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Abstract 
 

Improving Anti-VEGF Drugs in the Vitreous 
 

By 
 

Eda Isil Altiok  
 

Doctor of Philosophy in Bioengineering 
 

University of California, Berkeley  
 

Professor Kevin Healy, Chair 
 

 
The work described in this dissertation present a novel technique utilizing multivalent 
hyaluronic acid bioconjugates with an anti-VEGF protein for improving the action of drugs 
in the vitreous. This technology, which has shown efficacy both in vitro and in vivo has the 
potential to enhance the bioactivity of drugs used for treating patients with diseases 
including diabetic retinopathy, wet AMD and other neovascular diseases of the retina. 
 
Chapter 2 described our initial efforts in creating multivalent conjugates of the anti-VEGF 
protein, sFlt. Before beginning in vivo studies, we wanted to determine what parameters 
would maximize the bioactivity of mvsFlt. We investigated the use of several HyA molecular 
weights and valencies of sFlt molecules to HyA chains. The characterization and in vitro 
experiments were carried out with 6 mvsFlt conjugates of 300 kDa, 650 kDa and 1 MDa 
molecular weights with feed ratios of 10 sFlt per 1 HyA chain (termed low conjugation ratio 
(LCR)) and 30 sFlt per 1 HyA chain (termed high conjugation ratio (HCR)). SDS-PAGE and 
SEC-MALS enabled us to examine the conjugation efficiency following the reaction as well 
as to investigate the composition of the conjugates focusing specifically on the contribution 
of unbound sFlt that remained in solution. The in vitro experiments were crucial in 
determining whether the conjugation of sFlt to the HyA resulted in a decrease in the affinity 
of sFlt for VEGF. Using an ELISA and a cell-based survival assay, we determined that all 
the conjugates, irrespective of their molecular weight and valency, equally inhibited VEGF 
activity and were unaffected by conjugation. Using HyA crosslinked gels, we created an in 
vitro model of the vitreous to study how the increase in size impacted movement of the 
mvsFlt conjugates through the gel. The largest mvsFlt conjugates (650 kDa and 1 MDa) 
were significantly slower in their movement through the gel. The 650 kDa mvsFlt conjugate 
was then used in the in vivo studies described in Chapter 3. Furthermore, this conjugate was 
used to confirm the protective effect of HyA on sFlt degradation by a protease that 
specifically targets sFlt, matrix metalloproteinase-7. Taken together, the work in this chapter 
demonstrated the efficacy of conjugation, characterization, in vitro bioactivity, slowed 
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diffusion and protection from proteases. The progress demonstrated in this chapter enabled 
the studies presented in Chapter 3.  
 
The work in Chapter 3 details the in vivo studies used to show mvsFlt efficacy in two models 
of in vivo angiogenesis and a half-life model in the rat vitreous. As shown in Chapter 2, all the 
mvsFlt conjugates performed equally at inhibiting VEGF-dependent processes. Thus, we 
chose the conjugate that displayed slowest diffusion in the crosslinked HyA vitreous model, 
the 650 kDa mvsFlt conjugate. The first question we tried to address was whether the 
mvsFlt conjugate remained bioactive in vivo. The corneal angiogenesis model enabled us to 
examine the effect of sFlt and mvsFlt treatment on the growth of blood vessels in a corneal 
injury model of angiogenesis. Due to the fact that VEGF is one of the main mediators of 
angiogenesis in vivo, we expected that the addition of sFlt and mvsFlt would inhibit the 
formation of new blood vessels. Our data showed that both the sFlt and mvsFlt were equally 
capable of inhibiting angiogenesis in this model, indicating that the conjugation did not 
decrease the ability of sFlt to inhibit angiogenesis in vivo. We next demonstrated that the 
conjugation of sFlt to HyA significantly enhanced the half-life of sFlt in the vitreous of the 
rat eye by an order of magnitude. Finally, we utilized an oxygen-induced retinopathy rat 
model to examine the indirect effect of increased half-life on the prolonged anti-angiogenic 
effect of mvsFlt on neovascularization in the retina. mvsFlt was more effective than sFlt at 
inhibiting retinal neovascularization, likely due to its increased half-life in the vitreous. Taken 
together, the mvsFlt conjugate showed superior activity to sFlt in vivo, results that could 
substantially improve upon currently available drugs for treating retinal disorders.  

 
Chapter 4 gives an overall conclusion and details future directions the project can go in. 
There are some questions that remain unanswered and this chapter is a guideline to help fill 
in those gaps.  
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Chapter 1: Introduction 
 
 
 
Summary 
 
Drug delivery to the posterior segment of the eye is a significant challenge to overcome for 
the pharmaceutical industry. Patients suffering from diseases including diabetic retinopathy, 
macular degeneration, posterior uveitis and choroidal neovascularization require drugs for 
diseases management and treatment, however due to the difficulty in delivering drugs 
through the superficial layers of the eye, many conventional approaches are ineffective. This 
chapter goes into detail on the anatomy and physiology of the retina and discusses a wide 
range of approaches taken to deliver drugs to the retina through the use of polymeric 
implants, particulate systems and hydrogels. An introduction to the multivalent anti-VEGF 
approach is also introduced and discussed in greater detail in chapters 2 and 3.  
 
 
1.1 Diabetic retinopathy and its public health impact 

 
 Diabetes mellitus (DM) is a disease in which the body makes insufficient levels of 
insulin to process blood sugar levels. Although several types of this disease exist, the two 
major forms of DM are type 1 and type 2. Type 1 DM is the genetic form of the disease, 
which is characterized by the failure of the pancreas to produce enough insulin [1]. In this 
case, the body has an autoimmune reaction mediated by T cells that leads to a complete 
depletion of beta cells, which are responsible for producing insulin. Type 2 DM is tightly 
linked to obesity and begins with insulin resistance and can progress to complete lack of 
insulin production [2].  
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Figure 1.1: Prevalence of obesity and diagnosed diabetes among U.S. adults aged 18 and older. The 
prevalence of diabetes is increasing steadily with the upward trend in obesity. The top panel indicates the 
prevalence of obesity (BMI > 30 kg/m2) and the bottom panel indicates the prevalence of diabetes. Numbers 
are expected to double by 2030 posing an incredible strain on healthcare costs national and worldwide. 
(www.cdc.gov/diabetes) 

 
Obesity is a major problem facing the United States (Figure 1.1) and countries 

worldwide. It is estimated that 65% of Americans are overweight of this population, 23% are 
obese [3]. Evidence shows a direct correlation between the rise in obesity and the increasing 
prevalence of type 2 diabetes. Of the patients with type 2 diabetes, 90% of them are 
significantly overweight or obese. As a consequence of this staggering increase in obesity, 
there has been a substantial increase in the prevalence of obesity-dependent diabetes in the 
last 20 years, a pattern that that is projected to skyrocket in the coming decades [4]. In the 
United States alone, it is estimated that there are more than 23.6 million people with 
diabetes, 95% of which are represented by the preventable form, type 2 and the other 5% is 
accounted for by the genetic form, type 1. This accounts for approximately 8% of the US 
population and it is estimated that another 57 million people are considered to be “pre-
diabetic” as a result of abnormally high blood glucose levels [3]. It is estimated that at this 
rate, the prevalence of diabetes in the national population will exceed 30 million by 2030. 
These numbers are different based on which population is being examined. The prevalence 
of diabetes is significantly higher in studies examining African Americans, a population 
where 18.2% of the people have diabetes type 2 [5]. 

Although there is no current preventative measure for diabetes type 1, diabetes type 
2 can be prevented and controlled due to its dependence on body weight and behavior. 
People at risk for diabetes can prevent its progression by reducing body weight, increasing 
physical exercise and following a healthy diet [6]. Sugary beverages and red meat have also 
been associated with an increased risk of diabetes as well as smoking habits. Despite the ease 
of diabetes prevention, the prevalence of this disease is on the rise.   
 Due to this drastic increase in the prevalence of type 2 diabetes, there has also been a 
surge in the devastating symptoms associated with diabetes including stroke, peripheral 
vascular disease and diabetic retinopathy. Diabetic retinopathy is currently the leading cause 
of blindness among individuals aged 20-74 in the United States [7]. It is estimated that there 
are over 200 million people worldwide suffering from the consequences of diabetic 
retinopathy and this number is expected to double by 2030 with the increasing prevalence of 
diabetes mellitus [8]. Diabetic retinopathy is one of the most severe symptoms of diabetes 
and time is a major risk factor in its development. Over the course of their disease, all 
patients with diabetes type I will develop symptoms of diabetic retinopathy within two 
decades in comparison to 60% of patients with type 2 diabetes [7].  
 Diabetic retinopathy is a treatable symptom of diabetes, however, the disparity 
between drug availability and the increase in patients presenting with retinopathy symptoms 
points to severe barriers in disease management. Rates of non-adherence to diabetes 
regimens are extremely high when examining diet restrictions, insulin administration, blood 
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glucose testing and exercise. Non-adherence to diabetes management is one of the primary 
reasons why symptoms of diabetes continue to progress with time, with the additional 
problem of very limited access to medical care [9]. In developing countries, access to proper 
medical care is quite limited for the majority of the population [10]. For these reasons, 
treatable symptoms of diabetes like diabetic retinopathy can easily progress to debilitating 
vision loss without proper care. There are ample therapeutics on the market currently for 
treatment of diabetic retinopathy, however these drugs require monthly injections in order to 
maintain effective concentrations of drug within the vitreous. These injections are not only 
expensive (monthly injections of Lucentis cost $2000), but also uncomfortable for patients 
who often chose not to receive timely treatments, which can cause the disease to progress to 
debilitating levels.  
 Thus, developing therapeutics that will lead to better patient quality of life is of 
utmost importance. The overarching goal of this thesis was to improve upon currently 
available drugs for treating diabetic retinopathy by increasing the overall residence time of 
drugs within the vitreous, thereby reducing the number of injections patients are required to 
get while still keeping the disease under control. Although the results from this project 
indicated that our approach could decrease the number of injections, this approach cannot 
be used without injection directly into the vitreous. The rationale behind that was to simply 
decrease the number of required injections in order to increase patient comfort and thus 
compliance. Other approaches that are discussed in this chapter are non-injection based but 
do require surgical placement of implants.   Decreasing the injection frequency could lead to 
better patient compliance, reducing the overall healthcare costs this disease imposes on 
society and reducing prevalence of diabetic vision loss.  
 
1.2 Posterior segment biology 
 
1.2.1 Retinal structure 
 
 The human eye is divided into two main compartments: the posterior and anterior 
segments. The anterior segment consists of the front third of the eye and is comprised of the 
lens, ciliary body, suspensory ligaments, cornea and aqueous humor. The posterior segment 
is the part of the eye primarily affected by diabetic retinopathy and consists of the vitreous 
humor, retina, choroid and optic nerve.  
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Figure 1.2: Retinal anatomy. From the vitreous to the choroid, the retinal layers are the internal limiting 
membrane (ILM), nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear 
layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane (ELM), rod 
and cone inner and outer segments (IS/OS), and the retinal pigment epithelium (RPE). 
(www.retinareference.com/anatomy) 

 
 The retina is composed of five major types of cellular elements including neurons, 
glial cells, microglia, blood vessels and pigment epithelium (Figure 1.2). The proper 
communication of all these cells is required for normal vision. Neurons and glial cells 
comprise more than 95% of all cells within the retina [11]. Neuronal cells are made up of 
photoreceptors, amacrine, bipolar, and horizontal cells and electrical input from these cell 
types converge via ganglion cells on the optic nerve for delivery of electrical signals to the 
brain through the ganglion cell neuronal axons. Glial cells, Müller cells and astrocyotes serve 
as a cell glue for supporting neurons and blood vessels by regulating extracellular ion 
potentials to facilitate action potentials, metabolize neurotransmitters like glutamate and 
transportation of glucose and amino acids for retinal metabolism from blood vessels to 
neurons [12].  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Anatomy of retinal vasculature. The schematic shows the vasculature in the retina and choroid. 
Retinal arterioles and venules are proximal to the vitreous on the surface of the retina while the capillary plexi 
lie just beneath the surface and in the INL. Neovascularization in diabetic retinopathy results from angiogenesis 
in the most superficial blood vessels, the superficial capillary plexus [13]. 

 
 
 The retina is also an extremely vascularized tissue with tight organization through 
several layers as demonstrated in Figure 1.3 [13]. The central retinal artery with four main 
branches and the choroidal blood vessels are two main blood supplies to the retina with the 
choroid contributing 65-85% of the blood flow. Microcirculation around the retina is carried 
out through extensive capillary beds, precapillary arterioles and postcapillary venules. Under 
healthy conditions, the retinal vasculature balances nutrient delivery to every cell layer with 
waste removal with retinal metabolism [13].  
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1.2.2 Vitreous biology 
 
 The vitreous is one of the main ocular components responsible for maintaining 
mechanical stability of the eye. Made up of approximately 97% water, the vitreous is a gel-
like tissue that separates the retina from the anterior segment. In addition to water, the 
vitreous is a meshwork of structured glycosaminoglycans, collagens and proteoglycans as 
shown in Figure 1.4. Hyalocytes are the main cellular component of the vitreous found on 
the peripheral part of the vitreous body and are responsible for secreting hyaluronic acid and 
collagen [14].  

Glycosaminoglycans are long chains of repeating carbohydrate disaccharide units. 
The prominent glycosaminoglycan in the vitreous is hyaluronic acid (HyA), which is 
composed of the repeating disaccharide unit glucuronic acid and N-acetylglucosamine 
[15,16]. The concentration of HyA in the adult human vitreous is estimated to be 100-400 
µg/mL with the concentration varying depending on location within the vitreous. Higher 
concentrations of HyA are present in the posterior section of the vitreous and progressively 
decreases closer to the lens. The molecular weight of HyA in the adult human vitreous has 
been estimated to be between 2 and 4 million daltons with high polydispersity. Although 
chemical crosslinks are absent in the vitreous, the vitreous is held together by both intra 
chain and inter chain entanglements of HyA molecules other vitreous components. Recently, 
it has been proposed the HyA chains can form entanglements through hydrophilic and 
hydrophobic interactions to form extended network sheets and tubule structures [17].  

  
 
 
 
 
 
 
 
 
 

 
Figure 1.4: Structural schematic of the vitreous. The vitreous has a high concentration of hyaluronic acid 
(HyA), various proteoglycans (PG) and several types of collagen. Proteoglycans form bridges across collagen 
fibrils to provide stability.  

 
Collagen is another major component of the vitreous and is typically found at 

concentrations of 300 µg/mL in adult humans [18]. Similar to HyA, collagens are not evenly 
distributed in the vitreous. The highest concentration of collagen is found at the vitreous 
base and decreases towards the central and posterior vitreous. The collagen fibrils are 
typically composed of several different types of collagens including types II, V, XI and IX. 
Collagen type II is the prominent type in the vitreous and accounts for approximately 70-
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80% of total collagen. Proteoglycans associate with collagen fibrils at binding sites along the 
collagen backbone and are separated by 60 nm to add structural stability to the vitreous gel.  

There is an association between the extent to which the vitreous is a gel and age. As 
people get older, the HyA and collagen networks in the vitreous break down [18]. By the age 
of 80 years old, the vitreous is on average 50% liquid compared to 20% at adolescence. This 
may have direct consequences on the diffusion and mobility of drugs within the vitreous due 
to the fact that molecular entities move slower through gel-like substances as opposed to 
liquids.  
 
 
1.2.3 Modes of drug clearance from the vitreous 
 
 The current approach to treating retinal neovascularization is with intravitreal 
injection through the sclera. Once injected into the vitreous, drugs distribute through the 
vitreous in a charge and size dependent manner and are cleared from the vitreous through 
two main routes: anterior and posterior elimination [19]. Small molecules are able to diffuse 
through the vitreous rapidly and have very low half-lives whereas large molecules have 
retarded diffusion that results in longer half-lives [20]. Large, hydrophilic molecules are able 
to passively diffuse through the vitreous, around the lens into the anterior chamber and are 
cleared through the Schlemm’s canal or the uveoscleral outflow pathway. This pathway is 
slower than the posterior elimination pathway and is the main route of clearance for the 
majority of substances cleared from the tissue [19]. The posterior route implies loss across 
the retina through active receptor-mediated transcytosis across the retinal pigment 
epithelium and is reserved for small, lipophilic molecules. This mode of transport is often 
impermeable to even proteins such as albumin, but actively transports small lipophilic 
molecules like iodide, fluorescein and indotheacin. Upon elimination through the retina, 
these substances are eliminated through the extensive choroidal vasculature that underlies 
the retina [19]. Due to the large surface area of the retina, molecules capable of posterior 
clearance have significantly lower half-lives in comparison to those eliminated through the 
anterior route [21].  
 
 
1.3 Pathogenesis of diabetic retinopathy 
 
1.3.1 Introduction to angiogenesis 
 

Angiogenesis is the process by which new blood vessels sprout from pre-existing 
ones. It is a process critical to human development, reproduction and wound healing but 
also is a key player in the progression of cancer to metastatic levels and vision loss in various 
types of retinopathies [22]. Situations resulting in the demand for oxygen and nutrients such 
as diabetic retinopathy, tumor growth or myocardial infarction result in angiogenesis through 
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activation of endothelial cells and supporting cells. Several signaling pathways are responsible 
for the tight regulation of angiogenesis in development and wound healing as well as its 
rampant activity in disease progression [23].  
 Numerous signaling families have been identified as major players in angiogenesis. 
Pro-angiogenic factors include members of the vascular endothelial growth factor (VEGF) 
family, angiopoietins, transforming growth factors (TGF), platelet-derived growth factor 
(PDGF), tumor necrosis factor-α, interleukins and members of the fibroblast growth factor 
(FGF) family [22]. In addition to protein-based control, cell-matrix and cell-cell interactions 
through integrins such as α vβ3 and α vβ5 as well as inputs from collagens and HyA has also 
been implicated in angiogenesis [24]. Negative regulators of angiogenesis have also been 
identified and include proteins such as thrombospondin, angiostatin, soluble fms-like toll like 
receptor-1 (sFlt-1), and pigment epithelium-derived factor (PEDF) [25]. These anti-
angiogenesis factors are activated once tissue vascularity to supply adequate nutrients and 
oxygen has been reached. Although all the proteins contribute significantly to the process of 
angiogenesis, this review will cover the importance of only the vascular endothelial growth 
factor family.  
 
 
1.3.2 The vascular endothelial growth factor family  
 
 The VEGF family is composed of several growth factors and receptors. Five major 
growth factors are expressed that are able to bind to 4 receptors, as demonstrated in Figure 
1.5. In our studies, we were mainly concerned about inhibiting VEGF-A, as this is the 
VEGF that is responsible for inducing the strongest pro-angiogenic response. The human 
VEGF-A gene is made up of eight exons and seven introns, which, through alternative 
splicing, results in the expression of four different VEGF-A isoforms: VEGF-121, VEGF-
165, VEGF-189 and VEGF-206 (the isoform number corresponds to the number of amino 
acids that isoform contains) [26]. VEGF-165 is the predominant isoform of VEGF-A and is 
found as a 45 kDa heterodimeric glycoprotein with a heparin binding domain. VEGF-121 is 
freely soluble due to a loss of the heparin binding domain whereas isoforms -189 and -206 
are completely membrane bound due to their basic nature and high affinity to heparin [27].  

 
 
 
 
 
 
 
 
 
 



	

8	

Figure 1.5: The VEGF family of proteins. The VEGF proteins, which include VEGF-A, -B, -C, -D and 
PIGF, are able to bind to 5 receptors: VEGFR-1, VEGFR-2, VEGFR-3, neuropilin-1 and neuropilin-2 
(NRP1/2). The receptors are tyrosine kinases that are able to induce downstream signaling activation once the 
ligand binds. VEGFR-1, -2 and -3 contain seven Ig-like loops, a transmembrane domain and a cytoplasmic 
tyrosine kinase domain. Arrows indicate binding capabilities. Receptors are also able to form heterodimers 
between themselves, i.e. one VEGFR-1 receptor can bind with one VEGFR-2 receptor to form a VEGFR-
1/VEGFR-2 heterodimer upon binding of the ligand.  

 
The importance of VEGF has been demonstrated in many studies using both in 

vitro and in vivo models. Using cell-based models, researchers determined early on that 
VEGF was required for endothelial cell survival by preventing apoptosis [28]. Disruption of 
even a single VEGF allele leads to premature death of neonatal mice, however does not 
affect the viability of adult mice [29,30]. Interestingly, loss of VEGF in established tumor 
vasculature does not result in endothelial cell death, a process that is hypothesized to be due 
to the presence of stabilizing pericytes surrounding endothelial cells [31]. VEGF is also a 
critical regulator of inflammatory processes through inducing vascular permeability [32]. 
High concentrations of VEGF in the vitreous not only results in extensive retinal 
angiogenesis but also increases fenestrations between endothelial cells, resulting in the 
formation of pooled blood [33].  

The activity of VEGF is mediated primarily through two receptors within the VEGF 
family as demonstrated in Figure 1.5. VEGF receptor 1 (VEGFR1) and 2 (VEGFR2) are 
found on endothelial cells as well as bone marrow-derived cells [26]. Both receptors have 7 
Ig-domains and are able to form homo- and heterodimers with one another upon VEGF 
binding to one receptor monomer. Although the receptors are structurally very similar, the 
two receptors have several significant differences. VEGFR1 (Flt1) has a high affinity for 
VEGF on the endothelial cell surface, however it has very weak tyrosine kinase activity, 
implying weak mitogenic capabilities. An alternatively spliced form of VEGFR1 (soluble Flt-
1, sFlt-1) is freely soluble and has strong anti-VEGF activity [26]. It has been hypothesized 
that the primary functions of VEGFR1 and sFlt-1 are to act as decoy receptors for VEGF to 
inhibit excess angiogenesis in tissues [34]. This hypothesis has been confirmed using Flt1-/- 
knockout mice, which showed that lack of the Flt1 gene results in excessive proliferation and 
disorganization of angioblasts and blood vessels [35]. VEGFR2 (Flk1), on the other hand, is 
an active receptor tyrosine kinase that is able to activate downstream signaling cascades 
resulting in endothelial cell proliferation, adhesion, migration and overall organization into 
new blood vessels. The importance of this protein is evidenced by Flk1-/- knockout models 
where mice without VEGFR2 protein fail to develop proper vasculature and die between 
day 8.5 and 9.5 in utero [36]. VEGF activation of VEGFR2 results in the phosphorylation of 
several downstream proteins including phospholipase C-γ, PI-3 kinase, Ras GTPase-
activating protein and the Src family [23].  
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1.3.3 Mechanisms of DR Progression 
 

The retina is one of few tissues that do not require insulin for transportation of glucose 
into retinal cells. In patients with diabetes, high glucose content in the blood drives more 
glucose to accumulate within retinal cells. The increase in intracellular glucose leads to an 
increase in reactive dicarbonyls that can react with amino groups on intracellular and 
extracellular proteins to form advanced glycation end products (AGE)[37]. AGEs damage 
cells through altering protein activity, affecting the binding of cell surface integrins to AGE-
modified extracellular matrix components, and inducing NF-kB activation by binding to 
AGE receptors on endothelial cells and macrophages[37]. Pericytes specifically express high 
levels of AGE receptors (RAGEs), which make these cells more susceptible to changes in 
hyperglycemic by-products, most likely as a protective mechanism to shield the neuronal 
retina from damage [38]. RAGE activation induces nuclear factor kappa B (NF-kB) signaling 
which controls several genes involved in inflammation. High concentrations of RAGE 
ligands, i.e. AGE in diabetes establishes a positive feed back cycle leading to chronic 
inflammation in the retina and recruitment of leukocytes to the microvasculature resulting in 
occlusion. AGE receptor binding induces the formation of intracellular reactive oxygen 
species, which leads to pericyte apoptosis due to disruption of mitochondrial electron 
transfer chain or enzymatic activities such as NADPH oxidases or lipoxygenases [39,40].  

To reverse the detrimental effects of hyperglycemia in the retina, endothelial cells 
attempt to mitigate the hypoxic situation through upregulation of pro-angiogenic growth 
factors such as VEGF [41]. In diabetic retinopathy, VEGF-driven retinal angiogenesis is 
initiated by hypoxic retinal neurons and due to pericyte loss and lack of inhibitory signaling, 
endothelial cells proliferate to form disorganized, leaky blood vessels and microaneurysms, 
one of the first visible hallmarks of disease initiation. Progression of DR from non-
proliferative (NPDR, lack of angiogenesis) to proliferative DR (PDR) is characterized by 
angiogenesis of compromised vessels into the vitreous[41]. Several studies have examined 
the presence and distribution of the VEGF family in post-mortem patient samples, which 
have revealed significantly increased levels of VEGF throughout samples taken from 
diabetic eye tissues including the vitreous, aqueous humor and retina[42]. Animal models of 
NPDR have shown increases in VEGF and VEGFR2 expression, which lead to an increase 
in vascular permeability[43,44]. Furthermore, transitioning from NPDR to PDR results in a 
significant increase of intravitreal VEGF concentration which initiates the growth of blood 
vessels into the vitreous[45,46].  

Symptoms of both types of diabetic retinopathy are primarily driven by physiological 
changes in the retinal microvasculature[47,48]. In non-proliferative diabetic retinopathy 
(NPDR), these changes primarily manifest through loss of vascular pericyte coverage, 
formation of sac-like microaneurysms, gradual thickening of the remaining endothelial cell 
vessels through cell proliferation, occlusion and death of capillaries. Furthermore, pericyte 
drop-off leads to the leakage of vascular contents into retina resulting in macular edema, and 
thus a significant reduction in visual acuity. Without sufficient treatment, NPDR gradually 
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develops into proliferative diabetic retinopathy (PDR), which is characterized by the 
detachment of retinal blood vessels from the retina and subsequent growth into the vitreous. 
This stage is driven by extensive endothelial cell proliferation and angiogenesis in the 
formation of vascular loops extending perpendicular to the retina infiltrating into the vitreal 
chamber, a process driven by heightened levels of intraocular VEGF[7,38,48]. Due to a lack 
of pericytes, these newly formed blood vessels have wide pores and release red blood cells 
into the vitreous, resulting in a substantial reduction in visual clarity. Anchoring of these 
blood vessels into the matrix of the vitreous can cause retinal detachment as a result of 
vascular contractions.  
 
 
1.4 Ocular drug delivery and current strategies for DR management 
 
1.4.1 Pharmacological interventions 
There are several anti-VEGF drugs on the market that are currently used for treating 
patients with diabetic retinopathy and other retinal neovascular diseases. Schematics 
depicting the most commonly used anti-VEGF drugs are shown in Figure 1.6.  
 
Bevacizumab (Avast in,  Genentech) 
Bevacizumab is a humanized recombinant full-length antibody at 148 kDa that is clinically 
identical to ranibizumab in its ability to inhibit all isoforms of VEGF in vivo [49]. 
Bevacizumab works by completely blocking the ability of all VEGF isoforms from binding 
to their receptors on the cell surface, resulting in blockage of all downstream pro-angiogenic 
activity. In pre-clinical studies with rhesus monkey, the terminal half-life of bevacizumab was 
5.6 days [50]. In human trials, the half-life was between 2.5 and 7.3 days, with a mean of 4.9 
days and depended heavily on state of ocular health [51]. Despite its large size, Heiduschka 
et al. used immunohistochemistry and radio active labeling to demonstrate that bevacizumab 
was able to penetrate through the ILM, ganglion cell layer, inner plexiform layer, 
photoreceptor, and outer segments after two weeks following intravitreal injection in 
cynomolgus monkeys [52]. Cost-wise, bevacizumab injections are much cheaper and cost 
$50 per injection, which is the reason many ophthalmologists use bevacizumab off label for 
treating patients with DR instead of ranibizumab.   
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Figure 1.6: Commonly used anti-VEGF drugs for treating diabetic retinopathy. Bevacizumab is a full-
length recombinant humanized antibody that can bind all isoforms of VEGF. Ranibizumab is FDA approved 
for the treatment of eye diseases and is an IgG antibody fragment that binds all isoforms of VEGF. Pegaptanib 
is composed of a 28 kDa aptamer conjugated to two 20 kDa PEG chains. Aflibercept is composed of the 2nd 
Ig-like domain of VEGFR-1 (yellow), the 3rd Ig-like domain from VEGFR-2 conjugated to an Fc antibody 
fragment. (Purple indicates antibody heavy chain and its fragments in bevacizumab, ranibizumab and 
aflibercept. Green indicates light chain in bevacizumab and ranibizumab. Orange indicates optimized antigen 
binding site on ranibizumab. Blue chain indicates PEGylation (2x 20 kDa PEG chains). Blue region on 
aflibercept corresponds to the VEGFR-2 Ig-like domain 3 and the yellow region depicts the VEGFR-1 Ig-like 
domain 2)  

 
Ranibizumab (Lucent is ,  Genentech)  
Ranibizumab is a 48 kDa IgG antibody fragment that is able to bind all isoforms of VEGF. 
By binding to the receptor binding site on all VEGF isoforms, ranibizumab is able to 
completely inhibit the interaction between VEGF and receptors responsible for initiating 
angiogenesis [53]. Ranibizumab is smaller than bevacizumab and was created with the 
intention to allow for drug penetration into the retina to target neovascular diseases that 
affect deeper retinal layers, a theory confirmed by Gaudrault et al. [54]. Studies in rabbits 
have demonstrated that an injection of 0.5 mg ranibizumab yields a half-life of 2.88 days 
[55], which matches studies in monkeys where the half-life is 2.9 days [50]. Humans receive 
0.5 mg of ranibizumab, which yields an intravitreal half life of 7.2 days [56]. Lucentis is the 
currently approved FDA drug for treatment of diabetic retinopathy and costs $2,000 per 
injection, which is cost limiting for many patients.  
 
Pegaptanib (Macugen,  Bausch + Lomb) 
Pegaptanib is a 50 kDa PEGylated drug composed of a 28 kDa nucleic acid aptamer and 20 
kDa PEG chain. It is highly specific to VEGF165 and has a high dissociation constant (50 
pmol/L) [57]. The binding site for pegaptanib on VEGF165 is on its heparin-binding 
domain that is responsible for stabilizing and intensifying the interaction of VEGF165 and 
its receptor on the cell surface for activation of neovascularization. Although its high affinity 
for VEGF165 is advantageous, this specificity does not allow pegaptanib to bind any other 
isoforms of VEGF in contrast to the other anti-VEGF drugs [58]. An advantage to using an 
RNA-based molecule for drugs is that these molecules have very little immunogenicity and 
toxic side effects. Despite increasing the overall molecular weight of pegaptanib with a PEG 
chain, this drug still suffers from low half-lives within the vitreous. The half-life of 2 mg 
pegaptanib injected intravitreally in Rhesus monkeys is 89.9 hours (3.7 days) [59] whereas a 3 
mg injection in humans has a half-life of 10 days (±4 days) [60].  
 
Aflibercept  (Eylea,  Regeneron) 
Aflibercept is a highly potent 115 kDa anti-VEGF fusion protein developed using the “trap 
technology” in which the 2nd Ig domain from VEGFR1 and the 3rd Ig domain from 
VEGFR2 were fused to the Fc region of a human IgG antibody [61]. Similar to ranibizumab 
and bevacizumab, aflibercept is able to bind all VEGF isomers in addition to VEGF-B and 
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placental growth factor, which may make aflibercept more effective than its competitors 
[62]. Aflibercept was optimized for maximal VEGF binding and has 140 greater binding 
affinity for VEGF and its isomers in comparison to ranibizumab and bevacizumab [63]. 
Although there is a significant increase over the other anti-VEGF drugs in binding ability, 
the half-life of aflibercept is still very short (5 days in humans) and requires the same dosing 
regimen as the other drugs.  
 
 
1.4.2 Retinal drug delivery systems 
	

Drug delivery systems are in high demand for treating retinal diseases [64–66]. 
Commonly used modalities such as eye drops, subconjunctival injections and systemic drug 
delivery suffer from inability to make it through retinal and ocular barriers to the disease site. 
Topical eye drops are rapidly cleared from the tear film resulting in residence times of less 
than 5 minutes. Systemically delivered drugs are often impeded by the blood-retina barrier 
and penetration through the sclera is the main limiting barrier for subconjunctivally delivered 
drugs. Thus, the majority of drugs for retinal diseases are delivered through intravitreal 
injection. However, these drugs, including the anti-VEGF drugs discussed above, suffer 
from short half-lives in the vitreous and require frequent injections. For these reasons, there 
are been many attempts at using biomaterials and biomedical devices for increasing the half-
life of drugs in the vitreous. This review will cover drug delivery systems for all retinal 
diseases, as there have been significant strides made in drug delivery for other disorders such 
as uveitis.  
 
 
1.4.2.1 Implants 
 
The goal of intravitreal implants is to deliver drugs over a period of time that can span 
months to several years, thus reducing the number of invasive procedures patients receive. 
In general, implants are surgically placed at the pars plana, posterior to the lens and anterior 
to the retina. This approach presents several benefits including: (1) by-passing the blood-
retinal barrier; (2) delivery of drug at the site of action; (3) avoidance of the side effects 
associated with frequent intravitreal and systemic injections; and, (4) smaller quantity of drug 
used during treatment. Several types of implants have been developed and vary in 
degradability, duration of effect, size, delivery method and composition. Implants are 
generally defined as degradable or non-degradable where non-degradable implants often 
require surgical removal but are able to release drugs for much longer periods of time. A 
comparison of several implants is shown in Table 1.1 and schematics of implants discussed 
in this chapter are shown in Figure 1.7. 
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Table 1.1: Summary of implants used for treating retinal diseases. 

 
Abbreviations: AMD: age-related macular degeneration, BRVO: branch retinal vein occlusion, CMV: 
cytomegalovirus, CNTF: ciliary neurotrophic factor, CNV: choroidal neovascularization, CRVO: central retinal 
vein occlusion, DME: diabetic macular edema, EVA: ethylene-vinyl acetate, IVT: intravitreal, MT: macular 
telangiectasia, NTC-200: genetically modified retinal pigment epithelium cell line, PDGFR: platelet-derived 
growth factor receptor, PLGA: poly(lactide-co-glycolide), PMMA: poly(methyl methacrylate), PVA: poly(vinyl 
alcohol), RVO: retinal vein occlusion, VEGFR-Fc: vascular endothelial growth factor receptor-Fc fusion 
protein.  

 
Ret iser t  
The Retisert implant was developed by Bausch & Lomb Inc. (Rochester, NY) as a non-
degradable, sustained-release system for the long-term treatment of posterior uveitis, DME 
and RVO. The implant contains 0.59 mg of the small molecule fluocinolone acetonide 
(molecular weight 452.5 Da) and releases 0.6 ug/day initially and decreases to 0.3-0.4 ug/day 
for up to 30 months [67]. Retisert is approximately the size of a grain of rice fixed to the pars 
plana with a suture and is composed of silicon and polyvinyl alcohol for encasing of the 
aqueous insoluble corticosteroid. A 3 year-clinical trial with 197 subjects showed that visual 
acuity was improved by 3 or more lines in 28% of implanted eyes in comparison to 15% of 
the control [68]. Treatment with Retisert also decreased the recurrence rate of uveitis from 
54% to 7% in addition to improving visual acuity in 80% of patients. Despite positive 
outcomes in clinical trials, 30% of patients required glaucoma surgery by 24 months and 93-
100% of patients required cataract surgery [69]. Due to these significant side affects, Retisert 
becomes a reasonable alternative when patients do not respond to systemic or topical 
delivery of corticosteroids.  
 
I luvien (Medidur) 
Iluvien (Alimera Sciences, GA, USA) is another corticosteroid eluting implant used in 
treating uveitis, macular edema and retinal vein occlusion. The device is non-degradable and 
contains 180 ug of fluocinolone acetonide for delivery up to 3 years [70]. Contrary to 
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Retisert, which requires surgical implantation, Iluvien is inserted through a 25-gauge needle 
without the need for sutures. The implant is 3.5 mm in length and 0.37 mm in diameter and 
releases 0.23-0.45 ug of drug per day for 18-36 months. Clinical trials with this implant 
showed that 20% of patients with DME showed significant improvements in visual acuity 
tests by the end of 12 months [71]. One major drawback of this approach is that the implant 
is not retrievable, meaning that patients would have several Iluvien implants over time, 
which could cause visual defects. However, clinical outcomes with Iluvien have shown that 
only 0-5.9% of patients need glaucoma surgery and 15-29% require cataract after treatment, 
much lower than patients treated with Retisert [71].  
 
I-vat ion (Surmodics)   
I-vation (Surmodics Inc.) is another non-biodegradable implant used for treating diabetic 
macular edema and uveitis through the sustained delivery of 0.93 mg triamcinolone 
acetonide (TA) [72]. The titanium implant is in the shape of a helical coil and is composed of 
the non-degradable polymers poly(methylmethacrylate) and ethylene-vinyl acetate, which can 
release drug for up to 2 years. Its unique helical shape enables for high surface area and 
maximal drug loading as well as sutureless placement through a 25-gauge hole in the sclera 
[66]. In clinical trials, 64% in the slow-releasing group and 72% in the fast-releasing group 
showed significant increases in visual acuity with 28.6% of patients in the fast-releasing 
group showing greater than 15-letter improvement after 6 months. Despite these positive 
results, further clinical trials have been suspended when data released showed better results 
with photocoagulation over TA treatment for DME [72]. 
 
Vitraser t   
Similar to Retisert, Iluvien and I-vation, Vitrasert (Bausch + Lomb) is an FDA-approved, 
non-degradable implant that has a drug reservoir of ganciclovir, another corticosteroid used 
for the treatment of cytomegalovirus CMV retinitis and posterior uveitis [73]. Two separate 
polymer coatings tightly control release from the drug reservoir. Polyvinyl alcohol is highly 
permeable to allow the release of drug and ethylene vinyl acetate is impermeable and limits 
the surface area through which the drug can be released. This system is also being tested for 
the release of other corticosteroids including dexamethasone, fluocinolone acetonide and 
cyclosporine. Similar to Retisert, Vitrasert is associated with high likelihood of cataract 
development and increased IOP [73]. Unlike the other implants available, insertion of 
Vitrasert requires a large 4-5 mm scleral incision at the pars plana in an operating room and 
after drug release is complete 5-8 months later, a second surgery is required for excision of 
the implant followed by replacement, if necessary.  
 
Ozurdex  
Unlike Iluvien and Retisert, Ozurdex (Allergan, Inc.) is a biodegradable implant made of 
PLGA that releases 0.7 mg of dexamethasone over 6 months [74]. It has been approved for 
use in macular edema following branch or central retinal vein occlusion and is currently 



	

15	

under clinical trials for posterior and intermediate uveitis. Similar to Iluvien, the Ozurdex 
implant does not require a suture placement like Retisert. One main advantage to using 
Ozurdex is that the implant slowly degrades over the course of 6 months to lactic and 
glycolic acid, leaving no trace in the eye. Implantation is simple and facilitated through a 
specialized applicator with a 22-gauge needle. In clinical trials, 53% of patients showed 
improvement of at least 3 lines and only 0.5% and 4% needed glaucoma or cataract surgery, 
respectively [74,75].  
 
On Demand Therapeut i cs  

On Demand Therapeutics developed ODTx, a unique multi-reservoir implant that is 
driven by laser-activation of individual drug-containing reservoirs [76,77]. Similar to Iluvien, 
ODTx is a small rod that can be easily injected and does not require scleral suturing. The 
drug reservoirs can store small molecule or protein-based drugs until release is initiated by 
targeting of the device with a standard ophthalmic laser in a routine office-based procedure. 
In testing with protein release, the device was able to maintain protein stability for up to 1-
year post-device injection. The devices are meant to give the ophthalmologist more control 
over drug dosing, unlike the other implantable devices, which have no mechanism for dose 
control. Once the device is depleted of drug, ODTx is unretrieveable, much like Iluvien. 
Furthermore, targeting a small implant and accurately choosing loaded drug reservoirs may 
be difficult in practice. 
 

 
Figure 1.7: Schematics of implant-based ocular drug delivery. These implants have been developed to 
treat a range of retinal diseases including uveitis, DME, and RVO. See text for details of each device. 
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Encapsulated ce l l  t e chnology 
Encapsulated cell technology (ECT) is a platform developed by Neurotech 

Pharmaceuticals that harnesses the ability of a modified retinal pigment epithelial cell line to 
secrete therapeutic levels of protein that can impede the progression of chronic disorders in 
the central nervous system and the eye [78,79]. There are currently 3 implants being 
developed, 2 of which are in phase 2 of clinical trials for treatment of wet AMD and macular 
telangiectasia. The main advantage of this approach is that it presents an efficient and 
continuous way of delivering protein-based therapies unlike the other implants and does so 
over for at least 2 years.  

The basis of the technology is dependent on protein secreted from a proprietary cell 
line derived from human retinal pigment epithelial cells. Retinal pigment epithelial (RPE) 
cells were screened from a large library of different cell types and ultimately chosen due to 
their ability to thrive under low oxygen and nutrient conditions for many months and being 
amenable to genetic manipulation [78]. The RPE cells are genetically modified to suppress 
proliferative genes and are programmed to overexpress proteins including a VEGF receptor 
(NT-503 ECT), platelet-derived growth factor (PDGF, NT-506 ECT) and ciliary 
neurotrophic factor (CNTF, NT-501 ECT).  

The protein secreting cells are encapsulated within a semi-permeable membrane that 
prevents immune cell and antibody infiltration from the vitreous and surrounding tissues but 
allows for the secretion of protein from inside the implant. In comparison to the other 
implants, this implant is larger and measure 1 cm in length [78] and 1 mm in width and is 
anchored to the sclera with a titanium loop, requiring surgical implantation similar to many 
of the other implants. Extensive clinical trials have been carried out to test the first-
generation implant, Renexus (NT-501) for treatment of retinitis pigmentosa, which secretes 
CNTF. After 6 months, implants retrieved from 10 patients in a phase I clinical trial 
contained viable cells with minimal cell loss [80]. In a 12-month phase II trial, patients with 
the high-dose NT-501 implant showed a dose-dependent increase in retinal thickness that 
lasted through 12 months which was associated with visual function stabilization and stable 
visual acuity. A trend in greater vision loss was observed for the low-dose/sham treated eyes. 
Their findings suggest that CNTF delivery can help prevent vision loss in patients with wet 
AMD [81].  

This technology has been further developed and now spans implants, which are 
capable of having multiple cell reservoirs. The NT-503 implant secretes a VEGF receptor 
fusion protein, which has a 20-fold increase in binding to VEGF compared to ranibizumab 
(Lucentis). This implant secretes the anti-VEGF protein for more than 2 years with currently 
on-going clinical trials to test its efficacy in patients with wet AMD [82]. The NT-506 
implant secretes a combination of the VEGFR-Fc fusion protein and PDGF as a response 
to clinical results that indicated improved outcomes with such combination therapies. 
Optimization studies at Neurotech Pharmaceuticals have been able to increase release rates 
of protein by 30-fold through increasing the number of cell-chambers, cell counts, 
membrane permeability and overall device size.  
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1.4.2.2 Particulate systems 
 

Another approach to controlling intravitreal drug delivery is through various 
encapsulation technologies. The use of nanoparticles and liposomes has been investigated in 
depth over the last two decades and is schematically shown in Figure 1.8. Generally 
biodegradable polymers such as gelatin, albumin, polyesters, polyanhydrides, poly-lactic acid 
(PLA),poly-glycolic acid (PGA), and PLGA copolymers are preferred because they slowly 
degrade at the site of injection over time. Of those polymers, PLA, PGA and PLGA used 
most frequently because they are materials used in other FDA approved devices for use in 
the clinic. Particle systems have been successful at delivering various types of drugs over 
long periods of time ranging from weeks to even several months. Although the technology is 
promising, clinical success has been minimal.  

 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8: Basics of particulate-based drug delivery vehicles. Nanoparticles and liposomes are formed by 
organization of repeating units consisting of a hydrophilic head group and a hydrophobic tail group. Both 
particles can be used to delivery hydrophilic and hydrophobic drugs. Nanoparticles can be used to delivery 
hydrophilic and hydrophobic drugs in on the surface of the vesicle or in the hydrophobic core, respectively. 
Liposomes can also deliver both types of drugs and can store hydrophilic drugs in its aqueous core or on the 
liposomal surface. Hydrophobic drugs can be stored within the lipid bilayer of liposomes.  
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The major advantages to using particle-based systems are similar to other approaches and 
include drug stabilization, reduction in toxicity of certain drugs, reduction in burst drug 
exposure and localized delivery. The main drawback to this approach is vitreous clouding, 
which is well documented and is a result of particle aggregation. The permanence is variable 
and depends on the degradability of the polymers and amount of particle injected. 
Furthermore, long-term storage of particle systems results in the formation of heterogeneous 
aggregates due to particle instability. 
 
Nanopart i c l es   

Nanoparticles are less than 1um in diameter, made of biodegradable polymers such 
as PLA, PLGA, natural biopolymers such as chitosan, gelatin, alginate, albumin, and lipids. 
Drugs can be stored either within the nanoparticle if they are hydrophobic/lipophilic or 
tethered to the outside of the nanoparticle if they are hydrophilic (Figure 1.8). Due to their 
small size, nanoparticles are able to distribute throughout the posterior segment, penetrating 
retinal layers and accumulating in the retinal pigment epithelium cells unlike microspheres. 
Nanoparticles with these pharmacokinetic properties could be very useful in treating diseases 
such as choroidal neovascularization and due to their ability to penetrate to the posterior 
layers of the retina where these diseases are situated. 

Albumin nanoparticles have shown promise in bioavailability and duration of release. 
In vivo rat studies showed that after a single injection, anticytomegaloviral drug containing 
albumin nanoparticles were detected in the vitreous and ciliary body for at least two weeks 
after a single intravitreal injection [83]. Nanoparticles have the added benefit of being small 
enough to penetrate layers of the retina, as demonstrated by Kim et al. [84]. The authors 
used albumin nanoparticles between 110 and 170 nm in size to examine the effect of overall 
nanoparticle charge on ocular distribution following intravitreal injection. Anionic albumin 
nanoparticles easily penetrated the vitreous and localized with in retinal cell layers however 
the cationic nanoparticles were bound to the negatively charged proteoglycans like collagen 
and hyaluronic that caused nanoparticle sequestration in the vitreous [84]. Similarly, Bourges 
et al. [85] showed significant transretinal movement of fluorophore containing PLA 
nanoparticles with preferential localization in RPE cells after 18-24 hours and remained 
detectable in the RPE layer 4 months after a single injection of PLA nanoparticles [85]. 
Santos et al. [86] investigated the efficacy of delivering anti-TGFB-2 oligonucleotide-
polyethylenimine complexes, which formed nanoparticles in solution. After 24 hours, these 
complexes were uniformally distributed throughout the retina and at 72 hours had 
specifically accumulated in their cell of interest, the retinal Müller glial cells [86].  

In addition to penetrating retinal layers following intravitreal injections, nanoparticles 
have also been shown to cross the blood-retinal barrier following intravenous injection as 
shown by Kim et al. [87]. Nanoparticles that were 20nm in size could easily pass through the 
blood-retinal barrier and were evenly distributed in all layers of the retina. In contrast, 100 
nm particles were not detected in any retinal cell layer [87].  
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Liposomes 
Liposomes were first introduced in 1965 as a novel drug delivery carrier [88]. These 

vesicles can vary widely in size ranging from 10 nm to 1 um or greater. Liposomes have an 
aqueous core surrounded by phospholipid bilayers made of natural or synthetic substances. 
Incorporation of cholesterol adds rigidity to the liposomes. The drug loading capacity of 
liposomes depends heavily on its size as well as the type of molecule being delivered. An 
advantage to using liposomes is their ability to encapsulate both lipophilic and hydrophilic 
molecules within the phospholipid bilayer and aqueous core, respectively (Figure 1.8). 
Similar to the other particle-based drug delivery systems, liposomes can improve drug 
pharmacokinetics and reduce toxicity associated with higher drug doses and help avoid burst 
drug delivery. The use of liposomes in ocular drug delivery systems has been extensively 
explored due to the versatility of the system. Positively charged liposomes have been tested 
for their ability to increase the half life of drugs in the vitreous due to the charge association 
between the positively charged liposomal surface and negatively charged biopolymers found 
naturally in the vitreous like collagen and hyaluronic acid. There are several liposome-based 
drug delivery systems that are clinically approved including Ambisome, DaunoXome, and 
Novasome however only Visudyne is approved for retinal applications, specifically for the 
treatment of age-related macular degeneration.   

Verteporfin (Visudyne, Novartis) is currently the only FDA approved liposomal 
technology for clinical use in ocular applications [89,90]. The drug is injected intravenously 
and is able to locate to the retina where it can be activated by applying a non-thermal red 
laser. Activated verteporfin causes localized damage to the neovascular endothelium and 
results in occlusion of the targeted vessels in treatment of patients with choroidal 
neovascularization and age-related macular degeneration. Visudyne is still considered a 
suboptimal therapy and other liposomal technologies are being developed to improve upon 
it. Rostaporfin (Photrex, Miravant Medical Technologies) is a newer photosensitizing agent 
that aims to treat age-related macular degeneration with pending FDA approval. Rostaporfin 
improves significantly on the verteporfin technology by decreasing the number of required 
treatments [91].   

The pharmacokinetics of liposomes in the vitreous were initially investigated by 
Barza et al. Larger vesicles were cleared faster than smaller ones and intraocular 
inflammation significantly increased vesicle clearance rate for both sizes. Furthermore, the 
addition of cholesterol to the liposome stabilized the vesicle and slowed drug release into the 
vitreous [92]. Paasonen et al. investigated the incorporation of gold-nanoparticles for user-
mediated control of drug release. The addition of nanoparticles to the inner and outer layers 
of the liposomes enabled the vesicles to have a heat-responsive element for controlling the 
release of calcein [93]. Upon UV irradiation, the gold nanoparticles absorbed the heat, which 
caused the liposome to undergo a phase change and release its calcein. Without the 
incorporation of the gold nanoparticles, the liposomes had no response to UV light. 
Bevacizumab has also been incorporated into liposomes made of phosphatidylcholine and 
cholesterol to increase its intravitreal half-life. The authors found that incorporation into 
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liposomes increased the intravitreal concentration of bevacizumab by 1 and 5 times at days 
28 and 42, respectively.  

Despite some successes, the advancement of liposomes to clinical trials has been 
limited due to their short shelf life, limited drug cargo capacity, complexity of preparation 
and stability, and problems in sterilization.   
 
 
1.4.2.3 Hydrogels 
 
Verisome 
Verisome is a versatile hydrogel technology made of benzyl benzoate that can be used to 
deliver a broad range of pharmaceutical agents such as small molecules, peptides, proteins 
and antibodies and can take the form of a liquid, gel or solid [94]. The technology is being 
tested for several applications including retinal drug delivery. Verisome is injected through a 
30-gauge needle in the form of a drug-containing hydrogel that coalesces into a spherule and 
slowly degrades to release the active agent. Similar to the Ozurdex biodegradable implant, 
Verisome drug release can be indirectly monitored by examining the size of the spherule in 
the patient’s vitreous. Phase I clinical trials demonstrated safety and showed drug efficacy in 
patients with CME secondary to RVO. Despite promising early results, this delivery system 
quickly degrades and would require more injections than the comparable biodegradable 
device, Ozurdex [94]. Verisome has also been used to deliver ranibizumab, which is currently 
undergoing a phase II clinical trial. At 120 days post injection, 3 out of 6 patients needed 
reinjection and at 180 days, only 1 of 5 needed a repeat injection, indicating that this 
technology may helped to reduce the number of required drug injections.  

Kang-Derwent et al. demonstrated the efficacy of using thermoresponsive hydrogels 
for slow release of bevacizumab and ranibizumab in vitro as another potential drug delivery 
system [95]. Thermoresponsive hydrogels were synthesized with poly(N-
isopropylacrylamide) (PNIPAAm) crosslinked with poly(ethylene glycol) diacrylate (PEG-
DA). Gels showed an expected burst release in the first 48 hours and then steady drug 
release for 3 weeks. The crosslinking density could be adjusted to control the rate of release. 
Although promising, this work was not followed up with in vivo studies to demonstrate 
efficacy. 

Hydrogel-based delivery of ocular therapeutics has also been explored using 
iontophoresis [96]. This technique is suitable for the charge-dependent transport of small 
molecules across tissue membranes. Eljarrat-Binstock et al. showed that gentamicin, 
methylprednisolone and carboplatin (drugs that are used to treatment of infection, uveitis 
and retinoblastoma, respectively) could be effectively delivered by encapsulating drugs in 
hydrogels of hydroxyethyl methacrylate (HEMA) crosslinked with ethylene glycol 
dimethacrylate (EDGMA). Sponges were surgically placed at the pars plana of rabbits and 
cathodal iontophoretic administration was performed by using a current intensity of 1.0 mA 
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for 5 minutes.  Significantly higher concentrations of drug were found in the retina, vitreous 
and aqueous humor after iontophoresis compared with control groups [97–99].  
 
Cort i j e c t  
Cortiject is an emulsion-based drug delivery system for the sustained release of the pro-drug 
dexamethasone for treatment of DME [77]. This approach utilizes an oily carrier and a 
phospholipid as a surfactant for the encapsulation of the drug. Once released, the 
dexamethasone pro-drug is de-esterified by esterases in the retina to become activated. A 
single intravitreal injection is anticipated to release drug for 6-9 months. Phase I/II clinical 
trials are currently underway in Europe.  

 
 
1.4.2.4 Polymer conjugation 
 

Polymer conjugation of drugs for ocular applications is in developmental stages with 
few approved for clinical use. The most famous example is the PEGylated drug, Macugen 
(pegaptanib sodium, EyeTech Pharmaceuticals/Pfizer), which is FDA approved for treating 
age-related macular degeneration. Macugen is an RNA aptamer that is conjugated to two 
chains of 20 kDa PEG and specifically targets VEGF-165 [57]. PEGylation of the aptamer 
significantly improved its half-life in the vitreous [100], however the half-life of Macugen is 
comparable to the other protein-based therapeutics targeting VEGF such as Lucentis, 
Avastin and Eylea.  
 We recently demonstrated that conjugation of the anti-VEGF protein, sFlt-1, to 
hyaluronic acid (HyA) showed significant improvements over its unconjugated form in 
preliminary studies. We demonstrated using several different molecular weights and valencies 
of sFlt to HyA that the conjugation did not reduce the affinity of sFlt for VEGF. We also 
created an in vitro model of the vitreous using crosslinked HyA gels and showed that 
conjugation to HyA significantly slowed the diffusion of sFlt out of the gels, a good 
indication that the same effect would be seen in vivo [101]. Our in vivo studies utilized 2 in 
vivo models of angiogenesis and a rat vitreous model to determine whether conjugation 
affected the ability of the conjugate to inhibit angiogenesis in vivo and whether conjugation 
would lead to increased half-life in the vitreous of rats. Our results showed that the 
conjugate was equally able to inhibit corneal angiogenesis in comparison to the unconjugated 
sFlt but was more effective at inhibiting retinal angiogenesis in a rat oxygen-induced 
retinopathy model, most likely due to the significantly increased drug half-life. Finally, the 
sFlt conjugate showed significantly improved half-life in the rat vitreous. Our results are 
promising when compared to the other conjugation technology, PEGylation, because we 
demonstrate that bioactivity is maintained following the conjugation whereas PEGylation 
results in significantly reduced bioactivity [102]. This is likely due the large PEG chain 
sterically inhibiting the active site of the protein from binding to its ligands. In contrast, the 
technology we use allows for the conjugation of several proteins per chain of HyA, enabling 
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for the presentation of multiple bioactive proteins, which likely compensates for steric 
effects.  
 
 
1.5 Dissertation approach and outline 
 
The work in this dissertation aims to improve upon anti-VEGF drugs that are currently used 
in the clinic by increasing the half-life of drugs in the vitreous of the eye.  
 
A hyaluronic acid-based multivalent drug conjugate system has been investigated as a 
treatment for patients with diabetic retinopathy. We hypothesized that multivalent drug 
conjugates with hyaluronic acid would significantly increase the half-life of drugs in the 
vitreous of the eye, which would lead to a prolonged anti-angiogenic effect of the drug in 
vivo. This work could represent a significant step forward in improving therapeutics used for 
treating retinal diseases due to the versatility of this technology. 
 
This dissertation is organized into 3 sections describing two distinct aims (Chapters 2 and 3). 
A concluding chapter (Chapter 4) summarizes the dissertation’s main findings and discusses 
potential future directions for the project.  
 

v Chapter 2: Multivalent hyaluronic acid bioconjugates improve sFlt activity in 
vitro. The synthesis and characterization of a range of multivalent sFlt (mvsFlt) 
bioconjugates are described. In depth in vitro assays were carried out to investigate 
the effect of conjugation on the affinity of sFlt for VEGF. An in vitro vitreous model 
synthesized from crosslinked HyA is described for the analysis of conjugate 
diffusion. Lastly, the effect of conjugation on protease degradation is presented. 
 

v Chapter 3: sFlt multivalent conjugates inhibit angiogenesis and improve half-
life in vivo. Optimization studies from Chapter 2 were used to select one conjugate 
to study in vivo. The mvsFlt was initially tested for its ability to inhibit angiogenesis in 
a corneal angiogenesis model in mice. The effect of conjugation on intravitreal half-
life was examined in using the vitreous in rats. Finally, the ability of the mvsFlt 
conjugate to inhibit angiogenesis over a longer period of time due to increased half-
life was examined using an oxygen-induced retinopathy model in rats.  

 
v Chapter 4: Summary of results. Summarizes dissertation’s main findings and 

explores future steps for the use of multivalent technology in ocular drug delivery.  
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Chapter 2: Multivalent hyaluronic acid bioconjugates 
improve sFlt activity in vitro  

 
 
 
2.1 Introduction  
 

Diabetic retinopathy (DR) is one of the most detrimental consequences of diabetes, 
which imposes enormous healthcare costs in the U.S. and worldwide, and affects over 25 
million American adults. Within two decades of their initial diagnosis, all patients with diabetes 
type I and 60% of patients with diabetes type II will exhibit symptoms of DR [1]. The main 
mediator of retinal neovascularization in diabetic retinopathy is vascular endothelial growth 
factor (VEGF), which is upregulated by hypoxic neurons in the retina [2–4]. Elevated 
intravitreal levels of VEGF results in the aberrant growth of blood vessels with loose cell-cell 
junctions leading to areas of vision loss caused by pooled blood and edema in and around the 
macula [5]. The reference-standard treatment for DR is pan-retinal laser photocoagulation 
(PLP), which forestalls retinal neovascularization by destroying ischemic neurons and reducing 
the number of VEGF-producing cells in the retina [6]. While this therapy can reduce the risk 
of disease progression and severe vision loss, the best outcomes for improved visual acuity 
occur when PLP is used in combination with anti-angiogenic therapies [7], as intravitreal 
VEGF remains elevated even after treatment by PLP [8]. 

The most commonly used anti-VEGF therapies for DR are Lucentis (ranibizumab, 
Genentech, a 48 kDa humanized antibody fragment) [9], Avastin (bevacizumab, Genentech, a 
150 kDa humanized antibody) [10], and Eylea (aflibercept, Regeneron, a 110 kDa VEGF-
receptor fusion protein) [11]. Due to limited drug retention in the vitreous as a result of their 
small molecular size, a single administration of these drugs provides only a limited therapeutic 
benefit for a finite period of time. In order to maintain an effective drug dose in the vitreous 
to inhibit VEGF-mediated retinal neovascularization, patients require monthly injections. 
Consequently, low patient compliance to these treatment protocols continues to be the most 
significant factor limiting the ability of anti-VEGF treatments to maintain improvements in 
visual acuity [12,13]. Therefore, novel approaches are required to enhance the half-life of anti-
VEGF therapies within the vitreous, which would in turn reduce the frequency of required 
intravitreal drug injections and improve patient quality of life. 

In this work, we describe a novel multivalent drug bioconjugate composed of the anti-
angiogenic VEGF decoy receptor sFlt-1, and hyaluronic acid (HyA), a naturally occurring 
biopolymer present in high concentrations throughout the body and in particular within the 
vitreous of the eye [14]. The overall goal of this study was to create high-molecular weight 
multivalent bioconjugates  of sFlt (mvsFlt) that were capable of binding and inhibiting 
VEGF165 activity in vitro, improving protein stability, and increasing mvsFlt residence time over 
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unconjugated sFlt. For the latter, we modeled the vitreous in vitro using a cross-linked 
hyaluronic acid hydrogel and observed that mvsFlt bioconjugates diffused slower and had 
reduced mobility in comparison to unconjugated sFlt. We anticipate that the future clinical use 
of multivalent conjugates of sFlt may significantly increase the intravitreal drug residence time 
and inhibit retinal angiogenesis over a longer period of time.  
 
 
2.2 Materials and Methods 
 
2.2.1 Express ion o f  Soluble  Flt -1 Receptor  
The sFlt sequence for the first 3 Ig-like extracellular domains of sFlt-1 [15] was cloned into the 
pFastBac1 plasmid (Life Technologies) and then transformed into DH10Bac E.coli, which 
were plated on triple antibiotic plates containing kanamycin (50 µg/mL), gentamicin (7 
µg/mL, Sigma Aldrich), tetracycline (10 µg/mL, Sigma Aldrich), IPTG (40 µg/mL, Sigma 
Aldrich) and Bluo-gal (100 µg/mL, Thermo Fisher Scientific). The sFlt gene-containing 
bacmid was isolated from DH10Bac E.coli (Life Technologies) and transfected into SF9 insect 
cells for virus production (provided by the Tissue Culture Facility, UC Berkeley). Virus was 
then used to infect High Five insect cells (provided by the Tissue Culture Facility, UC 
Berkeley) to induce sFlt protein expression. After 3 days, protein was purified from the 
supernatant using Ni-NTA agarose beads (Qiagen Laboratories). Recombinant sFlt was eluted 
from the Ni-NTA beads using an imidazole gradient and then concentrated and buffer 
exchanged with 10% glycerol/PBS using Amicon Ultra-15mL Centrifugal devices (EMD 
Millipore). The protein solution was sterile filtered and the concentration was determined 
using a BCA assay (Thermo Fisher Scientific).  
 
2.2.2 mvsFlt  Conjugate  Synthes is  
Conjugation of sFlt to HyA was carried out according to the schematic in Figure 2.1A, as 
previously described [16–18]. To make thiol-reactive HyA intermediates, 3,3′-N-(ε-
maleimidocaproic acid) hydrazide (EMCH, Thermo Fisher Scientific, 1.2 mg/mL), 1-
hydroxybenzotriazole hydrate (HOBt, Sigma Aldrich, 0.3 mg/mL) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, Thermo Fisher Scientific, 
10 mg/mL) were added to a 3 mg/mL solution of HyA (Lifecore Biotechnology) of various 
molecular weights in 0.1 M 2-(N-morpholino)ethanesulphonic acid (MES) (Sigma Aldrich) 
buffer (pH 6.5) and allowed to react at 4 °C for 4 hours. The solution was then dialyzed into 
pH 7.0 PBS containing 10% glycerol. Recombinant sFlt was treated with 2-iminothiolane at 10 
molar excess to create thiol groups for conjugation to the maleimide group on EMCH. sFlt 
was then added to activated HyA-EMCH at 10:1 and 30:1 molar ratios of sFlt to HyA to 
create the mvsFlt bioconjugates and allowed to react at 4 °C overnight. The mvsFlt reactions 
were dialyzed exhaustively using 100 kDa molecular weight cut-off (MWCO) Float-A-Lyzer 
G2 (Spectrum Labs) dialysis tubes in pH 7.0 PBS to remove unreacted sFlt. The BCA assay 
was used to measure the protein concentrations of the mvsFlt bioconjugates. We defined 
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conjugates with 10:1 sFlt to HyA molar feed ratios as ‘low conjugation ratio’ (LCR) mvsFlt and 
30:1 molar feed ratios ‘high conjugation ratio’ (HCR) mvsFlt. 
 
2.2.3 SEC-MALS Character izat ion o f  mvsFlt  
Protein conjugation was characterized using size exclusion chromatography with multiangle 
light scattering (SEC-MALS) as previous described [19]. Briefly, the SEC-MALS setup 
consisted of an Agilent HPLC 1100 with a DAWN-HELEOS II multiangle laser light 
scattering detector and Optilab relative refractive interferometer (Wyatt Technology, Santa 
Barbara, CA). Refractive index change was measured differentially with 690nm laser and UV 
absorbance was measured with the diode array detector at 280 nm. Shodex OH pak SB-804 
columns were used for separation (Phenomenex Inc.). Prior to analysis, the mvsFlt conjugates 
were sterile filtered through a 0.45 µm filter and 200 µL was injected at HyA concentration 
between 0.2-0.5 mg/mL. The dn/dc values were determined using SEC-MALS to be 0.1447 
and 0.185 for HyA-EMCH and sFlt, respectively. UV extinction coefficients used for HyA-
EMCH and sFlt were also determined on SEC-MALS and were 0.022 and 0.894, respectively. 
Data analysis was carried out using the Astra software (Wyatt Technologies). 
 
2.2.4 SDS-PAGE Analys is  o f  mvsFlt  
Samples were prepared with 5X SDS dye loading buffer, 2-mercaptoethanol and boiled for 5 
minutes at 95°C. Precast Mini-Protean TGX 4-20% gradient gels (Bio-Rad Laboratories) were 
run for 90 minutes at 110 volts. Gels were then stained with Bio-Safe Coomassie Stain (Bio-
Rad Laboratories) for 2 hours and then imaged using a BioRad Molecular Imager ChemiDoc 
XRS+. The intensities of protein in the stacking and gradient gel were analyzed using ImageJ 
to determine the amount of protein that was conjugated versus free unconjugated protein that 
did not dialyze out of solution following the conjugation reaction. 
 
2.2.5 DLS Size Character izat ion o f  mvsFlt  
A Brookhaven Goniometer & Laser Light Scattering system (BI-200SM, Brookhaven 
Instruments Corporation) was used to determine the hydrodynamic diameter of mvsFlt 
bioconjugates. Each sample was filtered at 0.45 µm and loaded into a 150 µL cuvette (BI-SVC, 
Brookhaven). Data acquisition was performed at 90 degrees with a 637nm laser for 2 
minutes.  Data analysis was carried out with BIC Dynamic light Scattering 
software  (Brookhaven) using the BI-9000AT signal processor. The intensity average particle 
size was obtained using a non-negative least squares (NNLS) analysis method.  
 
2.2.6 Binding Compet i t ion ELISA 
The mvsFlt conjugates were analyzed using a VEGF165 Quantikine Sandwich ELISA (R&D 
Systems) to examine the effect of HyA conjugation on sFlt inhibition of VEGF165. The assay 
was carried out according to the manufacturer’s instructions. Briefly, VEGF165 was added to 
PBS with varying concentrations of sFlt or mvsFlt. Free VEGF165 that bound to the capture 
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antibodies on the plate surface were detected using a horseradish peroxidase conjugated 
detection antibody and quantified using a spectrophotometer at 450 nm. 
 
2.2.7 HUVEC Survival  Assay 
Human umbilical cord vein endothelial cells (HUVECs) were purchased from ATCC and 
cultured in EBM-2 media (Lonza) in a humidified incubator at 37°C and 5% CO2. In order to 
examine the effect of HyA conjugation on the ability of sFlt to bind and inhibit VEGF165 
activity in vitro, a survival assay was carried out with HUVECs grown in the presence of 
VEGF165 and mvsFlt conjugates. HUVECs were added to 96 well plates coated with 0.2% 
gelatin at 10,000 cell/well in M199 media. Cells were grown in 2% FBS and 20 ng/mL 
VEGF165 (R&D Systems) in the presence of sFlt or mvsFlt. 72 hours after plating, the media 
was aspirated and the cells were washed with PBS prior to freezing for analysis with CyQuant 
(Life Technologies). Total cell number per well was determined by reading fluorescence at 480 
nm excitation and 520 nm emission using a fluorometer (Molecular Devices). 
 
2.2.8 HUVEC Tube Formation Assay  
HUVEC tube formation assays were carried out in 96-well plates coated with 80 µL of 
Matrigel (Corning, NY) and incubated at 37°C for 1 hour to allow gelation to occur. HUVECs 
were trypsinized and resuspended in M199 with 2% FBS and 20 ng/mL VEGF165 and treated 
with mvsFlt LCR conjugates. Wells were imaged 18 hours after plating and tube formation was 
quantified using ImageJ software. 
 
2.2.9 HUVEC Migrat ion Assay 
Wells of a 12-well plate were coated with 0.2% gelatin. HUVECs were added at 150,000 
cells/well in EBM-2 and allowed to attach and spread overnight. Using a 1 mL pipette tip, 
crosses were scratched into the confluent layer of HUVECs. The wells were then washed with 
excess PBS to remove cell debris and media and replaced with media containing VEGF165 and 
mvsFlt. Scratches were imaged at 0 and 24 hours post scratch and the area without cells was 
quantified using ImageJ and T-scratch software (CSE Laboratory software, ETH Zurich). The 
percent open wound area was calculated by comparing the open scratch area at 24 hours to the 
open scratch area at 0 hours. 
 
2.2.10 Retent ion o f  mvsFlt  in Cross l inked HyA Gels 
To model the chemical and network structure of the vitreous, acrylated HyA (AcHyA) 
hydrogels were synthesized as described previously [20,21]. Briefly, adipic acid dihydrazide 
(ADH, Sigma Aldrich) was added in 30 molar excess to HyA in deionized water (DI). EDC (3 
mmol) and HOBt (3 mmol) were dissolved in DMSO/water and added to the HyA solution. 
The solution was allowed to react for 24 hours and then dialyzed exhaustively against DI 
water. HyA-ADH was precipitated in 100% ethanol and reacted with acryloxysuccinimide to 
generate acrylate groups on the HyA. The resulting AcHyA was exhaustively dialyzed and 
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lyophilized for storage. The presence of grafted acrylate groups on HyA chains was confirmed 
using H1-NMR.  

To make 1% AcHyA hydrogels, 8 mg of AcHyA was dissolved in 800 µL of 
triethanolamine-buffer (TEOA; 0.3 M, pH 8). Either 5 µg of Alexafluor 488 5-SDP ester (Life 
Technologies) tagged sFlt, 650 KDa LCR mvsFlt or bovine serum albumin (BSA) were added 
in 50 µL volumes to the AcHyA solution prior to crosslinking. Thiolated 5 kDa-PEG 
crosslinker (Laysan Bio, Inc.) was dissolved in 100 µL of TEOA buffer and added to dissolved 
AcHyA. Cell culture inserts with 4 µm sized pores (Millipore Corporation, Billerica, MN) were 
added to wells of a 24-well plate and 70 µL of gel containing sFlt, mvsFlt or BSA was added to 
each insert. The gels were allowed to crosslink at 37°C for 1 hour before adding 150 µL of 
PBS to the wells and submerging the hydrogels. To determine release kinetics, the well 
supernatant was collected and fully replaced at 0, 1, 2, 3, 7, 10 and 14 days. Samples were read 
with a fluorometer to detect the fluorescently tagged sFlt, mvsFlt and BSA in the supernatant. 
 
2.2.11 Fluorescence  Recovery After  Photobleaching (FRAP) Dif fus iv i ty  Measurement  
FRAP measurements were performed on 1% AcHyA hydrogels containing FITC labeled sFlt 
and 650 kDa LCR mvsFlt. Total fluorescence intensity of the hydrogels was acquired using a 
Zeiss LSM710 laser-scanning microscope (Carl Zeiss, Jena, Germany) with a 20X 
magnification objective and an argon laser set at 488 nm with 50% power. Photobleaching was 
done by exposing a 100x100-µm spot in the field of view to high intensity laser light. The area 
was monitored by 15 pre-bleach scanned images at low laser intensity (2%), then bleached to 
75% of the starting fluorescence intensity at 100% laser power. A total of about 300 image 
scans of less than 1 second were collected for each sample. The mobile fraction of fluorescent 
sFlt and mvsFlt molecules within the hydrogel was determined by comparing the fluorescence 
in the bleached region after full recovery (𝐹!) with the fluorescence before bleaching (𝐹𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 
and just after bleaching (𝐹!). The mobile fraction R was defined according to equation (1):  
 

𝑅 =
(𝐹! − 𝐹!)
(𝐹𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐹!)

        (1) 

 
2.2.12 Enzymatic  Degradat ion with MMP-7 
Matrix metalloproteinase-7 (MMP-7) has been previously shown to specifically degrade sFlt 
[22]. To determine whether HyA conjugation shielded mvsFlt from degradation, we treated 
sFlt and mvsFlt with varying amounts of MMP-7 (EMD Millipore). sFlt and mvsFlt were 
incubated with matrix metalloproteinase-7 (MMP-7) for 12 hours at 37C while shaking at high 
(1:1 molar ratio MMP-7:sFlt), medium (1:2), and low (1:4) molar ratios of MMP-7 to sFlt. The 
enzyme-treated sFlt and mvsFlt were then loaded into precast Mini-Protean TGX 4-20% 
gradient gels (Bio-Rad Laboratories) and run at 110 volts for 90 minutes. Gels were then 
stained using a silver staining kit (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. The degree of enzymatic degradation was assessed by quantifying the total 
amount of protein remaining in the gel following treatment with MMP-7. Each well was 
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normalized to their respective no-MMP-7 well and background intensity was subtracted 
according to the blank well between the groups on the gel. 
 
2.2.13 Stat is t i ca l  Analys is  
All quantitative experiments were performed in triplicate. Values are expressed as means ± 
standard deviations (SD). One-way ANOVA with Tukey post-hoc analysis was used to compare 
treatment groups in the quantitative measurements where appropriate and p<0.05 was used to 
assess statistical significance.  
 
 
2.3 Results and Discussion 
  

The overall goal of this study was to synthesize protein-polymer bioconjugates to 
increase the residence time of anti-VEGF drugs in the vitreous for use in treating patients with 
DR. In contrast to drugs currently used for the treatment of DR that suffer from short half-
lives, we have developed large multivalent protein bioconjugates with unperturbed affinity for 
VEGF165 and good enzymatic stability that show delayed diffusion and mobility in an in vitro 
model of the vitreous.  
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Figure 2.1: Multivalent sFlt synthesis and schematics. A) mvsFlt bioconjugates were synthesized using a 3-
step reaction in which HyA was reacted with EDC and EMCH to create a cysteine reactive HyA-EMCH 
intermediate. sFlt was then treated with 2-iminothiolane and then reacted with the HyA-EMCH intermediate for 
the synthesis of the final product. B) Schematic of protein conjugation to HyA and subsequent binding to 
VEGF165. The ratio a:b represents the valency of sFlt molecules (a) covalently bound to a single chain of HyA (b). 
C) Schematic of low conjugation ratio (LCR) mvsFlt conjugates which are synthesized by reacting 10 molecules 
of sFlt with 1 HyA chain. This reaction has 61% conjugation efficiency as determined by SEC-MALS (see Table 
2.1). D) Schematic of high conjugation ratio (HCR) mvsFlt conjugates which are synthesized by reacting 30 
molecules of sFlt with 1 HyA chain (same molecular weight of HyA as in (C)). This reaction has 52% conjugation 
efficiency as determined by SEC-MALS (see Table 2.1).  

 
The synthesis of mvsFlt conjugates was carried out according to the schematics shown 

in Figure 2.1. We created mvsFlt at low (LCR, Figure 2.1C) and high (HCR, Figure 2.1D) 
conjugation ratios in order to determine whether a certain valency would provide an enhanced 
effect on VEGF binding. We were able to successfully conjugate sFlt to HyA at several 
different molecular weights of HyA and valencies, which were significantly larger than the sFlt 
in its unconjugated form (Figure 2.2). The molecular weights of the protein and polymer 
components of the conjugates were characterized using SEC-MALS as shown in Table 2.1 
and Figure 2.2A. Conjugates with 10:1 feed ratios (termed low conjugation ratio, LCR) of sFlt to 
HyA averaged 61.2±12.5% conjugation efficiency whereas conjugates with 30:1 sFlt to HyA 
feed ratios (termed high conjugation ratio, HCR) had conjugation efficiencies averaging 
51.8±4.1%. SDS-PAGE of unbound sFlt exhibited a protein band at the predicted 50 kDa. 
Conversely, mvsFlt bioconjugates only migrated into the stacking portion of the gel, indicating 
inhibited mobility as a result of covalent attachment to the much larger multivalent conjugate 
(Figure 2.2B). Gel analysis using ImageJ indicated that on average 76.4±6.7% of sFlt in the 
mvsFlt bioconjugates was covalently bound whereas the rest of the detected sFlt was 
presumably non-specifically interacting with the hyaluronic acid chain in solution and thus 
could not be removed by dialysis (Figure 2.2C). 
 
Table 2.1: SEC-MALS analysis of all mvsFlt conjugates.  

 300 kDa 
LCR* 

300 kDa 
HCR+ 

650 kDa 
LCR* 

650 kDa 
HCR+ 

1 MDa 
LCR* 

1 MDa 
HCR+ 

HyA Mna 2.7E5 2.1E5 5.9E5 6.4E5 9.7E5 1.0E6 
HyA Mwb 3.1E5 3.4E5 7.1E5 7.1E5 1.2E6 1.1E6 
HyA PDIc 1.1 1.6 1.2 1.1 1.3 1.1 
sFlt : HyAd 7.9 15.4 5.3 17.1 5.2 14.1 
aNumber average molecular weight given in g/mol. 
bWeight average molecular weight given in g/mol 
cPolydispersity index given as Mw/Mn 
dFinal stoichiometric ratio of sFlt to HyA calculated by dividing total attached protein Mw by  

sFlt MW (50 kDa) 
*LCR is low conjugation ratio conjugates (10:1 sFlt per HyA chain feed ratio) 
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+HCR is high conjugation ratio conjugates (30:1 sFlt per HyA chain feed ratio) 
 
All mvsFlt conjugates were also characterized by DLS to determine conjugate hydrodynamic 
diameter in solution, as drug size is a critical factor that determines its mobility through 
biological hydrogels such as the vitreous. Unconjugated sFlt had a diameter of 22.6nm±3.1nm 
whereas mvsFlt conjugates made with HyA of molecular weights of 300 kDa, 650 kDa, and 1 
MDa had diameters of 123.9±23.1 nm, 236.3±38.7 nm, and 223±13.9 nm, respectively 
(Figure 2.2D). The size of the mvsFlt conjugates was dependent on the HyA molecular 
weight for the 300 and 650 kDa conjugates; however, there was no significant difference 
between the 650 kDa and 1 MDa conjugates (Figure 2.2D). Interestingly, HCR conjugates of 
300 and 650 kDa molecular weight had lower diameters than their respective LCR conjugates, 
which could be due to increased positive charge from sFlt on the negatively charged HyA 
backbone with increasing sFlt attachment causing the conjugate to fold in tighter around itself. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Characterizing mvsFlt conjugation efficiency and size. A) SEC-MALS chromatogram depicting 
cumulative weight fraction versus molar mass of 650 kDa LCR and HCR bioconjugates. Dotted line, dashed line 
and solid line represent total molar mass of all covalently attached sFlt proteins, HyA molar mass and total 
bioconjugate molar mass (all given as g/mol), respectively. B) 4-20% SDS-page gradient gel of sFlt and mvsFlt. 
Protein bands in the stacking gel indicate successful protein conjugation to HyA. Protein bands within gel 
represent the proportion of protein that was not covalently bound, but remained in solution after dialysis. C) 
Quantified protein band intensities of SDS-PAGE gel. Percent bound sFlt was determined by dividing the 
intensity of protein in the stacking gel by total protein intensity within the respective well. Free sFlt was 
determined by dividing the intensity of protein within the separating gel by the total protein intensity within the 
respective well. D) Dynamic light scattering analysis of conjugates. sFlt was significantly smaller than all mvsFlt 
bioconjugates (***p<0.001). In the case of 300 and 650 kDa mvsFlt bioconjugates, the LCR mvsFlt was 
significantly larger than its respective HCR conjugate (**p<0.01). Values are given as ±SD. 
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Figure 2.3. All mvsFlt bioconjugates maintain their ability to inhibit VEGF165 dependent activities in 
VEGF165 ELISA and VEGF165-dependent HUVEC survival assays. A) Dose-dependent inhibition of 
VEGF165 binding to a capture antibody by mvsFlt bioconjugates. Inhibition was independent of whether the sFlt 
was bound to HyA or free in solution. There were no significant differences between any of the groups (Table 
2.2). B) Dose-dependent inhibition of HUVEC survival with mvsFlt at different molecular weights and protein 
valencies in the presence of VEGF165. Inhibition was independent of whether the sFlt was bound to HyA or free 
in solution (Table 2.2). Values are given as means ±SD. 

 
Table 2.2: IC50 values from ELISA and HUVEC survival assays examining mvsFlt inhibition 
of VEGF165 

 ELISA (ng/mL) HUVEC Survival 
(ng/mL) 

sFlt unconjugated 3.8 ± 2.4 39.3 ± 4.4 
300 kDa LCR 4.5 ± 1.5 46.9 ± 9.9 
300 kDa HCR 4.7 ± 1.7 44.4 ± 2.6 
650 kDa LCR 3.9 ± 2.6 41.7 ± 6.7 
650 kDa HCR 2.0 ± 0.1 43.2 ± 13.6 
1 MDa LCR 2.2 ± 0.1 44.9 ± 10.7 
1 MDa HCR 3.3 ± 1.6 45.4 ± 2.2 

 
We employed several different assays to determine whether conjugation of sFlt to HyA 

affected sFlt affinity VEGF165 and alter VEGF165-dependent cell function. Using a VEGF165 
specific ELISA we found a dose-dependent response that indicated conjugation of sFlt to 
HyA did not alter the ability of mvsFlt to bind VEGF165 (Figure 2.3A). ELISA results 



 

42 

indicated that the IC50 value of sFlt was 3.8±2.4 ng/mL and the IC50 value of the various 
mvsFlt conjugates averaged to 3.4±1.1 ng/mL (Table 2.2).  

 
Figure 2.4. mvsFlt inhibits HUVEC tube formation.  A) Representative images of inhibited HUVEC tube 
formation on Matrigel (BD Biosciences) when treated with 1 µg/mL of all LCR mvsFlt bioconjugates. Cells were 
seeded at 20,000 cells per well of a 96-well plate on 100 µL of matrigel and imaged at 18 hours. Scale bar = 500 
µm. B-E) Quantification of total number of tubes per well (B), average tube length (C), total number of nodes 
(branching points, D), and total tube length per well (E) (***p<0.001).  

 
In survival assays with HUVECs, mvsFlt demonstrated a dose-dependent decrease in survival, 
and the effect was independent of conjugation to HyA similar to the ELISA results (Figure 
2.3B, Table 2.2). These results indicate that covalent conjugation of sFlt to HyA does not 
reduce the ability of sFlt to bind VEGF. This is extremely promising due to the fact that other 
conjugation technologies such as PEGylation, have previously reported that conjugation 
significantly reduces the bioactivity of the protein [23,24].  

For subsequent studies, we decided only to study the LCR conjugates of different 
molecular weights, since all conjugates performed equally well when examining in vitro 
VEGF165 inhibitory activity in ELISA and survival assays. In vitro tube formation and migration 
assays enabled us to examine the effect of mvsFlt conjugates in vitro on two additional 
processes involved in angiogenesis in vivo, organization into tubes and cell migration. Similar to 
the survival data, sFlt and mvsFlt had similar inhibition profiles of VEGF165 in these two 
assays where addition of sFlt and mvsFlt equally inhibited organization into tubes (Figure 2.4) 
and closure of wounds (Figure 2.5). Taken together, the ELISA and in vitro angiogenesis 
assays indicated that conjugation of sFlt to HyA did not affect the ability of sFlt to bind 
VEGF165 and that all mvsFlt conjugates maintained their ability to inhibit endothelial cell 
functions mediated by VEGF165 signaling.  



 

43 

 
Figure 2.5. mvsFlt inhibits VEGF165-driven HUVEC migration. Representative images of inhibition of 
HUVEC migration with LCR mvsFlt bioconjugates of varying molecular weights. HUVECs were allowed to 
grow to confluence in 12-well plates prior to making a scratch and were treated with 20 ng/mL VEGF165 in the 
presence of 200 ng/mL mvsFlt. Cells were stained with CellTracker Green (Life Technologies) prior to seeding. 
Scale bar = 20 µm. B) Quantified HUVEC migration following treatment with LCR mvsFlt showing percent 
open wound area calculated by comparing open wound area at 24 hours to open wound area at time 0 
(***p<0.001). 

 
We used crosslinked HyA gels [20,21] to examine how diffusion conjugation of sFlt to HyA 
affects diffusion. This hydrogel was chosen as a model system for studying the vitreous in vitro 
based primarily on compositional similarity to the vitreous with respect to high HyA content. 
The stiffness of the HyA hydrogel (Figure S1A) was higher than published reports examining 
bovine and porcine vitreous stiffness [25], suggesting the predictions of drug clearance from 
the vitreous using this model may not be sufficient to estimate actual in vivo rates. However, we 
anticipate that the diffusion of sFlt and mvsFlt through these gels will be instructive to predict 
the benefits of conjugation to HyA given the compositional similarities of the model with the 
vitreous. We used several different models as described in the supplemental methods to 
characterize the mesh size of HyA hydrogels (Table 2.3). Preliminary experiments analyzing 
size dependent diffusion using 40 kDa and 2 MDa fluorescently tagged dextrans (Life 
Technologies) were used to confirm that this hydrogel system would be appropriate for 
examining molecular weight and size dependent diffusion  (Figure S1B). Using this system, 
we analyzed the release kinetics of sFlt and all LCR mvsFlt bioconjugates from the HyA gels. 
We expected that the main effect of mvsFlt bioconjugates would be size-dependent decreases 
in mobility, and thus we chose to analyze only conjugates of varying sizes while holding 
valency constant. After 14 days, only 30.8±1.9% of sFlt remained in the gel in comparison to 
38.3%±2.2%, 63.8±0.5% and 62.8% ±0.4% of 300 kDa, 650 kDa, and 1 MDa LCR 
conjugates, respectively (Figure 2.6A). In comparison, 100% of BSA released after 24 hours, a 
difference more likely due to significantly different isoelectric points (5.4 for BSA [26] and 9.5 
for sFlt [27]) and very low protein affinity for HyA rather than protein size since BSA and sFlt 
have similar molecular weights. 
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Table 2.3: 𝑀𝑐 and mesh size calculations based on swelling and rheological data. 

Model 𝑴𝒄 (g/mol)* 𝝃 (nm)+ 
Peppas/Merrill [28] – Affine (Q)a 299,030 377 
Erman [29] – Phantom (Q) a 388,940 430 
Mooney [30] – Affine (𝐺′) b 247,750 343 

Erman [29] – Phantom (𝐺′) b 123,880 242 

*𝑀𝑐 - molecular weight between crosslinks 
+𝜉 - mesh size of 1% HyA gel calculated according to [31] 
a𝑀𝑐 calculated from mass swelling data 
b𝑀𝑐 calculated from rheology data 

 
Figure 2.6. sFlt conjugation to HyA decreases mvsFlt mobility and diffusion in HyA gels. A) Alexafluor 
488-tagged LCR mvsFlt bioconjugates 650 kDa and 1 MDa encapsulated in 1% HyA hydrogels diffused out 
significantly slower than unconjugated sFlt and 300 kDa mvsFlt after day 1 (*p<0.05) and persisted until the last 
time point, day 14 (***p<0.001). B) Representative confocal images corresponding to FRAP experiment of FITC 
tagged 650 kDa LCR mvsFlt. Finitial depicts mvsFlt in the gel prior to bleaching.; F0 is the fluorescence 
measurement immediately after 75% photobleaching; F∞ corresponds to the maximal recovery of fluorescence at 
the end of the experiment. C) Normalized fluorescence recovery [f(t)] of FITC labeled sFlt and 650 kDa LCR 
mvsFlt after photobleaching.  

 
To assess whether diffusion through the gel was Fickian, we fit the curves in Figure 2.6A 
using equation (2) as described by Ritger et al. [32]:  

 𝑀𝑡
𝑀!

= 𝑘𝑡𝑛        (2) 

The diffusional exponent, n, is indicative of whether diffusion is Fickian and if n is equal to 
0.5, the transport is Fickian. The n value for BSA, sFlt and mvsFlt release was determined to 
be 0.3-0.4 (Fig. S2), indicating that the diffusion through the gel is not Fickian. BSA was 
depleted from the gel through rapid burst release due to the extremely small size of the protein 
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and very low affinity to the HyA hydrogel due to charge repulsion, leading to non-Fickian 
diffusion. The sFlt and mvsFlt conjugates release slower in comparison due in part to ionic 
affinity with the HyA hydrogel and size. Although the sFlt and BSA are similar in size (50 kDa 
and 66 kDa, respectively), the sFlt has a much stronger ionic interaction with the matrix, which 
slows its diffusion from the gel, also resulting in non-Fickian diffusion due to this strong 
affinity. The 300 kDa mvsFlt conjugate is small enough in size ( < 150 nm, see Figure 2.2D) 
relative to the estimated hydrogel 𝜉 (Table 2.3) to release as rapidly as sFlt. The two largest 
conjugates were close to the mesh size in diameter ( > 225 nm) and were significantly impeded 
in their release due to size, resulting in gel release that followed the reptation mechanism of 
diffusion [33].  

Based on data from the sFlt release studies, we chose to study only the 650 kDa LCR 
bioconjugate using FRAP, since this conjugate displayed the highest difference in gel retention 
in comparison to unconjugated sFlt. The mobile fraction of sFlt in the gel was 73.8±4.4% 
whereas the mobile fraction of the mvsFlt within the gel was 48.3±3.0%, indicating that a 
significant portion of the mvsFlt bioconjugate was large enough to become immobile within 
the gel due to the similarity in diameter between the mvsFlt and the mesh size of the HyA gel. 
Experimental data in Figure 2.6C was fit according to Soumpasis [34] to obtain characteristic 
diffusion times. Interestingly, the characteristic diffusion time for mvsFlt (94.8±19.5 s) was 
significantly faster than sFlt (176±18.1 s). We believe that this difference is due to ionic 
shielding of the positively charged sFlt by the negatively charged hyaluronic acid within the 
multivalent conjugate, which reduces the overall affinity of the conjugate for the gel allowing 
for faster diffusion. In contrast, the unconjugated sFlt remains highly positively charged 
resulting in stronger ionic affinity within the HyA gel that slow its characteristic diffusion time. 
The mvsFlt in the hydrogel also recovered fluorescence to a significantly lower degree, 
85.3±0.8%, in comparison to sFlt, which recovered to 91.6%±2.4%. Although the mvsFlt 
conjugate displayed faster diffusion, a much smaller percentage of the mvsFlt bioconjugate is 
actually mobile and the size significantly limited the total fluorescence recovery, results that are 
also supported by the gel release data in Figure 2.6A. It becomes clear that even though 
mvsFlt can diffuse faster as shown by FRAP in Figure 2.6B,C a much smaller portion of this 
sample is able to move due to size and thus much less of it is released over time as evidenced 
by the gel release data in Figure 2.6A. Taken together, we anticipate that the effect of size will 
be the strongest determinant of mvsFlt residence time in vivo. 

We examined how conjugation of sFlt to HyA affected protease degradation of the 
protein using MMP-7, a protease that has been shown to specifically degrade sFlt [22]. We 
found that conjugation of sFlt to HyA shielded the degradation of sFlt at all molar ratios of 
MMP-7 to sFlt (Figure 2.7A). At high concentrations of protease (1:1 molar ratio of MMP-7 
to sFlt), only 6.8±6.6% of sFlt remained detectable in comparison to 34.8±1.8% of mvsFlt 
(Figure 2.7B). Decreasing the ratio of MMP-7 to sFlt from 1:1 to 1:4 still resulted in 
significant degradation of sFlt and degradation shielding of the conjugated form, where 
detectable sFlt increased to 34±2.7% in comparison to detectable mvsFlt at 74.8±4.9% 
(Figure 2.7B). We believe that the shielding effect of HyA will be crucial for maintaining 
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mvsFlt stability and bioavailability in vivo, aiding in the prolonged anti-angiogenic effect of 
mvsFlt bioconjugates.  

 
Figure 2.7. Conjugation to HyA reduces susceptibility to protease degradation by MMP-7. 
A) 4-20% SDS-page gradient gel of sFlt and mvsFlt (650 kDa LCR) following 12 hour treatment with MMP-7 at 
high, medium and low molar ratios of MMP-7 to sFlt, which correspond to 1:1, 1:2 and 1:4 molar ratios of MMP-
7 to sFlt. Band intensity was normalized to the no MMP-7 treatment within each group and background was 
subtracted from each sample using the blank well. B) Quantification of 4-20% gradient gel of sFlt and mvsFlt 
treated with MMP-7 at high, medium, and low molar ratios of sFlt to MMP-7 for 12 hours (*p<0.05; **p<0.01).  

 
Intravitreally injected drugs are cleared from the eye via two main mechanisms: 1) the 

anterior elimination pathway powered by counter directional bulk aqueous flow and 2) the 
posterior elimination pathway via bulk flow due to osmotic pressure gradients of the posterior 
segment [35,36]. The posterior pathway is much faster than the anterior route and is reserved 
for small lipophilic drugs that are able to rapidly traverse the retinal pigment epithelium using 
transcellular routes. In contrast, larger drugs are only able to escape through the anterior 
pathway, a process that is highly dependent on drug size and molecular weight [37]. For these 
reasons, we predict that the mvsFlt bioconjugates would be cleared through the anterior route; 
however, we anticipate that the 650 kDa and 1 MDa bioconjugates would take significantly 
longer to clear in comparison to the 300 kDa and unconjugated sFlt based on gel release data 
(Fig. 2.6A). 

Better systems for improved drug delivery to the posterior segment of the eye have 
been in high demand with the increasing prevalence of retinal diseases including diabetic 
retinopathy [35,38–40]. Intravitreal injection (IVT) has become the current gold standard for 
delivering drugs to the retina in order to circumvent blood retinal barriers, which keep most 
drugs out of the eye when delivered topically, systemically and transsclerally [41]. However, 
repeated intravitreal injections are required to reach and maintain effective drug doses, which 
can damage the lens, cause retinal detachment, hemorrhage and result in poor patient 
compliance [42]. For these reasons, improvements to IVT technologies are needed for treating 
posterior segment diseases. The use of drug-containing liposomes has emerged as a popular 
drug delivery system; however, liposomes suffer from several drawbacks including low 
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solubility, high production cost, and leakage/fusion of encapsulated drugs and molecules 
[40,43,44]. Ocular implants represent another branch of drug delivery systems used for treating 
ocular diseases for providing drug release for several months to years, but can affect the 
patients’ line of sight and non-biodegradable implants often require surgical implantation and 
sometimes invasive device removal [38,39,45]. PEGylation of drugs also presents an 
interesting approach to increasing drug stability and residence time; however, clinical trials 
with PEGylated drugs like Pegaptanib (Macugen) have shown that this approach does not 
significantly increase drug half-life in the vitreous [23,46,47]. Furthermore PEGylated drugs 
typically have lower effectiveness/affinity as a result of the PEG grafting [23,24]. 

In contrast to these approaches, we used hyaluronic acid, a naturally occurring 
biopolymer found in very high concentrations within the vitreous [14,48]. Although hyaluronic 
acid has previously been shown to induce angiogenesis in certain systems [49], we do not 
anticipate that the HyA in our mvsFlt will induce the growth of new blood vessels due to the 
fact that HyA is naturally found in high concentrations ranging between 100 and 400 µg/g in 
the vitreous [50] and is naturally turned over without the induction of angiogenesis in the 
retina. Furthermore, previous research has shown that vitreal hyaluronic acid has anti-
angiogenic properties [51], an effect that the HyA in our conjugates may supplement.  

In this work we have introduced a new technology using multivalent forms of an anti-
VEGF protein, sFlt, that improves its activity with respect to diffusion time and mobility 
through hydrogels as well as shields the protein from protease degradation, promising results 
that may indicate potential for improvement upon clinically used anti-VEGF drugs. 
Specifically, conjugation to HyA decreased the release kinetics of mvsFlt from crosslinked 
HyA hydrogels, a system meant to model drug release from the vitreous of the eye. Although 
attachment of several sFlt molecules per HyA chain did not improve affinity for VEGF165, we 
showed that conjugates maintained their ability to bind VEGF165 following chemical 
conjugation. These findings illustrate the effectiveness of mvsFlt at inhibiting VEGF165 
activity, improving sFlt protein stability, and decreasing conjugate mobility in hydrogels, all 
characteristics that we anticipate will be essential in improving anti-VEGF drug treatments for 
patients with diabetic retinopathy. Furthermore, our approach provides tunability and 
modularity by allowing us to control bioconjugate size through altering HyA molecular weight 
and protein attachment independently, a technology that is not limited in its use for diabetic 
retinopathy but can be applied in the development of drugs for other diseases as well. 
 
 
 
 
2.4 Conclusion 
Developing drugs with suitable half-lives is a universal challenge and multivalent conjugates 
have immense promise for maintaining drug stability as well as prolonging residence time in a 
range of tissues. The multivalent conjugate technology presented here is facile and utilizes 
hyaluronic acid, a biopolymer ubiquitous in the human body including the vitreous and allows 
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for tunability in the number of grafted proteins and overall conjugate size. The technology is 
also easily adaptable for other therapeutic applications in the eye and other tissues. Therefore, 
we anticipate that multivalent protein bioconjugates will be not only be useful for improving 
drug delivery to patients with diabetic retinopathy, but also for clinical outcomes and patient 
quality of life for a wide range of diseases. 
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Chapter 3: sFlt multivalent conjugates inhibit 
angiogenesis and improve half-life in vivo 

 
 

 
3.1 Introduction 
 
Diabetes affects 285 million adults worldwide, which accounts for 6.4% of the world’s 
population. This number is expected to increase to 439 million people by 2030 [1]. In the 
United States alone, 25.8 million people have diabetes and it is estimated that another 57 
million people are considered pre-diabetic as a result of abnormally high blood glucose levels 
resulting from poor diet. Diabetic retinopathy is one of the most debilitating consequences of 
diabetes and is currently the leading cause of blindness among individuals aged 20-64 [2–4].  
 In the development of diabetic retinopathy, hypoxic neurons upregulate growth factors 
that drive angiogenesis, a process primarily mediated by vascular endothelial growth factor 
(VEGF) [5–7]. Newly formed blood vessels have loose cell-cell junctions, causing macular 
edema and pooling of blood, which leads to areas of vision loss. Anti-VEGF therapeutics such 
as Lucentis (ranibizumab, Genentech, 48 kDa humanized antibody fragment), Avastin 
(bevacizumab, Genentech, a 150 kDa humanized antibody) and Eylea (aflibercept, Regeneron, 
a 110 kDa VEGF-receptor fusion protein) are the clinically used drugs for treating diabetic 
retinopathy in the clinic. However, these therapeutics suffer from short drug half-lives as a 
result of small molecular size and single injections of these drugs provide limited therapeutic 
effect over a finite period of time [8]. Consequently, low levels of patient compliance 
significantly limit the effect of these drugs to maintain visual acuity [9,10]. Therefore, the 
development of new drug delivery approaches is necessary to facilitate increased drug 
residence time within the vitreous. Such approaches will help to reduce the frequency at which 
patients are required to receive injections thereby improving quality of life as well as long term 
visual potential.   
 We have developed a novel multivalent drug technology platform that allows for the 
long-term delivery of anti-VEGF drugs into the vitreous. Using a naturally occurring 
biopolymer, hyaluronic acid (HyA) we synthesized drug multivalent conjugates by chemically 
conjugating sFlt (fms-like tyrosine kinase-1 [11]), an anti-VEGF protein, to the biopolymer 
chain thereby significantly increasing the overall drug size. We have shown previously that 
these anti-VEGF multivalent conjugates, mvsFlt, maintain their ability to bind VEGF and 
inhibit endothelial cell proliferation, migration and tube formation in vitro. Furthermore, 
conjugation of sFlt to HyA significantly enhanced retention within in vitro models of the 
vitreous and protected sFlt from protease degradation by matrix metalloproteinase-7, an 
enzyme that specifically degrades sFlt (under review, [12]). The aim of this study was therefore 
to evaluate the in vivo activity of the mvsFlt conjugate. We used a corneal angiogenesis assay as 
an initial screen for examining the effect of HyA conjugation on sFlt bioactivity and then 
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investigated the half-life of mvsFlt in the rat vitreous in order to determine how HyA 
conjugation affected residence time of sFlt. Finally, we employed a rat oxygen-induced 
retinopathy (OIR) model to examine both bioactivity and the effect of increased mvsFlt half-
life on retinal angiogenesis. This rat OIR model is one of the best and well-characterized 
models of diabetic retinopathy due to the similarity of symptoms that result in comparison to 
those seen in humans. The results from this study suggest our conjugation technology may 
have far reaching impacts on the development of pharmaceuticals with longer half-lives in the 
vitreous not only for treating diabetic retinopathy but also for retinal neovascular diseases such 
as wet AMD. 
 
 
3.2 Materials and Methods 
 
3.2.1.  Express ion o f  Soluble  Flt -1 Receptor  
The sFlt sequence for the first 3 Ig-like extracellular domains of sFlt-1 [13] was cloned into the 
pFastBac1 plasmid (Life Technologies) and then transformed into DH10Bac E.coli, which 
were plated on triple antibiotic plates containing kanamycin (50 µg/mL), gentamicin (7 
µg/mL, Sigma Aldrich), tetracycline (10 µg/mL, Sigma Aldrich), IPTG (40 µg/mL, Sigma 
Aldrich) and Bluo-gal (100 µg/mL, Thermo Fisher Scientific). The sFlt gene-containing 
bacmid was isolated from DH10Bac E.coli (Life Technologies) and transfected into SF9 insect 
cells for virus production (provided by the Tissue Culture Facility, UC Berkeley). Virus was 
then used to infect High Five insect cells (provided by the Tissue Culture Facility, UC 
Berkeley) to induce sFlt protein expression. After 3 days, protein was purified from the 
supernatant using Ni-NTA agarose beads (Qiagen Laboratories). Recombinant sFlt was eluted 
from the Ni-NTA beads using an imidazole gradient and then concentrated and buffer 
exchanged with 10% glycerol/PBS using Amicon Ultra-15mL Centrifugal devices (EMD 
Millipore). The protein solution was sterile filtered and the concentration was determined by 
BCA assay (Thermo Fisher Scientific).  
 
3.2.2 mvsFlt  Conjugate  Synthes is   
Conjugation of sFlt to HyA was carried out according to the schematic in Figure 3.1, and as 
described previously ([12,14–16]. To make thiol-reactive HyA intermediates, 3,3′-N-(ε-
maleimidocaproic acid) hydrazide (EMCH, Pierce, 1.2 mg/mL), 1-hydroxybenzotriazole 
hydrate (HOBt, Sigma, 0.3mg/mL) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC, Pierce, 10 mg/mL) were added to a 3 mg/ml solution of 650 kDa HyA 
(Lifecore Biotechnology) in 0.1 M 2-(N-morpholino) ethanesulphonic acid (MES) (Sigma) 
buffer (pH 6.5) and allowed to react at 4 °C for 4 h. The solution was then dialyzed into 
pH 7.0 PBS containing 10% glycerol. Recombinant sFlt was treated with 2-iminothiolane at 10 
molar excess to create thiol groups for conjugation to the maleimide group on EMCH. 
Activated HyA-EMCH was then added to sFlt at a 1:10 molar ratio (HyA to sFlt) and allowed 
to react at 4 °C overnight to synthesize the final mvsFlt conjugate. The mvsFlt conjugate was 
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dialyzed with 100 kDa molecular weight cut-off (MWCO) Float-A-Lyzer G2 (Spectrum Labs) 
in pH 7.0 PBS exhaustively to remove unreacted sFlt. The concentration of mvsFlt was 
measured using a BCA assay. 
 
3.2.3 Corneal  Angiogenes is  Assay  
All experiments were performed with wild-type 7 to 12-week old male and female littermate 

FVB/n mice. Mice were maintained under pathogen-free conditions in the UCSF barrier 
facility and conducted in accordance with procedures approved by the UCSF Institutional 
Animal Care and Use Committee. Mice were anesthetized by isofluorane inhalation (Abbott 
Laboratories, Abbott Park, IL), 10mg/kg carprofren (Sigma, St. Louis, MO), and by topical 
application of 0.5% Proparacaine (Bausch & Lomb, Rochester, NY) placed on the cornea. An 
alkaline burn was created by applying filter paper 2.5mm in diameter soaked in 0.1N NaOH 
(Sigma, St. Louis, MO) for 30 seconds to the central cornea followed by rinsing with 250 µL 
of phosphate-buffered saline (PBS). After the chemical burn treatment, topical 0.5% 
proparacaine was added to the cornea for anesthesia. Mice were administered 5 µL 
subconjunctival injections with sFlt (150 µg/ml), mvsFlt (150 µg/ml), or PBS at day 1 and day 
3 after burn. Ten days after treatment, eyes were enucleated and the corneas were dissected 
and fixed in 4% paraformaldehyde overnight at 4°C. Corneas were blocked with 3% BSA and 
stained with DAPI, rabbit anti-mouse CD31 primary antibody (Santa Cruz Biotechnology, 
Dallas, TX) and goat anti-rabbit Alexa Fluor 488 secondary antibody (Life Technologies, 
Carlsbad, CA) for quantification of blood vessels. Corneas were cut into quadrants and flat-
mounted onto glass slides using Fluoromount Mounting Medium (Sigma, St. Louis, MO). 
Imaging was carried out with an automated slide scanner, Zeiss Axioscan Z1 (Zeiss 
Instruments). Corneal blood vessel coverage was quantified using NIH ImageJ software by 
comparing the total cornea area to the vascularized area.  
 
3.2.4 Determinat ion o f  mvsFlt  Intravi treal  Half -Life  
All half-life experiments were performed on 8-week old Brown Norway rats obtained from 
Charles River Laboratories and treated in accordance with protocols approved by the Animal 
Care and Use Committee at UC Berkeley. Rats were anesthetized using a mixture of ketamine 
and xylazine (50 mg and 10 mg/kg body weight, respectively) for the surgical procedure. Eyes 
were injected intravitreally 1 mm behind the limbus with 5 µl of PBS, sFlt or mvsFlt at 1 
mg/mL using a 30-gauge Hamilton syringe and monitored daily for signs of inflammation. 
This concentration was selected to maximize fluorescence in the vitreous and remain in the 
detection limit of the fluorometer after 48 hours. Rats were sacrificed with CO2 asphyxiation 
in groups at 0, 4, 12, 24 and 48 hours post injection and eyes were immediately enucleated and 
placed on dry ice. Frozen vitreous was then extracted from the eye and immersed in 100 µL of 
RIPA buffer. After shaking on ice for 2 hours, each vitreous sample was homogenized with a 
Tissue Tearor (Bio Spec Products, Inc.) and the fluorescence measured using a fluorometer 
(Molecular Devices). Quantification was carried out by normalizing the fluorescence of 
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vitreous samples to the 0 hour vitreous fluorescence readings within their respective group. 
The half-lives of sFlt and mvsFlt were calculated according to equation (3.1): 

𝐶𝑡 = 𝐶!𝑒!𝑘𝑡        (1) 
where 𝐶𝑡 is the concentration at time 𝑡, 𝐶! is the initial concentration and 𝑘 is the elimination 
constant given by equation (3.2): 

𝑘 = log (2)
𝑡!/!        (2) 

where 𝑡!/! is the half-life. The values used for calculating 𝑡!/! were based on data from the 48-
hour time point. 
 
3.2.5 OIR Angiogenes is  Model   
Pregnant Brown Norway rats were obtained from Charles River Laboratories. All the animal 
experiments were performed in compliance with the ARVO statement for the Use of Animals 
in Ophthalmic and Vision Research. Newborn pups were assigned to PBS, sFlt or mvsFlt 
treatment groups. Light was cycled on a 12 hour on, 12 hour off schedule and room 
temperature was maintained at approximately 21C. Rat pups were exposed to hyperoxia (75% 
O2) from postnatal day 7 (P7) to P12. The oxygen-treated rats were housed in an incubator 
connected to an Oxycler Model A4 (Redfield, NY) with oxygen and nitrogen, allowing for 
adjustment of oxygen concentration to 75%±2%. The rats were placed in the oxygen chamber 
with enough food and water to sustain them for 5 days. The chamber was not opened during 
hyperoxia exposure from P7 to P12. On P12, the animals were returned to room air and 
administered intravitreal injections with 2 µL of PBS, sFlt or mvsFlt at 150 µg/mL.  Rats at 
P17 were anesthetized and perfused with high-molecular weight FITC-dextran (2 x 106; Sigma-
Aldrich, St. Louis MO) as described by Smith et al. (PMID 7507904).  Retinas were dissected 
and flat-mounted and the vasculature was imaged using a fluorescence microscope (CKX41; 
Olympus, Center Valley, PA, USA).  Vascular coverage at P17 was quantified using NIH 
ImageJ by comparing the total retinal area to the area of vascularization.  
 
3.2.6 Stat is t i ca l  Analys is  
Values are expressed as means ± standard deviations (SD). Statistical analysis was performed 
with two-tailed t-tests to compare mean values. One-way (with Tukey post-hoc analysis) and 
Two-way ANOVA (with Bonferroni posttest) were also used to compare treatment groups in 
the quantitative measurements where appropriate (Prism, GraphPad Software). A P-value of 
less than 0.05 was considered to be statistically significant.  
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3.3 Results 
 
3.3.1 Mult ivalent  sFlt  synthes is  and Character izat ion 
The mvsFlt conjugate used in these studies was synthesized according to the schematic shown 
in Figure 3.1. The molecular weights of the protein and polymer components were 
characterized using SEC-MALS and confirmed with SDS-PAGE [12]. The mvsFlt conjugate 
used in the studies described here was conjugated with an average of 5.3 sFlt molecules per 
chain of 650 kDa HyA as determined by SEC-MALS [12]. SDS-PAGE results indicated that 
approximately 80% of the sFlt in the mvsFlt solution was covalently conjugated and the 
remainder was nonspecifically interacting with the HyA, likely through ionic interactions 
between the oppositely charged species. We also used DLS to characterize the hydrodynamic 
diameter of the sFlt and mvsFlt. The size of the unconjugated sFlt was 22.6±3.1 nm in 
diameter whereas the mvsFlt was 236.3±38.7nm in diameter [12].  
 
3.3.2 sFlt  and mvsFlt  equal ly  inhibi t  corneal  angiogenes is 
The chemical injury-based corneal angiogenesis model was used as an initial screen to 
determine whether conjugation of sFlt to HyA reduced the affinity of sFlt for VEGF in vivo. 
Ten days-post corneal injury, all mice treated with sFlt and mvsFlt displayed similar inhibitory 
profiles of corneal angiogenesis (Figure 3.2). Corneas treated with PBS had 28.8±11.5% 
blood vessel coverage in contrast to corneas treated with sFlt and mvsFlt, which had 
12.8±3.8% and 15.8±7.1% vascular coverage, respectively.  
 
3.3.3 mvsFlt  has s igni f i cant ly?? longer? hal f - l i f e  than sTlt  in the v i treous  
We initially confirmed that the vitreous of Brown Norway rats could be used to determine 
intravitreal residence time of different sized molecules using fluorescently tagged dextrans of 
varying sizes (Appendix II).  Differences in residence time between sFlt and mvsFlt were 
immediately apparent beginning at 4 hours where only 18.2±7.3% of sFlt remained compared 
to 105.8±9.8% of mvsFlt (Figure 3.3). By 12 hours, only 2.6±1.9% of sFlt remained 
detectable compared to 62.9±14.1% of mvsFlt.  By 2 days post injection, sFlt was almost 
undetectable (1.2±0.5%) whereas 66.2±28.6% of mvsFlt remained in the vitreous. The half-
life of sFlt in the vitreous was calculated to be 3.3 hours compared to 35 hours for mvsFlt. 
 
3.3.4 mvsFlt  i s  a more potent  inhibi tor o f  re t inal  angiogenes is   
We next used an OIR model of retinal angiogenesis assay to examine the effect of HyA 
conjugation of sFlt inhibition of retinal angiogenesis. This short-term model allowed us to also 
indirectly examine the effect of mvsFlt half-life on prolonged angiogenesis inhibition. 
Neovascular coverage was calculated by comparing the area of vascular coverage to total 
retinal area. After 5 days of treatment, retinal vascular coverage of PBS-injected eyes was 
84.3±3.8% whereas retinas treated with intravitreal injections of sFlt were 85.4±6.1%. Both 
were statistically significant from intravitreal injections of mvsFlt, 72.9±3.4% (Figure 3.4).  
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3.4. Discussion 

The overall goal of this study was to determine whether increasing sFlt molecular size 
through conjugation to HyA would increase drug half-life in the vitreous and to investigate the 
ability of of the multivalent sFlt bioconjugate to inhibit in vivo angiogenesis. In contrast to 
other drugs that are currently used for treating diabetic retinopathy that suffer from short half-
lives, we have developed large macromolecules of multivalent protein bioconjugates that 
maintain their ability in inhibiting VEGF-driven angiogenesis in vivo and show significantly 
longer residence time in the vitreous.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1: Synthesis of mvsFlt schematic. mvsFlt bioconjugates were synthesized using a 3-step reaction in 
which HyA was reacted with EDC and EMCH to create a thiol reactive HyA-EMCH intermediate. sFlt was then 
treated with 2-iminothiolane and reacted with the HyA-EMCH intermediate for the synthesis of the final mvsFlt 
product.   
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 Previously, we described a chemical scheme for creating multivalent protein 
bioconjugates of HyA and the anti-VEGF molecule, sFlt as shown in Figure 3.1 [12,14–16].. 
We were able to make several mvsFlt bioconjugates of varying molecular weights and protein 
valencies, all of which were equally able to inhibit VEGF in several in vitro assays of 
angiogenesis. We also demonstrated that conjugation of sFlt to HyA shielded the protein from 
protease degradation with a matrix metalloproteinase that is specific to sFlt, MMP-7 [17]. We 
created an in vitro model of the vitreous using crosslinked HyA hydrogels to examine the effect 
of HyA conjugation of sFlt diffusion. We found that low molecular weight mvsFlt (300 kDa), 
which had hydrodynamic diameter of 123.9 nm (±23.1 nm), had very similar diffusion profiles 
to sFlt whereas higher molecular weight mvsFlt (650 kDa and 1 MDa mvsFlt) diffused 
significantly slower [12]. We chose to investigate the 650 kDa bioconjugate for its activity in 
vivo. 
 

 
Figure 3.2: sFlt and mvsFlt equally inhibit corneal angiogenesis. A) Schematic depicting methods utilized 
for carrying out corneal burn model. Mice were treated twice with 5µl of PBS, sFlt or mvsFlt at day 1 and 3 
following the chemical burn. B) Representative images of eyes treated with PBS, sFlt and mvsFlt. CD31 positive 
(green) staining of corneal blood vessels. B) Quantification of corneal angiogenesis at day 10 following treatment. 
One-way ANOVA gives p value **<0.01 (n.s.- not significant; *p<0.05; **p<0.01). Scale bars correspond to 20 
µm.  
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Figure 3.3: mvsFlt has longer residence time in the rat vitreous. A) Schematic depicting methods used to 
determine the half-life of fluorescently tagged sFlt in the rat vitreous. The vitreous was injected with 5µl of Alexa 
Fluor 488-tagged sFlt or mvsFlt. After 0, 4, 12, 24, and 48 hours, the rats were sacrificed and their eyes were 
enucleated and frozen for analysis. The vitreous was then removed, immersed in RIPA buffer and homogenized 
for subsequent fluorescence measurements. B) Conjugation to HyA significantly improves residence time of sFlt 
in the vitreous after 48 hours in comparison to sFlt. Results are expressed as mean ±SD (*p<0.05, **p<0.01, 
***p<0.0001). * indicates a difference between the mvsFlt and sFlt at the given time point. Two-way ANOVA 
gives p-value ***<0.001.  

 
In this study, we used several different in vivo animal models for addressing three 

questions: 1) does the conjugation of sFlt to HyA affect the ability of sFlt to inhibit VEGF-
driven angiogenesis; 2) does increasing the overall molecular size of sFlt lead to prolonged 
intravitreal half-life; and 3) does increasing intravitreal half-life prolong the inhibitory profile of 
sFlt. To answer our first question, we used a corneal angiogenesis assay as a facile method to 
visualize the effect of sFlt and mvsFlt on inhibition of angiogenesis. This assay is an excellent 
model for studying in vivo angiogenesis due to ease of vessel visualization on the physiologically 
avascular and transparent cornea, which is normally devoid of blood vessels and rapidly 
vascularizes upon stimulation with a chemical burn or injury [18,19]. Results from the corneal 
angiogenesis assay indicated that subconjunctivally administered sFlt and mvsFlt equally 
inhibited VEGF-driven angiogenesis as shown in Figure 3.2. We did not anticipate a 
difference in angiogenesis inhibition between the conjugated and unconjugated protein due to 
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the nature of clearance mechanisms in the cornea and the subconjunctival space [20]. 
Following injection of drugs into the subconjunctival space, drugs are rapidly cleared into 
systemic blood circulation via an extensive capillary network that is able to absorb large 
hydrophilic substances such as sFlt and mvsFlt due to the presence and abundance of large 
pores in the vascular epithelium [21,22]. We anticipated that the large pores in the vascular 
epithelium would clear both sFlt and mvsFlt at similar rates despite their significantly different 
sizes, which our results validate. 

 

Figure 3.4: mvsFlt inhibits retinal angiogenesis. A) Schematic showing methods used for carrying out the 
OIR model. Newborn rat pups were housed in normoxic conditions (21% oxygen, room air) from post-natal day 
(P) 0-7 to allow for normal retinal vasculature development and then transferred to hyperoxic conditions from 
P7-P12, which induces vessel pruning. At P13, the pups are transferred back into normoxic conditions and 
treated with 2 µl of PBS, sFlt or mvsFlt and sacrificed at P17. Representative images of retinas treated with PBS, 
sFlt and mvsFlt. Green staining indicates CD31+ cells. Scale bar corresponds to 250 µm. Dashed boxes magnify 
that portion of tissue (scale bar corresponds to 100 µm). B) Quantified retinal vascularization after 5 days of 
treatment. Percent retinal vascularization was calculated by comparing the area of vascularization to the total 
retinal area in the image. One-way ANOVA gives p-value***<0.001 (n.s.-not significant; **p<0.01).  

 
 

To address our second question, we wanted to examine the direct effect of HyA 
conjugation on the half-life of mvsFlt in the rat vitreous. We validated this model in the rat 
vitreous using fluorescently tagged dextrans. We found that greater than 94% of the 40 kDa 
and 2 MDa dextrans were cleared within 48 hours (Figure S1). Based on this data, we chose to 
examine the following 5 time points: 0, 4, 12, 24 and 48 hours. Significant differences in 
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residence time were observed between sFlt and mvsFlt beginning at 4 hours and sustained 
until the end of the study at 48 hours as demonstrated in Figure 3.3. The half-lives of sFlt and 
mvsFlt were calculated according to equations (1) and (2) and were determined to be 3.3 and 
35 hours, respectively. Conjugation to HyA therefore increased the half-life of sFlt by 10-fold, 
an effect seldom seen in the literature, outside of implant technologies. In comparison, 
liposomal delivery of bevacizumab increased the drug half-life by 5 times [23] but this 
approach presents several challenges including complexity of synthesis, aggregation of 
liposomes and blurring of vision. PEGylation is another approach to improve the half-life of 
drugs. PEGylation of the aptamer in pegaptanib improved its half-life by 2.5 fold from 4.2 
days [24] to 10±4 days [25].  

The OIR model [26,27] enabled us to examine retinal neovascularization with the 
added advantage of also examining the effect of conjugation on prolonged inhibition due to 
increased residence time mvsFlt conjugate in the vitreous, which helped us address our third 
and final question. In contrast to the cornea where conjugation does not show a significant 
advantage, the vitreous is a tissue where clearance mechanisms are highly dependent on 
molecular size [28,29]. Due to its increased hydrodynamic diameter, we anticipated that the 
mvsFlt conjugate would have a longer half-life in the vitreous and result in a prolonged 
duration of angiogenesis inhibition. The mvsFlt conjugate showed superior inhibition of 
retinal angiogenesis in this model in comparison to sFlt, which did not inhibit angiogenesis in 
comparison to the PBS control (Figure 3.4).  

 

 
 

Figure 3.5: Schematic demonstrating the proposed mechanism of mvsFlt action. A) sFlt (red, 
unconjugated) and mvsFlt (red conjugated blue chain of HyA) are injected into a diabetic retina where there is a 
high concentration of VEGF (green circles). B) After a given time, t, the majority of the sFlt has been cleared 
from the vitreous and VEGF is thus able to induce blood vessel growth. mvsFlt has a longer residence time in 
the vitreous and is thus able to bind and inhibit VEGF over much longer periods of time, leading to prolonged 
inhibition of retinal angiogenesis.  
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We believe that this stark difference in inhibition of retinal angiogenesis is primarily 
due to clearance of the sFlt from the vitreous more rapidly in comparison to mvsFlt, resulting 
in ineffective angiogenesis inhibition. At the time of injection, both sFlt and mvsFlt have 
similar concentrations in the vitreous (Figure 3.5A). Over time, sFlt is small enough to be 
cleared from the vitreous leaving very low concentrations of drug (Figure 3.5B, top). This 
allows for an increase in the intravitreal VEGF concentration, which induces angiogenesis. 
mvsFlt has longer intravitreal residence time and is thus able to act as a sponge for VEGF 
over time (Figure 3.5B, bottom), inhibiting angiogenesis and maintaining the basal level of 
vascularization in the retina. The time over which this occurs is highly dependent on the 
animal model being used. Lucentis, which is similar in size to sFlt and is also a protein 
therapeutic, has an intravitreal half-life of 2.9 days in rabbits [30] and 2.6 days in rhesus 
monkeys [31]. The disparity in the half-lives of our compounds and those of therapeutics 
tested in rabbit and monkey models is most likely due to anatomical differences in ocular globe 
size and differences in the rate of vitreous turnover between species. We anticipate that the 
unconjugated sFlt would perform similarly to Lucentis in rabbit and monkey models whereas 
the mvsFlt would likely show significant improvement in half-life over currently used 
therapeutics based on our preliminary studies shown in Figure 3.3. When comparing the 
injections in rats to injections in humans, we are injecting proportionally the same volume of 
drug into the vitreous. We believe that the results we see in the rats will be similar to what we 
will observe in humans because of the proportional size in injection volume. Although we only 
injected 5 uL into the rat eye (which has a total volume of ~100 uL), we would inject 50 uL 
into the human eye. Assuming that the clearance mechanisms of the rat and human eye are 
similar, the increase in half-life should be observed in the human eye as well. 

The current approach to treating retinal neovascularization including diabetic 
retinopathy is carried out through intravitreal injection through the sclera. Once injected into 
the vitreous, drugs distribute through the vitreous in a charge and size dependent manner and 
are cleared from the vitreous through two main routes: anterior and posterior elimination. 
Small molecules are able to diffuse through the vitreous rapidly and have very low half-lives 
whereas large molecules have retarded diffusion that results in longer half-lives. Large, 
hydrophilic molecules are able to passively diffuse through the vitreous, around the lens into 
the anterior chamber and are cleared through the Schlemm’s canal or the uveoscleral outflow 
pathway. Due to the large surface area of the retina, molecules capable of posterior clearance 
have significantly lower half-lives in comparison to those eliminated through the anterior route 
[20,32].  

The development of drugs with longer residence times for patients with diabetic 
retinopathy has been in high demand with the increasing prevalence of diabetes in populations 
worldwide. Currently used drugs have short half-lives in the vitreous due to small molecular 
size and thus require patients to receive frequent intravitreal injections, leading to low patient 
compliance and worsening of the disease. Clinically approved drugs Avastin, Lucentis, and 
Eylea have half-lives of 7.4 [33], 6.7 [30,31], and 5 days [34,35], respectively and require 
patients to receive injections every 4-6 weeks to maintain effective levels of intravitreal drug 
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[8]. Several different approaches have been taken to increase drug residence time in the 
vitreous for treating diseases of the posterior segment, each with its own advantages and 
drawbacks. Intravitreal implants have received much of the attention in intravitreal drug 
delivery over the last two decades, primarily used in corticosteroid delivery for posterior 
uveitis, diabetic macular edema (DME), and retinal vein occlusion. Implantable devices are 
able to deliver a constant supply of drug over several months to several years. Several types of 
implants have been developed such as Iluvien [36], Ozurdex [37], and Retisert [38] and vary in 
degradability, duration of effect, size, delivery method and composition. Despite being able to 
deliver drug over long periods of time, implants often require surgical implantation and 
invasive removal of the implant after the drug is depleted. Particulate systems such as 
liposomes and nanoparticles have also emerged as another drug delivery option for treating 
retinal diseases. Although drug delivery with particulate systems provides stability for the 
entrapped drug and is more straightforward requiring minimally invasive intravitreal injections, 
this approach is accompanied by several disadvantages including the formation of precipitate 
that blurs vision, increased production cost and heterogeneity in formulation due to 
aggregation of particles [39,40]. PEGylation has also been employed to increase intravitreal 
half-life of drugs and is the core technology behind Macugen, a PEGylated anti-VEGF 
aptamer (Bausch + Lomb). Although similar in theory to our approach, PEGylation uses a 
synthetic polymer for conjugation to a single biological molecule, which often results in 
significantly decreased drug bioactivity [41,42]. Furthermore, PEGylation on Macugen did not 
result in a drug with significantly longer half-live compared to clinically available drugs, most 
likely due to the small size of polyethylene glycol chain that is conjugated to the aptamer [43].  
 In contrast to these approaches, we employed a multivalent conjugate approach with 
HyA, a naturally occurring biopolymer found in high concentrations within the vitreous, and 
conjugated several molecules of sFlt, a potent anti-VEGF protein, to it. HyA was chosen not 
only based on its natural ubiquity within the eye and body but also due to its exceptionally low 
turnover rate within the vitreous, 30 days [44]. We have shown that conjugation of sFlt to 
HyA does not negatively impact the ability of sFlt to bind and inhibit VEGF in vitro [12] or 
reduce its anti-angiogenic potency in vivo (Figure 3.2) affects that accompany other 
conjugation technologies such as protein PEGylation. Furthermore, we demonstrated that 
conjugation to HyA significantly improved the residence time of sFlt in the vitreous of the eye 
(Figure 3.3), which resulted in prolonged inhibition of retinal angiogenesis (Figure 3.4). 
Given these promising results, we anticipate that the future clinical use of multivalent 
conjugates of sFlt may significantly increase the intravitreal drug residence time and inhibit 
retinal angiogenesis over a longer period of time. Due to the ease of synthesis and tunability in 
this approach, we believe that our conjugation technology could be instrumental in improving 
the half-life of drugs in the human eye not only for treating diabetic retinopathy but other 
diseases as well.  
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Chapter 4: Summary and Future Directions 
 
 
 
4.2 Future Directions 
 
The multivalent technology presented here has potential to improve upon many clinically 
available drugs, not only limited to diseases of the retina. Several questions remain unanswered 
and are presented below:  
 

1) How long does the mvsFlt remain in the rat vitreous? Our study was optimized 
based on results from the dextran study presented in Appendix II. The dextrans were 
~95% cleared by the end of 48 hours, however, the hydrodynamic diameter of the 2 
MDa and mvsFlt are significantly different. Because of this difference in size, much 
more of the mvsFlt remains at 48 hours and our study did not address any time points 
after 2 days. It would be beneficial to know exactly how long it took for the mvsFlt 
conjugate to be cleared from the rat vitreous before moving on to bigger animal 
models. This could be simply addressed by repeating the experiment and examining 
the residence time of fluorescently tagged mvsFlt out to 2 weeks. Larger animal models 
generally examine the residence time of drugs out to 40 days but because the rat 
vitreous is smaller while maintaining similar rates of vitreous turnover, 2 weeks should 
be sufficient. After determining the half-life of sFlt in the rat vitreous, larger animal 
models that are more similar to the human eye will have to be used to carry out half-
life experiments. Although the half-life of the mvsFlt in the rat eye may be on the 
order of a few days, this number will significantly increase when moving to larger 
animal models because of the size of the vitreous. For instance, in the monkey eye 
Lucentis has a half-life of 5 days whereas in the rat eye it is 3 hours. This difference 
demonstrates the stark difference in vitreal turnover between small and large animal 
models. Thus, we assume that an increase in half-life in the rat will lead to an 
exponential increase in half-life in larger animal models, thus significantly improving 
upon current techniques.  
 

2) What is the half-life of sFlt and mvsFlt in bigger animal models? In general, the 
half-life of drugs in the eye are determined using large animal models because of the 
similarity eye shape and structure to the human. Preliminary half-life studies examining 
Avastin and Lucentis were carried out in rabbits and monkeys [1–3] and were on the 
order of 5-7 days, in comparison to the rat half-life values which were between 3 and 
36 hours. We anticipate that sFlt would perform similarly to Lucentis based on protein 
composition and size in rabbit and/or monkey models, whereas mvsFlt may have a 
significantly longer half-life. The half-life of HyA in the vitreous is ~30 days [4], thus, 
it is possible that the mvsFlt conjugate may have a half-life similar to native HyA. If 



	

72	

that is the case, another question would then become- how effective is the mvsFlt if its 
half-life is so long? How many of the sFlt molecules are free after so many days to still 
bind VEGF (which leads us to our next question)? 
 

3) What percent of the sFlt on mvsFlt remains free for VEGF binding? A possible 
concern about such high half-lives is whether any sFlt molecules remain that are not 
already VEGF bound. mvsFlt could remain in the retina for weeks but would be 
ineffective if all sFlt molecules were occupied by VEGF.  This could be carried out 
using the OIR model and an ELISA to examine the intravitreal concentration of 
VEGF. Groups treated with mvsFlt should have significantly less detectable VEGF 
unless concentrations of mvsFlt are low. The dose of mvsFlt can be optimized to 
always be several times higher than the VEGF, thus creating a molar excess of drug to 
VEGF.  

 
4) What is the effect of mvsFlt on retinopathy long-term? The studies described in 

Chapter 3 describe the OIR model as a way to look at inhibition of retinal angiogenesis 
on the short term- 5 days. We have shown that the addition of mvsFlt is more 
effective than sFlt at inhibiting retinal angiogenesis, however, pathological retinopathy 
happens on a much longer scale. Another retinopathy model that can be used is the 
Vldlr-/- knockout mouse model, which develop retinopathy on a much longer 
timescale- between 30-60 days [5]. This rat model can be used to determine when a 
second round of dosing may be necessary.  

 
5) How do we bring this up to production scale? Despite being a very effective 

VEGF antagonist, sFlt is difficult to manufacture. It cannot be made in E.coli because 
it forms exclusion bodies that cause the bacteria to burst. We successfully made sFlt in 
insect cells (High Five) however our yields were very low and averaged 1 milligram per 
liter of cells. Furthermore, the protein structure has several disulfide bonds between 
and inside the Ig domains, which do not form intracellularly- secretion is necessary for 
these post-translational modifications. For these reasons, it may be necessary to choose 
another anti-VEGF protein that is easier to make in E.coli or simply use Avastin and 
Lucentis because these are commercially available. We anticipate that similar increases 
in half-life and prolonged anti-angiogenic effectiveness will still be observed with the 
use of another protein or drug. Although we used sFlt in these studies, we treated sFlt 
as a model protein to show the effectiveness of the technique. Other proteins such as 
Avastin and Lucentis are equally as effective and the technique should work for these 
as well. An added advantage to Avastin and Lucentis is that they are easily made in 
large-scale productions, which would be difficult to implement with the sFlt protein.  

 
6) Can this technology be applied to other retinal diseases? As detailed in Chapter 1, 

there are many retinal diseases that require long-term delivery of drug such as posterior 



	

73	

uveitis (PU), diabetic macular edema (DME), central retinal vein occlusion (CRVO), 
choroidal neovascularization (CNV). Most of these diseases are currently treated with 
corticosteroids that can be released from polymeric devices such as Retisert, Iluvien, 
Vitrasert and Ozurdex. Multivalent technology can also be used to deliver 
corticosteroids and these conjugates would benefit from the increased half-life. 
Although the half-life of the conjugates would be significantly shorter than the 
implantable devices, surgical placement and removal would not be necessary.  

 
7) Can this technology be applied to non-retinal diseases? Drug delivery is a concern 

that affects the treatment of many diseases. It is seldom that a disease that can be 
solved with a single drug administration. The majority of diseases need multiple 
administrations of drug to either manage or cure symptoms. For this reason, many 
diseases could potentially be improved by applying the multivalent technology. 
Another advantage of this technology is that the presentation of multiple drugs to the 
surface of a cell can actually induce receptor clustering and thus strengthening of the 
intracellular signal. Depending on the molecular targets and whether the target is in the 
extracellular matrix or cell-bound, the drug can be optimized as such. Other 
applications could include wound healing, an application being explored with 
treatment by multivalent fibroblast growth factor (mvbFGF). 

 
8) What are possible side effects to this approach? Although both HyA and sFlt are 

found naturally in the human body, side effects of the mvsFlt are possible. HyA has 
been previously shown to induce angiogenesis at very low molecular weights [6–8]. 
Very low molecular weight (oligomers below 45 disaccharide units) has been shown to 
induce angiogenesis [9]. We do not anticipate this effect in the retina because the 
molecular weight of the HyA we are injecting is similar to that found natively in the 
vitreous. The degree of vascularization should be closely monitored to make sure such 
an effect does not occur. Furthermore, concerns have been raised that taking away 
VEGF that is required for endothelial cell survival [10] may damage normal retinal 
vasculature. Again, we believe this will not be a concern because the concentration of 
mvsFlt we inject is similar to that of clinically used Avastin and Lucentis. However, 
these drugs are cleared faster and thus may not bind as much VEGF in comparison to 
mvsFlt which will be cleared slower and absorb more VEGF. Thus, functional studies 
may need to be carried out to make sure vasculature stays healthy overtime following 
injections of mvsFlt.  

 
 
As the prevalence of diabetes continues to skyrocket globally, the prevalence of its debilitating 
symptoms like diabetic retinopathy continue to become more prevalent. There exists a strong 
need for more effective anti-VEGF treatments for treating diabetic retinopathy and our 
approach has proven to be successful in its preliminary studies. If the concerns above are 
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considered and answered, we anticipate that our approach could be beneficial for improving 
quality of life for patients with diabetic retinopathy around the world. 
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Appendix I: Determination of crosslinked HyA gel pore 
size presented in Chapter 2 
 
 
A1.1 Introduction 
 
We created an in vitro model of the vitreous using crosslinked HyA gels for examining the 
diffusion of sFlt and the mvsFlt bioconjugates through size-limiting networks. We show in 
Figure 2.6A that the low molecular weight conjugate, 300 kDa LCR and sFlt are released 
from the gel much quicker than the 650 kDa and 1 MDa mvsFlt conjugates. In order to 
determine whether this difference in movement was due in large part to size, we decided to 
further characterize the pore size of the 1% HyA gel. We hypothesized that if the pore size of 
the gel was close to the hydrodynamic diameter of the conjugates (shown in Figure 2.2B and 
C) that would explain why the larger conjugates moved slower.  
 
 
A1.2 Methods 
 
A2.1 Rheology of 1% gels 
Viscoelastic properties of the HyA hydrogel were determined with an oscillatory rheometer 
(MCR 302 Modular Compact Rheometer; Anton Paar) with a parallel plate geometry (25 mm 
diameter) under 10% constant strain and frequency ranging from 0.1 Hz to 10 Hz as 
previously described [21].  
 
A2.2 Swelling analysis of gels 
The swelling ratio of gels was determined as described previously [21]. Briefly, gels were dried 
by passing them through graded ethanol solutions, and the solvent was evaporated under 
vacuum. After the dry weight was recorded, the gel discs were immersed in PBS at 37oC 
overnight and the wet weight was measured.  
 
 
A1.3 Calculations of Q and Mc 
 
A1.3.1 Calculation of the volumetric swelling ratio (Q) 
The mass swelling ratio (𝑄!) was defined as the ratio of the final wet weight to the initial dry 
weight. The mass swelling ratio, 𝑄! was used to calculate the volumetric swelling ratio, 𝑄 
according to equation (1):  
 

𝑄 = 1+
𝜌!
𝜌!

𝑄! − 1           (1) 

 
where 𝜌! is the density of dry polymer and 𝜌! is the density of solvent.   
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A1.3.2 Calculation of molecular weight between crosslinks   
We used both swelling and rheological measurements to independently characterize the 
molecular weight between crosslinks (𝑀!) and mesh size (𝜉) of the HyA gels used in the 
mvsFlt drug release studies. 
 
A1.3.2.1 Calculation of Mc from swelling measurements 
For affine polymer networks from swelling measurements, we utilized the Peppas-Merrill [28] 
approximation for 𝑀! as shown in equation (2): 
 

1
𝑀!  =

2
𝑀!

−

𝑣
𝑉!

ln 1− 𝑣!,! + 𝑣!,! + 𝜒!𝑣!,!!

𝑣!,!
𝑣!,!
𝑣!,!

!
!
− 12

𝑣!,!
𝑣!,!

        (2) 

 
where 𝑣 is the specific volume of bulk polymer in the amorphous state, 𝑉! is the molar volume 
of solvent, 𝑣!,! is the polymer volume fraction after crosslinking but prior to equilibration with 
more solvent (i.e., the relaxed state), 𝑣!,! is the final swollen equilibrium polymer volume 
fraction and χ1 is the Flory polymer-solvent interaction parameter). We used the theoretical 
value for 𝑣!,! as 𝑣 ∗ 𝑐, where 𝑐 is the concentration of the polymer at the time of formation in 

g/cm3. We employed the identity for volumetric swelling, 𝑄 = 𝑣!,! 𝑣!,! to calculate 𝑣!,!. 
 
For comparison, we used equation 3 as described by Erman [29] for calculating the 𝑀! for 
phantom networks from swelling data:  
 

𝑀! =  
𝑐(1− 2

𝜙)𝑉!𝑣!,!
!/!𝑣!,!

!/!

ln 1− 𝑣!,! + 𝜒𝑣!,!! + 𝑣!,!
        (3) 

 
where φ is the functionality (i.e., the number of sites from which chains can grow), assumed to 
be 4 in our case. Other parameters are the same as those defined for Equation 2. Parameters 
used to calculate  𝑀!for all equations are given below in Supplemental Table 2. Data is 
shown in Table 3.  
 
A1.3.2.2 Calculation of Mc from rheological measurements 
We also used rheological data to calculate the 𝑀! with two models. We used equation (4) [30] 
for determining 𝑀! of affine polymer networks: 
 

𝑀! =
𝑅𝑇𝑐
𝐺′         (4) 

 
where R is the gas constant, T is temperature at the time of measurement, c is concentration in 
g/cm3 as defined above, and G’ is the shear storage modulus of the hydrogel.  
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We used equation (5) as described by Erman [29] for calculating 𝑀!  for phantom networks 
from rheological data:  
 

𝑀! = 1−
2
𝜙

𝑐𝑅𝑇
𝐺!        (5) 

 
Parameters used to calculate  𝑀! for all equations are given below in Supplemental Table 2. 
Data are presented in Table 3.  
 
 
A1.4 Calculation of hydrogel mesh size 
 
Following the calculation of 𝑀! using swelling and rheological data for affine and phantom 
networks, we carried out the calculation of the mesh size according to equation (6) defined by 
Leach et. Al [31]:  
 

𝜉 = 0.1748𝑀!
!/!𝑄!/!        (6) 

 
Values of 𝑀! used to calculate 𝜉 are presented in Table 3. 
 
 
Table A1: Summary of Variables and Values. The following parameters and values were used 
in the calculation of 𝑀! and 𝜉. 
 
Variable Value Definition 

𝑄! 50 Mass swelling ratio from [21] 
Q 61.2 Swelling ratio 

𝜌! 1.229 g/cm3 Density of dry polymer 
𝜌! 1 g/cm3 Density of solvent 
𝑀! 600,000 Da Number average molecular weight  
𝑣 0.814 Specific volume of bulk polymer 
𝑉! 18 cm3/mol Molar volume of solvent 

𝑣!,! 0.0081 Volume fraction after crosslinking before equilibration 
with solvent 

𝑣!,! 1.33*10-4 Final swollen equilibrium polymer volume fraction 

𝜒! 0.473 Flory polymer solvent interaction parameter 

𝑅 
8314000 
(cm3*Pa)/(K*mol
) 

Gas constant 

𝑇 298 K Temperature 
𝑐 0.01 g/cm3 Polymer concentration 
𝐺′ 90 Pa Shear modulus from Fig. S1A 
𝜙 4 Polymer functionality parameter 
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Appendix II: Optimization of the rat vitreous as a model 
for studying the in vivo half-life of mvsFlt 
 
A2.1 Introduction 
 
The half-life of drugs in the vitreous is typically carried out in large animals such as rabbits or 
rhesus monkeys. Due to our lack of such resources, it was necessary to optimize a smaller 
animal model for determining the effect of HyA conjugation of the half-life of sFlt. This 
appendix describes the methods taken to determine the timeline over which the experiments 
would take place.  
 
 
A2.2 Materials and methods 
 
All half-life experiments were performed on 8-week old Brown Norway rats obtained from 
Charles River Laboratories and treated in accordance with protocols approved by the Animal 
Care and Use Committee at UC Berkeley. Rats were anesthetized using a mixture of ketamine 
and xylazine (50 mg and 10 mg/kg body weight, respectively) for the surgical procedure. Eyes 
were injected intravitreally 1 mm behind the limbus with 5 µl of 1 mg/mL 40 kDa or 2 MDa 
fluorescently tagged dextran particles (Life Technologies) using a 30-gauge Hamilton syringe 
and monitored daily for signs of inflammation. This concentration was selected to maximize 
fluorescence in the vitreous and remain in the detection limit of the fluorometer after 48 
hours. Rats were sacrificed with CO2 asphyxiation in groups at 0, 4, 12, 24 and 48 hours post 
injection and eyes were immediately enucleated and placed on dry ice. Frozen vitreous was 
then extracted from the eye and immersed in 100 µL of RIPA buffer. After shaking on ice for 
2 hours, each vitreous sample was homogenized with a Tissue Tearor (Bio Spec Products, 
Inc.) and the fluorescence measured using a fluorometer (Molecular Devices). Quantification 
was carried out by normalizing the fluorescence of vitreous samples to the 0 hour vitreous 
fluorescence readings within their respective group. 
 
 
A2.3 Results and discussion 
 
Differences in residence time between the 40 kDa and 2 MDa dextran were apparent 
beginning at 12 hours where only 3.9±4.4% of the 40 kDa dextran remained compared to 
43.4±14.6% of 2 MDa (Figure A2.1). By 24 hours, only 1.2±0.8% of the 40 kDa dextran 
remained detectable compared to 10.5±11.6% of the 2 MDa.  By 48 hours days post-injection, 
both the dextrans were almost undetectable. Only 1.1±0.3% of the 40 kDa and 5.4±1.9% of 



	 80	

the 2 MDa remained detectable in the vitreous. The half-lives of the 40 kDa and 2 MDa 
dextrans was calculated using data taken at 4, 12, 24 and 48 hours and is shown in Table A2.1.  
 
Table A2.1 Half-lives of 40 kDa and 2 MDa fluorescent dextrans in the vitreous calculated 
based on data taken at various time points.  

 𝒕𝟏/𝟐 of 40 kDa 𝒕𝟏/𝟐 of 2 MDa 

4 Hr 0.97 0.87 
12 Hr 1.12 4.33 
24 Hr 1.65 3.20 
48 Hr 3.17 4.96 

 
 

 
Figure A2.1 Higher molecular weight dextran displays longer residence time in v ivo . A) 
Validation experiment demonstrating the effect of size on the retention of fluorescently tagged 
dextrans. The 2 MDa dextran (solid line) has significantly improved residence time over the 40 
kDa (dashed line) over 48 hours. * indicates a difference between the 40 kDa and 2 MDa 
dextran at the given time point. Two-way ANOVA gives p-value* <0.05 (** corresponds to a 
P-value less than 0.01). 
 
As shown in Figure A2.1, the largest difference in amount of dextran detected was observed 
at 12 hours post-injection. By 48 hours, both dextrans were almost completely cleared from 
the vitreous. Based on this data, we decided to study these time points only for the half-life 
determination study of mvsFlt. As we later discovered, the half-life of mvsFlt is significantly 
different than the larger dextran and this is likely due to the significant difference in 
hydrodynamic radius between the 2 MDa dextran and mvsFlt. Although it has a higher 
molecular weight, the 2 MDa dextran is significantly smaller in hydrodynamic radius and thus 
diffuses out of the vitreous faster. The sFlt and the 40 kDa dextran were more similar in size 
and thus showed similar profiles of vitreal clearance.  
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