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Abstract  

Glaucoma, an ocular neuropathy, is characterized by progressive degeneration of retinal 

neurons which can ultimately lead to blindness if left untreated. The current therapies for 

glaucoma provide only symptomatic management by reducing intraocular pressure (IOP), 

a prominent risk factor for glaucoma. Since glaucoma is reported even in normotensive 

patients, the ideal glaucoma medication should lower IOP and confer neuroprotection to 

retinal neurons. Hydrogen sulfide (H2S) has been reported to reduce IOP and elicit retinal 

neuroprotection in mammalian ocular tissues. However, its ocular delivery is a challenge 

due to its gaseous nature and narrow therapeutic index. Therefore, this study developed a 

novel lipid-based delivery system for Diallyl Trisulfide (DATS), a H2S donor, to provide 

sustained release of H2S up to 8-9 hours upon topical application on the cornea. A high-

performance liquid chromatography (HPLC) method was developed and validated as per 

USP guidelines for the quantification of DATS. The solid lipid nanoparticles (SLNs) 

loaded with DATS were prepared by hot emulsification process and solvent evaporation 

method. DATS-SLNs characterized for particle size, zeta potential, drug loading, and 

encapsulation efficiency. DATS-SLNs were incorporated in PEG ointment bases, 

characterized for ease of corneal spreadability by rheometer, and release profile for DATS 

as well as H2S. A well resolved peak of DATS was detected at 2.8 mins run time. The 

method showed good linearity (R2 > 0.999) over the concentration range of 3.12-100 

ug/mL. The interday and intraday standard deviations were < 10% whereas the accuracy 

was > 90%.  Glyceryl monostearate was selected for preparing SLNs whose particle size, 

polydispersity index, zeta potential, drug loading, and encapsulation efficiency were 124 ± 

2.67 nm, 0.189 ± 0.005, - 23.57 ± 3.22 mV, 2.16 ± 0.26%, and 79 ± 3.6 %, respectively. 
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PEG ointment base incorporated with DATS-SLNs showed a sustained release of DATS 

up to 9 hours releasing 67.89 ± 2.04% of the initial loaded amount with corresponding H2S 

concentration of 112 ± 2.16 µM. Rheological data indicated the formulation exhibited a 

shear thinning flow and had a viscosity of 4,445 ± 123 Pa.s at 34℃ suggesting the ease in 

flowability of the delivery system developed. Future studies should focus on increasing 

drug load and evaluating its corneal permeability. Successful completion of this study will 

provide a better therapeutic strategy for glaucoma, a disease that affects 79.6 million 

patients worldwide. 
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1 Introduction 

1.1 Human eye 

1.1.1 Anatomy and physiology of human eye 

Human eye is one of the delicate and most complex organs which measures approximately 

22 to 27 mm in anteroposterior diameter and 69 to 85 mm in circumference. The eye can 

be broadly divided into anterior and posterior segments as shown in figure 1.1. Anterior 

segment consists of cornea, limbus, anterior and posterior chambers, trabecular meshwork, 

Schlemm's canal, iris, lens, zonules, and ciliary body. Cornea forms the roof of the anterior 

chamber and iris forms the base. Iris, a pigmented tissue, is responsible for controlling the 

amount of light entering the eye. Intersection of cornea and iris forms the anterior chamber 

angle (irido-corneal angle). Limbus forms the transitional zone between the cornea and 

sclera and consists of conjunctival epithelium, Schlemm’s canal and the trabecular 

meshwork. Posterior chamber is the narrow space behind the posterior part of the iris and 

the suspensory ligament of the lens. The posterior segment of the eye can be divided 

primarily into three layers- sclera, uvea and retina. Sclera is the outermost tough fibrous 

tissue which is continuous with cornea on the anterior chamber. Uvea forms the middle, 

highly vascular layer, comprising of iris and ciliary body in the anterior segment and 

choroid in the posterior segment. Retina is the innermost layer of the eye. It consists of two 

layers, sensory retina and retinal pigment epithelium. The sensory retina comprises of 

nerve cells that process the visual information and transmit it to the brain. Retinal 

pigmented epithelium is a single layer of epithelial lining of the posterior segment of the 

eye.  
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Posterior segment structures include the vitreous and optic nerve. Vitreous is the 

transparent gelatinous medium that occupies the 80% of the volume of the eye. Optic nerve 

is the myelinated nerve that transmits the retinal sensory output to the visual centers in the 

brain. 

 

1.1.2 Aqueous humor dynamics 

Aqueous humor, a transparent and colorless medium, is an important constituent of optical 

system of the eye. The composition of aqueous humor is like blood plasma and thus acts 

as a source of nutrition to the avascular structures of the eye and maintains IOP. The 

aqueous humor secreted by epithelium cells lining the ciliary processes as shown in figure 

1.1 and undergoes a constant replacement. It is secreted in the posterior chamber and enters 

the anterior chamber after traversing through the pupil. The aqueous humor leaves the 

anterior chamber through two different outflow pathways, namely, conventional and non-

Figure 1.1. Schematic representation of anatomy of eye(Yadav, Rajpurohit and Sharma, 

2019) 
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conventional. The conventional pathway involves passage of aqueous humor through 

trabecular meshwork, inner wall of Schlemm’s canal, its lumen and drains into collector 

channels, aqueous veins and episcleral veins. This is a predominant pathway for aqueous 

humor outflow and is driven by IOP. Some amount of aqueous humor passes through the 

uveal meshwork and interstitial spaces of the ciliary fibers by diffusion. This uveoscleral 

(non-conventional) pathway is targeted by anti-glaucoma agents to increase the outflow of 

aqueous humor. The aqueous humor outflow through this pathway is independent of the 

ocular pressure. Both the pathways are in the iridocorneal angle of the eye. Balance 

between production and drainage of aqueous humor is critical for maintaining the IOP and 

thus normal functioning of the eye. 

1.2 Glaucoma 

Glaucoma is an ocular neuropathy that is characterized by elevated IOP, progressive 

degeneration of neurons, and irreversible visual impairment. It is the second leading cause 

of the blindness globally (World Health Organization, 2011). The cost of glaucoma to the 

US economy is estimated to be $2.86 billion every year (GRF, 2015). Primary Open angle 

glaucoma (POAG) and Primary Angle Closure Glaucoma (PACG) are the most common 

types of glaucoma affecting about 80 million people and will render 3.2 million people 

blind by 2020 (International Agency for the Prevention of Blindness). A meta-analysis 

review has projected an increase in the glaucoma cases  to 111.8 million by 2040 (Y.-C. 

Tham et al., 2014). In United States, POAG has the highest prevalence whereas PACG is 

more prevalent in Asian countries (Weinreb et al., 2016). Glaucoma is asymptomatic until 

its severity increases, resulting in irreversible loss of peripheral vision and blindness.  
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1.2.1 Primary Glaucoma 

Primary glaucoma is idiosyncratic. Open-angle glaucoma, Normal-tension 

glaucoma, Angle-closure glaucoma and congenital glaucoma are types of primary 

glaucoma. Open-angle glaucoma is asymptomatic and the most common type of glaucoma. 

Elevation in IOP is commonly caused by a dysfunction in the trabecular meshwork. Angle 

closure glaucoma is also known as narrow-angle or acute-angle glaucoma. In this form, iris 

blocks the outflow of aqueous humor by establishing contact with the lens. This is 

characterized by intense pain and is an emergency requiring immediate attention. Another 

form of angle closure glaucoma is slow or chronic closed angle glaucoma whose 

progression is slow. Congenital glaucoma is glaucomatous condition since birth. 1 in 10000 

babies are born with this defect in United States (NEI, 2019). 

1.2.2 Secondary glaucoma 

Secondary glaucoma occurs when another medical condition accounts for the etiology of 

the disease. Neovascular glaucoma, pigmentation glaucoma, exfoliation glaucoma, and 

uveitic glaucoma are types of secondary glaucoma. In neovascular glaucoma outflow, the 

excess blood vessels block the outflow of the aqueous humor in disease states such as 

diabetes and high blood pressure. The treatment of such condition involves treatment of 

primary disease and management of glaucoma. Pigmentation from the iris can flake off 

and causes blockage of drainage of aqueous humor which in turn elevates the IOP. This 

condition is termed as pigmentary glaucoma. Exfoliation glaucoma is caused when extra 

material from parts of the eye shreds and blocks the outflow of aqueous humor. Genetics 

is an underlying cause of this type of open-angle glaucoma and the condition progresses 

faster than primary open-angle glaucoma. Another cause of glaucoma is uveitis wherein 
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the inflammation and swelling causes scar tissue, obstructing the flow of aqueous humor 

and thus causing glaucoma due to elevated pressure in the eye. Corticosteroids usage can 

lead to uveitic glaucoma (NEI,2019). 

1.2.3 Pathophysiology of glaucoma 

Glaucoma is a multifactorial neurodegenerative disease (Alexandrescu et al., 2010; 

Weinreb, Aung and Medeiros, 2014). Elevated IOP has always been regarded as a high-

risk factor for glaucoma. Imbalance in the formation and drainage of aqueous humor 

increases the IOP. This elevated pressure in the anterior chamber exerts pressure of around 

22 mm Hg in the back of the eye. In posterior segment of the eye, retinal nerve fibers 

converge at the optic disc and the center of the optic disc do not have nerve fibers. The 

spongy lamina cribosa which suspends the optic nerve and blood vessels collapses under 

the augmented IOP which leads to compromised perfusion to the ocular tissues and 

degeneration of retinal neurons. 

Under normal conditions, the glial cells in retina and optic nerve head that are usually 

dormant get activated due to elevated IOP. This elevation of ocular pressure also stimulates 

the production of variety of substances (Tumor necrosis factor alpha) and ultimately 

damages the axons of the retinal ganglion cells at the lamina cribosa. This further leads to 

cell death of retinal ganglion cells by apoptosis and causes thinning of nerve fiber layer 

(Theories of Glaucomatous Optic Nerve Damage, 2019). As the condition progresses, the 

prelaminar tissue is weakened and thinning of lamina cribosa, ultimately causing cupping 

of the optic nerve head (Kwom et al., 2009).  
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Vascular theory advocates the involvement of vascular risk factors in the pathophysiology 

of the glaucoma (Su et al., 2008; Yanagi et al., 2011). Glaucomatous optic neuropathy is 

associated with abnormal blood flow to ocular tissues and thus, explains the etiology 

involved in normal tension glaucoma (Trivli et al., 2018). Also, increase in endothelin 1 

level in blood and aqueous humor might lead to alterations in ocular blood flow and 

trabecular outflow (Weinreb et al., 2016). In summary, several factors, including oxidative 

stress (Izzotti, Bagnis and Saccà, 2006) and consequential glutamate receptor modulation 

(Casson, 2006; Ishikawa, 2013), inflammation, autophagy and autoimmunity account for 

glaucoma pathogenesis (Weinreb et al., 2016).  

1.2.4 Pharmacotherapy of Glaucoma 

Currently available treatments focus on reducing the IOP by increasing the drainage of 

aqueous humor or by decreasing the formation of aqueous humor. Prostaglandins, 

rhokinase inhibitors, nitric oxides, cholinergic agents reduce the IOP by increasing the 

aqueous humor outflow. 

1.2.4.1 Prostaglandins 

Prostaglandins, arachidonic acid derived small proinflammatory molecules, binds to 

Prostaglandin F (FP) receptors, which leads to widening of the ciliary muscle and 

decompression of the tissue filled spaces along the ciliary muscle bundles. (Weinerib et 

al.,2014). They exhibit their effect by increasing drainage of aqueous humor by the 

uveoscleral pathway (Doucette and Walter, 2017). Prostaglandins are considered the first 

line agent in the glaucoma pharmacotherapy (European glaucoma society,2019). They are 

found to cause 20-35% reduction in IOP. Common prostaglandins used in the glaucoma 

treatment are latanoprost, travoprost, bimatoprost, tafluprost. (National Eye 
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Institute,2019). Doreen Schmidl et al. (2015) has reviewed a few studies indicating possible 

role of prostaglandins in neuroprotection (Schmidl et al., 2015). 

1.2.4.2 Rhokinase inhibitors 

Rho kinase is a serine/threonine protein kinase responsible for regulation and modulation 

of cell shape and size via action on the cytoskeleton. There are studies suggesting the role 

of rhokinase in cytoskeletal dynamics, actomyosin contractile forces, cell adhesion, cell 

stiffening, extracellular matrix reorganization, and cell morphology and thus dictates the 

outflow of aqueous humor through the conventional pathway (Moshirfar et al., 2018). 

Rhokinase inhibitors have evolved to be a promising treatment for the open-angle 

glaucoma. Hsu et. al have investigated effect of ITRI-E-212, a highly selective rhokinase 

inhibitor, in the glaucoma (Hsu et al., 2019). Recently, implications of rhokinase inhibitors 

in the glaucoma pharmacotherapy has been extensively reviewed (Mandell, Kudelka and 

Wirostko, 2011; Tanna and Johnson, 2018). Rhopressa is a rho kinase inhibitor that was 

approved by the Food and Drug Administration (FDA) in December 2017 (GRF, 2019). 

SNJ-1656, AR-12286, Fasudil, Ripasudil, AMA-0076, ATS-907, and INS-117548 are 

some of the clinically investigated rhokinase inhibitors. However, the IOP reduction by 

these agents do not surpass the first line reagents. Rhokinase inhibitors has been 

investigated for its neuroprotective ability and modulating perfusion in the ocular tissues 

(Tanna and Johnson, 2018) 

1.2.4.3 Nitric oxides 

Various studies have manifested that the nitric oxide (NO) donors reduce IOP by 

stimulating the conventional aqueous humor pathway (Cavet et al., 2014; Aliancy, Stamer 

and Wirostko, 2017). Endogenous NO plays key role in relaxing the trabecular meshwork 
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cells and enhance the permeability of the Schlemm’s canal. Thus, NO donors can be 

exploited for its potential to reduce the IOP. Latonoprostene bunod is an emerging 

therapeutic NO donating prostaglandin F2-alpha receptor agonist (Cavet and Decory, 

2018) 

1.2.4.4 Cholinergic agents 

These agents reduce IOP by causing smooth muscle cells relaxation in ciliary body which 

widens the trabecular meshwork and Schlemm’s canal and thus increasing the aqueous 

humor drainage. Cholinergic also known parasympathomimetic were the first class of 

drugs for treatment of glaucoma (Marquis and Whitson, 2005). Pilocarpine can lower the 

IOP by 20-25%; however, there are several systemic side effects associated with this class 

of drug (Schmidl et al., 2015). 

1.2.4.5 Alpha-adrenergic agonists 

Of all the medications aimed at lowering of IOP, alpha-adrenergic receptor agonists are 

used either as monotherapy, as second-line therapy, or in fixed combination with beta-

blockers. Arthur et.al outlines the alpha receptors and action mediated by those receptors 

for the treatment glaucoma (Arthur and Cantor, 2011). Commonly used agents are 

apraclonidine and bromidine (National Eye Institute,2019). Bromidine, alpha-2-agonist, is 

the most effective in this category and act by causing vasoconstriction of ciliary which 

reduces the production of aqueous humor. However, this effect declines in some patients 

and the later the action is mediated by increasing uveoscleral outflow of aqueous humor 

(Toris, Camras and Yablonski, 1999). 
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1.2.4.6 Beta-blockers 

Beta-blockers are a first choice in the glaucoma therapy and cause 20-25% reduction in the 

IOP. The lowering of IOP by decrease in aqueous humor production is mediated via beta 

1 and beta 2 receptors the ciliary body’s non-pigmented epithelium. Timolol is most widely 

used non-selective sympatholytic employed in the management of glaucoma and causes 

reduction in IOP by 27-35% (Hoyng and Van Beek, 2000). It is often combined with 

carbonic anhydrase inhibitor dorzolamide (Ormrod and McClellan, 2000). Betaxolol is a 

selective beta 1 adrenergic receptor blocker which reduces IOP by 18-26%; shows better 

preservation of visual field compared to timolol(Hoyng and Van Beek, 2000).   

1.2.4.7 Carbonic anhydrase inhibitors 

Carbonic anhydrase inhibitors, sulfonamide derivative, have been the used for years for the 

long-term treatment of glaucoma systemically. Carbonic anhydrase is present in the ciliary 

processes responsible for producing aqueous humor and thus its inhibition reduces aqueous 

humor production. Acetazolamides are known to exert direct inhibitory action of carbonic 

anhydrase. These agents action also modulate aqueous humor formation by regulating acid-

electrolyte balance (Stamper et al.,2009). 

1.2.5 Limitations of current therapies 

The current therapies focus on lowering the IOP which is the major risk factor associated 

with glaucoma. However, there are evidences suggesting that glaucoma can occur in the 

people with normal ocular tension. Moreover, the elevated IOP does not necessarily mean 

presence of glaucomatous neuropathy; it can be just an incidence of ocular hypertension 

where the IOP is about 21 mm Hg. However, the patients with ocular hypertension are at 

higher risk of developing glaucoma. The major concern in the glaucoma condition is the 
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loss of retinal ganglion cell and damage to optic nerve head which can progress into 

irreversible blindness (Weinreb, Aung and Medeiros, 2014). This is classified as a 

neurodegenerative disease and it is important to address the need of neuroprotection for 

effective management of glaucoma. The current pharmacotherapy and surgeries are only 

able to reduce the IOP. Moreover, there are several adverse effects and limitation related 

to current medications. Use of carbonic anhydrase, beta-blockers, adrenergic agonists can 

cause cardiovascular side effects upon entering the systemic circulation. Studies indicate 

that the targeting both reduction in IOP and neuroprotection is a superior approach in the 

treatment of glaucoma. 

1.3 Hydrogen sulfide 

Pioneering study by Kimura (Abe and Kimura, 1996) suggested that hydrogen sulfide 

(H2S), which for decades was considered as a toxic molecule, is a biologically relevant 

signaling molecule. H2S was most recently identified gasotransmitter along with carbon 

monoxide and NO (Abe and Kimura, 1996). H2S  traverses through cell membranes 

without utilizing specific transporters and exerts biological effects ranging from cytotoxic 

to cytoprotective actions on various biological targets (Szabõ, 2007; Xiao et al., 2018). H2S  

has been widely investigated in the cardiovascular diseases and cancer (Szabõ, 2007). It 

has also shown effect in skin disorders, diabetic condition, cardioprotection and on nervous 

systems because of antioxidant properties (Xiao et al., 2018). Olson et al. (2011) has 

illustrated the effects of H2S  on various organ systems such as respiratory system, kidney, 

reproductive organs, etc. and has emphasized on its anti-inflammatory and anti-apoptotic 

properties (Olson, 2011). 
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1.3.1 Biosynthesis 

 

 

H2S is synthesized from an amino acid cysteine and homocysteine in mammalian tissues 

by cystathionine B synthase (CBS), cystathionine gamma lyase (CSE) and 3-

mercaptopyruvate sulfur transferase (3-MST) (Hu et.al,2011). The biosynthetic pathway 

for endogenous production of H2S is outlined in figure 1.2. CBS and CSE pathways are 

preferentially responsible for the endogenous production of H2S. Both CBS and CSE are 

pyridoxal-5’-phosphate dependent enzymes predominantly expressed in central nervous 

system and peripheral tissues (vascular and non-vascular smooth muscle), respectively 

(Hughes, Centelles and Moore, 2009a). CBS initiates trans-sulfuration pathway by 

Figure 1.2. Biosynthetic pathways for endogenous production of 

hydrogen sulfide. Adapted from (Cao, Ding, Z. Z. Xie, et al., 2019) 
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catalyzing beta replacement of serine by homocysteine to produce cystathionine and water. 

Further replacement of serine by cysteine leads to production of cystathionine and H2S. 

CBS also catalyzes condensation reaction between two molecules of cysteine and beta 

replacement of cysteine by water to produce H2S (Nagpure,2015). CSE hydrolyzes cysteine 

to form H2S, pyruvate, and ammonia. Alternatively, CSE can trigger the conversion of 

cysteine to thiocysteine which can be further hydrolyzed to produce H2S (Hughes, 

Centelles and Moore, 2009b). 

CSE is the rate limiting enzyme in production of cysteine from methionine in the trans-

sulfuration pathway. 3-MST is the recently identified enzyme in the neurons involved in 

the production of H2S. The activity of 3-MST is high at alkaline pH.  3-MST acts in tandem 

with cysteine aminotransferase (CAT) to generate H2S. L-cysteine is converted to 3-

mercaptopyruvate by CAT which is further acted upon by 3-MST to generate H2S from 

formed persulfide in presence of a reductant thioredoxin. 3-MST is distributed widely in 

cardiac tissues, liver and kidney. Highest amount of 3-MST is localized in mitochondria as 

the concentration of L-cysteine is 3 folds compared to cytoplasm (Cao et al., 2019) 

As shown in figure 1.2, H2S is also generated from D-cysteine by D-Amino acid oxidase 

(DAO), present primarily in the peroxisomes, primarily in cerebellum and kidney (Shibuya 

et al., 2013). Another study reported the presence of this pathway in the small intestine of 

rat (Tang et al., 2016). H2S production occurs by cysteine lyase and non-enzymatically in 

the thiosulfate cycle and via thiols. Carbonic anhydrase catalyzes the production of H2S  

from carbonyl sulfide (Dorman and Foster, 2016).  
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1.3.2 Role of Hydrogen sulfide in glaucoma 

There are numerous studies suggesting the role of H2S  in lowering the IOP and 

exerting neuroprotection (Kimura, 2015; Huang et al., 2017;(Perrino et al., 2009). In 2016, 

Salvi et al, demonstrated the IOP lowering property of H2S in normotensive rabbits (Salvi 

et al., 2016). Further, it has been found that H2S  exerts protective action on retinal 

ganglionic cells both in vitro and in vivo from pressure and oxidative stress (Liu et al., 

2017; Du et al., 2018). Some investigators have suggested potential role of H2S in 

modulating aqueous humor dynamics (Ohia et al., 2018). The most recent compilation of 

literature highlights the role of H2S in ophthalmic disorders. Han et. al details the actions 

mediated by H2S  as outlined in the figure 1.3  (Han et al., 2019). Studies on porcine ocular 

anterior segment suggests that the increase in aqueous humor outflow by H2S releasing 

compounds is mediated partly by endogenous H2S, adenyl cyclase and potassium ion 

channels (Robinson et al., 2017).  Moreover, the sodium hydrogen sulfide causes relaxation 

of isolated porcine and the action is dependent on endogenous H2S, protanoids and partly 

by ATP sensitive potassium channels (Monjok et al., 2008). H2S also modulates the 

sympathetic neurotransmission and the reduction in IOP is attributed to the decline in the 

level of norepinephrine (Kulkarni et al., 2009). The ability of H2S to elicit neuroprotection 

in ocular tissues is widely investigated. H2S has been found to inhibit the glutamatergic 

transmission, reduce oxidative stress, stimulates glutathione biosynthesis, and increase 

production of cyclic AMP in the retina (Njie-Mbye et al., 2012). All the pharmacological 

effects exerted by H2S makes it a potential candidate for the pharmacotherapy of glaucoma. 
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1.3.3 Physical and chemical properties 

H2S is a flammable, poisonous, colorless gas with a distinct odor of rotten eggs. In nature, 

it is found in crude petroleum, natural gas, volcanic gases and hot springs. H2S has a 

temperature dependent solubility in water with 0.152 mol/L at 10℃ which reduces to 

0.0815 mol/L at 37℃ (Hughes, Centelles and Moore, 2009a). H2S is soluble in various 

solvents such as acetone, carbon disulfide, methanol, ethanol, ether, chloroform and 

benzene. H2S  is a lipophilic molecule that diffuse readily through the membrane and 

possess lipid bilayer permeability coefficient of 0.5±0.4cm/s (Cuevasanta et al., 2012). H2S 

is a weak acid with a pKa value of 6.98 at pH 7.4 and 25 ℃. Aqueous solutions of H2S are 

acidic with a pH of 4. There is shift in the pKa value with change in temperature. At 37℃ 

Figure 1.3. Role of hydrogen sulfide in glaucoma. Adapted from (Han et al., 2019) 
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and physiological pH the pKa drops to 6.76. The pKa2 value of H2S at 25℃ and pH 7.4 is 

19.  

Under physiological conditions, H2S exists primarily in ionic form (HS-) and only 20% is 

present as H2S gas. Both H2S and HS- form contributes to the biological effect. Sulfide 

form is negligible at physiological conditions due to pka2 and thus do not play major role 

in biological activity mediated through H2S. H2S can undergo oxidation in presence of 

oxygen. Thus, it is recommended to carry out experiments in inert environment. 

In aqueous solution, oxidation reaction of H2S is slow reaction under acidic conditions. As 

the pH increases, HS- becomes the predominant species in water and is prone to oxidation. 

Using deoxygenated solutions and incorporation of chelating agents can help in 

overcoming the experimental challenges associated with H2S by preventing autooxidation 

of H2S. The lowest oxidation state of sulfur -2 in H2S molecule makes it a reducing agent. 

The bond dissociation energy of H2S is 90kcal/mol comparable to S-H bond in thiols. 

1.3.4 Challenges of delivery of hydrogen sulfide 

H2S, being a gasotransmitter poses several challenges in formulating its delivery systems. 

Direct delivery of H2S is a major concern associated with its gaseous nature and strong 

odor, making it unlikely for pharmaceutical usage. Further, the physicochemical properties 

of H2S limit its application into a pharmaceutical formulation. Pharmacological studies of 

H2S demonstrate a bell-shaped dose response curve with a narrow therapeutic window. 

Thus, it is critical to maintain a therapeutic concentration of the H2S in the blood and 

tissues. Direct bolus administration of H2S can only maintain the tissue level for a limited 

duration. Effects of H2S is altered to a great extent by its redox chemistry and thus, high 
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activity in the biological matrix. The therapeutic concentration of H2S is highly variable 

with the target tissue. Moreover, none of the studies define the physiological concentration 

of H2S required for normal functioning of a tissue. This can be attributed to the lack of 

sensitive detection methods able to quantify the low endogenous concentrations of H2S. 

Sodium salts of H2S have been extensively employed in evaluating pharmacological and 

cellular activities of H2S. However, the spontaneous release of H2S from salts presents 

several challenges the perspective of development. This has led to the use of prodrugs for 

the delivery of H2S. A wide range of molecules have been explored for its H2S donating 

capability. Recently, macromolecules capable of releasing  H2S have been synthesized 

(Ciocci et al., 2016). 

1.3.5 Hydrogen sulfide donors: 

Prodrugs aid in overcoming the challenges with the H2S delivery. However, the 

physicochemical properties of each H2S donors differ; thus, making it essential to choose 

the right candidate for developing a formulation capable of delivering H2S at a controlled 

rate. Various compounds from natural and synthetic sources capable of releasing H2S are 

described in table 1.1. 
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Table 1.1. Sources of hydrogen sulfide donor s 

Category  Compound Mechanism Release profile 

Inorganic salts  NaHS, Na2S, CaS Hydrolysis Spontaneous 

Synthetic  Lawesson’s reagent 

Phosphorodithioate 

Dithioperoxyanhydrides 

Arylthioamides 

S-Ariylthiooximes 

Gem-dithiols 

GYY4137 

JK-1, JK-2 

Dithiolthiones 

 

Spontaneous 

Spontaneous  

Thiol activation 

Thiol activation 

Thiol activation 

UV induced 

Hydrolysis 

pH activated 

Hydrolysis 

Fast 

Slow 

Fast 

Medium 

Delayed 

 

Slow 

Delayed 

Delayed 

 

1.3.6 Diallyl Trisulfide (DATS) – A fast and potent hydrogen sulfide donor 

Diallyl trisulfide is one of the components found in garlic oil derived from cloves of garlic. 

For years, garlic has been studied for its health benefits primarily in cardiovascular 

diseases. The beneficial effects of garlic were attributed to the production of H2S  from 

polysulfides present in the garlic (Benavides et al., 2007). DATS, an organosulfur, is a 

degradation product of the allicin which is formed by the action of alliinase on alliin (Rana 

et al., 2019). Effect of DATS has been studied in cancer and cardiovascular diseases. 

DATS is a highly lipophilic thioether compound which degrades rapidly under normal 
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conditions (Ju et al., 2010). The physicochemical properties of DATS are depicted in table 

1.2. 

Table 1.2. Physicochemical properties of diallyl trisulfide 

Physiochemical property Property value 

Molecular weight 178.3 g/mol 

Physical state Yellow liquid 

Boiling point 112-120 ℃ 

clogP 2.6 

 

DATS is a potent and fast H2S  donor and is activated by thiols present in the cytosol (Liang 

et al., 2015; Cai and Hu, 2017).  

Figure 1.4. Production of hydrogen sulfide from Diallyl trisulfide (DATS) and 

its signaling pathways. Adapted from (Rose, Moore and Zhu, 2018) 
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DATS produces H2S by thiol–disulfide exchange reaction. Two pathways have been 

proposed for mechanism of release of H2S from DATS as seen in figure.1.4. In the first 

pathway (Route A), the nucleophilic attack of cellular glutathione (GSH) on allylic sulfur 

generates S-allyl glutathione disulfide (GSSA) and allyl perthiol (ASSH). ASSH can then 

release H2S on further reduction by GSH. In the second pathway (Route B), the 

nucleophilic attack of GSH on the central sulfur atom of DATS generates allyl mercaptan 

(ASH) and S-allyl glutathione trisulfide (GS3A). GS3A can release H2S or react with 

additional reductants like GSH to form additional polysulfide species. The released H2S  

can modulate various signaling pathway as depicted in figure 1.4 to exert its therapeutic 

effect (Rose, Moore and Zhu, 2018). The delivery systems for H2S release from DATS are 

summarized in table 1.3. 

Table 1.3. Drug delivery systems of hydrogen sulfide donors for delivery of hydrogen 

sulfide  

S. No H2S donors Formulatio

n 

Release 

profile 

Disease 

targeted 

References 

1. NaHS In situ gel Sustained 

release up to 

72 hours 

Glaucoma (Ali, Opere 

and Singh, 

2014) 

2. GYY4137 In situ gel Sustained 

release up to 

72 hours 

Glaucoma (Patil et al., 

2017) 
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3. NaHS Polycaprolac

tone 

microparticl

es based 

in situ gel 

Sustained 

release up to 

144 hours 

Glaucoma 

and retinal 

neurodegene

ration 

(Verma, 

2017) 

4 DATS DATS-MSN H2S peaks at 

1 hour, 

stable up to 

3 hrs. before 

it declines 

 

Endothelium 

ischemia-

reperfusion 

injury 

 

(Wang et al., 

2016) 

5 DATS DATS-

MSNs 

H2S 

measured up 

to 24 hours 

in plasma 

Myocardial 

Ischemia 

(Sun et al., 

2017) 

6 DATS DATS-

MIONs 

Stable H2S 

concentratio

n up to 5 

hours, 

DATS-

MIONs 

degenerated 

Myocardial 

Ischemia 

(Wang et al., 

2019) 
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within 12 

hours 

7 DATS Nanoemulsi

on 

- - (Mao et al., 

2009) 

8 DATS Micellar 

injection 

- - (Ju et al., 

2010) 

9 DATS polybutylcya

noacrylate 

nanoparticle

s (DATS-

PBCA-NPs) 

Prolonged 

release 

effect in 

vivo and 

hepatic-

targeting 

activity 

Hepatocellul

ar carcinoma 

(ZHANG, 

2007) 

10 DATS Oil-free 

microemulsi

on 

Plasma 

concentratio

n of DATS 

was 

maintained 

up to 36 hrs. 

 (Li et al., 

2011) 

11 DATS PLGA 

microparticl

es (DATS-

MPs) 

H2S released 

up to 120 

hrs. in the 

concentratio

Ischemic 

diseases 

(Hsieh et al., 

2019) 
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n range 100-

200 nM 

12 DADS Solid lipid 

nanoparticle

s 

Drug release 

from 

DADS-

SLNs was 

higher at 

lower pH 

Breast 

cancer 

(Talluri et 

al., 2017) 

13 DADS DATS-

RAGE-SLN 

Targeted 

delivery 

Triple 

negative 

breast 

cancer 

(Siddhartha 

et al., 2018) 

14 DADS 

 

Protein-

ALA-

DADS-NE 

 Cancer 

therapy 

(Ciocci et 

al., 2016) 

 

1.4 Ocular drug delivery  

The complex anatomy of eye and static and dynamic barriers make the ocular 

administration of drugs challenging. Over recent years, there has been considerable 

progress in the route of administration, improved formulations, specific designed delivery 

to enhance the bioavailability and therapeutic effect of the drugs intended for ocular use. 
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1.4.1 Routes for ocular delivery 

The drugs can be administered in the eyes through various routes such as topical, 

intracameral, retrobulbar, intravitreal, posterior juxta scleral, systemic, subconjunctival 

routes. Topical route is most commonly used as it is non-invasive, and it provides ease of 

administration and thus improves patient compliance. However, the cornea and precorneal 

factors provide resistance to drug penetration into ocular tissues. Direct delivery to retina 

and vitreal cavity can be achieved using intravitreal injection. Trained personnel are needed 

for intravitreal administration and thus decreases patient compliance. Retinal detachment, 

hemorrhage, formation of endophthalmitis, cataract are major risks associated with 

intravitreal injection. Oral delivery to treat ocular diseases is usually not preferred as large 

dosage needs to be administered which can cause systemic toxicity. High anterior chamber 

concentration of drug can be achieved through intracameral injections. Subconjunctival 

route of administration is often utilized for sustained delivery to both anterior and posterior 

segment. Retrobulbar, peribulbar, and subtenon are some other routes of administration in 

the ocular tissues (Patel, 2013; Gote et al., 2019) 
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1.4.2 Barriers to topical ophthalmic drug delivery  

1.4.2.1 Tear film  

Tear film is composed of three layers, namely, lipid layer, aqueous layer and mucin layer 

as shown in figure 1.5. The normal tear volume is 7 ul. The maximum capacity of the tear 

film without blinking is 30 ul and during blinking it is reduced to 10 ul. Usually, 50 ul is 

the instilled volume of the formulation and thus, excess is lost due to high tear output and 

nasolacrimal drainage also accounts for drug loss into the systemic circulation. Proteins are 

present in tear and its concentration increases during diseased state and thus, can cause 

affect the concentration of drug available. Mucin layer in the tear film acts as barrier by 

forming a hydrophilic gel layer and clears the cell debris, foreign bodies and pathogens 

(Gan et al., 2013)  

1.4.2.2 Corneal barrier 

Cornea primarily comprises of epithelium, bowman’s layer, stroma, Descemet’s 

membrane, and endothelium. This sandwich like structure of cornea with layer with 

Tear Film

Corneal Barrier

Figure 1.5. Barriers to topical ophthalmic delivery. Adapted from (Gan et al., 2013) 
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alternative polarity makes it a major barrier in drug transport to the ocular tissues as shown 

in figure 1.4. The ideal molecules for corneal permeation should have log D between 2-3 

(Mannermaa, Vellonen and Urtti, 2006). Corneal epithelium is highly lipophilic and thus 

resists the permeation of hydrophilic molecules. Epithelial cells are tightly held together 

by zonula occludens which obstructs the paracellular transport of drug molecules from tear 

film into the intracellular spaces of the epithelial cells. Moreover, presence of efflux pump 

on ocular surface inhibits the permeation of drug molecules.  Stroma contributes to 90% of 

corneal thickness and is highly hydrophilic layer. Thus, it acts a barrier in permeation of 

lipophilic molecules. Endothelium is the innermost lipophilic layer and helps in 

maintaining transparency of cornea and aqueous humor. The endothelial cells are leaky 

and can facilitate transport of macromolecules between stroma and aqueous humor. Thus, 

for drug molecules to pass through the cornea, the drug needs should be amphipathic 

(Gaudana et al., 2010) 

1.4.3 Drug delivery systems 

Conventional drug delivery systems employed in the treatment of ophthalmic diseases 

include topical solutions which limits the bioavailability of the drug (<5%) due to extensive 

precorneal loss. To decrease the precorneal loss, gels, ointments, and suspensions are used. 

With the advancement in the drug delivery to the ocular tissues, various novel drug delivery 

systems were designed.  

Niosomes are bilayered, non-ionic surfactant vesicles capable of encapsulating both 

hydrophilic and hydrophobic drugs. The proniosomal gel of ketoconazole enhanced 

bioavailability by 20 fold compared to ketoconazole suspension (Abdelbary, Amin and 

Zakaria, 2017). Antibacterial therapeutic efficacy of Lomefloxacin HCl was enhanced in 
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proniosomal delivery than commercially available formulation (Khalil et al., 2017). In situ 

gelling systems are enable targeted delivery, reduce dose and frequency of administration. 

The review (Wu et al., 2019) describes the recent advancement in the ophthalmic delivery 

of in situ gelling systems. Nanosuspension serve as promising vehicles for delivery of 

lipophilic drug to the ocular segments. Itraconazole loaded chitosan nanosuspension 

showed higher in vitro permeation in goat cornea than commercially available dosage form 

(Ahuja, Verma and Bhatia, 2015). 

Emulsion, microemulsions and nanoemulsion improve solubility of hydrophobic drugs, 

increase corneal residence time by electrostatic forces and increased viscosity and thus, are 

desirable for ocular administration (Peng et al., 2011; Bhattacharjee et al., 2019). Colloidal 

drug delivery systems such as polymeric and lipid based nanoparticles, nanomicelles, 

nanovesicles, liposomes have emerged as promising tools for drug delivery to both anterior 

and posterior segment of the eyes in a controlled manner (Xu, Kambhampati and Kannan, 

2013; Alvarez-Trabado, Diebold and Sanchez, 2017a; Janagam, Wu and Lowe, 2017a, 

2017b). Implants, ocular inserts and contact lenses are employed for drug delivery over 

extended period. 
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1.4.4 Solid lipid nanoparticles loaded with DATS 

Solid lipid nanoparticles (SLNs) 

(figure 1.6) are colloidal carriers 

with size ranging from 50-1000 nm 

as patented by Muller (Muller et al, 

1999). These are made up of high 

melting solid lipids which are 

biocompatible and biodegradable. 

These lipids include glycerides, 

fatty acids, steroids, waxes, and its 

derivatives. The SLNs are stabilized 

using surfactant or co-surfactants. SLNs offer greater stability in comparison to nano-

emulsions which can be attributed to its solid structure (Alvarez-Trabado, Diebold and 

Sanchez, 2017b). The core of the SLNs is hydrophobic and drug is usually dispersed or 

dissolved in the core as shown in figure 1.6 (Mishra et al., 2018). SLNs offer several 

advantages such as high stability of drugs, non-toxic, ease in sterilization, lyophilization 

and scaled up, control and targeted delivery can be achieved, enhancement of solubility 

Figure 1.7. Diagrammatic representation of solid 

lipid nanoparticles. Adapted from (Mishra et al., 

2018) 

Figure 1.6. Types of Nanostructured Lipid Carriers (NLCs) 



28 
 

and bioavailability (Mehnert and Mäder, 2012; Mishra et al., 2018). Table 1.4 summarizes 

the studies that have used SLNs and NLCs as drug carriers for ocular delivery. 

However, SLNs has some drawbacks such as poor drug loading capacity, drug expulsion 

during storage, and high-water content of aqueous dispersion of SLNs. To overcome these 

challenges, spatially incompatible liquid lipid can be incorporated during preparation of 

SLNs to form nanostructured lipid carriers (NLCs). As shown in figure 1.7, the NLCs can 

be categorized as imperfect NLCs, multiple type NLCs and structureless NLCs. Imperfect 

type NLCs can be prepared by incorporating small amount of liquid lipid in solid lipids to 

alter the crystallinity of solid lipids. On the contrary in the multiple type NLCs, high 

amount liquid lipid is used that generates oil nano-vacuoles and allows higher drug loading 

within the solid matrix. Amorphous type NLCs prevents crystallization of solid lipids upon 

cooling by adding specific liquids such as isopropyl myristate, hydroxyl octacosanyl, 

hydroxy stearate, etc. (Leonardi et al., 2015). 

SNLs can be prepared by various methods such as high shear homogenization and 

ultrasound, high pressure homogenization, hot homogenization, cold homogenization, 

solvent emulsification/evaporation, double emulsion method, microemulsion method and 

spray drying. Depending on the physicochemical properties of the drugs and lipids, a 

suitable method can be selected (Mehnert and Mäder, 2012; Naseri, Valizadeh and Zakeri-

Milani, 2015; Mishra et al., 2018). DATS is lipophilic rendering it suitable for formulation 

as an SLN that is suitable for ocular topical delivery.  
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Table 1.4. Experimental formulations for lipid particles-based drug delivery system for 

ophthalmic delivery 

Formula

tion 

Drug Method of 

preparatio

n 

Disease Outcome References 

SLN Natamycin Emulsificati

on 

ultrasonicati

on 

Fungal 

Keratitis 

Extended release up to 

10 hrs., enhanced 

corneal permeation 

(Khames et 

al., 2019) 

Chitosan 

modified 

NLCs 

Amphoteri

n B 

emulsion 

evaporation-

solidificatio

n 

Fungal 

Keratitis 

Improved 

bioavailability 

(Fu et al., 

2017) 

SLN Methazola

mide 

Emulsion 

solvent 

evaporation 

Glaucoma Prolonged decreasing 

IOP 

(Wang et 

al., 2014) 

SLN Levofloxac

in 

Solvent 

evaporation 

Conjunctivit

is 

Biphasic release 

pattern 

(Baig et al., 

2016) 

SLN 

coated 

with 

stearylam

ine 

Cyclospori

n A 

Ultrasonicat

ion 

Dry eye 

syndrome 

Enhanced ocular 

retention 

(Niu et al., 

2008) 
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SLN Isoniazid Micro-

emulsificati

on 

Extra-

pulmonary 

Tuberculosi

s 

Extended release up to 

48 hrs., enhanced 

corneal permeability 

and uptake 

(Singh et 

al., 2019) 

NLCs Curcumin Hot-melt 

emulsificati

on and 

ultrasonicati

on 

- 2.5-fold higher 

transcorneal 

permeation and flux 

than suspension 

(Lakhani et 

al., 2018) 

NLCs Mangiferin Ultrasonicat

ion 

Potential for 

cataract 

treatment 

Enhanced ocular 

bioavailability 

(Andrade et 

al., 2016) 

SLN Voriconazo

le 

Ultrasonicat

ion 

Microemuls

ification 

Fungal 

infection 

Drug release up to 12 

hrs 

(Khare et 

al., 2016) 

NLCs Voriconazo

le 

Microemuls

ion 

technique 

Fungal 

infection 

Able to deliver 

therapeutically 

relevant drug amounts 

to the cornea after 

only 30 minutes 

(Andrade et 

al., 2016) 
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SLN Indomethac

in 

Hot 

homogeniza

tion 

Ocular 

inflammatio

n 

Increased chemical 

stability and in vitro 

corneal permeability 

(Hippalgaon

kar et al., 

2013) 

NLC Ibuprofen Melted 

ultrasonicati

on 

Ocular 

inflammatio

n and pain 

Controlled release (Li et al., 

2008) 

NLC triamcinolo

ne 

acetonide 

 

High 

pressure 

homogeniza

tion 

Inflammator

y and 

angiogenic 

ocular 

diseases 

 (Araújo et 

al., 2011) 

SLN Etopside Melt 

emulsificati

on and 

ultrasonicati

on 

Posterior 

segment 

diseases 

Sustained release upto 

7 days upon 

intravitreal injection 

(Ahmad et 

al., 2019) 

Chitosan-

coated 

SLNs 

Methazola

mide 

Emulsificati

on-solvent 

evaporation 

  (Ahmad et 

al., 2019) 

SLN Tobramyci

n 

Microemuls

ion co-

precipitation 

Ocular 

infections 

Delivery to posterior 

segment 

(Chetoni et 

al., 2016) 
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Cationic 

SLN 

Melatonin Quasi-

emulsion 

solvent 

diffusion 

Glaucoma Enhanced 

ocular hypotensive 

effect of melatonin 

(Leonardi et 

al., 2015) 

NLCs Cyclospori

n-A 

Melt-

emulsificati

on 

Immune-

mediated 

ocular 

diseases 

Improved in vitro 

sustained drug release 

(Hsu, Wen 

and Al-

Suwayeh, 

2010) 

NLCs Palmitoylet

hanolamide 

High shear 

homogeniza

tion 

Anti-

inflammator

y in retinal 

diseases 

Higher concentrations 

were achieved in 

vitreous and retina 

(Puglia et 

al., 2018) 

NLCs Dexametha

sone 

Film 

dispersion 

and high-

pressure 

homogeniza

tion 

- Improved corneal 

permeability and thus 

ocular bioavailability 

(Mo et al., 

2018) 

NLCs Brimonidin

e 

High shear 

homogeniza

tion method 

Glaucoma  (El-

Salamouni 

et al., 2018) 
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1.4.5 DATS nano system loaded ointment 

Ointments are semi-solid dosage forms conventionally applied for ophthalmic use in 

addition to solutions and suspensions. Ointments are effective drug delivery carriers posing 

advantages such as increased contact time, reduction in drug loss due to nasolacrimal 

drainage, high concentrations, and minimal tear dilution. Appropriate selection of base and 

excipients is critical to achieve desired rheological spreadability, pH, lubricity, stability, 

and low irritability. The properties of common ointment bases are described in table 1.5 

The ointment can be prepared by either fusion method or incorporation method. Fusion 

method involves melting the lipids in decreasing order of their melting point and cooled 

down by continuous stirring until congealed. Trituration/incorporation method involves 

mixing the active ingredients in ointment base using mortar pestle. This method is 

appropriate for heat sensitive drugs or formulations. 

Use of nanosystems in drug delivery has surged. These carriers are widely combined with 

conventional dosage forms to achieve desired release profile and therapeutic effect. DATS 

loaded nanosystems can be incorporated into ointment base for topical administration in 

eyes.  
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Table 1.5. Properties of ointment bases 

 Hydro-

carbons 

Anhydrous 

absorption 

ointment 

bases 

Water-in-oil 

emulsion 

ointment 

bases 

Oil-in-water 

emulsion 

ointment 

bases 

Water-

miscible 

ointment 

bases 

Composi

tion 

oleaginous 

compound

s 

oleaginous 

base + w/o 

surfactant 

oleaginous 

base + water 

(< 45% w/w) 

+ w/o 

surfactant 

(HLB <8) 

oleaginous 

base + water (> 

45% w/w) + 

o/w surfactant 

(HLB >9) 

Polyethylene 

Glycols 

(PEGs) 

Water 

content 

anhydrous Anhydrous hydrous hydrous Anhydrous, 

hydrous 

Affinity 

for water 

hydrophob

ic 

hydrophobic hydrophilic hydrophilic hydrophilic 

Spreada

bility 

difficult Difficult Moderate to 

easy 

easy Moderate to 

easy 

Washabi

lity 

Non-

washable 

non-

washable 

Non to 

poorly 

washable 

washable washable 

Stability Oils show 

poor 

stability, 

Oils show 

poor 

stability, 

unstable, 

especially 

alkali soaps 

unstable, 

especially 

alkali soaps 

stable 
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hydrocarb

ons better 

hydrocarbon

s better 

and natural 

colloids 

and natural 

colloids; 

nonionics 

better 

Drug 

incorpor

ation 

potential 

solids or 

oils (oil 

solubles 

only) 

solids, oils, 

and aqueous 

solutions 

(small 

amounts) 

solids, oils, 

and aqueous 

solutions 

(small 

amounts 

solid and 

aqueous 

solutions 

(small 

amounts) 

solid and 

aqueous 

solutions 

Drug 

release 

poor Poor but 

good for 

hydrophobic 

molecules 

Fair to good Fair to good good 

Occlusiv

eness 

yes Yes sometimes no no 

Example

s 

White 

petrolatum 

Hydrophilic 

Petrolatum, 

Anhydrous 

Lanolin, 

Aquabase™

, 

Aquaphor®, 

Polysorb® 

Cold Cream 

type, 

Hydrous 

Lanolin, 

Rose Water 

Ointment, 

Hydrocream

™ 

Hydrophilic 

Ointment, 

Dermabase™, 

Velvachol®, 

Unibase® 

PEG 

Ointment, 

Polybase™ 



36 
 

 

1.5 Statement of problem 

Glaucoma is the leading cause of blindness affecting millions of people all over the world. 

The current treatment options for the glaucoma includes lowering of IOP through medical 

or surgical approach. However, elevated IOP is just a most prominent risk factor of 

glaucoma. Otherwise, there are some clinical cases where glaucoma in reported in 

normotensive individuals (Song and Caprioli, 2014). The damage to optic nerve head and 

subsequent loss of retinal ganglionic cells remains the characteristic feature of the 

glaucoma. Studies have shown the correlation of elevated IOP to glaucomatous 

neuropathy. However, in case of normal tension glaucoma, optic neuropathy persists in 

spite of normal IOP. Moreover, studies have indicated role of significance of 

neuroprotection in pathophysiology of glaucoma. Thus, the treatment approach that offers 

both neuroprotection and lowers IOP is desirable for the management of glaucoma. H2S 

acts as a neuroprotectant and reduces IOP, thus, befits as a potential drug candidate for the 

treatment of glaucoma. 

However, H2S has a narrow therapeutic index. Therefore, it should be administered via 

sustained release delivery system. H2S donors are usually employed in delivery of H2S in 

a controlled manner. The studies reported in the literature indicate that in situ gels for 

subconjunctival administration have been developed for potential application in glaucoma 

therapy. Since injectables are invasive and inconvenient, topical delivery of H2S offers the 

advantage of ease of application for the patient.  
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Diallyl trisulfide (DATS) is potent yet provides H2S at a relatively slower rate than other 

H2S donors. As it interacts with thiols present in ocular tissues and fluids to produce H2S, 

there will be negligible release of H2S in the process of development of formulation. SLNs 

can encapsulate the lipophilic DATS and regulate the release of H2S in a sustained manner. 

Additionally, the SLNs loaded with DATS will prevent degradation of DATS due to 

atmospheric conditions. These SLNs can be incorporated in an ointment base to further 

sustain the H2S release and offer a convenient topical administration into the eyes. The 

ointment will also prolong the corneal retention time besides adding another matrix to the 

formulation. Moreover, utilization of polyethylene in composition of ointments will 

provide mucoadhesive properties, further enhancing corneal retention and thus 

bioavailability. 

Thus, the objective of this study was to prepare the sustained release ointment based topical 

drug delivery system for DATS in order to utilize the therapeutic potential of H2S. The 

hypothesis of this study was that, an ointment incorporated with DATS-SLNs can provide 

sustained release of H2S up to 8-9 hours upon topical administration. 

Following specific aims were developed to test the above hypothesis: 

Aim 1: Development and validation of an analytical method for quantification of Diallyl 

Trisulfide (DATS).  

Aim 2: Preparation and characterization of an ointment based topical delivery system 

incorporated with DATS loaded nanoparticles. 

Aim 3: In vitro evaluation of ointment-based topical delivery system for sustained release 

profile of DATS and H2S. 



38 
 

 

2 Materials and Methods 

2.1 Materials:  

Commercial grades of the materials were obtained as listed in the table 2.1 

Table 2.1. List of materials used in the studies 

Material Lot No/CAS No. Company and Location 

Methanol  Fischer Scientific Company  

(Fair Lawn, NJ) 

Diallyl Trisulfide (DATS) 2050-87-5 Cayman Chemical Company 

 (Ann Harbor, MI) 

Sodium hydrosulfide hydrate SHBG4251V Sigma-Aldrich 

 (St. Louis, MO) 

Sodium Chloride 145475 Fisher Scientific Company 

(Fair Lawn, NJ) 

Potassium Chloride 037696 Fisher Scientific Company  

(Fair Lawn, NJ) 

Sodium Bicarbonate SZB82870 Sigma-Aldrich, Inc 

(St. Louis, MO) 

Calcium chloride 723286 Fisher Scientific Company 

 (Fair Lawn, NJ) 

Iron (III) Chloride, reagent 

grade,97% 

7705-08-0 Sigma-Aldrich, Inc 

(St. Louis, MO) 
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N,N Diethyl -p-

phenylenediamine,98% 

A0291514 ACROS Organics 

Glyceryl Monostearate 1AB0110 Spectrum Chemicals  

(New Brunswick, NJ) 

Poloxamer 188 100K0199 Sigma-Aldrich  

(St. Louis, MO) 

Polyethylene Glycol 3350 152995 Union Carbide Corporation 

(Danbury, CT) 

Polyethylene Glycol 400 1AB0110 Spectrum Chemicals  

(New Brunswick, NJ) 

Campritol 888 ATO 22792 Gattefosse 

 

2.2 Methods: 

2.2.1 Quantification of diallyl trisulfide 

The high-performance liquid chromatography (reverse phase) was developed for 

quantification of DATS. 

2.2.1.1 Chromatographic conditions 

An analytical method to quantify DATS was developed using a reverse phased 

high–performance liquid chromatographic (HPLC) technique based on the 

chromatographic conditions depicted in table 2.2. The method consisted of an isocratic 

elution of 85:15 v/v (methanol: water) as the mobile phase. Zorbax C18 (150 X 4.6, 5 µm) 

column was used as the stationary phase maintained at 45℃. The elution of DATS occurred 

at 2.8 minutes with a mobile phase flow rate of 1 mL/min. A photo diode array detector at 
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wavelength 210-213 nm was used for the detection of DATS. The total runtime for the 

entire assay was 3.5 minutes. 

Table 2.2. Chromatographic conditions for HPLC-UV method for DATS 

Parameters Conditions 

Method HPLC (reverse phase) 

Column Zorbax C18 (150 × 4.6 mm, 5 µm) 

Temperature 45℃ 

Mobile Phase Methanol: Water (85:15 v/v) 

Flow rate 1 mL/min 

Injection volume 5 µl 

Detection PDA detector 

Wavelength 210-213 nm 

 

2.2.1.2 Preparation of standard solutions: 

A standard solution of DATS was prepared by adding 2 mg of it in a volumetric flask which 

was dissolved in 10 mL of methanol to prepare a concentration of 200 µg/mL of stock 

solution. This stock was used for preparation of a series of dilutions ranging from 3.125 - 

100 µg/mL for developing a calibration curve using the HPLC–UV method. 

2.2.1.3 Calculations 

A calibration curve was obtained by plotting the peak area on the Y coordinate and 

concentration on the X coordinate. A straight trend line was through the calibration curve 

which provided a regression equation having concentration area under the peak as 
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variables. The unknown concentration of the DATS was calculated by plugging in peak 

area in the straight-line regression equation.  

2.2.2 Development and validation of quantification method for H2S 

The ethylene blue assay method was used for quantification of H2S. The method was 

modified to exploit the microplate reader. 

2.2.2.1 Preparation of simulated tear fluid (STF): 

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

potassium chloride (1.40 g) were weighed in a volumetric flask (1 L). The deionized water 

was added to dissolve and volume was adjusted to 1000 mL. The pH of the resulting 

solution was adjusted to 7.4 using 0.1 N HCL or 0.1 N NaOH. The solution was purged 

with nitrogen for 30 minutes. 

2.2.2.2 Preparation of Mixed diamine reagent 

Two mL of N, N-diethyl-p-phenylenediamine and 3g of ferric chloride (FeCl3. 6H2O) were 

dissolved in 50 mL of 50% (v/v) hydrochloric acid maintained at 10oC or below. The 

reagent was stored in an amber colored bottle in the refrigerator.  

2.2.2.3 Preparation of standard sodium hydrogen sulfide solution: 

Sodium hydrogen sulfide (NaHS) (0.0112 g) was dissolved in 1000 mL of STF maintained 

at 10℃ to prepare stock solution of NaHS. The standard solutions of NaHS were prepared 
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from stock solution by serial dilution. The standard solutions were prepared in gas-sealed 

reaction vials as seen in figure 2.1. 

 

2.2.2.4 Quantification of H2S 

 

 

Standard NaSH (a model H2S donor) solution was prepared by 

transferring its specific amount (0.0028 g) into a 100 mL volumetric 

flask.  

20 µL of diamine reagent was added to 1 mL NaHS standard 

solution and was kept at room temperature for 10 minutes for the 

development of ethylene blue complex. 

The intensity of ethylene blue complex, an indicator of the amount 

of H2S, was determined by measuring its absorbance at 671 nm 

using UV-Visible spectrophotometer. 

Figure 2.1. Standard solutions of sodium hydrogen sulfide 

Figure 2.2. Steps involved in quantification of H2S 
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Twenty microliter of mixed diamine reagent was added to the sample solution. The sample 

solutions were vortexed and kept aside for 10 minutes to allow the formation of the colored 

complex. Two hundred microliter of sample was taken in the 96-well plate and the intensity 

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

microplate reader. Figure 2.2. on the previous page provides a flow diagram of the steps 

involved in it. 

2.2.3 Preparation of solid lipid nanoparticles 

The SLNs were prepared by hot emulsification-ultrasonication technique and single 

emulsion (o/w) solvent-evaporation method. 

2.2.3.1 Preparation of SLNs using hot emulsification-ultrasonication method 

Solid lipid nanoparticles were prepared by hot emulsification-ultrasonication method as 

shown in figure 2.3. Lipid phase comprised of glyceryl monostearate (GMS) and DATS 

solution. 2.5 % (w/v) of GMS was weighed in a clear glass scintillation vial and melted.  

Aqueous and lipid 

phase heated at 

75℃ 

Lipid Phase: Glyceryl 

Monostearate + DATS 

Probe sonication 

(33 W) 

Aqueous phase: 

Pluronic F68 solution 

Cooled to room 

temperature 

Lyophilization 

Aqueous phase added 

to lipid phase  

Figure 2.3. Steps involved in preparation of SLNs using hot emulsification-

ultrasonication method 
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Initially, 1 mL of DATS solution (equivalent to 10 mg DATS) is added to the lipid melted 

at 75℃ allowed to mix uniformly under magnetic stirring for 5 minutes. Poloxamer 188 

(1% w/v) was dissolved in 0.2 µM filtered deionized water to form aqueous phase. The 

aqueous phase heated to 75℃ was poured in the lipid phase with continuous magnetic 

stirring at 200 rpm to form coarse single (o/w) emulsion. This coarse emulsion was 

subjected to ultrasonication for particle size reduction using probe sonicator (Misonix 

Sonicator 300, Melville, NY) for 2 minutes at 33 W amplitude with an intermittent pulse 

mode (3 seconds on and 2 seconds off). 

2.2.3.2 Evaluation of hot emulsification-ultrasonication method 

2.2.3.2.1 In process evaluation of drug content 

The content of DATS was determined at every step of hot emulsification–ultrasonication 

method. Lipid was melted at 75℃ in water bath. DATS was added to the lipid melt and 

samples were taken at 0 minutes and 15 minutes. Samples were withdrawn after addition 

of aqueous phase, sonication and lyophilization and DATS was quantified using HPLC 

after appropriate extraction from the samples and percent loss of DATS at each step was 

calculated. 

2.2.3.2.2 Influence of water on DATS  

The external phase of the solid lipid nano-suspension formed comprises of water. It is 

reported in the literature that DATS degrades rapidly in presence of water under normal 

conditions (Ju et al., 2010). Thus, one of the objectives of the study was to evaluate its 

stability in aqueous environment at room temperature. The stock solution of DATS in 

methanol was diluted to obtain a concentration within the detection limit of the HPLC 

method mentioned in section 2.2.1.3. Three samples were prepared. Sample 1 comprised 



45 
 

of solution of DATS diluted in methanol. This served as a control. Sample 2 was prepared 

by diluting solution of DATS by distilled water. Sample 3 consisted of DATS solution 

diluted by methanol:water (50:50 v/v). The DATS content in each sample was evaluated 

by using HPLC method developed. For calculation purpose, initial concentration of drug 

was considered to be 100%. The study was done in triplicates. 

2.2.3.2.3 Influence of heat on drug stability during preparation of SLNs 

The nanoparticle preparation by hot emulsification method involved heating for 

homogenous mixing of drug and lipid. Furthermore, upon addition of lipid phase to 

aqueous phase, the coarse emulsion is heated for evaporation of solvent used for mixing 

drug and lipid. During the process of ultrasonication, the temperature increased up to 

around 70℃. Because the process involved exposure of drug to heat at multiple steps, it 

was important to evaluate the effect of heat on DATS. The drug solution in methanol of 

known concentration was added to the 2 mL Eppendorf tubes. The samples were taken 

before exposing the tubes to the heat. The Eppendorf tubes were then placed in a water 

bath maintained at 80℃. The aliquots were collected at time intervals of 5, 15, 30, 60, and 

120 hours. The samples were analyzed for the DATS content using a developed HPLC 

method (section 2.2.1.3). The mean of the % drug in the sample was plotted against the 

time in minutes. 

2.2.3.3 Preparation of SLNs using single emulsion solvent evaporation method 

Solid lipid nanoparticles were prepared by solvent evaporation method. The lipid phase 

was consisted of glyceryl monostearate and DATS (solution in acetone). Aqueous phase 

was prepared by dissolved accurately weighed amount of Poloxamer 188 in 0.2 µM filtered 

deionized water. For preparation of SLNs, the specified amount of lipid was weighed and 
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added in 1 mL of acetone. DATS was added to the lipid-acetone mixture and bath sonicated 

for 5 mins for uniform dispersion of drug and lipid in acetone. Both, lipid and aqueous 

phases were heated to75℃. The melted lipid phase was added to aqueous phase maintained 

at 75℃ resulting into formation of coarse emulsion. The coarse emulsion formed was 

allowed to stir at 200 rpm under magnetic stirring for 10 minutes to facilitate evaporation 

of acetone. The resulting emulsion was ultrasonicated for reduction of size using a probe 

sonicator (Misonix Sonicator, Melville, NY) for 2 minutes at 33 W amplitude using a pulse 

mode (3 seconds on and 2 seconds off). The nano-emulsion was allowed to cool to room 

temperature for lipid solidification and formation of solid lipid nanoparticles. 

2.2.4 Optimization of solid lipid nanoparticles 

The SLNs formed were optimized for size by evaluation influence of lipid concentration, 

lipid type, surfactant type, surfactant concentration, and duration of sonication.  

2.2.4.1 Influence of lipid type on particle size  

Particle size of the SLNs were optimized by examining the influence of type of lipid used 

in formulating the SLNs. Particles were formed using glyceryl behenate and glyceryl 

monostearate as the lipids. The following batches were prepared to evaluate the effect of 

lipid type on the size of the SLNs obtained as shown in table 2.3. 

Table 2.3. Parameters in evaluating effect of lipid type on particle size. 

Batch Lipid  Surfactant  

1.  

Glyceryl Behenate 

 

None 

2. Poloxamer 188 (1% w/v) 

Soy lecithin  (0.2% w/v) 
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3.  

Glyceryl Monostearate 

 

None 

4. Poloxamer 188 (1% w/v) 

Soy lecithin  (0.2% w/v) 

 

2.2.4.2 Influence of surfactant type on particle size 

SLNs were prepared by single emulsion-solvent evaporation technique described in section 

2.2.3.3. Influence of type of surfactant was studied on size of SLNs. The SLNs were 

prepared using varying concentrations (0.2 %, 0.5% and 1% w/v) soy lecithin and/or 

poloxamer 188, respectively. The others process parameters such as concentration of 

glyceryl monostearate (2.5% w/v), sonication energy (33 W), and sonication time (2 

minutes) were maintained constant. 

2.2.4.3 Effect of lipid concentration on particle size 

The SLNs were optimized for size by using different concentrations (1%, 2%, 2.5%, and 

3% w/v) of glyceryl monostearate. The specified amount of glyceryl monostearate was 

used and individual batches of SLNs were prepared by using the method as described in 

section 2.2.3.3. 

2.2.4.4 Effect of surfactant concentration on particle size 

The SLNs were optimized for size by using different concentrations (0.2 %, 0.5%, 0.75% 

and 1% w/v) of poloxamer 188. The specified amount of poloxamer 188 was dissolved in 

10 mL of 0.2 µM filtered deionized water to form aqueous phase and individual batches of 

SLNs were prepared by using the method as described in section 2.2.3.3. 
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2.2.5 Characterization of DATS-SLNs 

The solid lipid nanoparticles loaded with DATS were evaluated for their particle size, zeta 

potential, drug load, and encapsulation efficiency.  

2.2.5.1 Determination of particle size and Zeta potential 

DATS-SLNs were analyzed for particle size, polydispersity index and zeta potential by 

photocorrelation spectroscopy with Zetameter (Zeta Plus, Brookhaven Instruments 

Corporation, NY). The nanosuspension was diluted 100-fold in 0.2 µM filtered deionized 

water and bath sonicated for 5 minutes to allow uniform suspension of particles All the 

measurements were carried out at 25 ℃ and were performed in triplicates. 

2.2.5.2 Determination of drug loading and encapsulation efficiency 

The amount of DATS in SLNs were determined by HPLC-UV method described in section 

2.2.1 About 500 µl of DATS-SLNs suspension was taken in 2 mL centrifuge tube and 

equivalent volume of methanol was added. The centrifuged tube was vortexed and 

subjected to 70℃ to melt lipid particles and release the drug in methanol. The suspension 

was further passed through a centrifugal filter with a molecular cutoff of 10 KDa at 13.3 g 

for a duration 30 minutes at 25℃. The ultrafiltrate was diluted 10-fold with methanol and 

total content of DATS in the formulation was quantified using an HPLC method. In order 

to determine the free DATS, 500 µl of nanosuspension was subjected to centrifugal 

filtration through a 10 KDa filter at 25℃. Ultrafiltrate was diluted with methanol and 

DATS content was determined. The encapsulation efficiency and loading capacity was 

calculated using the following equations: 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 − 𝐹𝑟𝑒𝑒 𝐷𝑟𝑢𝑔

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑟𝑢𝑔
× 100 
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𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 − 𝐹𝑟𝑒𝑒 𝐷𝑟𝑢𝑔

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100 

The measurement was performed in triplicates and results were reported as mean ± 

standard deviation. 

2.2.5.3 Evaluation of interaction with lipid by Fourier Transform Infrared 

Spectroscopy (FTIR) 

The spectral scans were obtained for pure DATS, glyceryl monostearate, DATS-SLNs and 

Blank SLNs using FTIR spectrophotometer (Shimadzu IR prestige 21, Kyoto, Japan) to 

study the molecular interactions between drug and lipids. The spectra were signal averaged 

from 25 scans at 4 cm-1 resolutions with a dry-air purge at ambient temperature. The 

spectral scan was performed from wavelength 4000 cm-1 to 500 cm-1 and the percent 

transmittance was recorded. A background scan was performed to account for any 

interference that the environment might provide. Atmospheric compensation (to eliminate 

H2O and CO2 interference in the beam path) was used in all measurements.  

2.2.6 Preparation of ointment-based sustained release delivery system for H2S 

2.2.6.1 Selection of ointment base 

White petrolatum and polyethylene glycol (PEG) ointment bases were screened for DATS 

release profile. The ointment base exhibiting a desired DATS release pattern was selected 

for further evaluation optimization. 

2.2.6.2 Preparation of polyethylene glycol ointment base 

Polyethylene glycol (PEG) ointment was prepared according to the USP using formula (NF 

Monographs: Polyethylene Glycol Ointment, 2020) given below: 
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PEG 3,350: 350 g 

PEG 400: 600 g 

Stearyl alcohol: 50 g 

The  above composition of PEG ointment, USP permits about 6-21% incorporation of 

aqueous component (NF Monographs: Polyethylene Glycol Ointment, 2020). For 

experimental purpose, 100 g of PEG ointment base was prepared by fusion method. PEG 

3350 (35 g), PEG 400 (60 g), and stearyl alcohol (5 g) were accurately weighed in a clean 

beaker. The components were allowed to melt on a water bath maintained at 65℃. The 

melted lipid was allowed to cool down to room temperature with continuous stirring until 

congealing was observed. Modifications to PEG ointment base were done by varying the 

composition of PEG 400 in the ointment base for optimization of release profile. 

2.2.6.3 Preparation of ointment loaded with DATS and DATS-SLNs 

PEG ointment loaded with DATS-SLNs was prepared by simple incorporation method. 

The PEG ointment base was weighed accurately. Specified amount of DATS-SLNs 

nanosuspension was added to the PEG ointment base. The process of ointment preparation 

is shown in figure 2.4. The nanosuspension and PEG base were mixed well using mortar 

and pestle. Remaining amount of PEG ointment base was added to the mortar following 

geometric dilution and homogenously mixed for even distribution of DATS-SLNs in the 

PEG ointment base. A control PEG ointment was prepared by using free DATS in amount 

equivalent to that present in DATS-SLNs. 
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2.2.7 Characterization of ointment loaded with DATS-SLNs 

PEG ointment incorporated with DATS-SLNs were evaluated for its drug loading capacity, 

content uniformity, and rheological behavior. 

2.2.7.1 Determination of drug load   

For determination for total drug content, 300 mg ointment was weighed in an Eppendorf 

tube. One mL of methanol was added to the Eppendorf tube and vigorously vortexed for 

10 minutes to dissolve the ointment base. The closed tube was further exposed to heat 

(65℃) for 5 minutes. Half mL of the solution of ointment was passed through centrifugal 

filter with molecular cut off of 3 kDa for 30 minutes at 25℃. Ultrafiltrate was evaluated 

for DATS content using the HPLC method described in section 2.2.1.3. The measurements 

were taken in triplicate and results were reported as mean ± SD. Drug loading was 

calculated using following equation: 

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑜𝑖𝑛𝑡𝑚𝑒𝑛𝑡

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑖𝑛𝑡𝑚𝑒𝑛𝑡
× 100 

Ointment 
base

DATS-
SLNs

Ointment 
loaded 
with 

DATS-
SLNs

Figure 2.4. Steps involved in preparation DATS-SLNs loaded ointment 
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2.2.7.2 Determination of content uniformity 

Specified amount of ointment formulation (300 mg) was taken from three different regions 

of the ointment jar and dissolved in methanol. The samples were then exposed to heat at 

65℃ and filtered through centrifugal filter of molecular cut off 3 kDa. The ultrafiltrate was 

collected and injected into HPLC to quantify the amount of DATS in the ointment 

formulation. 

2.2.7.3 Rheological evaluation 

Ointment formulation was evaluated for its viscosity and rheological behavior using ARG2 

Rheometer-TA instruments. Stainless steel cone (dimensions 40 mm, 2°) was selected as 

the geometry for the study as it is widely used for semi-solid dispersions such as ointment 

(How to Characterize Ointment Flow Behavior - Pharmaceutical Processing World, 

2020). The instrument was calibrated for inertia and bearing friction and the geometry was 

attached. For each test, 700 mg of sample was placed on the Peltier plate followed by 

slowly adjusting the gap to 56 mm. The gap was set to 53 mm after trimming off the excess 

sample for rheological testing. The parameters used for the rheological analysis are 

depicted in the table 2.4 

Table 2.4. Parameters used for rheological studies on PEG ointment system loaded with 

DATS-SLNs  

Parameters Specifications 

Mode Steady state flow step 

Temperature 25℃ , 34 ℃ and 10 ℃ 
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Equilibration time 2 minutes 

Gap 53 mm 

Sample 700 mg 

Shear rate 0.001 – 1 1/s 

 

2.2.8 In vitro evaluation of ointment-based delivery system 

2.2.8.1 Determination of release profile of DATS and H2S from formulations 

2.2.8.1.1 Apparatus 

The USP recommends studying the release profile from topical and transdermal products 

using an Apparatus 5 (Paddle Over Disk) assembly. However, considering the volatility of 

DATS and H2S, it was necessary to perform the studies in air-sealed conditions. Thus, 

release pattern of DATS from white petrolatum, PEG ointment, PEG ointment loaded with 

DATS-SLNs was determined using modified USP Apparatus V. The modified apparatus 

for the release studies was assembled using 20 mL plastic scintillation vials. The vials were 

cut from top and the vial volume was reduced to 12 mL for minimizing the headspace. An 

arrangement for sample placement was done using caps of scintillation vials and the 

maximum sample holding capacity of the caps was 3-4 grams. Septum rubber stopper were 

used to establish gas tight seals for the assembly. 

2.2.8.1.2 Release media 

Simulated tear fluid (STF) was used as the release media for in vitro release testing from 

ointment formulations. STF was prepared according to the method described in section 

2.2.2.1. Release media was modified using 0.5% Tween 80 in the STF to facilitate 
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solubilization of DATS and maintain sink conditions. For the purpose of H2S 

determination, accurately weighed GSH was added to modified release media to give 1 

mM concentration of GSH. 

2.2.8.1.3 Experimental procedure 

The ointment was accurately weighed and placed in the sample holder as described in the 

section 2.2.8.1.1. The surface of the sample holder was smoothened using a spatula. The 

sample holder containing formulation was carefully placed at the bottom of the scintillation 

vials which were previously purged with nitrogen gas. The scintillation vials were sealed 

using septum rubber stopper. Twelve mL of release media was added in the scintillation 

vial gradually by piercing syringe through rubber stopper. The modified release assemblies 

were placed into an orbital shaker bath maintained at 34±1℃ and speed was adjusted to 

100 rpm. Half mL of the aliquot was withdrawn from each assembly at various time using 

a needle and syringe. The modified release media was used to replace the volume of aliquot 

taken at specified time points (0, 0.5, 1, 2, 3, 6, 9, and 12 hrs.).  All the aliquots were placed 

in ice bath to maintain at low temperatures until processed for analysis. The aliquots taken 

were analyzed for DATS content or the amount of H2S released. The experiment was 

performed in triplicates. 

2.2.8.1.4 Quantification of DATS and H2S 

For determination of DATS, the aliquots collected were diluted with methanol suitably to 

obtain a reading within limit of detection and were quantified using an HPLC method as 

discussed in the section 2.2.1.3. The H2S determination was done using ethylene blue assay 

method as described in section 2.2.2. For this purpose, 10 µl of the mixed diamine reagent 

was added to the aliquots collected and allowed to stand to develop the blue coloration of 
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ethylene blue complex. After formation of ethylene blue complex, the release samples were 

passed through 0.45 µM syringe filter and 200 µl of sample was placed in 96 well plate 

and absorbance were obtained to correspond to the quantity of H2S present in the release 

samples. 

2.2.8.1.5 Statistical analysis 

The statistical comparisons were made using ANOVA using the GraphPad Prism. The 

level of significance used was p < 0.05. 

2.2.8.2 Determination of release kinetics 

The release kinetics of DATS were modeled by using the mathematical equations for zero-

order, first-order, and Higuchi’s square root model. The order of release was determined 

by comparing correlation coefficient (r2) of straight trend line of each model as shown 

below: 

Zero-order: 

𝑥 = 𝑘0𝑡  

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

 t = time period of release 

 𝑘0 = zero-order rate constant 

The plot of x vs. t was found to be a straight line which slope was used as 𝑘0. 

First-order: 

𝑙𝑜𝑔
𝑎

𝑎−𝑥
=

𝑘1

2.303
𝑡  

where  a = amount of DATS incorporated in the formulation  

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

 𝑘1 = first-order rate constant 

The plot of 𝑙𝑜𝑔
𝑎

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

𝑘1

2.303
. 

Higuchi square root model: 

𝑥 = 𝑘𝐻𝑡1/2 

 

Where x = amount of DATS released during a specific time period 

 t = time period of release 

 kH = Higuchi constant 

The plot of x vs. t1/2 was found to be a straight-line which slope was used as 𝑘𝐻. 

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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3 Results and Discussion 

3.1 Development of method for quantification of DATS using HPLC 

Diallyl Trisulfide (DATS) is an organosulfur compound obtained from Allium sativum. It 

is an organic trisulfide that is trisulfane in which both the hydrogens are substituted by 

allyl groups as shown in figure 3.1 

A reverse phase HPLC method was developed for quantification of DATS in aqueous 

media. As the DATS has a high lipophilicity, the organic component (methanol) in the 

mobile phase was kept high to obtain a well resolved peak. DATS does not contain any 

ionizable groups and thus pH of the media did not have any influence on the peak shape. 

The method was rapid and convenient with a low retention time of 2.8 minutes. All the 

sample preparation was done using only methanol in order to keep drug in solution state 

and avoid any loss of DATS in samples due to water component of mobile phase. Though 

the gas chromatography provides high sensitivity for detection of DATS (Sun et al., 2006), 

the liquid chromatography-based quantification method is more time efficient. However, 

the reported methods involve quantification of varied organosulfur compounds besides 

DATS, thus increasing the total run time for the method. Thus, there was a need to develop 

a quantification method using HPLC with both enhanced sensitivity and reduced run time. 

The reduction in run time and enhanced sensitive were achieved in the developed HPLC 

method over existing ones.  

Figure 3.1. Structure of Diallyl Trisulfide (DATS) 
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3.2 Validation of HPLC method for quantification of DATS 

The analytical method developed for quantification of DATS was validated as per the 

guidelines outlined by International Conference on Harmonization (Ich Topic Q 2 (R1) 

Validation Of Analytical Procedures: Text And Methodology Step 5 Note For Guidance 

On Validation Of Analytical Procedures: Text And Methodology (Cpmp/Ich/381/95) 

Approval By Cpmp November 1994 Date For Coming Into Operation, 1995). The method 

was validated for specificity, linearity, intra-day and inter-day precision, and accuracy in 

the range 3.125-100 µg/mL. 

3.2.1 Specificity  

A comparison of the chromatograms (figure 3.2) obtained by the injection of blank and 

standard sample solution showed a distinct and well-resolved peak appearing at with a 

retention time of 2.8 minutes. Thus, this method is specific to DATS as per ICH guidelines 

which defines specificity as the ability of analytical method to differentially identify the 

Figure 2.3.3 : Chromatogram of DATS 
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Figure 3.2. Chromatogram of DATS 
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analyte in the presence of any interfering components like impurities, degrading products, 

and matrix components. 

3.2.2 Linearity 

ICH guidelines have defined linearity as the ability of an analytical method to produce test 

results directly proportionate to the concentrations within the given range. The goal focuses 

on development of a model to assess the concentration–response relationship. Linearity is 

evaluated by obtaining a calibration curve between the signals given as the peak area or 

peak height to the specific concentration. It is calculated by obtaining a regression equation 

which uses the least squares method and spearman rank coefficient (R2).  Linearity of 

DATS was evaluated by injecting six standard solutions over a range of 3.125–100 µg/mL 

for HPLC–UV method. The peak areas and peak heights were both plotted against the 

respective concentrations as shown in figure 3.3  having a linear correlation which was 

determined using the equation y = 22504x - 10761 as a function of peak area and y = 

1890.8x – 787.48 as a function of peak height using HPLC–UV method. The linearity 

results are shown in table 3.1. 

Table 3.1. Linearity of HPLC method for quantification of DATS 

Method Concentration 

Range 

Regression equation Spearman Rank 

Coefficient 

By Area By Height By Area By 

Height 



60 
 

Reverse 

Phase 

HPLC 

3.125-100 

µg/mL 

y = 22504x – 

10761 

y = 1890.8x – 

787.48 

R2 = 

0.9999 

R2 = 1 

 

The method had a good correlation between the peak area or peak height to their respective 

concentrations, as required by the ICH guidelines. 

 

3.2.3 Precision 

USP defines precision of an analytical procedure as the degree of agreement among 

individual test results when the procedure is applied repeatedly to multiple samplings of a 

homogeneous sample(Usp31nf26s1_C1226, General Chapters: <1226> Verification Of 

Compendial Procedures, 2020) The precision of an analytical procedure is usually 

expressed as the standard deviation or relative standard deviation (coefficient of variation) 

y = 22504x - 10761

R² = 0.9999

y = 1890.8x - 787.48

R² = 1
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Figure 3.3. Calibration curve of DATS using HPLC 
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of a series of the closeness of test results obtained by the procedure for measurements. 

Precision was measured on intra- and inter-day basis. The results of precision are provided 

in terms of relative standard deviation, also known as coefficient of variation as shown in 

table 3.2 and 3.3. The average RSD for intra and inter-day variation was less than 10%. 

Table 3.2. Intraday precision of HPLC method for DATS 

Concentration (µg/mL) Mean Peak Area ± SD 

(105) 

% RSD 

3.125 0.73 ± 0.05 7.16 

6.25 1.27 ± 0.07 5.91 

12.5 2.61 ± 0.02 0.65 

25 5.21 ± 0.10 2.04 

50 10.79 ± 0.07 0.62 

100 21.39 ± 0.19 0.89 

 

Table 3.3. Inter-day precision of HPLC method for DATS 

Concentration (µg/mL) Mean Peak Area ± SD 

(105) 

% RSD 

3.125 0.70 ± 0.06 8.46 

6.25 1.29 ± 0.08 5.87 

12.5 2.70 ± 0.06 2.15 

25 5.47 ± 0.27 4.89 

50 11.31 ± 0.71 6.25 
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100 22.69 ± 2.05 9.04 

 

3.2.4 Accuracy 

ICH guidelines have defined accuracy as the ability of the analytical method to accurately 

measure the quantity of a substance in a sample to its true or theoretical value. Accuracy is 

measured by injecting a known quantity [also known as quality control (QC) samples] of 

a drug at the same chromatographic conditions as shown in table for HPLC–UV method. 

Using the regression equation obtained in the standard curve, the quantity is calculated. 

Accuracy is given as a percentage of the ratio of the measured value of the drug substance 

to the theoretical value as shown in the formula below. As per the guidelines provided by 

the ICH, an analytical method must be > 95% and < 105% accurate. The results of the 

accuracy data are shown in table 3.4 

% Accuracy =  
Measured  Concentration

Theoretical Concentraion
 × 100 

Table 3.4. Accuracy of HPLC method for quantification of DATS 

Theoretical 

Concentration (µg/mL) 

Measured Concentration 

(µg/mL) 

% Accuracy 

5 4.92 ± 0.36 98.47 ± 7.22 

20 19.62 ± 0.33 98.12 ± 1.66 

70 66.50 ± 1.09 95.01 ± 1.56 
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3.3 Quantification of hydrogen sulfide 

Simulated tear fluid (STF) was prepared to correspond to the composition, pH and tonicity 

of human tear fluid. The STF was purged with nitrogen to remove the dissolved oxygen in 

the water which can contribute to oxidation of H2S and prevent its loss in the environment. 

Additionally, gas tight sealed vials were employed in the reaction to eliminate loss of H2S 

due to volatilization in the environment. 

The amount of H2S was quantified using an ethylene blue method with some modifications. 

This method is based on formation of a colored complex, ethylene blue. The reaction 

between sulfide with N, N-dimethyl-p-phenylenediamine sulfate under acidic conditions 

in presence of an oxidizing agent ferric chloride as shown in figure 3.4. The reaction 

follows a 2:1 stoichiometry of DPD to sulfide. The rate of complex formation is highly 

dependent on the concentration of an oxidizing agent which acts as a catalyst in the 

reaction. Less toxicity and more stability of reagent, lower tendency to form dimers and 

higher molar absorptivity of ethylene blue are advantages over the traditional methylene 

blue method for detection of hydrogen sulfide (Ali, Opere and Singh, 2014) . Moreover, 

the temperature was maintained at 10o C to ensure the maximum solubility of the H2S in 

the media as H2S exhibits temperature dependent solubility. 

 

Figure 3.4. Reaction depicting interaction of H2S with N, N-diethylphenylene diamine in 

presence of oxidising agent under acidic conditions 
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3.4 Validation of analytical method for quantification of hydrogen sulfide 

3.4.1 Linearity  

The method was validated for linearity by plotting concentration of H2S with the 

corresponding absorbance. The standard curve obtained was found to be linear over the 

concentration range of 1.5–100 µM as shown in figure 3.5. The linear regression equation 

representing the standard curve was y = 0.0223x + 0.0428 where x and y indicates NaHS 

concentration and absorbance. The regression coefficient (R²) was calculated to 0.9972 

indicates a strong linear trend relationship between concentration of H2S and absorbance.  

3.4.2 Precision 

Precision reflects the consistency and reproducibility of the analytical method. The 

intraday precision of the ethylene blue assay method for quantification was evaluated by 

analysis of the three different standard curves on the same day. Inter-day precision was 

determined by analyzing the standard curves on different days over a period of 60 days. 

y = 0.0223x + 0.0428

R² = 0.9972
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Figure 3.5. Calibration curve for determination of H2S using NaHS (H2S donor) as 

standard 
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The relative standard deviation (RSD) were ranging from 0.49% to 9.64% and to for inter-

day and intraday precision respectively where shown in table 3.5 and 3.6. 

Table 3.5. Intraday precision of assay for quantification of H2S 

Concentration (µM) Mean absorbance ± SD % RSD 

1.56 0.031 ± 0.003 9.64 

3.12 0.116 ± 0.001 0.49 

6.25 0.192 ± 0.002 1.08 

12.5 0.368 ± 0.005 1.33 

25 0.632 ± 0.005 0.79 

50 1.088 ± 0.024 2.16 

100 2.291 ± 0.027 1.16 

 

Table 3.6. Interday precision of assay for quantification of H2S 

Concentration (µM) Mean absorbance ± SD % RSD 

1.56 0.046 ± 0.003 0.062 

3.12 0.115 ± 0.021 0.184 

6.25 0.196 ± 0.019 0.097 

12.5 0.363 ± 0.082 0.225 

25 0.688 ± 0.132 0.192 

50 1.213 ± 0.284 0.234 

100 2.180 ± 0.347 0.159 
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3.4.3 Accuracy 

The method was found to exhibit an accuracy greater than 90% for all the quality control 

samples. Accuracy is a measurement of the trueness of the test measurements and was 

calculated using the formula as mentioned in section 3.2.4. Results of accuracy study is 

shown in table 3.7. 

Table 3.7. Accuracy of the assay for quantification of H2S. 

Theoretical Concentration 

(µM) 

Measured Concentration 

(µM) 

% Accuracy 

5 4.6 ± 0.15 93.2 ± 3.01 

20 19.1 ± 1.12 95.5 ± 5.56 

80 78.03 ± 2.53 97.53 ± 3.16 

 

3.5 Preparation and characterization of solid lipid nanoparticles 

3.5.1 Evaluation of hot emulsification-ultrasonication method for DATS-SLNs 

preparation 

3.5.1.1 In process evaluation of drug content 

The DATS-SLNs prepared by hot emulsification-ultrasonication method exhibited very 

low drug load. Therefore, evaluation of DATS content at various step of the process was 

performed. It was observed that there was a drastic decline of 70 ± 1.2 % (p<0.0001, n=3) 

in DATS content immediately after its addition in the melted lipid. However, sample 

collected after 15 minutes of addition of DATS showed a relative increase in DATS 

concentration (from 29.69 ± 1.2 to 34.45 ± 0.23 %) as seen in figure 3.6. This amount of 

DATS quantified in after 15 minutes of heating was significantly different from amount 

present at 5 minutes (p <0.001, n=3). 
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Figure 3.6. In process DATS content determination in hot emulsification technique for 

SLNs preparation. One-way ANOVA **** p < .0001 significantly different from DATS at 

time 0 minutes ### p <.001 significantly different from time 5 minutes 

 

This increase in DATS concentration could be attributed to the evaporation of acetone from 

the mixture. Moreover, this observation suggested that once the DATS was uniformly 

distributed in the lipid matrix, the decrease in the drug concentration was less compared to 

free drug added to the melted lipid matrix at 75℃. The concentration of DATS was 

determined in lyophilized DATS-SLNs and nanosuspension of DATS-SLNs using the 

extraction protocol described in section 2.2.5.2. DATS-SLNs (Nanosuspension) indicated 

to have only around 40% of the theoretical concentration of DATS added while preparation 

of SLNs. The lyophilized particles were subjected to extraction protocol for DATS 

quantification and the results obtained suggested the complete absence of DATS in 

lyophilized DATS-SLNs as shown in figure 3.7. This finding was corroborated by the 

evaluation of interactions using FTIR. The FTIR spectral scans showed that the prominent 
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peaks of DATS in DATS spectral scan did not persist in the FTIR spectrum of lyophilized 

DATS-SLNs. This indicated that majority of drug loss in preparation of DATS-SLNs using 

hot emulsification method was during initial step of addition of the drug and lyophilization 

processes. 

 

Figure 3.7. FTIR spectrum of Pure DATS, Blank SLNs, and DATS-SLNs 

 

3.5.1.2 Influence of water on DATS 

It can be seen from the Fig. 3.9 that concentration of DATS in water rapidly decreased to 

35% within 5 hours and only less than 5% of the initial concentration of DATS was 

detected at the end of 24 hours. The concentration of DATS in methanol remained around 

100% with slight variations (within 2%). The DATS concentration in sample diluted with 

50% methanol water was decreased by less than 10% in 10 hours whereas after 24 hours, 
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the DATS concentration declined to 83.4%. This shows that the water content dictates the 

rate of decline in DATS concentration. Results of this study is shown in figure 3.8.  

 

Figure 3.8. Effect of presence of water on DATS content Two Way ANOVA **** p< 0.0001 

* p< 0.05 significantly different from DATS in methanol at time 0 minutes 

As shown in figure 3.9, another notable change is that the initial concentration of DATS in 

sample diluted with only water was less than that of methanol and 50% methanol water 

(50: 50). The DATS content in sample 2 (DATS in water) was 40% less than sample 1 

(DATS in methanol) and sample 3 (DATS in methanol: water) at 0 hour whereas the 

concentration of DATS in sample 1 and sample 3 were comparable. The considerable 

decline upon addition of DATS in water indicates its aqueous instability. The results of this 

study are depicted in figure 3.9 
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Figure 3.4. Comparison of influence of water on DATS determination Two-way ANOVA 

**** p <0.0001 ** p < 0.01 significantly different from DATS in methanol at time 0 

minutes 
 

Limited solubility of DATS in water was responsible for the initial low content of DATS 

in sample 2. The rapid decrease in DATS content could be attributed to degradation of 

DATS or decreased solubility that might account for crystallization of drug thus limiting 

its detection by HPLC method. To test if the decreased content is due to lipophilicity of the 

drug or hydrolysis, we decided to solubilize the drug in water using surfactant and 

monitored the DATS content in water. As seen from the figure 3.10, the DATS content in 

1% tween 80 solution decreased by less than 20% in contrast to 95% degradation in DATS 

in water. After 48 hours, the DATS content reduced to 74% indicating that the decrease 

was not too rapid as found in the previous study. This suggests that the rapid decline in 

DATS concentration could have been due to the reduced solubility which in turn might 
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have induced crystallization/immiscibility facilitated by the reduced interfacial tension of 

drug and thus limiting the detection of DATS in the samples.  

3.5.1.3 Influence of heat on DATS  

The nanoparticle preparation by hot emulsification method involves heating the 

homogenous mixing of drug and lipid. Moreover, upon addition of lipid phase to aqueous 

phase, the coarse emulsion is heated for evaporation of solvent used for mixing drug and 

lipid. During the process of ultrasonication, the temperature reaches to around 70℃. The 

process involves exposure of drug to heat at multiple steps, thus it is important to evaluate 

the effect of heat on DATS. 
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Figure 3.11. Effect of heat on DATS content during preparation of DATS-SLNs P value > 

0.05 (one-way ANOVA) 

It was found that the drug content reduced to 97.6 ± 1.6 % by the end of two hours. 

However, the drug content did not change much (100.6 ± 1.7 %) upon heating up to one 

hour as shown in figure 3.11. Moreover, the decline in the amount of DATS over a period 

of 2 hours due to heat was insignificant (p > 0.05, n=3). Thus, if any loss in drug content 

occurred during the process of formation of particles, factors other than heat accounted for 

the drug loss. 

3.5.2 Optimization of the solid lipid nanoparticles 

The solid lipid nanoparticles were prepared by solvent evaporation method to achieve high 

entrapment efficiency. The impact of method parameters such as sonication energy and 

sonication time on particle size were minimal. For ocular topical delivery, size of the 

nanoparticle is critical for overcoming the corneal barrier. Particle size in the range of 200-
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300 nm is optimum for permeation through corneal barrier. Additionally, smaller particle 

size is better tolerated by the patients, compared to particles with a higher size. The SLNs 

were optimized for the particle size by varying process parameters such as lipid type, 

surfactant type and its concentrations. 

3.5.2.1 Influence of type of lipid on particle size 

It is pertinent to note that various batches of the formulation were prepared to obtain the 

particle size that was optimal for corneal permeation. Glyceryl monostearate and glyceryl 

behenate have been successfully used to formulate garlic oil loaded SLNs (Wencui et al., 

no date). DATS, is the active component accounting for 70% of garlic oil composition. 

Glyceryl monostearate and glyceryl behenate were used as the lipids for encapsulation of 

DATS. Batches were prepared without the use of any surfactant and it was found that 

particles prepared using glyceryl behenate exhibited higher particle size than of glyceryl 

monostearate as shown in table 3.8. Separate batches were prepared using both the lipids 

and similar concentration of surfactant keeping all other parameters constant as shown in 

table 3.8. The particles prepared using glyceryl monostearate yielded a lower particle size 

than those prepared with glyceryl behenate. The particle size of SLNs prepared with 

glyceryl behenate (330.8 ± 8.5 nm) was higher than that of glyceryl monostearate (254.4 ± 

5.5 nm) (without surfactant). In presence of surfactant (poloxamer 1%, soy lecithin 0.2%), 

the particle size was 238.6 ± 8 nm and 85 ± 4.5 nm for glyceryl behenate and glyceryl 

monostearate, respectively as observed in table 3.8. This difference in size was consistent 

with the difference in the structure and size of the solid lipids. Glyceryl behenate consists 

of diglycerides while glyceryl monostearate is a monoglyceride. Hence, glyceryl 
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monostearate was selected as the solid lipid for the encapsulation of DATS as it provided 

particles in the lower nm range.  

Table 3.8. Influence of type of lipid on particle size 

 

3.5.2.2 Influence of type of surfactant on particle size 

The surfactant used in in optimization of particle size of SLNs were poloxamer 188 and 

soy lecithin (HLB value = 7) alone and in combination. It was found that the particles 

containing both surfactants exhibited a higher particle size than the particles prepared 

Batch no Lipid (2.5% 

w/v) 

Surfactant 

concentration 

(w/v) 

Particle size 

(nm) 

Polydispersity 

index 

Batch 1  

Glyceryl 

Behenate 

- 330.8 ± 8.5 0.157 

Batch 2 Poloxamer 188 

(1%), Soy 

lecithin (0.2%) 

238.6 ± 8.0 0.301 

Batch 3  

Glyceryl 

monostearate 

- 254.4 ± 5.5  0.207 

Batch 4 Poloxamer 188 

(1%), Soy 

lecithin (0.2%) 

85.0 ± 4.5 0.221 
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without any surfactant. Soy lecithin is a naturally occurring phospholipid which can add to 

the lipid content and show the resultant increase in the particle size. Additionally, we 

examined the concentration-dependent effect of both soy lecithin and poloxamer 188 

individually. It was found that the upon increasing the concentration of soy lecithin from 

0.2% to 1%, the decrease in the particle size was less than 200 nm as shown in table 3.9. 

However, there was over 200 nm decline in size was obtained upon increasing the 

concentration of poloxamer 188 to 1% from 0.2 %. Hence, poloxamer 188 was used as the 

surfactant for formulating glyceryl monostearate nanoparticles in the lower nm range. 

Table 3.9. Influence of surfactant type on particle size 

 

3.5.2.3 Influence of lipid and surfactant concentration on particle size  

The particle size increased upon increasing the concentration of lipid and it 

decreased with increasing concentration of surfactant. The particle size of the SLNs 

decreased from (296.76 nm) to (90.46 nm) with increasing concentration of poloxamer 188 

(0.2 – 1%) as shown in figure 3.12.  Similarly, an increase in glyceryl monostearate (1-3% 

Concentration 

(%w/v) 

Soy lecithin Poloxamer 188 

 
Particle 

size (nm) 

Polydispersity 

index 

Particle 

size (nm) 

Polydispersity 

index 

0.2 284.0 0.219 286.0 0.277 

0.5 276.0 0.280 175.0 0.197 

1 263.1 0.294 90.0 0.264 
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w/v) increased the particles size from 65 ± 5 nm to 103.4 ± 6 nm as shown in figure 3.13. 

Based on these results, the working formulation was prepared using 2.5 % (w/v) of the 

glyceryl monostearate (lipid) and 1% (w/v) poloxamer 188. The polydispersity index did 

not change significantly with variation of lipid and surfactant concentration.  
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3.5.3 Characterization of DATS-SLNs 

3.5.3.1 Particle size and Zeta potential 

The particle size of DATS-SLNs was found to be 124±2.67 nm with a polydispersity index 

of 0.189±0.005. The zeta potential of DATS-SLNs was found to be -23.57±3.22, indicating 

that the particles will exhibit fair stability and can be uniformly distributed in the ointment 

base without agglomerations. 

3.5.3.2 Drug load and encapsulation efficiency: 

Drug extraction protocol was developed for accurate quantification of DATS.  A wide 

range of solvents such as acetone, methanol, chloroform, and dichloromethane were used 

to extract the drug from DATS-SLNs. Glyceryl monostearate, matrix of the SLNs was 

soluble in hot oils and organic solvents. Thus, for drug loading and encapsulation studies, 
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the nanosuspension of DATS-SLNs was dissolved in methanol and subjected to heat in 

order to melt the lipid particles and induce the release of DATS in the solvent for 

quantification using the HPLC method developed.  Drug load and encapsulation efficiency 

of DATS-SLNs were found to be was 2.16 ± 0.26 % and 79 ± 3.6 % respectively. 

3.5.4 Preparation of ointment loaded with DATS-SLNs 

3.5.4.1 Selection of ointment base 

White petrolatum has been widely used as a base for ocular ointments. Since DATS is 

lipophilic in nature, white petrolatum was initially selected as the ointment base. The 

release profile of pure DATS as well as corresponding H2S release from white petrolatum 

as ointment base was compared with that of PEG ointment base. It was observed that the 

release of DATS from PEG ointment base was faster, compared to that from white 

petrolatum base as shown in figure 3.14. This can be attributed to the fact that the PEG 

ointment base matrix is hydrophilic in nature which absorbs water and facilitates the release 

of drug. Moreover, the affinity of DATS towards PEG ointment base is less than that of 

DATS towards white petrolatum. Thus, the in vitro release studies suggested that PEG 

ointment base was more suitable to achieve the desired release of DATS in 8-9 hours. 

Additionally, figure 3.16 indicated a significantly better sustained release profile of H2S 

from PEG ointment base than from white petrolatum ointment base (p<0.0001, n=3). The 

amount of H2S released was proportional to the amount of DATS released.   
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3.5.4.2 Drug load and Content uniformity 

The drug load of the ointments prepared by varying PEG 400 concentration was found to 

be 0.01 % as shown in table 3.10. This low drug loading capacity can be attributed to the 

initial low drug loading of 2% of DATS-SLNs. Since the PEG ointment base was 

formulated to allow incorporation of up to 20% of water, increasing the drug loading 

capacity of DATS-SLNs can help increase the total drug load of ointment.  

Content uniformity indicates the uniformness of drug distribution in the formulation. 

According to the USP, the relative standard deviation for content uniformity should be less 

than 6%. The ointment base consisting of PEG 400 (70%) and PEG 400 (75%) showed 

acceptable uniformity of DATS content whereas the ointment with PEG 400 (60%) fell 

slightly beyond the desired relative standard deviation. 

Table 3.10. Drug loading and content uniformity of ointments with varying amount of 

PEG 400 

Ointment composition Drug load (%) Content Uniformity 

(% RSD) 

PEG 400 (60%) 0.01 6.93 

PEG 400 (70%) 0.01 1.30 

PEG 400 (75%) 0.01 4.55 
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3.5.4.3 Rheological behavior 

Viscosity of an ointment is critical for its spreadability. If the viscosity is too high, it can 

lead to discomfort, blurring of vision and change in refractive index. The maximum shear 

rate exerted by an eyelid ranges from 1000 to 10000 1/s. Experimental determination of 

viscosity at such high shear rate poses challenges requiring narrow geometric gap and very 

high angular velocity. The viscosity of the prepared formulations was determined at low 

shear rate (0.001 to 1 1/s) and it was observed that all of the formulations exhibited a non-

Newtonian shear thinning flow characteristic as shown in figure 3.16 and 3.17. The 

viscosity decreased with the increasing shear rate. Furthermore, it was observed that the 

increase in temperature showed a decline in the viscosity as shown in figure 3.18.  All these 

observations suggest that the viscosity of the formulations at the high shear rate of human 

eye will facilitate easy spreadability. 

 



82 
 

 

Figure 3.16. Influence of shear rate on the viscosity of formulations 

 

Figure 3.17. Plot of Shear Rate vs Shear Stress 
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Figure 3.18. Effect of temperature on viscosity of formulation 

 

3.5.5 In vitro evaluation of ointment based topical drug delivery system 

3.5.5.1 In vitro release studies of DATS and H2S from formulations 

It can be seen from figure 3.19 that PEG ointment (60%) loaded with DATS-SLNs showed 

a burst release of 5.70 ± 0.34%, compared to 3.18 ± 0.0% release from the similar ointment 

loaded with free DATS. After 3 hours, PEG ointment containing DATS-SLNs and free 

DATS released 46.54 ± 2.10% and 21.32± 0.24%) of DATS, respectively. The DATS 

release profile was sustained up to 12 hours from ointment loaded with DATS-SLNs as 

there was no significant (p < 0.05) change in the cumulative amount of DATS release at 

12-hour time point vs 3 hour. However, the ointment containing free DATS  exhibited an 
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increase of 15% in the cumulative amount of DATS released at 12 hour time point 

(36.04%) vs 3 hours (21.32%).  

PEG ointment (containing 60% PEG 400) loaded with DATS-SLNs achieved 46.54 ± 

2.10% release of DATS at the 3 hours-time point, followed by a progressive decline to 

37.27 ±1.56% at the 6 hours-time point. This was followed by a gradual increase, achieving 

DATS release of 46.04 ±3.36% at the 12 hours-time point. The release of DATS from the 

similar PEG ointment containing free DATS, instead of DATS-SLNs, should have 

occurred at a faster rate but a reverse release pattern was observed. This might be attributed 

to the possible loss of DATS, that is freely distributed in the ointment base, because of its 

volatility. Higher amount of DATS release from DATS-SLNs containing ointment affirms 

the protection provided by the formulation against the volatility and aqueous instability of 

DATS. 

Moreover, DATS-SLNs could have been more soluble in PEG ointment (PEG 

400:PEG 3,320 :: 60:40) than free DATS which is freely soluble in acetone. This explains 

the mechanistic rationale for unusually greater release of DATS from the ointment 

containing DATS-SLNs. Such release profiles of DATS from DATS-SLNs resulted in 

sustaining the H2S levels within the range of 76 – 132 µM from 1 hour through to 12 hours-

time point, a range that could be therapeutically relevant. On the contrary, free DATS 

provided 62 -93 µM of H2S during the same time period (Figure 3.20). 
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Figure 3.19. Release profile of DATS from ointment with PEG 400 (60%) 

 

 

Figure 3.20. Release profile of H2S from ointment with PEG 400 (60%) 
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The composition of PEG ointment base was modulated by manipulating the 

concentration of PEG 400 and PEG 3,320 to optimize the release profile of DATS from 

the formulations. The PEG ointment (containing 70% PEG 400) loaded with DATS-SLNs 

exhibited a sustained release of DATS up to 9 hours (67.89 ± 2.04%) after which there was 

a slight decline in the concentration of DATS that was observed at the 12 hours-time point 

(Figure 3.21). In contrast, the PEG ointment (containing 70% PEG 400) containing free 

DATS showed a variable release profile, releasing more than 70% of DATS within 2 hours. 

This resulted in attainment of peak H2S concentration of about 60 µM within 1 hour (Figure 

3.22). However, such a release pattern would not be therapeutically useful. Interestingly, a 

peak of H2S concentration of about 122 µM was achieved at 9 hours-time point from the 

DATS-SLNs PEG ointment (containing 70% PEG 400). Moreover, H2S release was 

sustained above 90 µM during the 2-9 hours period of time. Thus, the release of H2S from 

ointment with DATS-SLNs is significantly greatert (p<0.0001, n=3) from that of the 

ointment with free drug (Figure 3.22).   
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Figure 3.21. Release profile of DATS from ointment with PEG 400 (70%). Two-way 

ANOVA **** p< 0.0001 ** p< 0.01 *** p< 0.001 significantly different from ointment 

with PEG 400 70% loaded with DATS . The results are expressed mean ± SD (n=3) 

 

 

Figure 3.22. Release profile of H2S from ointment with PEG 400 (70%). Two-way ANOVA 

**** p< 0.0001 significantly different from ointment with PEG 400 70% loaded with DATS 

. The results are expressed mean ± SD (n=3) 
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Release of DATS from PEG ointment (70% PEG 400) containing DATS-SLNs (Figure 

3.23) in 3 hours was 74.19 ± 1.96% whereas almost all the loaded DATS was released by 

PEG ointment containing free DATS within 2 hours. The release of DATS was much faster 

from PEG ointment (75% PEG 400) containing free DATS but slower in case of DATS-

SLNs than that from PEG ointment (70% PEG 400). This suggests that increasing the 

concentration of PEG 400 increases the release of DATS from ointment containing free 

DATS whereas decreasing the concentration of PEG 400 (i.e. increasing the concentration 

of PEG 3,320) increases DATS release from ointment containing DATS-SLNs 

significantly (p < 0.05). This might be attributed to the decrease in viscosity of the ointment 

accompanied by an increase in amount of PEG 400 existing in liquid state where the free 

DATS might be more soluble. Similarly, DATS-SLNs might be more soluble in PEG 

ointment consisting of greater ratio of PEG 3,320 which is more lipophilic than PEG 400. 

A very high amount of H2S was determined in all the released samples taken for PEG 

ointment (75% PEG 400) which was greater than 150 µM for most of the time points 

(Figure 3.23). Such a high concentration would be toxic and obviously not therapeutically 

useful. However, the release profile of H2S was proportional to that of DATS, affirming 

the efficacy of DATS-SLNs in significantly (p<0.05) sustaining the release of H2S 

compared to that of free DATS.   
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Figure 3.23. Release profile of DATS from ointment with PEG 400 (75%) 

 

 

Figure 3.24. Release profile of H2S from ointment with PEG 400 (75%) 
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Figure 3.25 represents the release of DATS from three different ointment formulations 

discussed earlier. It is obvious that ointment consisted of 70% PEG 400 exhibited optimal 

sustained release profile (H2S level not greater than 150 µM) than other ointments 

consisted of 60% and 75% PEG 400, respectively.  

Comparing the release profiles of DATS and H2S from the formulations with varying 

composition of PEG 400 in the ointment base, it was found that the DATS-SLNs loaded 

ointment with PEG 400 (70%) was able to modulate the release of DATS and consequently 

H2S for over a period of 9 hours in a sustained manner, with H2S concentration hovering 

around 150 µM. Similarly, the release of DATS from ointment with PEG 400 (70%) 

showed a sustained release profile (figure 3.22).  

There is scarcity of literature on particulate based system of DATS intended for sustained 

release of H2S. Moreover, none of the published has reported the use of lipid-based delivery 

system for DATS (diallyl trisulfide nanoparticles - Search Results - PubMed, 2020). Sun 

et al. (2017) formulated the DATS loaded mesoporous silica-based particles capable of 

releasing H2S up to 24 hours (Wang et al., 2016). The PLGA based microparticles were 

able to sustain the release of H2S over a period of 120 hours in the concentration range of 

100-200 nM (Hsieh et al., 2019). All these systems were intended for intravenous 

administration. As far we know, this is the first time that a delivery system potentially 

suitable for topical application to the cornea has been reported. This system harnesses the 



91 
 

ability of SLNs to sustain DATS release over a 9 hours-time period by enhancing the 

corneal retention time. 

 

 

Figure 3.25. Release profile of DATS from ointments with varying amount of PEG 400. 

Two-way ANOVA  **** p < 0.0001 significantly different from DATS-SLNs PEG 400 

75% and #### p < 0.0001 significantly different from DATS-SLNs PEG 400 (60%) 

 

3.5.5.2 Determination of release kinetics 

The release data was fitted into mathematical models for zero-order, first order, Higuchi 

and Hixson Crowell to determine the release kinetics and results are shown in table 3.11. 

Release profile showed a better fit for Higuchi kinetics (R2 = 0.8541) as shown in figure 

3.26. This model best describes the release pattern from matrix systems. The Higuchi 
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drug diffusivity is constant and perfect sink conditions are always attained in the release 

environment (Higuchi, 1961). The fit of Higuchi model to the release from our 

formulations can be explained on the basis of the solubility of DATS in ointment bases. 

DATS is soluble in acetone but sparingly soluble in other organic solvents such as alcohol, 

dimethyl sulfoxide, or dimethyl formamide. Therefore, it is expected to be practically 

insoluble in PEG ointment bases and the amount of drug dispersed in the formulation could 

have been much higher than its solubility in the formulation. 

Table 3.11. Mathematical models for release kinetic determination of DATS 

Release kinetic 

model 
Zero order Higuchi First order Hixson-Crowell 

R2 0.631   0.8541   0.7318          0.631 

  

 

 

 

 

 

 

 

  

R² = 0.8541

0

20

40

60

80

100

0 1 2 3 4C
u
m

u
la

ti
v
e 

p
er

ce
n
t 

d
ru

g
 r

el
ea

se

Square root of time

Higuchi

Figure 3.26. Release kinetics of DATS from ointment with PEG 400 (70%) 



93 
 

Conclusions 

The ointment-based drug delivery system containing DATS-SLNs exhibited a 

sustained release of DATS and H2S compared to ointment loaded with free DATS. The 

drug delivery system was able to release up to 70% of the initially added DATS in the 

DATS-SLNs and H2S concentration of about 120 µM in around 9 hours which could be 

potentially useful for glaucoma patients. A validated quantification method was developed 

for quantification of DATS in aqueous medium using reverse phase HPLC. H2S was 

quantified using a validated ethylene blue assay method developed using microplate reader. 

The formulation showed a non-Newtonian shear thinning flow (viscosity decreased with 

increasing the shear rate) and viscosity of the formulation was low at the surface 

temperature of the eye which will provide ease in spreadability over the cornea. The 

ointment based topical delivery system will increase retention over the cornea and offer 

higher patient compliance. The drug delivery system capable of modulating the release of 

H2S is promising in glaucoma therapy as it can lower IOP and could potentially provide 

neuroprotection. 
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Future directions 

The current study has been able to provide a sustained release of H2S over a per of 

9 hours from DATS-SLNs incorporated in a PEG ointment base. The loading capacity of 

the total DATS content in an ointment is only 0.01%. Therefore, any future studies should 

focus on increasing the drug load in DATS-SLNs and thus in the ointment. Further studies 

can evaluate the DATS-SLNs for their morphology using scanning electron microscopy 

and homogeneity of DATS content in SLNs by using Transmission Electron Microscopy 

(TEM). Lyophilization method can be optimized to reduce the DATS loss under extreme 

freeze-drying conditions from the DATS-SLNs which can enable us to evaluate DATS-

SLNs for their thermal behavior and drug-lipid interactions. Several challenges were faced 

during the study because of limited information on solubility and stability of DATS in 

different environments. It is known from literature that DATS is unstable at normal 

temperature and in aqueous environments. Moreover, DATS shows a pH-dependent 

stability in aqueous solutions. Thus, it is critical to study the solubility profile of DATS in 

aqueous, organic and lipid matrix to help us acquire information critical in choosing 

appropriate formulation parameters. Literature does not report on any lipid particles-based 

delivery system for H2S using a prodrug DATS. Thus, current delivery system is a novel 

approach to develop and characterize lipid based topical formulation for DATS. As a 

furtherance, different lipids and surfactants can be used to optimize the system to deliver 

H2S in a sustained manner for a better therapeutic outcome in glaucoma treatment. 

Similarly, different ointment bases can be explored. Another important future study would 

include ex-vivo corneal permeability followed by in vivo ocular drug distribution studies as 
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it is vital for the formulation to cross the hydrophilic-lipophilic-hydrophilic barrier 

presented by the cornea. Integrity of cornea can be studied to determine the safety of the 

formulation. Moreover, method of sterilization of formulations should be developed as 

sterility is an important parameter for ophthalmic formulations. Other future studies can 

include studying the stability of the formulations to determine its shelf life and storage 

conditions.  
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Global Impact 

Glaucoma is the second leading cause of blindness worldwide and the loss of vision 

from glaucoma is irreversible. The current treatments focus on managing glaucoma 

symptoms by targeting reduction in IOP, but unfortunately lacks neuroprotective action of 

the retina and optic nerve head. Recent survey by Glaucoma Research Foundation in 

association with Aerie Pharmaceuticals suggested that almost 64 percent of the glaucoma 

patients are affected by the disease on the daily basis (Glaucoma Research Foundation, 

2019) and the disease is projected to affect 111.8 million by 2040 (Tham et al., 2014). The 

WHO Vision 2020 campaign has been helpful in reducing the world blindness because of 

cataract surgeries. However, the medical and pharmacological treatments intended to treat 

the elevated IOP or slow progression of glaucoma symptoms did not contribute 

considerably to it. Only 53% of the affected population is able to maintain a stable IOP, 

the only modifiable risk factor for the disease. Thus, the current study included strategies 

to mitigate loss of retinal ganglionic cells. Previous studies targeting both reduction of IOP 

and neuroprotection of H2S were intended for subconjunctival injections, which presents 

an inconvenient and invasive approach. This study aims to deliver H2S using its donor, 

DATS via a topical ocular route. The current formulation can provide sustain release of 

H2S over a period of 9 hours, the standard sleeping time of humans. Moreover, the novel 

formulation is mucoadhesive, thereby increasing the retention time of drug over the cornea 

and thus potential increase in the bioavailability. This would enable a once daily 

application and offer better patient compliance and adherence to over 60 million people 

affected by glaucoma. 
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