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ABSTRACT 

 

Central to ocular health is the vitreous body, a viscoelastic and gelatinous tissue 

filling the space between the lens and retina, the sensory component of the eye. It is a 

natural polymeric hydrogel whose delicate architecture of collagen and hyaluronic acid 

protect the retina and internal ocular structures during development. However, 

destruction or degeneration of this tissue collapses its mechanical structure, leaving the 

retina vulnerable to injury and vision-threatening vitreous-associated pathologies. 

In theaters of combat operations, the eye is one of the most frequent targets of 

injury. Since World War II, ocular trauma in theaters of combat operations has increased 

six-fold while the population of aging veterans continues to grow in tandem. Compared 

to injuries in the civilian sector, injuries in theaters of combat operations are sustained in 

dirty, dusty, high-stress environments under hostile fire. With the use of improvised 

explosive devices, mortars, and rocket-propelled grenades, combat trauma is destructive. 

The penetrating and perforating ocular injuries have predicable consequences, cascading 

into scarring on or under the retina (known as proliferative vitreoretinopathy or PVR), 

and ultimately retinal detachment. The growing population of aging veterans also faces a 

multitude of vitreous-related and vision-threatening pathologies such as cataract 

formation, age-related macular degeneration and retinal detachment. 

Current standards of care call for the removal and replacement of the vitreous, but 

contemporary substitutes are ill suited for long-term use, demonstrating toxicity to 

intraocular structures and less than ideal success rates of retinal reattachment. As such, 

there is critical need for development of a successful, long-term vitreous substitute. 



iii 

A biomimetic hydrogel has been developed that mimics the natural vitreous in 

mechanical, physical, and optical properties. This hydrogel utilizes a reversible disulfide 

cross-linker, enabling easy injection into the vitreous cavity as a liquid where it swiftly 

forms a viscoelastic hydrogel. Further development of this hydrogel has combined 

acrylamide and acrylic acid into one copolymer group, and recently a copolymer of 

poly(acrylamide-sodium acrylate-2-acryloyloxyethyl phosphorylcholine [2-APC]) has 

been introduced with this new formulation. 2-APC is a phospholipid analogue possessing 

a unique comb-like structure whose characteristic bristles inhibit protein adsorption and 

cellular adherence, making it perfectly suited for the inhibition of PVR. 

Capitalizing on the recent developments of this unique in situ forming hydrogel, 

the objective of this dissertation was to evaluate select formulations of this material as 

potential vitreous substitutes through rigorous in vivo rabbit modeled testing of long-term 

biocompatibility and bioperformance. We hypothesized that the in situ forming hydrogels 

would serve as a substantial improvement over the current gold standard, silicone oil, in 

terms of biocompatibility and the ability to inhibit PVR.  

Taking into consideration electroretiogram analysis, clinical examinations, 

histopathological assessments, and clinical significance across a three month follow-up, 

the in situ forming hydrogel incorporating 2-APC was found to be as biocompatible as 

silicone oil, and an appropriate candidate for further investigation. Using the same modes 

of evaluation within a long-term bioperformance study of trauma induced PVR, the 

silicone oil and 2-APC incorporating hydrogel both proved ineffective in inhibiting the 

progression and development of PVR. 
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Just as bacterial cultures flourish in an agar-filled petri dish,  

laboratories are ideal breeding grounds for close friendships. 

-Irene Levine, Science 

For Andrew, Charlie, Jerry, and Megan 
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CHAPTER 1 

INTRODUCTION 
 

1.1 Overview  

 Central to overall ocular health is the vitreous body, a complex, viscoelastic, 

gelatinous tissue occupying two-thirds of the eye that maintains the eye’s shape as it fills 

the space between the lens and retina [1,2,3]. It is a natural polymeric hydrogel whose 

delicate architecture of collagen and hyaluronic acid protect the retina and internal 

structures of the eye from damage during development. However, the destruction or 

degeneration of this tissue, from trauma or aging, collapses its mechanical structure and 

leaves the retina, the sensory component of the eye, vulnerable to injury and vision-

threatening vitreous-associated pathologies [4]. 

 In the decades since World War II, ocular trauma in theaters of combat operations 

has increased six-fold while the population of aging veterans continues to grow in tandem 

[5]. These penetrating and perforating ocular injuries have predicable consequences, 

cascading into scarring on or under the retina (known as proliferative vitreoretinopathy), 

and ultimately retinal detachment [6,7]. The growing population of aging veterans also 

faces a multitude of vitreous-related pathologies such as cataract formation, age-related 

macular degeneration and retinal detachment, many of which are vision-threatening 

[8,9,10]. 

Current standards of care call for the removal and replacement of the vitreous, but 

contemporary substitutes are ill suited for long-term use, demonstrating toxicity to 



2 

intraocular structures and less than ideal success rates of retinal reattachment [11-16]. As 

such, there is critical need for development of a successful, long-term vitreous substitute. 

 

1.2 Current State of the Art 

 While gas-based substitutes and perfluorocarbon liquids are all utilized as 

temporary vitreous substitutes, the most popular choice for long-term use is silicone oil. 

Silicone oil, however, has a number of complications associated with its use: it is 

hydrophobic, capable of emulsification, inhibits complete filling of the ocular cavity, and 

has demonstrated toxicity to intraocular structures [11-14,17,18,19]. In the case of 

complex retinal detachments, the success rate for reattachment is only 70% with 

postoperative conditions being uncomfortable for most patients [15,16]. 

 As contemporary vitreous substitutes are far from ideal, there has been a 

significant push to engineer an improved vitreous replacement. Hydrogels are chemically 

cross-linked polymeric systems with a water-dominating composition and viscoelastic 

properties, making them an excellent choice for vitreous substitute architectures. Natural 

vitreous components such as collagen and hyaluronic acid have been investigated to 

develop these architectures, with little success [20-23]. Synthetic polymers have also 

been explored [24,25]. Despite demonstrated improvements upon natural biopolymers, 

the synthetic polymers retain their own inherent obstacles. 

 Unfortunately, experimental hydrogels to date have failed because they were first 

gelled, swollen to equilibrium, and then injected into the vitreous through a small gauge 

needle resulting in shear-damage and increased toxicity [26,27]. 
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1.3 Significance and Innovation 

 Through the work of our collaborators at the Veteran’s Affairs Health Care 

Systems, John Cochran Division in St. Louis and the Department of Ophthalmology and 

Visual Sciences of Washington University, a biomimetic hydrogel has been developed 

that mimics the natural vitreous in mechanical, physical, and optical properties 

[1,28,29,30]. This hydrogel utilizes a reversible disulfide cross-linker, enabling easy 

injection into the vitreous cavity as a liquid where it swiftly forms a viscoelastic 

hydrogel. 

 Recently, further development of this hydrogel has combined acrylamide and 

acrylic acid into one copolymer group [31]. A copolymer of poly(acrylamide-sodium 

acrylate-2-acryloyloxyethyl phosphorylcholine [2-APC]) has also been introduced with 

this new formulation. 2-APC is a phospholipid analogue possessing a unique comb-like 

structure whose characteristic bristles inhibit protein adsorption and cellular adherence, 

attributes necessary for the inhibition of proliferative vitreoretinopathy (PVR) [32]. 

 With an increasing number of combat veterans joining the growing population of 

aging veterans, it is critical that we continue to take much-needed steps in developing a 

permanent solution.  

 

1.4 Goals and Aims of This Study 

 The overall goal of the current work was to evaluate a novel in situ forming 

poly(acrylamide co-acrylic acid) hydrogel as a potential vitreous substitute through 

rigorous in vivo rabbit modeled testing. We hypothesized that this in situ forming 

hydrogel would serve as a substantial improvement over silicone oil in terms of 
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biocompatibility and the inhibition of PVR. This hypothesis was tested using two specific 

aims: 

 

Aim 1: Evaluate the in vivo biocompatibility of select in situ forming poly(acrylamide co-

acrylic acid) hydrogels in a rabbit model. The purpose of Aim 1 was to rigorously test the 

biocompatibility of three formulations of an in situ forming hydrogel in a rabbit 

vitrectomy model utilizing intraocular pressure measurements, clinical examinations, 

electroretinogram analysis, and histopathological examination to demonstrate the short- 

and long-term biocompatibility of the materials. 

 

Aim 2: Compare the in vivo bioperformance of a phosphocholine-containing in situ 

forming hydrogel against that of silicone oil in a rabbit trauma model of proliferative 

vitreoretinopathy. The purpose of Aim 2 was to expand the scope of the hydrogels by 

testing the 2-APC formulation from the first aim against silicone oil in a rabbit trauma 

model of proliferative vitreoretinopathy, evaluating the material’s efficacy to inhibit 

proliferative vitreoretinopathy and tamponade the retina through intraocular pressure 

measurements, clinical examinations, electroretinogram analysis, and histopathological 

examinations. 

 

1.5 Summary 

 The vitreous plays a crucial role in ocular health, yet contemporary substitutes 

leave the field of ophthalmology and its patients without a successful biomimetic long-

term replacement. With an increasing number of combat veterans joining the growing 
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population of aging veterans, it is critical that we continue to take much-needed steps in 

developing a permanent solution. The in vivo rabbit modeled biocompatibility and trauma 

induced proliferative vitreoretinopathy studies of this dissertation will place us one step 

closer to a permanent biomimetic vitreous substitute that dramatically improves surgical 

rehabilitation outcomes for an aging veteran population and has direct applications for 

veterans of theater of combat operations. 
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CHAPTER 2 

BACKGROUND 

 

2.1 The Vitreous Body and Ocular Health 

2.1.1 Composition 

 The vitreous body, or vitreous humor, is a clear, acellular, and gelatinous tissue. 

Filling the space between the lens and retina, known as the vitreous chamber, the vitreous 

body occupies two-thirds of the eye by volume [1,2]. Predominantly composed of water 

(~98-99%), it is a natural polymeric hydrogel permeable to oxygen, nutrients, and 

metabolites with the remaining composition primarily of a web of type II collagen 

intermixed with random coils of hyaluronic acid [28,33-37]. 

 

2.1.2 Biomechanics 

 The negative charge of these hyaluronic acid groups generates the osmotic 

pressure that holds the retina in place, pressing it against the choroid [38]. Behaving more 

like a solid than a liquid at physiological temperatures, the vitreous body is a viscoelastic 

solid whose properties are dictated by the presence of both hyaluronic acid and collagen 

in its architecture [39]. The collagen and hyaluronic acid interact in a complex 

relationship to form a stable hydrogel that cannot be easily separated, even when 

subjected to conditions that are destructive to collagen networks [40,41]. The viscoelastic 

nature of the vitreous has been thoroughly analyzed in porcine, bovine, and human 

models [26,42,43]. 
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2.1.3 Relationship to Ocular Health 

 Manipulation of this fragile architecture leads to syneresis (separation of the 

components) and renders the system non-physiological; removal of the vitreous body 

from the eye destroys the mechanical structure [4]. Active molecules present in the 

vitreous body allow to also serve as a barrier to bacterial infection, and to control 

inflammation, proliferation, and neovascularization [8,44,45]. More than just a shield in 

mitigating damage to the retina and internal structures, an intact vitreous body is central 

to the health of the eye [3]. 

 

2.2 Vitreous Pathologies of Military and Combat Veteran Populations 

2.2.1 Trauma Sustained in Theaters of Combat Operations 

 Compared to injuries in the civilian sector, injuries in theaters of combat 

operations are sustained in dirty, dusty, high-stress environments under hostile fire. With 

the use of improvised explosive devices, mortars, and rocket-propelled grenades, combat 

trauma is destructive and associated with systemic, often bilateral injuries with multiple 

foreign bodies [46]. These blast associated injuries are classified into five categories: 1) 

primary- injuries due solely to the blast wave, 2) secondary- ballistic trauma resulting 

from fragmentation wounds from the explosive device or the injury, 3) tertiary- the result 

of displacement of the victim or environmental structures, and 4) quaternary- burns, 

toxins, and radiologic contamination [47]. Widespread utilization of Kevlar® body armor 

and mine-resistant ambush protected vehicles has reduced the number of mortal wounds 

to the abdomen and thorax, but it has also lead to an increase in the rate of injury of less 

protected extremities [48]. 
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 In theaters of combat operations, the eye is one of the most frequent targets of 

injury. Between the Civil War and Operation Desert Storm (January 16, 1990-February 

28, 1990), rates of ocular injuries during United States armed conflicts rose from 0.5% to 

13%, respectively [49,50]. Of those U.S. soldiers evacuated from the field during 

Operation Iraqi Freedom (March 20, 2003-December 18, 2011) and Operation Enduring 

Freedom (October 7, 2001-December 28, 2014) between 2002 and 2007, 13% had 

significant ocular injury [5,51]. Ocular trauma has increased approximately five to six 

times since the Second World War, and  one third of service members who experience 

ocular trauma in theaters of combat operations become legally blind [5,52]. 

Penetrating and proliferating eye injuries have predictable consequences. 

Following injury, myofibroblasts proliferate and collagen accumulates along scaffolds in 

the vitreous gel leading to intraocular scarring. When the contractile forces overcome the 

normal physiologic forces responsible for retinal adherence, tractional retinal detachment 

occurs [6,7]. This cascade of events is commonly known as proliferative 

vitreoretinopathy (PVR). 

 

2.2.2 Aging 

For the aging veteran, vitreous-associated disorders are a serious concern as these 

pathologies are numerous and potentially vision threatening. Over time, the vitreous 

undergoes age-related liquefaction (phase separation) and vitreous degeneration. There is 

also an increase in collagen and protein concentrations within the vitreous [8,53,54,55]. 

Both phenomena contribute to the development of retinal tears, cataract formation, 
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macular holes, posterior vitreous detachment, age-related macular degeneration (AMD), 

diabetic retinopathy, and retinal detachment in our aging veterans [8,9,10]. 

AMD, in which the part of the eye that provides sharp central vision (macula) is 

destroyed, is a leading cause of vision loss in the United States. Diabetic retinopathy 

develops when there are changes in the blood vessels of the retina, the light-sensitive 

tissue of the eye, in which blood vessels swell and leak fluid or there is abnormal growth 

of new blood vessels on the retina surface. It is also the most common diabetic eye 

disease and a leading cause of blindness in adult Americans. According to a recent update 

of the National Eye Institute’s census on the prevalence of adult vision impairment and 

age-related eye diseases in the United States, between 2010 and 2050 the estimated 

number of people with AMD and diabetic retinopathy will more than double from 2.1 

million to 5.4 million and from 7.7 million to 14.6 million, respectively [56]. 

 

2.2.3 Indication for Vitrectomy 

 Currently, definitive treatment for these pathologies includes the surgical removal 

(vitrectomy) and replacement of the vitreous. During a pars plana vitrectomy (PPV), the 

vitreous body is cut, aspirated, and replaced with an artificial substitute that re-attaches 

the retina to the eye’s posterior via surface tension [57-60]. With regards to the specific 

treatment of intraocular foreign bodies, there is increasing support to perform PPVs prior 

the initiation of PVR and tractional retinal detachment [61]. Despite great progress in the 

many facets of vitreoretinal surgery, currently available vitreous substitutes do not, 

unfortunately, come without complication. 
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2.3 Contemporary Vitreous Substitutes and Their Limitations 

2.3.1 Gas-Based 

 In use since the early 1970’s and approved by the United States Food and Drug 

Administration (U.S. FDA) in 1993, gas-based substitutes such as sulfur hexafluoride 

(SF6) and perfluoropropane (C3F8) are colorless, odorless, inert, and generally nontoxic 

[62,63]. On account of their expansile nature, presenting a high surface tension and 

specific gravity lower than water, these gases are able to tamponade the retina [64,65]. 

 However, gas-based substitutes tend to resorb spontaneously within six to 80 days 

and are naturally replaced with aqueous humor; they are easily diffusible into the 

bloodstream on account of their being in a gaseous phase [66,67,68]. At higher altitudes 

or during air travel, dangerous gas expansion and a resulting increase in intraocular 

pressure can occur. Such changes are even possible as a result of the hyperbaric pressure 

associated with scuba diving [69]. Post-surgical recovery is also difficult and challenges 

patient compliance because it requires an awkward facedown position for several days or 

even weeks [33,70,71,72]. Gas-based substitutes are also associated with cataract 

formation and corneal endothelial changes [33,63,73-76]. 

 As such, while these substitutes have had an excellent success rate for retinopexy 

and short-term vitreous replacement, they are not well suited as a long-term vitreous 

substitute [70,71,77,78,79]. 

 

2.3.2 Liquids 

 Perfluorocarbon liquids (PFCLs) were first investigated in the 1990s [80]. They 

are fluorinated, synthetic, clear, and odorless carbon-containing compounds originally 
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designed as blood substitutes with excellent oxygen carrying capabilities [72,81]. These 

days, PFCLs are used intraoperatively to temporarily unfold and stabilize the retina in the 

repair of complex retinal detachments. Their low viscosity also allows for ease of tissue 

manipulation, injection, and material removal [72]. Although PFCLs have potential for 

long-term tamponade in the absence of facedown patient positioning, they are limited by 

the demonstrated retinal toxicity and intraocular inflammatory response over time 

[72,80,82-87]. 

 Approved by the U.S. FDA in 1994 and in use since the 1960s, silicone oil is an 

effective short-term tamponade for complex retinal detachments and the only material 

currently available for long-term vitreous replacement [72,81,88]. Typically removed 

after three to six months, the potential for longer-term use has been suggested by removal 

recommendations that have ranged from six to eight weeks or from six to 30 months, and 

stable visual acuity for six to 24 months post-operatively [18,67,81]. Although it is a 

more versatile replacement than gas-based substitutes or PFCLs and exhibits short-term 

inertness, silicone oil also has limitations. 

 Silicone oil is hydrophobic, capable of emulsification, can inhibit complete filling 

of the ocular cavity, and has demonstrated toxicity to intraocular structures over 

prolonged periods of time [11-14,18,19]. When left in the eye for three months or longer, 

silicone oil has been attributed to vision-threatening complications including but not 

limited to glaucoma, cataracts, keratopathy, and corneal decomposition [17,81,89-101]. 

In the case of complex retinal detachments, the success rate for reattachment is only 70% 

[15,16]. Removal of silicone oil is quite difficult on account of its hydrophobic nature, so 

inevitably some is left behind [102]. This removal can also induce or allow for recurrent 
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retinal detachment [18]. Regardless, the remnant silicone oil must be surgically removed 

because of the long-term ocular toxicity. 

 

2.4 The Ideal Vitreous Substitute 

 With contemporary vitreous substitutes being far from ideal, there has been a 

significant push to design more biomimetic options. An ideal substitute would mirror the 

natural vitreous in optical, mechanical, and physical properties, be easily manipulated 

during surgery, maintain intraocular pressure (IOP) within physiologic range, and be 

permeable to oxygen, nutrients and metabolites. The ideal vitreous substitute is a 

biocompatible and permanent vitreous replacement. Following rigorous in vitro 

evaluation testing, as with all experimental biomaterials, emerging vitreous substitute 

candidates must undergo pre-clinical in vivo validation. 

 

2.5 In Vivo Evaluations of Vitreous Substitute Candidates 

2.5.1 Animal Model for Biocompatibility 

 Animal models deliver a wealth of information not discernable from bench top in 

vitro work with regards to biocompatibility, but in selecting an appropriate species there 

are several considerations such as: 1) appropriateness as an analog, 2) background 

knowledge of biological properties, 3) cost and availability, 4) generalizability of the 

results, and 5) ease of and adaptability to experimental manipulation [103]. 

 In the nearly forty years since the seminal work of Abrams et al. and Miller and 

Ryan, rabbits have established a well-documented history in retinal and vitreous research 

in addition to being identified as an overall well-suited animal model for ophthalmic 
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applications [104,105]. Compared to larger animal models, rabbits are relatively 

inexpensive to purchase, house and maintain, are easy to breed, and have a docile nature 

lending to easily handling. The rabbit eye is large relative to the size of the animal’s 

body, and it shares anatomical and physiological similarities to humans [106]. When 

approximation of human ocular pigmentation is important, the Dutch-Belted (opposed to 

the New Zealand White) strain is selected. 

 

2.5.2 Electroretinography as a Measure of Retinal Health 

 A flimsy piece of tissue barely a half a millimeter thick lining the back of the eye, 

the retina serves as the sensory part of the eye [107]. Light entering the eye passes 

through the vitreous to the photoreceptors of the retina (rods and cones), which in turn 

pass signals through a series of neural connections towards the surface of the retina where 

the signals are relayed to the optic nerve and into the brain [107,108]. The human eye has 

approximately 120 million rods. Although these photoreceptors are more sensitive than 

cones, they are not sensitive to color, which is why at night our vision is in a gray scale. 

Rods are responsible for what is knows as our scotopic, or dark-adapted vision [107-110]. 

Cones on the other hand provide they eye’s color sensitivity. The human eye has 

approximately six to seven million cones, and these can be divided into red, green, and 

blue based upon measured response curves. Cones are responsible for our photopic, or 

light-adapted vision [107-110]. With its delicate architecture, the retina is susceptible to 

damage or compromise at the hand of disease or trauma. 

 The full-field electroretinogram (ERG) is a widely used non-invasive 

electrophysiological test for assessing retinal function and integrity; it allows us to 
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monitor the progression of retina related diseases and to monitor the effects of therapeutic 

interventions such as vitreous substitutes. It is a mass electrical response of the retina to 

photic stimulation; the eye is stimulated with a bright light source and this flash of light 

elicits a biphasic waveform recordable at the cornea [111,112]. Most often, the two 

components of interest are the a- and b-waves. The a-wave reflects the overall 

physiological health of the photoreceptors in the outer retina, whereas the b-wave reflects 

the health of the inner layers of the retina [113]. Because rods and cones differ in number, 

peak color sensitivity, threshold, and recovery, by manipulating adaptation level and 

background illumination, flash intensity, flash color and rate of stimulation, the activity 

rods and cones can be isolated [111,112]. To ensure that the data collected during ERG 

testing sessions are comparable across clinical laboratories worldwide, the International 

Society for Clinical Electrophysiology of Vision Standard (ISCEV) has established a 

standard protocol describing basic full-field ERG testing procedures [114]. 

 

2.6 Polymeric Hydrogels: The Emerging Technology 

 Savvy choices for vitreous substitutes, hydrogels are hydrophilic chemically 

cross-linked polymeric systems with a water-dominating composition and viscoelastic 

properties similar to the vitreous body. Initially referred to as “swell gels” because of 

their ability to swell in aqueous solutions without dissolving, hydrogels were the first 

biomaterials developed for human use [27,115]. 

 On account of their presence in the natural vitreous body, natural polymers such 

as collagen and hyaluronic acid are an obvious starting point for developing the 

architecture of a hydrogel vitreous substitute. Unfortunately, the investigation of these 
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components has been met with little success because of their short degradation time, 

ineffectiveness as intraocular tamponades, and low viscosity [20-23,116,117,118]. 

Derivatives of these natural polymers, known as biopolymers, share the excellent 

biocompatibility of the natural components, but these too tend to rapidly degrade in vivo 

and have a tendency to migrate through retinal holes to the subretinal space [119,120]. 

 Several synthetic polymers have been considered as the backbone of a vitreous 

substitute including: poly(vinyl alcohol) (PVA), poly(1-vinyl-2-pyrrolidone) (PVP), 

poly(acryl amide) (PAA), copoly(acrylamide) (CPA), poly(glyceryl methacrylate) 

(PGMA), and poly(2-hydroxythylacrylate) (PHEMA) [24,25,64,121-128]. One of the 

advantages that polymeric hydrogels provide is their ability to adequately tamponade the 

retina, although polymeric hydrogels also present their own limitations in terms of 

biocompatibility [28,125,129]. Unfortunately, many experimental polymeric hydrogels to 

date have failed because they were first gelled and swollen to equilibrium prior to 

injection into the vitreous through a small gauge needle. The injection mechanics shear-

damage the hydrogels, causing a loss of elasticity and rupture of the polymeric chains, 

resulting in increased toxicity [26,27]. 

 A viable solution to this challenge would be to inject the vitreous substitute in the 

aqueous state where it transforms to a gel in situ via cross-linking processes in response 

to environmental or physical stimuli. 
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2.7 Niche Chemistry and the Inhibition of Proliferative Vitreoretinopathy 

2.7.1 Disulfide Cross-linking and Poly(Acrylamide Co-Acrylic Acid) Copolymers 

 Within the laboratory of our collaborator Dr. Nathan Ravi (Department of 

Ophthalmology and Visual Sciences of Washington University St. Louis), a unique 

biomimetic hydrogel has been developed which mirrors the natural vitreous in 

mechanical, physical, and optical properties [1,28,29,30]. Their work, the first to develop 

a thiol-containing in situ forming hydrogel using copoly(acrylamide), utilizes a disulfide 

cross-linker that when reduced causes the hydrogel network to dissolve. This results in a 

linear, soluble thiol-containing copolymer that can be purified by dialysis or precipitation 

to enhance biocompatibility. Following reconstitution in physiologic saline, the solution 

can be injected into the vitreous cavity through a small gauge needle, where it undergoes 

regellation/hydrogel reformation in the presence of physiologic levels of oxygen.  

 Recently, further development of this in situ forming hydrogel has combined 

acrylamide and acrylic acid into one copolymer group, a combination not previously 

explored [31]. Such chemistry allows for lower gelling concentrations, increased swelling 

for osmotic pressure, and enhanced oxidation rates. 

 

2.7.2 2-Acryloyloxyethyl Phosphorylcholine (2-APC) 

 Not only does a vitreous substitute interface with the inner structures of the eye, 

but it also comes into direct contact with scar tissue that develops post-operatively. In 

addition to the previously discussed characteristics of an ideal vitreous substitute, it is 

equally imperative that cellular attachment to the substitute be inhibited. For more 
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complex cases, an ideal vitreous substitute must prevent the adsorption of protein and 

cells, and display antithrombogenic properties. 

 2-acryloyloxyethyl phosphorylcholine, or 2-APC, is a zwitterion and phospholipid 

analogue possessing a unique comb-like structure whose characteristic bristles inhibit 

protein adsorption and cellular adherence. The incorporation of phosphocholine moieties 

into polymers has been definitively shown to reduce in vitro cell adhesion and 

proliferations rates [32]. By mimicking native cell-surface phospholipids in the absence 

of RGD, integrins fail to recognize the environment and consequently fail to attach 

[130,131]. Copolymers that incorporate 2-APC are therefore well suited for the inhibition 

of proliferative vitreoretinopathy. 

 

2.8 Pathway to the Current Work 

The vitreous body is a complex polymeric system that plays a crucial role in 

ocular health. Contemporary substitutes are merely satisfactory, and as they are not based 

on the natural properties of the vitreous there is room for significant improvement to 

deliver greater patient satisfaction and reduce long-term complications. With an 

increasing number of combat veterans joining the growing population of aging veterans, 

it is critical that we continue to take much-needed steps in designing a permanent 

biomimetic vitreous substitute. 

Capitalizing on the developments of a unique and truly reversible in situ forming 

hydrogel, the current work focuses on a rabbit modeled in vivo evaluation of 2-APC 

poly(acrylamide co-acrylic acid) copolymer incorporation in terms of biocompatibility 

and bioperformance in a model of trauma induced PVR. Through these efforts, we will be 
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one step closer to a permanent biomimetic vitreous replacement that dramatically 

improves surgical rehabilitation outcomes for an aging military veteran population, and 

has a direct application for combat veterans having suffered ocular trauma in theaters of 

combat operations. 
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CHAPTER 3 

MATERIALS AND GENERAL METHODOLOGIES 

 

3.1 Materials 

3.1.1 Vitreous Substitutes 

 Towards the development of a biomimetic vitreous substitute, a catalog of 33 

formulations of injectable acrylamide (Am), acrylic acid (AA), 2-acryloyloxyethyl 

phosphorylcholine (2-APC), bis(acryloyl)cystamine (BAC), and N-phenyl acrylamide 

(NPA) copolymers underwent rigorous in vitro evaluation by our collaborators at the 

Veteran’s Affairs Health Care Systems, John Cochran Division and the Department of 

Ophthalmology and Visual Sciences of Washington University in St. Louis. Best 

candidate formulations from characterization studies of refractive index, viscoelastic 

properties, and osmotic pressure/swelling behavior were selected for in vitro 

biocompatibility testing utilizing MTT assay and Electric Cell-substrate Impedance 

Sensing (ECIS) of ARPE-19 cells, and immunofluorescence analysis. Three formulations 

were selected for additional in vivo biocompatibility testing (Table 3.1). 

 

Table 3.1 
 
Component Breakdown for Copolymers Selected for in vivo Biocompatibility Testing 

Copolymer 
Am 

(mole %) 
AA 

(mole %) 
2-APC 

(mole %) 
BAC 

(mole %) 
NPA 

(mole %) 
#1 72.5 20 0 4.5 3 
#2 82.5 10 0 4.5 3 
#3 75 10 7.5 4.5 3 
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These copolymers are identified as follows: 1) Am72.5 AA20 BAC4.5 NPA3 [20AA], 2) 

Am82.5 AA10 BAC4.5 NPA3 [10AA], and 3) Am75 AA10 2-APC7.5 BAC4.5 NPA3 

[10AA+2-APC]. 

 Upon receipt, vials of lyophilized polymer and phosphate buffered saline (PBS) 

with NaOH (sodium hydroxide) (PBS+NaOH, nitrogen bubbled) were stored at -20° C 

and 4° C, respectively. Twenty-four hours prior to surgical procedures, lyophilized 

polymer was re-suspended with its paired PBS+NaOH. Using sterile technique, exactly 

5.9 mL of  PBS+NaOH was injected with venting through the rubber septum of the vial 

containing the lyophilized polymer. Needles were removed, and the vial was left to mix 

overnight.   

 For all studies, Silikon® 1000 (Silicone Oil) (Alcon, Fort Worth, TX) served as 

the control material. 

 

3.1.2 Animals 

 Six-month-old female Dutch-Belted rabbits (Covance, Princeton, NJ) were 

studied. The procedures and data collection from the rabbits in this research were 

approved by both the Veteran’s Affairs Healthcare System St. Louis and Temple 

University’s Institutional Animal Care and Use Committees (IACUC; ACUP 4146 and 

ACUP 4530). The work was also performed in accordance with the Association for 

Research in Vision and Ophthalmology (ARVO) resolution, “Statement for the Use of 

Animals in Ophthalmic and Vision Research”. 
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3.2 General Methodologies 

3.2.1 Clinical Examination 

 Thorough clinical examinations were conducted on both eyes following dilation 

with a combination of 0.5% proparacaine, 1% tropicamide, and 10% phenylephrine. 

Anterior and posterior segments were examined using a binocular indirect 

ophthalmoscope (Keeler Instruments Inc., Broomall, PA) and 20D lens (Volk Optical, 

Inc., Mentor, OH). Fundus and external photographs were taken using an 

ophthalmoscope connected to an iPhone 4 (Apple, Inc., Cupertino, CA) equipped with 

the iExaminer™ imaging software (Welch Allyn, Skaneateles Falls, NY). Intraocular 

pressures (IOPs) were measured within a 5% error using a Veterinary Tono-Pen (Tono-

Pen AVIA Vet, Reichert Technologies, Depew, NY). 

 

3.2.2 Electroretinogram Procedures 

 Standardized full-field electroretinograms (ERGs) were recorded using a 

calibrated in-house Ganzfeld ERG system (Appendix A) while rabbits were gently 

restrained and carefully monitored by a veterinary technician. ERG protocols followed 

the International Society for Clinical Electrophysiology of Vision (ISCEV) Standard 

guidelines, evaluating three responses: (1) scotopic 0.01 cd.s.m-2 (rod response), (2) 

scotopic 3.0 cd.s.m-2 (maximal/combined rod-cone response), and (3) photopic 3.0 

cd.s.m-2 (cone response) [114]. 

 Both eyes were dilated topically with a combination of 0.5% proparacaine, 1% 

tropicamide, and 10% phenylephrine, and then dark-adapted for 30 minutes prior to 

recording of scotopic ERGs. The corneal surfaces were moistened with a 2.5% 
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hydroxypropyl methylcellulose solution (Goniosol; Novartis, New York, NY) prior to 

placement of gold foil contact lens electrodes (ERG-Jet™; Fabinal SA, Switzerland) 

equipped with small posts on the convex surface to keep the eyelids open. A subdermal 

needle electrode (Natus Neurology, Middleton, WI) inserted in a subcuticular fashion 

between the shoulders served as the ground. Stimuli were produced with a photic 

stimulator (Model PS33 Plus; Grass, West Warwick, RI) and dome placed in front of the 

rabbit, with care taken to ensure the position of the dome was balanced between both 

eyes. After performing scotopic tests, photopic ERGs were recorded following 10 

minutes of continuous light adaptation (luminance of 30 cd.m-2).  

 Flash responses were amplified 10,000 times (Grass P55 AC Pre-Amplifier), 

band-pass filtered (0.1–300 Hz), and digitized using a multifunction I/O data acquisition 

device (USB-6216; National Instruments, Austin, TX). Responses from both eyes were 

acquired simultaneously (Simple ERG, v1.0.1.1; I-Systems Software Suite, Los Angeles, 

CA) and analyzed (Waveform Analysis, v1.2.0.0; I-Systems Software Suite) on a 

personal computer. Representative ERG waveform for a baseline measurement from the 

right eye is presented in Figure 3.1. Analysis was based on a- and b-wave amplitudes. 

The a-wave was measured from the baseline to the trough of the negative wave. The b-

wave amplitude was defined as the distance from the trough of the a-wave to the peak of 

the b-wave.  

 Normal rabbit ERGs can exhibit relatively large variability between animals, for a 

given animal between different recording sessions, and between successive flashes in a 

given experiment. Because the ERG responses were recorded binocularly 

(simultaneously from the experimental and control eyes), it can be assumed that factors  
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Figure 3.1: Representative ERG waveform at baseline for the right eye. 
 
 

contributing to ERG variability affected both eyes in a similar fashion [132,133]. 

Therefore, b-wave ratios (experimental eye:control eye) were used as the index for retinal 

function. For each recording session, five ratios (five waveforms) were obtained for the 

elicited responses to reduce variability and background noise. These ratios were averaged 

to yield a single parameter describing retinal function. This analytical procedure was 

applied only to the ERG b-waves because the a-waves were too small and/or variable to 

obtain reliable results. 
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3.2.3 Plana Vitrectomy and Post-Operative Care 

 Pre-operatively, the right pupil was dilated topically with a combination of 0.5% 

proparacaine, 1% tropicamide, and 10% phenylephrine. Glycopyrrolate (0.1 mg/kg IM, 

SC) was administered pre-operatively by a veterinary technician. General anesthesia was 

induced with Ketamine (15 mg/kg IM) and Midazolam (3 mg/kg IM). Meloxicam (0.2 

mg/kg SC) was administered as a pre-emptive analgesia. Once anesthetized, rabbits were 

transferred to 100% oxygen with 1-3% isoflurane by laryngeal mask airway (LMA) (v-

gel® Rabbit; Docsinnovent Ltd, London, England) and appropriately positioned on the 

operating table in left lateral recumbency (Figure 3.2A). Skin electrodes were applied to 

monitor physiological parameters, and body temperature was monitored using a rectal 

thermometer and maintained by a veterinary heating pad. A pre-operative antibiotic 

regimen was not used. 

 An experienced retinal surgeon, Dr. William J. Foster, performed all surgeries 

with sterile technique on the right eye under a standard ophthalmic operating microscope 

utilizing a trans-conjunctival 23-gauge vitrectomy system (ProCare Plus Vitrectomy 

System, VisionCare Devices, Anderson, CA). The left eye served as control. 
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Figure 3.2: Photographic illustration of the two-port pars plana vitrectomy steps. (A) The rabbit 
is positioned into lateral recumbency. (B) First 23-gauge trocar is positioned and sutured in place, 
(C) then an infusion line is connected to this trocar, (D) next a second trocar is placed posterior to 
the limbus for the vitrector, and(E) finally the light pipe is directed through the ocular wide field 
disposable vitrectomy lens to visualize the posterior segment.  

A B 

C D 

E 
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Because the inter-palpebral distance in Dutch-Belted rabbits is much smaller than the 

corneal diameter, a two-port vitrectomy was performed. A 23-gauge trocar was  

sutured-in-place in the superiotemporal quadrant, 1 mm posterior to the limbus, to which 

an infusion line was connected (Figure 3.2B-C). A second trocar was similarly placed        

3 mm posterior to the limbus superio-nasally, allowing for the introduction of the 

vitrector (Figure 3.2D). The posterior segment was visualized using an ocular wide field 

disposable vitrectomy lens (ODVW; Ocular Instruments Inc., Bellevue, WA) with 

illumination provided by a light pipe directed through the contact lens (Figure 3.2E). 

 Using the vitrectomy system, pressurized, filtered air was instilled into the 

posterior segment through the infusion cannula and a core vitrectomy was performed, 

utilizing air as a contrast agent, transiently increasing air pressure in a similar manner as 

if performing a pneumatic vitrectomy. This allows the surgeon to judge the location of 

the lens and residual vitreous without the installation of triamcinolone or other contrast 

agents. Vitrectomy was carried out until the visible vitreous cavity, posterior to the lens, 

was full of air. The air pressure was decreased to 20 mmHg and vitreous substitute 

material was then injected into the vitreous cavity via a 23-gauge needle through a 

superior-nasal trocar until egress was witnessed in the air infusion cannula. The trocars 

were withdrawn, and the overlying conjunctiva gently massaged. To minimize 

inflammation, no sutures were utilized. 

 After surgery, the LMA was removed and vital signs were monitored every 15 

minutes until the rabbit regained full consciousness and was able to maintain sternal 

recumbency. For three days post-operatively, rabbits received Meloxicam (0.2 mg/kg SC) 
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every 24 hours and a topical ophthalmic ointment (Maxitrol ointment) was applied to the 

right eye twice daily. 

 

3.2.4 Proliferative Vitreoretinopathy Inducing Surgery 

 Pre-operatively, the right pupil was dilated topically with a combination of 0.5% 

proparacaine, 1% tropicamide, and 10% phenylephrine. Glycopyrrolate (0.1 mg/kg IM, 

SC) was administered pre-operatively by a veterinary technician. General anesthesia was 

induced with Ketamine (15 mg/kg IM) and Midazolam (3 mg/kg IM). Meloxicam (0.2 

mg/kg SC) was administered as a pre-emptive analgesia. Once anesthetized, rabbits were 

transferred to 100% oxygen with 1-3% isoflurane by laryngeal mask airway (LMA) and 

appropriately positioned on the operating table in left lateral recumbency. Skin electrodes 

were applied to monitor physiological parameters, and body temperature was monitored 

using a rectal thermometer and maintained by a veterinary heating pad. A pre-operative 

antibiotic regimen was not used. 

 A well-established model of proliferative vitreoretinopathy (PVR) mimicking 

traumatic penetrating or perforating injuries was integrated and performed by Dr. 

William J. Foster with sterile technique on the right eye under a standard ophthalmic 

operating microscope; the left eye served as control [134-137]. First, a 180 degree 

peritomy was created 3 mm from the limbus with Westcott scissors (Figure 3.3A). Next, 

the right eye was traumatized by a standard 8 mm circumferential scleral incision made 

through the pars plana 2.5 mm from the limbus with a 15 degree Micro-Vitreo-Retinal 

(MVR) blade  (Alcon) (Figure 3.3B). The wound was then closed with interrupted 6-0 

silk sutures (Surgik LC, Tulsa, OK) (Figure 3.3C). Finally, 0.4 mL of autologous blood  
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Figure 3.3: Photographic illustration of the proliferative retinopathy inducing surgical steps. (A) 
180 degree peritomy created 3 mm from the limbus, (B) scleral incision through the pars plana 
using MVR blade, (C) suturing of the wound, and (D) injection of autologous blood. 
  

A B 

D C 
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(drawn from the marginal ear or lateral saphenous vein) was injected with a 23-gauge 

needle through the wound into the mid-vitreous (Figure 3.3D).  

 After surgery, the LMA was removed and vital signs were monitored every 15 

minutes until the rabbit regained full consciousness and was able to maintain sternal 

recumbency. For three days post-operatively, rabbits received Meloxicam (0.2 mg/kg SC) 

every 24 hours and a topical ophthalmic ointment (Maxitrol ointment) was applied to the 

right eye twice daily.  

 The PVR was allowed to progress for a period of 14 days. After this time, a 

standard two-port pars plana vitrectomy was performed as previously described. 

 

3.2.5 Histopathologial Assessment 

 At study close, rabbits were sacrificed by pentobarbital sodium and phenytoin 

sodium administration (Euthasol®; Virbac, Fort Worth, TX), and the eyes prepared for 

histological study. Both the experimental (right) and control (left) eyes were harvested 

from each animal. Globes were fixed in 10% paraformaldehyde solution for 72 hours and 

then placed in a 70% ethanol solution. Gross examination of the globes was performed 

and photographs were taken of the anterior and posterior surfaces, as well as the 

intraocular structures after bisecting the globes horizontally. Both calottes were processed 

and embedded in paraffin (Appendix B). Two consecutive sections were obtained from 

each calotte and stained with hematoxylin-eosin (H&E) (Appendix C).  

 Sections were reviewed by two blind observers, which included an ocular 

pathologist, and graded in a blinded fashion based on a predetermined scale signifying 

scant, mild, moderate, or severe intraocular inflammation (Table 3.2).  



30 

Table 3.2 
 
Inflammatory Response Grading Scale for Histopathological Assessment 

Score Response Cells Per 40X High Dry Field 
0 No Inflammation 0 
1 Scant 1 
2 Mild 2-9 
3 Moderate 10-19 
4 Severe 20+ 

 
 

 Eight high dry fields that best represented the intraocular inflammatory infiltrate 

were recorded and averaged. Inflammation of the choroid was recorded separately, as 

either present or absent. Presence or absence of a choroidal and/or optic nerve cellular 

infiltrate was recorded and analyzed separately as well. All globes were included in the 

analysis except when there was evidence of surgically induced lens rupture. 
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CHAPTER 4 

RABBIT MODELED BIOCOMPATIBILITY OF POLY(ACRYLAMIDE CO-
ACRYLIC ACID) IN SITU FORMING HYDROGELS AS VITREOUS 

SUBSTITUTES 
 

4.1 Introduction 

 Central to overall ocular health, the vitreous body is a complex, viscoelastic, 

natural polymeric hydrogel whose delicate architecture of collagen and hyaluronic acid 

protect the retina and internal structures of the eye from damage during development 

[1,2,3,33-37]. While stable and strong enough to withstand conditions that are destructive 

to collagen networks, manipulation or destruction of the vitreous at the hand of trauma or 

aging leads to syneresis, renders the system non-physiological, and leaves the retina 

vulnerable to injury [4,40,41]. 

 Within a growing population of aging veterans, vitreous-associated disorders are a 

serious and increasing concern. Over time, the vitreous undergoes age-related 

liquefaction and vitreous degeneration, both which contribute to the development of 

several vision-threatening phenomena such as retinal tears, cataract formation, macular 

holes, posterior vitreous detachment, age-related macular degeneration (AMD), diabetic 

retinopathy, and retinal detachment in our aging veterans [6-10]. For most of these cases, 

the removal and replacement of the vitreous is a part of the definitive treatment, yet 

contemporary vitreous substitutes in the form of expansive gases, perflurocarbons, and 

silicone oil bring pitfalls and complications with long-term use [11-19]. 

 Hydrogels deliver an excellent backbone for the design of a long-term vitreous 

substitute, but many experimental polymeric hydrogels to date have failed because they 
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were first gelled, swollen to equilibrium, and then injected into the vitreous through a 

small gauge needle; the injection mechanics shear-damage the hydrogels, causing a loss 

of elasticity and rupture of the polymeric chains, resulting in increased toxicity [26,27]. A 

viable solution to this challenge would be to inject the vitreous substitute in the aqueous 

state where it transforms to a gel in situ via cross-linking processes in response to 

environmental or physical stimuli. 

 Our collaborators at the Veteran’s Affairs Health Care Systems, John Cochran 

Division in St. Louis and the Department of Ophthalmology and Visual Sciences of 

Washington University have developed a unique biomimetic in situ forming hydrogel 

utilizing a reversible disulfide cross-linker [1,28,29,30]. After gelation, the hydrogel is 

rigorously washed to remove any unreacted monomers, initiators, and oligomers. The 

hydrogel can also be reduced into water-soluble thiol-containing copolymers. When 

injected into the vitreous cavity and exposed to physiological oxygen, the copolymers 

oxidize and regel by reforming disulfide bonds. Such chemistry yields true reversibility; 

that is, the hydrogels can be liquefied with reducing agents and aspirated should future 

ocular surgeries be necessary. Further development of this hydrogel has combined 

acrylamide and acrylic acid into one copolymer group, which allows for lower gelling 

concentrations, increased swelling for osmotic pressure, and enhanced oxidation rates 

[31].  

 As a vitreous substitute remains in contact with post-surgical scar tissue, 

inhibition of cellular attachment to the substitute is critical. Incorporation of a 

phosphocholine moiety into polymers, such as poly(acrylamide-sodium acrylate-

acryloylphosphorlycholine) (2-APC), has been shown to reduce cell adhesion and 
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proliferation rates in vitro by mimicking native cell-surface phospholipids without 

corresponding arginylglycylaspartic acid (RGD) cell attachment points [32]. Without 

these binding points, integrins fail to recognize the environment and cannot attach 

[130,131]. The successful incorporation of 2-APC into this poly(acrylamide co-acrylic 

acid) in situ forming copolymer and its in vitro biocompatibility has recently been 

demonstrated by our collaborators (data unpublished). 

 The objective of this current study was to evaluate the short- and long-term rabbit 

modeled in vivo biocompatibility of select formulations of the developed poly(acrylamide 

co-acrylic acid) in situ forming hydrogel with and without the incorporation of 

phosphocholine. 

 

4.2 Specific Methodology 

4.2.1 Groups 

 Forty-nine rabbits were split into two biocompatibility study cohorts, short-term 

(one week) and long-term (three month) evaluation. Within each study cohort, four 

experimental groups corresponding to the vitreous substitute received were identified: 1) 

20AA, 2) 10AA, 3) 10AA+2-APC, and 4) Silicone Oil. Organization of the experimental 

groups for this study is presented in Figure 4.1. Composition and preparation of the 

copolymer vitreous substitutes is described in section 3.1.1 Vitreous Substitutes. 

 

4.2.2 Experimental Procedures 

 Figure 4.2 outlines the experimental design for rabbits included in this study. 

Clinical examination procedures are described in section 3.2.1 Clinical Examinations,  
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Figure 4.1: Organization of biocompatibility experimental groups. 

 

collection and analysis of electroretinogram (ERG) data is described in section 3.2.2 

Electroretinogram Procedures, vitrectomy surgical techniques are described in section 

3.2.3 Pars Plana Vitrectomy and Post-Operative Care, and histological methods are 

discussed in section 3.2.5 Histopathological Assessment. 

 

 

Figure 4.2: Biocompatibility study experimental design. 
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 Briefly, following baseline (PRE) clinical examinations and ERG recordings, a 

standard two-port pars plana vitrectomy was performed on the right eye during which 

either a copolymer candidate or Silicone Oil was injected into the vitreous cavity. Rabbits 

in the short-term evaluation cohort received follow-up clinical exams and ERGs one 

week (1W) post-operatively. For those rabbits in the long-term evaluation cohort, post-

operative exams and ERGs were taken at one (1W), four (4W), eight (8W), and twelve 

(12W) weeks post-operatively. On study closing date, rabbits were euthanized and both 

globes harvested for gross examination and histopathological assessment. 

 

4.2.3 Statistical Analysis 

 Summary statistics (mean and standard deviation) for intraocular pressures (IOPs) 

and ERG b-wave ratios are reported for each material (three copolymers and the Silicone 

Oil control) by timepoint. 

 A mixed-effects linear regression model analysis of each assessment was 

employed to analyze the differences between the four materials for any given timepoint 

or estimate the differences between each of the different post-operative timepoints and 

the baseline within a given material while taking the correlation of longitudinal 

measurements over time into account in the statistical data analysis. The overall materials 

and time effects as well as their interaction are included in each regression model to 

explore the possible differential over-time change profiles among the four different 

materials. Multiple pairwise comparisons are performed at 5% significance level 

(α=0.05) to control the overall type I error using either the Bonferroni corrections (for 
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pairwise material comparisons at any given timepoint) or the Dunnett-Hsu adjustments 

(for pairwise post-operative timepoint vs. baseline comparisons within each material) for 

the p-values. 

 Statistical analysis of the histopathological assessments was performed using a 

one-way ANOVA at a 5% significance level (α=0.05). Tukey's multiple comparisons test 

was applied to analyze the differences between the materials within a given post-

operative timepoint, and Sidak’s multiple comparisons test applied to analyze the 

differences between post-operative timepoints of a material. 

 

4.3 Results and Discussion 

4.3.1 Clinical Examinations 

 One week after vitrectomy, cataract formation was observed in several cases for 

each of the four materials, but predominantly within the Silicone Oil and 10AA+2-APC 

hydrogel groups. By four weeks post-operatively, additional rabbits receiving the 20AA 

and 10AA  hydrogels presented with observable cataracts. Cataract formation is 

commonly reported and almost anticipated following pars plana vitrectomies in humans, 

with presentation rates of anywhere from 6-100% and causative factors including light 

toxicity, oxygen exposure, and length of operative time being suggested in the literature 

[138]. In a recent retrospective case-control study of vitreoretinal surgery patients, 72% 

of recipients of small gauge PPVs presented with mild or moderate cataract changes and 

30% of patients presented with moderate changes [139]. As such, it is difficult to discern 

if cataract formation resulted from the surgical procedure or a given vitreous substitute.  
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 Crystalline formations and white clumps were also observed inferiorly within the 

vitreous cavity and on the retina for all of the hydrogels. Rare cases presented at one and 

four weeks post-operatively for the 10AA and 10AA+2-APC hydrogels, but by eight 

weeks a majority of the rabbits in both groups developed the crystalline or clump 

formations. In contrast, the phenomenon was not visible until 12 weeks post-operatively 

and only in a few rabbits receiving the 20AA hydrogel. However, several rabbits in the 

20AA hydrogel group developed pigmentary mottling at one, four, and twelve weeks 

post-operatively. 

 Mean IOP ratios are presented in Table 4.1 and Figure 4.3. Despite apparent 

absolute differences, there was no statistically significant difference in mean IOP ratio 

between the four materials within a given timepoint, or between post-operative and 

respective baseline IOP ratios within a material. 

 

Table 4.1 
 
Mean (SD) Biocompatibility IOP Ratios  

 PRE 1W 4W 8W 12W Group  
p-value a 

Silicone Oil 
0.98 

(0.21) 
0.79 

(0.24) 
1.03 

(0.19) 
0.97 

(0.12) 
0.96 

(0.15) 
0.3398 

20AA 
0.94 

(0.14) 
0.86 

(0.22) 
1.08 

(0.16) 
0.95 

(0.40) 
0.99 

(0.34) 
0.1065 

10AA 
0.96 

(0.11) 
0.91 

(0.20) 
1.16 

(0.38) 
0.93 

(0.18) 
0.99 

(0.17) 
0.6086 

10AA+2-APC 
1.06 

(0.16) 
0.96 

(0.29) 
0.93 

(0.20) 
0.93 

(0.18) 
1.03 

(0.16) 
0.1618 

Timepoint  
p-value b 0.3200 0.3982 0.2662 0.9565 0.8853  

a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 
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Figure 4.3: Biocompatibility IOP ratios as a function of time. Data is reported as mean ± 
standard deviation. 
 
 

4.3.2 Electroretinograms 

 Mean scotopic 0.01 cd.s.m-2 bOD/bOS ratios are presented in Table 4.2 and Figure 

4.4. No statistically significant difference was detected between materials within a given 

timepoint. One week post-operatively, bOD/bOS ratios for all four materials were reduced, 

however, only the 10AA+2-APC hydrogel’s bOD/bOS ratio reduction was statistically 

significant (adjusted p<0.01). Post-operative scotopic 0.01 cd.s.m-2 bOD/bOS ratios for 

Silicone Oil and the 10AA hydrogel followed a similar pattern: reduction at one week, 

increase at 4 weeks, plateau, and then reduction at 12 weeks post-operatively. These 

changes were minimal, and not statistically different from respective baselines. Following 

a slight reduction in bOD/bOS ratio at one week, post-operative scotopic 0.01 cd.s.m-2  

bOD/bOS ratio for the 20AA hydrogel rapidly decreased through 12 weeks nearly reaching  
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Table 4.2 
 
Mean (SD) Biocompatibility Scotopic 0.01 cd.s.m-2 bOD/bOS Ratios 

 PRE 1W 4W 8W 12W Group  
p-value a 

Silicone Oil 
1.07  

(0.18) 
0.97  

(0.05) 
1.02  

(0.14) 
1.01  

(0.11) 
0.95  

(0.04) 
0.2600 

20AA 
1.13  

(0.48) 
0.90  

(0.20) 
0.78  

(0.33) 
 

0.65  
(0.33) 

0.1555 

10AA 
1.08  

(0.19) 
0.97  

(0.16) 
0.99  

(0.07) 
0.98  

(0.09) 
0.92  

(0.11) 
0.2870 

10AA+2-APC 
1.13  

(0.15) 
1.03  

(0.10) 
1.00  

(0.05) 
0.95  

(0.06) 
0.94  

(0.07) 
0.0024 

Timepoint  
p-value b 0.7752 0.5948 0.5983 0.7631 0.4076 

 

a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 

 
 

 

 
 

Figure 4.4: Biocompatibility scotopic 0.01 cd.s.m-2 bOD/bOS ratios as a function of time. Data is 
reported as mean ± standard deviation. A solid line indicates significance of p<0.05 and a dashed  
line indicates significance of p<0.01. 
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toxic levels of reduction (defined as  ≤ 50%). No statistically significant difference was 

detected between these post-operative bOD/bOS ratios and baseline. Following injection of 

the 10AA+2-APC hydrogel, scotopic 0.01 cd.s.m-2 bOD/bOS ratios followed a minimally 

progressive reduction through 12 weeks. The eight and 12 weeks post-operative bOD/bOS 

ratios were significantly less than baseline (adjusted p<0.05). 

 Mean scotopic 3.0 cd.s.m-2 bOD/bOS ratios are presented in Table 4.3 and Figure 

4.5. No statistically significant difference was detected between materials within a given 

timepoint. Both Silicone Oil and the 10AA+2-APC hydrogel followed a similar trend 

across post-operative timepoints: reduction at one week, plateau to four weeks, followed 

by an increase through 12 weeks. One week scotopic 3.0 cd.s.m-2 bOD/bOS ratios for 

Silicone Oil and the 10AA+2-APC hydrogel were significantly less than baseline 

(adjusted p<0.01 and adjusted p<0.05, respectively), while only the Silicone Oil’s four 

week ratio was also significantly less (adjusted p<0.05). The 10AA hydrogel’s bOD/bOS 

ratios also followed this trend, however, there was a small and insignificant reduction at 

12 weeks and no post-operative bOD/bOS ratio was statistically significant from baseline. 

In a sharp contrast, the 20AA hydrogel’s scotopic 3.0 cd.s.m-2 bOD/bOS ratios 

progressively reduced to near toxic levels through 12 weeks with a definitive decline 

between one and four weeks.  

 Mean photopic 3.0 cd.s.m-2 bOD/bOS ratios are presented in Table 4.4 and Figure 

4.6. Following vitrectomy, the Silicone Oil, 10AA hydrogel, and 10AA+2-APC hydrogel 

all presented minimal, statistically insignificant changes from baseline bOD/bOS ratios. 

Conversely, post-operative photopic 3.0 cd.s.m-2 bOD/bOS ratios for the 20AA hydrogel 

were drastically reduced, most notably at four weeks where the significant bOD/bOS ratio  
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Table 4.3 
 
Mean (SD) Biocompatibility Scotopic 3.0 cd.s.m-2 bOD/bOS Ratios 

 PRE 1W 4W 8W 12W Group  
p-value a 

Silicone Oil 
1.02  

(0.04) 
0.83  

(0.12) 
0.81  

(0.17) 
0.93  

(0.12) 
0.98  

(0.19) 
0.0065 

20AA 
1.18  

(0.41) 
1.06  

(0.51) 
0.78  

(0.17) 
 

0.68  
(0.23) 

0.1386 

10AA 
0.95  

(0.10) 
0.83  

(0.13) 
0.84  

(0.13) 
0.91  

(0.19) 
0.88  

(0.09) 
0.1458 

10AA+2-APC 
1.10 

 (0.17) 
0.88  

(0.14) 
0.90  

(0.14) 
0.97  

(0.18) 
1.01  

(0.18) 
0.0184 

Timepoint  
p-value b 0.0523 0.4238 0.7462 0.7391 0.2241 

 

a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 

 
 

 

 
 

Figure 4.5: Biocompatibility scotopic 3.0 cd.s.m-2 bOD/bOS ratios as a function of time. Data is 
reported as mean ± standard deviation. A solid line indicates significance of p<0.05 and a dashed 
line indicates significance of p<0.01. 
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Table 4.4 
 
Mean (SD) Biocompatibility Photopic 3.0 cd.s.m-2 bOD/bOS Ratios 

 PRE 1W 4W 8W 12W Group  
p-value a 

Silicone Oil 
0.97  

(0.01) 
0.97  

(0.03) 
0.93  

(0.07) 
0.95  

(0.07) 
0.94  

(0.10) 
0.7972 

20AA 
0.95  

(0.18) 
0.84  

(0.21) 
0.49  

(0.14) 
 

0.75  
(0.08) 

0.0002 

10AA 
0.97  

(0.03) 
0.95  

(0.08) 
0.91  

(0.10) 
0.99  

(0.15) 
0.95  

(0.07) 
0.4792 

10AA+2-APC 
1.01  

(0.09) 
0.99  

(0.06) 
0.97  

(0.04) 
0.93  

(0.03) 
0.95  

(0.05) 
0.1766 

Timepoint  
p-value b 0.4856 0.1320 <0.001 0.3606 0.2618 

 

a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 

 
 

 

 
 

Figure 4.6: Biocompatibility scotopic 3.0 cd.s.m-2 bOD/bOS ratios as a function of time. Data is 
reported as mean ± standard deviation. A dotted line and hashtag indicate significance of 
p<0.0001. 
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reduction crossed into a toxic level (adjusted p<0.0001). The photopic 3.0 cd.s.m-2 

bOD/bOS ratio for the 20AA hydrogel at this timepoint was also significantly less than the 

ratio of the other three (adjusted p<0.001). No statistically significant difference was 

detected between materials at the other post-operative timepoints. 

 

4.3.3 Histopathological Assessment 

 Gross examination of the globes confirmed the visibility of crystalline formations 

on the retina and white material throughout the vitreous cavity observed during clinical 

examinations for rabbits in the 10AA, 20AA, and 10AA+2-APC hydrogel groups 

(Figure 4.7). 

 Microscopic examinations of H&E sections were performed on each experimental 

and control eyes. For eyes harvested one week post-operatively, five pairs of eyes were 

analyzed and one pair excluded in the Silicone Oil group; while two pairs were analyzed 

and three pairs excluded in the 20AA group; seven pairs of eyes analyzed in the 10AA 

group; and five pairs of eyes were analyzed and two pairs excluded in the 10AA+2-APC 

group. For eyes harvested three months post-operatively, five pairs of eyes were analyzed 

in the Silicone Oil group; while five pairs were analyzed in the 20AA group; six pairs of 

eyes analyzed in the 10AA group; and six pairs of eyes were analyzed in the 10AA+2-

APC group. 

 Short-term cohort sections demonstrated chronic inflammatory cells, clustered 

predominantly at the anterior and posterior vitreous face (Figure 4.8). The inflammatory 

infiltrate consisted of predominantly macrophages, but plasma cells and lymphocytes 

were also present. Mean inflammatory scores are presented in Table 4.5 and Figure 4.9.  
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Figure 4.7: Representative gross images of Silicone Oil, 20AA, 10AA and 10AA+2-APC 
biocompatibility globes at one and 12 weeks post-operatively. 
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Figure 4.8: Representative biocompatibility short-term cohort hematoxylin and eosin staining. 
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Table 4.5 
 
Mean (SD) Biocompatibility Inflammatory Scores  

 1W 3M Group p-value a 
Silicone Oil 1.20 (0.45) 0.40 (0.55) 0.0845 
20AA 2.41 (0.33) 0.48 (0.57) <0.0001 
10AA 3.21 (0.57) 0.89 (0.51) <0.0001 
10AA+2-APC 1.38 (0.32) 0.58 (0.66) 0.0993 

Timepoint p-value b <0.0001 0.5277  
a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 

 
 

 

Figure 4.9: Biocompatibility short-term cohort inflammatory scores. Data is reported as mean ± 
standard deviation. A solid line indicates significance of p<0.05, a dashed line indicates 
significance of p<0.01, and a dotted line indicates significance of p<0.0001. 
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which was not statistically significant compared to Silicone Oil. One 10AA+2-APC 

globe was subsequently excluded following outlier statistical analysis (Grubbs’ test). In 

several globes, a robust inflammatory infiltrate was present in the choroid. In the 20AA 

and 10AA groups, five out of a total of 11 globes demonstrated choroidal inflammation, 

while none of the globes in the Silicone Oil and 10AA+2-APC groups had choroiditis. 

 Long-term cohort sections demonstrated dramatically less chronic inflammation 

in all groups (Figure 4.10). Mean inflammatory scores are presented in Table 4.5 and 

Figure 4.11. No statistically significant difference could be detected between the groups. 

Inflammation was predominantly composed of macrophages and no inflammatory 

choroidal infiltrate was observed. Instead, a cellular proliferation was seen in the choroid 

and/or optic nerve for all three hydrogels but not with Silicone Oil (Figure 4.12). Cellular 

infiltrate was composed of large, polygonal cells that demonstrated moderate 

pleomorphism. Some cells exhibited large nuclei with prominent nucleoli. Large giant 

cells could be seen within the infiltrate. CD163 immunohistochemical stain was 

performed on two representative eyes and was positive, confirming that the neoplasm is a 

macrophage derivative (Figure 4.12C). 

 When comparing the one week and three month inflammatory scores within a 

material, three month scores for both 20AA and 10AA were statistically less than the one 

week scores (p<0.0001) (Table 4.5 and Figure 4.13). There was no statistically 

significant difference between scores for Silicone Oil or the 10AA+2-APC hydrogel. The 

difference in inflammatory scores, statistically significant or not, is consistent with the 

altered presentation of inflammatory response in the ocular tissue. Over time, foreign 

bodies introduced in the ocular space will transport and transcend their surroundings. In  
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Figure 4.10: Representative biocompatibility long-term cohort hematoxylin and eosin staining. 
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Figure 4.11: Biocompatibility long-term cohort inflammatory scores. Data is reported as mean ± 
standard deviation. 
 

humans, presence of a well developed lamina cribrosa acts as a barrier between the 

vitreous cavity and choroid/optic nerve. However, this protective filtration system is 

poorly developed in rabbits. As such, the choroid and optic nerve are left vulnerable as an 

ocular inflammatory response and infiltrating foreign/cellular bodies have a direct 

conduit to these critical structures. Absence of the lamina cribrosa makes it difficult to 

attribute the moving inflammatory response to either the hydrogels alone, hydrogels 

coupled with a robust inflammatory response, or the infiltrates only. 
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A B C 

   
 
Figure 4.12: Biocompatibility long-term cohort choroidal tumor and CD163 stain. (A) 
hematoxylin and eosin staining at 5x magnification, (B) hematoxylin and eosin staining at 20x 
magnification, and (C) representative CD163 stained slide at 20x magnification. 
 

 
Figure 4.13: Biocompatibility short- vs. long-term cohort inflammatory scores. Data is reported 
as mean ± standard deviation. A dotted line indicates significance of p<0.0001. 
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ratios, however, were reduced enough from baseline and in comparison to the other 

materials so as to be considered clinically significant. On the other hand, the detected 

significance of the 10AA+2-APC hydrogel’s scotopic 0.01 cd.s.m-2 bOD/bOS ratio at this 

timepoint is small enough to be considered clinically insignificant. Although the 

inflammatory response for all materials was tempered by 12 weeks and demonstrated no 

statistical significance, the robust one week response of the 20AA and 10AA hydrogels is 

indicative of retinotoxicity. Taking into consideration the electroretiogram analysis, 

clinical examinations, histolopathological assessments and weighing them against 

statistical vs. clinical significance, the 10AA+2-APC in situ forming hydrogel can be 

considered to be as biocompatible as Silicone Oil, and a candidate for further 

investigation as a long-term vitreous substitute. 
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CHAPTER 5 

BIOPERFORMANCE OF A PHOSPHOCHOLINE-CONTAINING IN SITU 
FORMING HYDROGEL IN A RABBIT TRAUMA MODEL OF 

PROLIFERATIVE VITREORETINOPATHY 
 

5.1 Introduction 

 In theaters of combat operations, the eye is one of the most frequent targets of 

injury. Between the Civil War and Operation Desert Storm, rates of ocular injuries during 

United States armed conflicts rose from 0.5% to 13% [49,50]. Of the men and women 

who experience ocular trauma in theaters of combat operations, one third become legally 

blind [52]. Compared to injuries in the civilian sector, injuries in theaters of combat 

operations are sustained in dirty, dusty, high-stress environments under hostile fire. With 

the use of improvised explosive devices, mortars, and rocket-propelled grenades, combat 

trauma is destructive and associated with systemic, often bilateral injuries with multiple 

foreign bodies [46].  

  These penetrating and perforating eye injuries have predicable consequences, 

cascading into scarring on or under the retina (known as proliferative vitreoretinopathy), 

and ultimately retinal detachment [6,7]. And though an intact vitreous body is central to 

ocular health, the contemporary substitutes utilized in vitrectomies are ill suited for long-

term use, demonstrating toxicity to intraocular structures and less than ideal success rates 

of retinal reattachment [3,11-16]. 

 Vitreous substitute candidates will directly interface with post-surgical scar tissue, 

necessitating the inhibition of cellular attachment to the substitute. The incorporation of a 

phosphocholine moiety into polymers has been shown to reduce cell adhesion and 
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proliferation rates in vitro by mimicking native cell-surface phospholipids without 

corresponding arginylglycylaspartic acid (RGD) cell attachment points (RGD) [32]. 

Without these binding points, integrins fail to recognize the environment and cannot 

attach [130,131].], [32]. One example is poly(acrylamide-sodium acrylate-

acryloylphosphorlycholine), or 2-APC. This zwitterion and phospholipid analogue 

possesses a unique comb-like structure whose characteristic bristles inhibit protein 

adsorption and cellular adherence, making it perfectly suited for the inhibition of 

proliferative vitreoretinopathy [32].  

 In further development of their unique in situ forming biomimetic hydrogel, our 

collaborators at the Veteran’s Affairs Health Care Systems, John Cochran Division in St. 

Louis and the Department of Ophthalmology and Visual Sciences of Washington 

University have combined acrylamide and acrylic acid into one copolymer group [1,28-

31]. Such chemistry allows for lower gelling concentrations, increased swelling for 

osmotic pressure, and enhanced oxidation rates. Recently, the successful incorporation of 

2-APC into this poly(acrylamide co-acrylic acid) in situ forming copolymer and its in 

vitro biocompatibility has recently been demonstrated by our collaborators (data 

unpublished). Through the first aim of this dissertation, the short-and long-term 

biocompatibility of a 2-APC incorporating hydrogel was determined to be comparable to 

that of silicone oil based upon electroretinography, clinical examination, and histological 

analysis. 

 The objective of this current study was to evaluate the in vivo bioperformance, the 

PVR inhibitory efficacy, of a phosphocholine-containing in situ forming hydrogel against 

that of silicone oil in a rabbit trauma model of proliferative vitreoretinopathy (PVR). 
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5.2 Specific Methodology 

5.2.1 Groups 

 Twelve rabbits were used in this study and divided into two experimental groups 

based on the vitreous substitute received. Six rabbits were assigned to Silicone Oil, and 

the remaining six rabbits assigned to the 10AA+2-APC hydrogel. Composition and 

preparation of the 10AA+2-APC hydrogel copolymer is described in section 3.1.1 

Vitreous Substitutes. 

 

5.2.2 Experimental Procedures 

 Figure 5.1 outlines the experimental design for rabbits included in this study. 

Clinical examination procedures are described in section 3.2.1 Clinical Examinations and 

the collection and analysis of electroretinogram (ERG) data is described in section 3.2.2 

Electroretinogram Procedures. Surgical techniques for the trauma procedure are 

described in section 3.2.4 Proliferative Vitreoretinopathy Inducing Surgery and the 

vitrectomy surgical techniques are described in section 3.2.3 Pars Plana Vitrectomy and 

Post-Operative Care. Histological methods are discussed in section 3.2.5 

Histopathological Assessment. 

 In addition to the procedures described in section 3.2.1 Clinical Examinations, 

progression of induced experimental PVR was scored according to clinical landmarks 

using two classification systems (Table 5.1 and Table 5.2). The first classification 

system, known as the Fastenberg PVR scale, scores clinical landmarks across five stages 

and was recorded as “grades” [140,141]. The second system, a revision to more  
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Figure 5.1: Bioperformance study experimental design. 
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Table 5.1 
 
Stages and Clinical Landmarks of the Fastenberg PVR Scale 
Grade Clinical Landmarks 

0 Normal retina 
1 Intravitreal membrane 

2 Focal traction, localized vascular changes including hyperemia, 
engorgement, dilation, or blood vessel elevation 

3 Localized detachment of medullar ray 

4 Extensive retinal detachment, total medullar ray detachment, peripapillary 
retinal detachment 

5 Total retinal detachment, retinal folds, and holes 
 

 

Table 5.2 
 
Stages and Clinical Landmarks of the Revised PVR Scale 
Stage Clinical Landmarks 

0 
Normal retina. The retina looks normal at this stage. Occasionally, fine 
intravitreous strands are seen extending from the injection site to the posterior 
retina. 

1 Surface wrinkling. The retina shows an irregular surface of the medullary 
wings or visual streaks with a beaten metal appearance. 

2 

Mild pucker. Single or multiple small focal contractions resulting in slight 
displacement of vessels toward the center are observed. These do not involve 
all of the medullary wing(s) and are not elevated. In rare cases, these lesions 
may cease developing at this stage and disappear at a later time. 

3 
Severe pucker. The preretinal contraction involves the whole area of the 
wing(s) and may consist of a single pucker or multiple puckers. The retina 
may be tented up but not by vitreous strands. 

4 Elevated pucker. At this stage, antero–posterior traction is observed, with the 
pucker(s) becoming elevated by vitreous strands. 

5 
Partial retinal detachment. Detachment of the medullary wing occurs but 
involves only one wing. Retinal detachment is seen with or without vitreous 
strands. 

6 Low detachment. Retinal detachment involves both medullary wings, but the 
remainder of the avascular retina is attached. 

7 
Total detachment. Retinal detachment is seen over most of the avascular 
retina, usually with an appearance of a closed funnel detachment. Retinal holes 
are visible in most cases. 
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adequately account for events in a vitrectomy model, scores clinical landmarks of PVR 

progression across eight stages and was recorded as “stages” [142]. 

 Briefly, following baseline (PRE) clinical examinations and ERG recordings, a 

well-established model of PVR mimicking traumatic penetrating or perforating injuries 

was performed. After 14 days of progression (timepoint PVR), clinical examinations and 

ERGs were conducted. Next, a standard two-port pars plana vitrectomy was performed 

on the right eye during which either the Silicone Oil or 10AA+2-APC copolymer was 

injected into the vitreous cavity. Rabbits then received follow-up clinical exams and ERG 

recordings at one (1W), four (4W), eight (8W), and twelve (12W) weeks post-

operatively. On study closing date, rabbits were euthanized and both globes harvested for 

gross examination and histopathological assessment. 

 

5.2.3 Statistical Analysis 

 Summary statistics (mean and standard deviation) for intraocular pressures (IOPs) 

and ERG b-wave ratios are reported for each material (copolymer and Silicone Oil 

control) by timepoint. 

 A mixed-effects linear regression model analysis of each assessment was 

employed to analyze the difference between the polymer material and control for any 

given timepoint or estimate the differences between each of the post-operative timepoints 

and the baseline within a given material while taking the correlation of longitudinal 

measurements over time into account in the statistical data analysis. The overall material 

and time effects as well as their interaction are included in each regression model to 

explore the possible differential over-time change profiles between the two different 
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materials. Multiple pairwise comparisons are performed at 5% significance level 

(α=0.05) to control the overall type I error using the Dunnett-Hsu adjustments for the p-

values (for pairwise post-operative timepoint vs. baseline comparisons within each 

material). 

 Statistical analysis of the histopathological assessments was performed using an 

unpaired t-test (Student’s t-test) at a 5% significance level (α=0.05). 

 

5.3 Results and Discussion 

5.3.1 Clinical Examinations 

 Frequency of observed clinical landmarks across timepoints for both PVR scales 

are presented in Figures 5.2 and 5.3. Consistent clinical observation of the fundus was 

not possible in all rabbits due to media opacities such as cataract formation and a haze in 

the vitreous body caused by the presence of depigmented injected autologous blood, both 

of which interfere with visibility of retinal structures. Rabbits falling into this category 

are represented as “unscored” in the figures. By eight weeks after vitrectomy, physical 

presence of the injected material was discoverable upon funduscopic examinations of 

scorable rabbits; depending on which material was injected, the silicone oil-vitreous 

interface was observable, or crystal formations and clumps of a white material were 

visible on the retina and throughout the vitreous cavity.  

 At the PVR and one week post-operative timepoints, most of the rabbits were 

unable to be scored regardless of material. The beginning of the proliferative process 

(Grade ≥ 2, Stage ≥ 3) presented by four and eight weeks for the 10AA+2-APC hydrogel 

and Silicone Oil, respectively. Eight week post-operative scores of both materials were  
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Figure 5.2: Frequency of clinical landmarks represented as the number of rabbits having a given 
grade as based on the Fastenberg PVR scale (✖ = Silicone Oil and ¢ = 10AA+2-APC). As 
retinal detachment is an unequivocal event, a major separation between grades 2 (focal 
traction/pucker) and 3 (localized detachment) was chosen to indicate efficacy of a material (solid 
line). The separation between grades 1 (intravitreous strand formation) and 2 represents the 
beginning of the proliferative process in the eye (dashed line). 
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Figure 5.3: Frequency of clinical landmarks represented as the number of rabbits having a given 
stage as based on the Revised PVR scale (✖ = Silicone Oil and ¢ = 10AA+2-APC). As retinal 
detachment is an unequivocal event, a major separation between grades 4 (elevated pucker) and 5 
(partial retinal detachment) was chosen to indicate efficacy of a material (solid line). The 
separation between grades 2 (mild pucker) and 3 (severe pucker) represents the beginning of the 
proliferative process in the eye (dashed line). 
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dominated by clear presentations of the proliferative process. While no 10AA+2-APC 

rabbits presented with developed PVR (Grade ≥ 3, Stage ≥ 5) at this timepoint, several 

Silicone Oil rabbits could be classified as such. Twelve weeks after vitrectomy, rabbits 

from both groups predominantly presented with later phases of the proliferative process 

or developed PVR. 

 Mean IOP ratios are presented in Table 5.3 and Figure 5.4. Despite apparent 

absolute differences, no statistically significant difference was detected between the two 

materials within timepoints. However, both materials did demonstrate statistically 

significant differences between post-operative and respective baseline IOP ratios. At the  

 

 

fourteen day post-injury follow-up (timepoint PVR), rabbits from both Silicone Oil and 

the 10AA+2-APC hydrogel groups experienced a significant decrease in IOP ratio 

(adjusted p<0.0001 and adjusted p<0.01, respectively). This is an expected result, as all 

rabbits at this timepoint had undergone identical injury surgeries but had not yet 

undergone vitrectomies and received material injections. After Silicone Oil injection, IOP  

Table 5.3 
 
Mean (SD) Bioperformance IOP Ratios  

 PRE PVR 1W 4W 8W 12W 
Group 

p-value a 

Silicone Oil 1.11 
(0.07) 

0.72 
(0.10) 

0.80 
(0.26) 

0.71 
(0.29) 

0.95 
(0.26) 

0.89 
(0.22) 

<0.0001 

10AA+2-APC 1.08 
(0.14) 

0.72 
(0.23) 

0.73 
(0.19) 

0.75 
(0.19) 

0.78 
(0.22) 

0.85 
(0.33) 

0.0012 

Timepoint 
p-value b 

0.6823 0.9659 0.6039 0.8010 0.1688 0.8365  
a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 
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Figure 5.4: Bioperformance IOP ratios for Silicone Oil and 10AA+2-APC as a function of time. 
Data is reported as mean ± standard deviation. A solid line indicates significance of p<0.05, a 
dashed line indicates significance of p<0.01, and a dotted line indicates significance of p<0.0001. 
 

ratios followed an alternating increase-decrease pattern at subsequent post-operative 

timepoints. By eight weeks after vitrectomy, although still reduced, the IOP ratio of these 

rabbits was no longer significantly different from baseline indicating a recovery of 

osmotic pressure within the vitreous cavity (one and four week adjusted p<0.05). 

Conversely, IOP ratios following injection with 10AA+2-APC steadily increased until 12 

weeks, at which time the IOP ratio of these rabbits was no longer statistically less than 

baseline (one and four week adjusted p<0.01, eight week adjusted p<0.05). 

 

5.3.2 Electroretinograms 

 Mean scotopic 0.01 cd.s.m-2 bOD/bOS ratios are presented in Table 5.4 and Figure 

5.5. At the fourteen day post-injury follow-up (PVR), rabbits from both material groups  
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Table 5.4 
 
Mean (SD) Bioperformance Scotopic 0.01 cd.s.m-2 bOD/bOS Ratios 

 PRE PVR 1W 4W 8W 12W Group 
p-value a 

Silicone Oil 
0.99 

(0.06) 
0.95 

(0.10) 
0.92 

(0.08) 
0.81 

(0.16) 
0.83 

(0.09) 
0.89 

(0.06) 
<0.0001 

10AA+2-APC 
1.02 

(0.06) 
0.96 

(0.05) 
0.75 

(0.05) 
0.79 

(0.07) 
0.87 

(0.11) 
0.77 

(0.06) 
<0.0001 

Timepoint 
p-value b 

0.4979 0.8766 0.0002 0.7375 0.4329 0.0005  
a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 

 

experienced an absolute, but insignificant reduction in bOD/bOS ratios. One week after 

vitrectomy, bOD/bOS ratios for both materials were further reduced, but only the 10AA+2-

APC hydrogel’s bOD/bOS ratio was significantly less than baseline (adjusted p<0.0001).  

 

 
 

Figure 5.5: Bioperformance scotopic 0.01 cd.s.m-2 bOD/bOS ratios for Silicone Oil and 10AA+2-
APC as a function of time. Data is reported as mean ± standard deviation. A solid line indicates 
significance of p<0.05, a dashed line or donut indicates significance of p<0.01, and a dotted line 
indicates significance of p<0.0001. 
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The hydrogel’s bOD/bOS ratio was also significantly less than that of Silicone Oil (p<0.01). 

Four weeks after injection with Silicone Oil, the scotopic 0.01 cd.s.m-2 bOD/bOS ratio 

continued to decrease significantly (adjusted p<0.05). Though bOD/bOS ratios slowly 

increased through the eight and 12 weeks post-operative timepoints, indicative of 

potential retinal health recovery, they remained significantly less than baseline (adjusted 

p<0.0001). Scotopic 0.01 cd.s.m-2 bOD/bOS ratios at four and eight weeks following 

10AA+2-APC injection, while greater than the one week ratio, were also significantly 

less than baseline (adjusted p<0.0001 and adjusted p<0.01, respectively). A sharp and 

significant decrease followed at 12 weeks (adjusted p<0.0001). Four weeks after 

vitrectomy, scotopic 0.01 cd.s.m-2 bOD/bOS ratios for both Silicone Oil and the 10AA+2-

APC hydrogel were significantly less than their respective baseline ratios, and this 

significance was sustained through the final timepoint. Twelve weeks after vitrectomy, 

the 10AA+2-APC hydrogel’s scotopic 0.01 cd.s.m-2 bOD/bOS ratio was significantly less 

than that of the Silicone Oil (p<0.01). 

 Mean scotopic 3.0 cd.s.m-2 bOD/bOS ratios are presented in Table 5.5 and Figure 

5.6. Despite apparent absolute differences, no statistically significant difference was  

 
Table 5.5 
 
Mean (SD) Bioperformance Scotopic 3.0 cd.s.m-2 bOD/bOS Ratios 

 PRE PVR 1W 4W 8W 12W 
Group 

p-value a 

Silicone Oil 
0.98  

(0.05) 
0.62 

(0.13) 
0.73 

(0.19) 
0.64 

(0.16) 
0.64 

(0.16) 
0.63 

(0.16) 
<0.0001 

10AA+2-APC 
0.98 

(0.06) 
0.69 

(0.05) 
0.54 

(0.15) 
0.57 

(0.11) 
0.55 

(0.06) 
0.56 

(0.07) 
<0.0001 

Timepoint 
p-value b 

0.9964 0.3006 0.0743 0.3992 0.1753 0.2922  
a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 
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detected between the two materials within a given timepoint. At the fourteen day post- 

injury follow-up (timepoint PVR), rabbits from both material groups demonstrated the 

expected reduction in bOD/bOS ratio and it was significant (adjusted p<0.0001). An  

 

 
 
Figure 5.6: Bioperformance scotopic 3.0 cd.s.m-2 bOD/bOS ratios for Silicone Oil and 10AA+2-
APC as a function of time. Data is reported as mean ± standard deviation. A solid line indicates 
significance of p<0.05 and a dotted line indicates significance of p<0.0001. 
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bOD/bOS ratios at each of these post-operative timepoints were significantly less than 
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Silicone Oil, scotopic 3.0 cd.s.m-2 bOD/bOS ratios then plateaued through 12 weeks 

hovering around toxic levels of reduction. All post-operative 10AA+2-APC hydrogel 

bOD/bOS ratios were significantly less than baseline (adjusted p<0.0001).  

 Mean photopic 3.0 cd.s.m-2 bOD/bOS ratios are presented in Table 5.6 and Figure 

5.7. Despite absolute differences, no statistically significant difference was detected  

 

Table 5.6 
 
Mean (SD) Bioperformance Photopic 3.0 cd.s.m-2 bOD/bOS Ratios 

 PRE PVR 1W 4W 8W 12W Group 
p-value a 

Silicone Oil 
0.99 

(0.02) 
1.00 

(0.03) 
1.00 

(0.05) 
0.97 

(0.03) 
0.93 

(0.07) 
0.96 

(0.05) 
0.0959 

10AA+2-APC 
0.99 

(0.02) 
1.02 

(0.05) 
0.96 

(0.05) 
0.99 

(0.03) 
0.98 

(0.04) 
0.95 

(0.04) 
0.0985 

Timepoint 
p-value b 

0.9312 0.4869 0.1360 0.1917 0.2050 0.5264  
a p-value corresponding to the time effect within a group 
b p-value corresponding to the material effect within a timepoint 

 

between the two materials within a given timepoint. Unlike the scotopic 0.01 cd.s.m-2 and 

scotopic 3.0 cd.s.m-2 bOD/bOS ratios, photopic 3.0 cd.s.m-2 bOD/bOS ratios for both 

materials fourteen days after injury (timepoint PVR) were slightly, but not significantly 

increased as compared to baseline. The minimal differences between post-vitrectomy 

photopic 3.0 cd.s.m-2 bOD/bOS ratios and baseline ratios for both Silicone Oil and 

10AA+2-APC were not statistically significant. 
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Figure 5.7: Bioperformance photopic 3.0 cd.s.m-2 bOD/bOS ratios for Silicone Oil and 10AA+2-
APC as a function of time. Data is reported as mean ± standard deviation. 
 

5.3.3 Histopathological Assessment 

 Gross examination of the globes confirmed the visibility of crystalline formations 

on the retina and throughout the vitreous cavity observed during clinical examinations for 

rabbits in the 10AA+2-APC group (Figure 5.8). 

 Microscopic examinations of H&E sections revealed scant intraocular 

inflammation in eyes treated with Silicone Oil compared to mild to moderate 

inflammation in eyes treated with 10AA+2APC: 0.36 (± 0.31) versus 1.90 (± 1.15) 

(Figure 5.9). The difference was found to be statistically significant (p<0.01). 

Sections also revealed histologic evidence of PVR in all of the globes for both materials, 

except for one globe with Silicone Oil (Figures 5.10 and 5.11). Specifically, there were 

gliosis of the retina, partial or full thickness retinal atrophy, and/or puckering. 
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A B 

  
 
Figure 5.8: Representative gross image of a 10AA+2-APC bioperformance globe and its 
contralateral control 12 weeks after vitrectomy. (A) Crystalline formations on the retina are 
clearly visible in comparison to (B) the contralateral control globe of the same rabbit. 
 

In addition, a cellular infiltrate was seen in two of the six globes injected with 10AA+2-

APC, which was similar in appearance to the infiltrate seen in the biocompatibility long-

term cohort. However, the infiltrate was smaller in size and giant cells were not observed 

in sections reviewed. 

 

Figure 5.9: Bioperformance inflammatory scores for Silicone Oil and 10AA+2-APC. Data is 
reported as mean ± standard deviation. A dashed line indicates significance of p<0.01.  
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A B C 

   
 
 

Figure 5.10: Representative bioperformance hematoxylin and eosin staining for Silicone Oil. (A) 
Retinal hole and pucker at 1.25x magnification, (B) retinal hole at 5x magnification, and (C) 
pucker at 5x magnification. 
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Figure 5.11: Representative bioperformance hematoxylin and eosin staining for the 10AA+2-
APC hydrogel. 
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5.4 Conclusion 

 Across the three months follow-up after injection in a rabbit trauma model of 

proliferative vitreoretinopathy, both Silicone Oil and the 10AA+2-APC hydrogel proved 

ineffective in successfully inhibiting the progression and development of PVR. This is 

most evident in the materials’ scotopic 3.0 cd.s.m-2 bOD/bOS ratios, which plateaued at 

toxic levels by four weeks after vitrectomy and injection. Progression of PVR observed 

clinically was confirmed through histopathological assessments. While the mean 

inflammatory score for the Silicone Oil rabbits was statistically lower than that for the 

10AA+2-APC hydrogel, histologic evidence of PVR in the way of retinal gliosis, partial 

or full retinal atrophy, or retinal puckering was observed for 11 of the 12 rabbits in this 

study. Based upon the electroretinogram analysis, clinical examination, and 

histopathological assessment, it can be concluded that the 10AA+2-APC is equally as 

effective as Silicone Oil in the inhibition of PVR as observed in this bioperformance 

study; neither Silicone Oil nor the 10AA+2-APC hydrogel is an effective material in the 

attenuation of proliferative vitreoretinopathy. 
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CHAPTER 6 

CONCLUDING REMARKS 
 

6.1 Future Directions 

 This dissertation set out to evaluate a novel in situ forming poly(acrylamide co-

acrylic acid) hydrogel as a potential long-term vitreous substitute, and the influence of 

phosphocholine incorporation through rigorous rabbit modeled in vivo biocompatibility 

and bioperformance.  In this section, we will discuss possible directions for future work. 

 

6.1.1 Experimental Timeline 

 A few alternatives in the experimental timeline could be attempted to further our 

knowledge about the biocompatibility of the experimental vitreous substitutes and their 

interaction with the ocular tissue. Biocompatibility was assessed up to three months post-

vitrectomy, but only two study endpoints were defined (one week and three months). 

Though critical to understanding the acute and chronic material-tissue interaction, 

“bookend” histological analysis limits our ability to understand the full course of this 

process. Expanding the study to include endpoints of one and two months would close 

this gap and allow us to more critically evaluate the tissue response to the materials. The 

inclusion of additional post-operative evaluation timepoints would also bolster the 

biocompatibility evaluation. A proposed evaluation schedule would be every two weeks 

post-operatively, with the inclusion of a one week post-operative timepoint to capture the 

immediate impact of the substitute.  
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6.1.2 Rheological Behavior of the Injected Substitutes 

 Animal models deliver a wealth of information not discernable from bench top in 

vitro work, allowing us to observe how a material actually responds when challenged 

within the confines of its working environment. Taking oscillatory shear measurements at 

the experimental endpoints, namely the storage and loss modulus (G’ and G’’), and 

comparing them to the collected in vitro data by our collaborators would allow us to 

assess the influence of the ocular environment on the functional material properties of 

these material answering questions about biodegradation and the impact of injection 

mechanics on the hydrogel network.  

 

6.1.3 Inclusion of Optical Coherence Tomography 

 A non-invasive imaging test that takes cross-sectional images of retina, optical 

coherence tomography (OCT) provides qualitative and quantitative means to identify 

retinal pathologies, subtle to overt. The ability to see the distinctive layers of the vitreous 

means mapping and thickness measurements of this critical ocular structure can be 

analyzed to monitor the progression of disease or inflammatory response. With a majority 

of the rabbits in the PVR injury model unable to be scored according to the conventional 

grading scales until four weeks after vitrectomy (six weeks after the initial injury), 

including OCT evaluation at the post-operative timepoints would deliver a much needed 

in vivo assessment of the choroid and retina architectures for comparison to contralateral 

and material controls.  
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6.1.4 Expansion of Histopathology to Include Analysis of Glial Markers  

 Hematoxylin and eosin staining is a standard and insightful histological stain for 

the analysis of an inflammatory response and morphological changes in the pursuit of a 

biocompatible vitreous substitute. This technique is limited, however, by technique 

sensitivity, and the subjectivity and experience of both the technician and the pathologist.  

All of which are critical considerations when working with animal and not human tissue. 

In the absence of an experienced veterinary ocular pathologist and a greater pursuit to 

understanding the mechanisms underlying the inflammatory and morphological changes, 

subsequent immunohistochemical analysis are warranted. 

 Müller glial cells are the dominating macroglial cells in the retina. In response to 

pathological changes in retinal tissue, activated glial cells secrete mediators that play a 

role in the induction of pathologic lesions. These activated Müller cells express an up-

regulation of the of the intermediate filament glial fibrillary acidic protein (GFAP). Glial 

cells are also an integral component of proliferative vitreoretinopathy (PVR) lesions. In 

addition to an increased expression of GFAP, there is an up-regulation of the glial marker 

Vimentin associated with PVR, and both glial markers have demonstrated increased 

expression following induction of experimental PVR. The implementation of western 

blot and immunofluorescence analysis of the intermediate filament proteins in Müller 

glial cells to quantify fluorescence densities of the glial markers GFAP and Vimentin as 

compared to pre-surgical values would be an invaluable measure of the experimental 

hydrogels’ efficacy to inhibit and/or attenuate PVR. Evaluation of GFAP expression 

would also benefit the in vivo biocompatibility studies.  
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 A final expansion of the histolopathological assessment would be specific to the 

biocompatibility studies. Vascular endothelial growth factor (VEGF) is a pro-

inflammatory gene whose over expression has been well documented to promote the 

progression of choroidal neovascularization and inducing pathological angiogenesis. By 

measuring the VEGF expression of those retinal cells in direct contact with the 

experimental vitreous substitutes, the induced inflammatory response of these materials 

can be visualized, quantified, and more thoroughly understood. 

 

6.2 Final Statement 

 The critical need for a successful, permanent vitreous substitute is apparent in the 

field of ophthalmology and crucial among our military and combat veterans. Translating 

benchtop science and engineering efforts to direct veteran care applications is of the 

utmost importance. The ultimate goal is the design of a biomimetic long-term substitute, 

and the body of work encompassed by this dissertation is one more step in moving the 

field towards this, opening doors to new research questions in the process. It is my hope 

that this work will invigorate efforts towards development of such a substitute, and 

inspire colleague to join the efforts through cross-disciplinary collaborations. It is my 

hope that this dissertation stands as a reminder of the sacrifices made by the men and 

women of our military communities, and our ability as scientists and engineers to 

uniquely serve those who have and continue to serve for us. 
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APPENDIX A 

GANZFELD ERG CONSTRUCTION 

Successful construction of the in-house Ganzfeld ERG consisted of two parts: 1) 

hardware connection and 2) fabrication and calibration of a Ganzfeld dome. 

 

Part 1: 

Amplifiers (Model P55 AC Pre-Amplifier) for the right (OD) and left (OS) eyes were 

connected to their respective inputs on the multifunction data acquisition (DAQ) board 

(USB-6216) with a BNC cable. The photic stimulator (Model PS33 Plus) was connected 

to the photostimulator output of the DAQ board using a RS232 DB9 serial cable, and a 

USB 2.0 cable connected the DAQ board to the laptop housing the acquisition and 

analysis software. A schematic of these connections is presented in Figure A1. A single 

contact lens electrode (ERG-Jet™) was connected to each amplifier using the G1 ground 

port, and the subdermal needle connected to the OD amplifier using the G2 ground port.  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1: Schematic of the hardware connections for the in-house Ganzfeld ERG. 
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Part 2 : 

The inside of a white acrylic globe with a neck-less opening was sufficiently painted with 

several coats of white high reflectance paint (Reflect-All™). A square portal was cut into 

one side of the globe for the illuminating surface of the photic stimulator (Model PS33 

Plus). Together, these components created a homogeneous, full-field light stimulator 

(Ganzfeld dome). For stability and portability, the photic stimulator base was secured 

within a Styrofoam™-lined black acrylic box, and removably attached to the dome 

(Figure A2). 

 

 

 

 

 

 

 

 

 
 
 
Figure A2: Completed Ganzfeld dome setup illustrating the square access portal for the photic 
stimulator at the bottom of the globe. 
 
  

 Generated flash intensities were calibrated using a research-grade radiometer 

(IL1700; International Light, Peabody, MA) securely centered in the globe’s neck-less 

opening with the assistance of a fixation device to maintain stable positioning during data 
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collection. Stimulus strength was measured under dark background conditions. Each 

intensity setting of the photic stimulator (series of five steps with ratios of 1, 2, 4, 8, and 

16) was measured with and without the influence of a neutral density filter (NDF). Ten 

sequential flashes were recorded yielding a summed luminance, and stimulus strength 

calculated by dividing this summed luminance by 10. This procedure was repeated a total 

of 10 times, before a waiting period of two minutes and moving on to the next 

experimental condition. Based on these calculations, the appropriate intensity setting and 

NDF combinations satisfying the ISCEV standard guidelines were identified. 
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APPENDIX B 

OPHTHALMIC TISSUE PROCESSING PROTOCOL 

After gross examination and photographs, calottes were placed in labeled cassettes and 

set in a 70% ethanol solution for further fixation. Ophthalmic tissue was then processed 

according to the following schedule: 

 

Table B1 
 
Ophthalmic Tissue Processing Schedule 

Process Solution Time Period 

Fixation 
Formalin I 1.5 hours 
Formalin II 1.5 hours 

Dehydration 

70% Ethanol I 1 hour 
95% Ethanol I 1 hour 
95% Ethanol II 1.5 hours 
100% Ethanol I 1 hour 
100% Ethanol II 1.5 hours 

Cleaning 
100% Ethanol + Xylene 1 hour 
Xylene 1.5 hours 
Xylene 1.5 hours 

Infiltration 

Paraffin I 45 minutes 
Paraffin II 45 minutes 
Paraffin III 45 minutes 
Paraffin IV 45 minutes 

Total 16 hours 
 

Processed calottes were oriented in the mold, embedded in paraffin, and the tissue block 

separated from the mold for sectioning once the paraffin solidified. Serial sections were 

cut at a thickness of 5 µm using a microtome, and the ribbon sections floated on room 

temperature distilled water and positioned on a slide. Once oriented, the slide was dipped 

into a 56 °C water bath until smooth and left on a hot plate overnight for adherence.  
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APPENDIX C 

HEMATOXYLIN & EOSIN STAINING PROTOCOL 

After overnight hot plate adherence, prepared slides are placed in a 70 °C oven for 20 

minutes, organized in a slide holder, and then stained following the schedule below: 

 

Table C1 
 
Hematoxylin and Eosin Staining Schedule 

Process Solution Time Period (minutes) 

Deparaffinization 
Xylene I 3 
Xylene II 3 
Xylene III 3 

Rehydration 

100% Ethanol I 3 
100% Ethanol II 3 
100% Ethanol III 3 
95% Ethanol 3 
80% Ethanol 3 
Deionized Water 5 

Hematoxylin Staining 

Hematoxylin 3 
Deionized Water Rinse 
Tap Water 5 
Acid Ethanol 8-12x Fast Dips 
Tap Water I 1 
Tap Water II 1 
Deionized Water 2 

Eosin Staining Eosin 30 seconds 

Dehydration 

95% Ethanol I 5 
95% Ethanol II 5 
95% Ethanol III 5 
100% Ethanol I 5 
100% Ethanol II 5 
100% Ethanol III 5 

Cleaning 
Xylene I 15 
Xylene II 15 
Xylene III 15 

 

Slides were then coverslipped using Permount™ (Fisher Chemical™-Fisher Scientific, 

Fair Lawn, NJ)  and allowed to dry overnight in a hood. 


