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Abstract 

Designing a Thermoresponsive Ocular Drug Delivery System for Corneal Rare Disease 

Treatment 

 

Jorge Jimenez, PhD 

 

University of Pittsburgh, 2021 

 

 

 

 

Cystinosis is a rare, metabolic, genetic disease with less than 2,000 patients in the U.S. 

Intralysosomal accumulation of cystine leads to system-wide organ and tissue damage in patients. 

In the eye, cystine accumulates in all ocular tissues and is noticeably present in the cornea as 

hyperreflective, spindle structured crystals. The crystals cause light sensitivity and impair vision. 

Untreated, progressive accumulation of crystals leads to foreign body sensation and corneal 

erosion, further impacting ocular health. These crystals are treated with eyedrops containing the 

small molecule, cysteamine. Cysteamine therapeutic levels are reached when administered 6 to 12 

times daily and used within their 1-week shelf-life. The frequency of administration and poor drug 

stability add burden to lives of patients, particularly when considering the multifaceted 

complications arising from a systemic, rare disease.  

I hypothesized cysteamine encapsulated into spray-dried poly(lactic-co-glycolic acid) 

(PLGA) microspheres embedded within a thermoresponsive gel (SD-CMS/Gel) will reduce the 

dosing frequency and improve drug stability. This delivery system can be topically administered 

at room temperature (approximately 25°C) in its liquid phase and retained at ocular surface 

temperatures (32-34°C) as it undergoes a solution-gel transition. In this thesis, I developed and 

evaluated this topical drug delivery system using in vitro and in vivo methods.  Spray-dried 

encapsulation of cysteamine was performed and evaluated in vitro for drug release, stability, drug 

permeation, and ocular irritation. Cysteamine ocular pharmacokinetics and biodistribution were 
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evaluated in rabbit model. Therapeutic efficacy of our formulation was investigated in a genetic 

knockout mouse model of cystinosis by measuring corneal cystine crystal reduction using optical 

coherence tomography (OCT).  

The data suggest encapsulated cysteamine improves stability to 7-weeks when compared 

to 1-week aqueous cysteamine eyedrops. One drop of SD-CMS/Gel delivered cysteamine to ocular 

tissues for 12 hours in vivo compared to 12 drops of traditional eyedrops, providing the first 

insights into in vivo cysteamine ocular pharmacokinetics. Studies towards efficacy resulted in our 

ability to measure cystine crystals with longitudinal OCT and informed the translation of our 

formulation to the mouse eye. In total, the dissertation presents preclinical studies towards a novel 

drug delivery system for rare corneal disease. 
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1.0 Introduction 

Portions of the dissertation include reference to, image reproduction, and modified text 

from publications where I am the first author. Section 1.0 Introduction is associated with a 

publication in Drug Discovery Today, 24(8):1564-1574, Jimenez, J., Sakthivel, M., Nischal K. K., 

Fedorchak, M.V., “Drug delivery systems and novel formulations to improv improve treatment of 

rare corneal disease”, pg.1564-1574, Copyright Elsevier (2019) [1].  Section 2.0 Specific Aim 1 is 

associated with a research article from Jimenez et al 2021, “A sustained release cysteamine 

microsphere/thermoresponsive gel eyedrop for corneal cystinosis improves drug stability”, 

published 2021, Copyright Springer Nature [2].   

A wide variety of approaches can be employed to address issues of drug delivery in almost 

every disease and physiological system. This includes reformulation of an existing drug into a 

form that is safer, more effective or compatible for patient compliance.  Reformulation can include 

adjustments to the chemical composition of the drug itself or packaging the compound into a 

carrier to control the rate of drug release [3]. The discovery of new drugs or alternative treatments, 

such as cell or gene therapy, can also offer hope for improved treatment options for serious 

conditions. Often, investigational studies for such alternatives are driven by the potential market 

and the opportunity for disruption of current standards of care. 

Ocular disease treatment is of particular interest because of the high incidences of many 

chronic conditions such as glaucoma and age-related macular degeneration (AMD); and the 

correspondingly large markets for associated therapeutics. Many first-generation ophthalmic drugs 

are good candidates for reformulation to improve patient adherence with eyedrop administration, 

increase tolerability through dose sparing or decrease the cost of ongoing treatment. As one 
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example, the effective off-label use of bevacizumab for AMD – and the later FDA approval of its 

ophthalmic counterparts, Lucentis® and Eylea® – has led to a surge of interest in improved retinal 

drug delivery [4]. Beyond AMD, controlled-release strategies are employed to develop next-

generation glaucoma therapeutics with the goal of bypassing the anatomical barriers to effective 

ocular drug delivery traditionally associated with eyedrop administration (Fig. 1). Compared with 

a widely studied disease affecting the anterior segment like glaucoma, and despite the similarity 

in location and possible routes of drug administration, far less research has been done in the area 

of rare ocular diseases. A rare or orphan disease is defined by the FDA as a disease or disorder 

affecting fewer than 200, 000 people in the U.S.; or affecting more than 200, 000 but for which 

the costs of developing and marketing a therapeutic compound are not expected to be recoverable 

(adjusted to 2,000 individuals in the EU) [5]. 

The dissertation research area encompasses drug delivery strategies used for ocular drug 

delivery, specifically methods to overcome the barriers (anatomical and physiological) to drug 

delivery in the cornea. The primary focus of the dissertation is to develop a novel drug delivery 

system for cysteamine delivery to treat corneal manifestations of the rare corneal disease, 

cystinosis.  An overview of rare corneal diseases is presented to inform the motivation and 

importance on developing therapies for underappreciated diseases and their communities. For 

example, approved orphan drugs are discussed to highlight state-of-the-art products along with 

experimental therapies in development. Along with discussing therapies, key aspects of 

translational research are documented to align the scientific approach that composes the entirety 

of the present dissertation.   
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1.1 Ocular Drug Delivery  

Engineering effective therapeutics requires a deep understanding of the structure and 

function of target tissues to develop strategies to provide, or deliver, effective drug levels.  The 

eye is a complex organ composed of three fluid chambers: anterior chamber (between the cornea 

and iris), posterior chamber (between iris, zonule fibers and lens) and the vitreous chamber 

(between the lens and the retina). Each tissue is responsible for regulating fluid homeostasis, 

maintaining normal intraocular pressure, and allowing the transmittance of light from the front of 

the eye (anterior segment) to back of the eye (posterior segment). The cornea is a transparent tissue 

that refracts light to the lens and retina. Light refraction reaches the retina and stimulates neurons 

to provide input signals to the brain to produce visual function. As the outermost tissue central in 

the eye responsible for two-thirds of the refractive power required for light transmittance, diseases 

of the cornea can affect vision in many ways [6]. Any damage (e.g., scratches, swelling, scarring, 

or compression) or changes in morphology, as seen in keratoconus, a condition resulting in the 

cornea’s dome-shaped surface gradually bulging outward into a cone shape, will bend the light 

irregularly and impact retinal response after light transmittance. Typically, corrective lenses (e.g. 

glasses or contact lenses) will be prescribed for progressive morphological changes throughout the 

patient’s lifetime. To treat an injury, like corneal wounds, a person may be prescribed corneal 

bandages [7], topical eyedrops [8] and in severe cases, undergo surgery for a corneal transplant 

[9]. Similarly, genetic diseases of the eye progress over a person’s lifetime impacting vision and 

may require a multifaceted treatment approach, including pharmacological therapies delivered 

topically, from an eyedrop, and systemically. In the context of pharmacology, the structure and 

function of tissues impacts the absorption, distribution, metabolism, excretion (ADME) of a 

pharmaceutical compound. ADME describes the phenomena in which an organism processes a 
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pharmaceutical compound or therapeutic (i.e., small molecules, biologics, cells, genes). These 

therapeutics may be delivered in various forms (e.g., eyedrops, polymeric devices, injections) 

based on the pharmacokinetic profile of the active pharmaceutical ingredient (API) dictated by 

ADME properties. The dosage, size and frequency of administration, of a therapy is directly 

associated with the presentation of the drug at therapeutic levels. That is, specific drug ranges (e.g., 

concentrations of drug in the blood or biological fluid) that is required for the drug to be effective 

(i.e., produce an action). Many of these therapies and their delivery systems are designed to provide 

a therapeutic effect while minimizing adverse effects and toxicity. This careful balance between 

effective drug concentrations and low toxicity is accomplished by studying ADME processes and 

the anatomical and physiological barriers to drug delivery.  For ocular drug delivery, specifically 

the cornea, the natural barriers to delivery include ocular surface layers, tear production and 

drainage (lacrimal glands and duct), the corneal layers, and anterior segment fluid exchange.  

1.1.1 Anatomical and Physiological Barriers to Corneal Drug Delivery  

A representative image in Figure 1 presents the anatomical features of the cornea and the 

associated barriers to topical drug delivery that are considered in this dissertation.  Among these 

barriers are the physiological components of tears and the cornea. Tears are produced by lacrimal 

glands in the upper eyelid of the human eye. Tears are essential to lubricate the eye and spread 

across the ocular surface and contribute to tear film components, and excess tears are blinked away 

into lacrimal drainage ducts located in both upper and lower eyelids [10,11]. The tear film consists 

of a lipid layer, aqueous layer and a mucous layer, all of which contribute to lubrication and repair 

of the corneal epithelium after epithelial cells are lost from blinking [10]. The differences in 

hydrophilicity (hydrophobic lipid layer versus hydrophilic aqueous layer) impact the diffusion and 
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absorption of a drug based on its biochemical property. It is likely that a hydrophilic drug would 

diffuse readily through the lipid layer, but may not diffuse through an aqueous layer – making it 

challenging for the drug to reach the target tissue (e.g., cornea).  The mucous layer may also have 

this effect as it contains secreted mucins, electrolytes and water, which all have various chemical 

ionic charges that contribute to drug diffusions.  Although each tear film layer component has its 

own biochemical property that could interfere with drug delivery, tear turnover rate (1 ml/min) 

significantly impairs topical drug delivery to approximately 10–20% bioavailability [11,12]. 

Furthermore, the corneal epithelium itself is a barrier to drug penetration when drug is not lost to 

convective mechanisms on the ocular surface. 

 

 

Figure 1 Corneal drug delivery systems and barriers to drug delivery. Image modified from Jimenez et al 

2019.  

 Drug diffusion through the cornea is dependent on the layers of the cornea and the 

physiochemical properties of the therapeutic substance. The cornea is composed of five distinct 

layers: epithelium, Bowman’s layer, stroma, Descemet’s membrane and endothelium. Bowman’s 
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layer and Descemet’s membrane act as transitional, acellular interface between the cell layers of 

the cornea [13] and, as such, do not contribute substantially to permeability rates of drugs through 

the cornea. The epithelium is the outermost layer of the eye that limits transcorneal diffusion of 

foreign body substances and protects the eye. In particular, the epithelium prevents hydrophilic 

drugs from absorbing easily owing to its lipoidal properties [14]. The corneal stroma, by contrast, 

contributes up to 90% of the total cornea thickness and is a diffusional barrier to highly lipophilic 

drugs. The endothelium does not offer a significant barrier to transcorneal permeability based on 

hydrophilicity. However, the molecular weight of a given therapeutic agent can be significant 

factor in diffusion due to intracellular junctions that can prevent free passage of macromolecules 

between the stroma and anterior chamber [13]. Despite the significant challenges to topical 

administration of ophthalmic drugs, this route is generally preferred over systemic administration. 

 Systemic drug forms of drug administration, including oral and intravenous routes, are 

indeed useful in treating genetic diseases described in this dissertation but suffer limitations in 

treating the ocular manifestations or their symptoms. The anatomical and physiological barriers of 

the body lead to poor drug distribution to the eye. Orally administered drugs, for example, must 

pass through the gastrointestinal tract before absorption into the bloodstream [15]. Distribution to 

various organs and tissues, most notably the liver, severely reduces the amount of drug available 

to the eye. The relatively small amount of drug that is bioavailable must pass through indirect, 

selective permeability barriers to reach the cornea because it is an avascular tissue. These include 

the anteriorly located blood–aqueous barrier and posterior blood– retinal barrier, which selectively 

allow the passage of fluids and biochemicals. The blood–aqueous barrier consists of tight junctions 

in the nonpigmented epithelial layer of the ciliary body and endothelial cells of the iris blood 

vessels that limit diffusion in the paracellular space [16]. The blood–retinal barrier is located in 
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the retinal pigment epithelial cell layer and uses similar tight junctions to restrict solute 

permeability from the highly vascular choroid to the subretinal space [17]. For these reasons, 

systemic drug delivery for corneal delivery and other parts of the eye remains impractical – leading 

to the overall consensus that topical delivery of ophthalmic compounds is the most favorable in 

clinical practice.  

1.1.2 Corneal Drug Delivery Systems and Clinical Considerations  

Many of the challenges associated with topical ocular drug delivery can be overcome with 

various types of novel drug delivery systems (DDS) [18]. A pharmacological compound may be 

incorporated into a DDS by various methods including, but not limited to, chemically modifying 

the compound into a prodrug [19], encapsulating into a nanocarrier [20], or mixing into a 

suspension of inactive ingredients that promote enhanced tissue permeability [21]. Additionally, 

DDS also encompasses delivery with physical techniques that bypasses the aforementioned 

anatomical barriers [13]. like ultrasound-based methods (i.e, iontophoresis) [22], syringe 

injections, and bioabsorbable polymeric materials like microneedle arrays [23].  Any strategy that 

prolongs drug residence time on the cornea has the potential to decrease the dosing frequency and 

improve patient adherence, which for chronic conditions in particular can be low [24]. Increased 

bioavailability, the proportion of a drug that is able to have an active effect, on the ocular surface 

can also lead to a reduction in the amount of drug required per dose, which can then improve the 

tolerability or toxicity profile of certain medications. Other translational considerations, like 

protection of the therapeutic payload, storage, shelf-life or cost-effectiveness, can make DDS an 

attractive option for reformulating a given compound or investigating new treatments. A DDS that 
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is designed to prolong action and maintain therapeutics drug levels without hazardous peaks in 

drug concentration is the fundamental concept of controlled release. 

Controlled release DDS extend the drug presentation of a drug compound from a payload 

for a matter of hours to months often from one single dose [25]. The chemical and physical 

properties of materials that compose the DDS dictate the length of time and the amount of drug 

release (mass) from the system. A classical method in controlled release is using biodegradable 

polymers which are materials (plant and animal derived or synthetic) that are slowly degraded via 

biological process (hydrolysis) and have biocompatible degradation products [26].  One example 

is the use of gelatin, composed of animal protein derived from collage, to deliver cellular 

compounds to the ocular surface for corneal wound healing [27]. Controlled release takes into the 

account ADME properties as parameters to meticulous engineer the correct therapeutic dosage as 

approved by medical product agencies like the Food and Drug Administration (FDA). As therapies 

specific for corneal disease are described in subsequent sections, the discussion of controlled 

release and its clinical impact will be reinforced with cases studies of approved therapies and 

experimental drug studies.  

1.2 Rare Corneal Diseases and Clinical Treatment Approaches 

It is within the context of the previously described anatomical barriers and the numerous 

techniques being employed for improved treatment of other ocular diseases that new therapeutic 

strategies for rare or orphan disorders affecting the cornea (either primarily or secondary to the 

underlying pathophysiology) are explored in this dissertation.  There are many resources available 

to inform clinicians and researchers on rare genetic diseases. The Genetic and Rare Disease 



9 

Information Center (GARD) as part of the NIH National Center for Advancing Translational 

Sciences database [28] lists rare diseases and provides supplemental resources for diagnostics, 

treatment and resources for patient groups and their research foundations. Of these resources, the 

National Organization for Rare Disease (NORD) [29] and Orphanet [30] were used to screen for 

rare diseases with corneal effects and understand the current available therapies. This widely 

varied and extensive list includes developmental, metabolic, connective tissue, dermatological and 

other diseases. Many of these diseases also demonstrate multiple ocular manifestations but all 

share the commonality of affecting the cornea in some way. The Online Mendelian Inheritance in 

Man (OMIM) number, when applicable, is included to distinguish inherited from non-inherited 

diseases in this table. Although many of the strategies discussed below have widespread 

applicability, the genetic basis (or lack thereof) for a given disease must be considered when 

investigating new treatment options.  This dissertation is stratified based on the type of drug 

available for treating corneal symptoms: no drug (or investigational drugs only), orphan designated 

drug(s) or nonorphan drug(s). Table 1 provides a summary of the specific diseases discussed in 

this review. Further, the research approach for translating new drugs and DDS for rare diseases is 

discussed to frame the scientific strategies that dictate the entirely of this dissertation.  
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Table 1 Summary of rare diseases highlighed with key elements from rare disease resources and relevent orphan drugs 

Disease OMIM 

no. 

Gene Defective Protein Incidence Orphan 

Drugs 

Mucolipidosis type IV 252650 MCOLN1 Mucolipin-1 1 in 40,000; 70% of cases in Ashkenazi 

Jewish population 

N/A 

Familial LCAT 

deficiency 

Fish-eye disease 

245900 

136120 

LCAT Lecithin-cholesterol 

acyltransferase 

Familial: at least 70 repeated cases70 

repeated cases 

Fish-eye: at least 30 reported cases 

N/A 

Galactosialidosis 256540 CTSA Protective 

protein/cathepsin A 

At least 100 reported cases N/A 

Mucopolysaccharidosis 

type I 

Scheie syndrome 

Hurler–Scheie 

syndrome 

607014 

 

607016 

607015 

IDUA α-l-iduronidase 1.07 in 100,000 Aldurazyme® 
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Table 1 (continued) 

Mucopolysaccharidosis 

type IVA 

Morquio syndrome IVB 

253000 

 

253010 

 

GALNS N-

acetylgalactosamine-

6-s 

MPS IVA: 1 in 270,000 

MPS IVB: <1 in 1,000,000 

Vizim® 

Fabry’s disease 301500 GLA α-Galactosidase A 1 in 40,000 to 1 in 117,00 Fabrazyme® 

Cystinosis 

Nephropathic 

Adult non-nephropathic 

Late-onset juvenile or 

adolescent nephropathic 

cystinosis 

219800 

219750 

219900 

CTNS Cystinosin 1 in 100, 000 to 200,000 Cystaran™ 

Cystadrops® 

Cystagon® 

Procysbi® 

Vernal 

keratoconjunctivitis 

N/A N/A N/A 3.2 in 10,000 

0.8 in 10,000 with corneal complications 

Verkazia® 
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1.2.1 Rare Corneal Diseases for Which No Approved Treatment Exists  

Often, corneal transplantation is the only option when a patient is a candidate and their 

disease has progressed beyond treatment.  Although 45,000 (USA) [31] and nearly 185,000 

(globally) [32] corneal transplants are performed each year, corneal transplant is often not a 

permanent solution. A common transplantation technique includes allografted corneas – a cornea 

received from a freshly acquired human donor cornea. An estimated 10% of allografted corneas 

are rejected after transplantation in avascular, noninflamed host beds (deemed ‘low risk’ 

transplantations) [33]. In pediatric corneal transplants, rejection rates are higher and reversibility 

of graft rejection after treatment is significantly lower than in adults [34]. Immunosuppression 

therapies can be used to improve outcomes after transplantation, which includes the use of 

cyclosporin and tacrolimus, and additional long-term studies are ongoing in this area [35]. For 

example, the use of topical immunosuppression in low- versus high-risk corneal transplantations 

results in 5-year graft survival rates of 90% and 35% survival rates, respectively [33]. The 

complexities of allotransplantation combined with ease of access to the cornea makes it a strong 

candidate for alternative therapeutic options including novel drug discovery [36], gene therapy 

approaches [37] and cell therapy [38]. Similarly, a recently published review by Moore et al. 

highlights the potential for genome editing to significantly impact the treatment of corneal 

dystrophies — a broad and poorly understood category of rare corneal disease discussed in more 

detail in section 1.2.4 corneal dystrophies [39].  

One notable disease in this subcategory, mucolipidosis, is a group of lysosomal storage 

disorders that are characterized by the accumulation of gangliosides, phospholipids and acidic 

mucopolysaccharides in all tissues [40,41]. Variations in mutations lead to different types and 
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severities of the disease. Of the mucolipidosis diseases, mucolipidosis type IV (ML IV) is strongly 

associated with severe visual complications [40,42]. Patients with this type of disease experience 

severe vision loss and blindness by their teenage years. Corneal clouding is bilateral, symmetric 

and diffuses throughout the cornea [40,43]; and is thought to be caused by accumulation of 

phospholipids, mucopolysaccharides and gangliosides in the epithelial cells of the cornea [44]. 

Surgical treatment options for ML IV include conjunctival transplantation, which temporarily 

resolves opacification through removal of the epithelium [45]. In addition to surgical approaches, 

several ongoing clinical trials are focused on identifying biomarkers and understanding and 

documenting the natural history and progression of ML IV patients [46]. Recent studies have also 

proposed ML IV models in Caenorhabditis elegans and zebrafish that could further elucidate 

lysosomal defects and cell death [47,487]. These models may provide tools to determine a specific 

pathway and identify novel drug targets. Treatment of ML IV may benefit from following a similar 

path to ML II, in which adeno-associated virus serotype 8 (AAV8)-mediated expression of the 

mutated gene has shown an ability to attenuate deleterious effects of the disease in bones [49]. 

Indeed, success of other gene therapy models in the cornea would suggest that viral vector 

incorporation could be straightforwardly tested in appropriate animal models [50]. As one 

example, corneal fibrosis (a common cause of corneal haziness associated with many of the 

diseases discussed herein) was treated in an in vivo rabbit model and in vitro human models using 

a topical application of combination gene therapy [51]. Corneal fibrosis occurs owing to 

disorganized extracellular matrix components from myofibroblasts along with decreased 

expression of corneal crystallin, which are biological processes required for corneal structure and 

transparency. This particular treatment used gold nanoparticles conjugated to plasmids expressing 

bone morphogenic protein 7 (BMP7) and hepatocyte growth factor (HGF). The treatment was well 



14 

tolerated and restored transparency of the cornea in vivo. The authors concluded that this effect 

was mediated by promoting apoptosis in established myofibroblasts via multiple signaling 

pathways. Although the specific mechanisms underlying injury versus ML-IV-induced corneal 

haziness are distinct, recent evidence suggests they are associated with the transient receptor 

potential channel superfamily [52]. Additional research in this area could lead to novel therapies 

targeting the specific channelopathies in chronic disease.  

Familial lecithin cholesterol acyltransferase (LCAT) deficiency is another rare inherited 

disease affecting the cornea via accumulation of unesterified cholesterol, triglycerides and 

phospholipids. Corneal opacity occurs as a result of increased lipid deposits in the stroma, which 

could in turn result in visual impairment [53,54]. Fish-eye disease, the partial familial LCAT 

deficiency, results in severe visual impairment [55,56]. This is a result of diffuse haziness of the 

corneal stroma, with more-pronounced opacity near the limbus, often arranged in diffuse, grayish, 

circular bands [57, 58]. Severely reduced vision has been treated with corneal transplantation [57]. 

In addition to treatment with statins and angiotensin receptor blockers [59,60] recent first-in-

human clinical studies have investigated novel enzyme replacement therapy with recombinant 

human LCAT (rhLCAT) [62]. These trials have shown promising results regarding renal function 

and plasma lipid/LCAT levels and acceptable safety after intravenous (IV) infusion [62]. Although 

it is unlikely that IV infusion would affect corneal symptoms, successful translation of rhLCAT 

therapy could represent a significant step toward development of an ocular formulation. 

 Galactosialidosis (GS) is a lysosomal storage disease involving cathepsin A – a protein 

that protects neuraminidase (sialidase) and beta-galactosidase. Deficiency of these two enzymes 

causes accumulation of sialyloligosaccharides in lysosomes [63,64]. Systemically this can be 

excreted in body fluids and impacts cardiac function, skeletal growth and neurological disorder. 
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The ocular effects are cherry-red spots of the macula and mild corneal clouding [65,66]. Corneal 

clouding occurs in early infantile GS, late infantile GS and juvenile and adult forms, with early 

infantile GS having the most severe corneal effects [67]. These patients die within the first year of 

life because of suspected kidney and heart failures [66] contributing to a lack of information and 

research on the management of ocular effects beyond the use of corneal clouding as a diagnostic 

measure. There are no treatments for GS and treatment is symptomatic and supportive. Animal 

models of GS involve murine models [68, 69] and some preclinical therapies of bone-marrow-

mediated ex vivo gene therapy [70] and recombinant AAV in vivo gene therapy [71]. Like LCAT 

deficiency, the possibility exists that successful systemic treatment might be augmented by a 

cornea-specific treatment or one for the macular spotting primarily responsible for vision loss. 

Ocular gene therapy has recently become a more viable option because of the late 2017 approval 

of Luxturna® (Spark Therapeutics, Inc.) – the first ever direct gene therapy product approved in 

the USA [72] that targets an inherited form of vision loss caused by retinal dystrophy.  

The aforementioned diseases represent a subset of rare diseases associated with corneal 

pathologies that are potential candidates for investigational therapies. Such alternatives could 

move current treatments from symptom management to actual treatment of the underlying 

mechanisms causing dysfunction or damage to the cornea.  

1.2.2 Rare Corneal Diseases with Approved Orphan-Designated Drugs   

This category of rare corneal diseases includes examples for which there are approved 

orphan drug products specifically formulated for ophthalmic use and those for which an 

ophthalmic version is not (yet) available. When effective drugs are available, reformulation for 

ophthalmic use is an attractive option. This might include repackaging into a novel drug delivery 



16 

system, such as sustained- or controlled-release nanocarriers, to avoid or minimize the anatomical 

barriers to drug absorption mentioned previously.  

One such disease with an approved and orphan-designated pharmacologic treatment is 

mucopolysaccharidosis (MPS), a rare metabolic disease that affects an enzyme involved in the 

degradation of glycosaminoglycans (GAGs). Accumulation of GAGs occurs in various tissues [73, 

74], with the degree of enzyme deficiency and type of enzyme giving rise to many subcategories 

of MPS [75]. The corneal effects of MPS include corneal clouding and accumulation of GAGs in 

the corneal stroma as seen in Figure 2. Corneal clouding occurs in all individuals with MPS I, VI 

and VII and occurs mildly in MPS II and IV; and progression can lead to severe visual impairment 

(Figure 2 representative image) [75, 76]. Although deep anterior lamellar keratoplasty (DALK) 

has proven to be a successful surgical method of treating severely cloudy corneas in cases of MPS, 

not all health centers can perform these procedures and a therapy to clear these cloudy corneas 

without surgery would be extremely beneficial. This is particularly important because outcomes 

with penetrating keratoplasty tend to be less favorable than with DALK [77]. There are several 

therapies currently approved and within investigational clinical trials. In particular, enzyme 

replacement therapy with alpha-liduronidase (IDUA, Aldurazyme1) [78, 79] and hematopoietic 

stem cell transplantation (HSCT) have extended the life of MPS I patients [80, 81], with limited 

effect on preventing progressive corneal clouding via systemic administration. Despite systemic 

HSCT having limited effect on preventing progressive corneal clouding, the translation of novel 

HSCT technologies to animal models is promising for ocular delivery routes. Intrastromal 

mesenchymal stem cell transplantation has also shown promise in treating corneal clouding in an 

MPS VII mouse model. In addition to these therapies, preclinical studies for CNS targeting using 

AAV vectors containing IDUA have been carried out in animal models of MPS I [82, 83], 
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including topical ocular administration [84, 85] and via intrastromal injection [86]. Topical 

administration of AAV6, AAV8 and AAV9 were successful in in vivo mouse cornea and ex vivo 

donor human cornea [84]. One current limitation is that debridement of the corneal epithelium was 

necessary to achieve high levels of intracorneal transduction. Transduction of AAV8G9 in human 

corneal stromal cell types resulted in the production of IDUA (> ten-fold) after intrastromal 

injection [86]. Application of AAV in human corneas of MPS I has been demonstrated as well. It 

was shown that low levels of IDUA efficiently restored wild-type IDUA function in the corneas 

of MPS I patients [87]. IDUA was overproduced in the human corneal stroma with widespread 

distribution in multiple cell types, which included cells that naturally produce IDUA [87]. This 

provides initial validation for ocular gene therapy for MPS I. Further, many controlled-release 

systems have shown promise for improving the stability and pharmacokinetic profile of 

biomacromolecules [88, 89], which could enable ocular delivery of other forms of treatment for 

MPS I as well.  

 

 

Figure 2 Corneal abnormaltites in mucopolysaccharidosis. Images reproduced from Jimenez et al 2019. 

 

Similar to MPS I, enzyme replacement therapy has been offered since 2001 (EU) and 2003 

(U.S.) to treat Fabry disease, a rare metabolic disorder wherein the deficiency of a-galactosidase 

A leads to depositions of glycosphingolipids in tissues. In ocular structures this accumulation leads 
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to conjunctival vascular abnormalities, corneal opacities (cornea verticillata), lens opacities, 

cataracts and retinal vascular abnormalities [90, 91]. Representative images from clinical 

photographs in Figure 3 were obtained from clinical collaborations and offer insight to corneal 

abnormalities. Corneal verticillata are whorl-like deposits of lipids in corneal epithelium that are 

diagnostic for Fabry disease (either female carrier or affected male) but do not impair vision. 

However, tearing of eyes (lacrimation) and increased corneal sensitivity have been reported in 

these patients, with artificial tears being prescribed as needed [92, 93]. Since the advent of enzyme 

replacement therapy, the long-term prevention of renal, cardiac and CNS dysfunction remains to 

be further established [94]; however, there has been some evidence of reduction of neuropathic 

pain [95] along with significant improvement in glomerular histology and increase in mean 

creatinine clearance [96]. Enzyme-replacement-therapy treated patients exhibiting corneal 

verticillata, conjunctival vessel tortuosity or cataracts have been studied to investigate the 

correlation between disease severity and ocular findings [97]. These results suggest that 

appropriately designed systemic pharmacotherapy can, in some cases, positively impact ocular 

manifestations. Continued longitudinal analysis of ocular results could further elucidate the benefit 

to the lacrimal system and retinal vasculature. 
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Figure 3 Fabry's disease with corneal verticillate. Image reproduced from Jimenez et al 2019 

 

Perhaps the best example of orphan drug reformulation is that of cysteamine for the 

treatment of cystinosis. Cystinosis is a rare autosomal-recessive disease where the protein 

cystinosin is defective or absent [98, 99] resulting in intracellular cystine accumulation in all 

tissues of the body. The orally administered drug cysteamine (Cystagon®; and its sustained-release 

counterpart Procysbi®) is effective in removing cystine from many tissues in the body but has no 

effect on the cornea. Cystine accumulation in the cornea appears as needle-like structures that 

cause severe light sensitivity, blepharospasm (involuntary closure of eyelids) and significant 

foreign body sensation (Figure 4) [99, 100]. A clinical trial initiated in 1986 and sponsored by the 

National Eye Institute tested whether cysteamine eyedrops could remove cystine crystal 

accumulation from the eyes [101]. The final formulation was approved by the FDA in 2012 as a 

0.44% cysteamine ophthalmic solution (Cystaran™, equivalent to 0.55% cysteamine 

hydrochloride in the European Union). Topical cysteamine has been proven to be safe and effective 

in dissolving cystine corneal crystals but requires extremely frequent administration — up to once 



20 

per waking hour — to achieve clinically relevant results [102]. Cysteamine is also highly 

susceptible to oxidative degradation, therefore requiring that the eyedrops are frozen until opening, 

stored in the refrigerator and disposed of within 1 week [102]. The high drug concentration and 

resulting ocular irritation combined with burdensome dosing and storage requirements makes 

cysteamine a good candidate for reformulation into an encapsulated form that increases 

bioavailability and drug stability.  

Controlled-release technologies using viscous gels or hydrogels [103, 104], prodrugs [105] 

and loaded contact lenses [106] have been explored using in vitro studies. A dissolvable polymer 

nanowafer has shown reduction of corneal cystine crystals in a rodent model of cystinosis [107]. 

Recent efforts in translating clinical trial study results into EU orphan drug approval have been 

successful with the introduction of Cystadrops® in 2017– carmellose sodium gel formulation with 

cysteamine [108, 109]. The recommended dosing for Cystadrops® is four-times daily, representing 

a significant reduction in administration frequency over Cystaran™ (up to 12-times daily); 

however, patients still report pain upon instillation and an increase in mean intraocular pressure 

after 12 months [108]. The local side-effect of pain is inherent to similar cysteamine 

concentrations, suggesting patients favor a viscous gel formulation over traditional cysteamine 

eyedrops if local pain is still exhibited. Beyond pharmacologic approaches, current clinical studies 

seek to address the genetic mutation underlying cystine accumulation in cystinosis as an alternative 

to lifelong cysteamine administration. Hematopoietic stem and progenitor cell transplantation have 

been explored in rodent models to establish the therapeutic effect of transport of cystinosin to 

diseased cells, which have shown clearance of corneal cystine crystals [110]. Interestingly, these 

studies did in fact demonstrate stem cell localization in the cornea and rescue of ocular defects, 

including a reduction in corneal cystine crystals and restoration of normal corneal thickness [202]. 
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The need, if any, for supplementary therapy with cysteamine eyedrops to support stem cell 

transplantation will not be fully understood until future evaluation of clinical results. To this end, 

the first report of human hematopoietic stem cell transplantation was published in July 2018 [111].  

 

 

Figure 4. Corneal cystine crystals in cystinosis. Image reproduced from Jimenez et al 2019. 

1.2.3 Rare Corneal Diseases Treated with Non-Orphan-Designated Drugs 

Often the ocular symptoms associated with rare diseases, particularly intracellular diseases 

affecting multiple systems or tissues, are managed using supportive pharmacotherapy with 

common, FDA-approved drugs. These drugs, including anti-inflammatory and 

immunosuppressive agents, have broad applicability as ophthalmic therapeutics. Still, they are 

subject to all of the aforementioned barriers to effective intraocular absorption in and around the 

cornea. Significant work has been done in reformulating these classes of drugs into controlled- or 

sustained release formulations. Thus, the investigation of novel drug delivery systems for these 



22 

more common pharmaceutical agents is one that might offer substantial benefit to patients with 

diseases in this subcategory.  

One example of approved, reformulated steroids is the Ozurdex® implant, used to treat 

macular edema and noninfectious uveitis [112]. This rod-shaped intravitreal implant is 

administered every 6 months at a maximum, during which time it slowly degrades and releases 

dexamethasone. Although not specifically used in a topical administration, this example is 

noteworthy because similar degradable materials can be used for ocular surface or anterior 

chamber indications. Indeed, investigational techniques have attempted to locally and sustainably 

deliver corticosteroids for such purposes as managing post-cataract surgery inflammation, 

inflammatory eye diseases or injury. This includes a depot placed in the canaliculus [113], 

polymeric nanoparticles [114], and drug-loaded contact lenses [115,116], and nanowafers [117].  

The treatment of vernal keratoconjunctivitis (VKC) highlights many of the topics discussed 

in this dissertation introduction —with non-orphan drug use and a recently approved orphan drug 

product to manage the variety of symptoms associated with the disease. VKC is a chronic allergic 

condition that affects the ocular surface, thought to be IgE and T-cell-mediated and typically 

leading to chronic inflammation [118, 119]. The disease is characterized by papillary conjunctivitis 

in the upper eyelids, which can progress to giant papillae and development of gelatinous nodules 

in the limbus area of the cornea. Papillary conjunctivitis is the irritation of the thin, translucent 

lining of the eye and the under surface of the eyelids. It is often caused by bacteria, viruses and, in 

this case, allergies. Although VKC is often self-limiting, severe cases can lead to corneal shield 

ulcers and cataracts. Additionally, patients experience light sensitivity, blepharospasm, redness 

and thick mucus discharge [120-122]. Treatment is generally focused on relieving specific 

symptoms. This includes the use of mast cell stabilizers (such as sodium cromoglicate, nedocromil, 



23 

lodoxamide, pemirolast) and antihistamines (such as levocabastine and emedastine). Severe forms 

of VKC can be treated using nonsteroidal anti-inflammatory eyedrops including indomethacins 

1%, ketorolac 0.5% and diclofenac 0.1% [123-125]. In addition, immunosuppressive agents such 

as topical cyclosporine and tacrolimus have been used as an alternative treatment when 

corticosteroid-induced ocular hypertension or other side-effects are of particular concern [136-

128]. Recently, a cationic nanoemulsion of cyclosporine (Verkazia®) was approved by the 

European Commission (EC) and European Medicinal Agency (EMA) and granted orphan drug 

designation in 2018 with the intended purpose of increasing residence time on the ocular surface 

through electrostatic attraction with a negatively charged mucosal layer [129]. 

1.2.4 Corneal Dystrophies and Therapies  

At the intersection of genetic corneal diseases and poorly understood, rare conditions, we 

categorize a group of progressive eye disorders called corneal dystrophies. The high number of 

corneal dystrophies and wide range of treatment options make this a unique category in a review 

of rare corneal diseases. The severity of visual effects resulting from corneal dystrophies ranges 

from asymptomatic to significant vision impairment (Figure 5 and Figure 6). In many patients, the 

cornea can become cloudy with accumulation of material leading to photophobia, recurrent corneal 

erosion and foreign body sensation [130, 131]. Corneal dystrophies are often bilateral, symmetric 

and not related to environmental or systemic factors. In the past decade, there have been large 

efforts by clinicians and researchers to categorize types of corneal dystrophies. The International 

Committee for Classification of Corneal Dystrophies (IC3D) has been responsible for defining 

each one based on genetics, corneal layers and clinical outcomes [131]. The IC3D has expressed 

many challenges in distinguishing types and approaches to treat each type; there is currently no 
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standard treatment for corneal dystrophies owing to the vast differences among them. Some 

similarities in possible treatment can be found by categorizing according to which layers of the 

cornea are affected. If the endothelium (the innermost layer adjacent to aqueous humor) is affected 

an endothelial keratoplasty or transplant might be considered. Anterior stromal dystrophies, by 

contrast, can be treated by superficial keratectomy. Dystrophies of the epithelium can be treated 

conservatively with bandage contact lenses; lubricating eye drops or even alcohol delamination – 

an approved treatment for corneal epithelium removal for recurrent corneal erosions [131]  

Limbal stem cell deficiency (LSCD), although not categorized as a corneal dystrophy, has 

been granted orphan designation and is currently being treated with a recently approved product 

called Holoclar®. Holoclar® was the first stem-cell-based medicinal product approved in the 

western countries [132]. It uses a disc made of limbal stem cells expanded in culture after taking 

a biopsy from a small section of healthy limbus [133]. This is particularly useful in cases where 

bilateral LSCD is present (precluding autologous transplant), as is common in several corneal 

dystrophies in which damage to the limbus occurs. Another complication of LSCD and other forms 

of trauma to the cornea is persistent corneal epithelial defect, for which EyeVance 

Pharmaceuticals’ Nexagon® has recently received orphan designation. This treatment modality, an 

antisense oligonucleotide that downregulates expression of the gap junction protein Connexin 43, 

has shown promising results in wound healing for burns and trauma [134, 135] and will soon begin 

its clinical evaluation. Further studies will elucidate the role of treatments like Holoclar® and 

Nexagon® in improving outcomes for the widespread forms of corneal dystrophies, specifically 

those associated with epithelial dysfunction [136]. Beyond these specific methods, and similar to 

the other rare corneal diseases highlighted herein, reformulation techniques to improve key 
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properties like stability, biocompatibility and efficacy of conventional treatments have the 

potential to significantly enhance the quality of life for patients with corneal dystrophies. 

 

 

Figure 5 Granular-lattice corneal dystrophy. Image reproduced from Jimenez et al 2019. 

 

 

Figure 6 Congential hereditary endothelial dystrophy. Image reproduced from Jimenez et al 2019. 

1.3 Specific Aims and Hypothesis for Eyedrop Reformulation in Cystinosis 

As previously noted in section 1.2.22 Rare corneal disease with approved orphan-

designated drugs, a prime candidate for eyedrop reformulation into a controlled release DDS is 

cysteamine eyedrops for cystinosis. Cystinosis is a rare, autosomal recessive disease that effects 

approximately 2000 people in the US and is categorized as an orphan disease by the FDA. 
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Nephropathic cystinosis, the most severe case, results in high accumulation of cystine in the cells 

of multiple organs. In the eyes, accumulation of cystine in the cornea results in highly reflective 

crystals that cause photophobia, corneal erosion, and foreign body sensation. Currently, two 

cysteamine formulations are approved by the FDA to treat corneal cystine crystals. From October 

2012 to August 2020, Cystaran™ (0.44% cysteamine hydrochloride, Leadiant Biosciences Inc.) 

was the only FDA approved cysteamine eyedrop prescribed at 6-12 hourly eyedrops (every waking 

hour) with a shelf-life of 1-week (after opening and stored between 2°C-25°C). In August 25th, 

2020, a new gel formulation, Cystadrops® (Recordati Rare Diseases Inc.), was FDA-approved at 

4 hourly eyedrops with a similar shelf-life after opening for 1-week when stored at or below 25 

°C, but above freezing temperatures.  The frequency of administration of ranging from 6-12 

eyedrops for cysteamine eyedrops and 4 times daily for viscous cysteamine. The one-week shelf 

life makes the current eyedrop formulations inconvenient and incompatible with effective 

treatment and compliance. Furthermore, various concentrations of cysteamine are required due to 

the poor bioavailability inherent to eyedrops and the high instability of cysteamine, which is 

readily oxidized into its inactive form, cystamine. An ideal alternative to current cysteamine eye 

drops would deliver the drug more efficiently over time to intraocular tissues, therefore reducing 

the number of doses and potentially lowering the concentration of drug needed per dose. 

Unfortunately, there is no current cysteamine eye drop therapy that combine timed release ocular 

drug delivery in a familiar and comfortable format.  

The objective of this dissertation is to develop a topical controlled release DDS of 

cysteamine for the treatment of ocular cystine crystals in cystinosis. The dissertation describes the 

development of a topical, thermoresponsive gel depot containing drug-loaded poly(lactic-co-

glycolic acid) (PLGA) microspheres (MS). The cysteamine loaded PLGA MS (CMS) is mixed 
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into the gel; the combination of these materials offers extended cysteamine release from a DDS 

that can be topically placed in the lower eyelid space. The DDS is administered as liquid (solution) 

at room temperatures (25°C) and transitions into an opaque gel upon solution-gel (solgel) transition 

at ocular surface temperatures (32-34°C). The gel depot after solgel transition takes the shape of 

the lower eyelid and can be retained for over 24 hours to 30 days, as previously show in large 

animal models [137, 138].  Previous studies also support the use of the DDS mitigate ocular drug 

delivery barriers by increasing residency time, extending drug release in vivo, and lowering drug 

concentrations required for effective treatment. In addition, the literature on the mechanism of 

cysteamine oxidation (pH dependence) in aqueous solutions favors cysteamine delivery from our 

CMS/gel DDS system that may limit oxidation in an encapsulated environment. For these reasons, 

this dissertation hypothesizes that the issues of oxidative instability, frequent dosing, and low 

bioavailability of cysteamine will be lessened using encapsulated cysteamine and the combination 

DDS.  

To test this central hypothesis, the dissertation examined the following specific aims: 

1) development and testing of cysteamine loaded MS/gel to characterize clinically 

relevant drug levels, physical properties, and stability.  

2)  to study cysteamine pharmacokinetics and biodistribution in an ophthalmic rabbit 

model. 

3) to study efficacy in the CTNS (-/-) murine model, a knockout model of cystinosis.  

1.3.1 Specific Aim 1  

Specific Aim 1:  to develop and test cysteamine loaded MS/gel for clinically 

relevant drug levels, physical properties, and stability. 
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Hypothesis:  cysteamine encapsulation in PLGA MS will improve drug stability and retain 

physical and chemical properties within a thermoresponsive gel for topical application to 

the eye.  

The objectives of Specific Aim 1 were to: 

1) Optimize cysteamine encapsulation in PLGA MS for 1 week at drug concentrations  

similar to existing therapeutic eyedrops 

2) Characterize materials and verify compatibility with thermoresponsive gel  

3) Develop a stability assay and compare shelf-life stability of encapsulated cysteamine 

to cysteamine eyedrops 

4) Examine ocular irritation of materials with in in vitro/ex vivo models and compare to 

traditional eyedrops 

5) Quantify in vitro drug permeation through the cornea in a diffusion chamber setup  

6) Topically administer delivery system and evaluate preliminary safety and retention in 

vivo  

1.3.2 Specific Aim 2 

Specific Aim 2:  to study cysteamine pharmacokinetics and biodistribution in a rabbit 

model. 

Hypothesis:  Encapsulated cysteamine combined into a topical thermoresponsive gel will 

deliver cysteamine at drug levels similar to multiple doses of traditional eyedrops in vivo. 

Results of ex vivo and in vitro ocular irritation assays in Specific Aim 1 justified additional 

safety and eyedrop tolerability of candidate formulations during in vivo studies. 

The objectives of Specific Aim 2 were to: 
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1) Quantify in vivo cysteamine concentrations in ocular tissues including the cornea, 

aqueous humor, vitreous humor 

2) Quantify in vivo cysteamine concentrations in systemic tissues including plasma  

3) Compare cysteamine eyedrops and encapsulated cysteamine/gel drug profiles over the 

time course of prescribed treatment   

4) Clinically score tolerability during instillation of eyedrop formulations  

1.3.3 Specific Aim 3 

Specific Aim 3:  to study efficacy in the CTNS (-/-) murine model, a knockout model of 

cystinosis  

Hypothesis:  Cysteamine delivered from encapsulated cysteamine/gel is stable and  

will treat corneal cystine crystals confirmed by longitudinal in vivo corneal imaging 

analysis.  

The objectives of Specific Aim 3 were to: 

1) Breed and maintain a colony of CTNS (-/-) knockout mice. 

2) Develop corneal imaging strategies and quantify corneal properties and corneal cystine 

crystal pixel intensities. 

3) Administer and retain encapsulated cysteamine/gel in the mouse eye. 

4) Compare efficacy of cysteamine/gel to cysteamine eyedrops. 
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1.4 Translational Impact of Specific Aims 

As presented in the review of relevant literature, the following statements comprise the scientific 

premise and impact of dissertation studies:  

1) There are well-defined clinical needs for improved treatment for corneal cystine crystals 

in cystinosis. 

2)  Current approved and investigative technologies have not fully addressed the myriad 

issues with cysteamine ocular delivery.  

3)  Controlled release technology may offer an alternative to current treatment strategies.  

 

The engineered drug delivery system is unique in that it will require only a single drop for 

the dosage and will provide therapeutic levels of cysteamine to the cornea in a stable and safe 

method.  As previously discussed, the poor aqueous stability of cysteamine is a large inherit issue 

to this small molecule. Oxidation rates of cysteamine to its inactive counterpart, cystamine, have 

been studied to occur in higher pH solutions (pH 7.4 vs pH 4.3) [139]. By encapsulating 

cysteamine, we avoid the issues of pH prior to the introduction of CMS to the liquid phase of our 

gel. Upon administration and rapid transition, cysteamine will diffuse through the polymer matrix 

with a pH dictated by the surrounding ocular environment (pH 7.0-7.3) [140]  This single-drop 

treatment will continuously provide therapeutic amounts of active drug to the ocular surface, as 

opposed to the daily 6-12 drops Cystaran™, which in turn may reduce concerns with patient 

noncompliance and minimize drug concentrations.  Quality of life may be dramatically improved, 

as only a single drop will be needed for treatment, and side effects (pain) may be mitigated. The 

distinctive, simple removal of the non-degradable gel may also be attractive as it will further reduce 

concern of long-term adverse side effects due to lingering material or degradation products. 
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Furthermore, much of the research in this area did not take advantage of biodegradable 

microspheres as a method to improve stability and extend release, giving our novel and patent-

pending system a significant advantage as it will provide sustained drug release in a more reliable 

and stable manner 

The results of these studies demonstrate the preclinical potential of a novel controlled 

release cysteamine delivery system for cystinosis. Future studies will further explore the 

translational capabilities of our technology through scale-up manufacturing and sterilization 

testing. Ultimately, these models developed in this dissertation represent preclinical methods to 

assess the translation of a topical, single drop gel eyedrop formulation. An overview of the 

translation of the DDS is summarized in Figure 7.  The dissertation studies contribute to the 

scientific and clinical understanding of improving treatment for rare diseases, an area with 

substantial potential for additional research in novel pharmacological, cell, or gene-based 

therapies.  

 

Figure 7 Overview of translational impact to cystinosis patients 

 

+ΔT
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2.0 Specific Aim 1 

 The focus of the aim was to develop and characterize materials in our DDS. In the timeline 

of this dissertation, the initial development (August 2016) took into consideration the clinical 

parameters set forth by Cystaran™ (0.44% cysteamine eyedrops), the only FDA-approved eyedrop 

at the time.  Corneal cystine crystals are treated with Cystaran™ eyedrops when administrated 6 

to 12 times day and used within 1 week after opening. The dosage and frequency of administration 

was clinically tested using titration studies [141, 142] to find the optimal dosing range. However, 

because these eyedrops are administered hourly and may require assistance from caregivers of 

pediatrics patients, the delivery of cysteamine can be inconsistent. This clinical practice may 

inhibit the ability to determine how much cysteamine (per mass) is delivered to the cornea.  

Furthermore, the FDA-approval did not require ocular pharmacokinetic data on cysteamine 

eyedrops which adds to the complexity of determining therapeutic concentrations in the eye. As 

such, the main strategy to determining a dosage to reformulate was focused on the concentration 

of cysteamine delivered from one 50µL drop at the minimum (6 drops) and maximum (12 drops). 

This aim highlights the scientific approach of encapsulating cysteamine microspheres (CMS). 

Several fabrication methods were conducted (Appendix A) and tested for compatibility with the 

pNIPAAm gel (Appendix A.2.3). The methods reflected in this chapter were iteratively used to 

design CMS formulations.  Ultimately, the candidate formulation consisted of spray-dried 

cysteamine microspheres (SD-CMS) and was further investigated. The use of SD-CMS will 

henceforth describe a candidate microsphere formulation that was optimized after several 

formulations, which are compared and discussed in Appendix A.2.4 and Appendix A.2.5.  
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2.1 Introduction  

Topical cysteamine has proven to be safe and effective in reducing and clearing corneal 

cystine crystals, resulting in clear corneal layers and reduction in light sensitivity [143-146]. 

However, cysteamine eyedrops require frequent administration—up to once per waking hour (6 to 

12 times per day) and are highly susceptible to oxidative degradation, therefore requiring that the 

eyedrops are frozen until opening, stored in the refrigerator, and disposed of within 1 week [47, 

143]. Furthermore, ocular irritation upon administration possibly associated with corneal epithelial 

erosions [147] leads to high levels of noncompliance with the prescribed drop regimen. This 

inconvenient therapy and its associated complications, particularly in the context of a disease as 

complex and multi-faceted as cystinosis, severely impact the quality of life of patients. To address 

the issues with ocular cysteamine delivery, including frequency of dosing and poor aqueous 

stability, cysteamine reformulation into various drug delivery systems has been investigated. 

Controlled release technologies including viscous gels [104, 108], hydrogels [103], contact lenses 

[106], and nanowafer discs [107] have recently been developed to increase the ocular retention 

and prolong the release of cysteamine. Of these studies, the nanowafer disc in particular has shown 

promise for extended release of cysteamine and moderately increased stability [107]. Despite these 

advances, development in this area, especially given the far-reaching implications for other rare 

diseases affecting vision [1] and the many new approaches for ocular drug delivery [18, 148], 

remains under investigated 

The research presented in this chapter focuses on the development of a multicomponent 

extended-release drug delivery system for treatment of corneal cystinosis. This system 

incorporates spray-dried cysteamine-loaded poly(lactic-co-glycolic acid) microspheres (SD-CMS) 

within a thermoresponsive poly(N-isopropylacrylamide) (pNIPAAm) and poly(ethylene glycol) 



34 

(PEG) gel matrix (Gel) . The SD-CMS/Gel suspension is administered similarly to a traditional 

eyedrop but forms a pliable depot after exposure to ocular surface temperatures when placed in the 

lower eyelid. The Gel material is mixed with hydrolyzable PLGA microspheres, which are capable 

of delivering a range of ocular drugs for varying lengths of time, as with previous in vivo large 

animal studies demonstrating long-term efficacy, lower fornix retention and safety in glaucoma 

for 28 days [138], and bacterial endophthalmitis prophylaxis for 24 h [137].  

This chapter describes the strategies for cysteamine encapsulation in PLGA microspheres 

and subsequent validation of microsphere morphology and in vitro drug release kinetics to achieve 

a minimum of 24 h of treatment, up to 12-fold reduction in dosing frequency. The resulting 

microsphere formulation demonstrated a dramatic increase in stability and ionic drug-surface 

tension interactions with the Gel carrier for sustained release of drug. Additional characterization 

including ex vivo corneal permeability studies, ocular irritation evaluation with organotypic 

models, and in vivo topical administration and retention further supported the use of this novel 

system for translation into preclinical models.  

2.2 Materials and Methods 

All materials and reagents were obtained from Sigma Aldrich (St. Louis, MO, USA) unless 

otherwise specified. The characterization methods (drug release and thermal properties) in this 

chapter also describe the methodologies performed in Appendix A.  
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2.2.1 Fabrication and Characterization of Cysteamine Microspheres  

Spray dried cysteamine microspheres (SD-CMS) were fabricated using a Büchi B290 Mini 

Spray Dryer with a B29F Inert Loop (Büchi New Castle, Delaware, USA). Approximately 2 g of 

cysteamine hydrochloride and 8 g of 75:25 poly(DL-lactide-co-glycolide) (IV 0.14–0.22 dl/g, 

Mw: 4000–15,000) (Evonik Maryland, USA) in a cosolvent consisting of a 

methanol:dichloromethane (10:90,v/v) solution was used to generate a 5% cysteamine liquid feed. 

Büchi spray dry process parameters were set as follows: compressed nitrogen, flow meter 

(40 mm), aspirator (100%), inlet temperature (45 °C), atomizing gas flow (473 L/hr), feed rate 

(10% ml/min), and outlet temperature range (32–35 °C). Samples were collected using a Standard 

Cyclone and Product Collection Vessel. Cysteamine free microspheres (SD-BLANK-CMS) were 

produced using the same fabrication process without the addition of cysteamine hydrochloride. 

The shape and morphology of SD-CMS and SD-BLANK-CMS were examined using scanning 

electron microscopy (SEM). Samples were gold sputter-coated and imaged using a JEOL 6335F 

Field Emission SEM (JEOL, Peabody, MA, USA). The zeta potential of SD-CMS and SD-

BLANK-CMS was determined using electrophoretic light scattering equipped in the Zetasizer 

Nano Series (Malvern, Westborough, MA, USA). SD-CMS and SD-BLANK-CMS were 

suspended in 10-mM potassium chloride (KCL) to achieve a 1% (w/v) ratio. A disposable folded 

capillary cell was filled with 0.75 mL of each suspension and measured at 37 °C.. 
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2.2.2 Gel Fabrication and Thermal Characterization  

Free radical polymerization of N-isopropylacrylamide (NIPAAm) was performed by 

adding 2 mL of an 0.5-mg/ mL solution of ammonium persulfate (APS) in MilliQ water to 100 mg 

of NIPAAm monomer. 5 µL of tetramethylethylenediamine (TEMED) initiator was added to the 

solution mixture and polymerization proceeded for 12 h at 4 °C. Residual TEMED and APS were 

removed from the synthesized poly(N-isopropylacrylamide) (pNIPAAm) via repeated phase 

transition cycling (T > 37 °C) in excess MilliQ water. The purified polymer was flash frozen in 

liquid nitrogen, lyophilized for 48 h, and stored at 4 °C prior to rehydration. A 9 wt% (m/v) gel 

was prepared via rehydration of ~ 470 mg of lyophilized pNIPAAm in 4.7 mL of MilliQ water 

with 470 μL of polyethylene glycol (PEG MW 200 kDa) as an additive. Hydration of the gels 

proceeded for 3 days with intermittent mixing and centrifugation at 4 °C, 1000 RPM (106 RCF). 

Samples were stored at 4 °C until use. After preparation, SD-CMS gel suspensions (SD-CMS/ 

Gel) and SD-Blank-CMS gel suspensions (SD-BLANK-CMS/Gel) were prepared by weighing out 

respective microspheres at a ratio of 1 mg: 100 μL gel. The lower critical solution temperature 

(LCST) of gel, SD-CMS/Gel, and SD-BLANK-CMS/Gel were determined via differential 

scanning calorimetry (DSC). DSC analysis was performed using a Perkin Elmer Pyris 6 

calorimeter. Samples were heated in hermetically sealed aluminum pans from 2 to 50 °C at a rate 

of 2 °C/min under a nitrogen atmosphere with a flow rate of 20 mL/min. LCST values were 

calculated as the endothermic peak in the resulting DSC curves.  
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2.2.3 Evaluation of In Vitro Drug Release Kinetics 

Quantifying cysteamine release from CMS formulations guides the optimization towards 

a candidate formulation of further characterization. In the initial development of a CMS 

formulation, emulsion-based techniques such as double emulsions and single emulsions produced 

CMS with unfavorable drug release kinetics as characterized below. It should be noted that the 

choice of SD-CMS as the candidate formulation is a result from the high drug encapsulation of a 

water-soluble drug from spray-dried techniques. Appendix A describes the optimization of CMS 

and SD-CMS process in more detail.  

2.2.3.1 Detection of Cysteamine with Pre-Column Derivatization HPLC 

Cysteamine was detected by derivatizing with 2-chloro1-methylquinolinium 

tetrafluoroborate (CMQT) and analyzed with a modified high-performance liquid chromatography 

(HPLC) method [149]. CMQT was synthesized in lab according to previously published methods 

[150]. Reduction of oxidized cysteamine (cystamine) with tris(2-carboxyethyl) phosphine 

hydrochloride (TCEP) was performed prior to CMQT derivatization. Standard cysteamine sample 

aliquots (100 µL) were added to 400 µL of a 0.1 M, pH 7.5 phosphate buffer solution. 

Approximately 20 µL of 0.1 M TCEP was added to the solution mixture, reacted for 15 min, 

followed by 20 µL of 0.1 M CMQT, which reacted for 5 min. The reaction mixture was then 

acidified with 50 µL of 3 M hydrochloric acid. Approximately 20 µL of reaction sample was 

injected into an autosampler on a 1220 Infinity Liquid Chromatography (Agilent Technologies, 

California, USA) attached with a 1220 DAD Liquid Chromatography UV detector (Agilent 

Technologies, California, USA). A reverse-phase Zorbax SD-C18 column (5 µm, 4.6 × 150 mm; 

Agilent Technologies, California, USA) was used to separate molecules undergoing a gradient 
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elution. The gradient elution consisted of mobile phases acetonitrile (A) and trichloroacetic acid 

pH 2.0 (B) at ratios: 0–3 min (12% A, 88% B), 3–9 min (30%A, 70%B), and 9–12 (12%A, 88%B) 

for 15 min at a flow rate of 1.2 mL/min. The column temperature was held at 25 °C. UV detector 

was set at 355 nm. Retention times of cysteamine-CMQT derivative and excess CMQT were 

10.5 min and 11.3 min, respectively (Figure 8). The column was equilibrated for 5 min after each 

injection. Peak height from cysteamine-CMQT derivative was used from standard aliquots to 

create a 6-point standard curve over the range of 1 to 50 µg/mL (Figure 9). 

 

 

Figure 8 HPLC chromatogram of CMQT (10.5-10.6 min) and cysteamine-CMQT (11.3 min) 
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Figure 9. Standard curve of cysteamine-CMQT derivatves from HPLC 

2.2.3.2 Release Studies on Cysteamine Microspheres and Gel Suspensions  

Cysteamine loaded microspheres (SD-CMS) and cysteamine-free microspheres (SD-

BLANK-CMS), along with their corresponding gel suspensions (SD-CMS/Gel, SD-

BLANKCMS/Gel), were further characterized for in vitro drug release kinetics over 24 h. Known 

masses of SD-CMS were suspended in 0.1 M, pH 7.5 phosphate buffer solution (500 µL) in a 

1.5 mL Eppendorf tube. Samples were placed in a rotator and incubator at 37 °C. For each 

predetermined time point, samples were spun down at 3500 RPM (106 RCF) or 5 min, and 

supernatant was removed for analysis. Fresh phosphate buffer solution was added to the remaining 

MS, vortexed, and placed back onto rotator to maintain sink-like conditions. Cysteamine 

concentrations in phosphate buffer solution were analyzed using the previously described HPLC 

method. Gel suspension release kinetics were determined similarly, by mixing MS at a ratio of 

10 mg:100 µL (MS:Gel) in a 1.5 mL Eppendorf tube, sampling supernatant at 37 °C as not to 
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disturb microsphere/gel conformation, replacing supernatant with fresh 37 °C phosphate buffer 

solution, and evaluating release samples with HPLC.  

2.2.4 NMR Quantification of Cysteamine in Microspheres  

Cysteamine drug loading in PLGA microspheres was quantified using NMR spectroscopy. 

Reference spectra for PLGA quantification with NMR spectroscopy were implemented [151]. The 

1 H-NMR spectra were obtained using a 500-MHz Bruker Avance III spectrometer at 293 K in 

deuterated dimethyl sulfoxide (DMSO-d6) with a sample concentration of 20 mg/mL. Spectra 

obtained from 32 scans were calibrated to the residual solvent peak at δ 2.50 ppm and processed 

with TOPSPIN™ software (Bruker, Billerica, Massachusetts, USA). Reference spectra of 

cysteamine, cystamine, and PLGA were utilized as standards, where non-overlapping methylene 

proton resonances at δ 2.70 ppm (cysteamine), δ 3.10 ppm (cystamine), and δ 4.88 ppm (PLGA) 

were utilized to determine mass of cysteamine in MS, drug-loading, and % cysteamine according 

to Eqs. 1, 2., and 3, respectively. 

 

In Equation 1, MMCYS is the molar mass of cysteamine, 77.15 g/ mol; MMPLGA is the molar 

mass of the PLGA repeat unit “LG,” 126.0 g/mol; and I and P are the integral and number of 

protons, respectively. 

 
𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (

𝜇𝑔

𝑚𝑔
) =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑦𝑠 𝑖𝑛 𝑀𝑆 (𝜇𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑆 (𝑚𝑔)
 Equation 2 

 

 

 𝑐𝑦𝑠 (𝑚𝑔) =  
𝑀𝑀𝐶𝑌𝑆 ∙

𝐼𝐶𝑌𝑆

𝑃𝐶𝑌𝑆

𝑀𝑀𝐶𝑌𝑆 ∙
𝐼𝐶𝑌𝑆

𝑃𝐶𝑌𝑆
+ 𝑀𝑀𝑃𝐿𝐺𝐴 ∙

𝐼𝑃𝐿𝐺𝐴

𝑃𝑃𝐿𝐺𝐴

× 𝑚𝑎𝑠𝑠 𝑀𝑆 (𝑚𝑔) Equation 1 
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In Equation 2, drug loading is the amount (mass) of cysteamine in a known mass of 

microspheres. A pre weighed sample of microspheres can be used to normalize between samples 

when determining the amount cysteamine.  

 

In Equation 3, the percentage of cysteamine (%) is determined by finding the ratio of 

oxidized cystamine in the sample. The value Icysteamine is the integral value of NMR for cysteamine 

and is divided by the number of protons (2 protons) for cysteamine. The value Icystamine is the 

integral value of NMR for cystamine (the oxidized form of cysteamine) and is divided by the 

number of protons (4 protons) for cystamine.   

2.2.5 NMR Study to Determine Cysteamine Stability in Microspheres and Eyedrops 

Cysteamine drug stability in SD-CMS and eyedrop formulations was monitored using 

NMR spectroscopy. SD-CMS formulations and a control cysteamine eyedrop solution [139] 

consisting of cysteamine hydrochloride (66 mg) in 15 mL deuterate water (D2O) (Cabridge 

Isotope Laboratories Inc., MA, USA) with 0.01% benzalkonium chloride (1.5 mg) and 0.90% 

sodium chloride (135 mg) were evaluated at 4 °C and 25 °C, over a 7-week time period. The SD-

CMS and eyedrop formulation samples were wrapped in aluminum foil and opened twice per day 

to simulate opening and closing of an eyedrop bottle. 1 H-NMR spectra were obtained bi-weekly 

using a 500-MHz Bruker Avance III spectrometer at 293 K. Approximately 1 mL aliquots of the 

D2O-based eyedrop formulation were utilized for analysis, whereas 20 mg samples of SD-CMS 

were weighed out, dissolved in DMSO-d6, and analyzed within 10 min to capture the 

 

% 𝐶𝑦𝑠𝑡𝑒𝑎𝑚𝑖𝑛𝑒 =  (

𝐼𝑐𝑦𝑠𝑡𝑒𝑎𝑚𝑖𝑛𝑒

2
𝐼𝑐𝑦𝑠𝑡𝑒𝑎𝑚𝑖𝑛𝑒

2 +
𝐼𝑐𝑦𝑠𝑡𝑎𝑚𝑖𝑛𝑒

4

) × 100 Equation 3 
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cysteamine:cystamine content within the SD-CMS. Spectra obtained from 32 scans were 

calibrated to the residual solvent peak at δ 2.50 ppm (DMSO-d6) and δ 4.80 ppm (D2O) and 

processed with TOPSPIN™ software (Bruker, Billerica, Massachusetts, USA). Cysteamine 

content within each sample was determined by monitoring the non-overlapping methylene 

resonance of cysteamine and cystamine at δ 2.70 ppm (DMSO-d6, Figure 10) or 2.85 ppm (D2O; 

Figure 11) and δ 3.10 ppm (DMSO-d6, Figure 10) or 3.05 ppm (D2O; Figure 11), respectively. 

Percent cysteamine (%) was determined according to Eq. 3. 

 

 

Figure 10 NMR profile of cysteamine and cystamine in SD-CMS 
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Figure 11 NMR profile of cysteamine and cystamine in eyedrops 

2.2.6 Conjunctival Irritation on the HET-CAM Test  

Fertilized white leghorn hen eggs (Moyer’s Chicks, Quakertown, PA) were obtained and 

incubated for 9 days at 37 °C and 60% humidity. Eggs were placed pointy end facing down on egg 

holding racks and rotated twice a day manually. On the 6th day, eggs were candled using a candlar 

to observe embryo formation. Underdeveloped eggs were discarded. On the 9th day, eggs were 

removed from the incubator and were allowed to equilibrate to room temperature. A 1 cm radius 

circle was drawn on the top of the egg. A rotator tool (WEN Model #2305, Elgin, Illinois) with a 

cut-ofF wheel attachment was used to carefully cut through the eggshell, exposing a thin white 

membrane. For this study, a negative control of a 0.9% saline solution was fabricated by dissolving 

9 g of sodium chloride in 1000 mL of milliQ water. A positive control consisting of a 0.1 M sodium 

hydroxide (NaOH) solution was obtained from Sigma Aldrich (St. Louis, MO, USA). 
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Approximately 500 µL of 0.9% saline was added to the white membrane for 5 min. Curved forceps 

were used to remove the white membrane and expose the chorioallantoic membrane (CAM). The 

CAM was noted of any defects, and egg shell debris was removed carefully without damaging the 

CAM. An initial image of the CAM was taken using an inverted slit lamp (Eyephotodoc Fullerton, 

CA). For liquid controls, 300 µL of test material was placed on the CAM. For microspheres 

controls, 10 mg of material to 300 µL of 0.9% saline was placed on the CAM. For gel controls, 

100 µL of material was placed. Similarly, SD-CMS/Gel and SD-BLANK/Gel suspensions were 

applied at a ratio of 10 mg:100 µL SD-CMS:Gel. Images at 30 s, 2 min, and 5 min were taken for 

each test material. Any signs of vascular hemorrhage, coagulation, and/or lysis (Figure 12) were 

recorded based on previous studies [152]. Endpoint effects were scored based on in vitro 

toxicology studies [153] and summarized in Table 2.  

 

 

Figure 12 HET-CAM irritation from positive and negative controls  
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Table 2 HET-CAM score range 

HET-CAM Score Range Irritation Category 

0.-0.9 Nonirritant or practically none 

1-4.9 Weak or slight irritation 

5-8.9 or 5-9.9 Moderate irritation 

9-21 or 10-21 Strong or severe irritation 

 

2.2.7 Corneal Irritation on the BCOP Test 

Freshly enucleated bovine whole eyes were delivered on ice from Pel-freez Biologicals 

(Rogers, AR, USA) overnight, within 24 h of harvesting. Samples were inspected for corneal 

damage (scratches, cloudiness) or severe cataracts and were discarded from study. Viable bovine 

eyes were placed on aluminum dishes on top of 100 mL beakers filled with MilliQ water and 

placed in a 37 °C water bath. A silicon O-ring (RtDygert, Burnsville Minnesota) was placed on 

the center of the cornea. Prior to application of testing materials, a 150 µL drop of 0.9% saline was 

added to fill the O-ring. A khim wipe was used to blot of the saline and replaced with testing 

materials. Controls and test material masses and volumes were administered as a solution or 

suspension for dry powders, similar to the methods in the HET-CAM test. Corneas were exposed 

to materials for 30 s and subsequently rinsed of with 0.9% saline. Corneas post-exposure were 

incubated for 10 min and scored for corneal opacification and epithelial detachment. Epithelial 

integrity was determined by applying ophthalmic fluorescein strips (FluGlo, Akron Lakeforest,IL) 

and observed under blue cobalt light. Irritation scores were determined and categorized based on 
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overall cumulative scoring [153], summarized in Figure 13 and Table 3. These methods followed 

the OECD Test No. 437 guidelines for the testing of chemical eye irritants [154], which suggest a 

range of immediate exposure (30 s) to 4 h with longer exposure times suggested on case-by-case 

bases.  

 

 

Figure 13 BCOP irritation from positive and negative controls 

 

Table 3 BCOP scoring range 

BCOP Score Range Irritation Category 

<= 0.5 Nonirritant or practically none 

0.5-1.9 Weak or slight irritation 

2.0-4.0 Moderate irritation 

>4.0 Strong or severe irritation 
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2.2.8 Ex Vivo Corneal Permeation Studies  

Trans-corneal permeation was studied using excised rabbit corneas (Pel-freez Biologics, 

Rogers, AR, USA) and Franz type diffusion cells as previously described [139]. Rabbit whole eyes 

were shipped in Dulbecco’s modified Eagle’s medium with antibiotic and antimycotic per Pel-

freez Biologics formulation, shipped overnight on ice within 24 h of harvesting. Whole eyes were 

evaluated for corneal damage with slit lamp imaging and discarded if present with superficial 

damage. Selected corneas were excised with iris type dissecting scissors with 1–2 mm of 

surrounding sclera tissue and were placed epithelium side down in 0.1 M, pH 7.5 phosphate buffer 

solution. The corneal medium and storage conditions have been previously reported [155] to 

support epithelial cell survival and reduce the likelihood of ultrastructure changes required for 

corneal transplants in humans [156]. Corneas were fitted on Franz cells (9 mm OD spherical joint 

interfaced with sclera, 5 mL receptor volume) with a 0.64 cm2 corneal permeation area 

(PermeGear, Hellertown, PA, USA). The donor chamber was filled with 0.3 mL of cysteamine 

eyedrops (0.44% cysteamine hydrochloride, 0.01% benzalkonium chloride (1.5 mg) and 0.90% 

sodium chloride (135 mg), adjusted to pH 4.1–4.5 with 0.01 M hydrochloric acid), and 0.3 mL of 

SD-CMS/Gel at a ratio of 10 mg:100 µL of SD-CMS:Gel. The receptor chamber was filled with 

0.1 M, pH 7.5 phosphate buffer solution (approximately 5 mL volume). The receptor chamber was 

continuously stirred at 600 RPM on a magnetic stir plate and kept at 37 °C. Approximately 200 

µL of receptor solution was sampled hourly for a 5 h period and analyzed using previously 

described HPLC (N = 3). Blank assays were conducted similarly to test assays to verify 

interferences due to biological tissues in HPLC. Data are presented as mass of cysteamine 

permeated across a 64 cm2 permeation area (µg/cm2) as a function of time. 
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2.2.9 In Vivo Topical Administration, Retention, and Preliminary Safety  

Our study conformed to the Association for Research in Vision and Ophthalmology 

(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and was approved 

by the University of Pittsburgh Institutional Animal Care and Use Committee. New Zealand white 

rabbits (0.95–1.4 kg) were purchased from Envigo (formerly Covance Research, Somerset, NJ, 

USA). The right eye of each subject (N = 3) was selected to undergo surgical resection of the 

nictitating membrane, a tissue that partially covers the surface of the rabbit eye, prior to treatment. 

This procedure has been previously described to be minimally invasive and safe with a healing 

time of 7 days [137, 138]. The nictitating membranes of the rabbit eyes were removed with a 

scalpel and cauterizing tool to excise the tissue and minimize bleeding. The rabbits were 

anesthetized intravenously via marginal ear vein by applying topical 5% lidocaine ointment 

(Amneal Pharmaceuticals LLC Bridgewater, NJ, USA) to the injection site 10 min prior to 

injection of 10 mg/kg of ketamine (Ketathesia; Henry Schein Animal Health, Dublin, OH, USA) 

and 1 mg/kg of xylazine (AnaSed Injection; Lloyd Laboratories, Shenandoah, IA, USA). To the 

eye, one topical drop of 0.5% proparacaine (Baush+Lomb, Bridgewater, NJ, USA) was 

administered before removal of the nictitating membrane. Following the procedure, one topical 

eyedrop of 0.3% tobramycin (Bausch+Lomb, Bridgewater, NJ, USA), and one topical eyedrop 1% 

prednisolone acetate (Pacifc Pharmaceticals INC, Rancho Cucamonga, CA, USA) was 

immediately administered and repeated once daily for the following 4 days to prevent infection 

and limit inflammation. The eyes of the rabbits were examined using slit-lamp photography 

(Eyephotodoc, Fullerton, CA, USA) throughout the study. After 7 days, one drop of 2% topical 

fluorescein ophthalmic suspension (Baush+Lomb, Bridgewater, NJ, USA) was administered and 

observed under cobalt light. After which, one 100 µL drop of SD-CMS/Gel (ratio 10 mg SD-
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CMS/100 µL Gel) was topically administered using a 1 mL syringe capped with a 200 µL pipette 

tip (Figure 23A), and placed in the inferior conjunctival cul-de-sac (see Figure 23B) without local 

or systemic anesthesia. After 24 h, the rabbits were evaluated for eye health and gel retention via 

fluorescein drops and cobalt light imaging  

2.2.10 Statistical Analysis 

Zeta potential, drug release assays, stability, and ex vivo ocular irritation assays are 

represented as average ± standard deviation for N=3 samples.  For corneal permeation studies, a 

Mann-Whitney U test was used to compare the amount of cysteamine permeated through rabbit 

corneas from cysteamine formulations (alpha = 0.05) reported from Minitab 19 software (State 

College, PA). 

2.3 Results 

2.3.1 Cysteamine Microspheres and Gel Characterization 

Characterization of microspheres using scanning electron microscopy (SEM) was 

performed to evaluate their outer pore morphology and approximate size. The zeta potential (ZP) 

of microspheres were determined as indicative evidence towards the surface potential and nature 

of surface charge (positive/negative). Upon fabrication, SEM, and ZP characterization, 

microspheres were combined into Gel (pNIPAAm and PEG) and analyzed for thermal properties 

with differential scanning calorimetry (DSC) to ensure the lower critical solution temperature 
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(LCST) of the combined system was similar to ocular surface temperature ranges (32–34 °C) 

[140]. These measurements were taken prior to drug release assays to verify that the fabrication 

methods resulted in thermal properties compatible with the intended clinical use. Figure 14 shows 

representative SEM images of spray-dried cysteamine loaded microspheres (SD-CMS). SEM 

images represented spherical microspheres with a relative size of 2 µm, supporting microsphere 

fabrication with no appearance of free, unloaded cysteamine crystals. The ZP of SD-CMS and SD-

BLANK-CMS was compared in Figure 15. Samples were measured at a range of pH (4–12) to 

compare surface potentials. SD-CMS ZPs were determined at pH 4–10 (between 

− 14.21 ± 7.235 mV and 0.29 ± 20.213 mV) and pH 11–12 (− 38.76 ± 1.939 mV and 

− 35.43 ± 7.569 mV). SD-BLANK-CMS ZPs were determined at pH 4–12 (between 

− 43.46 ± 4.556 mV and − 32.6 ± 3.469 mV). The differences in ZPs between SD-CMS and SD-

BLANK-CMS support the inclusion of cysteamine ions within the fabrication process of SD-CMS. 

Having confirmed microsphere fabrication and characterization, the next step was to determine the 

LCST of our microsphere formulations and gel. Figure 16 presents differential scanning 

calorimetry thermograms of Gel (no microspheres), Gel with unloaded, cysteamine-free 

microspheres (SD-BLANK-CMS/Gel), and Gel with cysteamine loaded microspheres (SD-CMS/ 

Gel). The thermograms confirm the LCST (°C) as endothermic transitions observed during the 

heating phase. The LCST for the gel formulation was determined to be 33.9 °C, whereas the LCST 

of the gels with cysteamine and cysteamine-free microspheres was 32.0 and 33.6 °C, respectively. 

These measures confirm the ability for our drug delivery system to be administered below their 

LCST as an aqueous gel, and when applied to the ocular surface and eyelid will transition to a 

pliable drug delivery system. 
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Figure 14.  Scanning electronc microscopy (SEM) of SD-CMS 

 

 

Figure 15. Zeta potential of SD-CMS and SD-BLANK-CMS. The data are represented by mean ± standard 

deviation (N=3) 
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Figure 16. DSC thermal characaerization of gel and spray dried MS formulations 

2.3.2 In Vitro Cysteamine Drug Release Studies  

Having confirmed the fabrication of SD-CMS and thermal properties of our gel-

microsphere delivery system, the next step was to determine the release profile of cysteamine from 

the SD-CMS and SD-CMS/Gel. In vitro cumulative release of cysteamine from a known mass of 

microspheres alone and microspheres within our gel for 24 h was compared in Figure 17. Analysis 

of percentage of total amount of cysteamine encapsulated was reported with the goal of verifying 

potential changes in release kinetics from our gel. Figure 18 present cysteamine release totals from 

our combined system relative to the amount of cysteamine delivered to the eye at the clinically 

recommended frequency, with a minimum 6 drops (1950 µg cysteamine) and maximum 12 drops 

(3900 µg cysteamine) daily (see Appendix A.1 for calculation) [47, 157]. As expected, cysteamine 

release from our system within 24 h was above the lower limit of cysteamine delivery with an 

average cumulative release of 2633.08 ± 61.797 µg/day released over 24 h.  
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Figure 17 Cysteamine release from SD-CMS and SD-CMS/Gel. Data are represented as mean ± standard 

deviation (N=3) 

 

 

Figure 18 Cysteamine release from SD-CMS/Gel compared to eyedrop regiment (6-12 drops) 
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2.3.3 Stability Profile of Cysteamine Microspheres and Cysteamine Eyedrops 

Cysteamine in eyedrop formulations has been well reported to be chemically unstable as it 

readily oxidizes to therapeutically inactive cystamine, the dimer of cysteamine [47, 99, 147]. 

Therefore, stability analysis of cysteamine in eyedrops and microspheres was evaluated at 25 °C 

and 4 °C with repeated opening and closing to introduce oxygen, much like the clinical use of the 

current cysteamine eyedrops. Figure 19 shows the stability of cysteamine (%) in an eyedrop 

formulation (n = 3) at 1 week at 4 °C with 92.5% ± 1.84% cysteamine, and 25 °C with 

83.58% ±  3.25% cysteamine. Stability of cysteamine in microspheres (n = 1) at 7 weeks at 4 °C 

with 96.2% cysteamine and at 5 weeks at 25 °C with 93.1% cysteamine. Cysteamine encapsulated 

in PLGA microspheres remained in its therapeutic, effective form for 7 weeks, an improvement 

from cysteamine eyedrops, in which is stable for 1 week. Further, as seen in NMR spectra (Figure 

10 and Figure 11), we can track the ratio of degradation by independently quantifying unique 

resonance for cysteamine (δ = 2.70 ppm) and cystamine (δ = 3.10 ppm) via 1 H-NMR.  
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Figure 19. Stability plot of cysteamine in eyedrop formulations. Data is reprsented as mean ± standard 

deviation 

2.3.4 In Vitro/Ex Vivo Ocular Irritation Studies 

Previously developed organotypic ocular irritation models [158, 159] that are sensitive to 

irritating chemical materials were used to evaluate the potential irritation of our materials and 

cysteamine eyedrops. Figure 20 represents cumulative HET-CAM irritation scores indicating that 

cysteamine eyedrops (n = 3, 1.67 ± 2.86) and cysteamine loaded microspheres in gel (n = 3, 

1.00 ± 1.73) had no irritation when compared with positive controls with severe irritation (0.1 M 

NaOH, n = 3, 20.33 ± 1.15) and negative controls with no irritation (0.9% saline, n = 3, 0 ± 0 

None). The microsphere formulations with no cysteamine (SD-BLANK-CMS, n = 3, 1 ± 1.73) 

and cysteamine loaded (SD-CMS, n = 3, 2.33 ± 4.04) when applied as dry powders were 

categorized as no irritation and slight, respectively. Bovine Corneal Opacity (BCOP) results 

presented in Figure 21 show similar findings with all materials falling within the no irritation 
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category when compared with severely irritating positive controls of 0.1 M NaOH. These findings 

indicate that our materials have no irritation and the combined cysteamine loaded microspheres 

and gel is likely to be tolerated as an eyedrop when exposed to approximately 85% (8 h) of 

cumulative cysteamine release (Figure 17). 

 

Figure 20 HET-CAM cumulative irritation scores 
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Figure 21 BCOP cumulative irritation scores 

2.3.5 Corneal Permeation Studies  

Cysteamine permeation through excised rabbit corneas in a Franz diffusion cell was 

investigated in our cysteamine microspheres/gel (SD-CMS/Gel) delivery system and compared 

with cysteamine eyedrops. We selected rabbit corneas for direct translation of our delivery system 

to our previous in vivo studies for glaucoma [138] and endophthalmitis [137], which suggest 

physiological and anatomical similarities to humans. Figure 22 presents cysteamine permeation 

data for each formulation for 5 h. We observed no significant difference in cysteamine permeation 

between cysteamine eyedrops (and SD-CMS/Gel). The resulting cysteamine permeation findings 

indicate cysteamine delivery from SD-CMS/Gel was readily absorbed through the cornea. 
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Figure 22 Corneal permeation from cysteamine formulations 

2.3.6 In Vivo Retention Studies  

The eyes of New Zealand white rabbits were surgically modified to anatomically resemble 

human eyes following safe surgical procedures and conventional after care. After monitoring eye 

health for 7 days, without anesthesia, our topical drug delivery system was administered to the 

lower eyelid at room temperature (Figure 23B) and transitioned upon administration at ocular 

surface temperatures (Figure 21C). For each subject (N = 3), one drop of 2% fluorescein was 

topically applied prior to SD-CMS/Gel administration (Figure 21, labeled D,F,H) and 24 h after 

(Figure 21, labeled E,G,I) to assess corneal health and retention. All subjects (N = 3) retained our 

drug delivery system at a volume of 100 µL (SD-CMS/Gel ratio 10 mg/100 µL) for 24 h. Cobalt 

light and fluorescein staining suggest no corneal or conjunctival damage. 
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Figure 23 In vivo administration and retention of SD-CMS/Gel.  
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2.4 Discussion  

The high instability of cysteamine in aqueous solutions is one of the greatest challenges in 

development of therapies for corneal crystals in cystinosis. Due to its unstable nature, clinical data 

regarding safety and efficacy required hourly cysteamine eyedrops to reduce corneal crystals—

leading to the acceptance of a clinical standard of 6–12 drops daily [47, 99]. Often, administration 

of cysteamine eyedrops requires caregivers for pediatric patients further adding to the burden of 

therapy. While caregivers become experts in the clinical management of cystinosis, the irritation 

associated with disease and cysteamine eyedrop administration can lead to patients tolerating one 

drop per day, resulting in noncompliance. For these reasons, the area of controlled release with 

encapsulated materials may afford localized delivery of cysteamine that effectively treats cystine 

crystals in cystinosis patients’ eyes, with a reduction in frequency of administration.  

As seen in studies on the reformulation of cysteamine eyedrops in to controlled release 

systems, cysteamine release was extended to a few hours [104, 106-108] to a maximum of 24 h 

[103]. The small size and hydrophilicity of cysteamine may contribute to the difficulties in 

controlling the rate of diffusion and drug loading of cysteamine from these systems. Such was the 

case when designing a PLGA microsphere with a drug loading equivalent to the range of 

cysteamine delivered to achieve crystal reduction in patients. Achieving the proposed amount of 

cysteamine in traditional emulsion (single and double emulsions) based techniques as 

recommended by the literature [160] proved to be challenging with an ultra-small, hydrophilic, 

chemically unstable thiol.  

Extensive efforts in microsphere formulation development and fabrication were conducted 

to achieve drug release magnitudes at the recommended amount of cysteamine equivalent in the 

range of 6–12 eyedrops/day [47]. Total amount of cysteamine delivered from standard cysteamine 
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eyedrops is the current clinical parameter for formulation development as the field lacks critical 

in vivo ocular pharmacokinetic data to determine efficacious cysteamine absorption amounts. 

Therefore, at a 0.05-mL dose volume of a 6.5- mg/mL cysteamine hydrochloride solution [157], a 

total of 0.325-mg (325 µg) cysteamine is delivered per drop. When scaled to the recommended 

frequency 6–12 drops/day, a minimum to maximum range is equivalent to 1950–3900 µg 

cysteamine (see Appendix A.1). 

 Several iterations of microsphere formulations were characterized and analyzed until 

ultimately, emulsion strategies were determined to be incompatible for encapsulation of 

cysteamine. As an alternative, removing potential interactions with larger volumes of aqueous 

solvents and thereby overcoming the hydrophilic nature of cysteamine, spray-dried fabrication of 

cysteamine achieved spherical microspheres (Figure 14). Inclusion of cysteamine ions from 

fabrication was indicated by differences in zeta potential magnitude and nature of surface charge 

(positive/negative) between SD-CMS and cysteamine free SD-BLANK-CMS (Figure 15). The 

presence of these ions slightly lowered the LCST after mixing in topical pNIPAAm and PEG gel 

(Figure 16). We observed 100% cysteamine depletion from PLGA microspheres within 2 h and 

extension of release from gel (SD-CMS/Gel) to 8–24 h (80%-100%). During sampling, the SD-

CMS/Gel supernatant was sampled in a 37 °C water bath to prevent reversible transition and 

disruption of the microsphere-gel conformation. Cysteamine loading and delivery within daily 

minimum and maximum cysteamine mass delivery were achieved following our methods (Figure 

17 and Figure 18). 

 The mechanism of release from our combined delivery system (SD-CMS/Gel) is based on 

diffusion from PLGA microspheres and extended in our pNIPAAm/PEG gel by potential 

molecular interactions of cysteamine ions between polymer-microsphere networks, attributed to a 
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change in LCST. The LCST property of pNIPAAm has been tailored to achieve different 

temperature ranges, with studies exploring the lowering effect on LCST by adding sodium salt 

ions following the Hofmeister series [161,162]. One study confirmed three mechanisms: surface 

tension effect, direct anion binding, and polarization of water molecules directly to hydrophobic 

portions of pNIPAAm (isopropyl groups and hydrocarbon backbone) [162]. In our zeta potential 

characterization of SD-CMS and SD-BLANK-CMS (Figure 15) we determined a difference in ZP 

magnitude at pH 4–10 between microspheres with cysteamine (SD-CMS) and cysteamine-free 

microspheres (SD-BLANK-CMS). When included into pNIPAAm/PEG gel, SD-CMS had a 

lowering effect on LCST (from base pNIPAAm gel 34 °C to 32 °C). The changes in ZP and 

lowered LCST may be attributed to the presence of cysteamine ions during the spray-dried 

fabrication process of cysteamine hydrochloride and PLGA. The inclusion of cysteamine ions and 

a potential increase in surface tension from SD-CMS into pNIPAAm is likely to delay the release 

of cysteamine as increased molecular interactions may occur through the microsphere polymer 

network. These experiments and our mechanistic insights represent the first cysteamine release 

kinetic profile from PLGA microspheres (Figure 17) and PLGA microspheres incorporated in 

thermoresponsive gels (Figure 18). Alone, SD-CMS release kinetics are similar to another spray-

dried microsphere formulation [163]. While release occurs faster than what is typically noted in 

the literature for PLGA microspheres, [164] these results represent a 12-fold decrease in daily 

cysteamine eyedrop administration.  

We further present the first long-term stability profile of encapsulated cysteamine in a 

direct comparison with traditional eyedrops using 1 H-NMR spectroscopy. This method is unique 

compared with other detection methods [107] because it can detect both cysteamine and cystamine. 

Further, our stability study took into account different storage conditions (4 °C and 25 °C), which 
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was not incorporated in other studies [107, 139]. We also performed repeated opening and closing 

as suggested by a study comparing cysteamine eyedrop stability under inert gas [165]. The stability 

profile for standard cysteamine eyedrops (Figure 19) demonstrates a temperature dependency of 

degradation behavior and a level below 95% after 1 week, as expected [47, 139]. A possible 

explanation for the poor aqueous stability of cysteamine is the pH influence of degradation into 

cystamine [139]. This study compared cysteamine stability in aqueous solutions at pH 7.4 and pH 

4.0–4.2 and found that values of pH 7 oxidized more quickly due to the presence of ionized thiol 

groups. By encapsulating the drug, the influence of aqueous pH within the microspheres is 

minimized. We do, however, observe a temperature dependence of cysteamine degradation in 

microspheres, which is similar to previous studies [139]. Still, cysteamine entrapped within 

microspheres is stable for up to 5 and 7 weeks at 25 °C and 4 °C, respectively. This result 

represents a significant improvement over current storage methods, which greatly contribute to 

inconvenient shelf-life stability of current cysteamine eyedrops. These results further suggest that 

the cysteamine loaded in our microspheres is likely to release from the hydrogel delivery system 

to the cornea in its active form upon administration. Ongoing studies regarding the stability of 

cysteamine after gamma sterilization suggest a change in 3% cysteamine (N = 10) after storage, 

packaging under a nitrogen gas glove box, and shipping (Appendix A.2.5). Future studies will 

confirm the efficacy of stable cysteamine from ocular gel administration in a mouse model of 

cystinosis [166].  

Confirmation of our target LCST via DSC (Figure 16) was performed and was comparable 

with previous LCST measurements of our gels administered in vivo [137, 138]. Our in vivo studies 

show the ease of administration, safety, and tolerability of our delivery system in a rabbit model 

(Figure 23) which is further supported in our previous studies [137, 138] for anti-glaucoma and 
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antimicrobial ocular drug delivery. As with previous testing of the gel eyedrop, irritation testing 

on models for conjunctiva (HET-CAM; Figure 20) and cornea (BCOP; Figure 21) showed 

negligible to mild irritation levels. This agrees well with previous reports for cysteamine [139, 

159]. These data suggest that the irritation upon administration in patients may be partially due to 

the underlying disease which causes corneal sensitivity and corneal epithelial erosion. Hourly 

administration of traditional eyedrops containing the preservative benzalkonium chloride (BAK) 

is likely a major contributing factor to ocular irritation, which can be mitigated with our 

preservative-free delivery system using 1 drop versus 12 drops. These organotypic models, current 

in vivo studies, and previous long-term in vivo glaucoma study [138] support the potential use of 

our materials for cysteamine delivery as a non-irritating formulation. Repeated dosing and ocular 

pharmacokinetics will be investigated in future studies comparing our delivery system with 

cysteamine eyedrops in our large animal model. Data from previous human clinical trials [108, 

109, 167] will guide our studies, which suggest no severe adverse effects (redness expanding 50% 

of the conjunctiva, pain affecting daily activities, and vision loss). We will focus on the local 

transient effects (stinging, burning, redness) observed in these studies that lasted less than 1 h from 

viscous gel formulations dependent on cysteamine concentration when administered 4 times daily 

in an open-label phase III 4-year study. Despite these local transient effects, patients expressed 

their preference for a 4 times daily formulation over an eyedrop after a Comparisons of Ophthalmic 

Medications for Tolerability Questionnaire [108, 109]. These studies will be of particular 

importance as there is currently limited knowledge regarding cysteamine absorption through the 

cornea.  

The in vitro permeability studies presented herein demonstrated a trend of higher 

absorption after 5 h compared with standard drops. Pescina et al 2016 [139] demonstrated that 
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permeation enhancers were required to improve permeability compared with standard eyedrops, 

in contrast to our delivery system. The group further investigated pH dependence of cysteamine 

diffusion in aqueous formulations (without permeation enhancers) which resulted in a preference 

for higher permeation at pH 7.4 versus 4.2. This analysis offers an explanation for cysteamine 

permeation from our cysteamine delivery system, which has a pH 8.6 prior to thermal transition, 

compared with cysteamine eyedrops (pH 4.2). We aimed to limit variability in our samples by 

assessing the quality of corneas upon excision and using commercially manufactured Franz 

diffusion cells; however, validation studies on static Franz cells have indicated inadequate mixing 

in the side arm as influences to variability during sampling from receptor volumes [168], which 

may have contributed to our permeation variability. Overall, these data suggest that cysteamine is 

likely to be absorbed to the cornea upon administration and tolerated similar to alkaline 

hypromellose 0.3% lubricant eyedrops (pH 8.34) [169] for chronic dry eye, [170], which will be 

furthered explored in the aforementioned planned in vivo studies with improved tissue cysteamine 

detection via mass spec [171].  
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3.0 Specific Aim 2 

3.1 Introduction 

Investigation of drug delivery systems in animal models is a key component to developing 

therapeutics. These studies may be designed to inform the safety profile and efficacy of the 

delivery system, which informs the development of novel therapeutics towards clinical translation.  

In ocular drug delivery, topically applied drug delivery systems are commonly investigated when 

administered on the ocular surface or pre-corneal conjunctival cul-de-sac space [172] of animal 

models. The most common animal models for these type of studies are leporine (i.e., rabbits) [173] 

in addition to murine (i.e., rats and mice) [174], and non-human primates [175]. A goal of these 

studies is to observe the pharmacokinetic profile and biodistribution of the drug to ocular tissues 

and systemic organs. In general, studies are conducted on diseased models to also observe efficacy. 

However, if a disease model is not feasible – whether through genetic modification or experimental 

manipulation – healthy models can be justified. In the case of inherited rare diseases, genetic 

knockout models in smaller species are more common than in larger animals. This is highlighted 

in the field of cystinosis with only two established models including the C57BL/6 CTNS (-/-) 

mouse [166, 176] and CTNS (-/-) zebrafish [177]. A recent CTNS (-/-) rat model, still in peer-

review,  has been developed with CRSIP/Cas9-mediated gene editing a [178]. Due to the small 

mouse size and challenges with testing pharmacokinetics in aquatic environments, a health rabbit 

model would be the likely candidate for providing ocular pharmacokinetic insights towards clinical 

translation.  
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The New Zealand White and Dutch-Belted rabbit strains exhibit similarities in anatomy 

and physiology to humans. Shared similarities include corneal thickness, corneal surface area, and 

lacrimal volumes [172,173, 179]. One major difference between rabbits and humans is the 

presence of the nictitating membrane, a third-eyelid that is drawn laterally over the rabbit eye.  The 

nictitating membrane is composed of conjunctival tissue that can act as a compartment for drug 

absorption, particularly for hydrophilic drugs [180]. Many studies overcome this difference by 

excising the nictitating membrane with minimally invasive surgery [181].  Removal of the 

membrane thus reduces the number of anatomical components where drug can reside and achieves 

a model closer to clinical translation for humans.  

After surgical manipulation, eyes of a rabbit can be divided into two main components: 

ocular and systemic. The ocular components are separated by different ocular tissues and includes 

the pre-corneal area (i.e., tear-film), cornea, sclera, aqueous humor, trabecular meshwork, lens, 

vitreous humor, and retina [172]. The anterior portions are largely avascular with exception of the 

blood-aqueous barrier that has a supply of blood vessels in the iris of the eye; however, anterior 

chamber blood supply is considerably small compared to the posterior segment blood supply (e.g. 

blood-retinal barrier). Systemic components incorporate the conjunctival sac, or lower eyelid, and 

the nasal-lacrimal drainage ducts – which drain excess tears to the nasal and lymphatic system. 

Conjunctival blood vessels and the lymphatic system may lead to systemic drug uptake and 

potential side effects [182, 183]. Therefore, it is particularly important to sample blood plasma 

immediately prior to euthanatizing for drug quantification. By doing so, blood plasma is thus likely 

to serve as a proxy for overall systemic drug adsorption.  In general, topical administration of 

aqueous solutions results in  50% drug loss in the precorneal area [172]. Typically 5% [184] of 

drug permeation to the cornea or sclera may occur based on the drug molecules properties 
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including size and hydrophilicity. The low bioavailability of topical eyedrops and multiple 

components in the eye make ocular pharmacokinetic studies challenging and are often performed 

within a time frame of less than 1 hour. It is particularly important that upon euthanizing that whole 

eyes are enucleated, frozen, and dissected to prevent drug transport in between components. 

Because there are many challenges to ocular pharmacokinetic studies, therapies for lesser-known 

diseases, like cystinosis, have little to no in vivo pharmacokinetic data.  

Currently, both FDA-approved cysteamine eyedrops for cystinosis patients (e.g. Cystaran 

™ and Cystadrops®) were approved following human clinical trials on the efficacy of reducing 

cystine crystals from the cornea. There were no previous in vivo ocular pharmacokinetic or 

biodistribution studies conducted for approval; likely due to efficacy studies on CTNS (-/-) 

knockout mice indicating drug adsorption to the cornea after confirmation of reduction of corneal 

cystine crystals.   Furthermore, it is highly unfeasible to harvest ocular tissues in humans; sampling 

aqueous humor and vitreous humor requires costly and invasive procedures. Blood collection 

during clinical trials may have provided insight to the systemic absorption of cysteamine eyedrops, 

however many of these patients in the clinical trials were supplemented with a higher dose of orally 

administrated cysteamine [108, 109]. Thus, any blood-plasma concentrations determined would 

have likely been delivered from oral formulations and not eyedrops. While there is a large gap in 

ocular pharmacokinetic data for cysteamine eyedrops, the clinical trials reinforced their studies 

with patient experience and eyedrop tolerability surveys.  

At instillation of Cystaran™, patients experienced transient adverse effects lasting up to an 

hour which included redness, stinging, and burning [47]. In addition to these transient adverse 

effects, when patients received Cystadrops ® some experienced sticky eyes and eyelashes as 

reported in open-label comparative phase III clinical trials [109]. Regardless of adverse effects, 
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patients were appreciative of a gel formulation that reduced the dosing frequency of traditional 

cysteamine eyedrops from 6-12 drops per day to 4 drops per day. As such, exploring the adverse 

effects of cysteamine eyedrop formulations upon instillation in an in vivo rabbit model would 

further contribute to the clinical translation to cystinosis patients. This can be accomplished by 

conducting in vitro and ex vivo ocular irritation studies to select a candidate formulation and then, 

evaluate candidate formulations in rabbits with the Draize eye test [185] and rabbit grimace pain 

scales [186].  

3.2 Materials and Methods 

3.2.1 Ophthalmic Animal Model and Timeline 

Animal subjects were utilized for this research following the Association for Research in 

Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision 

Research and was approved by the University of Pittsburgh Institutional Animal Care and Use 

Committee New Zealand white rabbits (0.95–1.4 kg) were purchased from Envigo (Somerset, NJ, 

USA). Prior to experiments, the nictitating membrane of the right eye (OD) of each subject was 

resected according to previous published methods [2, 137, 138]. Briefly, under systemic anesthesia 

(10 mg/kg of ketamine (Ketathesia; Henry Schein Animal Health, Dublin, OH, USA) and 1 mg/kg 

of xylazine (AnaSed Injection; Lloyd Laborato ries, Shenandoah, IA, USA)), one topical eyedrop 

of 0.5% proparacaine (Baush+Lomb, Bridgewater, NJ, USA) was administered to the ocular 

surface. Then, the nictitating membrane was surgically removed with a scalpel and cauterized.  

Following the procedure, one topical eyedrop of 0.3% tobramycin (Bausch+Lomb, Bridgewater, 
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NJ, USA), and one topical eyedrop 1% prednisolone acetate (Pacifc Pharmaceticals INC, Rancho 

Cucamonga, CA, USA) was immediately administered and repeated once daily for the following 

4 days to prevent infection and limit inflammation. The eyes of rabbits were examined using slit-

lamp photography (Eyephotodoc, Fullerton, CA, USA) throughout the study. After 7 days, 

baseline photography and baseline intraocular pressure (IOP) measured with tonometry (Tonovet 

Plus, Icare, Finland)  were captured. An instillation safety study was carried out prior to PK and 

BD timepoints. For PK and BD, four timepoints (2 hr, 6 hr, 12 hr, 24 hr) consisting of two groups, 

one receiving 0.44% cysteamine eyedrops per hour (N = 3 per timepoint) and another group 

receiveing one dose of SD-CMS/Gel (N = 3 per timepoint) was conducted. A timeline of our study 

design and sample size is listed in Figure 24. 

 

 

Figure 24 In vivo timeline for pharmacokinetic and biodistribution study 

3.2.2 Cysteamine Formulations and Material Characterization 

Cysteamine eyedrops were fabricated according to Cystaran™ product insert [157] by 

mixing cysteamine hydrochloride (66 mg) in 15 mL deionized water with 0.01% benzalkonium 

chloride (1.5 mg) and 0.90% sodium chloride (135 mg). A pH of 4.0 – 4.5 was achieved by titrating 

0.1 N hydrochloric acid and 0.1 N sodium hydroxide, approximately 10 µL at a time. The 
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cysteamine solution was aliquoted into 1 mL volumes in 2.5 mL amber vials and bubbled with 

nitrogen gas in a glovebox (Fischer Scientific). Samples were stored frozen at -20°C and wrapped 

in parafilm until use – any unused cysteamine solution was immediately discarded within 24 hours 

of unsealing. For eyedrop instillation studies, a control of 0.9% saline solution was fabricated by 

dissolving 9 g of sodium chloride in 1000 mL of milliQ water.  

The cysteamine microspheres in gel, SD-CMS/Gel, was fabricated according to our 

previous studies [2].  Briefly, 2 g of cysteamine hydrochloride and 8g of poly(DL-lactide-co-

glycolide) (IV 0.14–0.22 dl/g, Mw: 4000–15,000) (Evonik Maryland, USA) in a cosolvent 

consisting of a methanol:dichloromethane (10:90,v/v) solution was mixed and fed to a mini spray 

dryer  (Büchi, New Castle, Delaware, USA). Cysteamine free microspheres (SD-BLANK-CMS) 

were produced using the same fabrication process without the addition of cysteamine 

hydrochloride. The pNIPAAm based gel was fabricated using free radical polymerization with the 

addition of PEG 200 kDa. Suspensions of SD-CMS/Gel and SD-BLANK-MS/Gel were fabricated 

by mixing 10 mg of SD-CMS to 100 µL of Gel. All SD-CMS/Gel and SD-BLANK-MS/Gel 

suspensions were prepared by sterilizing respective microspheres with UV irradiation immediately 

before administration to subjects. For the present study, scanning electron microscopy (SEM) was 

utilized to obtain images of SD-CMS/Gel prior to administration (0 hours) and after administration 

(24 hours) of the delivery system. Samples were processed by freeze drying in a 1 mL syringe 

under liquid nitrogen. After drying, a razor blade was used to cut cross-sections. Cross sections 

were mounted on stubs with mounting tape and gold sputtered prior SEM imaging. 
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3.2.3 Eyedrop Installation Safety and Adverse Effects Testing 

Semiquantitative Draize eye test scores [187] and rabbit grimace scores [186] were used to 

evaluate possible adverse effects at instillation. Subjects were randomly organized into three 

groups, where each group received one dose of a given formulation: 50 µL 0.9% saline solution 

(N=3), 50 µL of a cysteamine eyedrop (N =3), 10mg:100 µL of SD-BLANK-CMS/Gel (N=3) or 

10mg:100 µL of SD-CMS/Gel (N=3). Rabbits were restrained (no anesthesia given) using the 

towel wrapped “bunny burrito” method [188] and given the specific eyedrop formulation. Slit lamp 

images were captured at the following timepoints 0 mins, 0.5 mins, 1 min, 5 min, 10 min, 15 min, 

30 min, and 1 hour (Figure 25). Images were stored in a private server and identified by the 

research team. Then, images were de-identified and scored (single blind) by a clinical collaborator. 

Draize eye test scores included scoring for opacity in the cornea (0,1,2,3,4), iris hemorrhage (0,1,2) 

Conjunctiva redness (0, 1, 2, 3), and chemosis (i.e., swelling, 0, 1, 2, 3, 4) [187].   The rabbit 

grimace scores for orbital tightening as indicated by closure of the eyelid was scored at the 

following levels: not present (0), moderately present (1), and obviously present (2) [186]. 

 

Figure 25 Representative images of eyedrop formulation instillitaion and image capture at each timepoint. 
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3.2.4 Treatment Timepoints, Ocular Tissue Collection, and Histology 

Rabbits were randomly assigned into one of two groups based on treatment formulations. 

Each time point (2 hr, 6 hr, 12 hr, 24 hr) consisted of one group receiving 0.44% cysteamine 

eyedrops (N = 3, total 12 rabbits) and one group receiving SD-CMS/Gel (N = 3, total 12 rabbits). 

Each treatment group was run in parallel for each timepoint where the cysteamine eyedrops 

received one drop per hour (e.g. 2 hr received 2 eyedrops on the hour). For the cysteamine eyedrop 

group, the last dose was given at 12 hr for the 24 hr timepoint to simulate the recommended dosing 

frequency in patients. The SD-CMS/Gel group received a single dose for each timepoint.  At each 

predetermined timepoint, the groups were staggered for sparse sampling of 1 mL of whole blood 

placed into heparinized glass tubes. Then, a lethal dose of ketamine/xylazine was administered via 

marginal ear vein. Immediately after, both whole eye globes were enucleated from subjects and 

immediately placed on dry ice. While frozen, the cornea was excised to access aqueous humor and 

vitreous humor. These fluids were distinguishable visually with reference to the lens and trabecular 

meshwork where the aqueous humor is anteriorly and vitreous humor resides posteriorly of these 

structures.  Additionally, at sacrifice, eyelid tissue from both eyes were shaved and exenterated 

using iris scissors. Tissue samples were washed in PBS pH 7.4 for 1 hour. Then, eyelid tissues 

were placed in 10% formalin and fixed for 48 hours at 4°C then stored in a holding solution 

composed of 70% ethanol at 4°C for 1 week. Samples were embedded in paraffin.  Cross sections 

of the eyelid (stood up on its side to observe layers of eyelid skin) were stained with hemoxylin 

and eosin (H&E) and Verhoeff Van Gieson (VVG). Paraffin histology was performed by the 

Histology Core Facility at the McGowan Institute for Regenerative Medicine. Stained sections 

were imaged with light microscopy (Echo A Bico Company, San Diego, CA).  Images were 
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digitally archived and scored by a clinical ophthalmologist. Any morphological changes were 

observed and recorded.  

3.2.5 Plasma, Aqueous Humor, and Vitreous Humor Cysteamine Measurement with Mass 

Spectrometry 

To 80 µL of whole blood, 20 µL of 150 mM NEM in deionized water was immediately 

added and mixed. The reaction was performed at room temperature for 30 min. Then, samples 

were stored at -80 °C until cysteamine extraction for mass spectrometry. For aqueous humor and 

vitreous humor, 80 µL of each was treated similarly by adding NEM and reacting for 30 min and 

storing at -80 °C.  Upon extraction for mass spec, samples were thawed and extracted with 800 µL 

of cold (-20 °C) extraction solution of 90% acetonitrile/1% formic acid containing an internal 

standard of a stable isotope consisting of 1µM NEM-d4-cysteamine, (d4-cysteamine HCL 

purchased from CDN Isotopes, Pointe-Claire, Quebec, CA). Samples were centrifuged at 4 °C at 

16kg. The supernatant was collected and placed into a new microtube and stored at - 80 °C. 

Samples were shipped on dry ice and sent to Clarus Analytical LLC (San Diego, CA) for LC-

MS/MS. Briefly, NEM labeled cysteamine in samples were quantified by LC-MS/MS. All 

endogenous levels were normalized to the stable isotope (NEM-d4-cysteamine). Area ratios were 

back calculated to an 8-point calibration curve for determining moles of cysteamine. Low and high 

quality control samples were run along sample batches to verify <15% error in accuracy and < 

15% coefficient of variation. Values lower than 15 nM were considered below limit of 

quantification.  
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3.2.6 Corneal Tissue Cysteamine Measurement with Mass Spectrometry   

Flash frozen corneal tissue was excised from the globe of harvested eyes. Corneal tissue 

was cryopulverized in liquid nitrogen with a stain-less steel pulverizer (BioSpec Products, Inc. 

Bartlesville, OK, USA). Corneal powder from cryopulverization was weighed into 10mg-25mg 

aliquots and placed into cold, pre-weighed microtubes. To tissue aliquot, 200 µL of 30 mM NEM  

in deionized water was added and mixed. The reaction was performed at room temperature for 30 

min. Then, samples were stored at -80 °C until cysteamine extraction for mass spectrometry. For 

extraction, thawed samples received 1 mL of cold (-20 °C) extraction solution composed of 95% 

acetonitrile/1% formic acid containing an internal standard of 1µM NEM-d4-cysteamine, (d4-

cysteamine HCL purchased from CDN Isotopes, Pointe-Claire, Quebec, CA). Samples were then 

placed into lysing matrices containing garnet beads and homogenized in a cold room 

(approximately 4 °C) using a FastPrep 24 homogenizer (MP Biomedicals, Solon, Ohio, USA). 

Homogenized samples were placed at -20 °C for 1 hr. Then, samples were centrifuged at 4 °C at 

16kg. The supernatant was collected and placed into a new microtube and stored at -80 °C. 

Cysteamine levels were analyzed as indicated by the aforementioned mass spectrometry methods 

and normalized based on the corneal mass prior to cryopulverization.   

3.2.7 Statistical Analysis 

The means and standard deviations of N=3 samples for intraocular pressure (IOP), rabbit 

grimace scores, and Draize eye scores were reported. For the IOP of rabbits, a one-way, repeated 

measures ANOVA and a Tukey’s Multiple Comparison test was performed to compare each 

timepoint between the treatment groups (four treatments). For rabbit grimace testing, a Man 
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Whitney U test was performed to compare clinical scores between four treatment groups. The 

concentration of cysteamine in tissues and fluids was analyzed with a Kruskal-Wallis one-way 

ANOVA and a Mann Whitney U post testt to compare each timepoint between treatment groups. 

All statistical analyses were performed using Minitab software (State College, PA).  

3.3 Results 

3.3.1 In Vivo Characterization of SD-CMS/Gel Formulation  

SD-CMS/Gel samples were freeze-dried, sectioned, gold sputtered and imaged with SEM 

to verify the morphology and presence of microspheres within gel prior to topical administration 

(Figure 26A) and 24 hours after administration and retention in vivo (Figure 26B). The spray-dried 

microspheres aggregate prior to instillation in vivo which was anticipated from previous in vitro 

studies [2].  

 

Figure 26 Representive scanning electron microscopy images of A.) SD-CMS/Gel prior to adminstration and 

B.)  24 hours after in vivo adminstration. The SD-CMS/Gel was recovered after 24 hours and freeze-dried (C) 
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3.3.2 Eyedrop Instillation Tolerability  

Four treatment groups: 0.9% saline, 0.44% cysteamine eyedrops, SD-BLANK-MS/Gel, 

and SD-CMS/Gel were administered to the right eye of subjects and their images recorded at 

specific time points. Images for each timepoint were scored by an ophthalmologist for rabbit 

grimace scores (RGS) at the following levels:  0 - discomfort not present, 1 - moderately present, 

2 - obviously present. There were no statistically significant differences between the treatment 

groups at any given timepoint. Baseline scores (time = 0 min) for each treatment was captured to 

obtain a reference point for potential discomfort of the subject during anesthesia-free restraint.  In 

addition to baseline scores, a negative control of saline provided a reference of any discomfort of 

administration of a well-tolerated aqueous solution. The saline group maintained an average RGS 

below 1 between 0.5 mins to 5 mins (Figure27A RGS 0.333 ± 0.58). For the cysteamine eyedrop 

formulations, there was discomfort between 0.5 mins (Figure 27B – cysteamine eyedrops, Figure 

27C – SD-CMS/Gel, Figure 27D – SD-BLANK-MS/Gel) with average RGS 1-1.33 ± 0.58. After 

10 mins, average rabbit grimace scores returned to respective baselines (time = 0 min), which 

indicates a trend of discomfort during instillation and a transient effect of administration.  
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Figure 27 Rabbit grimace scores of A.) 0.9% saline, B.) 0.44%  cysteamine eyedrop, C). SD-CMS/Gel and D). 

SD-BLANK-MS/Gel. The data are represented as mean ± standard deviation for N=3 subjects. 

 

The images were also scored for the Draize eye test which summarized in Table 4. Scores 

for cornea and iris were statistically tested and resulted in no statistical differences between 

treatments at a given timepoint. Draize eye test for cornea indicated no ulceration or opacity (score 

of 0) and normal iris (score of 0) for all treatments and any given timepoint. Scores for conjunctiva 

and chemosis were not statistically tested as the ophthalmologist indicated difficulty in scoring a 

few images due to eyelid closure (indicated as not scorable). For the SD-CMS/Gel, SD-BLANK-

MS/Gel and cysteamine eyedrop images that were scored, conjunctival scores were between 0 
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(normal) to 1 (some blood vessels hyperaemic) for conjunctiva and chemosis scores were between 

0 (normal) to 1 (some swelling of the eyelids above normal). These scores were all below 1 at 60 

mins after administration.   
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Table 4 Driaze Eye test scoring of treatments. The data are represented as mean ± standard deviation for N = 

3 subjects  

Treatment SD-CMS/Gel  SD-Blank-CMS/Gel 

Time (min) 
Cornea 
(Score) 

Iris 
(Score) 

Conjunctiva 
(Score) 

Chemosis 
(Score) 

Cornea 
(Score) 

Iris 
(Score) 

Conjunctiva 
(Score) 

Chemosis 
(Score) 

0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 Not scorable 
Not 

scorable 

0.5 0 ± 0 0 ± 0 Not scorable 
Not 

scorable 
0 ± 0 0 ± 0 Not scorable 

Not 
scorable 

1 0 ± 0 0 ± 0 Not scorable 0 ± 0 0 ± 0 0 ± 0 Not scorable 
Not 

scorable 

5 0 ± 0 0 ± 0 Not scorable 0.5 ± 0.71 0 ± 0 0 ± 0 0.67 ± 0.58 
Not 

scorable 

10 0 ± 0 0 ± 0 Not scorable 
0.33 ± 
0.58 

0 ± 0 0 ± 0 Not scorable 
0.33 ± 
0.58 

30 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
0.67 ± 
0.58 

60 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.33 ± 0.58 
0.33 ± 
0.58 

Treatment Cysteamine eyedrop Saline 

Time (min) 
Cornea 
(Score) 

Iris 
(Score) 

Conjunctiva 
(Score) 

Chemosis 
(Score) 

Cornea 
(Score) 

Iris 
(Score) 

Conjunctiva 
(Score) 

Chemosis 
(Score) 

0 0 ± 0 0 ± 0 0.33 ± 0.58 
0.33 ± 
0.58 

0 ± 0 0 ± 0 0 ± 0 0 ± 0 

0.5 0 ± 0 0 ± 0 Not scorable 
Not 

scorable 
0 ± 0 0 ± 0 0 ± 0 0 ± 0 

1 0 ± 0 0 ± 0 Not scorable 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
0.33 ± 
0.58 

5 0 ± 0 0 ± 0 1 ± 0 
0.67 ± 
0.58 

0 ± 0 0 ± 0 0 ± 0 0 ± 0 

10 0 ± 0 0 ± 0 0 ± 0.58 0 ± 0 0 ± 0 0 ± 0 0.33 ± 0.58 
0.33 ± 
0.58 

30 0 ± 0 0 ± 0 Not scorable 
0.33 ± 
0.58 

0 ± 0 0 ± 0 0 ± 0 0 ± 0 

60 0 ± 0 0 ± 0 0.33 ± 0.58 
0.33 ± 
0.58 

0 ± 0 0 ± 0 Not scorable 0 ± 0 
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3.3.3 Intraocular Pressure Monitoring  

The treated eyes (OD) and untreated contralateral eye (OS) of rabbits were measured for 

IOP over respective treatment time courses (Figure 28A – 2 hours, Figure 28B – 6 hours, Figure 

28C – 12 hours, and Figure 28D -24 hours). For all eyes, a baseline IOP measurement indicated 

by time 0 hours was captured. Then, after treatment with each formulation and dosage in the right 

eye, IOP was measure for all eyes. Statistical analysis of each eye within timepoints resulted in no 

statistical significance – suggesting the mean IOP values of each eye were similar.  At any given 

timepoint, all eyes, whether treated or untreated were within normal ranges (15-23 mmHg).  

 

Figure 28. Intraocular pressure of treatment eyes (OD) and untreated contraleteral eye (OS) at A.) 2 hours, B.) 6 

hours, C.)12 hours, and D.) 24 hours. The data are represented as mean ± standard deviation for N=3 subjects. 
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3.3.4 Histopathology of Eyelids 

Tissue samples from all timepoints (2, 6, 12, 24 hours) were recovered and the 24 hour 

timepoint was selected to represent overall physiology and structural changes in Figure 27. 

Untreated eyelid (Figure 29A) H&E staining represent normal physiological and anatomical 

structures, such as an intact surface epithelium on the conjunctival side of the section – which is 

indicated by an asterisk (*). VVG staining of untreated eyes (Figure 29B) suggest no effect on 

collagen or elastin (stained red). Cysteamine eyedrops (Figure 29C-D) and SD-CMS/Gel (Figure 

29E-F) are comparable to untreated eyes.  
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Figure 29 Hematoxylin and eosin (H&E) and Verheoff Van Gieson (VVG) staining of eyelids of untreated eyes 

(A. H&E, B. VVG), cysteamine eyedrops (C. H&E, D. VVG), and SD-CMS/Gel (E. H&E, F. VVG). Histologoly 

captures treatement after 24 hours. An asterisk (*) indicates the conjunctival side of the eyelid. Scale bar 200 

µm.   
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3.3.5 Cysteamine Concentration in Ocular Tissues and Plasma 

Cysteamine was topically delivered to the right eyes of rabbits at a frequency of 

administration of 12 hourly drops for cysteamine eyedrops and one drop of SD-CMS/Gel. For 

example, at 6 hours the cysteamine treated eye would receive 6 hourly drops and the SD- CMS/Gel 

would receive one drop at time 0 mins for the entire 6 hr time course. The contralateral eye was 

treated as independent for each timepoint. After serial sacrifice and tissue harvesting, cysteamine 

was extracted from corneas (Figure 30A) and normalized to the weight of corneal tissue (e.g 

milligram). Cysteamine in fluid samples were also quantified in aqueous humor (Figure 30B), 

vitreous humor (Figure 30C) and plasma (Figure 31). Several samples were below the limit of 

detection ( < 15 nM) and were considered as a value of zero for plotting and statistical purposes. 

Statistical analysis indicated no statistical significance for ocular tissues and plasma mean values 

at any given timepoint. Based on descriptive statistics, cysteamine eyedrops presented a 3-fold 

magnitude higher cysteamine tissue concentration (pmol/mg) (e.g. 2 hr 66.93± 27.12, 6 hr 57.96 

± 25.45) than SD-CMS/Gel (2 hr 20.57 ± 11.15, 6 hrs 29.48 ± 10.72). After receiving 12 doses, 

cysteamine eyedrops at 12 hours was 5-fold higher than SD-CMS/Gel. Cysteamine was detected 

in the aqueous humor of treated eyes and follows a similar trend to corneal tissue – however, there 

was higher variability between samples in the cysteamine eyedrop treated eyes than SD-CMS/Gel 

treated eyes. Vitreous humor cysteamine concentrations were detected in all eyes, including the 

contralateral eye of subjects treated with cysteamine eyedrops and SD-CMS/Gel. Cysteamine was 

detected in plasma after 6 hours of treatment (cysteamine eyedrops- 23.55 ± 40.79 nM, SD-

CMS/Gel 8.82 ± 15.28 nM) and had cysteamine concentrations below the limit of detection after 

24 hours.  
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Figure 30 Cysteamine quantified in A.) corneal tissue and normalized based on tissue weight (pmol/mg) and 

B.) aqueous humor connentration (nM) and C.) vitreous humor concentration (nM). The data are represented 

as mean ± standard deviation for N = 3 per timepoint. The left eye (OS) are untreated contraletral eyes to the 

treated (OD) eyes and are categorized by respective eyedrop formulations. 
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Figure 31 Systemic uptake of cysteamine in plasma after ocular administration of cysteamine eyedrops and 

SD-CMS/Gel  

 

3.4 Discussion  

The frequency of administration and concentration of cysteamine in ophthalmic solutions 

originates from clinical trials conducted in the EU with data that contributed to the FDA approval 

of Cystaran™ in the U.S. The exact therapeutic concentration of cysteamine in plasma and ocular 

tissues, specifically the cornea, has yet to be determined. Many of these formulations were not 

tested in large animal studies and their pharmacokinetic data after topical administration to the 

eyes was not studied. However, clinical trials on the efficacy of cysteamine hydrochloride (HCL) 

drops conducted titration studies with several cysteamine concentrations and evaluated cystine 

crystal clearance in humans. For example, a double-blind randomized placebo-controlled study 
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tested 0.1% and 0.5% cysteamine HCL at 1 drop per hour during waking hours [141]. Other 

clinical trials tested the addition of excipients, such as 0.02% disodium edetate in 0.2% cysteamine 

HCL at 6 times per day [142] and another tested 0.01% benzalkonium chloride (BAK) in 0.5% 

cysteamine once hourly during waking hours [189]. A combination of increased cysteamine HCL 

concentration at 0.55% with excipients consisting of 0.01% BAK was compared to 0.55% 

cysteamine HCL with 1.85% monosodium phosphate, 0.1% disodium Ethylenediaminetetraacetic 

acid , and  0.01 % BAK administered once hourly during waking hours [167]. The 0.55% 

cysteamine HCL (EU approved) since became the widely accepted concentration of drug to treat 

corneal cystine crystals. To add to the complexity of varying concentrations of cysteamine HCL 

and excipients, the FDA approval of 0.44% cysteamine HCL eyedrops (Cystaran™), which is 

equivalent to 0.55% cysteamine HCL, reports a different concentration due to labeling practices 

with the 0.55% cysteamine HCL accounting for the moisture content of the HCL [47]. Recently, 

the FDA-approval of a viscous formulation, Cystadrops®, contains 0.37% cysteamine HCl and 

prescribed at 4 times per day [190, 191]. This formulation suggests that a lower cysteamine 

concentration with reduced frequency of administration may be obtained if the formulation resides 

on the ocular surface longer than aqueous solutions. Despite these remarkable advances, the 

stability of cysteamine at 1-week in Cystaran ™ and Cystadrops® continues to be a detriment to 

treatment for patients with the burden of a rare disease and additional systemic therapies. To 

address these limitations, our group developed a controlled release eyedrop and encapsulated 

cysteamine into PLGA microspheres and embedded within a thermoresponive gel for sustained 

release behavior in vitro for 24 hours [2]. The studies within this chapter translates our technology 

to a preclinical model using New Zealand white rabbits and seeks to provide insight to the 

pharmacokinetic trends and biodistribution of cysteamine after ocular administration.  
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To our knowledge, we present the first large animal study quantifying cysteamine in ocular 

tissues and plasma after topical administration to the eye of rabbits. Current research on controlled 

release technologies have only performed in vivo retention and biopermenance studies on rats 

[103] and efficacy without pharmacokinetic data in genetic cystinosis mice models [107]. We 

improved the current status of in vivo studies exploring cysteamine eye formulations by working 

directly with a previously validated mass spectrometry protocol to determine drug concentrations 

in the eye. The mass spec protocol added further novelty to the filed by extending similar 

methodologies from cystine LC-MS quantification [192, 193]. Results from corneal tissue (Figure 

30A) indicate cysteamine delivered from cysteamine eyedrops at hourly doses delivered 

approximately 60 pmol/mg cysteamine/corneal tissue at 2 hr receiving 2 drops and 6 hr receiving 

6 drops.  The SD-CMS/Gel achieved approximately 20 pmol/mg cysteamine/corneal tissue from 

one drop at the same time points. A full daily course of multiple doses (12 drops) of cysteamine 

eyedrops reached 5 times as much drug than SD-CMS/Gel at 12 hours. Although there are no 

comparable corneal tissue data, a pharmacokinetic study on rats after catheter intraduodenal 

delivery of 20mg/kg cysteamine achieved cysteamine liver concentrations of 0.2 nmol/mg protein 

at 6 hours and 0.11 nmol/mg protein at 24 hours [192]. These values are not directly comparable 

because the delivery methods are drastically different and the cysteamine tissue concentration in 

this study was normalized to protein content, however, it can be estimated that cysteamine 

presentation during topical application is on a scale of a magnitude a thousand times less than 

intraduodenal delivery, where topical delivery achieved nanomolar cysteamine concentrations and 

intraduodenal delivery achieved micromolar cysteamine concentrations. These methods are the 

first to extend current cysteamine mass spec protocols to the eyes of rabbits and offer processes 

that can be replicated in close collaboration with Clarus Analytical (San Diego, CA, USA).    
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Additional ocular samples consisting of aqueous humor and vitreous humor were 

quantified for cysteamine concentrations. Aqueous humor samples in the treated eyes achieved 

drug presentation at all timepoints with cysteamine eyedrops having wider variation in samples 

compared to SD-CMS/Gel. For example, at 6 hours cysteamine eyedrops delivered 248.7 ± 208.55 

nM compared to SD-CMS/Gel 80.67 ± 26.47 nM.  Interestingly, the untreated contralateral eyes 

at 2 hours had no detectable cysteamine concentrations (<15nM) in all samples while some 

samples had detectable drug amounts with wide variation at subsequent timepoints for both 

formulations (Figure 30B). Potential crosstalk between contralateral eyes may explain this 

phenomenon and is further speculated in our analysis of vitreous humor samples. Several samples 

from untreated eyes presented cysteamine at detectable concentrations. These concentrations were 

less than aqueous humor levels at the same magnitude, which may indicate less posterior segment 

drug adsorption   as reported in other pharmacokinetic rabbit studies of small molecules delivered 

topically [194].  

Our study also revealed a trend of cysteamine plasma concentrations below detectible limit 

of quantification at timepoints 2 hr, 12, hr 24 hr. There was detectable cysteamine concentrations 

in a few samples at 6 hrs, however, the deviations between samples implies there was likely little 

to no systemic adsorption of cysteamine from all formulations when topically delivered. These 

observations are particularly important due to the inability to obtain peak plasma concentration of 

cysteamine following ocular administration of cysteamine during clinical trials in humans. It is 

likely that patients enrolled in these trials were pretreated with prescribed oral cysteamine which 

is far greater than one daily ophthalmic dose of cysteamine [191] and would be the main 

contributor of plasma cysteamine concentrations and not eyedrops. We furthered evaluated the 
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translation of cysteamine formulations in instillation tolerability studies with semiquantitative 

clinical scoring.    

We evaluated rabbit grimace pain scales and Draize eye test for irritation during eyedrop 

instillation between cysteamine eyedrops, our delivery system materials without cysteamine (SD-

BLANK-MS) and cysteamine-loaded materials (SD-CMS/Gel). These studies were guided by 

adverse effects observed in clinical trials as noted by redness expanding over 50% of the 

conjunctiva [167] and transient effects lasting less than 1 hour which included stinging and burning 

[108, 109]. Based on our model and clinical scoring by an ophthalmologist, the formulations were 

well tolerated and any pain upon instillation was relieved between 10 to 60 mins (Figure 27A-D). 

This was expected as the clinical trial observers saw relief after 1 hour. They also suspected that 

any increase in resident time of a formulation as well as a higher concentration of cysteamine HCL 

may cause discomfort from viscous cysteamine studies [109, 195]. Draize eye test scores also 

supported transient effects of irritation lasting up to 10-30 mins as noted in Table 4. Overall, the 

sustained release materials were tolerated during instillation in the pre-corneal area. In addition to 

instillation tolerability, we also monitored the safety profile of subjects prior to tissue collection 

for intraocular pressure and structural changes to eyelids after treatment with histopathology.  

The intraocular pressure of rabbits in untreated and treated eyes was quantified. Overall, 

all measurements were within normotensive range 15-23 mmHg [196, 197] for all subjects at each 

timepoint. There was no increase in IOP from any of the formulations, which was expected and 

supported by previous rabbit studies conducted by our group [138]. Histopathological analysis of 

eyelid tissue was used as a proxy for irritation at the ocular surface. H&E staining revealed no 

structural differences in untreated and treated eyes with an intact conjunctival epithelium in all 

samples at 24 hours (Figure 29). VVG staining also presented no changes in elastin or collagen as 
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indicated by uniform red structures observed in all samples. Thus, the visible similarities between 

sections suggest no effect of cysteamine and materials in SD-CMS/Gel effect the structure of 

eyelids. We previously performed irritation assays on hen’s eggs and bovine eyes which observed 

little to no irritation within 8 hours [2] and our eyelid histology agrees with these findings. It is 

important to note that we were unable to obtain corneal histology due to the tissue processing for 

cysteamine extraction with subsequent mass spectrometry analysis. 

 In addition to our limitation in obtaining corneal histology, the challenges to maintaining 

cysteamine stability during in vivo topical administration and tissue post processing may 

contribute to variability observed in our mass spectrometry data. At administration, cysteamine 

may be exposed to oxidative degradation while simultaneously metabolized endogenously into 

thiol derivatives (e.g S-methylcysteamine and hypotaurine) [198]. The tissue sample processing 

with NEM for mass spectrometry targets the free sulfhydryl group in cysteamine; if the sulfhydryl 

group is blocked, as in the disulfide bond formation in cystamine, then cysteamine cannot be 

quantified with NEM derivatization. Therefore, the data presented is a best-case scenario for 

quantifying active cysteamine after quickly and humanely excising tissue post-mortem. To 

overcome this, adding a reducing agent like TCEP prior to NEM derivatization would reduce 

cysteamine thiol derivatives to determine total cysteamine prior to oxidation. Subsequent mass 

spectrometry analysis would thus require validation to ensure extraction ratios are not inhibited by 

the reducing agent. Furthermore, the variability in our preliminary pharmacokinetic may be 

lessened by increasing the current sample size (N=3) for each time point to a sample size large 

enough for statistical power with careful consideration of retaining the ability to quickly sparse 

sample subjects. The literature supports the use of satellite groups [199], which are subjects 

undergoing pharmacokinetic studies only, for sparse sampling performed in the current studies 
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across four timepoints. However, to reduce the variability in determining pharmacokinetic 

disposition of cysteamine, performing sparse sampling at earlier timepoints would potentially offer 

less variable data.  A future in vivo study consisting of earlier timepoints (1 min, 5 min, 10 min, 

30 min, 60 min) with a single dose of cysteamine eyedrops may provide a true pharmacokinetic 

profile of cysteamine when topically delivered. We did not investigate the pharmacokinetic 

profile of a single drop of cysteamine eyedrops. Rather, our study replicated the prescribed dosing 

regimen of Cystaran™ eyedrops and readministered every hour up to the 12th hour. In doing so, 

we developed a model that is in direct translation to patients and provides a basis for comparing 

future ophthalmic formulations.  
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4.0 Specific Aim 3 

4.1 Introduction  

Upon design, optimization, and translation to large animal in vivo ophthalmic models, our 

sustained release drug delivery system containing cysteamine was tested for efficacy in the 

cystinosis knockout mouse (CTNS (-/-)). Corneal cystine crystals in the eyes of the CTNS(-/-) 

knockout mouse were first evaluated during the generation of the transgenic mouse and 

preliminary therapeutic oral cysteamine trials [166]. The CTNS (-/-) mouse was further 

characterized in subsequent efficacy studies with in vivo confocal microscopy (IVCM) [200, 201]-

B]. The same research group performed the first efficacy study on a murine model of cystinosis 

by treating eyes with 0.55% cysteamine eyedrops and confirming cystine crystal reduction with 

longitudinal IVCM. Presently, two additional studies on the efficacy of experimental therapies for 

cystinosis have utilized the CTNS (-/-) knockout mouse and IVCM – which include systemic 

hematopoietic stem cell transplantation [202] and reformulation of cysteamine into a polymeric 

nanowafer [107]. While IVCM is the most established imaging modality for murine models of 

cystinosis, patients with cystinosis are regularly examined with a combination of IVCM and 

optical coherence tomography (OCT), with OCT becoming the preferred clinical imaging modality 

for its low-light emission and fast scanning rates [203]. In the clinic, longitudinal OCT on the 

cystinotic cornea is utilized to obtain cystine crystal depth and corneal thickness over a patient’s 

lifetime [204]. Recently, spectral-domain OCT was used to observe retinochoroidal cystine 

crystals in cystinosis patients [205] and suggests a trend in harnessing imaging modalities with 

low light emission to reduce photophobia that cystinosis patients experience during eye 
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examinations [206]. Thus, the studies herein utilize OCT to determine intensity backscatter from 

corneal cystine crystal in the CTNS (-/-) mouse and examine mouse corneas during cysteamine 

treatment from our formulation. 

 Investigating our experimental delivery system and OCT techniques required careful 

consideration of previous established methods. Quantification of hyperreflective cystine crystals 

by IVCM required corneal volumes to be processed with thresholding techniques to isolate bright 

pixels (i.e. white) from darker, non-reflective corneal structures (i.e grey and black). IVCM 

methodologies utilized a grey scale threshold between 100-255 pixels (i.e., 1 pixel value equal to 

black, 255 pixel value equal to white) [107] to determine a crystal volume index (CVI %). The 

CVI% for eyes in the CTNS (-/-) mouse during efficacy studies were quantified by normalizing 

crystal volumes to stromal volumes [200]. Initial CVI% for each eye was compared to each 

timepoint after treatment to evaluate the absence or progression of crystal growth for all controls 

during topical cysteamine administration. The amount of cysteamine delivered in these studies are 

inconsistent, however, they emphasized the importance of the duration of treatment and age-

dependence of corneal cystine crystal deposition in the CTNS (-/-) mouse. 

At 5-months cystine crystals are detectable with IVCM and are likely to increase with 

density up until 7-months [166, 200, 2021]. Within this time frame, seminal studies focused on 

delaying the onset of crystal progression by treating with 0.55% cysteamine eyedrops (no known 

volume) administered 4 times a day for 4 weeks (28 days) [201]. Initial IVCM prior to treatment 

at 5 months was compared after treatment when the mice were 6-months old. The eyes in the 

treatment group resulted in a 15% increase of crystal volume from baseline, whereas the untreated 

group (N = 5) resulted in 178% increase. Comparison of crystal volumes significantly supported 

0.55% cysteamine eyedrops as a therapy to delay cystine crystal progression [201]. In the 
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polymeric nanowafer study, the researchers administered treatment of mice at 7-months. One 

group of 7-month-old mice received a 0.44% cysteamine eyedrop administered 2 times a day at a 

volume of 5 µL (44µg cysteamine) and compared to a once-daily cysteamine nanowafer 

formulation containing 10 µg cysteamine for 30 days. IVCM was used to calculate crystal volume 

at 7-months before treatment in one eye of each subject, and then compared after treatment to the 

same eye when the mice were aged to 8-months. Interestingly, the cysteamine nanowafer reduced 

cystine crystal volume by 90% and the 0.44% cysteamine eyedrop reduced crystal volume by 55%. 

The statistical findings supported a once daily cysteamine formulation in a rodent model of 

cystinosis. The systemic hematopoietic stem cell transplantation studies did not use cysteamine as 

a treatment modality, however, their studies compared the eyes of CTNS (-/-) mouse receiving low 

HPCS doses or high HPCS doses over 12 months [202]. In total, these studies support multiple 

approaches to treating corneal cystine crystal in the CTNS (-/-) and provide data to encourage 

cysteamine reformulation into controlled drug delivery systems.  

Despite the limitations of efficacy studies in the CTNS (-/-) mouse and lack of published 

ocular pharmacokinetic studies in available models, there is scientific premise towards 

investigating topical cysteamine further in cystinosis animal models. When conducting efficacy 

studies on the CTNS (-/-) mouse it is particularly important to utilize established positive controls 

receiving 0.55% cysteamine eyedrops (0.44% cysteamine hydrochloride FDA equivalent) that are 

administered at volume of 5 µL (22µg cysteamine) for a minimum 2 [202] to 4 times per day [107]. 

In total, this equates to 22-88 µg cysteamine delivered in one day.  Reformulated cysteamine 

therapies would thus be adjusted similarly to deliver 88 µg cysteamine per day with a careful 

balance of eyedrop tolerability. Lastly, mice would be aged between 7-12 months to take advantage 

of dense crystal deposition with limited effect of untreatable corneal disease (e.g scarring). 
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4.2 Materials and Methods 

4.2.1 Establishing a Colony of CTNS (-/-) Knockout Mice, Husbandry, and Genotyping 

Eight breeding pairs of C57BL/6J CTNS (-/-) knockout mice were obtained through the 

Cherqui Lab at the University of California San Diego. Beginning on 2019 and through 2021, 

breeding pairs were pair mated and housed in cages with automatic water with a 12-hour night-

day cycle. Dames were fed a prenatal diet (DietGel® Prenatal, Clear H20, Westbrook, ME) until 

their first litters were born to support maternal health and prevent cannibalism. Upon litter 

generation, C57BL/6J CTNS (-/-) pups were weaned after 21 days. Mice born (within ages of less 

than 7 days) with abnormalities such as missing one or both eyes (anophthalmia), visibly small 

eyes (microphthalmia), or hydrocephalus were euthanized humanely via cervical dislocation. Pups 

born to homozygous CTNS (-/-) breeding pairs are 100% homozygous knockouts of the CTNS (-

/-) gene. Therefore, genotyping was not consistently performed on candidate pups.  However, a 

genotyping protocol was developed for the potential need to rederive the CTNS (-/-) knockout 

mouse colony after cryopreservation (i.e. colony reduction during global pandemic in 2020). 

Briefly, 3 primers GT10F1(5′-GATCTTCGGAGACCCAACC-3′), GTgalF(5′-

TCCAGCGGGGGATCTCATGT-3′), and GT10R(5′-CAGGGCAGCTTACTGATTGA-3′)  

(Thermo Fisher Scientific,  Pittsburgh,  PA) were selected for PCR in collaboration with University 

of Pittsburgh’s Health Science Core Research Facilities. Mice toe clippings approximately 2 mm3 

were safely cut with fine precision scissors from pups (< 7 days old) and placed in PCR tubes. 

Then, 88 µL of PCR-grade water (Thermo Fisher Scientific, Pittsburgh, PA) , 10 µL of KAPA 

Express Extract Buffer (Roche, Basel, Switzerland) , and 2 µL of KAPA Express Extract Enzyme 

(Roche, Basel, Switzerland) was added. The tissue was then lysed for 10 mins at 75 °C using a 
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thermocycler (C1000 Touch™, Bio-Rad Laboratories, Hercules, CA). Enzyme activation then 

occurred for 5 mins at 95 °C. Cellular debris was then pelleted by centrifugation at 2000 RPM at 

25 °C. The top layer containing DNA was extracted and placed into fresh PCR-Tubes. Samples 

were stored at -20°C for 6 months unit PCR genotyping occurred. Candidate CTNS (-/-) knockout 

were raised to maturity and evaluated for corneal cystine crystal presentation, abnormal corneal 

defects due to aging (e.g., clouding, opacity), or systemic complications of their disease. A 

dissecting microscope (Leica Si9, Leica Camera Inc., Allendale, New Jersey) was used to obtain 

gross morphological images of the CTNS (-/-) knockout eye and was compared to C57BL/6 WT 

eye at 7-months of mice age. 

4.2.2 Gel Administration, Retention, and Safety Studies  

Topical administration of  SD-CMS/Gel onto a murine model was performed on C57BL/6 

wild type (WT) mice (The Jackson Laboratory, Bar Harbor, ME) . First, preliminary studies were 

conducted by mixing SD-CMS into Gel using a 1mL syringe and 25G needle at a ratio of 10mg 

SD-CMS:100µL of Gel. Drops of SD-CMS/Gel were placed on glass slides and observed using a 

microscope. After confirming delivery of SD-CMS/Gel after 25G needle administration, 

feasibility trials on Gel placement and retention were performed on mice. In short, when the Gel 

was applied without any protection from mice grooming the Gel was not retained for more than a 

few minutes. To overcome this challenge, a mouse postoperative eye patch consisting of a 

transparent thin polyurethane film coated with acrylic adhesive (Tegaderm™, 3M Company, Saint 

Paul, MN) and Elizabethan collars (E-collars) (Kent Scientific Corporation, Torrington, CT) were 

tested for retention and safety.  Briefly, C57BL/6 mice (N = 3) were anesthetized using inhaled 

isoflurane delivered by an oxygen transported nebulizer and rodent facemask (World Precision 
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Instruments, Sarasota, FL). Fine tweezers were then used to pluck the fur in a 4mm radius circle 

around the eye. One 5 µL drop of lubricating eyedrops (Refresh Tears, Allergan, Irivine, CA) was 

placed to wash any fur off the ocular surface and then wiped off gently with a microfiber swab. 

Then, a drop of Gel ranging from 1-5 µL was then placed on top of the ocular surface and eyelid 

space of the right eye of each subject. After placement, the Gel underwent a phase change with an 

external overhead irradiated heat lamp (Braintree Scientific Inc., Braintree, MA) which was 

required due to the body heat loss rodents naturally experience during anesthesia. An 8 mm biopsy 

punch (AcuDerm Inc., Fort Lauderdale, FL) was used to punch out circular eye patches from 

Tegarderm™ films and was placed with forceps on top of the transitioned gel and firmly pressed 

onto the skin around the eyelid. E-collars were then placed around the neck of the mice such that 

the collars could rotate 360°. Mice were then placed single housed and observed for 26 days. Their 

body weight was measured using a digital scale to confirm adjustment to eating and drinking.   

4.2.3 Non-Contact Optical Coherence Tomography Acquisition, Image Processing and 

Analysis for Central Corneal Thickness and Corneal Intensity 

Images of the cornea and anterior segment were obtained with optical coherence 

tomography (OCT) (Bioptigen Envisu R2210 Leica, Durham, NC). Two groups, C57BL/6 CTNS 

(-/-) mice (N = 3 mice, N=6 eyes) and C57BL/6 WT mice (N=5 mice, N=10 eyes) were aged to 7-

months and imaged under isoflurane inhalation anesthesia with a facemask mounted on a mouse 

bite bar.  Central corneal radial scans (scan range: 2.0 mm, scan resolution - A scan: 1000, B scan: 

100) on both eyes were obtained.  First, a drop of artificial tears was placed on each eye during 

induction of isoflurane anesthesia. Then, a microfiber swab was used to remove excess tears near 
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the eyelids.  Volumetric images (.OCT) of each was then stored in a password protected hard drive 

and analyzed for corneal intensity and thickness. 

OCT volumes obtained from randomized eyes C57BL/6 CTNS (-/-) mice (N=5) and 

C57BL/6 WT mice (N=5) were first processed using ImageJ FIJI (National Institutes of Health, 

Bethesda, MD) [207]. Raw OCT files were processed to register and average the frame to the 

center of the cornea from the middle of the stack (e.g. 100 stacks would be centered at stack 50). 

Then, a rectangle (400 x 100, WxL pixels) was centered above the ocular surface to capture the 

cornea and specular reflection. Specular and Purkinjean artifacts were removed manually using 

the 3D viewer. Each file was then saved as in TIFF format and stacks were saved as individual 

image sequences of .TIFF files (e.g 100 .TIFF images for each eye scan). For all image sequence 

files the corneal intensity was measured by selecting the entire cornea with the wand tool and 

setting a pixel threshold between 100-255 [107]. All intensity values from individual images were 

added to calculate pixel intensity/volume (grey scale value/voxel) per eye. The central corneal 

thickness (CCT) of C57BL/6 WT eyes (N=10) and C57BL/6 CTNS (-/-) (N=6) were measured by 

first calibrating .BMP files to calipers in the Bioptigen software to obtain a pixel/distance ratio 

(e.g 319.33 pixels/mm). After calibration, the line tool was used to measure the pixel distance from 

the ocular surface to the endothelium at a 90° angle for all eyes. Then, the pixel value from the 

line tool was divided by 319.33 pixels/mm to obtain CCT in millimeters and converted to 

micrometers.  
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4.2.4 Cysteamine Drug Escalation and Longitudinal Anterior Segment OCT Towards 

Efficacy   

Materials for this study followed similar procedures outlined within in vivo rabbit studies 

(Section 3.2.2). Briefly, 0.44% Cysteamine eyedrops were fabricated by mixing cysteamine 

hydrochloride (66 mg) in 15 mL deionized water with 0.01% benzalkonium chloride (1.5 mg) and 

0.90% sodium chloride (135 mg). A pH of 4.0 – 4.5 was achieved by titrating 0.1 N hydrochloric 

acid and 0.1 N sodium hydroxide, approximately 10 µL at a time. The cysteamine solution was 

aliquoted into 1 mL volumes in 2.5 mL amber vials and bubbled with nitrogen gas in a glovebox 

(Fischer Scientific). Samples were stored frozen at -20°C and wrapped in parafilm until use – any 

unused cysteamine solution was immediately discarded within 24 hours of unsealing.  SD-

CMS/Gel, was fabricated according to our previous studies [2].  Cysteamine free microspheres 

(SD-BLANK-CMS) were produced using the same fabrication process without the addition of 

cysteamine hydrochloride. Suspensions of SD-CMS/Gel and SD-BLANK-MS/Gel were 

fabricated by mixing 6.5 mg of SD-CMS to 100 µL of Gel. All SD-CMS/Gel and SD-BLANK-

MS/Gel suspensions were prepared by sterilizing respective microspheres with UV irradiation 30 

mins immediately before administration to subjects.  

CTNS (-/-) knockout mice were aged and used to test the tolerability and efficacy of 

cysteamine from SD-CMS/Gel over 30 days. Baseline OCT (e.g 2 days prior to treatment) images 

were acquired for fifteen mice, with mixed sexes and between the ages of 7 and 10 months. Initial 

OCT scans revealed enlarged corneal stroma and opaque layers in three mice (i.e., one or both 

eyes succumbed to corneal disease), which were excluded from the study. Thus, twelve mice were 

randomly organized into three treatment groups for their right eyes: 1). Once daily SD-CMS/Gel 

6.5mg/100µL with eyepatch and E-collar, 2) Once daily cysteamine-free microspheres (SD-
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BLANK-MS)/Gel 6.5mg/100µL with eyepatch and E-collar, and 3). Four times per day 0.44% 

cysteamine eyedrops at 5 µL drops. The left, contralateral eye, was untreated for all subjects and 

served as controls. For 4 weeks (28 days) the mice were treated with their respective dose each 

day. The E-collars were removed for 1 hour of self-grooming each day prior to topical 

administration of treatment for the respective eyepatch and E-collared groups. Mice weight for the 

E-collared group were recorded every other day. All mice were imaged with OCT at days 7, 14, 

21, and 28. OCT volumes for both right (OD) and left eyes (OD) were processed and analyzed for 

corneal intensity and CCT.  After the study, the subjects were humanely euthanized and the eyes 

were harvested and processed for histology. A summary of the timeline for the experiments is 

depicted in Figure 32.  

 

Figure 32 Timeline of longitudinal OCT study on CTNS (-/-) mice 

4.2.5 Statistical Analysis  

Descriptive statistics (mean ± standard deviation) were obtained for mass % change, central 

corneal thickness, and pixel intensity/volume.  A nonparametric analysis consisting of the Mann 

Whitney U was performed to compare C57BL/6 WT mice and C57BL/6 CTNS (-/-) pixel 

intensity/volume for statistical significance (p-value = 0.05). For longitudinal OCT analysis in 

0.44% cysteamine eyedrops, 4 daily, 5µL

SD-CMS/Gel & SD-BLANK-MS/Gel,1 daily, 5µL MS:Gel = 6.5mg:100µL

D14D7D0 D1 D21 D28

OCT

Baseline 
(both eyes)

End point 
(both eyes)
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C57BL/6 CTNS (-/-) a repeated-measures one-way ANOVA was performed (p-value). All 

statistical analyses were performed using Minitab 19 software (State College, PA). 

4.3 Results 

4.3.1 Corneal Imaging of CTNS (-/-) Knockout Mice  

From 2019-2021, CTNS (-/-) knockout mice were aged and imaged with light microscopy 

to observe corneal health. A wild type of the same background strain (C57BL/6 WT) was aged to 

7-months and their corneas imaged. Representative corneal images (Figure 33) of light microscopy 

indicated the presence of cystine crystals in the cornea of 7-month-old CTNS (-/-) knockout mice 

(Figure 33A, white arrows) and their absence in the wild type cornea (Figure 33B).  

 

Figure 33 Light micrscopoy of C57BL/6 wild-type and C57BL/6 CTNS (-/-) mouse. White arrows indicate 

hyperreflective cystine crystals. 

7-month old C57BL/6 CTNS (-/-) 7-month old C57BL/6 wild type

A B
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4.3.2 Topical Application and Retention with Modified Eyepatch and Elizabethan Collars 

Several trials of topical application and retention of our delivery system were conducted in 

rodent models. Due to mice grooming behavior, retention of Gel for 24 hours was not obtained 

without eye protection. Representative images of transitioned gel with eyepatch and E-collars 

(Figure 34A and Figure 34B) were obtained. The health of mice (N=3) were observed by weighing 

their masses with eye protection over 26 days. Mass percent was calculated based on initial mass 

and plotted as an average ± standard deviation. Overall, weight loss was observed through the first 

week above 20% and weight maintenance after 11 days (Figure 34C). 

 

Figure 34 Gel application with eyepatch (A) and retention with elizabethan collar support (B). The mass 

change in mice (C) is reported as mean ± standard deviation (N=3).  

4.3.3 Central Corneal Thickness and Corneal Intensity in Untreated Mice 

OCT volumes of eyes from C57BL/6 CTNS (-/-) mice and C57BL/6 WTe mice were 

processed for central corneal thickness (CCT) (Figure 35) and corneal intensity (Figure 36). CCT 

of both mice were within 50-100µm. The pixel intensity of randomized eyes from the C57BL/6 
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CTNS (-/-) mice had statistically different means than C57BL/6 WT mice means. Statistically 

significant differences (p-value = 0.05) indicate the pixel intensity of C57BL/6 CTNS (-/-) were 

higher than C57BL/6 WT at an age when cystine crystals are present.   

 

Figure 35 Central corneal thickness (CCT) of  C57BL/6 wild type mice eyes (N=10) and C57BL/6 CTNS (-/-) 

mice (N=6). Values are reported as mean ± standard deivation. Dotted lines indicate the range of CCT for 

murine models as reported in the literature.  
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Figure 36 Pixel intensity normalized to volumes of C57BL/6 mice eyes (N =5) and C57BL/6 CTNS (-/-)  mice 

eyes (N=5). Grey scale intesnity is reported by mean ± standard deviation. Statiscal signifcance is indicataed 

with  an asterisk (*)  (p-value = 0.05). 

4.3.4 Longitudinal OCT on CTNS (-/-) Mice for Central Corneal Thickness and Corneal 

Intensity 

The right eyes of CTNS (-/-) knockout mice were treated with their respective eye 

formulations for 28 days. OCT images were acquired at baseline and once weekly (e.g D0, D7, 

D14, D21, D28). Some of the subjects in the SD-BLANK-MS/Gel group (Figure 38 E-H) and SD-

CMS/Gel group (Figure 38 I-L) experienced corneal opacity. There was low observed opacity in 

cysteamine eyedrop eyes (Figure 38 A-D).   
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Figure 37 CTNS (-/-) mice corneal images  treated with cysteamine eyedrops (A-D), cysteamine-free 

microspheres (SD-BLANK-MS/Gel) (E-H), and cysteamine micropsheres (SD-CMS/Gel) (I-L) on day 28.  

 

OCT analysis of CCT of each eye was determined at each timepoint and compared in 

Figure 39. Both eyes of CTNS (-/-) knockout mice treated with cysteamine eyedrops remained 

within 50-100 µm. The mean values of SD-CMS/Gel and SD-BLANK-MS/Gel treated eyes (OD) 

were above 100 µm after D14 (Figure 39, week 2). The contralateral eyes of SD-CMS/Gel, which 

did not receive any treatment, were above 100 µm at D28 (Figure 39, week 4).  
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Figure 38 Central corneal thickness of CTNS (-/-) knockout mice (N=3 per eye). Right eyes (OD) received 

treatmeht. Left eyes (OS) were not treated and categorized based on the contralteral eye treatment. Data is 

presented as mean ± standard deviation.  

 

OCT volumes were processed for corneal intensity for all eyes in the study and presented 

in Figure 40. Statistical analysis of corneal intensity values reported no significant differences. 

Descriptive statistics (mean values) for right eyes treated with SD-BLANK-MS/Gel and SD-

CMS/Gel were higher in grey scale values/voxels than their respective untreated, contralateral 

eyes. For cysteamine eyedrop treatments, there were no statistically significant differences in 

intensity values between right and left eyes (Figure 41A). However, when the right eye (OD) 

values were normalized to left eyes (OS), there was a trend towards a decrease in intensity values 

after 4 weeks (Figure 41B).  
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Figure 39  Pixel intensity per volume of treated (OD) and untreated, contralteral eyes (OS) of CTNS (-/-) 

mice. Data are presented as mean ± standard deviation for N=3 eyes. 

 

 

Figure 40 Pixel intensity of cysteamine eyedrops (A) and right eye (OD, treated) intensity normalized to left 

eye (OS,untreated) intensity (B). Data is presented as mean ±standard deviation for N=3 eyes.  
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4.4 Discussion 

The goal of the studies within this chapter was to test the efficacy of cysteamine delivered 

from spray-dried cysteamine microspheres in thermoresponsive gel (SD-CMS/Gel) in a murine 

model of cystinosis. The murine model of cystinosis is the most widely characterized and 

established genetic model of cystinosis – with major in vivo studies investigating efficacy of 

topical cysteamine formulations [107,201] and hematopoietic stem cell transplantation [202] for 

treatment of corneal cystine crystals. In these studies, light microscopy and IVCM were utilized 

to quantify hyperreflective cystine crystals in the cornea during treatment. To improve upon 

current imaging modalities for cystine crystals, while also considering imaging modalities 

appropriate for pediatric patients, optical coherence tomography was used to evaluate corneal 

health and to quantify corneal intensity of corneal cystine crystals. Upon optimization of OCT 

acquisition and processing, longitudinal studies were conducted on CTNS (-/-) mice treated with 

cysteamine released from our novel drug delivery system.  

The goal of the studies within this chapter was to test the efficacy of cysteamine delivered 

from spray-dried cysteamine microspheres in thermoresponsive gel (SD-CMS/Gel) in a murine 

model of cystinosis. The murine model of cystinosis is the most widely characterized and 

established genetic model of cystinosis – with major in vivo studies investigating efficacy of 

topical cysteamine formulations [107, 201] and hematopoietic stem cell transplantation [202] for 

treatment of corneal cystine crystals. In these studies, light microscopy and in vivo confocal 

microscopy were utilized to quantify hyperreflective cystine crystals in the cornea during 

treatment. To improve upon current imaging modalities for cystine crystals, while also considering 

imaging modalities appropriate for pediatric patients, optical coherence tomography was used to 

evaluate corneal health and to quantify corneal intensity of corneal cystine crystals. Upon 
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optimization of OCT acquisition and processing, longitudinal studies were conducted on CTNS (-

/-) mice treated with cysteamine released from our novel drug delivery system.  

 The feasibility of topical application and retention of microspheres embedded in our 

thermoresponive gel was optimized for smaller animal species in these studies. Our previous 

studies in large animals with anatomically similar eyes to humans have evaluated retention for 24 

hours to 30 days [2, 137, 138]. In larger animal studies, anesthesia-free handling and restraint was 

performed and compatible with our materials.  However, direct translation of anesthesia-free 

methodologies to a murine model of cystinosis was unfeasible. Despite manual restraint (e.g, neck 

scuffing) of mice [208] topical administration was prevented by mice clawing and biting at the 

microsphere/gel applicator. After establishing isoflurane inhalation anesthesia and heat lamp 

protocols for thermoresponive gel application and phase transition, the retention of the delivery 

system was prevented by the natural self-grooming behavior of mice on their oculofacial regions 

[209].  As such, microsphere/gel retention methodologies were engineered iteratively until an 

eyepatch and Elizabethan collar successfully retained our delivery systems for 24 hours (Figure 

34A&B). These methods were influenced by post-operative eye procedures to protect eyes in 

pediatric patients [210] and restraint collars for mice surgeries [211], which were deemed safe with 

careful aftercare. In parallel to troubleshooting microsphere/gel application and retention 

strategies, OCT acquisition set-up and parameters were also optimized.  

OCT acquisition and processing was optimized against a background strain (e.g, C57BL/6 

WT) of the CTNS (-/-) knockout mouse. The background strain shares similar anatomical 

structures of the cornea and anterior chamber, thus comparative imaging strategies to untreated 

CTNS (-/-) mice (i.e., no systemic or topical cysteamine) would support quantification of intensity 

produced by corneal cystine crystals. Central corneal thickness (CCT) (Figure 35) between 



111 

C57BL/6 wild type background strains (CCT 61.82 ± 10.79 µm) and C57BL/6 CTNS (-/-) (CCT 

76.85 ± 14.66 µm) were similar and within range of studies measuring CCT in the same 

background strain and knockout mouse [202]. Comparison of corneal intensity suggested 

differences in grey scale values per voxels of OCT volumes, with the CTNS (-/-) mouse having 

higher values than background strain corneas (Figure 36). These data suggest the light scatter from 

corneal cystine crystals in the knockout mouse is captured by OCT. To our knowledge, these data 

support the first studies utilizing OCT to determine corneal cystine crystal light scatter intensity in 

a murine model. Clinically, OCT is used to image the cornea of cystinosis patients in combination 

with slit-lamp photograph to observe corneal health throughout their lifetime [204], and to 

determine optimal treatment of cysteamine eyedrops. Similarly, we extended these methodologies 

to evaluate cysteamine efficacy from our delivery system.  

Longitudinal OCT captured CCT and corneal intensity of CTNS (-/-) mice receiving 

cysteamine eyedrops and microsphere/gel formulations our studies. For cysteamine eyedrops the 

right eye (OD) received 4 drops of a 5 µL aqueous cysteamine suspension, which resulted in 

normal CCT mice corneal thickness in the OD and contralateral left eye (OD) (Figure 39). While 

there were no statistically significant differences in corneal intensity between OD eyes receiving 

cysteamine eyedrops and their contralateral OS eyes (Figure 41A), there was a trend towards a 

decrease in intensity ratios when OD eyes were normalized to OS eyes (Figure 41B). Normalizing 

to contralateral eyes as controls for OCT studies has been previously performed for corneal 

intensity determined by light scattering [212]. In contrast, the mice receiving a dose of SD-

CMS/Gel (6.5 mg MS/100µL Gel) and SD-BLANK-MS/Gel (6.5 mg MS/100µl Gel) in their OD 

eyes resulted in corneal opacity, increased corneal thickness, and increase in corneal intensity 

(Figure 38-40). The contralateral OS eyes of some subjects treated with microsphere/gel and 
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restrained with Elizabethan collars shared similar pathologies.  For example, one OS eye (Figure 

38 I&J) had opacity when visualized via light microscopy and OCT at 28 days and increased CCT. 

These data are confounding to the previously established safety profile our materials on ex vivo 

irritation assays (HET-CAM and BCOP in Chapter 2) and histological analysis of eyelid tissue in 

rabbits (Chapter 3) at a ratio of 10mg/100uL of microsphere/gel. These studies supported a non-

irritating formulation for both cysteamine loaded and cysteamine free materials.  It is speculated 

that our material and cysteamine are not contributing to the opacity observed in these studies, 

particularly because the ratio was reduced from 10 mg/ 100uL to 6.5 mg/100 L to match the drug 

per mass delivered from 4 drops of cysteamine eyedrops.   Furthermore, the use of PLGA particles 

containing ocular therapeutics were deemed safe and nonirritating to the ocular surface after 

topical application in mice [213] and rabbit models [214, 215]. We speculate the methodologies 

used to apply our delivery system and restrain mice were the source of abnormal ocular effects.  

A major challenge in these studies was to maintain the body temperature of mice during 

isoflurane inhalation to promote temperature phase transition at the ocular surface.  Studies have 

shown that mice body temperatures are strongly correlated to heart beat count and respiratory 

breathing; at normal physiology the starting temperature of mice is at 36°C and drops in heart rate 

and breathing during isoflurane inhalation causing a reduction of temperature to 28°C [216, 217]. 

Several methods to maintain physiological body temperatures in mice include the use of heated 

blankets [218], thermogenic gel packs [217], metallic heating plates [219], and overhead infrared 

heat lamps [220]. Of these methods, the infrared heat lamp methodology was used to prewarm the 

ambient temperature (23-25°C) surrounding the subject during anesthesia. After prewarming, the 

microsphere/gel was then applied to the ocular surface and the heat lamp was focused on the 

subject’s oculofacial region to support phase transition above the LCST (T > 32°C).  While 
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necessary for optimal formulation application, the repeated exposure (7 times per week) to various 

temperatures above 32°C with infrared light may have resulted in dryness at the occur surface of 

both eyes leading to subsequent exposure keratitis. Exposure keratitis has been experimentally 

induced on murine models of dry by exposing mice to dry environments with speculums to prevent 

eyelid closure [221] and ultraviolet light to induce photokeratitis [222]. A combination of dry 

environments and heat lamp exposure may have led to the opacity observed in our studies (Figure 

38). Furthermore, the inability for mice to self-groom may have led to further ocular surface 

complications. Mice spend 40% of their waking time self-grooming their oculofacial regions for 

hygienic purposes which includes removing discharge from eyes [209, 223]. In our study, we 

inhibited mice from self-grooming with E-collars for more than 12 waking hours to prevent 

removal of microspheres/gel. The combination of potential exposure keratitis from heat lamps 

during application and prevention of self-grooming may have contributed to the opacity, corneal 

thickness and increase in corneal intensity observed in our studies.  

Despite the major drawback in exposing mice to various environmental conditions (i.e., 

temperature, humidity), housing conditions with restraints that prevent self-grooming, and 

potential increase in stress from E-collars [224] during studies, our work contributes to the 

translation of novel ocular drug delivery systems to rare corneal disease. Specifically, the 

methodologies herein suggest the ability to measure corneal intensity as a marker for treatment of 

highly reflective structures, a common effect observed in similar lysosomal storage disorders [225-

227]. To determine a positive effect of cysteamine treatment from our delivery system, future 

studies will engage in modulating ambient temperatures to prewarm mice within a controlled 

humidity environment as performed in murine models of dry eye [228] or using a warming blanket 

used for infants experiencing hypothermia [229]. Furthermore, an alternative to using an eyepatch 
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to retain our formulation includes a partial tarsorrhaphy where sutures are tied together to laterally 

close the eyelids [230]. Tarsorrhaphy is advantage over an eyepatch as it is accessible for the 

topical administration of eyedrops with retention of partial eye sight [231]. We can perform a 

drawstring tarsorrhaphy in mice using nylon sutures to repeatedly open and close the eye for 

microsphere/gel instillation. In order to keep the sutures intact, the mouse e-collar would likely be 

required prevent mice from scratching and ripping sutures out. This method may offer further 

insight to whether any debris or interaction from eye patches contributing to the opacity observed 

in treatment groups.  
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5.0 Summary and Future Directions 

5.1 Overall Summary 

In this dissertation, studies investigated an eyedrop technology to address the unmet need 

for an improved drug delivery system to the diseased cornea while retaining the ease of 

administration of traditional eyedrops. Our technology utilizes biodegradable polymeric 

microspheres that degrade through hydrolysis and release encapsulated ocular therapeutics upon 

degradation or diffusion. After engineering microspheres based on in vitro release studies, 

candidate microsphere formulations are combined into an in situ thermoresponive gel that is 

administered to the precorneal area, undergoes a temperature-dependent phase change from 

solution to a semi-permanent depot, and is retained in vivo. Within the context of cystinosis, a rare 

corneal disease, the potential for the platform technology was rigorously tested to encapsulate 

cysteamine while improving drug stability and translate to preclinical in vivo models.  

Cysteamine, the active drug used to treat corneal cystine crystals in the cystinotic eye, was 

encapsulated into PLGA microspheres and combined into our thermoresponsive gel. Spray-dried 

encapsulation of cysteamine into microspheres dramatically improved the stability of cysteamine 

to 7-weeks. Cysteamine drug loading and release from gel was equivalent to a daily course of drug 

administration from traditional eyedrops, representing a 12-fold decrease in dosing frequency. The 

formulation was shown to be non-irritating in vitro and ex vivo through organotypic models. A 

daily course of our therapy was administered topically without anesthesia and retained in vivo. 

The retention studies and observed tolerability in vivo informed potential to engage in preliminary 
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pharmacokinetic and biodistribution studies in large animals and efficacy studies in the only 

cystinosis animal model, a knockout of the CTNS gene in mice.  

An in vivo ophthalmic model consisting of the New Zealand white rabbit was utilized to 

provide ocular tissue and systemic drug concentrations after topical administration of our delivery 

system and traditional eyedrops. Multiple doses of aqueous cysteamine eyedrops, when 

administered hourly, maintained drug concentrations within the cornea at a magnitude 5 times 

higher than a single dose of our technology over 12 hours. Despite the difference in drug uptake, 

our technology-maintained drug release across 12 hours from a single drop, potentially reducing 

the need to readminister by 8-11 drops. Systemic uptake of cysteamine from our formulation was 

below our limit of detection after plasma cysteamine concentrations were quantified during sparse-

blood sampling. During these studies, clinical scores from an ophthalmologist indicated our 

sustained release formulation and controlled release materials without drug were tolerable and any 

observed transient effects were diminished within 10-30 mins. Histological evaluation of eyelid 

tissue served as a proxy for irritation at the ocular surface during in vivo studies and observed no 

structural changes. These findings were comparable to the effect from traditional cysteamine 

eyedrops. In total, these studies inform the first large animal ocular biodistribution of multiple 

doses of cysteamine eyedrops – when previous studies failed to provide imperative ocular tissue 

drug levels. We further investigated the efficacious potential of our encapsulated cysteamine 

microspheres/gel after topical application and retention in the CTNS (-/-) mouse.  

Our objective of establishing a local colony of CTNS (-/-) mice was successfully 

accomplished. Upon aging select mice to adulthood, corneal cystine crystals were evaluated with 

light microscopy and OCT. Corneal cystine crystals were evident in CTNS (-/-) mice at age 7 

months and compared to background strain wild types, which had no presence of corneal cystine 
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crystals. OCT imaging processing utilized light scattering to quantify the intensity reflected from 

corneal cystine crystals. Longitudinal OCT on mice treated with cysteamine eyedrops provided 

evidence towards a positive effect trend on cystine crystal reduction over 28 days. On the other 

hand, the challenges in maintaining body heat during topical administration of our formulation and 

preventing mice from self-grooming with E-collars resulted in no conclusive efficacy data from 

our microsphere/gel formulation. 

5.2 Summary of Challenges and Limitations 

The candidate formulation developed for cysteamine release from our topical drug delivery 

system has potential for further investigation despite the numerous challenges and limitations. 

Stability studies were limited to quantifying cysteamine within PLGA microspheres only. Our 

NMR methodology, while selective for active cysteamine and inactive cystamine, was not capable 

of selectively quantifying PLGA from pNIPAAm. Therefore, the stability of cysteamine in MS is 

deemed as a shelf-life profile prior to mixing microspheres into pNIPAAm gel. However, this 

limitation may be strategized when translating to manufacturing and processing procedures by 

including the MS separate from the gel and requiring users to premix before topical administration. 

Furthermore, the challenges associated with controlling diffusion of cysteamine from our delivery 

system limited our fabrication to emulsion-free encapsulation strategies. Thus, the release profile 

from spray-dried materials afforded drug release less than the initially proposed 1 week release 

profile.  

For translation to in vivo models, the established rabbit model was ideal in anatomical size 

and ability to administer without anesthesia. However, the stability of cysteamine in vivo continues 
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to be a hindrance for quantification. The mass spectrometry methodology utilizes NEM 

derivatization on the active thiol of cysteamine. Unfortunately, any degraded cysteamine, whether 

through oxidation or enzymatic processes, was not detected. Reduction of cystamine or any 

enzymatic by products with TCEP was performed, however did not result in reproducible data at 

24 hour timepoints (data not shown). For examination of tissue structural changes, our study was 

limited to daily course of our formulation and did not provide long-term toxicity in vivo. While 

we were successful in administrating our formulation in rabbits, there remains the substantial 

challenge of topically administering to translating this technology to pediatric patients.  

As indicated in the CTNS (-/-) knockout studies, the major challenge of this work was 

controlling the heat loss during isoflurane anesthesia and protecting the materials from self-

grooming behavior. The longitudinal study did not include a group of mice that were untreated 

and fixed with Tegaderm™ eyepatches and E-collar. This control would potentially support 

identifying the root-cause of corneal opacity in several of the mice treated with eyepatches and 

collars. Furthermore, the dry atmosphere under irradiated heat lamps may have limited our findings 

by introducing a negative effect on corneal health. The number of mice in our study could also be 

improved to achieve statistical significance. At baseline, several mice were excluded from the 

study due to scratches and abnormalities at the corneal surface. Furthermore, during the first week 

of studies, a mouse became dehydrated and required subcutaneous injections of fluids and were 

removed from the study after euthanizing. Some mice experienced swollen faces and accumulated 

nesting debris with their E-collars; we suspect that mice were dragging the collars around their 

cages due to stress. Additionally, the constraints on the number of animals used during the study 

arose from housing limitations on breeding during the global pandemic. Despite these challenges, 

we were able to bring novelty to the field of cystinosis by providing OCT parameters on the 
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cystinotic mouse cornea. An improvement to OCT processes would be to stratify post-image 

processing into automatic algorithms (e.g Matlab, Python) that precisely remove artifacts 

automatically as seen in automatic segmentation processes of retinal OCT. 

5.3 Future Directions 

Future studies will focus on large scale manufacturing of spray dried materials and 

improvement of preclinical models. The fabrication of spray-dried PLGA MS may be improved 

to increase the aqueous dispersibility with gel. This may be accomplished by adding non-ionic 

surfactants to reduce aggregation of particles (e.g., leucine [232], triton-100 [233]). Comparing the 

rheology of microspheres/gel when embedded with future particles to the current SD-CMS 

formulation would provide additional insight to material properties. For the rabbit model, an early-

timeframe ocular pharmacokinetic study with increased sample size would compare a single dose 

of cysteamine eyedrops to a single dose of microspheres/gel at a shorter time scale (e.g., 0.5 mins, 

10 mins, 30 mins, 60 mins). In doing so, we would obtain cysteamine half-life, max concentration, 

and clearance mechanism [234] and potentially reduce variability in pharmacokinetic drug 

dispositions [199]. Lastly, to improve longitudinal OCT efficacy studies on the CTNS (-/-) mouse, 

a controlled humidity chamber would be added to maintain an ideal environment to prevent drying 

of the cornea [228]. An alternative to using a Tegarderm™ patches would involve surgically 

sewing the eyelids partially with sutures and adding a drawstring to open and close the eyelids for 

daily gel administration [230]. OCT post-image processing may also be improved by developing 

automatic segmentation based on deep-learning algorithms [235]. One such network utilizes 

human OCT images and neural networks to distinguish corneal layers [236]. This may be extended 
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similarly by feeding the neural network with inputs from OCT volumes from our wild type mice 

and CTNS (-/-) knockout mouse. After which, including a pixel threshold to the images similar to 

our studies may support distinguishable pixels between intense, reflective cystine crystals and 

darker corneal structures. As an extension of the preclinical animal studies, performing iterative 

usability studies with an applicator designed for our materials can potentially bring light to 

patient’s experiences with our technology.  

Usability and feasibility studies are an important research goal for translational technology 

and is required by the FDA further down the translational pipeline during clinical trials [237]. One 

area for usability consideration our research is the design of an applicator for the microsphere/gel 

technology. A usability study exploring an applicator prototype and its feasibility on a silicone 

mannequin head with replaceable eyes and eyelids [238] can be used to evaluate patient experience 

with our technology during topical administration. Participants can be recruited through the annual 

conference held by the Cystinosis Research Foundation to identify key clinical stakeholders (e.g., 

clinicians, nurses, ophthalmologists,) and community stakeholders (e.g., patients and family 

members). Mixed methods studies would seek to quantify squeezing force and dispensing time 

[239] while also evaluating participant’s experience with qualitative eyedrop satisfaction 

questionnaires [240], [241]. This exploratory study would offer user informed technical 

specifications for the applicator, highlight any barriers to translation to pediatric patients, and 

incorporate user feedback for future applicator devices.  

Beyond using cysteamine to treat cystinosis, cysteamine has been researched to examine 

the drug’s antimicrobial properties for cystic fibrosis [242], prevention of oxidative stress that 

contribute to neurodegenerative and neuropsychiatric disease [243] and inhibition of SARS-COV-

2 variants of concern [244, 245]. An oral formulation of cysteamine and an inhaled nebulized form 
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(Lynovex®) has been marketed as a combination mucolytic-antibiofilm-antimicrobial agent. This 

formulation has been investigated in vivo when directly administered to the lungs of mice [242] 

and has on going exploratory clinical trials in adults with cystic fibrosis [246]. The antiviral activity 

of cysteamine against multiple variants of SARS-CoV-2 was confirmed in vitro and the compound 

is likely reducing disulfide bonds in the spike proteins of variants, inhibiting binding of the receptor 

binding domain [245].  In addition to antimicrobial and antiviral properties, cysteamine mitigates 

oxidative stress and its oxidized form cystamine mitigates inflammation [243]. Oxidative stress 

and inflammation contribute to upregulation of neuroprotective pathways involving brain-derived 

neurotrophic factor and nuclear factor erythroid 2-related factor 2 signaling [243]. These pathways 

have been associated with the progression of Huntington’s diseases and led to a randomized 

clinical trial of oral delayed release cysteamine bitartrate in humans for 18 months [247]. Clinical 

trials of cysteamine for Huntington’s disease have been largely unsuccessful – with researchers 

suspecting that patients who were enrolled were in late stages of disease progression and oxidative 

stress was beyond prevention [243, 247]. However, promising data in reformulation of cysteamine 

into dendrimers ameliorate autophagy deficits in cystic fibrosis animal models, which is suspected 

to also impact autophagy in brain tissue [248]. These studies support evidence on cysteamine 

formulation into different drug vehicles that may offer improvement to current cysteamine 

formulation.  Overall, our spray dried methodologies for cysteamine encapsulation may be 

extended to develop aerosolized particles that increase the bioavailability of cysteamine in lung 

tissue for patients with cystic fibrosis and novel coronavirus. Lastly, to improve targeted delivery 

for oxidative stress in Hunting disease, modification of PLGA with polyethylene glycol to obtain 

a copolymer particle can increase blood-brain-barrier diffusion [249] when administered through 

delivery routes to the brain, such as intranasal routes. Current research from our group utilizes our 
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microsphere and thermoresponsive materials to achieve otic drug delivery for antibiotic therapies 

[250] and paranasal administration of corticosteroids [251]. These recent studies lay the foundation 

for material compatibility and safety for exploring cysteamine delivery with our technology for 

the clinical applications in lung illnesses and neurodegenerative disease.  
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Appendix A Cysteamine Microsphere Formulation Trials and Candidate Formulation 

Appendix A.1 Introduction 

The target parameters for cysteamine microspheres for drug release, drug loading and  

release kinetics were based on clinical data and prescribed dosing of cysteamine eyedrops 

(Cystaran™ ). The current clinical dose of cysteamine hydrochloride (HCL) is 6.5mg/mL (equal 

to 4.4 mg/mL, 0.44% cysteamine). The recommended dosage is 1-12 eye drops a day, once per 

waking hour. The total amount of cysteamine in an eyedrop containing a volume of 50µL is is 

0.325mg/drop (i.e. 6.5mg/mL x 1mL/1000µL x 50uL). At 1% absorption of eyedrops,  3.25µg is 

absorbed, with 10% absorption equating to 32.5µg. Based on these calculations, the  total range of 

cysteamine is 325-3900 µg/day.  An ideal controlled release formulation would release 3.25-

39µg/day (1% absorption) or 32.5-390g/day (10% absorption). The time frame for delivery was 

suggested to be 1 week, to retain familiarity of cysteamine shelf life, or up to 1 month. As such the 

anticipated goal, assuming 1 % absorption, was a release profile of 7 days at 20µg/day. The 

following sections present the iterations of PLGA microspheres and our rationale for the candidate 

formulation presented in Chapter 2. Several of the methodologies discussed in Chapter 2 are 

reference throughout this section and were omitted for conciseness. For clarity on methodologies 

used for characterization of cysteamine microspheres (i.e., morphology with SEM, drug release, 

HPLC detection, DSC, and NMR), refer to Chapter 2. 
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Appendix A.2  Materials and Methods 

All materials were sourced from Sigma Alrich (St. Louis, MO) unless otherwise specified.  

Appendix A.2.1 Water in Oil in Water Double Emulsion  

A water-in-oil-in-water (W/O/W) double emulsion was first performed according to 

previously established protocols [137]. Double emulsion cysteamine microspheres (DE-CMS) 

were fabricated by adding  200mg of poly(d-lactic-co-glycolic) acid (PLGA) (502H MW 7,000-

17,000) to 4mL of dichloromethane. To this mixture, 200μL of 1g/mL cysteamine HCL in 

deionized water was added. The dissolved drug and polymer solution was sonicated for 10s at 30% 

amplitude (EpiShear Probe Sonicator, Active Motif, Carlsbad, CA) followed by homogenization 

in 60mL of 2% poly(vinyl alcohol) (PVA) (W2) with 13.2%  sodium chloride (7.9g NaCl in 2% 

PVA) e ( (w/v) (Polysciences, Warrington, PA) for 1 minute at 2300 rpm (Silverson L5M-A, East 

Longmeadow, MA). The double emulsion was added to 80mL of 1% PVA and stirred at 600rpm 

for 3 hours. Resulting microspheres were washed 4 times by centrifugation, then resuspended in 

deionized  water with, flash frozen in liquid nitrogen, and lyophilized for 48 hours (Speedvac 

Freezone, Labconco, Kansas City, MO). Blank, cysteamine free microspheres were fabricated by 

substituting cysteamine with DI water. The release of cysteamine from microspheres were 

determined by measuring releastes with HPLC.  
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Appendix A.2.2 Solid in Oil Single Emulsion 

Aa an alternative to the high aqueous environment of double emulsions, a solid in oil in oil 

(S/O) emulsion was conducted to eliminate cysteamine diffusion during fabrication. Solid in oil 

cysteamine microspheres (SE-CMS) were first explored by attempting to micronize cysteamine 

[160]. Sonication at a high amplitude (>60%) was performed and resulted in degraded cysteamine 

HCL, that was a pungent smelling. Therefore, 50 mg of cysteamine HCL was partially solubilized 

in 1 mL of a co-solvent composed of 90:10 (v/v) acetonitrile: deionized water. An oil phase 

consisting of  200mg of PLGA (RG 502H) in 4mL of acetonitrile was mixed. 250 µL of the 

partially solubilized cysteamine (~50mg/mL) was added to the oil phase (PLGA/acetonitrile). A 

secondary oil phase consisted of 40 mL of mineral oil and 200µL of Span-80 was mixed and stirred 

on a magnetic rotator at 600 RPM. Then, the S/O emulsion was slowly added wise into the 

secondary oil phase while under stirring. The emulsion was stirred for 3 hours, centrifuged at 1000 

RPM, flash frozen and lyophilized. Materials were then characterized with SEM.  

Appendix A.2.3 Double Emulsion, Salt Balance, and Salt Washing 

Cysteamine microspheres were fabricated following the double emulsion procedure. For 

these microspheres, a initial drug content from cysteamine was lowered from 1g/mL to 200mg/mL 

to reduce the osmolality of the initial water phase. A 200mg/mL Cysteamine HCL solution was 

measured with an osmometer and resulted in  2850mOsm/kg. The external water phases consisting 

of PVA, were then salat balanced. A 2% PVA 60 mL solution   was mixed with 8.3%, 4.99g NaCL  

(w/v). A  1% PVA 80 mL solution was mixed with 8.3%, 6.66g NaCl.  The polymer phase was 

mixed by adding 200mg of poly(d-lactic-co-glycolic) acid (PLGA) (502H MW 7,000-17,000 
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Sigma Aldrich, St Louis, MO)  in 4mL of dichloromethane for the oil phase. To this mixture, 

200μL of 200mg/mL cysteamine hydrochloride in deionized water was added. The dissolved drug 

and polymer mixture was sonicated for 10s at 30% amplitude followed by homogenization in 

60mL of 2% poly(vinyl alcohol) (PVA) (W2) with 8.3%, 4.99g NaCL (w/v)  for 1 minute at 2300 

rpm (Silverson L5M-A, East Longmeadow, MA). The double emulsion was added to 80mL of 1% 

PVA with 8.3%, 6.66g NaCl (w/v) stirred at 600rpm for 3 hours. Resulting microspheres were 

washed with deionized water 4 times by centrifugation, then resuspension in deionized water, 

frozen, and lyophilized for 24-48 hours. A second batch of DE-CMS were fabricate following the 

same protocol but instead washed with 20% NaCL (w/v) during the washing and centrifugation 

steps. Microspheres were characterized with SEM, HPLC, and DSC when mixed with pNIPAAm 

gel.  

Appendix A.2.4 Spray Dried Manufacturing and Candidate Formulation Characterization 

Several spray-drying trails were conducted in partnership with Dr. Gary Hollenbeck at the 

University of Maryland Pharmacy Lab. The spray drying manufacturing process utilizes a standard 

cyclone (upper and lower) and collection vessel (Figure 32). The spray-dried materials in each 

chamber were collected and analyzed for morphology and drug loading using SEM and NMR.  



127 

 

Figure 41. Spray-dried standard cyclone and collection vessel containig cysteamine microspheres 

 

Appendix A.2.5 Sterilization of Candidate Spray Dried Formulation  

Spray-dried cysteamine microspheres were weighed and placed in sterilized amber vials in 

a protective glove box (Fisher Scientific, Hampton, NH) under inert nitrogen gas. Amber vials 

with samples were capped and sealed with parafilm. Samples were shipped and stored at 4°C for 

16 days prior to sterilization with -25kGy ± 10% for 48 hours using a gamma irradiator (Sterigenics 

U.S, LLC, USA). The drug loading with NMR was compared between an internal control (N=1) 

that was not shipped and sterilized, to sterilized samples (N=10) 

 

 



128 

Appendix A.3 Results 

Appendix A.3.1 Double Emulsion Microspheres with Low Drug Loading and 7-Day 

Release Kinetics  

Double emulsion cysteamine microspheres (DE-CMS) were spherical and in between 5-10 

µm in size (Figure 33A). HPLC analysis of release medium indicated a  total of 0.5 µg/mg 

cysteamine /DE-CMS over a 7 day period (Figure 33B). The release profile was pseudo-linear 

with a burst release within the first day of release, approximately 3 µg cysteamine in 10 mg of DE-

CMS. Efforts to reformulate for higher  drug loading were attempted by following encapsulation  

strategies for small hydrophilic drugs  [Ramazani et al 2016].  
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Figure 42 Scanning electron microscopy image of double emulsion cysteamine microspherfs (A) and release profile with 

HPLC analaysis (B). Data for release is mean ± standard derviation.  
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Appendix A.3.2 Solid in Oil in Oil PLGA structures 

Solid oil and oil cysteamine microspheres produced large structures of PLGA and 

cysteamine after lyophilization. Scanning electron microscopy revealed interconnected PLGA 

microspheres. Cysteamine content was not verified and solid oil and oil trials were discontinued.  

 

 

Figure 43 Scanning elecron micrscopy of solid-oil-in-oil of cysteamine-PLGA strucutures larger than 100µm 

 

Appendix A.3.3 Double Emulsions CMS with Salt Washing Release and LCST 

Double emulsion cysteamine microspheres with a salt balance were fabricated. Their 

morphology and size (10-20µm) were characterized with scanning electron microscopy (Figure 

25A). Cyseamine release from cysteamine microsphers achieved 20µg/day of drug release at day 

1 (Figure 35A). There was low magnitude of cysteamine release on subsequent days up to day 9.  

However, the target of drug per day was achieved for 1 day.  
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Drug loss in the washing steps was confirmed at all four washing steps (Figure 36). A salt 

balance was added to the washing step and drug loss was reduced at steps two through four. These 

experiments indicated that cysteamine diffusion occurred when cysteamine microspheres 

immediately made contact with water during fabrication.   

 

 

Figure 45 Cysteamine drug loss during washing steps and compared to the washing steps with sodium 

chloride (DE-CMS-NaClW) 
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Figure 44 Salt balance double emulsion microspheres (A) and release profile analyzed with HPLC (B). Data is represented 

as mean ± standard deviation 
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The double emulsion cysteamine microspheres with the sodium chloride washing steps 

(DE-CMS-NaCLW) were characterized with scanning electron microscopy. DE-CMS-NaClW 

had uniform size (10µm, Figure 37A). Cysteamine drug loading of double emulsion cysteamine 

microsphers without sodium chloride washing (DE-CMS) and DE-CMS-NaClW were compared 

(Figure 37B). The addition of the washing steps reduced the variation of between samples (N=3) 

and had drug loading at the target of 20 µg/day.  

 

 

Figure 46 Scanning electron microscopy (SEM) of Double Emulsion fabrication of cysteamine microspheres 

with sodium chloride washing (DE-CMS-NaCLW) (A) and cysteamine loading (µg/mg) comparison to Double 

emulsion fabrication of cysteamine microspheres (without  sodium chloride washing) (DE-CMS) (B). Data is 

represented as mean ± standard deviation.  

 

The candidate double emulsion formulation with washing (DE-CMS) was incorporated 

into pNIPAAm gel at a ratio of 10mg to 100µL. Cysteamine-free microspheres (DE-BLANK-

MS/Gel) were also mixed into gel at the same ration. Differential scanning calorimetry (DSC) was 

performed to determine the lower critical solution temperature (LCST) of each mixture. The LCST  

gel without microspheres (pNIPAAm) was compared to each material.  The LCST was lowered 
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for the formulations (27°C for DE-BLANK-MS+Gel, and 20°C for DE-CMS+Gel). These LCST 

were lower than 34°C pNIPAAm alone. The LCST of the formulations were below ocular surface 

temperatures and incompatible for topical administration to the eye. In the literature, [Zhang et al 

2007] explored the relationship of different salts on LCST of pNIPPAm, including sodium chloride 

which lowered the LCST.   

 

Figure 47 DSC of DE-CMS after washing and the addition of sodium chloride reduced the LCST below 

ocular surface temperatures   
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Appendix A.3.4 Spray Dried Microspheres Characterization and Candidate Selection 

Vessel 

Scanning electron microscopy of material from upper cyclone (Figure 39A), lower cyclone 

(Figure 39B), and collection vessel (Figure 39C) indicated microspheres at 1-5µm in size with 

irregular morphology.  

 

 

Figure 48 Scanning electron micrscopy of spary-dried microspheres manufactured with a cyclone and 

collection vesse  

 

SD-CMS at each chamber was evaluated for drug loading and resulted in equivalent drug 

loading (270 µg/mg, Figure 40) from all materials, regardless of location after manufacturing.  
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Figure 49 Cysteamine loading in upper cyclone (U), lower cyclone (L) and collection vessel (CV). The data 

represent mean ± standard deviation (N=3).  

The candidate SD-CMS from the collection vessel was compared to previous double 

emulsion formulations and achieved a 10-fold increase in drug loading per mass of microsphere 

(Figure 41). The SD-CMS was further characterized and discussed in Chapter 2.  

 

Figure 50 Comparison of cysteamine loadin in  optimized cysteamine micropheres. The data represents the 

mean ± standard deviation of N=3.  
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Appendix A.3.5 Sterilization of Spray Dried Microspheres  

Sterilized samples of SD-CMS had a reduction in 3% drug loading compared to the internal 

control (Figure 42). The time from fabrication, storage, and shipping resulted in 16 days of varying 

temperatures. As such, while gamma irradiation may have reduced the drug content by 3% when 

comparing to the internal control, which was stored at 4°C for 16 days, the loss of drug may have 

also resulted from cysteamine instability during shipping (temperature greater than 25°C). 

 

 

Figure 51 Cysteamine loading in spray dried micosphers (SD-CMS) after gamma sterilzation. The data for 

SD-CMS-Gamma represent the mean ± standard deviation for N=10 samples.  
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Appendix B A Controlled Release Formulation of a Small Molecule for Inherited Retinal 

Degeneration  

Appendix B.1 Introduction 

The research motivation and techniques utilized to develop ocular drug delivery systems 

for cystinosis, an inherited rare disease, can be extended for rare diseases that impact the retina. A 

collaboration with Dr. Yuanyuan Chen was formed to develop a controlled release system of a 

small molecule chaperone of rod opsin (YC-001) for inherited retinal degeneration. YC-001 was 

discovered by Dr. Chen to target P23H rod opsin, a protein that is commonly mutated among 

autosomal dominate retinitis pigmentosa patients (adRP) [252, 253]. YC-001 is effective in 

rescuing P23H-opsin transport in retina degenerated mice, but suffers from a short half-life at 

34.5 min [252]. Thus, developing a controlled release system that release YC-001 over an extended 

time may afford longer drug presentation after intravitreal injection. While YC-001 remains in the 

investigative therapy pipeline, there is a substantial clinical need to develop effective treatments 

for adRP and similar inherited retinal disorders with rod opsin mutations like Stargardt disease 

[254] and Leber congenital amaurosis [255]. 
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Appendix B.2 Materials and Methods 

 

YC-001 was received from Dr. Yuanyuan Chen.. Dimethyl sulfoxide (DMSO), 

dichloromethane (DCM), and PLGA were obtained from Sigma Aldrich (St. Louis, MO, USA). 

Poly-vinyl alcohol (PVA) was obtained from Polysciences 

Appendix B.2.1 YC-001 Single Emulsion Encapsulation and Characterization 

YC-001 is highly water insoluble and was compatible with DMSO and DCM for a co-

solvent solution capable of solubilizing both YC-001 and PLGA. Therapeutic amounts of YC-001 

were experimentally determined in a P23H mouse model to be 700 picomoles of YC-001 per day, 

which equates to 0.197 µg of YC-001 (MW 282.7 g/mol) . This value guided initial formulation 

parameters along with the ability to inject microspheres in a homogenous aqueous solution with a 

33-gauge needle used specifically for intravitreal injections in murine models (Hamilton 

Company, Reno, Nevada, USA). Hamilton needs are capable of injecting up to 1µL of solution. 

In our previous experience, a homogenous mixture of microspheres in phosphate buffer saline 

solution is composed of 10 mg of microspheres per 100 µL of saline solution. Therefore, 1 µL 

would contain 0.1mg of microspheres. Ideally, 1.97 µg YC-001 per mg of microspheres would 

afford therapeutic drug levels to the mouse retina. 

To fabricate microspheres, 200mg of PLGA (MW 24,000-38,000 kDa (503) and 38,000-

54,000 kDA (504)) were dissolved in 4 mL of DCM. To this solution, 200 µL of a 20 mg/mL YC-

001/DMSO was added. The solution was then placed into a 2% PVA solution (60 mL) and 

homogenized for 1 min at 2300 RPM. The emulsion was then mixed into a 1% PVA solution 
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(80mL) for 3 h to allow residual DCM to evaporate. The microspheres were then washed via 

centrifugation with deionized water prior to lyophilization for 48 hours (Virtis Benchtop K Freeze 

Dryer, Gardiner, NY). Dry microspheres were stored at -20°C until use. Blank microspheres (Y-

BLANK-MS) were fabricated following the same method with the exclusion of YC-001 and only 

200µL of DMSO in the initial solution.  

YC-001 loaded microspheres (YMS) were characterized for average size and surface 

morphology using volume impedance measurements (Multisizer 3 Coulter Counter, Beckman 

Coulter, Indianapolis, IN) and scanning electron microscopy (SEM, JEOL 6335 F Field Emission 

SEM, Peabody, MA), respectively. The volume average microsphere diameter was determined for 

a minimum of 10,000 microspheres. 

Appendix B.2.2 YMS Drug Release and HPLC Detection 

YC-001 release studies were performed to determine the release behavior of YC-001 from 

microspheres. Lyophilized YMS (10 mg) were suspended in phosphate buffered saline (PBS) and 

incubated at 37 °C on a rotator. These samples were centrifuged for 5 min at 1000 rpm and the 

supernatant removed for analysis of YC-001. The supernatant was then replaced with fresh PBS 

and samples were vortexed briefly prior to additional incubation. The same procedure was repeated 

for Y-BLANK-MS. YC-001 concentration in supernatant samples was determined via high 

performance liquid chromatography (HPLC). Briefly, the samples were diluted with methanol and 

then injected onto Eclipse XDB-C18 column (4.6 x 150 mm, 5 µm) (Agilent Technologies) 

equilibrated with solvent composed of 30% acetonitrile in water (v/v), 0.1% formic acid. YC-001 

was eluted in a gradient of acetonitrile in water (30 – 100%) developed within 15 min at the flow 

rate of 1 mL/min, detected at 334 nm, and quantified by correlating peak areas with known 
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quantities of an original YC-001 synthetic standard. Background signal from Y-BLANK-MS (no 

drug) was subtracted prior to reporting the results of the average of n = 3 YMS samples ± standard 

deviation.   

Appendix B.3  Results 

YMS and Y-BLANK-MS were fabricated and resulted in spherical morphology after 

lyophilization as confirmed with scanning electron microscopy (Figure 52). The size of YMS 

formulations (Figure 53B) were within similar ranges between 503 (20.03 ± 5.8 µm)  and 504 

(17.63 ± 7.7 µm) formulations at a homogenization speed of 2300 RPM. YMS formulations 

released YC-001 at similar drug levels (0.12 µg/mg) when normalized to the mass of YMS during 

release studies (Figure 53A). 

  

 

Figure 52. Microsphere formulations fabricated for YC-001. A) Y-BLANK-MS 503, containing no YC-001, 

B). YMS 503, C) Y-BLANK-MS 50, cotaining no YC-001 and 4 D) YMS 504. Scale bar 20 µm.  
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Figure 53 Release profile of YC-001 from YMS formulations (A) and YMS diameters (B). Data are presented 

as mean ± standard deviation. 

Appendix B.4 Discussion 

YC-001, an investigative small molecule for inherited retinal degeneration treatment, was 

successfully encapsulated in PLGA microspheres to improve the delivery of the drug when 

injected intravitreally. PLGA as a controlled release material for drug delivery to the posterior 

segment is a widely studied field [148, 256] with specific studies investigating retinal drug delivery 

of resveratrol from PLGA nanoparticles for age related macular degeneration [257] and 

tauroursodeoxycholic acid from PLGA microspheres for retinal degeneration in P23H rats [258]. 

While some studies explored the potential toxicity of microsphere starting materials (e.g. DCM, 

DMSO organic solvents) [259] and PLGA degradation products to retinal cells [260], there is 

substantial potential in tailoring candidate PLGA particle formulations for safe and efficacious 

treatment. As such, to improve the half-life of YC-001, we developed PLGA microspheres that 

release YC-001 over 20 days in vitro.  
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 Based on the daily release of YC-001, there was no difference in magnitude of release and 

the release kinetics remained the same between 503 and 504 (Figure 53A). The magnitude of 

release was lower than our target drug release (0.12 µg/mg < 1.97 µg/mg), however we observed 

drug presentation for 20 days in vitro. Additionally, the size of microspheres at approximately 20 

µm are compatible with the inner diameter of Hamilton needles (0.108 mm) and share similar sizes 

to intravitreally injected microspheres [258].  

To improve upon preliminary YMS formulations, increasing the magnitude of drug release 

would support translation to a mouse model of retinal degeneration. Ongoing studies are 

investigating the fabrication of YMS at a homogenization speed of 7000 RPM to reduce the size 

of microspheres, thereby decreasing their surface area and potentially increasing the rate of PLGA 

degradation in vitro. Furthermore, in vitro release assays can harness the poor water solubility of 

YC-001 by including non-ionic surfactants (e.g sorbin oleate 80, polysorbate 80) in the release 

medium as performed for hydrophobic drug releases assays [261]. Ideally, the release profile from 

a candidate YMS formulation would be investigated in simulated vitreous humor [262] or within 

the proposed mouse model of P23H [263].      

Appendix B.5 Conclusion and Future Directions 

In summary, YC-001 was encapsulated in PLGA microspheres and tailored for 

compatibility with intravitreal injections in a mouse model of retinal degeneration. In vitro studies 

resulted in YMS formulations capable of releasing YC-001 over 20 days with a magnitude of drug 

release below our target drug levels. Thus, future work includes strategies to improve the 

magnitude of drug release in vitro and examining the ability to inject a candidate formulation into 
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a mouse model. Additionally, to test the therapeutic effect of YC-001 from YMS in vivo, mice 

injected with YMS would be observed over the course of drug release for a reduction in retinal 

degeneration with a combination of posterior segment imaging strategies including optical 

coherence tomography for retinal layer sizes [264] , fundus scope imaging for macula health [265], 

and electroretinography to evaluate visual activity [266].  
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Appendix C Integrating Public Health Topics in Drug Delivery Education 

As part of continued training in the field of controlled drug delivery, Dr. DiLeo and I 

collaborated on a teaching-as-research project in an undergraduate course entitled “Controlled 

Drug Delivery”. This work was in fulfillment of the requirements for the Associate, Practitioner, 

and Scholar certification through the Center for Integrating Research, Teaching and Learning and 

the Engineering Education Research Center. Dr. April A. Dukes served as the scholarly teaching 

mentor of this project. In short, we utilized the experience of cystinosis therapies and lack of 

compatible therapies as a case study for inclusive teaching practices in the STEM classroom and 

evaluated student interest. We published our findings in the annual American Society of 

Engineering Education conference and can be found at Jimenez, J., & Dukes, A. A., & Fedorchak, 

M. V. (2021, July), Integrating Public Health Topics in Drug Delivery System Education Paper 

presented at 2021 ASEE Virtual Annual Conference Content Access, Virtual Conference.  

Appendix C.1 Introduction 

Health disparities (HD) are differences in health outcomes and their causes among groups 

of people. Often, HD are preventable, yet certain people have an extra burden of disease, injury, 

or violence [267]. Historically marginalized racial, ethnic, and other population groups (e.g., age, 

sex) experience differences in health outcomes and opportunities for optimal healthcare [267, 268], 

even when groups and their counterparts are controlled for socioeconomic status, education, and 

access [269, 270]. In the U.S., the federal Racial and Ethnic Health Disparities Initiative 
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documented HD in the following areas: infant mortality, cancer screening and management, 

diabetes, HIV/AIDS, and adult and child vaccinations [270]. Using vision health as an example, 

this is reflected in U.S. Latinx populations (Mexican-Americans) who have a prevalence of 

diabetic retinopathy that is 2 to 2.5 times greater than other U.S. population groups (Caucasian 

population), despite diabetic retinopathy arising as a complication of diabetes that can be managed 

and delayed with timely intervention [271, 272].  Furthermore, age is a known risk factor for 

primary open angle glaucoma increasing from 0.6% at ages 40-49 to 8.3% at age 80 or older, with 

African Americans being 4 to 5 times more likely to have glaucoma than European Americans 

[273-275]. The root cause of HD and health inequities are traditionally taught in the disciplines of 

humanities, public policy, public health, social sciences (e.g., anthropology, economics, 

sociology), and nursing [276].  Recently, inclusive teaching strategies in STEM education 

curriculum have incorporated HD topics with the motivation to bring awareness to and address 

long-standing HD using STEM principles and technology.  

The disciplines of biology and biomedical engineering have attempted to increase the 

access of HD courses by integrating HD topics into undergraduate coursework, particularly at 

minority serving institutions. For example, at the historically Black college and universities 

University of the District of Columbia, an elective biology course for junior-level biology majors 

integrates the physiological determinants of health and social determinants of health (SDOH) via 

seminars with guest speakers who research HD [276]. At City College of New York, a Hispanic 

serving institute, their undergraduate biomedical engineering program engages students in HD 

challenges with established curricula on HD modules, undergraduate research initiatives in HD, 

and design projects focused on HD [277], [278]. Often, these two disciplines include students on 

a premedical track, which has also encouraged exposure to HD and SDOH in medical curriculum 
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[279] engaging potential medical students as socially responsible physicians that may mitigate 

health inequities in their future profession [280, 281]. As such, including HD and SDOH topics 

into established coursework where concepts of biology, engineering and medicine intersect, may 

pose an opportunity for engineering students to raise their awareness on HD and potentially 

innovate solutions towards reducing long-standing HD. A relevant topic in the field of engineering 

is the design of DDS to improve the safety and efficacy of medicine for human health and disease.  

The field of DDS design using principles of controlled release is a well-established research 

and educational component to engineering programs.  Engineers, guided by clinical collaborators 

[282], design DDS to improve the delivery of a drug (e.g., cell targeting, increased stability, 

reduced toxicity) by utilizing the engineering fundamentals of mass transfer, reaction kinetics, 

thermodynamics, and transport phenomena [283]. Using natural (animal or plant derived) and 

synthetic materials (polymers), engineers fabricate, characterize and evaluate novel DDS in 

research settings to maximize therapeutic efficacy and minimize side effects.  This process is 

accomplished by impacting absorption, distribution, metabolism, and elimination (ADME) of a 

drug compound [283]. A main research focus is emphasized on the translation of DDS as therapies 

into society. This emphasis has led to partnerships across universities, medical systems, 

professional societies [284], and industry sectors [285]. Collaborations from these stakeholders 

support the translation of novel DDS from laboratory or “benchtop” research through 

commercialization, clinical trials and regulatory bodies and onto the patient, or “bedside” [286].  

As a multidisciplinary field, researchers have contributed to engineering curriculum by developing 

drug delivery courses to engage engineering students with varied interest in medicine and the 

desire to pursue biomedical careers in pharmaceutical industries, research intensive institutions, 

and medical schools [287]. Historically, students enter this course with prior knowledge of 
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chemical engineering fundamentals, and are instructed by bioengineering and chemical 

engineering research faculty with experience in clinical translation 

Appendix C.2 Methods 

Appendix C.2.1 Institutional Review Board Approval and Study Design 

The protocol for this work was evaluated and approved by the University of Pittsburgh 

Institutional Review Board under the protocol: STUDY200010154. An educational exemption 

was granted to evaluate student self-identified responses to surveys. Students (N=26) were 

surveyed prior to and after the implementation of HD and SDOH components within the course. 

Questionnaires captured student demographics, awareness of topics, and 5-point Likert scales 

evaluating students’ familiarity, perceived importance, interest, and perceived relevance of HD 

and SDOH for drug delivery. For the purposes of the work presented in this appendix, the interest 

of lecture topics and case studies are presented and discussed in the results section.  

An asynchronous online-lecture was developed by course instructors in which students 

were exposed to public health topics of HD and SDOH. Students were tasked to answer a pre-

survey on their engineering social agency awareness and familiarity on HD and SDOH. An 

infographic of a research technology cycle [288], was used to outline biomedical advances, 

potential societal risks and future implications for health and medicine. This cycle explained DDS 

as biotechnology and biomedicine, their impact on impact on society (access, affordability, 

governance, regulation) with case studies supporting future implications (prevention, prediction, 

early detection, improving care delivery). As part of this cycle, HD and SDOH were introduced 
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following pedagogical frameworks in biomedical engineering curriculum [277, 278].  and public 

health [289]. The framework was utilized by instructors to examine peer-reviewed literature on 

agents of HD as case studies and relate them to clinical trials, genetic screening, engineering 

technology, health care policy and access, quality of care, and historical societal factors [278]. A 

list of SDOH ) was developed from existing literature by instructors and introduced to students in 

the module. The SDOH list [290, 291], was the main topic used to align traditional course content 

as potential root cause factors to HD. Case studies were selected by instructors to align the 

traditional course content to SDOH with rationale.  

Appendix C.2.2 Cystinosis Case Study   

For each case, we discussed the purposes of reformulation into new DDS and aligned them 

to SDOH factors. During the discussion of the case studies, an emphasis was made on the impact 

the implementation of the new formulations had on their specific patient populations using 

supporting literature. The first case, cysteamine extended release, is a therapy for pediatric patients 

with Cystinosis. Cystinosis is rare disease defined as impacting less than 2000 people in the US 

[292, 293].  With a low population, rare disease communities often face additional psychosocial, 

morbidity, and disability burden resulting from disparities in access to affordable drugs, 

therapeutic discovery, clinical best practices and surveillance development [294]. For the second 

case, an abuse deterrent formulation was developed to reduce the likelihood of patients crushing a 

tablet formulation for snorting or injecting [295]. This example was further empathized with public 

data on disparities regarding prescription pain relief overdose deaths between men and women 

[296]. The focus for the third case was on women and birthing people from Black and Latinx 

communities. People from Black and Latinx communities face disparities in unplanned 
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pregnancies compared to White and Asian counterparts despite the availability and implementation 

of long-acting contraceptives [297]. After the new content was introduced, students were then 

surveyed after the HD and SDOH module and evaluate for their interest in topics.  

Appendix C.3 Results 

A total of 25 students responded to the surveys. As indicated by response counts, a few 

questions were skipped or omitted by students. Percentages are calculated based on response count 

(N). For surveys students were prompted to respond to “These are a few topics covered in the 

lecture, please indicate how you felt about them.” using a 5-point Likert scale (1- very 

uninteresting, 2- somewhat uninteresting, 3- neutral, 4- somewhat interesting, 5-very interesting). 

Greater than 68% of students (N ≥ 17, response count N = 24) found the following topics “very 

interesting” or “somewhat interesting”: relationship of technology and society, social determinants 

of health, social barriers of delivery, and case studies (Figure 54). In reference to case studies, 

students were asked to respond to the prompt “Three case studies were presented, please rank 

which was the most interesting to you.” The oxycontin extended-release case study was reported 

as the most interesting (52% response count N = 23), followed by long-acting reversible 

contraceptive, and cysteamine extended release (Figure 55). 
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Figure 54 Student interest on public health topics. Percetanges were calculated based on the number of 

student responses (N=24).  

 

 

Figure 55 Case study ranking with Rank 1 as the most favorable of case studies presented. Percetange was 

calculated base on number of student responses (N=23) 
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Appendix C.4 Discussion  

Authors from the National Academies of Sciences of the United States of America put forth 

a call to reimagine the role science has in the U.S. society and elevate the importance of inclusion 

within the scientific community [298]. The 2020 call describes the compounding effect the 

ongoing public health crisis has on STEM educational inequities. They further emphasize the need 

for broadening participation of historically marginalized people in STEM, and to provide 

experiential learning for all students, with an emphasis on creating scientific conversations with 

new perspectives that could lead to better health and social outcomes [298, 299]to Health Equity 

2020].  Research has shown that inclusive teaching strategies, such as using examples that speak 

across gender, cultures, socioeconomic statuses, ages, and religions, may increases students’ 

identity to course content [300, 301].  Because historically marginalized students in populations 

facing educational inequities also experience health inequities, creating inclusive teaching 

strategies that intersects public health content may engender students to course content.  Research 

on STEM student motivation discuss utilizing content material and tasks that are personally 

meaningful and interesting to facilitate motivation in science [302]. In combination with 

motivation, research on student social agency and motivations of historically marginalized 

students in STEM argues that students from underrepresented groups (URGs) are underrepresented 

in STEM due to the lack of direct links to social justice, an area they find meaningful [303]. As a 

method for inclusive teaching, this qualitative study provided engineering students an additional 

HD and SDOH module to traditional controlled drug delivery content and evaluated their 

experience by survey collection. 

The HD and SDOH module were stratified into the following components 1) research 

technology and society, 2) HD and SDOH, 3) Social barriers to drug delivery and 4) case studies. 
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These topics were received well by students as greater than the majority (68%) of students found 

the topics interesting (Figure 54).  We also evaluated student’s opinions on which case study they 

found most interesting. Diverse case studies included populations from rare disease communities 

(cysteamine extended release), Black and Latina women (long-acting reversible contraceptive 

implant), and those from communities experiencing violence and drug addiction (abuse deterrent 

pain relief hydrogel). These cases were then evaluated by students, of which 52% of the students 

(response count N=23) indicated the abuse deterrent pain relief hydrogel case study as the most 

interesting of the three cases (Figure 55). To our knowledge, there exists no such educational study 

that describes abuse deterrent pain relief delivery systems with a controlled release perspective. 

However, a study [304] describing the teaching of addiction to prescription pain relief drugs in 

pharmacy classrooms presented results from students that strongly agreed the course content 

helped them comprehend the science and practice to drugs of abuse and addiction. An assumption 

can be made to students are interested in talking about drug abuse and addiction.   

The interests in these topics aligns with viewpoints from previous education studies  in 

which engineering students were asked to gauge their understanding the role engineering has on 

society [305].  This study found that chemical-biological engineering students reported high 

understanding scores compared to students from other branches of engineering [305]. While we 

found similar trends in student interest and awareness of their role to society, our survey collection 

and design resulted in various response counts. Our study and survey collection occurred during a 

semester interrupted by the COVID-19 pandemic, which directly placed a spotlight on the 

importance of public health to the world. For safety, the class was moved to an online format 

midway through the course, which included the module on public health and survey, which may 

have added to the variability in response counts. Furthermore, a limitation to response data with 
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5-point Likert scales is the low sample size (N=25) and only obtained from one semester, and 

therefore not applicable for parametric statistical testing without group comparisons [306].  

Despite these limitations, the survey results support interest public health perspectives of DDS 

impact to society. 

Appendix C.5 Conclusion and Future Directions 

The present study aimed to include a public health module in an undergraduate controlled 

drug delivery course, typically taken by bioengineering and chemical engineering students. Case 

studies on DDS and their impact on populations who face health inequities, were strategized to 

align course content to public health topics. Survey data indicated students were interested on the 

importance and relevance of health disparities and social determinants of health to their studies. 

As the field of engineering is becoming more interested in including people from historically 

marginalized populations, it is important to highlight the compounding effect health inequities may 

have on historically marginalized people within engineering curriculum. These methods may 

motivate historically marginalized students to identify with engineering design of DDS, and 

participate in developing solutions to reduce long-standing health disparities, and provide drug 

delivery educators with a novel strategy for inclusive teaching practices.  To improve upon this 

work, implementing an active learning assessment requiring students to investigate society’s 

response to acceptance of lipid nanoparticle delivery of mRNA -1273 against COVID-19 [307]. 

The technology for mRNA-1273 was developed by Moderna, Inc (Moderna Therapeutics), co-

founded by a pioneer in the field of controlled drug delivery, Robert Langer [308]. To further align 

HD and SDOH topics into controlled drug delivery concepts, COVID-19 vaccine disparities in 
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acceptance [309] and access [310], may be integrated in future DDS coursework. Future 

improvements would include methods utilizing aforementioned COVID-19 vaccine development 

and a redesign of surveys used to collect student responses.   
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