as DR may lead to 

blindness if left untreated. 

2. Diabetic retinopathy 

Diabetes mellitus is a metabolic disorder characterized by high blood 

glucose for a prolonged time which may result in DR, one of the major 

complications of diabetes mellitus.  DR is a microvascular complication 

of both type 1 and type 2 diabetes mellitus.  

2.1. Pathophysiology of diabetic retinopathy 

The exact pathophysiological mechanism for the development of DR 

is still not completely understood. However, hyperglycemia has been 

established to be the initiating cause of DR (Nathan et al., 1993; UK 

Prospective Diabetes Study, UKPDS, Group, 1998). Hyperglycemia 

observed in diabetes mellitus initiates a cascade of biochemical and 

physiological changes that ultimately lead to microvascular damage 

and retinal dysfunction (Figure 4) (Cheung et al., 2010). 

The microvascular damage of retina seen in DR leads to vascular 

leakage (non-proliferative diabetic retinopathy (NPDR)) and ischemia-

induced retinal neovascularization PDR. The exact mechanism by 

which DR occurs is unknown but various pathways have been related 
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to its pathogenesis including (i) increased polyol pathway flux; (ii) 

increased advanced glycation end-product (AGE) formation; (iii) 

increased hexosamine pathway flux); and (iv) activation of protein 

kinase C (PKC) isoforms.  

 

 

Figure 4: The mechanism involved in the progression of DR 

Adapted from (Cheung et al., 2010) and (Hernandez et al., 2005) 
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These pathways terminate in increased oxidative stress, inflammation, 

and vascular dysfunction that result in eventual increased permeability, 

vascular occlusion, and local ischemia (Safi et al., 2014). Furthermore, 

these events lead to the upregulation of proangiogenic and 

inflammatory factors such as (VEGF), insulin-like growth factor (IGF), 

angiopoietins (Ang-2), stromal derived factor-1 (SDF-1), basic 

fibroblast growth factor-2 (bFGF), hepatocyte growth factor (HGF), 

tumor necrosis factor (TNF), and interleukin-6 (IL-6) (Tarr et al, 2013). 

2.1.1. The role of vascular endothelial growth factor in diabetic 

retinopathy 

Various growth factors are found to be oversecreted in DR such as 

basic bFGF, PEDF, and VEGF. These growth factors have been 

shown to play a role in retinal angiogenesis. However, VEGF is the 

most potent inducer of vascular permeability and mitogenesis of 

endothelial cells (Tarr et al, 2013). 

Hypoxia, increased blood glucose levels, AGEs and increase in pro-

inflammatory cytokines result in increase in the VEGF secretion. An 

increase in the number of VEGF receptors along with an increase in 

the concentration of VEGF have been observed in DR. VEGF plays an 

important role in the pathophysiology of DR – at early as well as more 
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advanced stages. It is known to play an important role in the 

breakdown of the BRB as well as angiogenesis. 

2.1.2. Breakdown of blood retinal barrier 

Upregulation of VEGF results in increased retinal vascular permeability 

and the breakdown of the BRB (Murata et al, 1996). The VEGF 

weakens the endothelial cell tight junctions by decreasing their protein 

content or by phosphorylating the junction protein occludin and/or 

adherens junction protein, VE-cadherin. (Murakami et al., 2012). 

2.1.3. Angiogenesis 

High VEGF causes neovascularization in the retinal capillaries during 

the later stages of DR by proteolysis of the basement membrane, and 

the enhancement of expression of intercellular adhesion molecule 1 

and vascular adhesion molecule 1 (Melder et al., 1996; Duh et al., 

2004; Wang J et al., 2010).  

Thus, it is postulated that reducing the VEGF production or activity 

should be able to prevent the earlier stages of DR as well as inhibit the 

development of its proliferative form.  
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2.1.4. Oxidative stress in diabetic retinopathy 

The imbalance between reactive oxygen species (ROS) production 

and the antioxidant defense system results in oxidative stress. 

Autooxidation of glucose, shifts in redox balances, impaired activities 

of antioxidant defense enzymes such as catalase and superoxide 

dismutase (SOD) along with decreased tissue concentrations of low 

molecular weight antioxidants such as reduced glutathione (GSH) and 

nonenzymic antioxidants such as vitamin C, vitamin E, and β-carotene 

seen in DR are responsible for the increased oxidative stress (Kowluru 

et al., 2010). Additionally, the retina has high content of 

polyunsaturated fatty acids along with the highest oxygen uptake and 

glucose oxidation relative to any other tissues rendering it more 

susceptible to oxidative stress (Anderson et al, 1979).  

The accumulation of ROS causes activation of pathways/processes 

such as the AGE pathway, the polyol pathway, the hexosamine 

biosynthesis pathway, PKC pathway the upregulation of VEGF and 

mitochondrial dysfunctions such as overproduction of superoxide 

(Koya and King, 1998; Du-X-l et al., 2000; Caldwell RB et al., 2005; 

Kowluru et al., 2010). Increased superoxide production initiates a 

cascade of damaging events via the production of more superoxide, 
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hydrogen peroxide, hydroxyl radicals, and peroxynitrite which cause 

injury to macromolecules in the retina. Along with the increase in the 

oxidative stress, a decrease in the non-enzymatic and enzymatic 

antioxidant defense capabilities is seen that makes the retinal cells 

more sensitive to oxidative stress. The increased oxidative stress 

prevented the reversal of DR in animal studies even after the blood 

glucose levels were controlled (Kowluru RA et al., 2010). Thus, the 

increased oxidative stress and the accumulation of damaged retinal 

biomolecules not only cause the progression of DR, but it also prevents 

the reversal of retinopathy. 

2.1.5. Inflammation in diabetic retinopathy 

Inflammation is known to play an important role in the development of 

edema and neovascularization in DR. TNF-α, εCP-1, and IL-6 are the 

inflammatory cytokines found to be increased in patients with DR 

compared to controls without diabetes (Zhou et al., 2012; Hernandez 

et al., 2005; Gustavsson et al., 2012). Microglia are activated in DR to 

release inflammatory cytokines. (Zeng et al., 2008).  An increase in the 

expression of intercellular adhesion molecule 1 and P-selectin is seen 

in the early course of diabetes in the endothelial cells which causes the 

leukocytes to adhere to the vascular capillary walls. The leukocyte 
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adherence contributes to disruption of the blood-retinal barrier and 

death of endothelial cells (Zhou et al., 2012). 

2.1.6. The retino-vascular damage 

2.1.6.1. Neurodegeneration 

Neurodegeneration refers to the structural and functional loss of 

neuronal cell. Damage to nerve fibers in the retina results in the 

accumulations of axoplasmic material within the nerve fiber layer 

known as cotton wool spots that can be observed upon fundoscopic 

examination of the DR. The major forms of retinal neurodegeneration 

observed are apoptosis and glial activation. Apoptosis is increased in 

diabetes, especially in the inner retina which consists of the retinal 

ganglionic cells (Lieth et al,1998). 

2.1.6.1.1. Significance of neurodegeneration in diabetic 

retinopathy 

 Degenerating neurons were identified in the retinas of the post – 

mortem diabetic patients in the early 1960’s which changed the focus 

of DR from microvascular to a neurovascular disease (Wolter,1961). 

Neurodegeneration has been known to occur in DR even in the 

absence of microvascular abnormalities leading to the conclusion that 
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neurodegeneration occurs in the early stages of DR (Leo et al, 1994; 

Carrasco et al.,2007, 2008). 

2.1.6.1.2. Mechanism of retinal ganglionic cell death  

The ganglionic cells are necessary for vision as they play an 

important role in the transfer of information from the photoreceptors to 

the brain. Increased apoptosis of retinal cells was observed in 

streptozocin induced diabetic rats out of which 10% death was 

observed in the ganglionic cells (Barber et al, 1998; 2011). Glutamate 

is the major excitatory neurotransmitter found in high concentrations in 

human and experimental disease states. In addition, an increase in N-

methyl-D-aspartame receptors (NMDA) receptors was also observed 

(Calzada et al, 2002). Overactivation of ganglionic NMDA receptors by 

glutamate leads to calcium influx into the cells followed by the release 

of caspases leading to apoptosis. Increased levels of glutamate and 

overexpression of NMDA receptors results in damage to retinal 

neurons (Ng et al, 2004; Pulido et al., 2007). Elevated levels of 

glutamate in the retina have been found in the vitreous fluid of diabetic 

patients with PDR and experimental models of diabetes along with the 

overexpression of NMDA receptors (Ambati et al., 1997; Pulido et al., 

2007). 
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The Nitric oxide (NO) released from retinal glial cells and the 

oxidative stress is thought to induce neuronal apoptosis (Anderson et 

al., 1984; Christopherson and Bredt, 1997; Sennlaub et al., 2002). Pro-

inflammatory and other inflammatory factors such as transcription 

factor NF-KB (nuclear factor kappa-light-chain-enhancer of activated B 

cell) and TGF-B have been shown to be overexpressed in retinal 

vascular endothelial cells, pericytes, and macrophage. These factors 

lead to apoptosis of surrounding neuronal cells (Ramasamy et al., 

2005 Yeh et al., 2001; Yan et al., 1994). 

2.1.6.2. Vascular damage in diabetic retinopathy 

One of the earliest microvascular abnormalities seen in DR is the 

decrease in the pericyte coverage of retinal capillaries, constriction of 

major arteries and arterioles leading to decrease in retinal perfusion 

(Rask-Madsen and King et al., 2013). The microvascular changes 

other than the loss of pericytes include capillary basement membrane 

thickening, increased permeability of endothelial cells, and weakening 

of vessel walls (Hammes H, 2005).  

Moreover, the loss of survival signaling and upregulation of angiostatic 

factors like Tie2 causes vascular cell apoptosis (Rask-Madsen et al., 

2013). The apoptosis of capillary cells leads to impaired perfusion 
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causing retinal ischemia which results in release of various vascular 

growth factors such as VEGF and erythropoietin. These growth factors 

lead to increased vascular leakage and promote PDR (Murakami et al., 

2012).  The types of microvascular changes seen in DR are as follows:  

2.1.6.2.1. Loss of pericytes 

 Pericytes are elongated contractile cells that wrap around endothelial 

cells of small vessels (Yamagishi and Imaizumi, 2005). The main 

functions of pericytes involve assisting in providing maintenance of 

capillary tone (i.e. dilatation and constriction), capillary growth, and 

protection against ROS damage. Therefore, the loss of pericytes with 

DR would interfere with capillary constriction which results in 

chronically dilated vessels and disruption of normal homeostasis 

(Carlson et al., 2003).  

2.1.6.2.2. Retinal capillary basement membrane thickening 

Change in the composition of BM proteins such as collagen IV, laminin, 

and fibronectin are responsible for increase in the thickness of the 

basement membrane (BM) (Thoumine et al., 1995). The BM thickening 

is considered to limit communication between endothelial cells and 

pericytes and thus contributes to accelerated vascular cell death and 

vessel instability in the diabetic retina (Roy et al., 2010). 
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2.1.6.2.3. Endothelial cell death and acellular capillary formation 

Loss of capillaries is observed during progressive ischemia in the 

retina of a long-term diabetic animal models and post-mortem 

specimens (Stitt et al., 1995). Diabetes appears to greatly accelerate 

the turnover and renewal of retinal microvascular endothelial cells. 

With prolonged diabetes the endothelial progenitor cells may exhaust 

their replicative lifespan leading to formation of acellular capillaries 

(Sharma et al., 1985: Caballero et al., 2007). 

2.1.6.2.4. Retinal microaneurysm formation 

A saccular enlargement of the venous end of a retinal capillary known 

as microaneurysms is seen in the retina in DR. Microaneurysms are 

the earliest clinically recognizable feature of DR seen on fundoscopic 

examination and they have been used as predictive markers for 

disease progression (Stitt et al., 1995). Microaneurysm formation 

occurs because of the loss of pericytes and increase in the intra-

luminal pressure. When the microaneurysms that are in the deeper 

layers of the retina such as the inner nuclear and outer plexiform layers 

rupture they result in the formation of dot and blot hemorrhages (Stitt 

et al., 1995; Roy et al., 2010). 
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2.1.6.2.5. Proliferative diabetic retinopathy 

The PDR stage involves the formation of new blood vessels that 

develop from the venous side of the retinal circulation and penetrate 

the inner limiting membrane into the vitreous. These new abnormal 

blood vessels can also increase the pressure within the eye known 

as rubeotic glaucoma (Alghadhyan et al., 2011). The new blood 

vessels are fragile and leaky thus they bleed into the retina and the 

vitreous fluid that fills the eye resulting in vision loss. If left untreated, 

these blood vessels get enveloped by a thick and densely fibrous 

connective tissue layer. This fibrous tissue contributes to the 

formation of firm adhesions at the posterior hyaloid membrane and 

may eventually contract as it matures resulting in vitreous 

hemorrhages or retinal detachment leading to sudden visual loss 

(Ciulla et al., 2003). Proliferative retinopathy occurs in approximately 

50% of patients with type I diabetes and in about 15% of patients with 

type II diabetes who have the disease for 25 years (Klein et al., 1984).  

2.1.6.2.6. Macular edema 

Macular edema is basically the increase in the thickness in the macular 

part of the retina i.e. within 500 microns of the center of the macula. 

The water accumulates extracellularly due to the retinal arteriolar 
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vasodilatation and increased retinal blood flow in addition to the 

increased hydrostatic pressure in the retinal capillaries seen only in 

long term diabetes (Cunha-Vaz et al., 1998). The breakdown of the 

inner BRB and outer BRB results in the increased vasopermeability in 

the retinal capillaries.  If such excessive vasopermeability occurs at the 

macula it results in the formation of diabetic macular oedema (Cunha-

Vaz et al., 1984). The high oncotic pressure in the neural interstitum 

caused due to the breakdown of BRB tends to produce interstitial 

edema which can cause a loss of visual acuity within a short time frame 

(González-Mariscal L et al., 2003). 

2.2. Classification of diabetic retinopathy 

The neuronal and vascular changes cause some pathological changes 

in DR that can be observed on opthalmoscopic examination. Based on 

these opthalmoscopic findings DR is classified as follows (Table 1) 

Table 1: International classification of diabetic retinopathy (Wilkinson 

et al, 2003) 

Severity level Opthalmoscopic findings 

No retinopathy No abnormalities 

Mild NPDR Microaneurysms only 
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Moderate NPDR More microaneurysms   

Scattered hard exudates   

Cotton-wool spots, Intra-retinal 

hemorrhage (less than severe 

NPDR) 

Severe NPDR 4-2-1 rule 

4 quadrants of atleast 20 severe 

retinal hemorrhages 

2 quadrants of venous beating 

1 quadrant of Intraretinal 

microvascular abnormalities 

Very severe NPDR More than 1 symptoms of Severe 

NPDR 

PDR New vessel formation either at 

the disc or elsewhere 

Pre-retinal /vitreous hemorrhage 

Diabetic maculopathy Mild diabetic macular edema: 

Some retinal thickening or hard 

exudates in posterior pole but 
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distant from the center of the 

macula. 

Moderate diabetic macular 

edema: Retinal thickening or hard 

exudates approaching the center 

of the macula but not involving 

the center. 

Severe diabetic macular edema: 

Retinal thickening or hard 

exudates involving the center of 

the macula. 

 

2.3. Neurovascular unit 

The neuronal part of the retina and the retinal vasculature work as a 

close-knit unit structure and are closely connected. This functional 

dependence and connection between the neuronal and vascular unit 

helps them to adapt according to varying physiological conditions 

(Gardner and Davila, 2017). The neurons are dependent on the 

vascular system for their metabolic needs such as receiving nutrients 

and removing the toxic waste of tissue metabolism (Kur et al., 2012). 
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The astrocytes, pericytes and the muller cells help protect the retinal 

vasculature by maintaining its integrity. Astrocytes autoregulate the 

blood vessels through the synapse and enhance the expression of 

zonulae occludentes protein i.e. the tight junctions to enhance the 

barrier properties. Muller cells regulate the tightness of the brb 

(Abukawa et al., 2009). The pericytes have been shown to play a role 

in regulating vascular tone, secreting extracellular material, and being 

phagocytic (Cunha-Vaz et al., 2011). The pericyte coverage on the 

arterioles helps them form close associations with the neuron, making 

it a part of the neurovascular unit (Gardner and Davila., 2017). The 

arterioles respond dynamically to complex circulatory and neural cues 

resulting in changes in blood flow (Kur et al., 2012). The neurovascular 

unit is important to co-ordinate the local blood flow changes with 

fluctuations in metabolic demands (Gardner and Davila, 2017). 

Thus, it is important to treat both the neuronal and vascular 

complications associated with DR in order to provide a complete and 

effective treatment of DR. 
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3. Current treatments for diabetic retinopathy 

The management of DR involves controlling the systemic factors such 

as reducing the blood glucose, blood pressure and lipids. Treatment 

for DR is required in pre-proliferative stages or where retinopathy is 

progressive. The current treatment for DR includes laser 

photocoagulation, surgical intervention and pharmacological treatment 

such as anti-VEGF therapies and corticosteroids. 

3.1. Laser photocoagulation 

Pan-retinal photocoagulation (PRP) is considered as the gold-standard 

for treatment of PDR wherein it is used to prevent the development of 

further damage and to promote the regression of the proliferation and 

retinal neovascularization (Steffanson et al., 1981; Leith et al., 1989).  

Laser photocoagulation is carried out with the use of an indirect 

ophthalmoscope or a slit-lamp system. Usually, the retinal laser 

photocoagulation for diabetic retinopathy is typically performed with a 

continuous wave laser at 514 or 532 nm with exposure durations from 

100 to 200 ms, powers from 250 to 750 mW with spot sizes from 100 

to 500 µm (Lieth et al., 1998). This results in mild to moderate laser 

burns on the retina and coagulation of the RPE and the adjacent 

photoreceptors but leave the inner retina intact. Laser destroys the 
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photoreceptors reducing the oxygen consumption leading to reduction 

in the angiogenic factor production. The reduction in angiogenic factors 

prevents the new vessel growth (Steffansson et al., 1981). A PRP 

treatment causes 1,200–1,500 burns of 0.5mm diameter to the retina 

reducing the oxygen consumption of the outer retina by approximately 

20% (Steffansson et al., 1981, Leith et al.,1998). 

Disadvantages: PRP results in the destruction of healthy retinal cells 

thus, negatively impacts visual function and the quality of life of some 

patients. Other side-effects include the worsening of pre-existing 

macular edema, impairment of peripheral retina function, significant 

discomfort during application for many patients, permanent retinal 

scarring along with decreased peripheral color and night vision (Fong 

et al., 2007; Paulus et al., 2013). It has demonstrated that exposures 

of 100 ms and longer typically produce retinal lesions that affect not 

only RPE and photoreceptors, but also the inner nuclear layer (INL), 

ganglion cell layer (GCL), and nerve fiber layer (NFL) (McDonald and 

Schatz, 1985). 

3.2. Surgical vitrectomy  

Vitreous hemorrhage is the most common complication of PDR that 

causes decreased visual acuity and interferes with panretinal 
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photocoagulation. Thus, a vitrectomy surgery is required if there is a 

persistent non-clearing vitreous haemorrhage and traction retinal 

detachment. The vitrectomy surgery is a three-port technique, 

involving the removal of vitreous, along with blood and endolaser 

photocoagulation similar to PRP laser treatment (Joussen and Joeres, 

2007; Sabrosal et al., 2013). 

Disadvantages: Severe complications associated with the surgeries 

include recurrent rhegmatogenous retinal detachment (RRD), vitreous 

haemorrhage, rubeosis iridis and neovascular glaucoma seen in 

patients suffering from DR. The incidence rate of postoperative neo-

vascular glaucoma has also been found to be increased in some 

patients (Yorston et al., 2008). 

3.3. Pharmacologic Therapy in diabetic retinopathy 

3.3.1 Corticosteroids 

Inflammation plays an important role in the progression of DR 

(Rangasamy et al., 2012; Amrite and Kompella, 2008). The 

upregulated inflammatory cytokines seen in the vitreous of a patient 

with DR results in the alteration of BRB. Thus, corticosteroids can be 

useful in the treatment of DR as they are known to reduce vascular 

permeability, reduce BRB breakdown and downregulate VEGF 
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production. In patients who do not respond well to anti- VEGF, a 

corticosteroid is used as a combination therapy. Intravitreal 

triamcinolone has been commonly used for the treatment of DR 

(Campochiaro et al., 2012). Corticosteroids such as intravitreal 

triamcinolone acetonide (4 mg/0.1 mL - 20–25 mg/0.2 mL) has been 

used to reduce retinal proliferation seen in PDR (Gillies et al., 2006). 

The systemic use of corticosteroid therapy can be an effective adjunct 

to laser photocoagulation to treat DME and DR, but it accompanies a 

lot of side-effects (Cunha- Vaz et al., 2004). 

Disadvantages: The major disadvantage of triamcinolone is the ocular 

hypertension and cataract formation. It has been observed that about 

54% of patients using triamcinolone require cataract surgery within 3 

months from starting the treatment (Gillies et al., 2006). The delivery 

of triamcinolone via intraocular injections involves potential 

complications such as endophthalmitis, retinal detachment, intraocular 

pressure elevation, vitreous hemorrhage, and cataract (Cunha-Vaz et 

al,2004; Gillies et al., 2006).  

3.3.2. Anti-angiogenic therapy 

VEGF is a potent inducer of the primary pathologic changes in DR such 

as the breakdown of the BRB and neovascularization. Since, an 
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increase in the VEGF concentrations have been observed in the 

vitreous of the diabetic patient along with the increase in the VEGF 

receptors the treatment for DR is focused on reducing the VEGF 

concentrations with the help of anti-VEGF therapy (Titchenell and 

Antonetti, 2013; Hussain et al., 2007). The three anti-VEGF agents that 

have been off label in the treatment of DR are bevacizumab, 

ranibizumab, and aflibercept (Titchenell and Antonetti, 2013). 

Pegaptanib sodium, an anti-VEGF RNA aptamer has a selective anti-

VEGF blockade mechanism of action as it selectively binds to VEGF.  

Pegaptanib has been used off-label for the treatment of PDR and DME. 

Since pegaptanib was not very effective in treating DR in all the patient 

populations the treatment was shifted to the two clinically available 

drugs that non-selectively block all VEGF-A isoforms i.e. bevacizumab 

and ranibizumab. Bevacizumab is a full-length recombinant 

humanized anti-VEGF monoclonal antibody large-sized molecule 

(molecular weight: 148 kDa) whereas ranibizumab is a small 

recombinant antibody fragment (Fab). Bevacizumab has twice half-life 

than ranibizumab (Abdallah and Fawzi, 2009; Hussain et al., 2007). 

Aflibercept, a recombinant fusion protein comprising the key VEGF-

binding domains of human VEGF receptors 1 and 2 has shown greater 



  

33 

 

binding affinity to VEGF than that of bevacizumab or ranibizumab 

(Nguyen et al., 2013). 

Disadvantages: Elevation of intraocular pressure has been observed 

in some patients on repeated administration of intravitreal anti-VEGF 

(Pershing et al., 2013; Bakri et al., 2014). Anti-VEGF therapy does not 

benefit all the patients and in some cases have made the disease 

severe, thus an alternative treatment is needed for the treatment of DR 

(Osaadon et al., 2014). 

3.4. Need for newer treatment 

Since multiple factors are known to contribute to the progression of DR 

such as abnormal VEGF production; inflammatory mediators; 

increased vascular permeability of the retinal vasculature and 

neurodegeneration there is a need for newer treatment for effectively 

treating DR. New treatment targets have been identified and the drugs 

have been proven to be effective in the treatment of DR in experimental 

rats. The drug targets that have been experimentally used in the 

treatment of DR include the metabolic pathway inhibitors such as RAS 

(Renin Angiotensin System) inhibitors, ACE inhibitors. Anti-

inflammatory agents such as NSAIDS (Non-Steroidal Anti-

Inflammatory Drugs), anti-biotics and immunosuppressants have also 
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found to be useful in the treatment of DR. Several anti-oxidants, and 

neuroprotective agents have also been found to be effective in the 

treatment of DR (Bolinger and Antonetti, 2016). Celecoxib and 

memantine belong to a newer set of drugs that have been proven to 

be useful in the treatment of DR in experimental settings (Amrite and 

Kompella, 2008; Kusari et al., 2007). 

3.4.1. Celecoxib 

Celecoxib is a NSAID, currently being used as an anti-inflammatory 

agent for the treatment of rheumatoid arthritis and osteoarthritis. 

Celecoxib causes inhibition of Cox-2 (cycooxygenase-2) (Kim et al., 

2010). COX-2 levels are known to rise in DR. Cox-2 enhances the 

effect of VEGF and causes increased PGE2 secretion leading to BRB 

breakdown (Maloney et al., 2009). Inhibition of Cox-2 resulted in a 

reduction in the production of prostanoid. The reduced prostanoid 

levels prevents the BRB breakdown (Cheng et al., 1998). Thus, 

celecoxib is found to be useful in the treatment of DR as it has anti-

VEGF effect in the retinal cells due to Cox-2 inhibitory action and 

results in a dose dependent decrease in the VEGF expression in RPE 

(Amrite and Kompella, 2008). Celecoxib has dose dependent anti-

proliferative effects on the cells of the inner BRB and outer BRB due to 
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the G2-M phase cell cycle arrest not seen with another cox-2 inhibitor 

i.e. Rofecoxib (Amrite and Kompella, 2008). This VEGF inhibitory 

activity and the anti-proliferative activity of celecoxib can be useful in 

the treatment of the proliferative stages of DR. 

3.4.2. Memantine 

Glutamate is a major excitatory neurotransmitter in the retina and is 

found to be increased in the vitreous and the retina in diabetic patients. 

Glutamate acts on the NMDA-type glutamate receptors which results 

in the uptake of Ca2+ ions and activation of downstream signaling 

pathways resulting in excitotoxicity (Mattson et al., 2003; Ng et al., 

2004). An increase in the number of NMDA receptors is seen in DR. It 

is important to block these NMDA receptors to prevent neuronal death. 

One such NMDA receptor blocker is memantine. It is an uncompetitive 

NMDA receptor blocker which blocks the associated channels during 

prolonged activation of the receptor, as it occurs under excitotoxic 

conditions such as that seen during increased glutamate 

concentrations in DR (Lipton and Stuart, 2004). The neuroprotective 

action of memantine was observed in the streptozotocin induced 

diabetic rat models along with reduction in the VEGF levels with long 

term treatment. The decrease in the VEGF level was hypothesized to 
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occur due to the reduction in the Ca2+ levels which activate the PKC 

pathway resulting in increased VEGF concentrations in the vitreous 

(Kusari et al., 2007). Thus, memantine can also play an important role 

in the prevention of BRB. 

Thus, the use of the combination therapy of celecoxib which has anti-

proliferative and ant-inflammatory action along with its anti-VEGF 

activity along with memantine, a neuroprotectant will provide greater 

benefits in the treatment of a DR. 

4. Drug delivery for posterior eye segment diseases 

Diseases of the posterior part of the eye such as DR require long term 

treatment of the drugs at the site of disease in effective concentrations. 

The major challenge of treating diseases of the posterior part of the 

eye is in delivering effective doses of drugs to target tissues in the 

posterior eye. The static barriers such as the different layers of cornea, 

sclera, retina, blood aqueous barriers and blood retinal barriers along 

with the dynamic barriers such as ocular blood flow, lymphatic 

clearance, tear dilution and ocular transporters pose major hurdles for 

ocular drug delivery (Gaudana et al., 2010). Thus, different 

permutations and combinations of the drug delivery system and the 

route of drug delivery have been utilized in order to ensure effective 
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concentration of drug to be delivered at the site of action.  

Hence, it is important to review the drug delivery systems and the route 

of drug delivery for the delivery of celecoxib and memantine to the 

retina. 

4.1. Drug Delivery Routes 

The routes that can be used for drug delivery to the posterior part of 

the eye include topical, systemic, intraocular, and periocular (including 

subconjunctival, sub-Tenon’s, and retrobulbar). 

4.1.1. Topical route of drug delivery 

The topical route of drug delivery is very commonly used for treating 

the diseases of the anterior part of the eye by applying topical drops, 

gels and ointments. Although, this route of drug delivery is very 

effective in treating diseases of the anterior part of the eye it fails to 

deliver effective levels of drug in the posterior part of the eye such as 

the retina due to the anatomical barriers. The barriers such as the 

nasolacrimal drainage, precorneal drug losses, corneal epithelium, 

blood-ocular barriers, metabolism occurring in the eye, limited volume 

of drug administration (~γ0μl) and the short contact time of the drug on 

the surface of the eye (Ahmed I, 2003; Gaudana et al., 2010; Patel et 

al, 2013). The movement of the intra-ocular fluid is from vitreous to 
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aqueous compartment which is opposite to that of the drug. Thus, all 

these barriers limit the intra-ocular availability of drug to less than 5% 

(Ahmed I, 2003; Gaudana et al., 2010). The topically applied drugs 

have been known to reach the retina through the conjunctiva via scleral 

blood circulation, but the concentrations are less than the therapeutic 

values. Thus, the use of topical route is limited to treating diseases of 

the anterior part of the eye (Gaudana et al., 2010). 

 4.1.2. Systemic route of drug delivery 

This method of drug delivery is used for delivery drugs to the anterior 

and posterior part of the eye. In order for the drug to reach the ocular 

tissues, it should be able to overcome the blood-ocular barriers i.e. the 

blood aqueous barrier and the blood retinal barrier. The blood aqueous 

barrier is a selective barrier that prevents the entry of drug into the 

anterior chamber whereas the blood retinal barrier prevents the entry 

of drug into the posterior chamber (Urtti A, 2006; Vadlapudi et al., 

2013). The blood retinal barrier consists of the RPE cells which act as 

hindrance to achieve therapeutic concentrations of drug in the 

posterior part of the eye. Thus, in order to achieve effective 

concentration of the drug at the site of action an increased amount of 
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drug is needed to be delivered via the systemic route which might result 

in systemic side-effects (Urtti A, 2006; Gaundana et al., 2010). 

4.1.3. Periocular route of drug delivery 

The periocular route of drug delivery utilizes the retrobulbar, peribulbar, 

subtenon and subconjunctival routes for delivery of drugs to the 

posterior part of the eye. The pathway of drugs administered 

periocularly to reach the retina include: trans – scleral pathway, 

systemic circulation through choroid and the anterior pathway through 

tear film, cornea, aqueous and vitreous humor and retina (Ghate and 

Edelhauser, 2006). Only minute concentrations of a drug administered 

via the periocular route enters the vitreous. The prevention of the entry 

of the drug from the BRB, the loss of the drug from the periocular 

space, and the binding of drugs to tissue proteins as well as efflux 

transporters result in reduced amount of drugs reaching the vitreous 

(Ghate and Edelhauser, 2006; Thrimawithana et al., 2011). In addition, 

reflux of an administered drug from the injection site and elimination of 

an administered drug through the conjunctival lymphatics and 

episcleral veins also resulted in the decreased bioavailability of drugs 

in the retina (Ghate and Edelhauser, 2006). Although, the periocular 

route of drug delivery is considered less painful and more efficient for 
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drug delivery to the posterior part of the eye, a major drawback of this 

route lies in the low availability of drugs in the retina via this route 

(Thrimawithana et al., 2011). 

4.1.4. Intravitreal route of drug delivery 

Intravitreal injection of drugs to the eye involves direct injection of the 

formulation, in the form of solution, particles, suspension, depot or 

implants, into the posterior segment through the pars plana. Since this 

route provides direct entry of the formulation into the vitreous, highest 

drug concentrations at the neural retina are seen as compared to all 

the other route of drug delivery for disorders of the posterior part of the 

eye (Ghate and Edelhauser, 2006; Gaudana et al, 2010). The major 

disadvantage of this route is that the frequent administration of drugs 

via this route can lead to retinal detachment, retinal haemorrhage, 

endophthalmitis and increased intraocular pressure.  To minimize 

some of these complications, novel drug-delivery systems have been 

developed in the form of biodegradable or non-biodegradable implants, 

to provide sustained drug delivery at the retina (Gaudana et al., 2010). 

4.2. Drug delivery systems in ocular therapy 

It is important for the drug to be present at the therapeutic levels in the 

vitreous and the retina at give time for the treatment of DR. The most 
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commonly used drug delivery systems such as topical drops and gels 

are ineffective in delivering therapeutic levels of drug to the posterior 

part of the eye. Thus, it is important to select the drug delivery system 

and the methods for delivery in order to achieve effective concentration 

of drug at the site of action.  

Some of the drug delivery systems used in ocular drug delivery are as 

follows- 

4.2.1. Nanomicelles 

These are nanoparticles made from amphiphilic biomolecules such as 

polymers or surfactants in order to achieve a clear solution. Certain 

advantages of nanomicelles include high drug encapsulation capability 

of hydrophilic and hydrophobic drugs, ease of preparation, small size, 

and hydrophilic nanomicellar corona generating aqueous solution 

(Gaudana et al., 2010; Vadlapudi et al., 2013). Instability in the 

physiological environment, premature drug release and difficulty in 

scale-up are some of the known disadvantages of nanomicelles 

(Gaudana et al, 2010). 
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4.2.2. Liposomes 

Liposomes are basically lipid vesicles containing one or more 

phospholipid bilayers enclosing an aqueous core. The size of 

liposomes usually range from 0.025 to 2.5 μm. The presence of the 

phospholipid in the structure gives them the cell membrane like 

structure making them biocompatible along with the ability to 

encapsulate both hydrophilic and hydrophobic drugs (Akbarzadeh et 

al., 2013). The number of lipid bilayers (unilamellar, bilamellar, 

multilamellar etc.) along with its composition has been helpful in 

modifying the drug release from the liposome (Agrahari et al., 2016). 

It’s versatile surface modification chemistry, and potential of providing 

a stimuli-sensitive drug release are some of the advantages of 

liposomes. The disadvantages of this drug delivery system is that 

liposomes show instability of macromolecules during the production, 

manufacturing cost and scale up issues along with variable size 

distribution (Akbarzadeh et al., 2013). 

4.2.3. Ocular Implants 

Ocular implants are placed at the site of action and are intended for 

sustained drug delivery to the eye for a period of several months to 

years. They are placed intravitreally by creating an incision at the pars-
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plana of the eye. The implants consist of biodegradable or non-

biodegradable drug delivery systems. Polyvinyl alcohol (PVA), 

ethylene vinyl acetate (EVA), silicon, polysulfone are the non-

biodegradble polymers used in ocular implants (Yasukawa et al, 2006; 

Patel et al, 2013). Although the implants can provide longer and 

sustained release of drugs it is associated with various side effects 

such as lens opacification, cataracts, and retinal-detachment 

(Yasukawa et al, 2006). The insertion of implants through the pars 

plana into the vitreous resulted in scars which were found to consist of 

fibrous tissue and blood vessels that extended from the episclera into 

the vitreous in case of experimental monkey ocular tissues (Koch and 

Kreiger, 1994). The adverse events observed with intra-ocular implants 

include endophthalmitis, vitreous haze, hemorrhage, cataract 

development and retinal detachment. These severe dis-advantages 

associated with implants limit their use (Agrahari et al., 2016). 

4.2.4. Dendrimers 

Dendrimers are macromolecular compounds made up of a series of 

branches around a central core which are prepared in the nanosized 

range. Dendrimers can be functionalized (amine, carboxylate and 

hydroxy) to achieve targeted therapy. Their ease of preparation and 
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possibility to attach multiple surface groups are certain advantages 

because of which dendrimers are used for ocular drug delivery  

(Gaudana et al., 2010). The use of dendrimers in ocular drug delivery 

is limited because of its complex preparation process and major 

drawbacks such as blurred vision and formation of a veil leading to 

vision loss (Gaudana et al., 2010; Agrahari et al., 2016). 

4.2.5. Nanoparticles 

These colloidal particles ranging in size from 10-1000 nm. The small 

size of the nanoparticles improves the targeting of drug to organs and 

increase drug’s bioavailability across biological membranes (Gaudana 

et al., 2010). Celecoxib loaded nanoparticles (NPs) were prepared 

using different polymers such as chitosan (CS), sodium alginate, poly-

-caprolactone (PCL), poly-L-lactide, and poly-D, L-lactide-co-

glycolide (PLGA) (Ibrahim et al., 2016). The nanoparticles loaded in a 

bioadhesive gel formulation provided better release and showed better 

concentrations in the anterior part of the eye as compared to the 

posterior part of the eye (Ibrahim et al., 2016). 

4.2.6. Stimuli responsive nanosystems 

Stimuli responsive nanosystems are most useful form of drug delivery 

systems in treating posterior eye diseases since variable drug 
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concentrations might be needed at different point of time. These drug 

delivery systems can be formulated in the form of NPs, microspheres, 

nanofibers, and hydrogels which are able to control/trigger the drug 

release in response to a number of intrinsic (pH, temperature, 

enzymes, oxidative stress) and extrinsic (magnetic field, light, 

ultrasound, heat) stimuli (Agrahari et al., 2016). 

4.2.6.1. Light activated systems 

Light activated system consists of an incorporated light sensitive 

material. The drug delivery system is implanted or injected into the eye 

and then activated via light from the external source that travels 

through the transparent cornea and the lens. This system provides a 

controlled drug delivery in the treatment of posterior eye diseases 

(Agrahari et al., 2016). 

4.2.6.2. Thermo-responsive systems 

Thermo-responsive drug delivery systems undergo a change in 

solubility with a small change in temperature. One such injectable 

intravitreal formulation for sustained release of bevacizumab was 

developed which gels inside the vitreous compartment and thereby 

controls the release of the incorporated drug (Xie et al., 2015).  
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4.2.6.3. In-situ gelling systems 

In situ gelling systems are synthesized with natural and synthetic 

polymers due to sol–gel phase transition in the presence of various 

stimuli such as pH, temperature, or ionic strength. Several in situ 

gelling systems have been developed for ocular applications. They 

have been commonly used to increase the pre-corneal residence time 

(Gaudana et al., 2010). 

5. Drug delivery method used in this study 

Various drug delivery systems have been synthesized to deliver drugs 

in the treatment of DR. The conventional or traditional dosage forms 

that are currently being used suffer from many limitations, thus, it is 

important to develop newer better formulations for the treatment of DR. 

ROS sensitive nanoparticles 

Reactive oxygen species (ROS) are highly reactive ions and free 

radicals, that include superoxide (O2 –), hydroxyl radical (·OH), 

hypochlorite ion (OCl–), hydrogen peroxide (H2O2), singlet oxygen (1O2) 

etc.  Low level of ROS is required to maintain the normal cellular 

functions, but an increased level of ROS is seen in the pathogenesis 

of various diseases such as cancer, inflammatory diseases, 
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neurodegenerative diseases and diabetes. A study showed 

significantly increased level of ROS in the vitreous of patients with 

severe PDR as compared to that of non-diabetic patients (Yeh et al., 

2008). Moreover, the level of ROS was found to be increased more 

with the severity of the disease as seen in the patients with clinically 

severe cases of PDR. 

This increase in the level of ROS in the vitreous fluid can be utilized to 

modify the release of the drug from its delivery system.  ROS sensitive 

drug delivery systems have been used in the treatment of disease 

conditions such as cancer where an increase in the intracellular 

concentration of hydrogen peroxide was found to be increased. Most 

of these systems include an Organochalcogen (Se or Te) and 

Organoborane‐Based linkers within the polymer chain and utilizing it to 

prepare gels and hydrogels (Saravanakumar et al., 2017). A 

biodegradable ROS sensitive nanoparticle was synthesized by 

conjugating a ROS sensitive 4-Hydroxy phenylboronic acid pinacol 

ester (PBAP) on the hydroxy groups of –cyclodextrin (Zhang et al., 

2015). The nanoparticles form this conjugated -cyclodextrin will be 

utilized to prepare a nanoparticle by nanoprecipitation. These 
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nanoparticles will be formulated as a suspension to be injected 

intravitreally. 

This nanoparticulate system if administered as intravitreal injection 

would lead to reduction in the blood leakage from the retinal capillaries 

and reduction of proliferation of the retinal pigmented epithelial cells. 

Neuroprotection can be achieved due to the presence of memantine. 

Thus, the objective of this research study was to prepare an ROS 

trigerred release formulation of memantine and cyclodextrin for the 

treatment of DR.  

6. Hypothesis and specific aims 

 The hypothesis of this study was that release of memantine and 

celecoxib from the nanoparticles will be higher in presence of ROS as 

compared to the release of the incorporated drugs in its absence. 

Following specific aims were proposed to achieve the above 

hypothesis: 

1. Development and Validation of an analytical method for the 

simultaneous quantification of celecoxib and memantine in the 

aqueous matrix using LC-MS/MS. 

2. Synthesis of cyclodextrin conjugated with ROS sensitive moiety 
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3. Preparation and Evaluation of Nanoparticles 

4. Evaluation of biocompatibility of the delivery system components 

on ARPE-19 cells. 
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Chapter 2 

 

Development and Validation of an 

LC-MS/MS Based Analytical 

Method for Simultaneous 

Quantification of Celecoxib and 

Memantine in Aqueous Matrix 
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2.1. Introduction 

 

A successful development of a delivery system requires robust and 

efficient methods for quantifying the incorporated drugs. Although 

many quantification methods are reported for celecoxib and 

memantine, however they are focused on their individual 

determination. There are no reported methods available for the 

simultaneous quantification of both drugs in an aqueous matrix. 

Therefore, we developed a LC-MS/MS-based method capable of 

determining both the drugs (celecoxib and memantine) simultaneously 

upon their release in phosphate buffer saline (PBS).  

2.2. Objective  

To develop a precise, accurate, and efficient LC-MS/MS method for 

quantification of celecoxib and memantine in aqueous solution. In 

addition, validate the developed LC-MS/MS method as per the USP 

guidelines for an analytical method. 

2.3. Materials and instruments 

Commercial grade celecoxib and memantine was purchased from 

SelleckChem, Inc. (Houston, TX, USA). The internal standards i.e. 
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rofecoxib and amantadine hydrochloride was obtained from Selleck 

Chem, Inc. (Houston, TX, USA). Optima grade acetonitrile for LC-MS 

analysis was purchased from Fischer Scientific (Fair Lawn, NJ). 

Kinetex EVO C18 100 Å column (50 mm x 3.0 mm, 5 μm) column was 

purchased from Phenomenex (Torrance, CA). The LC-MS/MS system 

consisted of an Exion LC-MS/MS system (Applied Biosystems, Foster 

City, CA, USA) coupled with AB Sciex API 5500 Q Trap with an 

electrospray ionization (ESI) source (Applied Biosystems, Foster City, 

CA, USA). 

2.4. Methods 

2.4.1. Chromatographic Conditions 

Celecoxib and memantine were detected by a simple isocratic 

chromatographic separation using a liquid chromatographic separation 

coupled with electrospray ionization source and mass detector. The 

mobile phase consists of acetonitrile and 0.1% formic acid in water in 

the ratio of 80:20 respectively. Rofecoxib (500 ng/mL) and amantadine 

hydrochloride (600 ng/mL) were used as the internal standard for 

celecoxib and memantine respectively. The total run time of all the 

samples were for a span of 3 min and the column temperature was 

maintained at 40°C. 
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2.4.2. Mass spectrometry Operating Conditions 

Quantitation was achieved by LC-MS/MS detection in positive ion 

mode for analyte and IS using a mass spectrometer, equipped with an 

electron spray ionization source (ESI) maintained at 500 °C. The 

source and compound parameters that were utilized for the 

determination of celecoxib and memantine are mentioned in Table 2. 

Quadrupole Q1 was set on low resolution where as Q3 was set on unit 

resolution. The analytical data were processed by Analyst software 

(version 1.5.2). 

Table 2: Compound and Source Parameters for LC-MS/MS 

Parameters Celecoxib Memantine Rofecoxib Amantadine 

Curtain gas 25 psi 

Ion spray voltage 5500 V 

Temperature 500 °C 

Ion source gas  50 psi 

Declustering 

potential 
210 V 70 V 120 V 50 V 
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Entrance 

potential 
10 V 10 V 10 V 10 V 

Collision energy 35 V 20 V 35 V 25 V 

Collision cell exit 

potential 
30 V 15 V 15 V 15 V 

 

2.4.3. Preparation of solutions  

2.4.3.1. Mobile phase 

The aqueous solution of 0.1% formic acid was prepared by dissolving 

0.β mδ of formic acid in water. filtering through 0.45 μm, 47 mm Nylon-

66 filter (Chrom Tech, Inc., Apple Valley, MN) using vacuum, and 

finally adjusting to a total of 200 mL. The organic phase consisting of 

800 mL of acetonitrile was added to 200 mL of aqueous phase to 

prepare 1 L of mobile phase. The mobile phase was degassed for 5 

minutes before use. 

2.4.3.2. Standard solution 

Celecoxib and Memantine stock solution with a concentration 80 

µg/mL was prepared by dissolving 8 mg of the drug in 100 mL 
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methanol.  The standard solutions were prepared from the stock 

solution by proper dilutions in the mobile phase to achieve 

concentrations in the range of 19.53 – 1250 ng/mL. 

2.5. Calculations of unknown concentration 

The standard curve of celecoxib and memantine was obtained by 

plotting area ratios of the drugs to their internal standards obtained 

from the LC-MS/MS of standard solutions against their proper 

concentrations. The unknown concentrations of the drugs were 

determined from the regression equation obtained from the standard 

curve. 

2.6. Results and discussions  

2.6.1. Limit of detection and quantification 

The method validation was started by evaluating the Limit of Detection 

(LOD) value of the drugs. The concentrations of the drugs were 

reduced sequentially such that they yield S/N ratios as 3:1. Each 

predicted concentration was verified for their precision by preparing the 

solutions at predicted concentrations and injected into the column. The 

LOD value calculated form S/N ratio was found to be 0.02 ng and 0.2 

pg, for celecoxib and memantine, respectively.  
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2.6.2. Specificity 

The USP defines specificity as the ability of a method to discriminate 

the analyte from all the potentially interfering substances such as 

impurities and degradation products. The specificity for this analytical 

method was assessed by comparing the chromatograms obtained by 

the injection of mobile phase with no drug (blank) (Fig 5) and the 

chromatogram of mobile phase containing the drugs as seen in the 

figure 6 below. The mass transitions measured were γ81.6→γ6β.0, 

179.7→16γ.β, γ15.0 → β69.0, and 15β.0 → 135.0 for celecoxib, 

memantine, rofecoxib, and amantadine, respectively to yield the 

chromatograms in the Figures 6 (a, b, cand d). The area under curve 

calculated from these chromatograms represent the concentration of 

the individual analyte. 
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Figure 5:  Representative chromatogram for blank  

 

 

Figure 6a: Chromatogram of celecoxib at Retention time of 1.33 min 
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Figure 6b:  Chromatogram of rofecoxib at Retention time of 1.33 min 

 

Figure 6c: Chromatogram of memantine at Retention time of 0.86 min 
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Figure 6d: Chromatogram of Amantadine at Retention time of 0.86 min 

 

2.6.3. Linearity  

USP defines the linearity of an analytical procedure as its ability to elicit 

test results that are directly proportional to the concentration of analyte 

in samples within a given range. Thus, in the given LC-MS/MS method, 

linearity refers to the linearity in the relationship of concentration and 

area ratio. Linearity was tested by injecting six different standard 

solutions over a range of concentrations from 19.53 – 1250 ng/mL. The 

calibration curve was obtained by plotting concentration of the 

standards with their corresponding area ratio. The area ratio is the ratio 
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of the area under curve for the analyte to its internal standard. as 

shown in Figure 8a and 8b. 

 

Figure 7a: Standard curve for celecoxib over a range of 19.5 -1250 

ng/mL. 
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Figure 7b: Standard curve for memantine over a range of 19.5 -1250 

ng/mL  

By calculating slope, y-intercept and spearman rank coefficient (R2) 

using least square regression, linearity was determined for the given 

concentration range. The standard curve was linear over a 

concentration range of 19.5-1250 ng/mL for both the drugs. The linear 

regression equation for celecoxib was found to be y = 0.0006x – 0.0007 

(R2 = 0.9976) and that for memantine was found to be y = 0.0214x – 

0.3175 (R2 = 0.9976).  As per USP the spearman rank coefficient (R2) 

of > 0.99 is acceptable for an analytical procedure. A high R2 value 
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suggests that there is a strong relationship between the area ratios 

versus the concentration of the drugs. 

2.6.4. Precision  

According to the USP, precision of an analytical method expresses the 

degree of agreement between a series of measurements obtained 

from multiple sampling of a homogenous sample. The higher the 

precision, the closer are the values to each other on repeated 

measurements under identical experimental conditions. The precision 

of the current analytical method was assessed using both intraday and 

interday precision. For performing intraday precision, a set of standard 

solutions containing both the drugs were prepared and injected three 

times on the same day. Interday precision, on the other hand, was 

performed by injecting the standards on three days over a period of 

thirty days. The coefficient of variation values was calculated for both 

intraday as well as interday precision and were found to be within USP 

acceptable limits i.e. within 5% as seen in Table 3a and 3b. 
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Table 3a: Intraday and interday precision for LC-MS/MS analysis of 

celecoxib 

Concentration Interday Intraday 

(ng/mL) Acquired 

Concentration  

( Mean ± SD) 

(ng/mL)  

% CV Acquired 

Concentration  

( Mean ± SD) 

(ng/mL)  

% 

CV 

19.53 19.62 ± 0.83 4.25 18.85 ± 0.13 0.73 

39.06 39.16 ± 1.32 3.38 40.64 ± 1.42 3.51 

78.13 75.01 ± 3.71 4.95 77.88 ± 1.63  2.08 

156.25 159.06 ± 3.32 2.08 164.38 ± 4.45 2.70 

312.5 312.9 ± 4.08 1.54 332.79 ± 15.73 4.72 

625 600.49 ± 12.48 2.08 618.13 ± 22.21 3.59 

1250 1269 ± 38.96 3.07 1166.67 ± 20.33 1.74 
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Table 3b: Intraday and interday precision for LC-MS/MS analysis of 

Memantine 

Concentration Interday Intraday 

(ng/mL) Acquired 

Concentration  

( Mean ± SD) 

(ng/mL)  

% CV Acquired 

Concentration  

( Mean ± SD) 

(ng/mL)  

% 

CV 

19.53 20.12 ± 0.52 2.58 20.37 ± 0.63 3.10 

39.06 38.13 ± 1.56 4.08 37.18 ± 1.30 3.15 

78.13 72.43 ± 2.94 4.06 73.88 ± 1.16  1.58 

156.25 156.01 ± 2.71 1.73 153.30 ± 7.12 4.64 

312.5 310.35 ± 12.99 4.18 315.28 ± 14.9 4.73 

625 607.99 ± 9.66 1.59 618.69 ± 17.04 2.75 

1250 1378 ± 35.62 2.58 1282 ± 40.55 3.16 
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2.6.5. Accuracy  

The accuracy of an analytical procedure is the closeness of test results 

obtained by that procedure to the true value. The accuracy of an 

analytical procedure should be established across its range. The 

accuracy of the LC-MS/MS method was determined by injecting three 

quality control samples of concentrations 30, 300, 1200 ng/mL, six 

times along with the standard solutions for drugs over a period of thirty 

days. Accuracy of the analytical method was calculated as the 

percentage of concentration measured by the assay to the known 

added amount of analyte in the sample as shown in Equation 1. The 

accuracy of this method was found to be within acceptable USP limits 

i.e. 100 ± 10% and is depicted in Table 4a and 4b. 

 

Accuracy % =  Measured concentrationTheoritical concentration �                             �� � �   
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Table 4a: Accuracy results for the LC-MS/MS analysis of celecoxib 

Actual Concentration 

(ng/mL) 

Calculated 

Concentration 

(ng/mL) 

Accuracy  

% 

30 30.83 ± 1.38 103.89 

300 301.17 ± 11.70 100.38 

1200 1170.89 ± 20.65 97.57 

 

 Table 4b: Accuracy results for the LC-MS/MS analysis of memantine 

Actual Concentration 

(ng/mL) 

Calculated 

Concentration 

(ng/mL) 

Accuracy  

% 

30 29.75 ± 1.35 96.96 

300 291.33 ± 8.81 97.11 

1200 1135.88 ± 40.10 94.63 

 

2.7. Discussion 

Celecoxib can be detected by spectrophotometric methods such as UV 

visible spectroscopic analysis, infrared spectrophotometry and 
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colorimetry. Various chromatographic techniques such as high-

performance liquid chromatography (HPLC), ultra performance high 

chromatography (UPLC) coupled with a UV detector or fluorescence 

detector have been commonly used for detection of various drugs. 

Memantine hydrochloride cannot be detected by UV or fluoroscence 

detector because of the absence of a chromophore in its structure. 

Thus, in order to be detected by a UV detector, memantine needs to 

be derivatized with a UV absorbing compound. The disadvantage of 

derivatization reaction is that the yield is less than 100% which results 

in loss of analyte. Thus, liquid chromatography coupled with a mass 

detector was used to analyze both the drugs (celecoxib and 

memantine) simultaneously as it is considered to be more sensitive 

than the HPLC. Since the mass spectrometry detectors detect the 

compounds based on the mass to charge ratio, it also eliminates the 

step of derivatization. Thus, a sensitive, specific and reproducible LC-

MS/MS based analytical method was developed for quantitative 

analysis of celecoxib and memantine using reverse phase liquid 

chromatography. The method was validated for accuracy, precision, 

linearity and specificity according to USP specifications. Overall, a 

suitable analytical method was developed for rapid and accurate 

quantification of memantine and celecoxib in aqueous matrix. 
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Chapter 3 

 

Preparation and Characterization 

of ROS Sensitive Nanoparticles 

 
 

 

 

 

 

 

 

 

 



  

69 

 

3.1. Introduction 

The buildup of ROS in the DR vitreous can be used as a trigger for the 

release of the drug from the nanoparticle. Therefore, we conjugated β-

cyclodextrin with ROS sensitive moiety, PBAP, to develop a sustained 

release delivery system responsive to free oxygen radicals. The ROS 

sensitive drug delivery systems have been commonly used for the 

targeted treatment of disease, but it is a novel method to use for 

modifying the rate of release of the drug from the nanoparticles 

intended for DR.  

3.2. Objectives 

The objectives include the preparation of ROS sensitive -cyclodextrin 

and utilizing it to prepare ROS sensitive nanoparticles containing- 

celecoxib and memantine followed by the characterization of the 

nanoparticles. 

3.3. Materials and instruments 

Celecoxib, memantine and rofecoxib was obtained from Med Chem 

Express. Monobasic potassium phosphate was purchased from 

Spectrum Chemical Mfg. Corp (Brunswick, NJ). 4-

Hydroxyphenylboronic acid pinacol ester was obtained from Matrix 
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Scientific (Columbia, SC). -cyclodextrin was obtained from Cavamax, 

1,1′-Carbonyldiimidazole (CDI) and dibasic potassium phosphate were 

purchased from Sigma Aldrich, (St. Louis, MO). Optima grade 

acetonitrile for LC-MS/MS analysis was purchased from Fischer 

Scientific (Fair Lawn, NJ).  

3.4. Preparation of ROS sensitive beta β-cyclodextrin 

A ROS responsive -cyclodextrin (ox- -cyclodextrin) was synthesized 

by following a previously reported method (Zhang et al., 2015) with 

modifications which involved the following steps: 

Step 1: Activation of 4- (Hydroxy methyl) Phenyl Boronic Acid Pinacol 

ester (PBAP) 

PBAP (5.55 g, 23.6 mmol) was dissolved in anhydrous 

dichloromethane (DCM) (36 mL) followed by addition of 1,1'-

carbonyldiimidazole (CDI) (7.65 g, 47.2 mmol). The resulting reaction 

was monitored by thin layer chromatography. After 60 min of reaction, 

40 mL DCM was added into the mixture, followed by washing with 30 

mL of deionized water three times. The organic phase was further 

washed with saturated NaCl solution, dried over sodium sulphate 

(Na2SO4), and concentrated in vacuum to obtain CDI-activated PBAP 

(7.29 g).  
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Step 2: Conjugating the PBAP moiety on the -Cyclodextrin 

 Ox- -cyclodextrin was synthesized by conjugating PBAP onto -

cyclodextrin. -cyclodextrin (250 mg) was dissolved in anhydrous di-

methyl formamide DMF (2 mL) followed by addition of CDI-activated 

PBAP (500 mg) and triethylamine (0.25 mL). The obtained mixture was 

magnetically stirred at room temperature overnight. The crude final 

product was obtained by precipitation from anhydrous ether (5 mL), 

pelleted by centrifugation, decanting the solvent, and drying the pellets 

under vacuum.  

 

Step 3: Purification of the product 

The product obtained from step 2 was purified with the help of wet 

method flash separation chromatography in an automated flash 

column chromatography system using a gradient run of ethyl acetate 

with increasing concentrations of methanol (0-100%). The product was 

analyzed with the help of Fourier-transform infrared (FTIR) and 

Nuclear Magnetic Resonance (NMR) spectrophotometer. 
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3.4.1 Characterization of the ox-β-cyclodextrin 

3.4.1.1. Fourier transform infra-red spectroscopy 

The product obtained after purification was analyzed with the help of 

FTIR. About 5 mg of the Ox- -Cyclodextrin and -Cyclodextrin was 

placed compactly in attenuated total reflectance (ATR) sample 

compartment of the IR Prestige FTIR (Shimadzu, Kyoto, Japan) 

spectrophotometer. Spectra were obtained in the frequency range of 

4000-1000 cm-1 in absorbance mode. The parameters selected for 

running the scans were resolution of 4 cm-1, average of 45 scans, and 

no apodization. The empty sample compartment was used to obtain 

background spectra which was subtracted automatically from each 

sample spectrum. Spectra were analyzed by IR Solution program 

available with the instrument.   

3.4.1.2. Nuclear magnetic resonance spectroscopy 

1H NMR spectra were recorded on a Bruker Icon NMR, spectrometer 

operating at 600 MHz. -cyclodextrin and ox- -cyclodextrin were 

dissolved in methanol (D3COD) and analyzed with the help of NMR.  
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3.4.1.3. Percent yield 

The product was weighed to determine the actual yield. The % yield 

was calculated by using the following formula shown as Equation 2.  

Yield % = Actual yieldTheoretical yield �              �� � �                                   
3.5. Preparation of ROS sensitive nanoparticle 

The Ox- -cyclodextrin nanoparticles were prepared by a modified oil-

in-water (o/w) emulsion solvent evaporation technique. Briefly, 50 mg 

of ox- -cyclodextrin, celecoxib (10mg), and memantine (10mg) were 

dissolved in 1.5 mL of methanol which was emulsified into 6 mL of 1.0 

wt % PVA aqueous solution by probe sonication on a QSonica 

sonicator (amplitude = 50 for 20 mins with pulse of 8 seconds and off 

for 2 second). The obtained o/w emulsion was then poured into 20 mL 

of 0.3 wt % PVA solution under magnetic stirring. After magnetic 

stirring at room temperature for 3 h, nanoparticles were collected by 

centrifugation at 23,000 g (Sigma 3 K18, Germany) for 10 min, and 

washed four times with deionized water. The particles were finally dried 

by lyophilization. Blank nanoparticles were prepared without the drug. 
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3.5.1. Characterization of nanoparticles 

3.5.1.1. Determination of particle size and surface charge  

The particle size and surface charge for the drug loaded, and blank 

nanoparticles were analyzed using Brookhaven Zetameter (ZetaPlus, 

Brookhaven Instruments Corporation, Holtsville, NY). The specific 

amount of freeze-dried nanoparticles were prepared as 

nanosuspensions in distilled water for use in Zetameter. 

3.5.1.2 Electron microscopy  

SEM was performed on the blank and drug loaded nanoparticles on a 

Hitachi S4800 Field Emission Scanning Electron Microscopy (FESEM) 

under vacuum at an operating voltage of 15kV at Xavier University, 

New Orleans, LA. 

3.5.1.3 Hydrolysis of nanoparticles  

The nanoparticles were tested for hydrolysis by dispersing them in 

PBS containing various concentrations of hydrogen peroxide (0.01 

mM,0.25 mM,1 mM). The degree of hydrolysis was calculated based 

on the transmittance values obtained from the nanoparticle dispersions 

(1.0 mg/mL) at 300 nm during the various time points over a period of 

6 hours. 
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3.5.1.4. Determination of drug load  

The drug load in the nanoparticles was determined using the LC-

MS/MS method described in sections 2.4.1. and 2.4.2. Drug loading 

was calculated as the percent ratio of the amount of drug extracted 

from the freeze-dried formulation (nanoparticles) to its total amount. 

The extraction of drugs from 5 mg nanoparticles was carried out in 10 

mL of 20 mM H2O2 and 20 mL of methanol. The extract was diluted 

with PBS and analyzed by LC-MS/MS analysis. The equation used for 

measuring the drug load of nanoparticles is as follows:  

 

Drug loading %
= Amount of Drug in nanoparticleAmount of Drug initially added in the nanoparticles  �        �� � �   

 

3.5.1.5. Entrapment efficiency  

The drug entrapment efficiency of the nanoparticles was calculated as 

the percent ratio of the amount of drug entrapped in the nanoparticles 

to the amount of drug initially added to the nanoparticles as shown in 

equation 4. The extraction of drugs from 7 mg nanoparticles was 
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carried out in 20 mL of phosphate buffer (pH 7.4) containing 2 mL 

DMSO. The nanoparticles were kept in this solution for about 30 mins 

after which they were centrifuged, and the supernatant was used for 

further analysis of encapsulation efficiency by LC-MS/MS. The % 

entrapment efficiency was calculated by using the following equation 

4: 

 Entrapment Efficiency % = 

Drug content in nanoparticleDrug load obtained in the nanoparticles  �                             �� � �   

 

3.5.1.6. Evaluation of in vitro release  

Seven mg drug loaded nanoparticles were suspended in 1 mL of 

deionized water and was placed into dialysis tubing (Biotech CE 

Dialysis Tubing, 100 - 500D MWCO). Dialysis tubings containing 

nanoparticles were kept in the 1.5 L release medium over 24 hours at 

37°C in a shaker water bath (150 rpm) with and without 1mM H2O2. At 

predetermined time intervals, 3.0 mL of release medium was 

withdrawn, and fresh media was supplemented. The celecoxib and 

memantine concentration in release buffer was quantified by LC-

MS/MS method mentioned in Chapter 2. 
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3.6. Results 

3.6.1. Preparation of ox-β-cyclodextrin 

3.6.1.1. Synthesis reaction  

The PBAP was activated using CDI which helps in the conjugation of 

PBAP to Ox- -cyclodextrin. Triethylamine acts as a base and helps in 

the removal of the hydroxyl proton to allow the CDI-activated PBAP to 

form a conjugate with -cyclodextrin. 
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3.6.1.2. Hydrolysis reaction 

The hydrolysis of the synthesized ROS sensitive polymer, ox- -

cyclodextrin, was facilitated by the presence of the model free radical 

generator, hydrogen peroxide, as shown below: 

 

The detailed reaction mechanism for the hydrolysis of ox- -

Cyclodextrin is as follows: 
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The attached PBAP group has two major bonds which can be cleaved 

in the presence of H2O2. One is the C−B bond which breakage gives 

rise to phenol and boronic pinacol ester. It is well-known that pinacol 

ester is unstable and often breaks down in oxidative environments. The 

newly generated linker is labile which may be broken via different 

electron transfer mechanism such as quinone rearrangement. The 

electron is transferred to the electrophilic carbonyl carbon generating 

CO2. The complete hydrolysis of ox- -cyclodextrin leads to the release 

of -cyclodextrin, pinacol, boric acid, and 4-(hydroxymethyl) phenol 
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(Zhang D et al, 2015; Zhang Q et al, 2017). All these small molecular 

metabolites can be easily excreted from the kidneys, thus, not creating 

a build-up of its degradation products (Zhang Q, 2017). 

 

3.6.1.3. Fourier Transform Infrared Spectroscopy 

The phenyl group is a part of the structure of PBAP which is attached 

to the -cyclodextrin with the help of a carbonate ester linkage. The 

successful conjugation of PBAP with -cyclodextrin was confirmed by 

the appearance of peaks at 1745 cm −1 and 1650–1563 cm −1 due to 

carbonyl group from the carbonate ester linkage and phenyl group of 

the PBAP, respectively. The hydrogen from the hydroxyl group is 

substituted by the PBAP group which appears severely attenuated at 

3330 cm −1 as compared to that of the -cyclodextrin indicating further 

evidence of the conjugation of -cyclodextrin with PBAP. 
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Figure 8: FT-IR spectra of -cyclodextrin and ox- -cyclodextrin 

 

3.6.1.4. Nuclear magnetic resonance 

The proton signals from PBAP could be clearly observed in 1H NMR 

spectrum are shown in Figure 10 below: 
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Figure 9: NMR spectra of ox- -cyclodextrin in presence of CD3OD 

1H NMR (CD3OD)  = 1.β-1.4 (s, 12H), 5.18-5.23 (s,2H), 5.3 – 5.45 
(s,1H) 4.3 – 4.6 (s,1H), 3.68- 3.93 (s,4H), 7.04-7.05 (d,2H), 7.75-7.78 
(d, 2H)  

 

Solvents: The NMR also showed the presence of some solvents in its 

peak such as water ( =4.9), methanol ( =γ.γ4), dimethylformamide 

( =β.86, β.99, 7.97), ether ( =1.18, γ.49) 

Note: The NMR was integrated for 1 unit out of the 7 glucopyranose 

units of -cyclodextrin which indicates 7 PBAP units were substituted 

on the 7 glucopyranose units of -cyclodextrin. 
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Thus, the successful conjugation of PBAP to -cyclodextrin can be 

corroborated with the help of 1H NMR spectrum.  

3.6.1.5. Percent Yield 

The NMR studies indicated that 7 PBAP units were substituted on the 

-cyclodextrin structure. Thus, calculating for the same, the 

theoretical yield of Step 1 of the synthesis step was found to be 83.19 

% whereas the theoretical yield for ox- -cyclodextrin was found to be 

48.13 %. 

3.6.2. Characterization of nanoparticles 

3.6.2.1. Particle size and surface charge of nanoparticles 

The particle size and zeta potential measurements of the blank and 

drug loaded nanosuspensions (n=3) before (Table 5) and after freeze 

drying (Table 6) are presented below: 
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Table 5: Particle size and zeta potential of blank and drug loaded 

nanoparticles in suspension 

Measurement Blank particles 

(n=3) 

Drug Loaded 

nanoparticles (n=3) 

Particle size (nm) 230.56 ± 7.70 268.73 ± 10.79 

Zeta potential (mV) -14.97 ± 0.72 -15.55 ± 1.58 

Polydispersity 0.17 ± 0.033 0.182 ± 0.028 

 

The particle size and zeta potential measurements were also 

performed on blank and drug loaded nanoparticles after freeze drying 

as seen in table 

Table 6: Particle size and zeta potential of freeze-dried nanoparticles 

Measurement Blank particles 

(n=3) 

Drug Loaded 

nanoparticles (n=3) 

Particle size (nm) 262.033 ± 8.84 295.87 ± 7.99 

Zeta potential (mV) -17.0 ± 3.56 -19.86 ± 1.4 

Polydispersity 0.157 ± 0.017 0.227 ± 0.011 
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3.6.2.2. Electron Microscope 

The ROS sensitive nanoparticles formed loose agglomerates on freeze 

dying which were re-dispersable into individual nanoparticles on the 

addition of water followed by sonication in water bath. When freeze 

dried solid samples were imaged using SEM, agglomeration was seen 

for the nanoparticles as observed in Figure 11, 12.  

 

Figure 10: SEM image of blank nanoparticle 
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Figure 11: SEM image of drug loaded nanoparticles 

3.6.2.3. Hydrolysis of nanoparticles 

The ox- -cyclodextrin nanoparticles showed significantly less (p<0.05) 

hydrolysis when incubated in PBS alone as compared to ones 

containing H2O2 as seen in Figure 13. The degree of hydrolysis 

increased with increase in the concentration of H2O2 wherein the 

percentage of hydrolysis was significantly (p<0.05) greater at 1 mM 

concentration of H2O2 as compared to 0.01 or 0.25 mM concentrations 

studied. About 100% hydrolysis of the nanoparticles was observed 

after incubation of ox- -cyclodextrin nanoparticles with 1 mM 

concentration of H2O2 for about 6 hrs. Whereas, about 13.05% 
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hydrolysis was observed at 0.01 mM concentration of H2O2 and 27.10 

% of hydrolysis was observed at 0.25 mM. However, hydrolysis was 

determined only about 7.18% in the absence of H2O2 which indicates 

that the delivery system is sensitive to ROS in a concentration 

dependent pattern.  

 

Figure 12: Percentage hydrolysis of ox- -cyclodextrin nanoparticles 

 

3.6.2.4. Drug load 

The loading efficiency was found to be 9.64 ± 0.57 % and 4.80±1.18% 

for celecoxib and memantine, respectively which were used for 
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calculating the amount of percentage drug release from the 

nanoparticles. 

3.6.2.5. Encapsulation efficiency 

The entrapment efficiencies for celecoxib and memantine were found 

to be 20.58±1.78% and 17.60±2.97%, respectively. 

3.6.2.6. In vitro release study on ROS sensitive nanoparticles  

In vitro release studies were performed on ROS sensitive drug loaded 

nanoparticles using 1 mM H2O2. The release of celecoxib and 

memantine from nanoparticles was observed over a period of 24 hours 

(Figure 14a and 14b). The release of both the drugs from the ROS 

sensitive ox- -cyclodextrin nanoparticles was significantly (p<0.05) 

higher in the releasing media having H2O2. The release of the drug 

from the nanoparticles is seen to occur within minutes of the beginning 

of the study which can be attributed to the presence of free as well as 

adsorbed drug on the surface of nanoparticles. It took about 6 hours 

for 100% release of memantine hydrochloride from nanoparticles 

whereas it took about 18 hours for the complete release of celecoxib 

from the ox- -cyclodextrin nanoparticles in presence of H2O2 after 

which the release seemed to be exhausted and had reached a plateau. 

Such a difference in the complete release of the drugs from the 
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nanoparticles can be attributed to the higher aqueous solubility of 

memantine hydrochloride salt as compared to celecoxib. The H2O2 

causes the degradation of the ox- -cyclodextrin to -Cyclodextrin 

which is soluble in water. Thus, the release of the drug from the 

nanoparticle ca be attributed to the solubility change of the synthesized 

polymer in the presence of ROS. 

 

 

Figure 13a: In vitro release data of celecoxib from Ox- -cyclodextrin 

nanoparticles in PBS and in 1mM H2O2 
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Fig 13b: In vitro release data of memantine from Ox- -cyclodextrin 

nanoparticles in PBS and in 1mM H2O2 

 

3.7. Discussion 

-cyclodextrin has been used as a carrier for drug delivery to the 

posterior part of the eye (Loftsson T et al, 2007). In addition, it has 

been known to prevent posterior eye diseases such as age related 

macular degeneration and Stargardt disease (Nociari M et al, 2014). 

The aim of this study was to develop a ROS sensitive cyclodextrin 
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conjugate to control the release of drug from the nanoparticles. The 

drug release from the ox- -cyclodextrin nanoparticles is controlled by 

its solubility because the water insoluble ox- -cyclodextrin acts as a 

barrier for the drug release from the nanoparticle. The ox- -

cyclodextrin scavenges ROS in the process of converting itself to water 

soluble -cyclodextrin which helps in the release of the drug from the 

nanoparticle (Zhang Q et al, 2017). 

The nanoparticles upon vitreous administration would utilize the 

increased ROS there in case of DR. The currently available ROS 

sensitive drug delivery systems were mostly metal based or contained 

big polymer chains (Saravanakumar G, 2017). It is important to 

develop more biocompatible ROS sensitive drug delivery system and 

one such system was developed by conjugating –cyclodextrin with a 

boronic ester to make the ox- -cyclodextrin (Zhang D et al, 2015). 

 The ox- -cyclodextrin was successfully synthesized and was 

confirmed by FT-IR and NMR. The oxidation sensitive -cyclodextrin 

nanoparticles containing the drugs celecoxib and memantine were 

developed and characterized. The particle size of the lyophilized 

nanoparticles, tested by Zetasizer, showed a uniform size distribution 

and was found to be less than 295 nm. The results from scanning 
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electron microscopy and atomic force microscopy indicated that the 

blank nanoparticles were present in the form of nanospheres and were 

in good agreement with the results obtained from particle size analysis. 

The small size and the smooth surface of the nanospheres assist in 

the syringeability of the suspension. The zeta potential of the 

nanoparticles was found to be negative. The negative charge assists 

in the movement of the nanoparticle through the positively charged 

hyaluronic acid present in the vitreous fluid to the retina.  

The quantitative estimation of celecoxib and memantine in the 

nanoparticles was successfully done using a LC-MS/MS method. The 

celecoxib and memantine content in the nanoparticulate system was 

found to be 9.64 ± 0.57 % and 4.80 ± 1.18 %. The drug load needs to 

be increased in order to ensure that the drug is released for a longer 

period of time i.e. about 4 weeks because FDA regulations require that 

the time gap between two intravitreal injections be no less than a 

month. The drug load can be increased by using a surfactant or 

increasing the viscosity of the PVA solution which will help reduce the 

rate of nanoprecipitation and allow more drug to be incorporated. In 

addition, ox- -cyclodextrin – drug conjugates can be synthesized and 

then formulated into nanoparticles to increase the drug load. 
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The release of the drugs from the ox- -cyclodextrin nanoparticles was 

found to be significantly (p<0.05) higher in the presence of ROS 

generator H2O2 which proves the capability of the nanoparticle to 

reduce the ROS in the ocular environment. The total drug release from 

the nanoparticle was found to be completed in less than 24 hrs. The 

formulation can be modified to further slow the release of the drugs by 

suspending the nanoparticles in a gel or by incorporating the 

nanoparticle in liposomes. Another reason for faster drug release can 

be attributed to the low encapsulation efficiency of the drug and the 

presence of increased amount of drug on the nanoparticle surface. The 

encapsulation efficiency can be enhanced by increasing the drug load 

to achieve sustained drug delivery form the nanoparticle. The drug 

release and hydrolysis studies prove the ability of the nanoparticle to 

scavenge ROS from the environment. This ability of the nanoparticle 

to scavenge ROS not only helps in controlling the release of drug from 

the nanoparticle but also helps in reducing the progression of DR. 
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Chapter 4 

 

In-vitro Cytotoxicity Studies  

of ROS Sensitive Nanoparticle 
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4.1. Introduction 

The MTT (3-(4, 5- dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium 

bromide) assay is a commonly used in vitro technique to evaluate 

safety profile of a drug delivery system by evaluating viability of a 

specific cell line exposed to it. In this study, the ARPE-19 cells were 

exposed to the various formulations and their viability were assessed 

by MTT assay.  

4.2. Objectives 

To evaluate biocompatibility of the delivery system by determining 

viability of ARPE-19 (human RPE) cells exposed to celecoxib, 

memantine, combination of celecoxib along with memantine, blank 

ROS sensitive nanoparticles and drug loaded ROS sensitive 

nanoparticles. 

4.3. Materials and Instrumentation 

ARPE-19 cells were purchased from American Type Culture Collection 

(Manassas, VA). Commercial grade of celecoxib and memantine was 

obtained from Med Chem Express. Modified Eagle Media (MEM), 

RPMI, Trypsin, penicillin/streptomycin, L-glutamine, sodium pyruvate, 

and non-essential amino acids were purchased from Cellgro 
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Mediatech Inc. (Corning, NY). MTT reagent, sodium dodecyl sulfate 

(SDS), sodium bicarbonate, magnesium chloride and 

dimethylformamide (DMF) were purchased from Sigma Aldrich, (St. 

Louis, MO). Fetal Bovine Serum (FBS) was acquired from Atlanta 

Biologicals, (Lawrenceville, GA). Instruments used in the study were 

Synergy H1 Hybrid Reader (BioTek, Winooski, Vermont) and Thermo 

Scientific MaxQ 4000 orbital shaker (Waltham, MA).  

4.4. In vitro cell viability studies 

4.4.1. Cell culture used 

The MEM media supplemented with 20% FBS, 10% L-glutamine, 10% 

sodium pyruvate, 10% nonessential amino acids and 10% penicillin 

streptomycin was used for growing ARPE-19 cells. The cells were 

incubated in a humidified chamber with 5% CO2 atmosphere at 37°C.  

4.4.2. MTT cytotoxicity assay 

ARPE-19 cells were cultured in a T75 culture flask and were 

resuspended at a concentration of 2×103 cells/cm2. One hundred μδ of 

it was added onto 96-well plate by an 8-channell pipette.  After the cells 

reached confluence, different concentrations of three different 

treatments prepared in serum free media which were: treatment 1: 
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combination of both drugs i.e. celecoxib and memantine in solution; 

treatment 2: celecoxib and metformin loaded nanoparticles containing 

equivalent amount of drugs of treatment 1; treatment 3: blank 

nanoparticles equivalent to the amount metformin loaded 

nanoparticles in treatment 2 were applied to the cells and incubated for 

24, 48 and 72 hr.  The treatments were applied on top of existing media 

in equal volume to the media in the wells (100 μδ:100 μδ).  

H2O2 was added to the treatment samples to help release the drug 

from the drug loaded nanoparticulate formulation and also help 

analyze the toxicity of the byproducts from the degradation of the ox-

-cyclodextrin polymer used in preparation of nanoparticles. Low non-

toxic levels of H2O2 was added to the samples to make the final 

concentration of H2O2 in the well around 100 με. After the incubation 

period, the cells were treated with γ0 μδ solution of εTT reagent (5 

mg/mL) in phosphate buffer solution (pH 7.4) and incubated for 

additional 4 hours. The treatment was removed, and the cells were 

lysed using 100 μδ of lysing reagent, a solution of 20% (w/v) SDS: DMF 

in 1:1 ratio was used to solubilize the formazan crystals formed during 

the study. The plates were mixed on an incubated shaker for 1 hour at 
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37°C and the absorbances were determined using a microplate reader 

at 540 nm. 

4.5. Results 

4.5.1. MTT Toxicity assay 

The percentage cell survival of the human retinal pigment epithelium 

ARPE-19 cells after treatment with celecoxib and memantine solution, 

blank nanoparticles and drug loaded nanoparticles are depicted in 

Figure 15 (a) and 15 (b). The drug solutions were serially diluted in the 

concentration range of 10-3 – 100 με wherein the ratio of memantine 

to celecoxib was 1:1.14. The dose response curve did not demonstrate 

significant (P<0.05) cell death for the cells treated with blank 

nanoparticles at the tested drug concentration range of 10-3 - 100 με. 

Significant (p<0.05) cell death was found for the cells treated with drug 

solution in the highest experimental concentration i.e. 100 με at 24 

and 72hr. Drug loaded nanoparticles caused significant cell death 

(p>0.05) in the highest concentration of 100 με at 7β hr. The cell 

viability of the drug loaded nanoparticle was found to be thrice as that 

of the drug solution at the highest concentration studied at 72 hr. The 

blank and the drug loaded nanoparticles showed no significant toxicity 

(p<0.05) even at highest concentration studied. Thus, the 
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nanoparticles were found to be non- toxic in the therapeutic 

concentrations indicated for the treatment of DR 1-β0 με (Amrite and 

Kompella, 2008; Sudha et al, 2016).  

 

 

Figure 14a: MTT assay of the drug solution, nanoparticle and drug in 

ARPE-19 cells at 24hr  
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Figure 14b: MTT assay of the drug solution, nanoparticle and drug in 

ARPE-19 cells at 72hr  

 

4.6. Discussion 

The MTT assay is a commonly used in vitro toxicity assay for assessing 

viability of cells exposed to drug delivery systems as well as its various 

components. It is a colorimetric assay for assessing the cells metabolic 

activity. The living cells have NAD(P)H-dependent cellular 

oxidoreductase enzymes which reduces the MTT dye to an insoluble 
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purple colored formazan form. The amount of formazan is determined 

spectrophotometrically by dissolving them and measuring its 

absorbance at 540 nm (Mosmann T, 1983). A greater absorbance 

would indicate increased amount of formazan formed due to higher 

reductase activity that points towards higher cell viability and lower 

toxicity due to the drug and/or exogenous materials (formulation and 

its components) present in the culture medium (Mosmann T, 1983; 

Mahmoudi et al, 2009). 

Since the nanoparticles are intended for drug delivery to the posterior 

part of the eye, ARPE-19 cells were used for the studies as they are 

the human RPE cell lines that provide an idea about the toxicity of the 

formulation to the RPE cells. The toxicity of the drug loaded 

nanoparticulate system was observed to be significantly less than the 

one compared to the drug solution even at higher concentrations which 

indicates a controlled release of the drug from the drug delivery 

system. The blank nanoparticles indicated no significant toxicity even 

at highest experimental concentrations up to 72 hours which suggests 

that the ox- -cyclodextrin nanoparticles are by itself safe and non-toxic 

to the RPE cells. However, in-vivo studies of the formulation must be 

performed in the animals to provide an idea about the toxicity of the 
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formulation in the normal physiological conditions, as the toxicity of the 

formulation will be affected by a lot of variables such as the blood flow, 

the interaction of the formulation with the cells and the phagocytic 

immune system within the body.  
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GLOBAL IMPACT 

 

Globally, 422 million adults were affected by diabetes in 2014. About 

one third of the patients suffering from diabetes show signs of DR 

which is the leading cause of vision loss among the working population 

aged 20–74 years in developed countries such as America (Zheng et 

al, 2012). DR if left untreated results in blindness. DR affects 35% of 

the people in the globe whereas 10% people have vision threatening 

retinopathy (Yau et al, 2012). Nearly 7.7 million people suffered from 

diabetic retinopathy and the projected number is bound to increase to 

11 million in 2030 and the number doubles to 14.3 million in 2050 

(National Eye Institute, 2010).  Globally, the number of people with DR 

is expected to grow from 126.6 million in 2010 to 191.0 million by 2030 

(Zheng et al, 2012).  

The current treatment of diabetic retinopathy involves corticosteroids 

or anti-VEGF agents which are expensive and focus on treating only 

vascular defects seen in DR.  

Recently, celecoxib has been proven to be effective in the treatment of 

DR which in combination with memantine, a neuroprotective drug, can 

be useful to provide a complete treatment of the neurovascular DR. An 
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increased amount of ROS species has been observed in the vitreal 

fluid of a patient with severe case of DR. ROS triggered drug delivery 

systems can be used to develop a novel system that can reduce the 

its level in the posterior part of the eye thus reducing the progression 

of DR. 

Thus, the biocompatible ROS sensitive nanoparticles were prepared 

by nanoprecipitation of -cyclodextrin conjugated with PBAP. 

Celecoxib and memantine were loaded in the nanoparticles. The drug 

delivery system and the drugs are cheaper than the current drug 

delivery systems in the market which would make treatment for DR 

accessible even in the developing countries of the world, thus helping 

in providing accessible and affordable treatment for DR patients 

worldwide. 
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FUTURE STUDIES 

 

Oxidation sensitive β-cyclodextrin nanoparticles containing the drugs 

celecoxib and memantine were developed and characterized. The 

particle size of the lyophilized nanoparticles, tested by Zetasizer, 

showed a uniform size distribution and was found to be less than 295 

nm. The drug load of both the drugs was found out to be less than 10%. 

The drug load can be increased in the future studies by increasing the 

amount of surfactant and/or increasing the viscosity of the solvent in 

which the nanoparticle is formed by nanoprecipitation. The drug load 

can also be increased by utilizing a different method of nanoparticulate 

preparation or by incorporating drug-cyclodextrin conjugates to 

increase the drug load or by incorporating the nanoparticles into 

liposomes.  

In addition to better drug load, the drug delivery system must be tested 

in vivo in animals in order to understand the effectiveness of the drug 

delivery system and the complications associated with it in the normal 

physiological conditions of the body. The treatment of chronic 

conditions such as DR require intravitreal injections that can last for up 

to more than 3 weeks. Thus, the nanoparticles with better drug load 
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must be prepared and formulated into a gel-based drug delivery 

system to provide release for longer period of time. 
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