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ABSTRACT 

A large population is suffering from ocular diseases within US and worldwide. Glaucoma 

is the most common age-related optic nerve disease and the most common neuropathy. 

The current treatment regimen for management of glaucoma is targeted towards lowering 

IOP alone with little or no concern towards optic nerve rescue and regeneration. 

Hydrogen sulfide is a gaseous molecule which has shown neuroprotectant action in 

humans and other mammals. In a recent study a hydrogen sulfide donor in low 

concentrations (micro molar) exhibited a time-dependent decrease in IOP indicating the 

role of H2S in regulation of aqueous humor dynamics. Subconjunctival delivery can be 

the desired route since it targets both the anterior and the posterior segment. Some 

hydrogen sulfide donors are available which can produce H2S once they are inside our 

body but they must do so at sustained rate to prevent any adverse effect including 

toxicity. However, developing a sustained release delivery system of a H2S donor is a 

great challenge due to instantaneous release of H2S when they come into contact with 

water. The best way to solve this problem was to formulate an in situ gel forming smart 

polymer-based delivery system that would release hydrogen sulfide donor at sustained 

rate for extended period of time. Therefore, in this study a novel sustained release 

formulation of sodium hydrogen sulfide (NaHS) (a model H2S donor) was prepared, 

characterized, and its release profile was evaluated by quantifying the release of H2S. To 

quantitate H2S, mixed diamine reagent (0.06 ml) was added to 3 ml of standard NaHS 

solution and the intensity of the resultant colored solution was determined by measuring 

absorbance at 671nm using Pharmspec UV-1700 UV-Visible Spectrophotometer 

(Shimadzu). This method was developed and validated. Lactide and/or glycolide-based 
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polymers (intrinsic viscosity 0.20 dL/g) differing in end groups (carboxylic acid or ester), 

were dissolved in an organic solvent mixture of various ratios of benzyl benzoate (BB) 

and benzyl alcohol (BA). Polymer solutions were tested for injectability through 25 

gauge needle. To these polymer solutions, differing in polymer type and polymer 

concentrations, NaHS (0.8% w/v) was incorporated to prepare 12 different formulations. 

The NaHS was uniformly dispersed in the polymer solution by sonicating at 10W for 1 

min. All the formulations were characterized for their drug content efficiency and the 

homogeneity of drug in the formulation. When formulation was injected in releasing 

media, simulated tear fluid (STF), it instantaneously formed a gel depot. NaHS when 

released from the depot, instantaneously releases hydrogen sulfide (H2S) due to 

hydrolysis. H2S would be entrapped into the releasing media by being soluble in water up 

to 176 mM at 4°C. Samples were withdrawn from the releasing media at specific time 

points and analyzed for H2S content. Hydrogen sulfide produced ethylene blue by 

interacting with an acidic diamine reagent (mixture of N, N-diethyl-p-phenylenediamine 

sulfate (DPDS) and ferric chloride) maintained at 4°C. The intensity of ethylene blue was 

measured at 671 nm which was used to quantify H2S. The amount of H2S vs. time was 

plotted to study the release profile. In vitro polymer degradation was determined by 

adding one ml of polymeric solution into 15 ml of STF kept in a capped scintillation 

vials. The vials were placed in a refrigerator at a temperature of 4°C. At specific intervals 

of time, 1 ml aliquots of the release media were withdrawn at specific time intervals and 

replaced with equal volume of fresh STF solution. The 1 ml aliquot was analyzed using 

FTIR to determine the in vitro polymer degradation.  
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Polymers bearing carboxylic acid end group were not soluble in 100% BB which were 

well correlated with hydrophilic-lipophilic profiles of polymers and the solvent systems. 

Polymer concentrations up to 20% (w/w) were found injectable through 25 gauze needle. 

The drug content efficiency for all the formulations was around 80%. The relative 

standard deviation was less than 6.7% demonstrating uniform dispersion of drug 

throughout the formulation. The release of NaHS from a solution of NaHS in water 

showed an instantaneous release while the release of NaHS from the polymeric 

formulations lasted for four days demonstrating a sustained release. Release studies 

indicated a lower burst release (< 15%) from formulations containing polymer with 

carboxylic acid end group than those containing ester end group (burst release > 21%). 

Polymers with acid end groups showed a faster rate of release (total release period was 72 

hrs.) than those with ester end groups (total release period was 96 hrs.). The amount of 

burst release and over all release profiles were explained on the basis of influence of end 

groups on the rate of gelation of the phase-sensitive smart polymer-based delivery 

systems. The polymers with free carboxylic end groups showed faster rate of gelation as 

compared to the polymer with ester end groups. The release kinetic was better fitted to 

Higuchi model in comparison to zero or first order rate kinetics.  Therefore, it appears 

that the release of NaHS was predominantly controlled by diffusion which was 

corroborated by absence of any significant polymer degradation as well as not significant 

(p<0.05) decrease in rate of release with increase in concentration. It is concluded that 

phase-sensitive smart polymer- based system can deliver H2S donor at a sustained rate up 

to 96 hrs. which can be further extended by manipulating polymers, their composition, 

and solvent system. Therefore, any future study should investigate manipulation of 
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various formulation parameters to further extend the period of sustained release, effect of 

using releasing media better mimicking ocular environment at subconjunctival level than 

STF used in this study, and its broader applicability for delivering other clinically 

relevant H2S donors differing widely in their physicochemical properties. 
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INTRODUCTION 

Millions of adults in USA and worldwide are affected by ocular diseases such as 

glaucoma, age related macular degeneration (AMD), diabetic retinopathy, retinitis 

pigmentosa and require drug management in order to prevent blindness.  Designing of a 

drug delivery system to target specific area or part of the eye has been a challenge for the 

drug delivery scientists. (Gaudana, et al. 2010a) 

1. Eye  

The eye is a specialized sensory organ that is very unique in its anatomy and 

physiology. It exhibits unusual pharmacodynamic and pharmacokinetic properties, 

consequently presenting unique challenges and opportunities for drug delivery.  

1.1. Anatomy and physiology  

The eye is divided into the anterior and the posterior segments (Figure 1). The 

anterior segment consists of the limbus, cornea, schlemm’s canal, trabecular meshwork, 

conjunctiva, ciliary body, zonules iris and the anterior and posterior chambers (should not 

be confused with anterior and posterior ‘segments’), which are separated by the lens-iris 

diaphragm.  

The anterior chamber is bounded by the iris at its base and cornea on its roof. The 

posterior chamber is enclosed by the ciliary processes on the sides, iris on the roof and 

the lens on its base. The sieve-like trabecular meshwork is located at the juncture of 

cornea and iris in the anterior uvea. The trabecular meshwork functions as a filter that 

regulates the flow of aqueous humor (AH) from anterior chamber to schlemm’s canal and  
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Figure 1: Anatomy of the eye (Goodman and Gilman’s the pharmacological basis of 

therapeutics, 12e) 
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finally into the systemic circulation. The posterior segment as the name suggests lies 

posterior to the anterior segment and consists of choroid, sclera, retina, optic nerve and 

vitreous humor (O'Brien, et al. 2010a). 

1.2. Aqueous Humor Dynamics 

Aqueous humor is secreted by the ciliary processes into the posterior chamber. 

From the posterior chamber it flows through the pupil into the anterior chamber and 

leaves the eye through the trabecular meshwork to Schlemm’s canal and finally drains 

into the bloodstream. This pathway accounts for drainage of 80 – 95% of total AH 

produced. There is another pathway termed as the uveo-scleral pathway which involves 

the drainage of AH through the ciliary muscles and into the sclera.(Garg 2002)  

AH serves a variety of functions that includes providing nourishment to the lens 

and cornea, facilitating ocular distribution of drugs and removing metabolic 

waste.(O'Brien, et al. 2010b) 

1.3. Intraocular Pressure  

Intraocular pressure (IOP) refers to the pressure generated due to resistance 

offered by ocular structures to the flow of AH. In normal healthy individuals, IOP is 

maintained at about 15mm Hg. IOP is a balance between the AH entering the eye (termed 

as inflow) and that leaving the eye (termed as outflow). Although, inflow depends on the 

rate of production of AH, outflow depends on the resistance offered by trabecular 

meshwork or uveo-scleral pathway to drainage of AH (Figure 2). A disharmony between 

the inflow and outflow leads to abnormal IOP levels.  
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2. Glaucoma 

Glaucoma is the most common cause of irreversible blindness and optic 

neuropathy worldwide (Quigley and Broman 2006)). It currently affects 60 million 

people worldwide. According to the World Health Organization (WHO), 4.5 to 5 million 

people are blind around the world because of glaucoma, and it accounts for more than 

12% of all the global blindness (http://www.who.int). In America currently 2.2 million 

people have glaucoma (about 2%) in the age group 40 years and older 

(http://www.cdc.gov/visionhealth/data/national.htm). The prevalence of glaucoma is 

three times higher in people of African heritage (Friedman, et al. 2004)). It is a 

progressive neurodegenerative disease of retinal ganglion cells (RGCs) which results in 

degeneration and death of axon in the optic nerve (Dahlmann-Noor, et al. 2010).  

2.1. Pathophysiology of Glaucoma   

The main risk factor for glaucomatous nerve damage is raised intra-ocular 

pressure (IOP) in the eye, which is caused by mainly two factors: an increased inflow or 

impaired outflow of AH due to abnormal drainage system of anterior chamber. Elevated 

IOP exerts pressure in the posterior segment that causes structural and functional damage 

to the optic disc (Figure 3). The increased pressure is exerted on the walls of the posterior 

segment. Sclera that envelopes the posterior segment on the outside is a tough 

collagenous tissue that does not give in to this pressure. However, this pressure pinches 

the soft optic nerve and causes damage and consequent death of the RGC’s.   

http://www.who.int/blindness/causes/priority/en/index7.html
http://www.cdc.gov/visionhealth/data/national.htm
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Figure 2: Events involved in the increase in Intraocular pressure (IOP) 

 

Figure 3: Schematic representation of Optic nerve damage as a consequence of 

elevation of Intraocular Pressure  
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In some individuals this damage occurs in spite of IOP falling within the normal range 

(sometimes termed ‘normal tension glaucoma’ or NTG). Conversely, there are 

individuals with ‘elevated’ IOP who do not develop optic neuropathy (Chang and 

Goldberg 2012). This has led to two approaches to explaining the pathogenesis of this 

condition: the mechanical and the vascular theory of glaucoma. 

The mechanical theory suggests direct and indirect damage to RGCs due to 

elevated pressure. In vitro studies suggest role of other effects which include the 

activation of glial cells in retina and lamina cibrosa, and release of neurotoxic substances 

such as nitric oxide (NO) and tumor necrosis factor  (TNF-) by the cells. Oxidative 

stress and free radicals also may contribute towards damage of RGCs.  

The vasculature hypothesis suggests evidence of vascular dysregulation in 

individuals with some forms of glaucoma, which can cause chronic impairment of optic 

nerve head (ONH) blood flow and might induce ischemia–reperfusion nerve injury. 

Vascular dysregulation is coupled with disturbances in auto regulation of ocular blood 

flow, leading to oxidative stress to RGCs, and is a risk factor for glaucoma ((Dahlmann-

Noor, et al. 2010)). 

2.2. Treatment Strategies 

Glaucoma refers to a group of disorders with diverse pathophysiology and clinical 

manifestations and a common end point, optic neuropathy. The most frequent causative 

risk factor for this optic neuropathy is high intraocular pressure (IOP). IOP is not only the 

most important risk factor, but as of now it is also the only risk factor we can treat to 

prevent disease progression. All current treatment strategies aim to reduce IOP 

(Dahlmann-Noor, et al. 2010).  
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2.2.1. Surgical management of glaucoma  

Trabeculoplasty: this procedure aims at increasing outflow via trabecular 

meshwork. However, it has some adverse effects such as inflammation, necessary post 

treatment, and the need for re-treatment when beneficial effects dissipate (Lee and 

Higginbotham 2005). 

Ciliary body ablation: this procedure destroys ciliary body and causes a 

permanent reduction in AH production. This treatment is the last resort and is only 

reserved for patients with poor visual activity or in home other strategies have failed. 

Loss of vision and blindness may occur (Dahlmann-Noor, et al. 2010).  

2.2.2. Pharmacologic management of glaucoma 

Research suggests that lowering IOP reduces glaucoma progression in almost 

90% cases (Van Veldhuisen, et al. 2000). Medications used to lower IOP act by two 

mechanism decreasing inflow or increasing outflow. Classes of glaucoma medication 

used to lower IOP include prostaglandins analogs, beta-blockers, cholinergics, 

sympathomimetics, topical and oral carbonic anhydrase inhibitors are less preferred 

medications. Prostaglandins analogs, cholinergics, sympathomimetics act by increasing 

outflow whereas, beta blockers and carbonic anhydrase inhibitors reduce IOP by 

decreasing inflow (O'Brien, et al. 2010b). 

Prostaglandin analogs exert minimal side effects on topical administration and 

require only once daily dosing, making them the most widely used glaucoma medication. 

However, they also have ocular side effects such as discoloration of iris and conjunctival 

hyperemia (Lindén 2001). According to American Association of Ophthalmology 
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treatment guidelines, other first-line therapeutic options include beta blockers and 

brimonidine. 

Other drug classes are less preferred due to characteristic side effects and 

frequency of administration. Beta blockers have minor adverse effects such as ocular 

adverse effects like burning, stinging, blurring vision, irritation and tearing (beta 

blocker). Carbonic anhydrase has systemic adverse effects such as fatigue, headache, 

liver diseases etc. cholinergics require frequent dosing and has adverse effects such as 

blurred vision, cataract and retinal detachment. Sympathomimetics have minor ocular 

adverse effects and may additionally cause dizziness and drowsiness (O'Brien, et al. 

2010b).  

2.2.3. Neuroprotection  

Although reduction of IOP is an effective treatment strategy, recently there has 

been a surge of interest to develop neuroprotective strategies, as adjunct or alternative 

treatment. Recent research shows therapy targeted towards neuroprotection, preserving 

existing RGC and rescuing damaged RGC, as superior treatment in comparison to 

therapy aimed at lowering IOP alone.(O'Brien, et al. 2010b) Drugs such as statins, 

progesterone, cyclosporine A (Loane and Faden 2010) and proteins such as ciliary 

neurotrophic factor (CNTF) (Sendtner, et al. 1992) and erythropoietin (Maurer, et al. 

2008) have been studied in clinical trials for neuroprotection of central nervous system 

(CNS). These molecules have shown promising neuroprotective activity in brain and 

could potentially be used in eye. However, there are various problems associated with 

their delivery to the posterior segment of the eye. (Lavik, et al. 2011a) Thus, effective 

glaucoma therapy requires a delivery system that administers these neuroprotective 
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agents in a potent and least harmful way, and/or neuroprotective agent that is easily 

administered without significant side effects. Recently H2S was identified as a potent 

neuroprotectant and it has been localized in various human and mammalian tissues. 

(Kimura 2010) 

3. Hydrogen Sulfide  

H2S is a highly reactive, flammable, colorless gas with rotten egg like smell. H2S 

is heavier than air (d = 1.19) and has a molecular weight of 34.08. It is the sulfur analog 

of water. It can be oxidized by a variety of agents  to  form  sulfur  dioxide  (S02),  

sulfates,  and elemental  sulfur (these products also  have  toxicological  implications). 

H2S dissolves well in both polar and non-polar environments but its solubility in 

lipophilic solvents is five-fold greater than in water. The gaseous nature and lipophilicity 

of H2S allows it to dissolve in cell membranes and easily transport across the cell 

(Reiffenstein, et al. 1992a; Wang 2002; Mancardi, et al. 2009a).  

H2S has been known for over three hundred years as a toxic and poisonous gas. 

Acute  exposure  to  H2S  leads  to  sudden  fatigue,  vertigo,  intense  anxiety, 

convulsions, unconsciousness, and respiratory failure. After resuscitation, victims may 

suffer coordination and psychiatric disturbances, including hallucinations and amnesia 

(Reiffenstein, et al. 1992b). Chronic exposure leads to a variety of physiological and 

psychological effects which typically include photophobia, eye pain, headache, insomnia, 

lethargy, abnormal peripheral reflexes, depression, amnesia, convulsions, pulmonary 

edema, and bradycardia (Beauchamp et al., 1984). 
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H2S is produced biologically by anaerobic bacterial digestion of organic 

substrates in swamps and sewers, and also through inorganic reactions in volcanic gases, 

natural gas and well waters. Recently, it has been shown that the human body produces 

small amounts of H2S, prompting intense investigation into its pathological and 

physiological role in humans (Mancardi, et al. 2009). H2S is enzymatically synthesized 

and stored in various parts of human body (Kimura 2011) 

3.1.Enzymatic synthesis of hydrogen sulfide 

H2S can be produced from cysteine via a variety of enzymatic pathways. Early studies 

indicated that CBS was the predominant enzymatic pathway for H2S production in the 

brain, whereas CSE aka CGL was responsible for H2S production in the vasculature (Abe 

and Kimura 1996). In addition to brain and vasculature, CBS and CSE are expressed in a 

variety of other tissues too (see TABLE 1).   

CBS and CSE also catalyze the condensation reaction of homocysteine with 

cysteine to form H2S (Chen, et al. 2004). The extent of activation of S-

adenosylmethionine regulates the H2S production by CBS (Fig. 4). However, under 

hypercysteinimic condition, there is a decrease in the contribution of CBS. (Kimura 

2011) 

CSE produces 70% H2S from cysteine and 30% from homocysteine, but under the 

condition with higher homocysteine concentrations, homocysteine becomes the preferred 

source of H2S production (Chiku, et al. 2009). 

Additionally, two enzymes, cysteine aminotransferase (CAT) and 3-

mercaptopyruvate sulfurtransferase (MPST), which act together, are present in brain 
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(Shibuya, et al. 2009c). Interestingly, only MPST and not CAT, is found in vascular 

smooth muscle (Shibuya, et al. 2009b). CAT which is identical with aspartate 

aminotransferase (AAT) transfers the amine group from cysteine to an acceptor such as 

α-ketoglutarate resulting in 3 mercaptopyruvate which is then de-sulfurated by MST to 

produce H2S. 3MST in conjugation with CAT effectively produces H2S from cysteine in 

presence of α-ketoglutarate. (Kimura 2011)  

Table 1: Expression of enzymes involved in biosynthesis of H2S  

Enzyme Organ of expression References 

CBS Liver, kidney, brain, ileum, placenta, 

uterus, pancreatic islets 

Bergmann glia and astrocytes in brain 

 (Enokido, et al. 2005; Ichinohe, et al. 2005; Lefer 

2007) 

CSE Liver, kidney, thoracic aorta, ileum, 

portal vein, uterus, brain, placenta, 

pancreatic islets 

(Diwakar and Ravindranath 2007; Hosoki, et al. 

1997; Kaneko, et al. 2009; Patel, et al. 2009; 

Vitvitsky, et al. 2006) 

3MST  Liver, kidney, heart, lung, thymus, 

testis, thoracic aorta, brain 

((Nagahara, et al. 1998; Shibuya, et al. 2009a) 
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Figure 4: Two mechanisms of hydrogen sulfide production in mammalian cells. 

(Mancardi, et al. 2009) 

 

3.2.  Storage and Release of Hydrogen Sulfide 

Following its biosynthesis, H2S is stored in the body in two major forms and then 

released via two different mechanisms, so far (Ogasawara, et al. 1994). In one form, H2S 
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is stored in the body as acid labile sulfur. As the name suggests, H2S in this form  is 

released in response to an acidic physiologic signal  or more aptly at a critical pH below 

5.4. However, mitochondrial pH is in range of 7-8. Thus, under normal physiologic 

conditions, acid-labile sulfur is not released in the body (Ishigami, et al. 2009). H2S is 

also stored in the sulfane sulfur form, with the sulfur from H2S making  a divalent bond 

to outer sulfur atoms of the persulfides and inner chain atoms of polysulfides and thus 

getting incorporated into proteins (Stipanuk and Beck 1982). Bound sulfane sulfur is 

released in response to reducing conditions in the body (Ogasawara, et al. 1994). 

Exogenously applied free H2S is immediately absorbed as bound sulfane sulfur, 

suggesting that enzymatically produced H2S may also be stored as bound sulfane sulfur 

(Ishigami, et al. 2009). The intracellular levels of bound sulfane sulfur are dependent on 

the capacity of 3MST to produce H2S. 

Research in the last two decades has transformed the way H2S is perceived from a 

noxious gas to a gaso-transmitter, with a vast potential in pharmacotherapy. It is the third 

endogenous signaling gaso-transmitter, following nitric oxide (NO) and carbon monoxide 

(CO) (Wang 2002). H2S has been implicated in long term synaptic potentiation in the 

hippocampus (Abe and Kimura 1996). Similar to NO and CO, H2S has a relaxant action 

on thoracic aorta, ileum and the portal vein (Hosoki, et al. 1997; Yang, et al. 2008). It 

also regulates cardiac inotropism, relaxes smooth muscle, and blood vessels and acts as a 

cardio-protectant (Yang, et al. 2008).  

3.2. Neuroprotection Mechanism of Hydrogen Sulfide 

It is now well established that H2S plays a neuroprotective role in various cellular 

systems.  Generally, the rescue of cells against oxidative stress is achieved by two 
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mechanisms that are either dependent or independent of glutathione metabolism. 

Antioxidants such as vitamin E protect cells by directly acting as an anti-oxidant 

independent of intracellular glutathione levels (Kimura 2011). H2S protects against 

oxidative stress by glutathione dependent mechanisms.  For instance, extracellular H2S 

protects cells from oxidative stress by increasing glutathione production. (Kimura and 

Kimura 2004)  Moreover, Kimura et al reported that, H2S-derived 3MST and CAT may 

suppress oxidative stress in mitochondria.(Kimura, et al. 2010) Since H2S is a reducing 

agent, it is conceivable that it can react with hydrogen peroxide to suppress reactive 

oxygen species. (Devai and Delaune 2002) H2S enhances glutathione levels that are 

otherwise decreased by oxidative stress as is the case in glutamate toxicity (Kimura and 

Kimura 2004) . H2S enhances activity of cysteine/glutamate anti-porter, cysteine 

transporter and γ- glutamyl cysteine synthetase. (Kimura and Kimura 2004) (Figure 5) 

Taken together, these data support a neuroprotective role for H2S via glutathione –

dependent mechanisms. 

Recently, H2S-releasing derivatives of certain drugs have shown promise in 

protection against gastric ulcer and in inflammatory bowel disease (Wallace, et al. 2007). 

The beneficial effects of certain sulfur containing herbs like ginseng and garlic may be 

mediated via H2S (Lefer 2007). In future, development of specific drugs modulating 

hydrogen sulfide levels may prove beneficial in varied disorders. H2S releasing molecules 

have shown a time dependent decrease in the IOP in the anterior segment of the eye 

(Ohia, et al. 2012) and have a potential for neuroprotection in the posterior segment of 

the eye. (Perrino, et al. 2009) Thus, H2S releasing molecules can be potentially useful in 

the treatment of glaucoma. 
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4. Ocular delivery 

 Eye is a specialized sensory organ which is very unique in its pharmacology and 

toxicology. Interest in the area of ocular drug delivery has increased in recent years due 

to an increased understanding of a number of ocular physiological processes and 

pathological conditions, including AH dynamics, inflammation, corneal wound healing, 

and neurodegeneration. Furthermore, there has been an increase in the number of drugs 

and drug candidates that have a beneficial effect in these conditions but possess 

unfavorable formulation characteristics.  

 As a result, the formulation of these compounds for optimal delivery to the eye is 

increasingly challenging. Ocular drug delivery has been a major challenge for scientists 

due to its unique anatomy and physiology. Eye is divided into two main regions, the 

anterior segment and the posterior segment which are entirely different and the 

challenges faced in delivering therapeutic drugs to each of these areas are unique; hence, 

they are dealt with separately. 
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Figure 5: Neuroprotection mechanism of hydrogen sulfide (Kimura et al., 2011) 
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4.1.Routes of drug delivery 

4.1.1. Anterior Segment Drug Delivery 

The cornea, conjunctiva, iris, ciliary body and the lens with its zonules together 

forms the anterior segment of the eye. The topical delivery and subconjunctival injection 

is major route of anterior segment drug delivery.  

4.1.1.1. Topical Drug Delivery 

Topical drug delivery is the most convenient and efficacious method of ocular 

drug delivery to the anterior segment and offers various advantages: it avoids first-pass 

metabolism of drugs in the liver; it allows the drug to selectively target the anterior 

chamber and it is noninvasive.  However, some precorneal factors and anatomical 

barriers decrease bioavailability of topical formulations and markedly limit the 

significance of topical delivery. Only 7% of the topically instilled drug reaches the AH 

(Fig. 6).  

Precorneal factors include blinking, solution drainage, tear film, turnover rate, and 

induced lacrimation. Under normal conditions, the tear volume is 7 – 9 μl in humans with 

a turnover rate of 0.5 – 2.2 μl/min. The typical volume delivered by commercial 

eyedroppers is 35 – 56 μl. This sudden increase in the tear volume causes rapid reflex 

blinking. Irritant drugs also cause an   increase in tear secretion, which dilutes the drug. 

Unless the nasolacrimal occlusion technique is applied, most of the drug is pumped 

through the lacrimal drainage system and some is spilled onto the cheeks. Thus, only a 

small fraction of the drug actually makes it through the cornea. 

Anatomical factors include the various layers of cornea, conjunctiva, and sclera. 

The cornea is the anterior most layer of the eye and offers mechanical barrier to 
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exogenous substances and protects ocular tissue. Although it is a five layer structure, it 

can be viewed as three layers, hydrophilic stroma sandwiched between lipophilic 

epithelium and endothelial layers (Fig. 7).  

4.1.1.2. Subconjunctival drug delivery 

This route of administration is used to maintain sustained release of drug in anterior and 

posterior segment of the eye for a longer period of time with minimal dosing frequency. 

The main advantage of using this drug delivery system is that it bypasses a barrier called 

conjunctiva-cornea barrier which is a significant rate limiting factor for this drug delivery 

system. A drug given by this method need not penetrate the conjunctival epithelium and 

permits direct trans-scleral delivery of drug (Ghate and Edelhauser 2006).  

Additionally, subconjunctival injection is minimally invasive and can be well tolerated by 

patients, compared to other methods for delivering drugs into the eye ball such as 

intravitreal injection. Therefore this drug delivery method promotes patient compliance. 

Ideally, the subconjunctival delivery of an IOP lowering agent could ensure the stability 

of the drug is maintained, maintain permeability of the drug across sclera, maintain 

sustained release for 3-4 months, and minimize systemic and lymphatic absorption. But 

unfortunately the data of reducing IOP for 3-4 months is not available but can be 

achieved.  

Hydrophilicity/lipophilicity, acid/base characteristics, and molecular weight are 

some of the physicochemical properties that govern the permeability of the drug through 

the sclera. These parameters can be kept in mind while designing the drug delivery 

system (Gooch and Condie, 2012). 



20 
 

 

Figure 6: Various routes for ocular delivery and their challenges (Ghate and 

Edelhauser 2006) 

 

 

 

Figure 7: Different histo-pathologic layers of the human cornea (Ghate and 

Edelhauser 2008) 
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4.1.2. Posterior Segment Drug Delivery 

The long diffusion distance, the lens-iris barrier and the acellular nature of the 

vitreous body make the delivery of drugs to the posterior eye segment difficult. The first 

choice for treating diseases of posterior segment is the intravitreal injection, that involves  

injecting the drug directly into the posterior segment and  bypassing the corneo-scleral 

barriers. However, intravitreal injection is associated with several disadvantages, 

including its invasive nature, requires expertise and has injection-specific  complications.  

The second choice for treating diseases of posterior segment is systemic administration of 

the drug, so that the drug can reach the chorio-retinal tissue through the blood circulation. 

However, this method also has some disadvantages which include poor drug 

concentrations and high systemic side effects. 

The alternative route for treating diseases of posterior segment is to deliver the drug using 

a drug delivery system via the sclera. This drug delivery system generally involves 

delivery of drug to the periocular space (Binstock and Domb, 2012) 

 

4.1.2.1. Periocular  

Periocular route for drug delivery consist of sub-tenon, sub-conjuctival, 

peribulbar and retrobulbar administration. This periocular administration is less invasive 

in comparison to intravitreal route. Using periocular injections, drug can be delivered to 

posterior segment by trans-scleral pathway, anterior pathway that includes tear film, 

cornea, aqueous humor and vitreous humor and through choroid by systemic circulation. 

(Gaudana, et al. 2010b; Ghate and Edelhauser 2006) 
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4.2.1.2. Intravitreal 

Unlike periocular injections, the molecules are directly administered into vitreous 

in intra-vitreal injections. However, distribution of the drug in vitreous is highly non 

uniform. If molecules are small in size, they get rapidly distributed but large molecules 

do not. (Gaudana, et al. 2010b) The distribution of the drug into the vitreous depends on 

the molecular weight of the drug and pathophysiological condition of eye. (Mitra, et al. 

2005) The vitreous itself act as a barrier for gene delivery to retina using intra-vitreal 

injection. In the vitreous, a negatively charged glycosaminoglycan (hyaluronan) is 

present that interact with DNA complexes. (Pitkänen, et al. 2003) Severe aggregation and 

immobilization of DNA complexes may occur due to this interaction. Similarly, structure 

and surface charge of nanoparticles affects its mobility. (Peeters, et al. 2005)  

Retinal delivery of the drug using intra-vitreal injection can be limited by the cell layer 

separating retina and vitreous. This inner limiting membrane is the main barrier in retinal 

drug delivery. (Dalkara, et al. 2009) Another barrier in intra-vitreal delivery is the drug 

elimination by anterior or posterior route. The elimination of the drug via these two 

routes affects the half-life of the drug and ultimately the therapeutic efficacy of the drug. 

(Urtti 2006) 
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Figure 8: Different routes of drug delivery to the eye (Gaudana, et al. 2010a) 
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4.2.Dosage forms for Ocular Drug Delivery 

4.2.1. Eye drop and gels  

Topical drug delivery is the most patient compliant method of drug delivery to the 

eye. Avoidance of first pass metabolism of the drug, targeted drug delivery to the anterior 

segment of the eye and non-invasiveness are some of the advantages of topical drug 

delivery (Ghate and Edelhauser 2006). However, less than 1 % of the drug reaches AH 

when given topically (Lavik, et al. 2011b).  

Several gels formulations were developed to administer topically. These gels were 

meant to reduce dosing frequency and side effects of the drug (Lavik, et al. 2011b). 0.5% 

Timoptic-XE (Merck & Co., Whitehouse, NJ, USA) and Nyogel (Novartis AG, Basel, 

Switzerland) are some examples of the gels used to administer timolol (Shedden, et al. 

2001; Uusitalo, et al. 2005). However, blurred vision may be the consequences of 

administering drug in a gel form. 

4.2.2. Ocular Inserts 

Ocular inserts were developed to overcome some of the challenges of topical drug 

delivery. Ocular inserts were meant to deliver the drug for multiple days. The most 

widely used ocular insert is Occusert. Occusert consist of two outer membranes of poly-

(ethylene-co-vinyl acetate) and the drug was filled in between the two membranes using a 

ring made up of the same material. These ocular inserts are meant to be placed in inferior 

fornix and can deliver the drug for 7 days. However, it is not patient compliant (Lavik, et 

al. 2011b). 
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4.2.3. Surgical implants 

Surgical implants were developed to deliver drug the eye for a longer period of 

time. Several surgical implants are available now a days for example: Ozurdex (Allergan, 

Irvine, CA, USA), delivers dexamethasone for 6 months intravitreally (Haller, et al. 

2010), and Retisert (Bausch and Lomb, Rochester, NY, USA) delivers fluocinolone 

acetonide for up to 30 months intravitreally (G Schwartz and W Flynn 2011). However, 

surgical implants are costly and patients have to undergo initial surgery to implant it and 

a surgery to remove it if any adverse reaction occurs. 

4.2.4. Liposomes and Nanospheres 

Drugs meant to be administered in the eye were entrapped in the liposome. These 

liposomes were delivered as an eye drop. Pilocarpine was formulated as liposomes. The 

drug was found to be effective as same as the normal pilocarpine solution but the 

residence of the liposomes were found to be twice as that of normal solution (Monem, et 

al. 2000)). 

Nanocapsules in the form of colloidal solutions were developed to administer to 

the eye (De Campos, et al. 2003).  Nanocapsules consist of a diblock copolymer with 

polyethylene glycol as a hydrophilic component and polycaprolactone as a hydrophobic 

block. These naocapsules fuse with the cell membranes and quickly release the drug. 

(Uchida 1988) 

Liposomes and nanocapsules both were effective and reduce dosage frequency 

but were not able to overcome fundamental problems of administration and patient 

adherence (Lavik, et al. 2011b). 
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4.2.5. Contact lenses as delivery vehicles 

Contact lenses were used to deliver drugs because contact lenses have been is use 

by many people and therefore patient compliant. Soft contact lenses are hydrogels that 

are made up of networks of water soluble polymer. One of the major challenge with the 

soft contact lens is that hydrophilic drug can quickly escape from the polymer network. 

The other disadvantage of using the contact lenses for drug delivery is that these lenses 

are stored in hydrated state and the drug can leach out of the lens. Furthermore, patients 

have to wear these lenses all the time (Lavik, et al. 2011b) 

4.2.6. Sophisticated surgical implants 

Sophisticated surgical implants consist of a reservoir that is meant to be implanted 

in sub-conjunctival space. Bubbles were created using electrolysis from a micro-

electromechanical system (MEMS) which pushes drug out. The reservoir also contains a 

port for multiple drug loading. This system has many advantages like the method is 

minimally invasive, the medication will last for 3-4 months and one can control the rate 

of drug release from the reservoir by controlling electrolysis (Lavik, et al. 2011b). 

4.2.7. Injectable systems 

Injections in the sub-conjunctival spaces have more prolonged drug delivery 

compared to topical preparations. Injection containing a vehicle and a polymer is the best 

alternative to prolong the drug release over weeks or months. Two types of polymers can 

be used non degradable and degradable. Non degradable polymers show long term 

constant release of drug but as they are non-degradable, they act as foreign body and can 

lead to immune responses. Degradable polymers like poly-(lactic acid) or poly-(lactic-co-
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glycolic acid) can show non-linear kinetics with a large burst release (Lavik, et al. 

2011b)). 

Subconjunctival injections has been used with degradable polymers for various 

ocular deliveries such as antibiotics after cataract surgery (Cardillo, et al. 2010), 

carboplatin for murine retinoblastoma (Kang, et al. 2009), and celecoxib for oxidative 

stress reduction in the rat (Ayalasomayajula and Kompella 2005).     

4.3. Polymers for ocular delivery  

4.3.1. Non-biodegradable ocular delivery systems 

Two types of non-biodegradable polymers are used to form a reservoir type drug 

delivery system. PVA is a hydrophilic polymer which is used as a structural element 

whereas EVA a hydrophobic polymer is used as device’s drug restricting membrane. 

Water surrounding the reservoir diffuses through the outer EVA membrane and partially 

dissolves the drug inside the reservoir. This saturated solution of drug then diffuses out of 

the reservoir into the surrounding tissue (Conway 2008; Kearns and Williams 2009; 

Yasukawa, et al. 2006)). There is a constant release of drug from the reservoir and 

duration of drug release depends on the dissolution of the drug. Drug release rate can be 

controlled by maintaining the formulation parameters such as by increasing the surface 

area or thickness of EVA membrane the drug release rate can be slowed while using 

more permeable membrane and maximizing the surface area available for diffusion can 

increase the drug release rate. Such delivery systems can deliver the drug for years (Lee, 

et al. 2010). 
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Nondegradable reservoir type drug delivery system has many disadvantages such 

as implantation requires large incisions, re-implantation may be required once the drug is 

released completely and may require suturing for implantation. (Lee, et al. 2010) This 

system is also associated with many side effects like retinal detachment, vitreous 

hemorrhage, and cataract formation (Chu 2008; Kiernan and Mieler 2009a; Kimura and 

Ogura 2001; Mohammad, et al. 2007). 

4.3.2. Biodegradable Polymers 

Biodegradable ocular delivery devices are made up of biocompatible 

biodegradable polymers. These biodegradable polymers degrade and produce 

toxicologically safe by products that can be eliminated by normal metabolism (Lee, et al. 

2010; Makadia and Siegel 2011). Biodegradable ocular devices have distinct advantages 

over non-biodegradable ocular devices such as biodegradable ocular devices do not 

produce chronic foreign body reactions and there is no need to remove these devices once 

implanted (Chu 2008). PLA and PLGA are the most commonly used biodegradable 

polymers (Lee, et al. 2010).  

Amongst all degradable polymers PLGA has shown wide applications for the 

drug delivery. PLGA is a FDA approved, physically strong and highly biocompatible 

polymer (Bouissou, et al. 2006; Jain 2000; Makadia and Siegel 2011; Ruhe, et al. 2003). 

PLGA has several advantages that make PLGA a promising polymer for sustained drug 

delivery.  

PLGA consist of cyclic dimers of glycolic acid and lactic acid which can be 

synthesized using a copolymerization reaction. In PLGA, during polymerization of ester 
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linkages monomeric units of glycolic or lactic acid are linked together successively. 

PLGA has several advantages. Biodegradation characteristics of PLGA specifically 

degradation time can be altered by varying lactide to glycolide ratio used for the 

polymerization of PLGA (Lee, et al. 2010). PLGA has wide variety of uses because 

PLGA can be molded into variety of shapes like rods, screws, plates, and pins. Therefore, 

Different shapes of PLGA can be used to made variety of biomedical devices, resorbable 

suture materials, surgical meshes, scaffolding for tissue regeneration and vascular grafts 

and stents (Avgoustakis 2008; Chu 2008).  

Properties like favorable degradation rate, physical properties like polymer 

molecular weight, ration of lactide to glycolide can affect drug release and therefore 

make polymer composition important (Allison 2008; Chu 2008; Mohamed and Van Der 

Walle 2008; Mundargi, et al. 2008). Also properties like surface area of biodegradable 

ocular device, drug load, water solubility of the drug and polymer degradation speed also 

affect the rate of drug release (Anderson and Shive 1997). The rate and degree of drug 

release from PLGA-based delivery systems can be altered by altering the polymer 

composition and that is the main advantage of PLGA-based delivery systems 

(Avgoustakis 2008). All the above mentioned advantages made PLA and PLGA based 

delivery systems versatile for eye diseases (Lee, et al. 2010). 

Drug release from PLA, PGA and PLGA based delivery systems follow three phases: 

1. Burst release: High amount of drug is released in short period of time. 
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2. Diffusion and chain scission: Diffusion depends on the water solubility of the drug 

whereas chain scission that is hydrolytic cleavage of polymers which affects diffusion by 

increasing the surface area and porosity of the device. 

3. Biodegradation and mass loss: Biodegradation of the polymer matrix, mass loss initially 

occurring in the central core of the implant, final burst is associated with drug release. 

(Conway 2008; Gaudana, et al. 2009; Kearns and Williams 2009; Yasukawa, et al. 2006). 

Generally PLA, PGA and PLGA based delivery systems follow pseudo first-order 

or square-root kinetics. Advanced PLGA based delivery systems show initial burst 

release of zero order kinetics followed by biphasic release characteristics (Chu 2008; 

Kiernan and Mieler 2009b). 

PLA, PGA, and PLGA are degraded using a process referred to as bulk erosion. 

This bulk erosion differs from surface erosion of the drug/polymer such as 

polyanhydrides (PAH) and polyorthoesters (POE) (Yasukawa, et al. 2006). In the 

presence of water from surrounding tissues, PLA, PGA, and PLGA undergo 

nonenzymatic hydrolysis of ester linkages throughout the matrix. This hydrolysis makes 

PGA, and PLGA polymers biocompatible because the by-product formed are original 

monomers of lactic acid and/or glycolic acid. These monomers are nontoxic and get 

converted to carbon dioxide and water by Krebs cycle and therefore eliminated safely 

(Avgoustakis 2008; Kimura and Ogura 2001). 

PLA and PLGA biocompatibilities have been suggested to have better tolerability 

in ocular tissues than in non-ocular tissues (Giordano, et al. 1995; Moritera, et al. 1991; 

Moritera, et al. 1992; Yasukawa, et al. 2006). Different parts of eye namely the anterior 

chamber, vitreous cavity and sub-retinal space show high immune responses. These 
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immune responses are due to the blood-ocular barrier, absence of lymphatic drainage 

pathways, immunomodulatory factors that are soluble in aqueous humor, ocular 

parenchymal immunomodulatory ligands and antigen presenting cells that promotes 

tolerance (Streilein 2003)). Based on the above mentioned factors, polymers that are 

implanted into the vitreous cavity shows less inflammatory reaction than any other tissue. 

PLA/PLGA polymers are biodegradable and therefore have been highly studied and 

experimented for their implantation in to the various parts of the eye (Giordano, et al. 

1995; Moritera, et al. 1991; Moritera, et al. 1992; Yasukawa, et al. 2006). 

Some examples of commercially available ocular inserts include, Lacrisert® 

(Aton Pharma, Inc., Lawrenceville, NJ), a rod shaped, sterile, water soluble insert. It was 

introduced in 1981 and made up of Hydorxypropyl cellulose for relieving dry eye 

syndrome (Lee, et al. 2010). Surodex™ (Allergan, Inc., Irvine, CA) is a rod-shaped insert 

consisting of dexamethasone, PLGA and hydroxypropyl methylcellulose (HPMC) for 

sustained drug release rate (60 μg over 7–10 days) (Lee, et al. 2004). It is meant to be 

inserted in the anterior chamber to control postoperative inflammation following cataract 

surgery (Chang, et al. 1999; Seah, et al. 2005; Tan, et al. 1999). Ozurdex® (formerly 

Posurdex, Allergan Inc, Irvine,CA) consist of rod-shaped PLGA copolymer (Novadur™, 

Allergan, Inc.) matrix. It is posterior segment drug delivery system for dexamethasone. 

(Kranz and Bodmeier 2007) 

4.4.In-situ gel / Phase sensitive polymers 

In-situ gel forming polymers have several advantages like they are easy to 

manufacture, manufacturing conditions are less stressful for sensitive drug molecules and 
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do not require reconstitution before injection (Cleland et al., 2001; Singh and Singh, 

2004). 

These polymers have been studied for the delivery of various agents like narcotics 

antagonists (Coonts et al., 1993), anti-inflammatory agents (Tipton et al., 1991), 

chemotherapeutic agents (Dunn et al., 1996; Singh et al., 1997) etc. The in-situ forming 

biodegradable drug delivery system has already been established for dilitiazem 

hydrochloride (Kranz and Bodmeier 2007), calcitonin (Prabhu, et al. 2005), 

levonorgesterol (Gao, et al. 2007), lysozyme (Chhabra, et al. 2007a) and rivastigmine 

(Vintiloiu, et al. 2008). 

In this approach to form a solution a water insoluble biodegradable polymer is 

dissolved in biocompatible, fully or partially water miscible organic solvent. The 

resulting solution is injected subcutaneously after adding drug. After injection, phase 

separation occurs and water diffuses into the polymer matrix. Polymer precipitates to 

form an in situ gel (Eliaz and Kost, 2000; Hatefi and Amsden, 2002; Ravivarapu et al., 

2000b). This approach was introduced by Dunn and Coworkers (Dunn et al.,1990; Dunn 

and tipton, 1997). There are three ways by which drug can be released by the implant 1) 

Diffusion 2) Erosion of polymer and 3) Combination of both. (Graham et al., 1999) 

In another approach, to obtain sustained release, polymer is dissolved in the 

mixture of one hydrophilic and one hydrophobic solvent. Hydrophilic solvents like BA, 

glycofurol, and tetraglycol and hydrophobic solvents like BB, triacetin and ethyl acetate 

can be used. Advantages of this approach include decrease in water permeation of the 
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implant and decrease in hydrolysis rate of polymer. This approach was a patent of Chern 

and Zingermann. 

5. Statement of Problem 

A large population is suffering from ocular diseases within US and worldwide. 

There is going to be a steady increase in the number of patients for ocular diseases. 

Glaucoma is the most common age-related optic nerve disease and the most common 

neuropathy. The current treatment regimen for management of glaucoma is targeted 

towards lowering IOP alone with little or no concern towards optic nerve rescue and 

regeneration. Hydrogen sulfide is a gaseous molecule which has shown a neuroprotectant 

action in humans and other mammals. In a recent study a hydrogen sulfide donor also 

exhibited a time-dependent decrease in IOP indicating the role of H2S in regulation of 

aqueous humor dynamics.  

The IOP lowering medications are mostly administered topically and thus very 

low concentrations actually reach the target tissue in the eye. However, for 

neuroprotection desired delivery route would be one which targets both the anterior and 

the posterior segment. Subconjunctival delivery offers this advantage and is less invasive 

route compared to intravitreal, which is mostly used for posterior segment drug delivery.   

In order to formulate H2S to deliver to the eye, hydrogen sulfide donors are 

available commercially, which in response to a stimuli release hydrogen sulfide. In most 

cases this stimuli is contact with water, the reaction of H2S donor with water instantly 

produces hydrogen sulfide in gaseous form. Another concern here is the concentration 

range in which H2S is delivered, since it is therapeutic in low doses (Nano molar) and is 
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cytotoxic in high doses (high micro molar concentrations). So the dosage from should be 

such that doesn’t release all the H2S at once and rather produces a sustained release.  

There were three main problems: 

1. Choice of a drug delivery route which targets both the segments of the eye. 

2. Choice of a delivery system which reduces dosing frequency and releases drug in the 

therapeutic range. 

3. Most Hydrogen sulfide donors can’t be formulated using a particle based delivery 

system 

The long term goal of this project is to develop smart polymer based drug delivery 

system, which can deliver hydrogen sulfide donor at a sustained rate. We hypothesized 

that an In situ gel forming smart polymer-based delivery system would release 

hydrogen sulfide donor at sustained rate for extended period of time. We expect this 

delivery system to be biocompatible and biodegradable because the polymers used are 

biocompatible. Solvents used are non-toxic and FDA approved for injectable 

formulations.  

The following specific aims were investigated to test the above hypothesis 

 To develop an efficient and valid quantitative method for H2S determination. 

 To prepare and characterize H2S donor-polymer solution. 

 To optimize formulation parameters. To determine the release profile (burst release 

and rate of release) of the H2S donor. 
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1. MATERIALS 

The materials used in this study and their sources are listed in Table 2. All the materials 

were used as received without any further purification. 

Table 2: List of materials used in this study 

Materials* Lot  No. Company and Location 

Poly(DL-lactide) 

(RESOMER® R 202 S) 

RES-0380 Boehringer Ingelheim (Petersburg, 

VA) 

Poly(DL-lactide) 

(RESOMER® R 202 H) 

1011981 Boehringer Ingelheim (Petersburg, 

VA) 

Poly(DL-lactide) 

(RESOMER® RG 502 H) 

1009848 Boehringer Ingelheim (Petersburg, 

VA) 

Poly(DL-lactide) 

(RESOMER® RG 502 S) 

1014666 Boehringer Ingelheim (Petersburg, 

VA) 

Benzyl Benzoate 105862500 Acros Organics (New Jersey) 

Benzyl Alcohol A019979301 Acros Organics (New Jersey) 

N,N-Diethyl-p-phenylenediamine A0291514 Acros Organics (New Jersey) 

Sodium Chloride 044251 Fisher Scientific Co. (Fair Lawn, NJ) 

Potassium Chloride 037696 Fisher Scientific Co. (Fair Lawn, NJ) 

Sodium Bicarbonate 144-55-8 Sigma-Aldrich, Inc. (St. Louis, MO) 

Calcium chloride dehydrate 10035-04-8 Sigma-Aldrich, Inc. (St. Louis, MO) 

Iron (III) chloride 7705-08-0 Sigma-Aldrich, Inc. (St. Louis, MO) 

Sodium hydrosulfide hydrate 207683-19-0 Sigma-Aldrich, Inc. (St. Louis, MO) 
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2. METHODS  

2.1. Preparation of Simulated Tear Fluid  

Sodium chloride 6.80 g, sodium bicarbonate 2.2 g, calcium chloride·2H2O 0.08 g, 

potassium chloride 1.40 g were weighed and added to deionized water q.s. 1L (Cohen, S. 

1997). The pH of the resulting solution was adjusted to 7.4 by adding few drops of 0.1 N 

HCL or 0.1 N NaOH. 

2.2. Preparation of Standard Sodium Hydrogen Sulfide Solution 

Standard NaHS solution was prepared by transferring its specific amount (0.028g) into a 

clean 1L volumetric flask. The simulated tear fluid (STF) was added to the flask to make 

up 1L while maintaining the temperature 10
o
C or below. 

2.3. Preparation of Mixed Diamine Reagent 

Two ml of N, N-diethyl-p-phenylenediamine sulfate and 3g of ferric chloride  ( FeCl3. 

6H2O) were dissolved in  50  ml  of 50%  (v/v)  hydrochloric  acid maintained at 10
o
C or 

below (Cline, J.D. 1969).  The reagent was stored in a dark bottle in the refrigerator.  

2.4. Determination of Sodium Hydrogen Sulfide in a Solution 

Mixed diamine reagent (0.06 ml) was added to 3 ml of standard NaHS solution 

maintained at 4ºC, parafilmed, shaken vigorously and set aside for 10 min.  The intensity 

of the resultant colored solution was determined by measuring absorbance at 671nm 

using Pharmspec UV-1700 UV-Visible Spectrophotometer (Shimadzu).  
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A standard curve was obtained by plotting the absorbance obtained above vs. 

concentrations of NaHS solutions. The unknown concentration of H2S was determined by 

inputting the absorbance in regression equation representing the standard curve. The 

method was validated by determining the precision for inter- and intra-day variability and 

its specificity. 

2.5. Preparation of Polymer Solution 

 Specific amount of polymers 1-4 (Table 4) were added to solvent mixtures of BB and 

BA in a glass vial and were placed in a shaking water bath (37°C, 35 rpm) for 24 hours, 

after which the polymer was found to dissolve completely. Solubility of the polymers in 

solution was confirmed by visual inspection of an appearance of a clear transparent 

solution. The injectability of the polymer solutions was determined by their efficient flow 

through a 25 gauge needle. 

2.6. Preparation of Drug Formulations 

Twelve different formulations differing in polymer concentration, polymer composition 

and end groups were prepared following the steps shown in Fig 1. Concentration of 

NaHS was kept constant at 4% (w/v) in all these formulations. NaHS was added to the 

polymer solutions and sonicated for 1min at 10W, which resulted into a clear drug-

polymer solution. 
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Figure 9: Steps involved in preparation of drug-polymer solution (Chhabra, et al. 

2007a) 

Polymer 

+ 

Solvent 

(Shaking Water Bath, 37° C, 24 Hrs.) 

Polymer Solution 

Sonication (10W, 40 sec) 

 

Polymer Drug Solution 

(1 ml) 

Gel Depot Formation 

NaHS  

Simulated Tear Fluid pH 7.4 

(10°C) 

Injected  
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2.7. Determination of Drug Content Efficiency: 

The theoretical drug load of the formulation was calculated by dividing the weight of the 

drug added initially to the formulation by the total volume of formulation. The actual 

drug load was determined by adding 1 ml of the formulation to 50 ml of STF and 

homogenized for 10-15 minutes. The solution was then filtered and analyzed for drug 

content using the method discussed in 8.4.  

The drug content efficiency was calculated using the following equation: 

                         
                                         

                                        
               

 

2.8. Homogeneity of NaHS in gel formulation 

Three samples were collected from different regions of the formulation contained in a 

capped glass vial: one sample each from top, middle and the bottom of the vial and the 

drug loads were determined for these samples as discussed in sub-section 8.7. The 

comparison of the relative standard deviations indicated homogeneity or non-

homogeneity of the delivery system. 

2.9. In vitro release studies 

One ml of polymeric solution was added to 15 ml of simulated tear fluid (STF) (pH 7.4) 

in capped scintillation vials. The vials were placed in a refrigerator at a temperature of 

4°C. At specific intervals of time, 1 ml aliquots of the release media were withdrawn at 

specific time intervals and replaced with equal volume of fresh STF solution. The 1 ml 



41 
 

aliquot was used to determine the release of drug from the formulation. The cumulative 

amount of drug release from the formulation was determined by using the method 

described in 8.4 which was plotted against time. The drug concentration in the released 

samples was corrected for sample withdrawal (Hayton and Chen, 1982). 

2.10. In vitro polymer degradation studies 

In case of certain drugs, drug properties cause an unusually faster degradation of PLGA 

(Tang and Singh 2008). The ultrasound frequency and signal duration during sonication 

affects the molecular weight loss and mass loss, and changes the overall degradation 

kinetics of the polymer (Agrawal, et al. 2004). In order to investigate the effect of drug 

properties and formulation process parameters in vitro degradation studies were 

performed. One ml of polymeric solution was added to 15 ml of simulated tear fluid 

(STF) (pH 7.4) in capped scintillation vials. The vials were placed in a refrigerator at a 

temperature of 4°C. At specific intervals of time, 1 ml aliquots of the release media were 

withdrawn at specific time intervals and replaced with equal volume of fresh STF 

solution. The 1 ml aliquot was analyzed using UV-Visible Spectrophotometer and FTIR 

to determine the in vitro polymer degradation. The pH was monitored over the period of 

four days. 

2.11. Data Analysis 

     Statistical comparisons were made using student’s t-test and analysis of variance 

(ANOVA). The level of significance was used as p<0.05. 

Precision: 
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Precision is a measure of the consistency and reproducibility of the method. A 

precise method gives us close values for repeated measurements of the same sample 

under same conditions. The relative standard deviation (RSD) values were calculated for 

both within day and day to day precision 

                                
                  

    
              

Accuracy: 

Accuracy is the indicator of the trueness of the test measurements. The accuracy 

of the assay was evaluated by comparing the estimated concentration with the known 

concentration of each of the model proteins. 

          
                      

                    
              

 

The concentration of HS donor in the receptor samples was corrected for sampling 

withdrawal effects by using the following equation (Hayton and Chen 1982): 

  
    (

  

     
) (

    
 

    
)          

 

where, C
’
n is the corrected concentration of n

th
 sample, Cn the measured concentration of 

HS donor in the n
th

 sample, Cn-1 the measured concentration of HS donor in the (n-1)
th   

sample, VT the total volume of the receiver fluid, VS the volume of the sample drawn. 

 



43 
 

The release kinetics of NaHS were modeled by using the mathematical equations 

for zero-order, first-order, and Higuchi’s square root model which are shown below: 

 

Zero-order: 

      ………………………….. (5) 

where x = amount of NaHS released during a specific time period 

 t = time period of release 

    = zero-order rate constant 

The plot of x vs. t was found to be a straight line which slope was used as   . 

 

First-order: 

   
 

   
 

  

     
  ………………. (6) 

where  a = amount of NaHS incorporated in the formulation  

x = amount of NaHS released during a specific time period 

 t = time period of release 

    = first-order rate constant 

The plot of    
 

   
 vs t was found to be a straight line which slope was used as equal to 

  

     
. 

 

Higuchi square root model: 

     
    ……………. (7) 

 

Where x = amount of NaHS released during a specific time period 
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 t = time period of release 

 kH = Higuchi constant 

The plot of x vs. t
1/2

 was found to be a straight line which slope was used as   . 

 

Rate constants were calculated using the above mathematical equations and their 

correlation with specific time periods were calculated using linear regression analysis. 
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Chapter III - Results and Discussion 
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1. Preparation of Simulated Tear Fluid 

The osmolality of STF was found out to be 297 ± 3 mOsmol/kg which is 

approximately equal to  its theoretical value (300 mOsmol/kg) as well as standard value 

of human tear ( 299.3 ± 6.0 mOsmol/kg) (Craig, et al. 1995).The initial pH was found to 

be 7.8 that was adjusted to 7.4 using 0.1N HCl. The use of STF can help correlate the in-

vitro release with potential in-vivo release since the ion composition, tonicity and pH 

values of the STF correspond to the values of actual human tear fluid (Hägerström, et al. 

2000). The long term goal of this study is to develop a controlled release delivery system 

for H2S donors capable of maintaining a sustained level of H2S in anterior segment of eye 

on subconjunctival injection. Therefore, STF was used as releasing media for 

determining in vitro release profiles instead of phosphate buffered saline solution which 

is the most often used releasing media. 

2. Preparation of Standard NaHS Solution 

Standard NaHS solution was successfully prepared by adding its accurately 

weighed specified amount in STF stored at 4°C. NaHS when dissolved in water quickly 

generates hydrogen sulfide following the reaction as shown below: 

 

NaHS + H2O               NaOH + H2S 

 

 Similarly, other hydrogen sulfide donors also react with water to produce 

hydrogen sulfide which would be lost to environment easily due to its gaseous nature. 

Therefore, it is critical to capture the H2S gas evolved in the releasing media itself for the 

accuracy of quantitative data produced from the assay method for H2S donors. Hence, an 
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important consideration in such studies is the temperature at which the solution of the 

hydrogen sulfide donor (in this case NaHS solution) is maintained and stored to allow 

maximum solubility of H2S gas in the solution and minimize its escape into the air.  

Temperature has a significant effect on the solubility of hydrogen sulfide in water; 

the solubility at 10°C is almost two folds compared to the solubility at normal room 

temperature (Carroll and Mather 1989) as shown in Fig 10. Therefore, the standard 

solutions were maintained at 10°C to ensure the maximum solubility of hydrogen sulfide 

in water and thereby preventing its loss if any to environment. Moreover, the standard 

solutions of NaHS were prepared of such concentrations that the theoretically calculated 

maximum amounts of H2S produced were always less than its aqueous solubility.  

 

Figure 10: Effect of temperature on solubility of hydrogen sulfide in water 

(http://www.engineeringtoolbox.com) 

 

http://www.engineeringtoolbox.com/gases-solubility-water-d_1148.html
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3. Quantification of sodium hydrogen sulfide  

The amount of NaHS in its standard or released samples were determined by a 

modified methylene blue method that is a well-established analytical method used for 

measuring low concentrations of sulfides in aqueous solutions (Cline 1969). This is based 

on formation of a colored compound, methylene blue, due to the reaction of sulfide (S
2-

) 

with an acidified solution of N, N-dimethyl-p-phenylenediamine sulfate (DPD) in the 

presence of the oxidizing agent ferric chloride (FeCl3). The amount of methylene blue 

produced is an indication of amount of sulfides present in the medium which is 

determined by measuring its absorbance at wavelength (671 nm) in a spectrophotometer.  

A variation of this method is the ethylene blue method in which the reagent used 

is a diethyl derivative of DPD (Fig. 11). The reaction involves a 2:1 stoichiometry of 

reagent to sulfide. This reaction is highly specific for sulfide at low concentration, 

however, not sensitive enough for the estimation of nano molar concentrations of 

hydrogen sulfide (Lindsay and Baedecker 1988). 

NaHS + H2O                                   NaOH + H2S 

(a) 

(b) 

Figure 11: (a) Production of H2S from its model donor NaHS due to exposure to 

water (b) Schematic representation of formation of ethylene blue by the reaction 

between hydrogen sulfide and the diamine reagent.  
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The use of diethyl derivative of DPD offers a variety of advantages such as: (i) it 

is a less toxic substance compared to its parent compound, (ii) 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 

aggregate.  

H2S is a strong reducing agent, and can spontaneously oxidize to sulfur dioxide or 

elemental sulfur as shown in Equations 8 and 9, respectively:  

  2H2S + 3O2         2H2O + 2SO2……… (8) 

2H2S + O2        2H2O + 2S………… (9) 

Thus, oxidation of sulfide can occur due to exposure to air when preparing and using 

standard solutions of sulfide during laboratory studies, particularly at higher 

concentrations of sulfide and pH. The air oxidation of H2S in aqueous solution is a slow 

reaction, so at pH values below 6, where H2S is the dominant species, there is little 

oxidation of H2S. As the pH of the solution increases above pH 6, the concentration of 

the hydrogen sulfide ion SH
-
 increases: this species readily undergoes oxidation in air. 

(Hughes, et al. 2009) The immediate product of oxidation of HS
-
 is sulfur, seen as a pale 

yellow or white precipitate in solutions of H2S. Therefore, in order to prevent the 

oxidation of hydrogen sulfide, acidified solution of diamine reagent was used that kept 

the pH of the reaction medium below pH 2 throughout the reaction.  

At room temperature, a saturated solution of H2S in water has concentration of 0.11 mol 

L
-1

, while at 0°C the concentration is 0.21 mol L
-1

. Thus, a special emphasis is also given 
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to the temperature of the reaction medium in order to ensure maximum solubility and 

least escape of the gas from the reaction medium by using an ice bath which maintained 

the temperature below 4 °C and always using NaHS µmolar concentration range in either 

its standard solution or in formulations (Hughes, et al. 2009).
 

4. Validation of Method for Quantification of NaHS 

The quantitative method (discussed in section 3) developed for the determination 

of NaHS in the releasing media was validated by determining its specificity, linearity, 

precision and accuracy. 

 

4.1. Specificity:  

Specificity is defined as how well a method detects only a specific substance and 

does not detect closely related substance.   Fig. 12 shows the UV spectrum of diamine 

reagent solution containing NaHS scanned from 400 nm through 800 nm. The maximum 

absorbance observed at 671 nm was indicative for the presence of ethylene blue. The 

absence of any overlapping or extraneous peaks in the spectrum indicates the specificity 

of the method for NaHS.  
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Figure 12: A UV spectrum of ethylene blue formed by the reaction between diamine 

reagent and NaHS solution. 

 

4.2. Linearity: 

Linearity study identifies a concentration range where analyte response is linearly 

proportional to the concentration. A standard curve was plotted by using diamine reagent 

solution containing varying standard amount of NaHS and the corresponding absorbances 

observed. The standard curve obtained (Fig, 10) was found to be linear over the 

concentration range of 1.5 – 100 µmole / L. The linear regression equation representing 

the standard curve was:  

y = 0.0109 x + 0.0187; R² = 0.9987………….. (10) 

671 nm 
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Where x and y indicate NaHS concentration and absorbance, respectively and R
2 

represents coefficient of determination. A coefficient of determination value of 0.9987 

indicates a probability of only 0.13% for an external factor causing the observation of 

absorbance; otherwise there is 99.87% probability that observances observed were only 

due to the presence of NaHS in diamine reagent solution. The square root of R
2
 is equal 

to regression coefficient which value was calculated to 0.9987 showing a strong strength 

of linear trend relationship between NaHS concentrations and absorbance.   

 

Figure 13: A plot of ethylene blue indicating sodium hydrogen sulfide concentration 

in diamine reagent solution vs. absorbance 
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4.3. Precision: 

Precision can be defined as the reproducibility and the consistency of the method. 

The inter-day precision was determined by analysis of four different standard curves on 

the same day. The intra-day precision was determined by the analysis of the same 

solutions on five different days over a period of 30 days. The solutions were kept 

refrigerated during this period. The relative standard deviation (RSD) values were 

calculated for both intra-day precision and inter-day precision and were found to range 

from 1.39% to 5.84% and 6.67% to 12.23%, respectively for all the concentrations within 

a range of 1.5-100 µmole/mL (Table 3) 

Table 3: Precision of method for quantification of Sodium Hydrogen Sulfide 

Concentration 

(µmole/mL) 

Intra-Day Inter-Day 

Mean Absorbance RSD (%) Mean Absorbance RSD (%) 

5 0.0624 5.84 0.0615 8.13 

10 0.1234 4.16 0.1275 6.67 

25 0.3186 3.51 0.2945 7.63 

50 0.5566 3.75 0.56125 12.23 

100 1.0986 1.39 1.1105 10.27 

 

4.4. Accuracy: 

Accuracy is a measure of the trueness of test measurements. The accuracy results 

for the method are listed in Table 4 shows that an accuracy of 94.40% or more was found 

for all the standard samples studied. 
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Table 4: Accuracy of the assay method for Sodium Hydrogen Sulfide 

Actual Concentration 

(µmole/mL) 

Measured Concentration* 

(µg/mL) 
Accuracy** (%) 

6.25 5.90 ± 0.004 94.40 

12.50 11.81 ± 0.005 94.47 

75.00 73.50 ± 0.09 97.99 

*Mean ±SD, n=4 ,   ** Accuracy = (Measured concentration/Actual concentration) X 100 
 

 

5. Preparation of polymer solutions 

The various polymers used in this study were Resomer R type 202 S, 202H, RG 

type 502 H, and 502S, which were named as polymer 1-4 respectively (Table 5). These 

polymers were either composed of PLA or PLA-co-GA and ended with either carboxylic 

acid or allyl ester end group and approved by FDA for their biocompatibility and 

biodegradability in a parenteral formulation. Moreover, the inherent viscosities of all the 

polymers used were in the ranges of 0.16 – 0.24 dL/g (Chaubal et al., 2006). The polymer 

solubility was investigated in a range of solvents consisting of varying amounts of BB 

and BA. A mixture of BB and BA provides an easy tool to manipulate and obtain a 

solvent system of optimal hydrophilicity or hydrophobicity for a particular polymer. Our 

objective was to find the solvent systems exhibiting maximum solubility yet injectable 

through 25 gauge needle. Polymer 1 and 4 were found to dissolve well in solvent system 

containing BB alone; however polymer 2 and 3 were not found to be soluble which might 
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be due to their relative hydrophilicity provided by the presence of acidic end groups 

(Fig.14). 

Polymers 1 and 4 were relatively hydrophobic in nature due to the presence of 

ester end groups (Fig.14) and therefore were soluble in BB. The maximum solubility of 

polymer 1 was 27% (w/v) but for polymer 4 it was 20% (w/v) in BB. This may be due to 

the polymer composition.  Polymer 4 is consisted of PLA and PGA (50:50) but polymer 1 

is entirely consisted of PLA only (Table 5 and Fig.14). Consequently, polymer 4 could be 

expected to be less hydrophobic than polymer 1. Hence, it solubilizes to a lesser extent 

(20%) in comparison to polymer 1 (27%) in BB, a more hydrophobic solvent than BA 

(Merck Index, 2001). 

Polymer 2 demonstrated greater solubility in the solvent system containing 

mixture of BB and BA (70:30), while polymer 3 favored the two solvents in a ratio of 

30:70 which too can be explained on the basis of polymer composition. Polymer 3 

consists of PGA in addition to the PLA but polymer 2 is composed of PLA only (Table 5 

and Fig.14). Since, GA is relatively hydrophilic than PLA; the polymer 3 prefers a 

solvent system containing greater fraction of less hydrophobic solvent component BA to 

get dissolved.  
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Table 5: Characteristics of the different polymers used for the preparation of 

formulations. 

POLYMER 

PRODUCT 

NAME 

COMPO-

SITION 

END 

GROUP 

HYDROPH-

ILICITY 

SOLVENT 

SYSTEM 

(BB:BA) 

MAX. 

SOLU-

BILITY 

MAX. CONC. 

INJECTABLE 

Polymer 1 

Resomer R 

type 202 S 

PLA* Ester Low 

100:0 

70:30 

27 20 

Polymer 2 

Resomer R 

type 202 H 

PLA* Acid High 70:30 20 20 

Polymer 3 

Resomer RG 

type 502 H 

PLGA** Acid High 30:70 20 20 

Polymer 4 

Resomer R 

type 502 S 

PLGA** Ester Low 

100:0 

70:30 

27 20 

*PLA = Poly(DL-lactide) 

**PLGA = Poly(DL-lactide-co-glycolide) 
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Figure 14: Structures of polymers used. (a) Structure of polymer 1 (*OCH2CH3), 2 

(*OH), and (b) structure of polymer 3 (*OH) and 4 (*OCH2CH3) where * and n 

represent the end group and polymer chain length, respectively  



58 
 

6. Preparation of Delivery System 

Twelve different formulations were prepared using polymers 1-4 (Table 6) 

differing in composition and end groups. The solvent system used was a mixture of BB 

and BA in the ratio of 70:30 for all the polymers except polymer 3 which was dissolved 

in a solvent system consisting of BB:BA in the ratio of 30:70. Using a mixture of 

solvents instead of a single solvent provided an easy way of manipulating net 

hydrophobicity/hydrophillicity of a formulation for obtaining a desired optimum release 

profile (Al-Tahami and Singh 2007).  Concentration of NaHS was kept constant at 0.8% 

(w/v) in all these formulations which was selected to achieve an average release profile 

capable of maintaining a sustained level of H2S in the micro molar range for longer 

period of time. The micro molar concentrations of H2S have shown therapeutic potential 

in glaucoma or other ocular diseases (Ohia, et al. 2012).  Intrinsic viscosity of all the 

polymers was equal to about 0.20 dl/g which is required for easy injectability (Chitkara, 

et al. 2006). Polymers 3 and 4 consist of PLA and PGA in a 50:50 ratio, whereas, 

polymers 1 and 2 are composed of PLA only. Thus formulation 1-12 enabled us to 

investigate the effect of formulation parameters such as polymer end groups, composition 

and polymer concentration on the in-vitro release profile of NaHS.  
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Table 6: The composition of sustained release formulations of NaHS 

Formulations 
Polymers (end 

groups) 

Polymer 

Concentration  (% 

w/v) 

NaHS 

Concentration  

(% w/v) 

Formulation 1 

PLA (Ester); 

Polymer 1 

 

10 0.8 

Formulation 2 15 0.8 

Formulation 3 20 0.8 

Formulation 4 

PLA (Acid); 

Polymer 2 

 

10 0.8 

Formulation 5 15 0.8 

Formulation 6 20 0.8 

Formulation 7 

PLGA (Acid); 

Polymer 3 

 

10 0.8 

Formulation 8 15 0.8 

Formulation 9 20 0.8 

Formulation 10 

 

PLGA (Ester); 

Polymer 4 

 

10 0.8 

Formulation 11 15 0.8 

Formulation 12 20 0.8 
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7. Drug Content Efficiency: 

The drug content for all the formulations were found to be greater than 80% as shown in 

Table 7. The reason for loss of 20% of the drug during formulation may be due to 

sonication. Drug content was determined to account for the loss of drug due to processing 

parameters such as sonication. Sonication was employed to prepare a homogenous 

dispersion of NaHS in the polymer solution. The production of heat due to ultrasound 

energy during sonication have been reported to contribute to the loss of heat labile drug 

substances such as NaHS (Kotronarou, et al. 1992). 

Table 7: Drug content efficiencies of different formulations 

FORMULATION DRUG CONTENT % (n=3) 

Formulation 1 81.3±2.7 

Formulation 2 81.8±1.8 

Formulation 3 
80.7±2.4 

Formulation 4 
80.1±1.7 

Formulation 5 
80.9±2.1 

Formulation 6 
80.2±0.8 

Formulation 7 
81.4±2.6 

Formulation 8 
80.3±1.4 

Formulation 9 
80.4±1.8 

Formulation 10 
80.3±2.4 

Formulation 11 
81.1±1.9 

Formulation 12 
81.7±2.2 
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8. Homogeneity of NaHS in formulation 

The relative standard deviation for experimental drug loads from the different 

regions of the gel formulation was found to be 6.7% (n=3) indicating the homogeneity of 

the delivery system. The formulations were prepared by uniformly dispersing the drug in 

the polymer solutions. The drug itself might not be soluble in the solvent system that is 

used to solubilize the polymer. Hence, an important consideration in the characterization 

of the formulation is the determination of the homogeneity of the drug in the formulation. 

Homogeneity ensures the uniform dispersion of the drug throughout the polymer solution 

and helps account for the interferences due to sedimentation and particle size distribution. 

9. In vitro release studies 

The percent cumulative release of NaHS was measured for solution of NaHS in 

water at different time points from zero hours to 96 hours. The graph was plotted for 

percent cumulative release vs. time (hrs.). The graph showed the release of majority of 

drug instantaneously after the NaHS solution was added to the release media (Fig. 15). 

Additionally, the graph shows that the solubility of H2S in water is maintained in water, 

and there is no significant escape of H2S from the release media and that the drug is 

stable in the release media over the duration of release study.   

The percent cumulative release and burst release of NaHS was measured for 12 

formulations at different time points between zero hour to 96 hours. The graph was 

plotted for percent cumulative release vs. time (hrs.). The burst release for formulation 1-

12 is shown in Table 8. 
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Burst release  

The burst release is reported to be controlled by the rate of gelation. The higher 

the rate of gelation, greater would be the burst release and more hydrophobic (or less 

hydrophilic) a formulation is, the sooner it would form the gel depot in situ (Chhabra et al 

2007b). The burst release from different formulations ranged from 6.68% to 27.09% 

(Table 8). Formulations 7-9 are relatively less hydrophobic than other formulations 

because it is consisted of PLGA-based polymer 3 ending in carboxylic acid; therefore, 

they showed lowest burst release in the range of 5.77-7.08% which decreases with 

increase of polymer concentrations (Table 8). 

 

 

Figure 15: Release pattern obtained from the solution of NaHS in water (4°C). 
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The highest burst release was observed for formulations 1-3 consisted of PLA-

based polymer 1 containing allyl ester as end group. This can be explained on the basis of 

the rate of gelation and hydrophobic nature of polymer (PLA only with ester end groups) 

and less hydrophilic nature of the solvent system comprising of 30% BA. The water 

insoluble hydrophobic polymer dissolved in water miscible solvent undergoes fast phase 

separation quickly forming a gel. Due to the fast separation, large pores and water 

accessible channels were formed on gel surface and in the gel core (Graham, et al. 1999). 

A significant difference was observed in the overall release and burst release of the NaHS 

from the formulations containing same polymer but differing in the polymer 

concentration, with lowest overall and burst release for the polymer containing highest 

polymer concentration. This can be explained on the basis of increase in viscosity of 

formulation with an increase in the polymer concentration (Liu, et al. 2010; Luan and 

Bodmeier 2006). 
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Table 8: Burst release from various formulations 

FORMULATION BURST RELEASE (%) 

Formulation 1 27.09 ± 1.35 

Formulation 2 24.76 ± 1.28 

Formulation 3 25.95 ± 0.90 

Formulation 4 15.27 ± 0.99 

Formulation 5 14.29 ± 0.94 

Formulation 6 14.33 ± 0.93 

Formulation 7 7.08 ± 0.33 

Formulation 8 6.68 ± 0.58 

Formulation 9 5.72 ± 0.34 

Formulation 10 23.33 ± 1.11 

Formulation 11 22.95 ± 0.71 

Formulation 12 21.56 ± 1.17 

 

 

The release pattern obtained for formulation 1-3 (polymer 1, 10-20%) is shown in Fig. 

16.   
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Figure 16: Effect of concentration on release of NaHS from Polymer type 1 (n=3) 

The release pattern obtained for formulation 4-6 (polymer 1, 10-20%) is shown in Fig. 

17. 
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Figure 17: Effect of concentration on release of NaHS from Polymer type 2 (n=3) 

The release pattern obtained for formulation 7-9 (polymer 1, 10-20%) is shown in Fig. 

18. 
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Figure 18: Effect of concentration on release of NaHS from Polymer type 3 (n=3) 

The release pattern obtained for formulation 10-12 (polymer 1, 10-20%) is shown in Fig. 

19. 
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Figure 19: Effect of concentration on release of NaHS from Polymer type 4 (n=3) 

 

The release pattern for all the formulations from 1-12 were analyzed to determine release 

kinetics by fitting the release data into zero order, first order and Higuchi model as shown 

in Table 9. 
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Table 9: Determination of kinetics of release of sodium hydrogen sulfide  

Formulation 
Release Rate Constants 

Zero Order First Order Higuchi Model 

Formulation 1 
0.9237 ± 0.0109 0.8772 ± 0.0103 0.9773 ± 0.0171 

Formulation 2 
0.9443  ± 0.0093 0.8677 ± 0.0087 0.9886 ± 0.0128 

Formulation 3 
0.9572  ± 0.0084 0.9095 ± 0.0076 0.9835 ± 0.0073 

Formulation 4 
0.8875  ± 0.0104 0.8971 ± 0.0054 0.9843 ± 0.0113 

Formulation 5 
0.9378 ± 0.0078 0.8725 ± 0.0093 0.9741 ± 0.0159 

Formulation 6 
0.9702 ± 0.0091 0.9364 ± 0.0137 0.9865 ± 0.0122 

Formulation 7 
0.9539 ± 0.0088 0.8946 ± 0.0097 0.9915 ± 0.0101 

Formulation 8 
0.9604 ± 0.0081 0.8769 ± 0.0082 0.9835 ± 0.0136 

Formulation 9 
0.9742 ± 0.0117 0.8696 ±0.0069 0.9744 ± 0.0164 

Formulation 10 
0.8624 ± 0.0119 0.9543 ± 0.0114 0.9791 ± 0.0147 

Formulation 11 
0.8833 ± 0.0073 0.9723 ± 0.0133 0.9834 ± 0.0097 

Formulation 12 
0.8889 ± 0.0063 0.978 ± 0.0078 0.9747 ± 0.0135 

 

Rate of release 

Release of NaHS from the gel formulations with different polymer types, polymer 

concentrations and solvent compositions  showed best fit for Higuchi Kinetics (r
2
 ≥ 0.97) 

followed by first order (r
2
 ≥ 0.87) and zero order (r

2
 ≥ 0.86) . Higuchi model best 

describes the drug release from a heterogeneous polymer matrix as in the case of some 

transdermal systems (Higuchi 1961). Higuchi kinetics takes into consideration certain 
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hypotheses such as: the concentration of drug in the formulation is much higher than its 

solubility in the formulation (the drug was uniformly dispersed throughout the polymer 

solution, drug particles are much smaller than system thickness), perfect sink conditions 

are always maintained in the release environment and drug diffusivity is constant (Dash, 

et al. 2010). 

The fit of Higuchi model to the release from our formulations can be explained on the 

basis of the solubility of NaHS in polymeric solution. The drug is insoluble in the 

solvents used to dissolve the polymer so the concentration in which drug was dispersed in 

the formulation, could have been much higher compared to its solubility in the 

formulation.  

The size of NaHS (molecular weight 56 Daltons) particles could be smaller in 

comparison to  the pore-size of the polymer matrix, so the drug could have easily diffused 

through the pores into the release media. This is corroborated by our observation of  no 

significant effect on the release-rate of NaHS from formulations containing different 

polymeric concentrations. This can be explained on the basis of smaller drug size vis-a-

vie polymer network pore size, Although, with the increase in polymer concentration 

there may be a decrease in the pore size, but it may have been, still, large enough for the 

small size drug molecule to diffuse through polymer mesh-network easily. Thus, the 

diffusivity must have been constant for drug across the polymeric gel. 

Also, the loading concentration of drug was so chosen that even if all drug gets 

released at once, it would be soluble in the release media; thus ensuring the maintenance 

of sink conditions.  
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The PLGA 50:50 polymers have shown to control drug release for over 1-6 

months (Wang, et al. 2004). The release of drug from PLA and PLGA matrices follows 

three main phases: Burst release, Diffusion and chain scission and Biodegradation and 

mass loss (Chen and Singh 2005).  

In our study, majority of drug was released within four days which suggests that 

drug diffusion may be the predominant mechanism for drug release. The drug diffusion 

may be from the surface of the polymer and from the pores and channels formed during 

the phase inversion of polymer formulation into semi-solid porous implant (Graham, et 

al. 1999). However, in case of formulations 7-9 a significantly faster drug release was 

observed (the total release period was 72 hrs.), this can be explained on the basis of 

increase in the percentage of BA in the solvent system that increased the hydrophilicity of 

the polymer. The more hydrophilic formulation tends to gel slowly and thus makes a 

more leaky gel (Chhabra, et al. 2007b). 
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Table 10: The cumulative percent drug released from formulations 1-3 containing 

NaHS (n=3) 

Time Formulation 1 Formulation 2 Formulation 3 

Hours Mean SD* Mean SD* Mean SD* 

0 
0.76 0.09 0.70 0.12 1.06 0.16 

2 
27.09 1.35 24.76 1.28 25.95 0.90 

4 
29.96 1.54 27.52 0.76 28.02 1.71 

6 
32.83 1.61 32.34 1.32 30.07 2.87 

8 
41.24 1.57 37.60 0.76 37.22 1.63 

12 
44.96 1.24 41.66 0.59 38.43 1.18 

18 
49.00 0.87 45.83 1.52 42.29 2.14 

24 
56.00 0.92 50.31 0.76 47.87 0.72 

48 
73.93 2.41 73.36 1.09 73.64 1.22 

72 
92.07 2.15 89.81 1.61 86.83 2.01 

84 
96.46 

1.93 96.05 2.49 92.67 .95 

96 99.41 1.17 99.13 1.84 98.19 1.76 
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Table 11: The cumulative percent drug released from formulations 4-6 containing 

NaHS (n=3) 

Time Formulation IV Formulation V Formulation VI 

Hours Mean SD* Mean SD* Mean SD* 

0 
1.31 0.14 0.99 0.13 0.68 0.09 

2 
15.27 0.99 14.29 0.94 14.33 0.93 

4 
17.21 0.15 16.70 1.10 16.22 0.97 

6 
24.71 0.86 21.54 0.91 21.08 1.11 

8 
28.40 0.34 25.55 1.61 24.74 0.69 

12 
34.71 1.81 30.84 0.61 31.10 1.54 

18 
45.27 1.31 45.09 1.59 37.71 1.52 

24 
49.42 1.09 47.77 2.26 44.32 0.49 

48 
76.45 2.89 70.80 1.64 68.36 1.83 

72 
98.47 1.39 98.11 2.43 97.98 2.47 
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Table 12: The cumulative percent drug released from formulations 7-9 containing 

NaHS (n=3) 

Time Formulation VII Formulation VIII Formulation IX 

Hours Mean SD* Mean SD* Mean SD* 

0 
1.39 0.21 0.84 0.53 0.73 0.03 

2 
7.08 0.33 6.68 0.58 5.72 0.34 

4 
9.16 0.42 10.13 0.43 7.80 0.62 

6 
17.52 0.70 14.33 0.53 11.27 0.20 

8 
24.66 1.24 19.92 0.83 15.40 1.47 

12 
28.86 0.97 26.00 1.84 22.82 1.78 

18 
57.48 1.70 49.22 1.44 36.71 1.67 

24 
63.94 1.14 55.28 2.66 49.75 1.25 

48 
81.22 1.73 76.22 1.04 73.02 1.89 

72 
99.48 2.01 98.05 1.63 96.24 2.49 
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Table 13: The cumulative percent drug released from formulations 10-12 containing 

NaHS (n=3) 

Time Formulation X Formulation XI Formulation XII 

Hours Mean SD* Mean SD* Mean SD* 

0 
0.50 0.39 0.49 0.21 0.48 0.27 

2 
23.83 1.11 22.95 0.71 21.56 1.17 

4 
27.79 0.72 25.40 1.36 23.01 1.34 

6 
34.71 0.86 30.01 0.76 26.32 1.59 

8 
39.62 1.47 33.66 0.72 31.10 1.57 

12 
41.52 0.46 36.55 0.68 34.07 0.99 

18 
41.82 0.67 40.51 0.33 37.05 0.80 

24 
44.26 0.29 44.70 2.34 40.24 0.71 

48 
71.25 1.33 69.62 1.50 63.00 2.05 

72 
86.45 0.67 85.04 1.75 80.63 1.56 

84 
97.15 2.17 93.46 2.57 89.74 2.43 

96 
99.47 2.43 99.2 1.94 97.17 1.89 
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10. Polymer Degradation 

 The mechanism for hydrolysis of polyesters involves the hydrolysis of the ester group in 

these polymers to give OH and carboxyl end groups, resulting in chain cleavage (Fig. 

20). As a result, there would be a significant increase in the hydroxyl groups in the 

degrading polymer because of mutual contribution from both hydroxyl and carboxyl end 

groups, whereas a negligible change in the number of C=O bond (Tan, et al. 2009).   

 

And, 

 

Figure 20: Mechanism of hydrolysis of polyesters (PLA, PLGA) showing an increase 

in the generation of hydroxyl groups (Tan, et al. 2009). 
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The FTIR spectra of the PLA and PLGA polymers were obtained (Figure 21 – 23). The 

peaks of focus for FTIR were ~3500 cm-1 for (hydroxyl) groups. The results for both 

samples did not show, within experimental error, any significant changes to the hydroxyl 

groups. This indicates that possibly no significant degradation had occurred within the 

period of 4 days due to drug properties. 

 

Figure 21: FTIR Spectra of PLA polymer (type 1) from day 0 and day 4. 
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Figure 22: FTIR Spectra of PLA polymer (type 2) from day 0 and day 4. 

 

 

Figure 23: FTIR Spectra of PLGA polymer (type 4) from day 0 and day 4. 
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There was no significant decrease in the pH of the release media over the duration of 4 

days. PLGA degrades into biocompatible molecules PLA and PGA. Degradation of 

PLGA into these acidic molecules decreases the pH of the release media (Lu, et al. 

1999).The UV spectrum scans of PLGA polymer from day 0 (Fig. 24) and day 4 (Fig. 25) 

showed no peaks suggesting no degradation of polymer.   

 

Figure 24: The UV-Visible spectrum of PLGA solution at 0 days showing absence of 

any peaks. 
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Figure 25: The UV-Visible spectrum of PLGA solution at end of four days showing 

absence of any peaks. 
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Conclusions 

The therapeutic potential of the hydrogen sulfide in treating ocular diseases could 

be fructified by localized ocular delivery of controlled delivery system. The feasibility of 

using PLA and PLGA based phase sensitive in situ gel forming delivery system was 

investigated in order to achieve the goal of ocular delivery and controlled release of 

NaHS.   

An efficient, rapid, safe and easy-to-use method for quantification of hydrogen 

sulfide was developed and validated.  This method has been used for determining 

homogeneity of NaHS in formulation and its release profile from a delivery system. 

The release of NaHS from a solution of NaHS in water showed an instantaneous 

release while the release of NaHS from the polymeric formulations lasted for four days 

demonstrating a sustained release. The release of NaHS from formulations was 

predominantly controlled by drug diffusion. The release was a result of small size of the 

drug molecule, high solubility of drug in the release media and lack of interaction 

between drug and polymer. 

The UV spectrums and FTIR scans showed no signs of polymer degradation 

within four days. Such a relatively faster release of NaHS did not resulted from 

degradation of the PLA or PLGA polymer.  

By using a polymeric system comprising of a biodegradable polymer and a non-

aqueous solvent system, hydrogen sulfide donor can be formulated to obtain a sustained 

release.  
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Future studies 

The main purpose of this study is to sustain the release of H2S donor over a longer 

period of time. In our study, we observed that the release of model H2S donor was 

sustained over a period of 96 hours using the PLGA and PLA polymer. In order to 

increase the duration of sustained release, the same study can be investigated using other 

polymers such as poly-caprolactam or Poly-anhydride which are comparatively more 

hydrophobic than PLA and PLGA. Similarly, the effect of differing composition of same 

solvent system (BB:BA) and effect of other solvents (Triacetin, NMP, ethyl acetate)  on 

the release can be investigated.  

Simulated tear fluid has been used as the release medium during the experiments that has 

ionic composition, osmolality and pH values equivalent to that of human tears. However, 

the gel is intended for sub-conjunctival delivery, thus, modified STF that contains certain 

enzymes better mimicing the ocular environment at the sub-conjucntival level should be 

used to investigate the the release profile of incorporated H2S donor.  

Although NaHS (model H2S donor) is a very small molecule, heat-labile, very 

hydrophilic we used it for our study as a proof of concept because it is inexpensive and 

has been used as a model donor by other researchers as well as in a preliminary study by 

Opere. There are other H2S donors available in the market such as ACS 67, GYY4137 

which have a comparatively large size and differ widely among themselves as well as 

from NaHS in terms of their physicochemical properties. Once the polymer system has 

been established, these drugs should be formulated using the same polymeric system and 

their release profile should be investigated  
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