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ABSTRACT 

Open angle glaucoma is an ocular neurodegenerative disease that is 

characterized by elevated intraocular pressure (IOP) and neurodegeneration 

of retina ganglion cell (RGC) and optic nerve head (ONH), leading to 

blindness. Although the current therapies are aimed at decreasing IOP, a small 

proportion of open angle glaucoma patients exhibit normal IOP. Therefore, 

there is a need for therapeutic approaches that simultaneously reduce the 

elevated IOP and provide RGC protection. Hydrogen sulfide (H2S) reportedly 

displays both of these activities in a concentration range of 10-200 μM. It can 

be toxic at a higher concentration and its donors are unstable in water. Thus, 

a search for a hydrophobic, sustained release delivery system for H2S donors 

is warranted in order to harness its therapeutic potential. This study 

investigated the preparation and characterization of a non-aqueous in situ 

gelling sustained release delivery system for H2S donors.  

A HPLC method was developed for quantification of H2S in aqueous 

medium. The accuracy (% error < 10%) and precision (% RSD < 5%) of the 

methods were in compliance with USP guidelines for validation of an assay 

method. The delivery system was prepared by dissolving 10% w/v poly 

(lactic-co-glycolic acid) in benzyl benzoate and benzyl alcohol (3:7). The 

formulation was prepared by dispersing model H2S donor, GYY 4137, into 
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polymer solution. The formulation rapidly formed an in situ gel upon injecting 

in simulated tear fluid. Compared to aqueous GYY 4137 solution, the 

formulation sustained and extended the H2S release significantly (p < 0.05). 

Rheological study of the delivery system indicated a shear-thinning plastic 

flow with 43.89 ± 3.21 cP viscosity and 1.12 ± 0.15 Pa yield value which 

corroborates its easy syringeability and injectability. Karl Fisher titrimetry 

indicated presence of 0.66 ± 0.10 % weight of inherent water which does not 

hydrolyze GYY 4137. The NMR spectroscopic study indicated presence of 4-

methoxyphenylphosphonic acid (a GYY 4137 degradation product) in STF 

confirming the mechanism of H2S release.  Benzyl benzoate and benzyl 

alcohol solvent blend exhibited toxicity in Y79 retinoblastoma cells which 

should be substituted with less toxic solvent in a future extension of this study.   

 

 

 

 

 

 

 

 



 

v 
 

PREFACE 

Poster presentations: 

Patil A., Dash A.K., Singh S., ‘Development and validation of a simple 

HPLC method for quantification of hydrogen sulfide (H2S) in aqueous 

samples’; American Association of Pharmaceutical Scientists Annual 

Meeting, Orlando, FL, 2015. 

Patil A., Dash A.K., Opere C., Singh S., ‘Preparation, Characterization and 

Toxicity Evaluation of a Novel Controlled Release Delivery System for a 

Hydrogen Sulfide Donor – GYY 4137’; American Association of 

Pharmaceutical Scientists Annual Meeting, Denver, CO, 2016. (to be 

presented) 

Patil A., Verma R., Dash A.K., Singh S., ‘Development and validation of a 

simple HPLC method for quantification of GYY 4137 – a Hydrogen Sulfide 

Donor’; American Association of Pharmaceutical Scientists Annual Meeting, 

Denver, CO, 2016. (to be presented) 

Manuscript: 

In-vitro Sustained Release Delivery System for a slow H2S Donor – GYY 

4137. Patil A., Dash A.K., Opere C., Singh S. (In preparation) 



 

vi 
 

 

 

 

 

 

 

 

 

 

 

Dedicated to my parents, Mrs. Sushama Patil and Dr. Vijay Patil, and my 

brother Ritesh Varyani 

 

 

  



 

vii 
 

ACKNOWLEDGEMENTS 

I would first and foremost like to thank my advisors, Dr. Alekha Dash 

and Dr. Somnath Singh, for their constant guidance, motivation, and support 

throughout the duration of my Master’s program. I also wish to express 

gratitude to my committee members, Dr. Catherine Opere and Dr. E. Jeffrey 

North, for their invaluable help and support during my research study.  

I am immensely grateful to Cedarlane Labs for providing free samples 

of GYY 4137 for my research. 

I would like to thank my lab members, Dr. Igor Meerovich, Richa 

Verma, Susmita Bose, and Swasti Pandey. I, especially would like to thank 

Dan Munt, who has been of great help and guidance throughout the course of 

my research. I would also extend gratitude to Dawn Trojanowski, for all her 

administrative assistance. A big shout out to Sonal Bhujbal and Pushkar 

Saralkar for being such awesome lab mates and a constant support throughout 

the two years of my research study. 

I owe a big thanks to my closest friends – Ajinkya Bhagurkar, Kunj 

Karia, and Omkar Soparkar, for being my source of encouragement from afar. 

Last but not the least I thank my family and friends in US, and back home for 

always standing by me – Thank you!  

 



 

viii 
 

TABLE OF CONTENTS 

Abstract                                                                                                             iii 

Preface                                                                                                               v 

Dedication                                                                                                       vi 

Acknowledgments                                                                                         vii 

Table of contents                                                                                          viii 

List of figures                                                                                               xiv 

List of tables                                                                                                xviii 

List of abbreviations                                                                                     xx 

Chapter I: Introduction                                                                                 1 

1. Eye                                                                                                         2 

1.1.  Ocular anatomy and physiology                                                 3 

1.2.  Aqueous humor                                                                           4 

2. Glaucoma                                                                                               6 

2.1. Pathophysiology                                                                          6 

2.2. Types of glaucoma                                                                     11 

2.3. Treatments                                                                                 12 



 

ix 
 

2.4. Neuroprotection                                                                         18 

3. Hydrogen sulfide                                                                                  19 

3.1. Biosynthesis, storage, release and metabolism                          20 

3.2. Pharmacological actions                                                                   23 

3.3. Neuroprotection by hydrogen sulfide                                                   24 

3.4. Lowering of intra ocular pressure by hydrogen sulfide             25 

3.5. Therapeutic delivery                                                                             25 

4. Ocular drug delivery                                                                                     29 

4.1.  Ocular drug delivery routes                                                                30 

4.2.  Ocular drug delivery dosage forms                                                     34 

5. Phase sensitive in situ gelling systems                                                          41 

6. Statement of Problem                                                                                 43 

Chapter II: Quantification of hydrogen sulfide in aqueous samples          46 

1. Introduction                                                                                                    47 

2. Objective                                                                                                         49 

3. Materials                                                                                                           49 

4. Method                                                                                                            50 

4.1.  Preparation of solutions and reagents                                                   50 

4.2.  Quantification of hydrogen sulfide                                            51 



 

x 
 

5. Results and discussion                                                                                    53 

5.1. Preparation of solutions and reagents                                            53 

5.2. Quantification of hydrogen sulfide                                             54 

5.3. Method validation for quantification of hydrogen sulfide         56 

6. Summary                                                                                                  60 

Chapter III: Preparation and characterization of an in situ  

gelling system containing GYY 4137                                                                    61 

1. Introduction                                                                                                    62 

2. Objectives                                                                                                       63 

3. Materials                                                                                                      63 

4. Preparation of delivery system                                                                      64 

5. Characterization of delivery system                                                               66 

5.1.  In vitro release of H2S from GYY 4137 solution                     66 

5.2.  Determination of aqueous stability of GYY 4137 in solution    66 

5.3.  In vitro release of H2S from in situ gel containing  

GYY 4137                                                                                         66 

5.4.  Comparison of time-dependent release of H2S from  

           GYY 4137 solution and GYY 4137 in situ gel                                67 

5.5. Determination of release kinetics                                                67 

5.6. Rheological evaluation                                                               69 



 

xi 
 

5.7. Determination of syringeability and injectability                            70 

5.8. Determination of the inherent water content                                   71 

5.9. Determination of the pH                                                                71 

5.10. Determination of the osmolarity                                                       71 

5.11. Determination of the degradation products                                       72 

5.11.1. Evaluation of H2S degradation due to presence of  

oxygen                                                                                                      72 

5.11.2. Evaluation of degradation products in GYY 4137  

              in situ gelling formulation                                                           72 

5.12. Data analysis                                                                                      73 

6. Results and discussion                                                                                 74 

6.1. Preparation of the in situ gelling system                                             74 

6.2. Characterization of the formulation                                                   77 

6.2.1. In vitro release studies                                                                77 

6.2.2. Rheological evaluation                                                              90 

6.2.3. Determination of residual water content                                     94 

6.2.4. pH determination                                                                            95 

6.2.5. Osmolarity determination                                                            97 

6.2.6. Degradation studies                                                                      98 

6.2.6.1. Degradation of H2S due to oxygen                                98 



 

xii 
 

 

6.2.6.2. Determination of degradation products in  

          formulation                                                                            101 

7. Summary                                                                                                          103 

Chapter IV: In vitro toxicity evaluation of formulation                        105 

 

1. Introduction                                                                                                   106 

2. Objectives                                                                                                     107 

3. Materials                                                                                                         107 

4. Method                                                                                                 108 

4.1. Preparation of glutamate insults                                               108 

4.2. Preparation of GYY 4137 treatment                                             108 

4.3. In vitro cell studies                                                                     108 

5. Results and discussion                                                                            110 

5.1. Effect of glutamate on Y79 retinoblastoma cells                         110 

5.2. Effect of GYY 4137 formulation on Y79 retinoblastoma  

cells                                                                                          112 

5.3. Effect of GYY 4137 formulation components  

on Y79 retinoblastoma cells                                                                  114 

6. Summary                                                                                                  117 



 

xiii 
 

Conclusion                                                                                                              119 

Future directions                                                                                                   120 

Global impact of this research study                                                                   122 

References                                                                                                              123 

 

 

 

 

 

 

 

 

 

 

 



 

xiv 
 

 

LIST OF FIGURES 

 

Figure 1: Anatomy of the eye.                                                                                    2 

Figure 2: Conventional pathway for outflow of aqueous humor.                     5 

Figure 3: (A) Normal outflow of aqueous humor, (B) Impediment  

to outflow of aqueous humor in glaucoma leading to  

elevated IOP.                                                                                       7 

Figure 4: Schematic representation for elevated IOP leading to an  

increase in pressure on posterior segment of the eye.                               8 

Figure 5: Distinction between open angle and closed angle glaucoma.             12                             

Figure 6: Scheme for biosynthesis and metabolism of H2S in  

mammalian tissues.                                                                                                21 

Figure 7: Schematic for sub-conjunctival injection.                                             34 

Figure 8: Effect of temperature on H2S solubility.                                                 54 

Figure 9: Reaction between sulfide and N-diethyl-p-phenylenediamine  

sulfate (DEPD) in the presence of the oxidizing agent  

FeCl3 (Fe3+) to produce the ethylene-blue-colored complex.              55 

Figure 10: Chromatogram depicting specificity for the analyte over  

the blank.                                                                                                          57 



 

xv 
 

Figure 11: Standard curve for H2S, linear over the concentration range of  

0.03-3.40 µg/mL.                                                                                          58 

Figure 12: Scheme for formulation of an in situ gelling system  

containing GYY 4137.                                                                                          65 

Figure 13: Release of H2S from GYY 4137.                                                                    74 

Figure 14: Formation of the gel depot in STF.                                                                76 

Figure 15: Cumulative amount of H2S release from GYY 4137 in  

STF over 75 minutes (n=4).                                                                                78 

Figure 16: Comparison of cumulative amount of H2S released from  

stored and un-stored GYY 4137 aqueous solution (n=3).                   79 

Figure 17: Comparison of cumulative amount of H2S released from  

GYY 4137 formulation and GYY 4137 solution over  

75 minutes (n=3).                                                                              82 

Figure 18: Plot of cumulative amount of H2S release from  

GYY 4137 formulation and solution over 24 hours (n=3).             86 

Figure 19: Plot of cumulative amount of H2S released from  

GYY 4137 formulation over 72 hours (n=3).                                            88 

Figure 20: Plot of amount of H2S released from GYY 4137 formulation  

vs square root of time representing the Higuchi model  

of release kinetics.                                                                                89 



 

xvi 
 

Figure 21: Plot of viscosity vs shear rate for GYY 4137 in situ  

gelling formulation, exhibiting plastic rheology (n=3).                   92 

Figure 22: Plot of shear rate vs shear stress of the GYY 4137 in situ  

gelling formulation indicating the formulation yield  

point (n=3).                                                                                           93 

Figure 23: Plot of cumulative amount of H2S released over 75 minutes  

in deoxygenated and non-deoxygenated STF.                                    99 

Figure 24: Schematic for hydrolytic degradation of GYY 4137  

[(A): GYY 4137 (B): 4-methoxyphenylphosphonamidothioate  

(C): 4-methoxyphenylphosphonicacid].                                           101 

Figure 25: 31P NMR spectrum of GYY 4137 degradation product.             102            

Figure 26: Plot of percent survival of Y79 retinoblastoma cells  

vs concentration of glutamate over the range of  

0 – 15 mM (n=3).                                                                                111 

Figure 27: Plot of percent survival of Y79 retinoblastoma cells vs  

GYY 4137 formulation, and glutamate negative  

(0 mM and 3 mM) and positive controls (15 mM) (n=3).           113 

Figure 28: Plot of percent survival of Y79 retinoblastoma cells vs  

GYY 4137, and glutamate negative (0 mM and 3 mM) and  

positive controls (15 mM) (n=3).                                                 114 



 

xvii 
 

Figure 29: Plot of percent survival of Y79 retinoblastoma cells vs  

PLGA polymer solution, and glutamate negative  

(0 mM and 3 mM) and positive controls (15 mM) (n=3).           115 

Figure 30:  Plot of percent survival of Y79 retinoblastoma cells vs  

benzyl alcohol and benzyl benzoate solvent blend,  

and glutamate negative (0 mM and 3 mM) and  

positive controls (15 mM) (n=3).                                                 117 

 

 

 

 

 

 

 

  



 

xviii 
 

LIST OF TABLES 

 

Table 1: Marketed medicines for management of glaucoma.                                 16 

Table 2: List of H2S donors available.                                                                                26 

Table 3: List of materials used in HPLC study.                                                              49 

Table 4: Chromatographic conditions used in HPLC assay.                                  52 

Table 5: Inter-day and intra-day precision for HPLC analysis of  

    hydrogen sulfide.                                                                                             59 

Table 6: Accuracy results for the HPLC analysis of  

              hydrogen sulfide.                                                                                                      60 

Table 7: List of materials used in the formulation of GYY 4137  

              in situ gelling system.                                                                                            63 

Table 8: Parameters for the rheological studies on GYY 4137  

              in situ gelling system using ARG2 Rheometer.                                         70 

Table 9: Cumulative amount of H2S released from un-stored and  

              stored GYY 4137 solution (n=3).                                                                      80 

Table 10: Cumulative amount of H2S released from GYY 4137  

                formulation and GYY 4137 solution over 75 minutes (n=3).          83 

 

 



 

xix 
 

Table 11: Cumulative amount of H2S released from GYY 4137  

                formulation and GYY 4137 solution over 24 hours (n=3).                85 

Table 12: Change in pH of STF (n=3).                                                                        97 

Table 13: Change in osmolarity of STF (n=3).                                               98 

Table 14: List of materials for toxicity studies.                                           107 

Table 15: Percent survival of Y79 retinoblastoma cells (n=3).                   111 

 

 

                                      

 

 

 

 

  



 

xx 
 

LIST OF ABBREVIATIONS  

CAIs: Carbonic Anhydrase Inhibitors  

CNS: Central Nervous System  

DMF: Dimethyl Formamide 

GRF: Glaucoma Research Foundation  

HPLC: High Performance Liquid Chromatography  

H2S: Hydrogen Sulfide  

IOP: Intra Ocular Pressure  

MTT: (3-(4, 5- Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium  

         bromide) 

NaSH: Sodium Hydrogen Sulfide  

NEI: National Eye Institute 

NMDA: N-methyl-D-aspartate  

NMR: Nuclear Magnetic Resonance  

ONH: Optic Nerve Head 

PG: Prostaglandin 

PLGA: Poly (lactic-co-glycolic acid) 

POAG: Primary Open Angle Glaucoma  

RGC: Retina Ganglion Cell  



 

xxi 
 

ROS: Reactive Oxygen Species  

RPMI 1640 medium: Rosewell Park Memorial Institute 1640 medium 

SDS: Sodium Dodecyl Sulfate 

STF: Simulated Tear Fluid  

WHO: World Health Organization  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 
 

 

 

 

 

 

CHAPTER I 

INTRODUCTION 
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GENERAL CONSIDERATIONS: 

1. Eye:  

The eye is a specialized sensory organ with unique anatomical and 

physiological properties exhibiting distinctive pharmacokinetic and 

pharmacodynamic properties. The eye is anatomically divided into two 

segments, the anterior segment and the posterior segment (Figure 1). Each 

segment is made of different ocular tissues, exhibiting differing functionality 

and physiology. 

 

   Figure 1: Anatomy of the eye (Goodman and Gilman, 2000).  
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1.1.  Ocular anatomy and physiology: 

1.1.1. Anterior segment: Figure 1, illustrates the anterior segment, 

which consists of the cornea, limbus, pupil, iris-ciliary body, anterior and 

posterior chambers, trabecular meshwork, canal of Schlemm, and the lens 

(Goodman and Gilman, 2000; Ritterband et al., 2013). Cornea is the outermost 

resilient tissue of the eye, which is in direct connection to the anterior 

chamber. Limbus is present at the periphery of the cornea and comprises of 

the conjunctival epithelium, trabecular meshwork and canal of Schlemm. The 

anterior chamber is the structure that extends from the base of cornea to the 

surface of iris and is filled with the ocular fluid called the aqueous humor. The 

trabecular meshwork and canal of Schlemm are located at the periphery of the 

anterior chamber. The iris is the pigmented tissue with a central opening called 

the pupil. The posterior chamber, which also contains the aqueous humor is 

present anterior to the lens surface. The lens which forms the terminal 

structure of the anterior segment is held in place by the connective ligaments 

known as zonules. 

 

1.1.2. Posterior segment: The posterior segment (Figure 1) comprises 

of the sclera, vitreous, retina and the optic nerve head (Goodman and Gilman, 

2000; Ritterband et al., 2013). The sclera is the outermost coat of the eye 
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covering the posterior part of the eye-ball. The retina is a highly vascularized 

tissue, with neurosensory functions. The RGC axons converge to form the 

optic nerve which connects the eye to central nervous system (CNS). The 

vitreous comprises majority of the posterior segment, and occupies 80% of 

the eye volume. The vitreous is filled with the vitreous humor, which helps 

maintain the shape of the eye. 

 

1.2.  Aqueous humor: 

The aqueous humor, contained in the anterior and posterior chambers, 

provides nutrients such as amino acids, immunoglobulins, and anti-oxidants 

to the tissues of the anterior segment of the eye. Additionally, along with the 

vitreous, it is also responsible for maintaining the spherical shape of the eye 

(Sires et al., 1997). 

1.2.1. Secretion and outflow of aqueous humor: The ciliary body and 

trabecular meshwork are the ocular structures that are associated with the 

aqueous humor dynamics. The ciliary body consists of ciliary muscles, ciliary 

processes, and ciliary epithelium. The ciliary epithelium is the site of aqueous 

humor production and secretion. About 2-3 µL/minute of aqueous humor is 

secreted, and its complete turnover time is 2-3 hours (Mitra et al., 2005). The 
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aqueous humor then flows through the posterior chamber, via the pupil, then 

through the anterior chamber and exits the eye through the trabecular 

meshwork and canal of Schlemm to enter into the systemic circulation (Figure 

2) (Goel et al., 2010). 

 

Figure 2: Conventional pathway for outflow of aqueous humor (Goel 

et al., 2010). 

1.2.2. Intraocular pressure (IOP): The decreased outflow of aqueous 

humor is one of the significant contributors of elevated IOP. The aqueous 

humor is subjected to a resistance in its outflow by the ocular tissues, primarily 

the trabecular meshwork, and the resistance offered is 3–4 mmHg/µL/min 

(Goel et al., 2010). As the aqueous humor drains into the aqueous veins to 
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enter into the systemic circulation, the resistance offered to it is 8–10 

mmHg/µL/min (Phelps and Armaly, 1978). Thus, the average IOP that is 

generated in humans is about 15.5 ± 2.6 mmHg/µL/min (Goel et al., 2010).   

An IOP of 15.5 ± 2.6 mmHg/µL/min, which is optimal, is extremely 

important in maintaining the normal physiology and anatomy of the human 

eye. Any changes in this pressure, due to a disharmony in the production and 

outflow could lead to the ocular disease called glaucoma. 

 

2. Glaucoma: 

Glaucoma is one of the leading causes of vision loss and blindness in 

United States (National Eye Institute (NEI), 2016) and the second leading 

cause of blindness globally (World Health Organization (WHO), 2004). There 

are nearly 3 million Americans affected by glaucoma, and it causes blindness 

in more than 120,000 Americans. It accounts for nearly 9-12% of all ocular 

diseases which lead to blindness (Glaucoma Research Foundation (GRF), 

2016).   

 

2.1. Pathophysiology of glaucoma: 

2.1.1. Elevated IOP: Elevated IOP is one of the major contributing 

factors leading to glaucoma. Elevation in the IOP could be caused either by 
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an increase in the production of aqueous humor or a substantial decrease in its 

outflow (Figure 3 (A) and (B)). The decrease in its outflow is caused when 

there is a partial or a complete blockage of the trabecular meshwork and/or 

canal of Schlemm. This impedes the outflow of aqueous humor causing its 

buildup in the anterior chamber which exerts increased pressure (about 22 mm 

of Hg) on the posterior segment of the eye (Figure 4). This increase in pressure 

causes damage to the optic nerve head (ONH) and retina ganglion cells 

(RGC).  

 

                        (A)                                           (B) 

Figure 3: (A) Normal outflow of aqueous humor, (B) Impediment to 

outflow of aqueous humor in glaucoma leading to elevated IOP 

(Glaucoma Research Society of Canada).  
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Figure 4: Schematic representation for elevated IOP leading to an 

increase in pressure on posterior segment of the eye. 

(http://www.striveforgoodhealth.com/?p=6300, National Glaucoma 

Awareness Month). 

Two theories are postulated to account for elevated IOP; mechanical 

and vascular theories (Flammer et al., 2002). The mechanical theory states 

that an elevation in the IOP causes damage to the axons of the RGC and ONH, 

thereby eliciting neuronal damage (Fechtner and Weinreb, 1994). The 

vascular theory states that with an increase in IOP, there is insufficient blood 

supply to the ocular tissues, which leads to ischemia and hypoxia. These 

collectively further damage the ONH and RGC (Yan et al., 1994).  

The retina carries out the function of translating the images into nerve 

impulses that are transmitted to the brain through the optic nerve. Hence, a 

http://www.striveforgoodhealth.com/?p=6300
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damage to RGC (that make up the retina) and ONH interferes in this image 

perception and transmission, causing blindness. 

 

2.1.2. Oxidative stress: Oxidative stress is also known to contribute to 

the RGC and ONH degeneration (Alvarado et al., 1981). It highly contributes 

to the exacerbation of the glaucomatous conditions, leading to the 

characteristic neurodegenerative nature of the disease. Oxidative stress is 

caused by the accumulation of the reactive oxygen species (ROS) in eye. The 

ROS, such as superoxide anions, hydroxyl radicals, hydrogen peroxide, and, 

singlet oxygen are produced as a result of various metabolic and cellular 

physiological processes. When the production of ROS exceeds their 

destruction (by oxygen scavenging radicals), they accumulate to induce 

oxidative stress (Crowston et al., 2012). This causes RGC apoptosis due to 

damage to cellular macro-molecules such as DNA and proteins. It also causes 

peroxidation of retinal lipids like docosanoids, which are required for 

protection against oxidative stress (Fliesler et al., 2010).  

This oxidative stress damage is a continuous process in the eye, which 

is one of the major contributing factors to the progression of glaucoma (Izzotti 

et al., 2006; Tezel 2009). Additionally, it also induces glial cell dysfunction 

which further promotes the RGC and ONH neurodegeneration, leading to 
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further deterioration of the glaucomatous condition, ultimately causing vision 

loss.  

 

2.1.3. Glutamate induced excitotoxicity: Most of the 

neurodegenerative diseases are associated with excitotoxicity, i.e., neuronal 

damage or death due to excessive stimulation by glutamate and other similar 

neurotransmitters. In ocular physiology, glutamate acts as a synaptic 

neurotransmitter which activates the NMDA receptor. If there is continuous 

release of glutamate without its removal, it could lead to excitotoxicity due to 

NMDA receptor over activity. The glial cells perform the activity of synaptic 

glutamate removal by up-taking them and preventing the excitotoxicity. There 

is evidence supporting the death of RGC exposed to high levels of glutamate, 

due to NMDA receptor over activity (Vorwerk et al., 1996). However, there 

is no consensus regarding elevation of glutamate occuring in glaucoma. This 

is because, it is still not clear and well established if glutamate excitotoxicity 

is due to elevated IOP and ischemia or is secondary to the dying RGC and 

glial cells (Vasudevan et al., 2011). 
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2.2. Types of glaucoma: 

Glaucoma Research Foundation (GRF) defines two major categories of 

glaucoma, which are commonly observed in the population. These are open 

angle glaucoma and closed angle glaucoma. 

 

2.2.1. Open angle glaucoma: This is characterized by the partial or 

complete blocking of the trabecular meshwork, leading to a hindrance to the 

aqueous humor outflow (Figure 5). This leads to an elevated IOP causing 

glaucomatous condition. The angle between iris and cornea, called as the 

‘canal of Schlemm’, however, remains open for the drainage of aqueous 

humor, hence it is called as open angle glaucoma. It is further sub classified 

as primary open angle glaucoma (POAG) and secondary open angle 

glaucoma. POAG is the most prevalent form of glaucoma accounting to 90% 

of all the cases of glaucoma (Glaucoma Research Foundation report, 2016).  

 

2.2.2. Angle closure glaucoma: As the name suggests, the canal of 

Schlemm or the iris-cornea angle gets partially or completely blocked 

preventing the outflow of aqueous humor thereby causing its build up leading 

to an increased IOP (Figure 5). The trabecular meshwork may or may not be 
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completely/partially blocked. It is further classified as primary closed angle 

glaucoma and secondary closed angle glaucoma.  

 

 

Figure 5: Distinction between open angle and closed angle glaucoma. 

(Source: http://www.medrounds.org/glaucoma-guide/2006/06/section-

4-d-angle-closure-glaucoma.html). 

Apart from these two major categories of glaucoma, other 

miscellaneous types like congenital glaucoma, pigmentary glaucoma also 

affect the population. But, since POAG accounts to nearly 90% of all the 

glaucoma cases, and is the most prevalent of all the glaucoma types, this 

research study deals with discussion of POAG.  

 

2.3.  Treatments for POAG: 

The damage to RGC and ONH in glaucoma cannot be reversed, but its 

further damage could be stopped (Boyd, 2015). Elevated IOP is a modifiable 

risk factor for glaucoma, hence reducing it is the major therapeutic approach 

http://www.medrounds.org/glaucoma-guide/2006/06/section-4-d-angle-closure-glaucoma.html
http://www.medrounds.org/glaucoma-guide/2006/06/section-4-d-angle-closure-glaucoma.html
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that is taken up by ophthalmologists (Dahlmann-Noor et al., 2010). However, 

other approaches for glaucoma neuropathy management are also under 

investigation (Vasudevan et al., 2011; Chua and Goldberg, 2015). 

The current clinical management of glaucoma involves the 

pharmacotherapeutic approach, which utilizes medications for alleviating the 

glaucomatous symptoms, and the surgical approaches, in the chronic cases, 

which are elaborated below.  

 

2.3.1. Pharmacotherapeutics: This is the first line of approach for the 

management of glaucoma. All of the medicines that are used in treating the 

glaucomatous condition act to reduce the elevated IOP. They act by either 

reducing the aqueous humor production or improving its outflow. Based on 

their mechanism of action, five pharmacological categories of medicines for 

glaucoma therapy are defined. 

 

2.3.1.1. Prostaglandin (PG) analogues: These are the preferred 

drugs as they cause the maximum lowering of the elevated IOP than any other 

classes of drug (Stewart et al., 2008). These drugs mainly act by improving 

the outflow of aqueous humor through the secondary draining route of 

uveoscleral pathway (Gaton et al., 2001).   
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2.3.1.2.  β – adrenergic antagonists: As the name suggests they 

bind to the β – adrenergic receptors and act as antagonists. They are aqueous 

humor inflow suppressants, i.e., they act by reducing the production of 

aqueous humor which lowers the elevated IOP (Bucolo et al., 2013). 

 

2.3.1.3.  Carbonic anhydrase inhibitors (CAIs): This class of drug, 

as the name suggests, inhibits the activity of carbonic anhydrase enzyme, 

which is required in the production of bicarbonate ions. Since, bicarbonate 

ions are essential to aqueous humor production, administration of CAIs reduce 

aqueous humor production due to bicarbonate deficiency and lowers the 

elevated IOP (Scozzafava et al., 2014). 

 

2.3.1.4.  α-2 adrenergic agonists: These drugs have a dual 

mechanism of action for lowering the elevated IOP. They initially act by 

reducing the aqueous humor production and then by increasing the aqueous 

humor outflow (Weinreb et al., 2014). 

 

2.3.1.5. Cholinergic agonists: These agents reduce the elevated 

IOP, by increasing the aqueous humor outflow (Crish and Dengler-Crish, 

2014). 
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The marketed medications belonging to each of the classes are enlisted 

in table 1.  These are usually available as eye-drops and a few as topical gels. 

These differ in their dosing regimens. Most PG analogues and CAIs are used 

only once a day at ‘bed time’, whereas β – adrenergic antagonists and α-2 

adrenergic agonists could be used only during the day and not at night as they 

remain ineffective. Furthermore, the marketed PG analogues are preferred due 

to lesser side-effects associated with them than the other classes which elicit 

systemic pharmacologic actions (Weinreb et al., 2014).   

Combined medications are also marketed for patients who need more 

than one class of medicine for management of glaucoma. These are usually 

prescribed in advance stages of glaucoma. 
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Table 1: Marketed medicines for management of glaucoma 

(Glaucoma Research Foundation, 2016). 

Category Brand name Generic name 

PG analogues Travatan® Z 

Xalatan® 

Lumigan® 

Zioptan™ 

Travaprost 0.004% 

Latanoprost 0.005% 

Bimatoprost 0.01%, 0.03% 

Tafluprost ophthalmic solution 

0.0015% 

Beta blockers Timolol Maleate USP 

Betoptic® S 

Timoptic-XE® 

 

Timolol Maleate 

Betaxolol HCI 

Timolol maleate ophthalmic 

gel forming solution 0.25%, 

0.5% 

Beta blockers 

 

 

OptiPranolol® 

Betagan® 

 

Istalol® 

Metipranolol 0.3% 

Levobunolol HCl ophthalmic 

solution, USP 0.25%, 0.5% 

Timolol Maleate Ophthalmic 

Solution 0.5% 
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Category Brand name Generic name 

Alpha agonists Iopidine® 

Alphagan® P 

Apraclonidine HCI 0.5%, 1% 

Brimonidine tartrate 0.1%, 

0.15% 

CAIs Azopt™ 

 

Neptazane® 

Trusopt® 

Diamox® Sequels® 

Brinzolamide ophthalmic 

suspension 1% 

Methazolamide 

Dorzolamide HCI 2% 

Acetazolamide 

Cholinergic 

agonists 

 

Isopto® Carpine 

Isopto® Carbachol 

Pilopine HS® Gel 

Pilocarpine HCl 

Ophthalmic Solution 

USP 

 

 

 

 

 

Pilocarpine HCl 1%, 2%, 4% 

 

Carbachol 0.75%, 1.5%, 3% 

 

Pilocarpine HCl gel 4% 

Pilocarpine HCI 1%, 2%, 4% 
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Category Brand name Generic name 

Combined 

medications 

Combigan™ 

 

Cosopt® 

 

Simbrinza® 

Suspension 

Brimonidine Tartrate & 

Timolol Maleate 

Dorzolamide HCI & Timolol 

Maleate 

Brinzolamide/Brimonidine 

tartrate ophthalmic suspension 

1%/0.2% 

 

2.4.  Neuroprotection: 

Glaucoma has been classically viewed as a disease caused by elevated 

IOP, however it is now becoming clear that it just one of the risk factors for 

the disease (Vasudevan et al., 2011). Studies like the Collaborative Initial 

Glaucoma Treatment Study Trial (Lichter et al., 2001), and the Early Manifest 

Glaucoma Trial (Heijl et al., 2002) clearly indicate that lowering the IOP does 

not prevent the progression of the disease and neuronal damage. In glaucoma, 

RGC undergo apoptosis and since RGC cannot regenerate; the neuronal and 

subsequent ONH damage is irreversible. Therefore, it is imperative to protect 

the degeneration of the RGC and ONH neurons.  
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Brain-derived neurotropic factor (BDNF) and ciliary neurotropic factor 

(CNTF) are reported to exhibit neuroprotective action on RGC by improving 

their survival in experimental animal models, but there is a lack of clinical 

data to support human studies (Ji et al., 2004; Mansour-Robaey et al., 1994; 

Peinado-Ramon et al., 1996). Studies on anti-apoptotic agents like creatine, α 

lipoic acid, nicotinamide and epigallocatechin-gallate have shown 

neuroprotection on RGC by counteracting the oxidative stress (Osborne, 

2008).  

Thus, neuroprotective agents could also be explored as potential 

candidates in the pharmacotherapy of glaucoma, which could manage the 

disorder by preventing the RGC and ONH neuronal death. Recently, H2S was 

identified as a neuroprotectant (Osborne et al., 2012; Jia et al., 2013). It is 

found in various mammalian and human tissues carrying out a plethora of 

physiological functions, and additionally it also exhibits lowering of the 

elevated IOP (Perrino et al., 2009; Salvi et al., 2016).  

 

3. Hydrogen sulfide: 

Hydrogen sulfide has been known to be noxious, industrial and 

environmental toxicant. Its exposure to humans is associated with giddiness, 

nausea, vertigo, unconsciousness, amnesia, pulmonary edema, and 
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bradycardia (Chou, 2003). Most of these effects are experienced when H2S is 

inhaled and these lethal effects are subject to H2S concentration. When H2S 

inhalation surpasses the 100 ppm threshold (its toxic limit), the negative 

effects start to manifest (Hughes et al., 2009).  

It has been shown that H2S is biosynthesized in body in small amounts 

leading to a tremendous investigation into its role in human physiology 

(Mancardi et al., 2009). Moreover, its physiological role in the vascular 

system, liver and brain has been carefully investigated, leading to it now being 

considered as an important gaseous mediator along with nitric oxide and 

carbon monoxide in human physiology (Ang et al., 2012).   

 

3.1. Biosynthesis, storage, release, and metabolism of H2S: 

3.1.1. Biosynthesis: H2S is synthesized in mammalian tissues by both 

enzymatic and non-enzymatic pathways (Li et al., 2011). The enzymatic 

pathway uses L-cysteine as the substrate for biosynthesis of H2S (Leffler et al, 

2006; Qu et al., 2008; Whiteman et al., 2009). There are four such major 

postulated pathways each of which uses a different enzyme; (a) cystathionine 

β synthetase (CBS) acts on it to produce H2S and L-serine, (b) cystathionine 

γ lyase (CSE) acts on it to produce the intermediate thiocysteine which 

rearranges to produce H2S, (c) cysteine aminotransferase (CAT) catalyzes the 
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reaction of cysteine with keto acids to form an intermediate 3-

mercaptopyruvate which releases H2S when acted upon by the enzyme 3-

mercaptopyruvate sulfurtransferase (3-MST) and (d) cysteine lyase (CL) 

converts L-cysteine and sulfite to release H2S and L-cysteate as a by-product 

(Figure 6). 

Evidence from literature supports the presence of CBS and CSE, to be 

localized in mammalian ocular tissues, which bring about the endogenous H2S 

production in the eye (Persa et al., 2006; Pong et al., 2007). 

 

Figure 6: Scheme for biosynthesis and metabolism of H2S in 

mammalian tissues (Li et al., 2011). 
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3.1.2. Storage: H2S is stored in the tissues in mainly two forms, the 

unbound and the bound form. The unbound form is also called as free form, 

and exists as sulfide (S2-), hydrogen sulfide anion (SH-) and hydrogen sulfide 

(H2S). The bound form of H2S is the acid labile sulfur (like iron-sulfur 

complexes, and persulfides) and bound sulfane sulfur (like polysulfides, 

thiosulfate, polythionates, thiosulfonates bisorganyl-polysulfanes or 

monoarylthiosulfonates and elemental sulfur) (Kolluru et al., 2013). 

 

3.1.3. Release: The release of H2S from acid labile sulfur is pH 

dependent as it gets released at pH 5.4 (Ishigami et al., 2009). Bound sulfane 

sulfur complexes release H2S under reducing conditions, indicating that 

cellular redox potential is important for its release (Ubuka, 2002). 

 

3.1.4. Metabolism: H2S primarily reacts with methemoglobin to form 

sulfhemoglobin which acts as a metabolic sink for H2S. Additionally, it is 

metabolized by various pathways.  It undergoes oxidation to form thiosulfate, 

sulfite and sulfate. Thiol-S-methyltransferase converts it to form methanethiol 

and dimethyl sulfide. Rhodanese in colon transform it to thiocyanate and 

sulfate. It also undergoes metabolism due to the oxidizing species present in 

the body like superoxide, peroxynitrite, and hydrogen peroxide (Li et al., 
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2011) (Figure 6). This metabolized H2S is eliminated from the body in feces 

(Braun and Anderson, 2007). 

 

3.2.  Pharmacological actions of H2S: 

H2S has shown pharmacological actions on a number of organ systems, 

such as the cardiovascular system, central and peripheral nervous systems, 

pain appreciation, neurodegeneration, endocrine system, gastrointestinal and 

urogenital systems and in symptoms of inflammation (Li et al., 2011). H2S 

has shown to dilate rat blood vessels, both in vitro and in-vivo, and this 

vasodilation has shown a drop in blood pressure (Hosoki et al., 1997; Li et al., 

2008; Zhao et al., 2001). H2S conjugated derivatives of diclofenac exhibited 

anti-inflammatory effect in mouse models for endotoxic shock, and against 

carrageenan-induced hind-paw swelling (Frantzias et al., 2012; Wallace et al., 

2007). It has exhibited activity in the peripheral and central nervous systems 

by acting as a gaseous neurotransmitter in mediating cerebrovascular 

circulation. H2S has also shown activity in urogenital system by maintaining 

human corpus cavernosum homeostasis (di Villa Bianca R d’Emmanuele, et 

al., 2015). In the gastrointestinal physiology, H2S is believed to enhance 

mucosal resistance to damage, and an immuno-modulator in gastro-intestinal 

repair (Chan et al., 2013). H2S has also exhibited neuroprotection by primarily 
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counter acting the oxidative stress (Jia et al., 2013). In ocular physiology, it 

has exhibited lowering of elevated IOP in glaucomatous conditions (Salvi et 

al., 2016; Perrino et al., 2009). Thus, H2S has shown a plethora of varied 

pharmacologic and biologic activities in mammalian and human tissues. 

 

3.3.  Neuroprotection by H2S: 

The neuroprotective action of H2S has been widely investigated and 

reported in literature. There are three distinctive ways in which H2S offers 

neuroprotection (Jia et al., 2013). These ways differ according to the sources 

that are being used to generate H2S in-vivo and in vitro. The inorganic H2S 

donors like sodium hydrogen sulfide offer neuroprotection by scavenging the 

reactive oxygen radicals (Olson, 2009) and by restoring the depleted 

glutathione reserves (Kimura et al., 2006; Kimura and Kimura, 2004). 

Glutathione reserves are known to deplete in oxidative stress, and thus the 

inorganic H2S donors offer neuroprotection by reducing the oxidative stress. 

The third mechanism by which H2S offers neuroprotection involves 

blocking of the ATP-sensitive K+ channels (Jia et al., 2013). These channels 

are known to cause neuronal apoptosis and cell death upon their activation (Li 

et al., 2010; Weisova et al., 2011). Such a neuronal cell death due to activation 
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of these channels has been observed in stroke and Alzheimer’s disease (Jia et 

al., 2013). 

Thus, it is evident that H2S can provide neuroprotection, and its donors 

should be investigated intensely to harness its neuroprotective role. 

 

3.4. Lowering of elevated IOP: 

The ability of H2S in lowering the elevated IOP has been evidenced in 

literature. ACS 67, a H2S producing prodrug (a compound which on 

metabolism is converted to its active pharmacological form), has shown 

lowering of elevated IOP in glaucomatous rabbit models (Perrino et al., 2009). 

In a study reported by Salvi et al., 2016, H2S released from donors and 

prodrugs (GYY 4137, l-cysteine and ACS 67) also exhibited a reduction in 

elevated IOP in normotensive rabbits. Njie-Mbye et al., 2013, reported a 

reduction in elevated IOP in porcine glaucoma models, and this reduction was 

due to the increased outflow of aqueous humor from the trabecular meshwork.  

 

3.5. Therapeutic delivery of H2S: 

For the therapeutic delivery of H2S in-vivo, prodrugs are utilized as 

H2S donors. Some of these are instantaneous H2S releasing donors while 

some are slow releasing donors and others are hybrid (chemically combining 
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a therapeutic drug with a H2S donor, to form a single chemical entity) H2S 

releasing donors. Generally, the slow H2S releasing donors have found to 

have greater therapeutic response than the former class. This is because the 

slow release of H2S does not elicit the pro-inflammatory response which is 

observed in instantaneously releasing H2S molecules (Zhao et al., 2014; 

Bhatia, 2012). The following table enlists the available H2S donors (Table 

2). 

 

3.5.1. H2S donors:  

Table 2: List of H2S donors available 

(Source: Cayman chemicals). 

 Name  Structure Nature 

Sodium hydrogen 

sulfide hydrate 

 

Instantaneously H2S 

releasing donor 

Sodium sulfide 

 

Instantaneously H2S 

releasing donor 
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Name Structure Nature 

GYY 4137 

 

Slow H2S releasing 

donor 

 

ACS 67 

(Latanoprost (PG 

analogue) conjugated 

to H2S donor) 

 

Hybrid H2S releasing 

donor 

 

 

ADT-OH 

 

Hybrid H2S releasing 

donor 

AP 39 

(targeted to increase 

mitochondrial H2S 

levels) 

 Hybrid H2S releasing 

donor 

ATB-337 

(Diclofenac (NASID) 

conjugated to H2S 

donor) 

 Hybrid H2S releasing 

donor 
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Name Structure Nature 

AP 219 

(targeted to increase 

mitochondrial H2S 

levels) 

 Hybrid H2S releasing 

donor 

ATB-343 

(Indomethacin 

(NASID) conjugated 

to H2S donor)  

Hybrid H2S releasing 

donor 

 

3.5.2. Challenges associated with H2S donors and H2S delivery: 

The major challenge with H2S delivery is the fact that it has a narrow 

therapeutic window (10-200 µM), its endogenous concentration levels are 20-

60 µM (0.68-2.04 µg/mL) and it is a gas at standard temperature and pressure 

(Alexander et al., 2015). Another challenge that has been widely reported in 

literature, is the instantaneous or burst release of H2S from its delivery systems 

which could cause immediate and intense pro-inflammatory response, 

toxicity, and lethality (Bhatia, 2012). Additionally, it also elicits varied 

physiological and pharmacological responses, simultaneously at various sites 
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in the body (Muniraj et al., 2014). Therefore, possible ways of 

circumnavigating these obstacles, like localizing its delivery, controlling H2S 

release from its donor/pharmaceutical formulation, conjugating it with other 

chemical moieties which would impede its burst and instantaneous release, 

are being explored and thoroughly investigated (Muniraj et al., 2014).  

Thus, GYY 4137 which is classified as a slow H2S releasing donor 

could be used to potentially harness the dual therapeutic potential 

(neuroprotective and lowering of elevated IOP) of H2S released from it in 

treatment of glaucoma. In order to sustain and localize the H2S release from 

it, an appropriate pharmaceutical delivery system, and delivery route should 

be chosen.    

 

4. Ocular drug delivery:  

Drug delivery to the eye has been a challenging task to the 

pharmaceutical scientists due to the unique anatomy and physiology of the 

human eye. The drug delivery to the eye is hindered due to the presence of 

static anatomical barriers such as, the different layers of cornea, sclera, retina, 

and blood-retinal and blood aqueous barriers. Also, ocular blood flow, 

lymphatic clearance, tear dilution and ocular transporters pose as dynamic 

barriers for ocular drug delivery (Gaudana et al., 2010). Due to these varied 
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ocular barriers, different routes for drug delivery to the anterior and posterior 

eye segments are explored and investigated. This also has additionally led to 

the development and formulation of a plethora of different ocular dosage 

forms, to meet the challenges of ocular drug delivery for treating the ocular 

diseases. 

Hence, for the therapeutic delivery of H2S it is essential to review the 

probable ocular drug delivery routes and dosage forms. This would facilitate 

in choosing a suitable route and dosage form for H2S delivery in eye, for 

glaucoma pharmacotherapy. 

 

4.1. Ocular drug delivery routes: 

4.1.1. Topical drug delivery route: Topical drug delivery includes the 

administration of traditional dosage forms like eye-drop solutions, ointments, 

creams, and gels. This drug delivery route is utilized for the treatment of 

anterior segment diseases associated with cornea, conjunctiva, sclera, and iris-

ciliary body. The barriers associated with topical drug delivery route is tear 

dilution, lachrymal drainage (0.5-2.2 µL/minute), solution drainage, blinking, 

tear film, and tear turnover (0.66-1.1 µL/minute) (Ananthula et al., 2009). The 

anatomical barriers that need to be circumvented are layers of cornea, 
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conjunctiva and sclera. Due to the presence of these barriers it is difficult for 

the drug to achieve therapeutic concentrations. 

 

4.1.2. Systemic (parenteral) drug delivery route: This route is usually 

utilized for the drug delivery to the anterior and posterior segment eye diseases 

using the systemic circulation as a delivery route. The blood aqueous and 

blood retinal barriers are the impediments to drug delivery using this route. 

The former acts as a barrier for drug penetration into the anterior segment of 

the eye due to the presence of tight cellular junctional complexes in the 

epithelium and endothelium of the anterior eye segment. The blood retinal 

barrier constitutes of the retinal pigment epithelial cells which act as hindrance 

to drug permeation in the posterior segment. Due to these barriers, higher 

amount of drug needs to be administered for the localized ocular drug 

delivery. This could potentially lead to systemic drug effects and toxicity. If 

higher amounts of drugs are not administrated to overcome this obstacle, sub 

– therapeutic concentrations of drug are achieved (Gaudana et al., 2010).  

 

4.1.3. Oral drug delivery route: This route is commonly used in 

combination with topical route for drug administration, due to its non-invasive 

and patient compliant route. Since oral drug administration leads to limited 
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accessibility to desired ocular site of action, higher drug doses are required 

which lead to systemic side effects. This has been observed in cases of oral 

administration of antibiotics, analgesics and anti-neoplastic agents (Gaudana 

et al., 2010). Acetazolamide and Methazolamide are given orally for reducing 

the elevated IOP in glaucoma, and are associated with low therapeutic 

concentrations in the eye (http://www.webmd.com/drugs/condition-1207-

High+Eye+Pressure+or+Glaucoma+that+May+Worsen+without+Treatment.

aspx?names-dropdown=AR).  

 

4.1.4. Periocular drug delivery route: This invasive route is used for 

drug delivery to the posterior segment of the eye. Since it is a targeted drug 

delivery, therapeutic concentrations can be achieved without increasing the 

amount of drug dosage. The drug administered by this route reaches its site of 

action through one/combinations of the pathways which include: trans – 

scleral pathway, systemic circulation through choroid and the anterior 

pathway through tear film, cornea, aqueous and vitreous humor and retina 

(Ghate et al., 2006). 

 

4.1.5. Intravitreal drug delivery route: This is the most invasive drug 

delivery route as the site of drug administration is the vitreous humor. The 

http://www.webmd.com/drugs/condition-1207-High+Eye+Pressure+or+Glaucoma+that+May+Worsen+without+Treatment.aspx?names-dropdown=AR
http://www.webmd.com/drugs/condition-1207-High+Eye+Pressure+or+Glaucoma+that+May+Worsen+without+Treatment.aspx?names-dropdown=AR
http://www.webmd.com/drugs/condition-1207-High+Eye+Pressure+or+Glaucoma+that+May+Worsen+without+Treatment.aspx?names-dropdown=AR
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distinctive advantage of this route is targeting the drug into the vitreous, for 

treating the vitreal and retinal diseases. However, the distribution of the drug 

is non-uniform in the vitreous, and its distribution and permeation depends on 

its molecular weight (Mitra et al., 2006). 

 

4.1.6. Sub-conjunctival drug delivery route: This route circumvents the 

lipophilic conjunctival epithelial barrier, and causes the administration of drug 

into the sub-conjunctival space using an injection which penetrates to 1-3 mm 

depth (Figure 7). From here the drugs can permeate to the posterior segment 

of the eye. However, there are several hindrances to this drug permeation, 

which include, conjunctival blood and lymphatic circulation which causes 

quick drug clearance, by draining it into the systemic circulation, thereby 

lowering its bioavailability (Gaudana et al., 2010). Thus, this route even 

though is associated with quicker drug clearance than the other routes, 

facilitates the administration of hydrophilic drugs in the posterior segment of 

the eye and also into the aqueous ocular milieu by circumventing the lipophilic 

barrier. 

The sub-conjunctival route can be used for delivery of drugs to the 

anterior and the posterior segment of the eye. In the management of glaucoma 

using H2S therapy, it is essential that its delivery, to both, the anterior and 
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posterior segments is facilitated. This would ensure the lowering of IOP in the 

anterior chamber and neuroprotection to the RGC and ONH in the posterior 

segment. Since, sub-conjunctival route could facilitate both these actions, it 

seems the most appropriate route for administering the H2S delivery system 

for its therapeutic potential.  

 

Figure 7: Schematic for sub-conjunctival injection.  

              (Source: http://www.eyerounds.org) 

 

4.2. Ocular drug delivery dosage forms: 

For the effective treatment of ocular diseases, formulation scientists 

have developed various dosage forms. The dosage forms that meet the current 

needs of ocular therapy, are primarily localized drug delivery systems. 

Additionally, these dosage forms also provide controlled and sustained drug 

release thereby reducing the local and systemic side effects.  

http://www.eyerounds.org/
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In order to manage the pharmacotherapy of ocular diseases like 

glaucoma, age-related macular degeneration (AMD) etc., the conventional or 

traditional dosage forms like eye drops, eye suspensions, eye ointments and 

eye gels are routinely employed. However, these dosage forms suffer from 

various limitations (as discussed in section 4.1.1.). Hence, to overcome the 

hindrances novel ocular dosage forms are prescribed for the therapy of these 

ocular diseases. Some of these novel dosage forms are discussed under the 

following sections. 

   

4.2.1. Mucoadhesives: These dosage forms provide extended drug 

release due to prolonged residence time in the eye. This is due to the formation 

of non-covalent bonds with the mucin present in the eye. They are composed 

of positively charged polymers which form bonds with the negatively charged 

mucin to provide its extended therapy (Ludwig, 2005). Sulfadicramide 

(Irgamid®), an anti-infective drug was delivered to the eye using a 

mucoadhesive ointment (Grześkowiak, 1998). 

 

4.2.2. Liposomes: These are manufactured as microscopic lipid 

vesicles composed of majorly phospholipids. These are intended for targeted 

and controlled/sustained drug delivery. They are biocompatible, 
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biodegradable, and can permeate the ocular barriers to possibly reach the 

posterior segment - their intended targeted site of action (Mishra et al., 2011). 

Verteprofin (Visudyne®) is a liposomal formulation used in the management 

of AMD (U.S-F.D.A 

(http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInfo

rmation/Guidances/UCM384173.pdf), 2014). 

 

4.2.3. Nanoparticles: These are solid polymeric particles ranging in size 

from 10-1000 nm. These are fabricated with the intent of providing targeted 

drug delivery in the posterior segment of the eye due to their prolonged 

residence time. This is attributed to their small size which prevents their quick 

clearance and longer therapeutic action (Vandervoort et al., 2007). Phase I 

clinical trials of nanoparticulate preparation of recombinant adeno-associated 

viral human pigment epithelium-derived factor (rAAV-PEDF) in treatment of 

AMD is being undertaken, because the nanoparticulate formulation has shown 

superiority over other formulations in the management of AMD 

(Campochiaro, Nguyen and Shah et al., 2006; Christoforidis et al., 2012). 

 

4.2.4. Micro and Nano emulsions: These emulsions exhibit superior 

pharmaceutical properties, including small droplet size, low surface tension, 

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM384173.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM384173.pdf
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good time dependent stability profile resulting in improved ocular residence 

time, extended duration of action and higher ocular drug absorption and 

permeation. These excellent properties are owing to the emulsions possessing 

both lipophilic and hydrophilic characteristics (Hegde et al., 2013). A US 

patent has been filed for the nano-emulsion of sirolimus (macrolide antibiotic) 

for treating dry eye syndrome, as it showed improved toxicity profile (Ako-

Adounvo, Nagarwal and Oliveira et al., 2014). 

 

4.2.5. Niosomes: These are microscopic lamellar structures formed 

from a non-ionic surfactant and a lipid, which are capable of entrapping both 

hydrophilic and lipophilic drug. These also, like other novel dosage forms 

provide prolonged residence times, enhanced therapeutic efficacy and greater 

drug absorption and permeation (Imam et al., 2009). Niosomal formulation of 

timolol maleate has shown greater efficacy in lowering the IOP in glaucoma 

and extended drug release over time in comparison to its gel formulation 

(Aggarwal, 2005).   

 

4.2.6. Contact lenses: These are drug eluting contact lenses, where-in 

the drug is embedded in the contact lens matrix or bound to the contact lens 

surface. These contact lenses are usually hydrogel lenses, which release the 
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drug into post-lens lacrimal fluid which reduces their clearance and sorption 

through the conjunctiva (Bengani, 2013; Alvarez-Lorenzo, 2006). The drug 

loaded contact lenses are also referred to as nano wafers, owing to their tiny 

shape. Extensive studies have been conducted on testing the efficacy of these 

novel dosage forms. Axitinib loaded nano wafers showed enhanced 

therapeutic effect in corneal neovascularization as compared to axitinib eye 

drops (Review of Optometry, 

(http://www.reviewofoptometry.com/CMSDocuments/2015/3/ro0315i.pdf), 

2015). 

 

4.2.7. Pharmacosomes: These are colloidal, nano sized micelles or 

vesicles which are present as a hexagonal assembly of drug in colloidal form 

bound to a phospholipid. These dosage forms are amphiphilic with excellent 

stability and small size. They exhibit higher bioavailability for poorly soluble 

drugs and prevent any possible burst drug release due to their cohesive, 

precise and tight geometry. Pharmacosomes have shown to entrap pindolol 

and its derivatives, taxol, cytarabin and amoxicillin with enhanced biological 

activity and improved bioavailability (Pandita et al., 2013). However, 

currently there are no marketed pharmacosome formulation for management 

of ocular diseases. 

http://www.reviewofoptometry.com/CMSDocuments/2015/3/ro0315i.pdf
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4.2.8. Ocular inserts: They are available as sterile, thin, single or multi-

layered, drug loaded, solid or semi-solid ocular devices to be inserted in the 

conjunctiva or cul-de-sac. These are available in different shapes and sizes, 

could be bio-degradable or non-biodegradable and may or may not change 

their rheology (viscosity) in the ocular environment. The release of drug is 

generally diffusion, however osmosis could also be the mechanism in osmotic 

ocular inserts (Kumari et al., 2010). Ocusert®, which is a marketed ocular 

insert, consists of pilocarpine. It has shown better therapeutic efficacy in 

comparison to pilocarpine drops due to sustained drug release over an 

extended period of time (seven days), and has reduced the elevated IOP in 

glaucoma (Pollack et al., 1976). 

  

4.2.9. Collagen shields: These are collagen matrices which are lens 

shaped to be placed on cornea with the aim of epithelial wound healing. Drugs 

for ocular drug delivery are generally embedded in the collagen matrix which 

later diffuse out to provide the therapy (Greenwald et al., 2014). Vancomycin 

and cyclosporine A have been incorporated in the collagen shields and have 

exhibited better therapy due to sustained release of these drugs from collagen 

shield depot (Willoughby et al., 2002). 
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4.2.10. In situ gels: These are sol-gel systems which undergo a 

change in rheology due to an external trigger like pH, temperature, ions or a 

change in phase. These are generally administered as injectables, which form 

a depot in the ocular milieu due to any of the previously mentioned external 

trigger, and causes the diffusion of drug for an extended period of time at 

controlled or sustained release rates (Agarwal, 2011). Timoptic XE® which 

contains timolol maleate, is used in glaucoma therapy. It is supplied as a 

gelling solution, which gels upon instillation into the eye, due to the activation 

of gellan gum (polymer used in the gelling solution, Timoptic XE) in presence 

of ocular cations 

(https://www.merck.com/product/usa/pi_circulars/t/timoptic/timoptic_xe_pi.

pdf).  

All the novel dosage forms discussed, except in situ gelling systems, 

require an aqueous phase during formulation. Thus, if any of those (apart from 

in situ gelling systems) are utilized as delivery systems for H2S, then it would 

lead to the release of H2S during the formulation of the dosage form. Thus, 

H2S would be lost, before its localized therapeutic delivery in eye. Thus, even 

though all the novel dosage forms, have shown tremendous potential and 

improved therapies in various ocular symptoms, not all can be suitable 

candidates for H2S delivery. The in situ gelling systems, however, are 

https://www.merck.com/product/usa/pi_circulars/t/timoptic/timoptic_xe_pi.pdf
https://www.merck.com/product/usa/pi_circulars/t/timoptic/timoptic_xe_pi.pdf
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promising, as they could be formulated in the absence of an aqueous phase 

using the phase sensitive polymers. Since, these formulation systems are 

devoid of water they could be used as a potential delivery system for slow H2S 

donor GYY 4137, which releases H2S in presence of water. 

 

5. Phase sensitive in situ gelling systems – ‘pharmaceutical 

considerations’: 

This system is composed of a water-insoluble polymer dispersed in a 

water-miscible solvent. As the system comes in contact with the ocular 

environment containing water, the water-miscible solvent diffuses out and the 

polymer precipitates out due to its aqueous insolubility, thereby forming an in 

situ gel depot. Since, a change in phase (from organic to aqueous) brings about 

the gelation, it is termed as phase sensitive system. (Ruel-Gariépy et al., 

2004). 

These are formulated as injectables which, when injected into the eye, 

form the cohesive gel depot. These formulations allow easy injectability, ease 

of manufacture and greater stability to drugs/chemical moieties which 

undergo immediate degradation or lysis in presence of water (Cleland et al., 

2001). The organic solutions that are chosen for dissolving the polymer are 

bio-compatible and non-toxic. Generally, organic solvent blend of hydrophilic 
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and hydrophobic solvents is utilized. The smart polymer so chosen for such a 

system is generally hydrophobic and is soluble in the organic solvent blend. 

When such a polymer solution is injected, the hydrophilic solvent diffuses out, 

to cause the precipitation and subsequent coagulation of the polymer to form 

the gel depot. The hydrophobic solvent prevents the diffusion of water into 

the polymeric gel, and thereby preventing its immediate collapse (Singh et al., 

2004). 

The kinetics of drug release from such a gelling system depends on two 

factors, first being the influx rate of water and the second being gelation rate. 

Rate of influx of water is important, as it dictates the rate of dissolution of 

drug in water and its subsequent diffusion from the gelling system. The 

gelation rate determines the diffusional path length the drug has to navigate 

through the gel depot before getting into the physiological environment 

(Singh et al., 2004). 

The greatest distinctive advantage offered by this type of in situ gelling 

system apart from controlled/sustained drug delivery is that, it could prevent 

the degradation or lysis of the drug in presence of inherent water which is 

present as the aqueous phase in all the other novel ocular drug delivery 

systems.  
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6. Statement of Problem: 

 
Blindness and vision loss due to glaucoma has been on the rise not only 

in the US but also worldwide. Various medicines for the management of 

glaucoma have been marketed. Most of these aim at reducing the elevated IOP 

which is the major underlying cause for the glaucomatous condition. 

However, little or no consideration is given to the ONH and RGC 

degeneration, which are the direct causes responsible for vision loss in 

glaucoma. Thus, if neuroprotection was offered to the ONH and RGC, in 

addition to the lowering of elevated IOP, their progressive neurodegeneration 

could be halted leading to a better management of glaucoma 

pharmacotherapy, in addition to lowering of elevated IOP. 

H2S has shown concentration dependent neuroprotective action (at low 

micro-molar concentrations). This neuroprotective action has been illustrated 

in the CNS neurons as well as RGC. Recently studies have also exhibited 

lowering of elevated IOP in presence of H2S. Thus, H2S could be a potential 

candidate in treatment of glaucoma due to its dual action on the two major 

causes of glaucoma leading to vision loss.  

However, H2S also elicits toxicity at micro-molar concentrations which 

exceed 100 μM (Alexander et al., 2015). Hence, it is extremely imperative 
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that the H2S released from its donor is sustained so that a therapeutically 

useful concentration in its narrow therapeutic window could be sustained.  

Additionally, the delivery-route of the formulation should be such that H2S 

could elicit its dual actions, reduction in IOP in the anterior and 

neuroprotection in posterior eye segments, on a single administration.  

GYY 4137 is known to be a slow H2S donor, which releases the gas in 

contact with water. GYY 4137 has exhibited varied beneficial 

pharmacological and physiological actions due to the H2S released from it. 

Since it is a slow H2S releasing donor, it does not elicit the pro-inflammatory 

response that is associated with instantaneous H2S releasing donors. Hence, it 

is deemed to be a good candidate for H2S delivery. Therefore, if GYY 4137 

is to be formulated for glaucoma therapy, it should not come in contact with 

water during its formulation and storage as it would start the slow release of 

H2S, thereby causing a loss in its activity. In such a case, phase sensitive in 

situ gelling system seems to be a good option as it does not incorporate any 

aqueous phase in its formulation, and gels in presence of an aqueous 

environment. Thus, a probable GYY 4137 in situ gelling system will not cause 

any H2S release unless introduced into the ocular milieu where, in presence of 

water it would gel and slowly cause a sustained release of H2S at a slower rate 

from the formulation (Since in situ gelling systems provide sustained release).  
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This in situ gelling system if administered as a sub-conjunctival 

injectable would also lead to the harnessing of dual action of H2S i.e., lowering 

of elevated IOP in anterior segment and neuroprotection in the posterior 

segment.  

Thus the objective of this research study was to prepare a sustained 

release formulation of GYY 4137 for utilizing the therapeutic potential of 

H2S. The hypothesis of this study was that, a phase sensitive in situ gelling 

system containing GYY 4137 – a H2S donor, can provide a sustained H2S 

release for an extended period of time. 

Following specific aims were achieved to prove the above hypothesis: 

1. Development and validation of a simple HPLC method for the               

quantification of H2S in aqueous samples, 

2. Preparation and characterization of a sustained release in situ 

gelling system containing GYY 4137, and 

3. In vitro toxicity evaluation of GYY 4137 formulation, GYY 4137, 

PLGA polymer solution, and solvent blend on Y79 retinoblastoma 

cells. 
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CHAPTER II 

QUANTIFICATION OF HYDROGEN SULFIDE 

(H2S) IN AQUEOUS SAMPLES 
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QUANTIFICATION OF HYDROGEN SULFIDE (H2S) IN AQUEOUS 

SAMPLES 

1. Introduction 

There are methods (Ding et al., 2013; Lawrence et al., 2000; Wintner 

et al., 2010) reported in the literature for quantifying the endogenously 

produced H2S. Reverse phase – high performance liquid chromatography 

(RP-HPLC) is one of the most widely used techniques employed in 

quantifying endogenously produced H2S in plasma and tissues using 

monobromobimane reagent. In this method, monobromobimane is used to 

bring about the reaction with the plasma/tissue sulfide (the hydrogen sulfide 

(SH-) anion form reacts), to form the sulfide-dibimane complex which is then 

detected and quantified. However, this technique is associated with long 

procedures and long retention times for the analyte (> 15 minutes) (Shen et 

al., 2011). Fluorescent probes have also been employed in quantifying H2S 

which generally exhibit detection of low H2S levels and high H2S selectivity. 

These probes are used in cell/tissue sulfide detection as they display higher 

selectivity for H2S over other endogenous sulfur containing species like 

cysteine, methionine, and glutathione (Zhang, Meng, and Lu et al., 2014). Gas 

chromatography has also been reported for H2S quantification in mouse brain 

homogenates for pharmacokinetic studies (Eto and Kimura, 2005). Zinc 
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precipitation method has been developed for the quantification of free tissue 

sulfide. This method uses zinc acetate to precipitate tissue sulfides as zinc 

sulfide. The precipitated zinc sulfide is reacted with a diamine reagent to form 

the methylene blue complex which is detected and quantified 

spectrophotometrically at 670 nm (Ang et al., 2012). Thus, there are many 

techniques, which have been developed and validated, for endogenous sulfide 

detection in biological specimens. 

The classical methylene blue assay method is also commonly used for 

the detection of sulfides present in aqueous solutions. In this method, sulfides 

in an aqueous solution is reacted with an added N, N-dimethyl-p-

phenylenediamine (DMPD) reagent to form the methylene blue complex 

which is then detected for quantification using UV-VIS spectrophotometry at 

670 nm. This method, however, suffers from poor sensitivity and 

unacceptable efficiency. Hence, there was a need for developing a fast, 

simple, and accurate HPLC method for the detection of H2S in aqueous 

solutions, in pharmacologically relevant concentration range.  

The broader aim was to develop a validated HPLC method for the 

quantification of H2S, released from its donor delivery system into an 

aqueous releasing medium during in vitro release profile studies. 
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2. Objective 

 To develop a precise, accurate, and efficient HPLC method for 

quantification of H2S in aqueous solution. 

 To validate the developed HPLC method as per the USP guidelines for an 

analytical method. 

 

3. Materials  

Table 3: List of materials used in this research study. 

Materials Lot No. Company & Location 

Sodium hydrosulfide 

hydrate 

(NaSH) 

35296HK Sigma – Aldrich  

(St. Louis, MO) 

N, N-diethyl-p-

phenylenediamine 

A0291514 Acros Organics  

(NJ) 

Sodium chloride 

(NaCl) 

085656 Fisher Scientifics  

(Fair Lawn, NJ) 

Potassium chloride 

(KCl) 

 

037696 Fisher Scientifics  

(Fair Lawn, NJ) 
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Materials Lot No. Company & Location 

Calcium chloride 

(CaCl2) 

723286 Fisher Scientifics  

(Fair Lawn, NJ) 

Sodium bi-carbonate 

(NaHCO3) 

31437 Sigma – Aldrich  

(St. Louis, MO) 

Ferric chloride  

(FeCl3) 

MKBB5199 Sigma – Aldrich  

(St. Louis, MO) 

Hydrochloric acid  

(HCl) 

966985 Fisher Scientifics  

(Fair Lawn, NJ) 

 

4. Method 

4.1.  Preparation of solutions and reagents: 

4.1.1. Preparation of simulated tear fluid (STF) without enzymes:  

Prepared by mixing NaCl (6.8 g), NaHCO3 (2.2 g), CaCl2 (0.08 g), KCl 

(1.40 g) in deionized water (q.s. 1L). The pH of the prepared solution was 

adjusted to 7.4 which was stored at 4°C until needed. 

 

4.1.2. Preparation of standard NaSH solutions: 

Twenty-eight mg of NaSH was weighed and transferred to a 1L 

volumetric flask in which STF was added in quantity sufficient to make 1L. 
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Standard solutions in the range of 0.04-5.60 µg/mL of NaSH which would 

release 0.03-3.40 µg/mL of H2S were prepared by diluting the stock solution 

using STF. 

 

4.1.3. Preparation of mixed diamine reagent:  

Thirty-three µL of N, N-diethyl-p-phenylenediamine (DEPD) was 

added to 10 mL of 7.2 M HCl. A second solution was prepared by weighing 

48 mg of ferric chloride and added to 10 mL of 1.2 M HCl. Both solutions 

were mixed resulting in a DEPD solution that was stored at 4°C until needed. 

4.2.  Quantification of hydrogen sulfide by HPLC:  

Assay was performed on 5 mL volume of sample solutions maintained 

at 4°C. One hundred microlitres of mixed diamine reagent was added to the 

sample solution, which was shaken vigorously and set aside for 10 min. 

The NaSH samples were analyzed by HPLC following the parameters 

shown in table 4. 
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Table 4: Chromatographic conditions used in HPLC assay. 

Parameters Chromatographic conditions 

Mobile phase Acetonitrile: Ammonium formate 

(15 mM/L) 

(70:30) 

Column Alltech C-18 (150 mm×4.6 mm, 5 

µm) 

Guard column: Alltech (7.5×4.6mm) 

Flow rate 1.2 mL/min 

Run time 6 min 

Injection volume 20 μL 

Retention time ≈ 3.3 min 

Detection PDA UV/VIS (668-670 nm) 

 

The HPLC method was validated by following protocols set by the 

United States Pharmacopoeia (USP) and International Conference on 

Harmonization (ICH).  
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5. Results and Discussion 

5.1.  Preparation of solutions and reagents: 

5.1.1. Preparation of STF: The osmolarity of STF was found to be 298 

± 2 mOsm/kg which approximates its theoretical value of 300 mOsm/kg (Ali 

et al., 2014). The pH of STF was adjusted to 7.4. 

STF was used as the releasing media, because the long term goal of this 

study was to develop a sustained release delivery system for H2S donors, 

which could maintain a sustained level of H2S on sub-conjunctival injection.  

 

5.1.2. Preparation of NaSH standards: NaSH releases H2S in presence 

of water. Generated H2S could be lost to environment easily due to its gaseous 

nature. Therefore, it was crucial to capture all of the H2S released in STF for 

its accurate measurement from the H2S donors. Hence, the temperature of the 

NaSH solutions was maintained at 4°C. This ensured maximum solubility of 

H2S in the solution and minimized its escape. 

Temperature has a significant effect on H2S solubility in water. The 

solubility of H2S at 4°C is almost two fold larger compared to the solubility at 

normal room temperature (Carroll and Mather, 1989) as shown in figure 8. 

Therefore, the standard solutions were maintained at low temperature (4°C) 

to ensure the maximum solubility of H2S in water. Also, the concentration of 
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NaSH solutions was such that the theoretically calculated maximum amount 

of H2S produced would always be less than its aqueous solubility.   

 

 

Figure 8: Effect of temperature on H2S solubility  

(Source: http://www.engineeringtoolbox.com) 

  

5.2.  Quantification of hydrogen sulfide:  

The quantification of NaSH in its standard was determined by a 

modified methylene blue method, which uses the same principle as the 

classical methylene blue method. The classical methylene blue method 

described in literature utilizes the N, N-dimethyl-p-phenylenediamine sulfate 

http://www.engineeringtoolbox.com/
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(DMPD) reagent, which is toxic and shows unacceptable efficiency (exhibits 

low accuracy) (Hughes et al., 2009). The method developed and validated in 

this research study utilizes the N, N-diethyl-p-phenylenediamine sulfate 

(DEPD) instead of the DMPD reagent. This method involves the reaction of 

sulfide (S2-) with an acidified solution of DEPD in the presence of the 

oxidizing agent FeCl3 (Fe3+) to form ethylene blue (Figure 9). The reaction 

involves a 2:1 stoichiometry of reagent DEPD to sulfide. The ethylene blue 

complex formed absorbs at 670 nm, which was detected using a UV-VIS 

detector. The absorbance intensity at 670 nm was used as an indicator of 

sulfide concentration. 

 

Figure 9: Reaction between sulfide and N-diethyl-p-phenylenediamine 

sulfate (DEPD) in the presence of the oxidizing agent FeCl3 (Fe3+) 

resulting into the formation of the ethylene-blue-colored complex. 
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The sulfide determination method used in this study has the following 

advantages over the reported methylene blue method (Ali et al., 2009): 

 DEPD is less toxic as compared to DMPD, 

 ethylene blue has a high molar absorptivity (87,700 mol−1 L cm−1) than 

methylene blue (71,090 mol−1 L cm−1), and  

 aqueous solutions of methylene blue show a deviation from Beer’s law due to 

the formation of its dimers and trimers, while ethylene blue has a lower 

tendency to form dimers or trimers. 

 

5.3.  Validation of method for hydrogen sulfide quantification: 

5.3.1. Specificity: A comparison of the chromatograms (Figure 10) 

obtained by the injection of blank and standard sample solution showed a 

distinct and well-resolved peak absorbing at 670 nm with a retention time of 

3.3 minutes. Thus, this method is specific to H2S as per ICH guidelines which 

defines specificity as the ability to assess unequivocally the analyte in the 

presence of components that may be expected to be present, such as 

impurities, degradation products, and matrix components. 
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Figure 10: Chromatogram depicting specificity for the analyte 

(ethylene blue complex) over the blank. 

 

5.3.2. Linearity: Linearity was tested by injecting seven different 

standard solutions over a wide range of concentration. Peak areas against the 

corresponding concentrations of the standard samples were plotted and 

linearity was determined by using linear regression analysis. The standard 

curve (Figure 11) was found to be linear (R2 = 0.9998) over H2S concentration 

range of 0.03-3.40 µg/mL.  

This is in conformity with the USP requirements which defines the 

linearity of an analytical procedure as its ability to elicit test results that are 
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directly, or by a well-defined mathematical transformation, proportional to the 

concentration of analyte in samples within a given range.  

 

 

Figure 11: Standard curve for H2S, linear over the concentration range 

of 0.03-3.40 µg/mL. 

 

5.3.3.  Precision: USP defines precision of an analytical procedure as 

the degree of agreement among individual test results when the procedure is 

applied repeatedly to multiple samplings of a homogeneous sample. The 

precision of an analytical procedure is usually expressed as the standard 

deviation or relative standard deviation (coefficient of variation) of a series of 

the closeness of test results obtained by that procedure for measurements. 

Precision was measured on intra- and inter-day basis. The results of precision 
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are provided in terms of relative standard deviation, also known as co-efficient 

of variation. The average RSD for intra- and inter-day variation was less than 

5%. 

Table 5: Inter-day and intra-day precision for HPLC method for 

analysis of hydrogen sulfide (n=3). 

Concentration Inter-day   Intra-day   

(µg/mL) 

Mean Peak Area 

(×103) 

% 

RSD 

Mean Peak Area 

(×103) 

% 

RSD 

0.03 14.6 ± 1.0 7.00 15.6 ± 0.5 3.12 

0.05 23.8 ± 0.7 2.74 24.1 ± 0.1 4.09 

0.21 100.5 ± 3.4 3.41 99.1 ± 0.3 0.31 

0.43 216.6 ± 5.7 2.66 223.2 ± 11.4 5.12 

0.85 497.5 ± 37.17 7.47 416.1 ± 39.1 9.44 

1.70 983.3 ± 32.4 3.30 902.1 ± 38.9 4.31 

3.40 1,857.3 ± 81.8 4.40 1,829.1 ± 75.8 4.15 

 

5.3.4.  Accuracy: The accuracy of an analytical method should be 

established across its range. The accuracy of this method was determined by 

injecting three quality control samples of known H2S concentration of 0.11 

µg/mL, 0.51 µg/mL, and 2.04 µg/mL. Accuracy was calculated by percentage 

of concentration measured by the assay procedure to the known concentration 

of sample.  This was done in accordance to the USP definition of accuracy as 
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the closeness of test results obtained by that procedure to the true value. The 

percentage error was less than 10% which was within the acceptable limits. 

Table 6: Accuracy results for the HPLC analysis of hydrogen sulfide 

(n=3). 

Theoretical concentration Experimental concentration % Accuracy  

(µg/mL) (µg/mL)   

0.11 0.11 ± 0.00 101.58 

0.51 0.49 ± 0.01 96.69 

2.04 1.87 ± 0.08 91.86 

 

6. Summary 

 The method in this study was validated for the USP specifications for 

specificity, linearity, precision, and accuracy and the results were found to 

be in conformity with the official limits. 

 Thus, this is a simple method for the quick, precise, and accurate 

determination and quantification of H2S in an aqueous solution. 
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OF AN IN – SITU GELLING SYSTEM 

CONTAINING GYY 4137 
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PREPARATION OF AN IN – SITU GELLING SYSTEM 

CONTAINING GYY 4137 

1. Introduction 

Hydrogen sulfide which was previously considered to be a metabolic 

poison is now known to be a very important gasotransmitter, responsible for 

regulating multiple cellular functions in the cardiovascular, neuronal, and 

endocrine systems (Shen et al., 2015). Its potential clinical importance in 

blood pressure regulation, inflammation, diabetes, and neuroprotection has 

also been demonstrated (Whiteman et al., 2009). The concentration dependent 

neuroprotective action of H2S on RGC, and IOP lowering ability of H2S in 

glaucoma has been reported in literature (Ohia et al., 2006). Hence, H2S could 

be a potential candidate in treatment of glaucoma due to its dual action on the 

two major causes of glaucoma. The therapeutic concentration range of H2S 

was found to be 10-200 μM (0.34-6.80 µg/mL), beyond which H2S elicited 

toxicity (Moore and Whiteman, 2015). Therefore, a safe and efficient 

sustained release H2S delivery system is critical to translate its therapeutic 

potentials into clinical practices. 
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2. Objectives 

 Preparation of a sustained release in situ gelling H2S delivery system 

containing GYY 4137. 

 Characterization of the in situ gelling system for various parameters 

influencing its release profile. 

 

3. Materials 

Table 7: List of materials used in the formulation of GYY 4137 in situ 

gelling system. 

Materials Lot No. Company & Location 

GYY 4137 0454039-14 Cedarlane 

(Burlington, NC) 

Benzyl alcohol A019979301 Acros Organics  

(NJ) 

Benzyl benzoate A019697901 Acros Organics  

(NJ) 

Poly (DL-lactide-co-

glycolide) (PLGA) 

(RESOMER® RG 502 H) 

1009848 Boehringer Ingelheim 

(Petersburg, VA) 
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4. Preparation of an in situ gelling sustained release delivery system 

containing GYY 4137 

The method of preparation of the delivery system involved various 

steps as depicted in figure 12. Briefly, benzyl benzoate (BB) and benzyl 

alcohol (BA) were mixed in the ratio of 3:7 in a glass vial. Resomer RG 502 

H (PLGA polymer) (10% w/v) was added to this solvent blend. This was 

placed in a shaking water bath at 37°C for 24 hours at 80 rpm shaking speed. 

After 24 hours, the polymer dissolved completely in the solvent blend, which 

was confirmed by visual inspection of the clear transparent solution. GYY 

4137 (0.2% w/v) was added to this clear transparent polymer solution and 

sonicated at 100 W for one minute to obtain a transparent homogenous 

polymer solution.  
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Figure 12: Scheme for formulation of an in situ gelling system 

containing GYY 4137. 

When the clear polymer solution containing GYY 4137 was 

formulated, it was injected in STF using a 25-gauge needle. Upon injection, it 

immediately formed an in situ gel in STF. 
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5. Experimental characterization of GYY 4137 formulation 

5.1.  In vitro release of H2S from GYY 4137 solution: 

Two mg of GYY 4137 was added to 10 mL of STF. At specified time 

points, 3 mL aliquot sample of the STF was withdrawn and 3 mL release 

media was added to make up for the withdrawal. Sixty µL of diamine reagent 

was added to the sample which resulted in the development of the colored 

complex ethylene blue. The amount of hydrogen sulfide in the sample was 

quantified by measuring the absorbance at 670 nm using HPLC as described 

in section 4.5 of Chapter II. 

 

5.2.  Determination of stability of GYY 4137 in aqueous solution: 

Two mg of GYY 4137 was added to 10 mL of STF. The resulting GYY 

4137 solution was stored for 24 hours at 4°C. After 24 hours at specified time 

points, 3 mL aliquot samples of the STF were withdrawn and 3 mL release 

media was added to make up for the withdrawal. Procedure outlined in the 

above section 5.1, was followed for H2S quantification using HPLC.  

 

5.3.  In vitro release of H2S from in situ gel containing GYY 4137: 

One mL of the formulation was injected into 10 mL of STF which 

resulted in an instantaneous formation of an in situ gel.  At specified time 
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points, 3 mL aliquot samples of the STF were withdrawn which were replaced 

by an equal amount of STF. Sixty µL of diamine reagent was added to 3 mL 

of the sample for quantifying the amount of H2S by following the HPLC 

method described in section 4.5 of Chapter II. 

 

5.4.  Comparison of time-dependent release of H2S from GYY 4137 solution 

and GYY 4137 in situ gel: 

A preliminary in vitro H2S release study was conducted for 75 minutes 

to compare the release from GYY 4137 solution and GYY 4137 gel. For the 

study, protocols described in sub-sections 5.1. and 5.3. were followed. The 

resulting cumulative amounts of H2S released versus time from both the 

systems were compared.  

Following this preliminary study, another 24 hour in vitro release study 

was carried out for comparing the H2S release from GYY 4137 solution and 

GYY 4137 formulation. The resulting cumulative amounts of H2S released 

versus the 24-hour time from both the systems were compared. 

 

5.5.  Determination of release kinetics: 

The in vitro release studies from the in situ gelling formulation were 

conducted for 72 hours following the protocol in section 5.3. The release data 
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was then evaluated for release kinetics using the mathematical equations for 

zero-order, first-order, and Higuchi’s square root model respectively:  

Zero-order: 

𝑥 = 𝑘˳𝑡 

where, 

x: amount of GYY 4137 released during a specific time-period 

t: time period of release 

k˳: zero-order rate constant 

The plot of x vs. t would be a straight line with slope equal to k˳  

 

First-order: 

log
𝑎

(𝑎 − 𝑥)
=

𝑘₁𝑡

2.303
 

where, 

a: amount of GYY 4137 incorporated in the formulation 

x: amount of GYY 4137 released during a specific time period 

t: time period of release 

k₁: first-order rate constant 

The plot of log (a/a-x) vs. t would be a straight line with slope equal to 

k₁/2.303. 
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Higuchi square root model: 

                                            x = kHt1/2 

where, 

x: amount of GYY 4137 released during a specific time period 

t: time period of release 

kH: Higuchi constant 

The plot of x vs. t1/2 would be straight line with slope equal to kH 

Rate constants were calculated using the above mathematical 

equations, and their correlation with specific time periods were calculated 

using linear regression values (R2).  

 

5.6.  Evaluation of rheological behavior:  

Viscosity and rheological evaluations were carried out using ARG2 

Rheometer – TA instruments. The geometry for this study was chosen to be 

40 mm, 2° - degree stainless steel cone due to its utilization for thicker 

dispersions like emulsions and gels. Once the geometry was attached, the gap 

was zeroed and then 600 µL of the sample was applied for rheological 

analysis. The parameters for the study are specified in table 8. 
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Table 8:  Parameters for the rheological studies on GYY 4137 in situ 

gelling system using ARG2 Rheometer. 

Mode Continuous ramp step 

Temperature 37°C 

Equilibration time 3 minutes 

Gap 53 

Sample 600 µL 

Shear rate 1-100 1/s 

 

The resulting data was analyzed for determination of the gel rheology, 

gel viscosity and yield value determination. 

 

5.7.  Determination of syringeability and injectability:  

A 25-gauge needle-syringe apparatus was used for the syringeability 

testing. The polymer solution was placed in a vial with rubber stopper, and 

using the 25-gauge needle-syringe apparatus, ease of drawing-in of the 

polymer solution was assessed.  

For injectability testing, a 25-gauge needle-syringe apparatus was used 

to draw the polymer solution in syringe and later injected into bovine eye-ball.  
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5.8.  Determination of the inherent water content:  

The water content of the formulation was determined using Karl – 

Fischer titrimetry (Mettler DL18, Karl Fisher titrator). The polymer solution 

containing GYY 4137 was made injectable by placing it in a shaking water 

bath at 37°C. When it became less viscous and could be drawn in a syringe, 

approximately 40 mg of it was determined for the water content, by injecting 

it in the titrator cell containing the Karl – Fisher reagent. The water content 

was obtained as a numerical value expressed in % weight of the sample added. 

 

5.9.  Determination of the pH:  

The change in pH of STF was determined using Accumet® Basic pH 

meter – Fisher Scientifics. The pH of the STF was measured before and after 

adding the GYY 4137 in situ gelling formulation. Four hundred µL of GYY 

4137 polymer solution was injected in 4.4 mL of STF for determining the pH 

after formulation addition. 

 

5.10. Determination of the osmolarity: 

The osmolarity of STF before and after addition of GYY 4137 in situ 

gelling formulation was determined using μ Osmette® - Precision instruments, 

micro osmometer. The osmometer was calibrated using 50 µL of 500 
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mOsm/kg and 100 mOsm/kg standard solutions before determining the 

osmolarity of the samples. After the calibration process, 50 μL of the samples 

from the GYY 4137 formulation were analyzed for the osmolarity.  

 

5.11. Determination of the degradation products: 

5.11.1. Evaluation of degradation of H2S due to presence of 

oxygen: The deoxygenation of STF was carried out by nitrogen purging for 1 

hour. To this deoxygenated STF, two mg of GYY 4137 was added. At 

specified time points, 3 mL aliquot sample of the STF was withdrawn and 3 

mL release media was added to make up for it. Sixty µL of diamine reagent 

was added to the sample which resulted in the development of the colored 

complex ethylene blue. The amount of hydrogen sulfide in the sample was 

quantified by measuring the absorbance at 670 nm using HPLC. 

This H2S release from in the de-oxygenated STF media was compared 

to the H2S release obtained from using non-deoxygenated STF as described 

in section 5.1. 

5.11.2. Evaluation of degradation of GYY 4137 in in situ gelling 

formulation: The degradation products of GYY 4137 released from the 

delivery system was determined by using 31P nuclear magnetic resonance 

(NMR). One mL of formulation was injected in 9 mL of STF, and 600 µL of 
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the aliquot sample was utilized for the analysis. A solution of sodium 

dihydrogen phosphate (0.1mg/mL) was prepared in deuterated water (D2O) 

and used as an internal standard. One hundred µL of internal standard was 

used in the NMR detection of the degradation product. These samples were 

then analyzed using a 30 minute, proton decoupled 31P experiment on a 

Bucker Ascend™ 400 NMR instrument. 

 

5.12. Data analysis:  

Statistical comparisons were made using student’s t-test and ANOVA 

(analysis of variance). The level of significance used was p < 0.05.  

For all the in vitro release studies, concentration of H2S in the releasing media 

was corrected for sample withdrawal effects by using the following equation, 

C'n = Cn (Vt/Vt-Vs) (C'n-1/Cn-1) 

Where, 

C'n: corrected concentration of the nth sample 

Cn: measured concentration in the nth sample 

Cn-1: measured concentration in the (n-1)th sample 

VT: total volume of the receiver fluid 

Vs: volume of the sample withdrawn  
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6. Results and Discussion 

6.1.  Preparation of the in situ gelling delivery system: 

GYY 4137 is a relatively slower H2S releasing donor which has 

exhibited a plethora of beneficial pharmacological actions like vasorelaxation 

(Li and Whiteman et al., 2008), cardio protection (Lee and Zhou et al., 2011) 

and anti-hypertensive effect (Meng et al., 2015). These actions are attributed 

to H2S released from this prodrug. H2S has exhibited neuroprotection by RGC 

rescue and lowering of elevated IOP in glaucoma (Ohia et al., 2006). Since 

GYY 4137 is a slow H2S releasing donor, it was chosen as a model candidate 

for the delivery of H2S in eye for harnessing the therapeutic potential of the 

H2S in glaucomatous conditions. 

Figure 13: Release of H2S from GYY 4137 (Alexander et al., 2015). 

GYY 4137 releases H2S in presence of water as shown in figure 13. 

Therefore, for the therapeutic delivery of GYY 4137, it is essential that the 

delivery system is devoid of water and should not use water in any of its 
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development steps as well. Phase sensitive in situ gelling systems offer the 

distinctive advantage of being non-aqueous and hence are suitable candidates 

for delivery of H2S from the slow H2S donor GYY 4137. These phase 

sensitive in situ gelling systems gel in presence of aqueous milieu. This 

aqueous environment would provide the water necessary for the release of 

H2S from GYY 4137. This in situ gelling system would be administered sub-

conjunctivally so that it could be introduced in the aqueous milieu of eye, for 

its gelling and subsequent H2S release for the glaucoma therapy.  

The phase sensitive in situ gelling system for the delivery of H2S using 

NaSH (a fast H2S releasing donor) as a model donor has been developed and 

characterized by Ali et al., 2014. This study utilized benzyl benzoate and 

benzyl alcohol as the solvent system, and PLGA as the polymer. In addition, 

the ratio of benzyl benzoate and benzyl alcohol and polymer concentration 

were varied to formulate in situ gelling systems of different 

hydrophobicities/hydrophilicities. These were then analyzed for the release 

profile of H2S, and screened for the optimum formulation with lower burst 

release and extended H2S release over time. It was found that benzyl benzoate 

and benzyl alcohol in the ratio of 30:70, and PLGA polymer (10% w/v) gave 

the optimum formulation with the necessary desired release profile. Hence, 

this was used as the model system for incorporating GYY 4137 in this study 
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because it offers advantages like sustained drug delivery, low burst release, 

low batch-to-batch variation and ease of preparation (Chen and Singh, 2005). 

This in situ gelling system utilizes a solvent blend of water miscible 

biocompatible solvents-benzyl benzoate and benzyl alcohol and water 

insoluble PLGA polymer. When this phase sensitive smart polymer system is 

injected into an aqueous tissue environment, the water miscible solvents 

diffuse out of the polymeric system and the water insoluble PLGA polymer 

then precipitates, resulting in the formation of a gel depot (Jackson et al., 

2004). Therefore, the resulting clear polymer solution containing GYY 4137 

showed the formation of a gel depot when it was injected in STF (Figure 14). 

                     

           Figure 14: Formation of the gel depot in STF.  
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6.2. Characterization of the formulation: 

6.2.1. In vitro release studies: 

The release pattern of H2S from GYY 4137 in STF has not been 

reported. Therefore, a 75-minute preliminary investigative study was carried 

out to determine the release profile of H2S from GYY 4137 in solution. H2S 

release from GYY 4137 in STF would also serve as a baseline for comparing 

the H2S release from formulation. Figure 15 shows the cumulative amount of 

H2S release over 75 minutes from GYY 4137 in STF solution. From the 

graphical plot it is evident that GYY 4137 is a slow H2S releasing donor, with 

H2S release increasing with time. 
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Figure 15: Cumulative amount of H2S release from GYY 4137 in STF 

over 75 minutes (n=4). 

It has been reported in literature that storing aqueous solution of GYY 

4137 causes its degradation (Whiteman et al., 2010; 

https://www.caymanchem.com/pdfs/13345.pdf). Therefore, GYY 4137 

solution in STF was prepared and stored for 24 hours and in vitro release 

studies were carried to evaluate effect of storage on H2S release over 75 

minutes. This release was compared to the un-stored GYY 4137 solution. 

Figure 16 graphically compares the H2S release from stored and un-stored 

GYY 4137 aqueous solutions. 

 

https://www.caymanchem.com/pdfs/13345.pdf
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Figure 16: Comparison of cumulative amount of H2S released from 

stored and un-stored GYY 4137 aqueous solution (n=3). 

Table 9 compares the cumulative amounts of H2S released from stored 

(kept in refrigeration for 24 hours) and un-stored GYY 4137 aqueous 

solutions at specific time points over 75 minutes. From table 9 and using the 

formula (1), it was found that the cumulative amount of H2S released at the 

end of 75 minutes from unstored GYY 4137 solution was approximately 1.6 

times the H2S released from stored GYY 4137 solution.    
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𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑢𝑛𝑠𝑡𝑜𝑟𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑡𝑜𝑟𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
… … … (1) 

=
1.65 (

𝑚𝑐𝑔
𝑚𝐿 )

1.03 (
𝑚𝑐𝑔
𝑚𝐿 )

  

= 1.60 

Table 9: Cumulative amount of H2S released from unstored and stored 

GYY 4137 solution (n=3). 

Time No storage Storage 

(Minutes) (µg/mL) (µg/mL) 

0 0.00 ± 0.00 0.00 ± 0.00 

5 0.08 ± 0.01 0.00 ± 0.00 

10 0.11 ± 0.04 0.08 ± 0.01 

15 0.21 ± 0.07 0.13 ± 0.00 

20 0.37 ± 0.09 0.23 ± 0.01 

25 0.58 ± 0.11 0.37 ± 0.01 

30 0.85 ± 0.15 0.49 ± 0.01 

45 1.09 ± 0.18 0.69 ± 0.01 

60 1.32 ± 0.19 0.83 ± 0.03 

75 1.65 ± 0.25 1.03 ± 0.02 

 

From the above preliminary investigative studies, it can be concluded 

that if GYY 4137 is to be used as a slow H2S donor, for therapeutic actions of 

H2S, it is essential to deliver it in a suitable pharmaceutical dosage form. This 
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pharmaceutical dosage form should be able to sustain the release of H2S over 

an extended period of time, and overcome the problem of aqueous stability of 

GYY 4137 as a H2S donor. Thus, phase sensitive in situ gelling polymeric 

system was chosen as a suitable drug delivery system. Since, it is an inherently 

sustained drug releasing system, it would prevent any potential toxicity 

associated with burst release of H2S. Since, it is devoid of water, it would not 

cause immediate release of H2S from GYY 4137 and also would overcome 

the aqueous in-stability of GYY 4137.  

In order to test the hypothesis that GYY 4137 phase sensitive 

formulation would sustain the H2S release from GYY 4137 a preliminary in 

vitro release study was carried out over 75 minutes. The cumulative release of 

H2S from GYY 4137 formulation and GYY 4137 solution is represented and 

compared graphically in figure 17. 
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Figure 17: Comparison of cumulative amount of H2S released from 

GYY 4137 formulation and GYY 4137 solution over 75 minutes (n=3). 

Table 10 compares the H2S release from the GYY 4137 formulation 

and GYY 4137 solution over 75 minutes. The following calculations using 

the formula (2) were performed to evaluate the decrease of cumulative H2S 

release when GYY 4137 was incorporated into a gelling formulation. 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
… … … (2) 

=  
1.65 (

𝑚𝑐𝑔
𝑚𝐿

)

0.90 (
𝑚𝑐𝑔
𝑚𝐿

)
 

= 1.83 
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Table 10: Cumulative amount of H2S released from GYY 4137 

formulation and GYY 4137 solution over 75 minutes (n=3). 

Time Formulation Solution 

(Minutes) (µg/mL) (µg/mL) 

0 0.00 ± 0.00 0.00 ± 0.00 

5 0.07 ± 0.00 0.04 ± 0.01 

10 0.09 ± 0.02 0.11 ± 0.04 

15 0.13 ± 0.02 0.21 ± 0.07 

20 0.18 ± 0.03 0.37 ± 0.09 

25 0.25 ± 0.05 0.58 ± 0.11 

30 0.34 ± 0.07 0.85 ± 0.15 

45 0.47 ± 0.09 1.09 ± 0.18 

60 0.65 ± 0.13 1.32 ± 0.19 

75 0.90 ± 0.18 1.65 ± 0.25 

 

 From the graph in figure 17 and from table 10, it can be concluded that 

the GYY 4137 formulation sustained the release of H2S in comparison to 

GYY 4137 solution. The H2S release from formulation at the end of 75 

minutes is approximately 1.83 times less than H2S release from GYY 4137 

solution. 

Time dependent release of H2S from GYY 4137 solution and 

formulation was carried out over 24 hours which investigated the cumulative 

amount of H2S released from both the systems. The 24-hour time period was 

chosen for comparing the H2S release since the GYY 4137 solution is unstable 

in solution after 24 hours (Cayman chemicals specification, 
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https://www.caymanchem.com/pdfs/13345.pdf). This was also corroborated 

by the earlier study (Figure 16) which showed a decrease in H2S release upon 

storage of GYY 4137 solution beyond 24-hour time period.  The results were 

expressed as cumulative amount of H2S released vs time which is shown in 

table 11 and plotted graphically (Figure 18).  

From the figure 18 graphical plot it can be concluded that until 24 hours 

the GYY 4137 formulation sustains the H2S release in comparison to its 

solution form. Furthermore, the cumulative release of H2S from the 

formulation at the end of 24 hours is 2.32 times less than from its 

corresponding solution. 

 

 

 

 

 

 

 

 

https://www.caymanchem.com/pdfs/13345.pdf
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Table 11: Cumulative amount of H2S released from GYY 4137 

formulation and GYY 4137 solution over 24 hours (n=3). 

TIME FORMULATION SOLUTION 

(HOURS) (µg/mL) (µg/mL) 

0 0.00 ± 0.00 0.08 ± 0.00 

0.08 0.08 ± 0.01 0.12 ± 0.00 

0.17 0.10 ± 0.02 0.21 ± 0.00 

0.25 0.14 ± 0.02 0.39 ± 0.00 

0.33 0.18 ± 0.04 0.68 ± 0.01 

0.42 0.27 ± 0.06 0.95 ± 0.00 

0.5 0.36 ± 0.08 1.34 ± 0.01 

0.75 0.50 ± 0.13 1.71 ± 0.05 

1 0.70 ± 0.15 2.36 ± 0.07 

1.25 0.97 ± 0.20 2.67 ± 0.03 

2.5 1.27 ± 0.22 2.90 ± 0.08 

5 1.82 ± 0.35 3.64 ± 0.03 

10 2.36 ± 0.42 4.98 ± 0.43 

12 3.14 ± 0.59 7.03 ± 0.56 

24 4.56 ± 0.86 10.62 ± 0.11 

 

 

 

 

 

 

 

 



 

86 
 

 

Figure 18: Plot of cumulative amount of H2S release from GYY 4137 

formulation and solution over 24 hours (n=3).  

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑣𝑒𝑟 24 ℎ𝑜𝑢𝑟𝑠 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑣𝑒𝑟 24 ℎ𝑜𝑢𝑟𝑠
 

=
10.62 (

𝑚𝑐𝑔
𝑚𝐿

)

4.56 (
𝑚𝑐𝑔
𝑚𝐿

)
 

= 2.32 

The in vitro release for formulation was carried out beyond 24 hours to 

identify the time point beyond which no more H2S could be detected.  The 

release of H2S was detected until 72 hours by the HPLC chromatogram. 



 

87 
 

Beyond 72 hours the peak corresponding to ethylene blue complex could not 

be detected. This could be due to the extremely small amounts of H2S that is 

released, and interaction of H2S with oxygen leading to its depletion in the 

system. The interaction of H2S and oxygen is reported in literature, with a 

decrease in H2S concentration due to presence of dissolved oxygen in the 

solution (Butler et al., 1994).  

The release pattern for the formulation containing GYY 4137 was 

graphically plotted and is shown in figure 19. From the plot it can be stated 

that approximately 8.35 ± 2.02 µg/mL of H2S is released over 72 hours.  
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Figure 19: Plot of cumulative amount of H2S released from GYY 4137 

formulation over 72 hours (n=3). 

The release pattern was analyzed to determine the release kinetics by 

fitting the release data into zero-order, first-order, and Higuchi model. Release 

profiles of GYY 4137 showed better fit for Higuchi kinetics (R2 = 0.9933) 

which is depicted in figure 20, followed by first-order (R2 = 0.9419) and then 

zero-order (R2 = 0.9393).  

Higuchi square root equation kinetic model best describes the release 

of drug from heterogeneous polymeric matrices (Ali et al., 2014). Higuchi 

kinetics takes into consideration certain hypotheses such as maintenance of 

perfect sink conditions in the release environment, uniformity of drug 

distribution in the polymeric matrix, concentration of drug in formulation 
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being higher than its solubility in the formulation, drug particles being smaller 

than the system thickness, and drug diffusivity remaining constant (Dash et 

al., 2010).   

 

 

Figure 20: Plot of amount of H2S released from GYY 4137 formulation 

vs square root of time representing the Higuchi model of release 

kinetics which is the best fit for the GYY 4137 formulation (n=3). 

The fit of Higuchi kinetic model to the release from the formulation 

explains that the drug release mechanism is a diffusion controlled process 

from an insoluble matrix (Higuchi et al., 1968). The fit of Higuchi model to 

the release from the formulation can be explained on the solubility of GYY 

4137 in polymeric solution. The drug is insoluble in the solvent blend 
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containing the polymer, and hence its concentration could have been much 

higher than its solubility in the formulation. The size of GYY 4137 (molecular 

weight, 377.48) could have been smaller than the pore-size of the polymeric 

gel matrix, so the drug could have easily diffused through such a porous 

matrix. Also, the loading concentration of GYY 4137 was so chosen that even 

if all of it was released, it still would have been soluble in the release media; 

thereby maintaining the sink conditions.  

 

6.2.2. Rheological evaluation: 

Rheological evaluations were carried out to determine the viscosity of 

the in situ gelling formulation before gelling and to characterize its flow 

pattern by varying shearing stress.  

It is a critical requirement for easy syringeability (ability to be drawn 

in a syringe) and injectability (ease of administration to the tissue) that an 

ophthalmic in situ gelling systems should have a viscosity between 5 to 1000 

cP before gelling (Rathore et al., 2010) and exhibit shear-thinning (reduction 

in viscosity on application of shear) rheology. These parameters ensure that 

the formulation is syringeable and injectable, without causing a marked 

discomfort to the patient due to an increase in force needed for injecting a 

highly viscous formulation (Cilurzo et al., 2011). 
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The viscosity of the GYY 4137 formulation before gelling was found 

to be 43.89 ± 3.21 cP (n=3). Thus, the viscosity of GYY 4137 in situ gelling 

formulation was within the lower end of viscosity limits reported in literature. 

The rheological evaluation evidenced that the in situ gelling system exhibited 

a shear-thinning flow (Figure 21), indicating that an increase in shearing rate 

reduces its viscosity. Thus, due to its shear-thinning rheology the in situ 

gelling system could be syringeable and injectable.  
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Figure 21: Plot of viscosity (cP = centipoise) vs shear rate for GYY 

4137 in situ gelling formulation, exhibiting plastic rheology (n=3). 

Yield value is a characteristic value for plastic flow, which represents 

the minimum shear required for the system to exhibit a change in viscosity 

i.e., for it to start flowing. Figure 22 indicates the yield value for the given in 

situ gelling formulation, that equals 1.12 ± 0.15 Pa (n=3). In general, as a rule 

of thumb, the pressure for injection should be less than the pressure associated 

with the target organ, which is usually 1 atm (Thomsen et al., 2014). This 

ensures the injection without any marked discomfort to the patient at the sight 

of injection and avoids any damage to the surrounding tissue.  
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One atmosphere equals 101,325 Pa, and since the minimum pressure 

(yield value) is approximately ninety thousand times less than one 

atmosphere, the polymer solution can be conveniently injected without 

causing any possible discomfort to the patient. 

 

Figure 22: Plot of shear rate vs shear stress of the GYY 4137 in situ 

gelling formulation indicating the formulation yield point (n=3). 

Syringeability and injectability are two important parameters for the 

evaluation of any injectable formulation. Syringeability refers to the transfer 

of the formulation from vial to the hypodermic needle-syringe and 

injectability refers to the performance of the formulation during injection 

(Cilurzo et al., 2011). Sub-conjunctival delivery generally utilizes the 25-
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gauge hypodermic needle-syringe for injection (Ali et al., 2014), and hence 

for syringeability and injectability evaluation a 25-gauge hypodermic syringe 

was utilized. 

The given formulation was found syringeable, that is it could be drawn 

into a 25-gauge hypodermic needle-syringe system (n=3). In the research 

study by Miller et al., it was reported that a formulation of viscosity 50 cP 

could be injected into a subcutaneous tissue using a 25-gauge hypodermic 

needle-syringe system (Miller et al., 2011). Thus, the GYY 4137 in situ 

gelling formulation with a viscosity of 43.89 ± 3.21 could be injected using a 

25-gauge hypodermic needle-syringe system. This injectability was verified 

in affirmation by injecting it into bovine eye-ball using a 25-gauge needle-

syringe apparatus.   

 

6.2.3. Determination of residual water content: 

Residual water content evaluation was carried to determine the inherent 

water that was present in the GYY 4137 in situ gelling formulation. The 

presence of inherent water in the system could have led to the pre-mature 

release of H2S from the formulation. Therefore, it was essential that no or 

minimal amounts of water was present in the system. Karl – Fisher titrimetry 
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determined that the inherent water content of the test formulation was 0.6608 

± 0.1055 % weight (n=3).  

From figure 24, it is evident that at least 36 g (2 moles) of water is 

needed for complete hydrolytic degradation of 377. 48 g (1 mole) of GYY 

4137 to release H2S. This could be expressed in % value using the following 

equation, 

% 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐺𝑌𝑌 4137

=  
36

377.48
 × 100 

                            = 9.5 % 

Since, 0.6608 ± 0.1055% (inherent water content in the given GYY 4137 

formulation) is less than 9.5% (minimum amount of water required for 

complete hydrolytic degradation of GYY 4137), there is no significant amount 

of GYY 4137 degradation that would occur leading to pre-mature release of 

H2S. 

 

6.2.4. Determination of pH:  

The pH of all the ocular fluids is approximately pH 7.4 

(http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/oph

thalmicpreparations.pdf, 2013). Maintenance of this pH is extremely vital in 

http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/ophthalmicpreparations.pdf
http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/ophthalmicpreparations.pdf
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maintaining the viability of all the ocular tissues. Therefore, it is essential that 

any ocular formulation instilled or injected into the eye maintains this pH. The 

ocular fluids like lachrymal fluid and tears have an inherent buffering capacity 

to restore the ocular pH to 7.4 upon introduction of any ocular formulation 

having a different pH 

(http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/oph

thalmicpreparations.pdf, 2013). Since, pH plays an important role in 

maintaining the health and integrity of the ocular milieu, it was imperative 

that the in situ gelling formulation be tested for determination of its pH.  

The volume of ocular fluids in human eye is around 4.4 mL (Girach and 

Pakola, 2012) and a typical sub-conjunctival injection is around 200 – 400 µL 

(Myers et al., 2015). Therefore, in this study, 4.4 mL of STF (pH 

approximately 7.4) was taken and 400 µL (maximum volume possible) of 

GYY 4137 formulation was injected and the change in pH of STF was 

recorded. The results are tabulated below in table 12.  

 

 

 

 

 

http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/ophthalmicpreparations.pdf
http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/ophthalmicpreparations.pdf
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Table 12: Change in pH of STF (n=3). 

Time points pH 

Before adding the GYY 4137 

formulation (Only STF) 

7.37 ± 0.07 

 After adding the GYY 4137 

formulation  

7.40 ± 0.08 

 

It is reported in literature that the eye can tolerate pH from 6.5 to 8.5 

without causing any severe irritation, due to the buffering capacity of the 

ocular fluids (Velapandian, 2016). Since, the change in pH of STF lies within 

this range, the gelling formulation could be tolerated in the eye without 

eliciting any irritation.  

 

6.2.5. Osmolarity determination:  

The osmolarity of ocular fluids is between 290 – 320 mOsm/kg 

(Narayanan, 2011). Therefore, it was essential that the addition of GYY 4137 

in situ gelling formulation maintained the osmolarity of ocular fluids and 

exhibited its osmolarity within this range. For the osmolarity determination, 

400 µL of the formulation was injected in 4.4 mL of STF (Refer to discussion 

in 6.2.4.). Table 13 shows the osmolarity values for the formulation. 
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 Table 13: Change in osmolarity of STF (n=3). 

Time points Osmolarity (mOsm/kg) 

Before adding the gel (Only STF) 298.6 ± 2.8 

After adding the GYY 4137 

formulation 

323 ± 2 

Standard 1 (500 mOsm/kg) 502 

Standard 2 (100 mOsm/kg) 102 

 

It is observed from table 13 that the osmolarity of STF increases to 323 

mOsm/kg upon injection of the formulation.  However, USP – NF states that 

the osmolarity limits may range from about 171 mOsm/kg to about 1711 

mOsm/kg without marked discomfort to the eye 

(http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/oph

thalmicpreparations.pdf, 2013). Thus, the change in osmolarity of STF is 

within the permissible limits of USP – NF specifications. 

 

6.2.6. Degradation studies: 

6.2.6.1. Degradation due to oxygen: It is reported in literature that 

oxygen reacts with H2S to cause its oxidative degradation into sulfur dioxide 

and other sulfate derivatives (Butler et al., 1994; 

http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/ophthalmicpreparations.pdf
http://www.usp.org/sites/default/files/usp_pdf/EN/meetings/workshops/ophthalmicpreparations.pdf
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http://www.atsdr.cdc.gov/toxprofiles/tp114-c6.pdf). Therefore, a 

comparative study was carried out to evaluate the effect of oxygen on the H2S 

release from GYY 4137 in STF. In one release study, STF was deoxygenated 

using nitrogen purge, while another release study was carried out using a non-

deoxygenated STF. Figure 23 illustrates the difference in cumulative amount 

of H2S released over 75 minutes, in deoxygenated and non-deoxygenated 

STF.  

 

Figure 23: Plot of cumulative amount of H2S released over 75 minutes 

in deoxygenated and non-deoxygenated STF. 

http://www.atsdr.cdc.gov/toxprofiles/tp114-c6.pdf
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From the figure 23 it is evident that removal of oxygen leads to an 

increase in H2S detection, implying that the removal of oxygen decreases the 

oxidative degradation of H2S.  

Since, oxygen led to the oxidative degradation of H2S, incorporating an 

anti-oxidant in the formulation would have hampered the oxidative 

degradation. Hence, anti-oxidants like sodium sulfite and sodium meta-

bisulfite were evaluated for their anti-oxidant action. However, upon addition 

of anti-oxidants the ethylene blue complex which was being detected, as an 

indication of H2S, did not form and hence its detection and quantification was 

not possible.  

It has been reported in literature that, for the methylene/ethylene blue 

complex to form and persist, there needs to be an oxidizing environment 

(Olajire and Olajide, 2014). Only in the presence of oxidizing environment its 

blue color would persist, and its detection and quantification possible (Olajire 

and Olajide, 2014). Since, addition of anti-oxidants creates a completely 

reducing environment in the solution, the formation of ethylene blue for H2S 

quantification is hindered. 

Hence, nitrogen purging seems to be the best process for deoxygenation 

of the formulation for preventing the oxidative degradation. 
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6.2.6.2. Determination of degradation products in formulation: 

GYY 4137 undergoes hydrolytic degradation to release H2S. This hydrolytic 

degradation of GYY 4137 has been outlined in literature (Alexander et al., 

2015) and is represented in figure 24.  

 

 

Figure 24: Schematic for hydrolytic degradation of GYY 4137 [(A): 

GYY 4137 (B): 4-methoxyphenylphosphonamidothioate (C): 4-

methoxyphenylphosphonicacid] (Alexander et al., 2015). 

These degradation products were analyzed using 31Phosphorus (31P) 

NMR technique. The initial degradation product (B) showed a characteristic 

chemical shift of 64.9 ppm whereas the second degradation product (C) 
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showed a chemical shift of 15.06 ppm in d6-DMSO NMR solvent (Alexander 

et al., 2015).  

Sodium dihydrogen phosphate with a chemical shift of 2.6 ppm is a 

commonly used internal standard in 31P NMR (Zhongqi et al., 2007). The 31P 

NMR of the degradation product gave a chemical shift of 16.30 ppm in 

deuterated water and its plot is shown in figure 25. 

 

 

 Figure 25: 31P NMR spectrum of GYY 4137 degradation product. 
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This chemical shift at 16.30 ppm, attributed to C (Figure 25), was in the 

chemical shift region of an analogous arylphosphonate, 4-

methoxyphenylphosphonic acid, which was reported to be 15.06 ppm in d6-

DMSO (Bravo-Altamirano and Montchamp, 2007). The minor difference in 

the chemical shift values is ascribed to the difference in NMR solvents, and 

strength of the magnetic field used in both these studies. Previously reported 

studies have utilized DMSO-d6 as the solvent and the strength of the magnetic 

field used was 121 MHz (Bravo-Altamirano and Montchamp, 2007). In our 

study, the solvent used was D2O and strength of the magnetic field used was 

400 MHz. A change in chemical shift for the same analyte is observed when 

the solvent and strength of magnetic field are changed (Mitsch et al., 1971; 

Edwards, 2008), however the chemical shift is minimal. Therefore, with the 

changes in solvent and strength of magnetic field in our study, the resulting 

data from our study suggests that the product at 16.30 ppm is 4-

methoxyphenylphosphonic acid.  

 

7. Summary 

 An in situ gelling formulation of the slow H2S releasing donor – GYY 4137 

was formulated, which could sustain the H2S release in comparison to that 

from GYY 4137 solution. 
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 The H2S release from the formulation was observed until 72 hours, which 

was better simulated by Higuchi kinetics for drug release. 

 The viscosity of the in situ gelling formulation was found to be within the 

viscosity limits for ocular injections.  

 The formulation was found to be syringeable and injectable as it exhibited 

shear-thinning flow pattern. 

 The formulation exhibited low inherent water content.  

 The addition of polymer solution to STF did not change its pH and 

osmolarity, and the values were consistent within the range of official 

limits. 

 Deoxygenation hindered the oxidative degradation of H2S, but addition of 

an anti-oxidant interfered in the HPLC detection of H2S. 

 4-methoxyphenylphosphonic acid was found to be the hydrolytic 

degradation product of GYY 4137.    
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TOXICITY EVALUATION OF FORMULATION  

1. Introduction 

Toxicity profiling of a pharmaceutical formulations using in vitro 

techniques is an important parameter in assessing the safety of the 

formulation. The results from these in vitro evaluations are expected to 

represent the possible outcomes of the prospective in-vivo pharmacological or 

toxicological assessments. In this project the in vitro studies were carried out 

on Y79 retinoblastoma cell line.  

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

tetrazolium bromide) assay is frequently applied for in vitro toxicity assays. It 

is a colorimetric assay for assessing the cells metabolic activity. Viable or 

living cells contain NAD(P)H-dependent cellular oxidoreductase enzymes, 

which reduce the MTT dye to its insoluble purple colored formazan form. The 

amount of formazan is determined spectrophotometrically by measuring 

absorbance at 540 nm. A greater absorbance would indicate a higher reductase 

activity provided by the viable cells, indicating lower toxicity due to 

exogenous materials (formulation and its components) present in the culture 

medium. 
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2. Objectives 

 To evaluate the toxicity of the GYY 4137 formulation, GYY 4137, PLGA 

polymer solution, and benzyl alcohol and benzyl benzoate solvent blend 

on Y79 (retinoblastoma) cells. 

 

3. Materials 

Table 14: List of materials for toxicity studies 

Materials Lot No. Company & Location 

RPMI  1640 medium 

(without L-glutamine) 

        15040245CV Cellgro Mediatech Inc. 

(Herndorn, VA) 

    MTT A0357552 Acros Organics 

      (NJ) 

Sodium Dodecyl 

Sulfate (SDS) 

OC183239 Thermo Scientific 

(Illinois) 

Dimethyl Formamide 

(DMF) 

148815 Fisher Scientifics 

(Fair Lawn, NJ) 

Cellulose ester dialysis 

membrane 

       (500 – 1000D) 

131090 Spectrum Laboratories 

     (CA) 
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4. Methods 

4.1.  Preparation of glutamate insults:  

Glutamate insults in the concentration of 6 mM, 14 mM, and 30 mM 

were prepared in the RPMI 1640 medium. These glutamate insults provided 

in vitro concentrations of 3 mM, 7 mM, and 15 mM when added to cells in 

the plate in a 1:1 ratio.  

 

4.2.  Preparation of GYY 4137 treatment: 

One mg of GYY 4137 was weighed and added to one mL of the RPMI 

1640 medium. Twenty-five µL of it was added to 400 µL of medium to obtain 

GYY 4137 concentration of 6.25 µg/100 µL (165.5 µM) which was labelled 

as GYY 4137 working stock. 

 

4.3.  In vitro cell studies: 

4.3.1. Preparation and treatment of cell plates/cell tubes: Y79 

retinoblastoma cells were obtained from ATCC® HTB-18™ and were cultured 

and sub-cultured in RPMI 1640 medium. When the cells were confluent, 

during their culturing, 100 µL of it were plated in triplicates in a 96 well plate. 

Immediately 100 µL of the glutamate insults were added to each well, and the 
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plate incubated at 37°C for 3 hours. Similar amount of GYY 4137 was added 

to each well to investigate its effect on viability of Y79 retinoblastoma cells. 

The toxicity evaluation of GYY 4137 loaded gel, blank gel, and BA: 

BB blend (7:3) was carried out in 15 mL falcon tubes in triplicates. One and 

a half mL of cell slurry was added to the tubes. Fifty µL of the samples were 

packaged in a dialysis membrane, clipped and then introduced into falcon 

tubes containing cells. These tubes were also incubated for 3 hours at 37°C. 

4.3.2.  MTT toxicity assay: MTT solution in the concentration of 5 

mg/mL was prepared in 0.1 M phosphate buffer.  

4.3.3. Thirty µL of MTT solution was added to each well in the plate, 

containing cells and glutamate, and cells and GYY 4137 solution respectively. 

The plate was then incubated for 4 hours at 37°C. The plate was then 

centrifuged at 1500 rpm for 5 minutes, and the supernatant was carefully 

withdrawn. One hundred µL of SDS: DMF (1:1) was added for dissolving the 

formazan crystals, the relative abundance of which was evaluated by 

measuring absorbance at 540 nm. 

The dialysis bags containing GYY 4137 loaded gel, blank gel, and BA: 

BB blend (7:3) were removed from the falcon tube. The tubes were then 

centrifuged at 1500 rpm for 5 minutes, and the supernatant was decanted. The 
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left over pellet was then reconstituted in 300 µL of media and plated in 96 

well plate in triplicates for each sample. The plate was treated similarly as 

discussed in the previous paragraph which resulted into the formation of 

formazan crystals. The absorbance of each well was read at 540 nm to 

determine the intensity of the formazan crystals formed. 

 

5. Results and discussion 

5.1.  Effect of glutamate on Y79 retinoblastoma cells: 

Glutamate has been used as an insult in this study because it is reported 

to exhibit excitotoxicity in Y79 retinoblastoma cells beyond a critical 

concentration threshold (Kritis et al., 2015; Takeda et al., 2000). Therefore, 

glutamate in the concentration range of 0 – 15 mM was used to determine the 

concentration at which glutamate would induce cell toxicity. This would serve 

as a baseline for comparing the toxicity profiles of GYY 4137 formulation, 

blank formulation, GYY 4137 solution, and BA:BB blend. 

Figure 26 and table 14 represent the concentration dependent 

excitotoxicity on the survival of Y79 cells 
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Figure 26: Plot of percent survival of Y79 retinoblastoma cells vs 

concentration of glutamate over the range of 0 – 15 mM (n=3), * p < 0.05. 

 

Table 15: Percent survival of Y79 retinoblastoma cells (n=3). 

Concentration of glutamate (mM) Percent survival (%) 

0 100.00 ± 10.35 

3 109.97 ± 8.66 

7 89.25 ± 9.71 

15 13.56 ± 2.89 

 

It is evident from the figure 26 that 3 mM of glutamate does not lead to 

excitotoxicity associated cell death, but higher concentrations such as 15 mM, 
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lead to cell death. The percent survival observed for 3 mM glutamate insult 

was 109.97 ± 8.66 % (n=3) whereas for 15 mM glutamate it was 13.56 ± 2.89 

% (n=3) (Table 15). Thus, glutamate 0 mM (i.e., only media, with no 

glutamate) or 3 mM glutamate could be used as a negative control, for cell 

toxicity because they exhibit no cell death.  Glutamate in the concentration of 

15 mM, shows 13.56 ± 2.89 % survival, which is significantly different from 

cell survival in 0 mM or 3 mM glutamate insult (p < 0.05). Thus, if 0 mM or 

3 mM glutamate insult is used as a negative control, 15 mM glutamate insult 

can be used as a positive control for cell toxicity.  

Therefore, from this study, we establish a working empirical evidence 

for utilizing glutamate, as both a negative and a positive control, by varying 

its concentration (0 mM or 3 mM of glutamate vs 15 mM of glutamate).  

 

5.2.  Effect of GYY 4137 formulation on Y79 retinoblastoma cells:  

When the Y79 cells were treated with GYY 4137 formulation as an 

insult, the cells showed 47.65 ± 11.18% survival (n=3). There was a 

significant difference between the survival of Y79 cells treated with 0 mM 

and 3 mM glutamate insults and GYY 4137 formulation insult (p < 0.05). 

Thus, on comparing GYY 4137 formulation with the negative control (0 mM 

and 3 mM glutamate solution) and positive control (15 mM glutamate 
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solution) (Figure 27), it can be concluded that GYY 4137 formulation is toxic, 

leading to approximately 47.65 ± 11.18 % cell survival. 

 

 

Figure 27: Plot of percent survival of Y79 retinoblastoma cells vs GYY 

4137 formulation, and glutamate negative (0 mM and 3 mM) and 

positive controls (15 mM) (n=3), * p < 0.05. 

Since, the GYY 4137 formulation was found to cause a decrease in cell 

survival, a screening of formulation components was done, to identify the 

component/s causing cell toxicity.  
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5.3. Effect of GYY 4137 formulation components on Y79 retinoblastoma cells: 

5.3.1. Effect of GYY 4137 solution: When the Y79 cells were treated 

with GYY 4137 solution as an insult, the cells did not show any cell death. 

The percent survival associated with GYY 4137 was, 107.55 ± 9.68 (n=3). 

There was no significant difference between the survival of Y79 cells treated 

with negative control insults and GYY 4137 insult (p > 0.05) as shown in 

figure 28. Thus, it can be concluded that GYY 4137 solution is not expected 

to cause ocular toxicity. 

 

 

Figure 28: Plot of percent survival of Y79 retinoblastoma cells vs GYY 

4137, and glutamate negative (0 mM and 3 mM) and positive controls 

(15 mM) (n=3). 
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5.3.2. Effect of PLGA polymer solution: In this study, the polymer 

dissolved in BB:BA solvent blend (blank formulation) was used as the insult. 

A 54.62 ± 8.98 % viability was observed for Y79 cells treated with blank 

formulation which was significantly (p < 0.05) less than that observed for the 

negative controls (Figure 29). Thus, the PLGA polymer in solvent blend 

exhibited toxicity leading to a decrease in cell survival.       

 

 

Figure 29: Plot of percent survival of Y79 retinoblastoma cells vs 

PLGA polymer solution, and glutamate negative (0 mM and 3 mM) and 

positive controls (15 mM) (n=3), * p < 0.05. 



 

116 
 

Since, PLGA is a FDA approved polymer and is known to be bio-

compatible and biodegradable with minimal toxicity (Makadia et al., 2011), 

the solvent blend (BA:BB) was evaluated for toxicity.  

 

5.3.3. Effect of benzyl alcohol and benzyl benzoate solvent blend: 

Benzyl alcohol and benzyl benzoate solvent blend exhibited 41.41 ± 13.50 % 

(n=3) cell survival, which was significantly different from the negative 

controls (p < 0.05) (Figure 30). Thus, it can be concluded that the toxicity of 

the GYY 4137 formulation could be attributed to the solvent blend of BA:BB. 
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Figure 30:  Plot of percent survival of Y79 retinoblastoma cells vs 

benzyl alcohol and benzyl benzoate solvent blend, and glutamate 

negative (0 mM and 3 mM) and positive controls (15 mM) (n=3), * p < 

0.05.  

 

6. Summary: 

 Glutamate was used as a positive (15 mM) control for evaluating toxicity 

of the formulation and its components. 

 GYY 4137 formulation exhibited toxicity by reducing the cell survival. 

Hence, the formulation components were evaluated for their toxicity 

profile. 
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 GYY 4137 did not elicit any toxicity leading to cell death. Additionally, 

its presence did not add to the toxicity of formulation. 

 BA:BB solvent blend exhibited toxicity which was evidenced by a 

reduction in percent Y79 cell survival in comparison to the positive 

glutamate (15 mM) control. 
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CONCLUSION 

The phase sensitive smart polymer-based in situ gelling delivery system 

containing GYY 4137 exhibited sustained H2S release in comparison to GYY 

4137 solution. This sustained release was observed until 72 hours. A validated 

assay method was developed for the quantification of the H2S in the aqueous 

medium. The rheological evaluation of the GYY 4137 formulation indicated 

that it had a plastic shear-thinning rheology with optimal yield value and 

viscosity which corroborated its desirable injectability and syringeability. The 

pH and osmolarity of the prepared delivery system in STF was in compliance 

with the USP – NF standards. Benzyl benzoate and benzyl alcohol solvent 

blend exhibited toxicity in Y79 retinoblastoma cells which was the main 

contributor to the toxicity shown by the delivery system. The sub-conjunctival 

administration of such delivery systems containing H2S donor has potential 

application in glaucoma therapy where it can lower intraocular pressure as 

well as provide neuroprotection in RGCs.  
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FUTURE DIRECTIONS 

The main aim of this study was to sustain the release of H2S over an 

extended period of time. FDA stipulates that the minimum time-period 

between two consecutive ocular injections should be 30 days. In this study, it 

was observed that the release H2S from its slow model donor was sustained 

over 72 hours using PLGA polymer dispersed in benzyl alcohol and benzyl 

benzoate. The release rate can be further decreased by using polymers 

possessing greater hydrophobicity such as poly-caprolactam or poly-

anhydride and PLGA polymer used in this study. Furthermore, biodegradable 

polymer cross linkers such as poly (ethylene glycol) methacrylate, poly (N-

hydroxymethyl acrylamide), etc. can be used to decrease the porosity of the 

gel formed in situ which could decrease the diffusivity of the incorporated 

H2S donor. Since, benzyl alcohol and benzyl benzoate solvent blend was the 

main contributor to the formulation toxicity, other solvents such as like N-

methyl-2-pyrrolidinone, triacetin could be investigated as a possible 

replacement which are widely used in phase sensitive in situ gelling systems.   

A modified STF containing ocular enzymes could be used as the release 

medium which would better simulate the in-vivo conditions. Oxidative 

degradation of H2S in STF could be the main reason for non-detectability of 

the H2S in STF. Thus, there is a need of a method capable of protecting such 
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loss of H2S. Incorporating anti-oxidants in the formulation could be an 

obvious option. However, it is limited by need of presence of oxidizing 

medium for the ethylene blue H2S quantification method used in this study.  

So, alternative or new methods should be explored for H2S quantification, 

where-in the anti-oxidant would not interfere in the H2S detection. Another 

approach could be purging dissolved oxygen for which argon gas or any other 

heavy gas should be used instead of often used nitrogen.  Nitrogen diffuses 

out quicker in comparison to heavier gases, thereby, may not be capable of 

purging oxygen for longer period of time. 
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GLOBAL IMPACT 

Visual impairment is a global health concern, which affects the physical 

and mental health of the public. Visual impairment cases leading to blindness 

are on the rise due to an increase in overall aging population. More often than 

not, ocular diseases like AMD, glaucoma, retinoblastoma, cataract etc., are 

responsible for this impairment. Amongst these glaucoma is one of the major 

causes for vision loss and blindness. Extensive research has been done, and is 

currently being undertaken for the management of glaucoma. This has led to 

the discovery and use of numerous medication therapies; but these have not 

been completely successful in managing the disease.  One such strategy which 

is currently being explored is that of providing neuroprotection to the RGC 

and ONH, in addition to lowering of elevated IOP. This approach would help 

in counteracting the two major modifiable factors leading to vision loss in 

glaucoma. Based on this very premise, my study is based on utilizing H2S in 

lowering the elevated IOP and offering neuroprotection to RGC and ONH. 

Thus, my research study could potentially provide a new insight in glaucoma 

therapy management, which is responsible for causing blindness in 70 million 

people worldwide.  
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