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ABSTRACT

RICHARD TETTEY ADDO

Development of Novel Encapsulated Formulations Using Albumin-Chitosan as 
Polymer Matrix for Ocular Drug Delivery 
(Under the direction of Martin J. D’Souza, Ph.D.)

Designing formulations for ophthalmic drug delivery is one of the most 

challenging endeavors facing the pharmaceutical scientist due to the unique 

anatomy, physiology, and biochemistry of the eye. Current treatment protocols 

for administration of drugs in eye diseases are primarily solution formulations, 

gels or ointments. However, these modes of delivery have several drawbacks 

such as short duration of exposure, need for repeated administrations and non

specific toxicity. We hypothesize that development of ocular drugs in 

microparticles will overcome the deficiencies of the current modalities of 

treatment. We based the hypothesis on the preliminary studies conducted with 

encapsulated tetracaine, an anesthetic used for surgical purposes and atropine, 

a medication used for several ophthalmic indications including mydriatic and 

cycloplegic effects. However, atropine is well absorbed into the systemic 

circulation and has been reported to exert severe systemic side effects after 

ocular administration (Hoefnagel D. 1961, Morton H. G. 1939 and Lang J. C. 

1995) and may lead to serious side effects including death in extreme cases with 

pediatric use. Based on these observations, the focus of this dissertation is to



formulate microparticulate drug carrier for treatment of various conditions of the 

eye.

Purpose: To prepare, characterize, study the in vitro and in vivo interaction 

of albumin-chitosan microparticles (BSA-CSN MS), a novel particulate drug 

carrier for ocular drug delivery.

Method: Microparticle formulations were prepared by method of spray 

drying. The percentage drug loading and efficiency were assessed using USP (I) 

dissolution apparatus. Using Malvern Zeta-Sizer, we determined size and surface 

charge of the fabrication. Surface morphology of the microparticles was 

examined using Scanning Electron Microscopy. Microparticles were 

characterized in terms of thermal properties using Differential Scanning 

Calorimetry. Human comeal epithelial cells (HCET-1) were exposed up to 120 

minutes to different BSA-CSN MS concentrations. Using fluorometry, the 

influence of temperature and effect of metabolic inhibition were studied. The in 

vitro uptake and internalization studies were evaluated using confocal 

microscopy in HCET-1. In vivo studies were evaluated in rabbit’s eye using blink 

response and pupil to cornea ratio for tetracaine and atropine studies 

respectively.

Results: Our results showed particles size in the range of 3-5 microns with 

encapsulation efficiency of about 96 percent. Differential Scanning Calorimetry 

showed no drug-polymer interactions. BSA-CSN MS were internalized by the 

HCET-1 and was affected both by temperature and metabolic inhibitor, sodium



azide. There were no signs of ocular surface toxicity or inflammation. The 

encapsulated drugs exhibited superior properties in vivo compared to the solution 

formulations currently in clinical use.

Conclusion: We successfully developed microparticulate drug carriers for 

ocular delivery. BSA-CSN MS were internalized by the HCET-1 by temperature 

dependent active transport mechanism that did not compromise cell viability.



CHAPTER 1

INTRODUCTION

Delivery of drugs to the eye is one of the challenges facing the clinicians 

due to the unique anatomy, physiology, and biochemistry of the eye. Current 

treatment protocols for administration of drugs in eye diseases are primarily 

solution formulations, gels or ointments. However, these modes of delivery have 

several drawbacks such as short duration of exposure, need for repeated 

administrations and non-specific toxicity. We hypothesize that development of 

ocular drugs in microparticles will overcome the deficiencies of the current 

modalities of treatment. We based the hypothesis on the preliminary studies 

conducted with encapsulated tetracaine, an anesthetic used for surgical 

purposes and atropine, a medication used for several ophthalmic indications 

including mydriatic and cycloplegic effects. The encapsulated drugs exhibited 

superior properties compared to the solution formulations currently in clinical use. 

Based on these observations, the focus of this dissertation is to formulate 

microparticles of the drugs used for treatment of various conditions of the eye.

Currently, tetracaine hydrochloride is commonly used in ocular surgical 

procedures as a local anesthetic in the solution formulation. In the case of 

cataract surgery (which takes approximately 60 minutes to complete), the



2

anesthetic properties of the drug are initiated in minutes and last approximately 

10-15 minutes(Verma, Corbett et al. 1995). This requires multiple applications of 

the drug during the surgical procedure. A drug that produces immediate onset of 

action and long acting effect is desirable for the surgical procedure.

Atropine sulfate is currently used for various ophthalmic purposes as a 

solution formulation. Topical atropine is used as a cycloplegic agent, to 

temporarily paralyze the accommodation reflex, and as a mydriatic, to dilate the 

pupil. The eyes of today’s children have no time to relax, reading, writing, 

watching television, using the computer, surfing the internet or playing video 

games. Not surprisingly, about half of our school children are shortsighted.

Recent scientific studies have found that when atropine drops is instilled regularly 

(weekend therapy) into the eyes of children, myopia progression can be retarded 

or stopped. When atropine eye drops therapy is indicated, current preference is 

to start by recommending a reduced dosage to be instilled into both eyes once a 

week (Ho 2006). The reduced dosage is adequate in controlling myopia 

progression in children while minimizing the unwanted systemic side effects. 

However, atropine is well absorbed into the systemic circulation and has been 

reported to exert severe systemic side effects after ocular administration(Morton 

and Creed 1939; Hoefnagel 1961). Serious side effects include death in 

extreme cases, with pediatric use. Therefore, we are interested in a more 

accurate determination of the minimum dose required to produce the desired 

effect, with minimal side effects.
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CHAPTER 2 

LITERATURE REVIEW

Ocular Drug Delivery 

Designing formulations for ophthalmic drug delivery is one of the most 

challenging endeavors facing the pharmaceutical scientist. The anatomy, 

physiology, and biochemistry of the eye render this organ exquisitely impervious 

to foreign substances. The challenge to the formulator is to circumvent the 

protective barriers of the eye without causing permanent tissue damage. The 

existing ophthalmic solutions, suspensions, and ointment dosage forms are 

clearly not sufficient to combat some virulent diseases owing to their major 

disadvantages such as rapid elimination of the active drug from the pre-corneal 

area and insufficient amount entering intraocularly.

The transdermal route and for that matter transcorneal route for systemic 

drug delivery has received considerable attention in recent years (Shaw 1984; 

Kalbitz, Neubertetal. 1996; Bach and Lippold 1998; Kanikkannan, Kandimalla et 

al. 2000; Mura, Faucci et al. 2000) however, a major drawback of this route of 

administration is the low permeability of the epithelial cells. This can be increased 

by using penetration enhancers which are chemicals that partition into and 

interact with the epithelial cells and induce a temporary and reversible decrease
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in cells or tissues barrier properties (Magnusson and Runn 1999; El-Kattan,

Asbill et al. 2000). Ideal penetration enhancers should have the following 

characteristics(Southwell and Barry 1983).

1) Be pharmacologically and chemically inert

2) Have a high degree of potency with specific activity and reversible effects on 

the penetrating surfaces

3) Show compatibility with formulation and system components

4) Be nonirritant, non-sensitizing, and non-phototoxic

5) Be odorless, tasteless, colorless and cosmetically acceptable

Despite the wide range of materials proposed as penetration enhancers, 

no chemical has yet been found which possesses all of the above attributes. 

Aprotic solvents such as dimethylsulfoxide (DMSO), dimethylformamide and 

dimethylacetamide were the most widely used penetration enhancers initially. An 

exhaustive list of penetration enhancers can be found in the literature 

(Kanikkannan, Kandimalla et al. 2000; Magnusson, Walters et al. 2001). Many 

known and newly developed chemicals have been investigated for their ability to 

enhance percutaneous penetration of drugs, e.g. solvents such as water, 

alcohols, propylene glycol (Kurihara-Bergstrom, Knutson etal. 1990; Pershing, 

Lambert et al. 1990; Thomas and Panchagnula 2003), azone and its derivatives 

(Wiechers and de Zeeuw 1990), surfactants (Sarpotdar and Zatz 1986; Tupker, 

Pinnagoda et al. 1990), fatty acids (Kandimalla, Kanikkannan et al. 1999;

Santoyo and Ygartua 2000), terpenes (Yamane, Williams et al. 1995), sugar
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esters, and miscellaneous materials such as urea and its derivatives (Gloor,

Fluhr et al. 2001).

Penetration enhancers may act by one or more of the following three main 

mechanisms described as lipid protein partitioning theory (LPP) (Yamane, 

Williams et al. 1995).

1. Disruption of the highly ordered structure of stratum corneum lipids,

2. Interaction with intracellular protein, and

3. Improved partitioning of a drug, co-enhancer or solvent into the stratum 

corneum.

Three pathways are suggested for drug penetration through the skin: 

polar, nonpolar, and polar/nonpolar. The enhancers act by altering one of these 

pathways. The key steps in altering each of the pathways is to cause protein 

conformational change or solvent swelling, to alter the rigidity of the lipid 

structure and fluidize the crystalline pathway and by altering the multilaminate 

pathway for penetrants respectively. Percutaneous absorption of most drugs is a 

passive diffusion process that can be described by Fick’s first law of diffusion. 

This is illustrated in the following equation (1), in which the amount of drug 

transported through a unit area of skin per unit time, the flux (J) is the product of 

the diffusion coefficient of the skin (D), the skin-vehicle partition coefficient of the 

drug (K), and the drug concentration in the vehicle or the delivery system (C) 

divided by the thickness of the skin (h).

J = DKC/h
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Even though intraocular injection and implantation may offer a better 

efficiency of delivery, it is a more invasive technique and therefore poses a safety 

concerns. Therefore, ocular delivery of drugs using current methods is an 

extremely inefficient process involving topical or systemic administration. There is 

a demand for improved methods of drug delivery to the eye that increases 

efficiency and safety. The most conventional and convenient route for local 

ophthalmic drug delivery system remains the topical application of solutions to 

the surface of the eye as eye drops. Conventional eye drops typically act 

transiently, which enter the eye by either diffusion across the cornea or across 

the sclera(Lee and Robinson 1986; Brown, Brown et al. 1994; Ahmad, Dimascio 

et al. 1995; Krolicki and Tasman 1995; Ngezahayo, Lang et al. 1995; Regillo, 

Brown et al. 1995). The delivery of drugs to intraocular tissues toward the back of 

the eye, such as retina and choroid, by this approach, however, is limited by: (i) 

the marginal barrier to solute flux provided by the corneal epithelium and 

conjunctiva; and (ii) precorneal drug losses that are due to the drainage and 

turnover of tear fluid(Geroski and Edelhauser 2000). Therefore, the ideal route 

for drug delivery to the back tissues of the eye will be trans-scleral, due to large 

surface area of the sclera; however, the main pathway for the permeation of 

drugs into the eye appears to be the cornea(Jacoby, Melrose et al. 1993). The 

average 16.0 cm2 surface area of the human sclera (Olsen, Aaberg et al. 1998) 

accounts for 95% of the total surface area of the globe and provides a 

significantly larger avenue for drug diffusion to the inside of the eye than the 1.0
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cm2 surface area of the cornea. However, most delivery techniques fail to utilize 

this site.

The possibility that microneedles could be used for drug delivery to the 

posterior segments of the eye has also been investigated for the past few 

years(Jiang 2006). This is guided by the advantages of microneedles and their 

successes in transdermal studies across the skin(McAllister, Allen et al. 2000; 

McAllister, Wang et al. 2003; Davis, Martanto et al. 2005). Using microneedles as 

a tool in ocular drug delivery claim to offer the following advantages: (1) they may 

minimize pain and tissue damage relative to hypodermic injections because they 

are small enough to avoid simulating nerves or significant tissue trauma; (2) they 

should be well tolerated and thereby increase patient compliance since a single 

application might be suitable for long-term use; and (3) they will provide a 

localized and targeted drug delivery to the back of the eye. This technique of 

using microneedles mainly focuses on using two different types of microneedles: 

solid metal and hollow glass microneedles. For solid microneedles, drug 

formulations are coated onto the shafts of the needles. The insertion of coated 

microneedles into the sclera or cornea should deposit drug directly into the ocular 

tissue area bypassing the epithelial barriers of corneal epithelium and 

conjunctiva. The coated drug that dissolves off the needle shaft is stored in the 

corneal tissue, and is delivered into the eye by diffusion. In using hollow glass 

microneedles, drug solutions are pre-loaded into the hollow lumen region of the 

needle. After insertion into the cornea, the drug is injected into the ocular tissue 

using pressure-driven flow. Both methods should achieve the following goals in
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drug delivery to the back of the eye: (1) increasing the amount of drug delivered 

relative to topical administration; (2) more localized drug delivery relative to 

systemic administration; (3) safer delivery approach relative to intraocular 

injection; and (4) prolonged drug release periods.

Notwithstanding, ocular drug delivery using microneedles are unable to 

prevent systemic leakage following the absorption of drug into the ocular tissues 

(Jiang 2006) and lack satisfactory patient compliance. This is due to the fact that, 

though there may be an increased amount of drug delivered into the anterior and 

posterior segments of the eye, there is no control over the release of the drug 

once in the system. This consequently leads to vital damage of tissues of the 

eye. Wherefore, this delivery technique (microneedles) fails to show how it could 

be used to address the sustained or controlled delivery of drugs.
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Figure 1: Anatomy of the eye (Adapted from: 
www.mydr.com.au/.. ./Anatom/anatomy_of_eye.gif)

http://www.mydr.com.au/
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iris 

pupil 

sclera

Figure 2: The eye (Adapted from: 
storybookclub.com/anatomy%20of%20the%20eye.gif)

The human eye can be viewed as an egg shaped organ. Normally, it is 

compared to a camera. Each gathers light and then transforms that light into a 

“picture.” Both also have lenses to focus the incoming light. A camera uses the 

film to create a picture, whereas the eye uses a  specialized layer of cells, called 

the retina to produce an image. The eyeball is a complex, three-dimensional, full- 

color motion-picture camera. The shape is like a sphere and, for the most part, 

filled with a jelly-like transparent substance called vitreous humor. Encasing this 

semi-liquid substance is a three-layered “skin.” The outer layer is known as the 

sclera, the middle one is the choroid and the inner layer is the retina. However, 

none of these three layers encircles the entire eyeball. They all leave space at 

the front. In the forepart of the eyeball, the sclera merges into a convex 

transparent tissue called the cornea. It is shaped somewhat like a tiny bowl



placed at the front of the eye with the bottom facing out. Behind the cornea is the 

iris, a thin circular curtain of muscular tissue that constitutes the colored part of 

the eye. The iris has a hole at its center, known as the pupil. Two sets of muscles 

in the iris can change the size of the pupil, controlling the amount of light that 

enters. Filling the space between the cornea and the iris is a clear fluid called 

aqueous humor. The conjunctiva is a thin, clear layer of skin covering the front of 

the eye, including the sclera and the inside of the eyelids. The conjunctiva keeps 

bacteria and foreign material from getting behind the eye.

The eye is able to bend and focus rays of light, which the optic nerve 

(attached to the rear of the eyeball) transmits to the visual center of the brain. To 

make that possible, the eye has another major part called the lens. Just behind 

the iris is a transparent crystalline lens. The lens is biconvex, that is, it is convex 

at both its front and back. The cornea and the lens work together to bend light 

rays and focus them at the back of the eyeball onto the inner of its three 

surrounding layers, the retina. A group of muscles attached to the lens can make 

it change shape to bring things into focus. A cross-section view of the lens would 

reveal that, when focusing on a distant object, it is oval-shaped like an egg. The 

lens would appear rounder when the eye views something up close.

Even though the eye is small, only about 22.5 -  24 mm in diameter (Fatt 

1992), it serves a very important function - your sense of sight. Vision is arguably 

the most used of the five senses and is one of the primary means that we use to 

gather information from our surroundings.
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Common Eve Problems

Short sightedness (myopia) and long sightedness (hypermetropia) are 

common conditions, both caused by the cornea and lens not focusing properly on 

the retina. Short sightedness is where the eyeball is elongated or the lens is too 

thick, causing the image to focus in front of the retina. Long sightedness is where 

the eyeball is too short or the lens too thin, causing the image to focus behind the 

retina. Both long and short sightedness may be overcome by wearing glasses.

Other sight-threatening conditions are not so easily corrected or 

overcome. Cataract, trachoma, glaucoma , diabetic retinopathy and river 

blindness, for example, may cause complete blindness if left untreated. 

Sightsavers are preventing and curing these diseases and restoring sight where 

possible. In the United States alone, more than 1.0 million are legally blind with 

about 3.4 million people visually impaired. The average cost to the federal 

government annually is more than $4 billion annually(Montresor, Albonico et al. 

2000). Approximately 1.7 million Americans over the age of 65 suffer from age- 

related macular degeneration (ARMD) and as the nation ages this number will 

grow by an estimated 200,000 new cases per year(Dayle, McIntyre et al. 2000). 

The most common causes of vision loss among the elderly are age-related 

macular degeneration, glaucoma, cataract and diabetic retinopathy. Age-related 

macular degeneration (ARMD) is characterized by the loss of central vision. In 

the western world, the most common cause of loss of central vision in people 

over the age of 50 has also been attributed to ARMD (Vingerling, Klaver et al. 

1995). Risk factors for ARMD include advancing age, family history of ARMD and
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cardiovascular risk factors such as hypertension and cigarette smoking. There 

are two categories of ARMD: non-exudative (or "dry") ARMD and exudative (or 

"wet") ARMD. Approximately 90 percent of persons with ARMD have the 

nonexudative form of the disease. Nonexudative ARMD is the most common 

form of ARMD, although it accounts for only 10 to 20 percent of cases of severe 

loss of vision in patients with ARMD. Types of nonexudative ARMD include 

drusen and geographic atrophy.

A B

O e y e n e r a T  on H  vC- :.c | - c \ J

Figure 3: Age-related macular degeneration is a disorder caused by abnormal 
blood vessels of the central part of the retina - macula (Adapted from: 
http://www.opt.indiana.edu/clinics/Dt educ/armd/disease.htm)

Primary open-angle glaucoma results in optic nerve damage and visual 

field loss. It is a significant cause of blindness in the United States and is the 

most common cause of blindness among black Americans. An estimated 1 

million Americans over 65 years of age have experienced loss of vision 

associated with glaucoma, and approximately 75 percent of persons who are

http://www.opt.indiana.edu/clinics/Dt
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legally blind because of glaucoma are over the age of 65 (Pizzarello 1987). 

Because this condition may initially be asymptomatic, regular screening 

examinations are recommended for elderly patients.

Figure 4: Glaucoma is a disorder caused by the build up of aqueous humor 
damaging the optic nerve (adapted from: 
www.ahaf.org/glaucoma/about/Glaucoma_2003b.jpg)

Cataract is a common cause of vision impairment among the elderly, but 

surgery is often effective in restoring vision. Diabetic retinopathy may be 

observed in the elderly at the time of diagnosis or during the first few years of 

diabetes(Ocasio-Tascon, Alicea-Colon et al. 2006). Cataract is a clouding that 

develops in the crystalline lens of the eye or in its envelope, varying in degree 

from slight to complete opacity and obstructing the passage of light. Early in the

http://www.ahaf.org/glaucoma/about/Glaucoma_2003b.jpg
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development of age-related cataract the power of the lens may be increased, 

causing near-sightedness (myopia), and the gradual yellowing and opacification 

of the lens may reduce the perception of blue colors. Cataracts typically progress 

slowly to cause vision loss and are potentially blinding if untreated. Cataracts 

develop from a variety of reasons, including long-term ultraviolet exposure, 

exposure to radiation, secondary effects of diseases such as diabetes, 

hypertension and advanced age; they are usually a result of denaturation of lens 

proteins. Genetic factors are often a cause of congenital cataracts and positive 

family history may also play a role in predisposing someone to cataracts at an 

earlier age, a phenomenon of "anticipation" in pre-senile cataracts. Cataracts 

may also be produced by eye injury or physical trauma. A study among 

Icelandair pilots showed commercial airline pilots as three times more likely to 

develop cataracts than people with non-flying jobs. This is thought to be caused 

by excessive exposure to radiation coming from outer space (Rafnsson 2005). 

Cataracts may be partial or complete, stationary or progressive, hard or soft. 

Some drugs can induce cataract development, such as Corticosteroids,

Ezetimibe and Seroquel(Spencer and Andelman 1965). There are various types 

of cataract, for example nuclear, cortical, mature, and hypermature. Cataracts 

are also classified by their location: posterior classically due to steroid use and 

anterior (senile) cataract related to aging(Spencer and Andelman 1965; Greiner 

and Chylack 1979).
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Normal, clear lens Lens clouded by cataract

Figure 5: Cataract is the opacity of the normally clear lens of the eye (adapted 
from: www.nlm.nih.gov/.../ency/fullsize/18012.jpg)

Trends of Ocular Drug Delivery

Delivery of drugs to the eye is extraordinarily hampered by the defensive 

barriers of the eye. Both corneal and conjunctival epithelia are sealed with 

intercellular tight junctional complexes that limit the entrance of potentially 

harmful substances, or for that matter, helpful substances such as therapeutic 

drugs. In addition, the mucous tear film entraps debris, particles, and drugs and 

removes them through the lachrymal drainage system. The efficacy of the 

treatment of eye diseases therefore is limited by these protective physiological 

mechanisms. Drugs must be applied frequently to compensate for this loss, 

which can generate issues of patient compliance. The precorneal half-life of 

drugs applied by these pharmaceutical formulations is considered to be about 

1-3 minute due to the resulting elimination rate. As a consequence, only a small 

amount of about l-3% of the dosage actually penetrates through the cornea and

http://www.nlm.nih.gov/.../ency/fullsize/18012.jpg
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is able to reach intraocular tissues (Patton and Robinson 1976; Patton and 

Robinson 1976; Lee and Robinson 1979; Scherer, Mooren et al. 1993). The poor 

productive absorption, on the other hand, results in a high amount of drug that is 

drained into the nose or into the gut. This ultimately leads to an extensive 

systemic absorption and may result in unwanted side effects due to toxicity of the 

drug(Scherer, Mooren et al. 1993). Although these problems have been 

recognized for a long time, surprisingly little effort has been made by drug 

companies to improve the situation, and only very few alternative ocular drug 

delivery systems are on the market.

Muco-adhessive Microparticles

Recent advances in topical drug delivery have been made that improve 

ocular drug contact time and drug delivery, including the development of gels, 

ointments, liposome formulations and various sustained and controlled-release 

substrates, such as the Ocusert, collagen shields, and hydrogel lenses. The 

development of newer topical delivery systems using polymeric gels, colloidal 

systems, and cyclodextrins is believed to provide exciting new topical drug 

therapeutics(Bourlais, Acar et al. 1998). The delivery of therapeutic doses of 

drugs to the tissues in the posterior segment of the eye, however, remains a 

significant challenge. Physicochemical stability and limited transport across 

epithelia are additional problems for drug delivery, especially in the case of large 

biomolecules such as peptides, proteins, and genes. In other words, the efficacy 

of a topically administered drug delivery system depends on interaction with the
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ocular mucosa, protection from degradation, and facilitation of delivery to the 

ocular tissues. Previous studies showed that both poly (alkylcyanoacrylate) 

(Harmia, Speiser et al. 1986; Losa, Calvo et al. 1991) and poly- 

caprolactone(Zahler and Calvo 1994) (Losa, Marchal-Heussler et al. 1993). 

Colloidal systems are able to improve the intraocular penetration of drugs. 

However, the duration of these systems at the ocular surface is limited to a few 

hours.

In contrast, muco-adhessive polymers can increase the residence time of 

drugs on the ocular surface(Alonso and Sanchez 2003; Calonge, Diebold et al. 

2004). Mucoadhesion has become a topic of current interest in the design of drug 

delivery systems. One of these, the cationic polymer chitosan, possesses some 

favorable biological characteristics such as biodegradability, biocompatibility and 

non-toxicity(Davis and Ilium 1988; Hirano, Tsuchida et al. 1989; Muller, Hutin et 

al. 1992). This makes it a promising candidate for ocular drug delivery(Audhya 

and Goldstein 1983).

One possibility for such systems is the employment of small particles of 

micron or sub-micron range called microparticles. Microparticles made from 

muco-adhessive polymers exhibit a prolonged residence time at the site of 

application or absorption, facilitate an intimate contact with the underlying 

absorption surface, and thus contribute to improved and/or better therapeutic 

performance of drugs. Most researchers have developed different chitosan- 

based carriers to enhance the transport of drugs across the nasal(Valenta, 

Bernkop-Schnurch et al. 1996; Valenta, Bernkop-Schnurch et al. 1996)
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(O'Hagan, Critchley et al. 1990) and intestinal mucosal barriers, and they exhibit 

very promising behavior as topical ocular drug delivery systems(Lehr, Hagenah 

et al. 1992; Sabel, Hill et al. 2001). In other words, such muco-adhessive 

microparticles or nanoparticles have been developed in recent years for oral, 

buccal, nasal, ocular, rectal and vaginal routes for either systemic or local effects. 

Micro- or nanocarriers coated with chitosan composed of microcapsules with an 

oily core and a chitosan coating, have a great affinity for corneal and conjunctival 

epithelial cells(Wang, Yue et al. 1994). Based on the above-mentioned 

observations, we investigated the effect of microparticles containing bovine 

serum albumin (BSA) as a sustained release agent and chitosan as a muco- 

adhessive agent on human corneal epithelial cells (HCET-1), and evaluated its in 

vivo effect as a drug delivery system on rabbit’s eyes.

Tetracaine hydrochloride is used commonly in ocular surgical procedures 

as a local anesthetic in the solution form. Tetracaine causes a reversible 

blockade of nerve conduction by decreasing nerve membrane permeability to 

sodium. This decreases the rate of membrane depolarization thereby increasing 

the threshold for electrical excitability. In the case of cataract surgery (which take 

approximately 60 minutes to complete), the anesthetic properties of the drug are 

initiated in few minutes and last approximately 10-15 minutes (Verma, Corbett et 

al. 1995). This requires multiple applications of the drug during the surgical 

procedure. An immediate onset and long acting product is desired for the surgical 

procedure. This dissertation addresses the use of bead-like structures called 

microparticles to overcome this problem.
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In addition, atropine sulfate currently used for various ophthalmic 

purposes is a solution formulation. Topical atropine is used as a cycloplegic 

agent, to temporarily paralyze the accommodation reflex, and as a mydriatic, to 

dilate the pupil. It acts by blocking the contraction of the circular sphincter 

muscle, stimulated by acetylcholine thereby allowing the radial papillary dilator 

muscle to contract to dilate the pupil. In addition, the eyes of today’s children 

have no time to relax, reading, writing, watching television, using the computer, 

surfing the internet or playing video games. Not surprisingly, about half of our 

school children are shortsighted. Recent scientific studies have found that when 

atropine drops are instilled regularly (weekends therapy) into the eyes of 

children, myopia progression can be retarded or stopped(Ho 2006). However, 

atropine is well absorbed into the systemic circulation and has been reported to 

exert severe systemic side effects after ocular administration. Serious side 

effects include death in extreme cases, with pediatric use (Morton and Creed 

1939; Hoefnagel 1961; Peuranen, Vasar etal. 1995). Therefore, we are 

interested in a more accurate determination of the minimum dose required to 

produce the desired effect, with minimal side effects. We postulate for the first 

time ever that this ultimately could be achieved by our platform technology of 

microparticle and/or nanoparticles. In other words, these shortcomings could be 

alleviated by the use of micro-encapsulation or nanoencapsulation.

Thus, the main objective of this part of research is to develop formulations 

suitable for the delivery of tetracaine hydrochloride and/or atropine sulfate using 

albumin as a polymer matrix and chitosan as a muco-adhessive polymer. Spray
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drying was employed to obtain microparticles of scientifically acceptable quality. 

These microparticles were cross-linked with glutaraldehyde to prevent their 

immediate disintegration in circulation, and ensuring a sustained release of the 

drug.

H Cl O

Figure 6: Chemical structure of tetracaine hydrochloride (Adapted from: 
http://www.chemicalland21.com/lifescience/phar/tetracaine%20hydrchloride.htm)

http://www.chemicalland21.com/lifescience/phar/tetracaine%20hydrchloride.htm
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Figure 7: Chemical structure of atropine sulfate (Adapted from: 
http://dailymed.nlm.nih.gov/dailymed/druglnfo.cfm?id=1628)

http://dailymed.nlm.nih.gov/dailymed/druglnfo.cfm?id=1628
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Figure 8: Mechanism of action of atropine (Adapted from: 
http://www.cvpharmacology.com/.../atropine-Gi%20protein.gif)

In addition to encapsulation of tetracaine and atropine, another major area 

where the microparticles could be of significance is the administration of 

antisense oligonucleotides for therapy of certain eye diseases such as retinitis 

caused by cytomegalovirus (CMV). Antisense therapy has shown some degree 

of success in the treatment of CMV retinitis using Vitravene (Formivirsen) and 

phosphorothioate oligonucleotide (Flores-Aguilar, Besen etal. 1997; de Smet, 

Meenken et al. 1999; Detrick, Nagineni et al. 2001; Henry, Miner et al. 2001; 

Fattal and Bochot 2006). Use of gene therapy also has shown promise in the 

treatment of fibrotic diseases of the eye such as corneal scarring (Saika,

http://www.cvpharmacology.com/.../atropine-Gi%20protein.gif
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Yamanaka et al. 2008). However, these therapies still are not optimal to produce 

sustained therapeutic effect. However, the combination of the anti-sense DNA 

with cationic polymers such as chitosan, which is proposed in our studies, can 

result in higher intracellular uptake, since DNA-cationic complexes undergo 

receptor-mediated endocytosis to deliver the DNA into the cells very efficiently. 

This approach can lead to significantly better delivery into the eye especially 

when the DNA is packaged into microparticles.

Currently, few polymers in the market are used in ocular formulations in 

the treatment of eye diseases. However, several setbacks including toxicity and 

targeting issues have been reported, thus, raising the demand for more targeted 

drug delivery systems. Hydrogel polymers have recently received a great deal of 

attention from several investigators as potential drug delivery devices. This is 

owed to the natural propensity with which these polymers absorb water or 

biological fluids in vivo and thus regulate the rate of drug release. Recent 

investigations have shown that by controlling the degree of swelling via cross- 

linking with cations, anions or other synthetic polymers, these hydrogel polymers 

could serve as potential carriers for controlled release applications (Harmia, 

Speiser et al. 1986; De Campos, Sanchez et al. 2001; Enriquez de Salamanca, 

Diebold et al. 2006). As a result, several of these hydrogel polymers such as 

sodium alginate, guar gum, gellan gum, and chitosan have been studied 

extensively.

Chitosan is a natural polymer obtained by the hydrolysis of chitin, a native 

polymer present in shellfish. Together with chitin, chitosan is considered the
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second most abundant polysaccharide after cellulose. However, unlike cellulose, 

the use of chitosan as an excipient in pharmaceutical formulations is a relatively 

new development. At low pH, the polymer is soluble, with the sol-gel transition 

occurring at approximate pH 7. The pH sensitivity, coupled with the reactivity of 

the primary amine groups, make chitosan a unique polymer for oral, ocular and 

general mucosal drug delivery applications. In one of the present study, we used 

known ophthalmic drug (atropine sulfate and tetracaine hydrochloride) to 

determine if we could improve ocular delivery with the use of microparticles 

containing the drug in an albumin-chitosan matrix.

Chitosanase Specificity
C h ito s a n a seC h ito sa n a se

C H jO H C H jO H
OH

OHOH OH
HO

NH NH

Polymer of B-n-4)-D-glucosam ine units

Figure 9: Structure of Chitosan (Adapted from:
http://www.sigmaaldrich.eom/Area_of_lnterest/Biochemicals/Enzyme_Explorer/K
ey_Resources/Carbohydrate_Analysis/Carbohydrate_Analysisll.htmi;

There is a platform technology developed in our laboratory for delivery of 

drugs. We have been working in the nanosphere and microparticle delivery field 

for the past 20 years. We have amassed a wealth of information with 

microencapsulated drugs such as systemic and oral vaccines such as

http://www.sigmaaldrich.eom/Area_of_lnterest/Biochemicals/Enzyme_Explorer/K


26

melanoma, typhoid, TB, hepatitis B surface antigen(Lai and D'Souza 2007); 

immunosuppressants such as cyclosporine(DeSouza 1995; P.J. 1995), anti 

tumor drugs such as adriamicin (D'Souza and Pourfarzib 1999), IL-12 (Shah and 

D'Souza 1999), camptothecin (Tong, Wang et al. 2003); antibiotic specifically 

targeted to macrophages such as gentamicin(Haswani, Nettey et al. 2007) 

(Haswani, Nettey et al. 2006) and vancomycin(Nettey, Haswani et al. 2006; 

Nettey, Haswani et al. 2007); antibodies to cytokines such as TNF alpha, IL-1B, 

IL-6 and IL-8 (D’Souza et. al, 2005: (D'Souza, Oettinger et al. 1999; Oettinger, 

D'Souza et al. 1999) and more currently, anti-sense compounds such as 

antisense oligonucleotides to TNF-alpha (Oettinger and D'Souza 2003)and 

antisense oligonucleotides to NF kB (Oettinger, D'Souza M et al. 2007; Zhaowei, 

D'Souza et al. 2007)

Clinical Significance

The microparticle formulation method embarked here is completely 

reproducible, with little or no batch-to-batch variations due to the automated 

systems involved in the manufacture. Furthermore, large scale and aseptic 

production of the encapsulated particles lends itself to very relevant industrial 

significance in terms of scale up and low costs of production. In addition, since 

this preparation is formulated into a dry state, it is capable of withstanding 

extremes of temperatures over prolonged time.
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Innovation

This current research is focused on using a novel albumin-chitosan 

microparticle containing drugs that are released in a sustained manner. Since 

these are particulate in nature and in the micro- and nano-size range, they are 

taken up into both professional and non-professional phagocytic cells, including 

corneal epithelial cells rather easily and release the drug in a sustained manner 

intracellularly. Since the drug is in microparticles, they can get into and through 

cells rather efficiently and can be transported into deeper regions of the eye, 

where the drug is released over a prolonged period. Microparticles in the range 

of 0.05-10 pm are readily phagocytozed by macrophages (Tabata and Ikada 

1988). In our laboratory as well, we have shown that albumin microparticles 

containing different drugs in the 0.05-7 pm size range are readily taken up by 

phagocytic macrophages (Oettinger et. al., 1999b, Huang et. al, 1997). Thus, it is 

clear that the microparticles will be transported through the intra-corneal route 

very efficiently.
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Schematic Representation of Microparticle Formulation is Illustrated Below

Figure 10: A schematic of the overall concept of the microparticle matrix 

Future Directions

Based on our preliminary results of successful encapsulation and delivery 

of microparticles containing tetracaine/atropine, we hypothesize that the 

microparticle formulations was more effective in drug delivery to the eye, due to 

two main factors:

a) the size of the microparticles are relatively small, this results in their 

ability to enter and cross cell membranes and tissue easily

b) since we plan to incorporate the cationic polymer, chitosan, it will 

be taken up into cells by the process of endocytosis, resulting in

materials in matrix

Additive-

Molecular/ cell-surface

Albumin Matrix loaded with 
Drug



29

very effective uptake into epithelia cells and tissue. These two 

factors could lead to effective treatment of several eye diseases.

Among the treatment options that are available for retinitis caused by 

cytomegalovirus (CMV), include treatment using anti-sense approach with 

Fomivirsen an ISIS series of phosphorothioate oligonucleotides. For treatment of 

this condition, the therapeutic agent has to be injected into the vitreous fluid in 

the posterior segment of the eye. The drawback of this mode of therapy is the 

need for multiple injections directly into the eye. The short pharmacokinetic half- 

life and degradation of these oligonucleotides in the vitreous fluid presents 

another level of complexity. Administration of large amounts of drugs is needed 

to avoid repeated injections. This presents a scenario wherein the cells being 

exposed to the agent including retinal cells could be exposed to toxic levels of 

the drug.

The microparticle formulations described in this literature would overcome 

a number of drawbacks that are inherent to the conventional mode of delivery. 

The sustained release of the anti-sense (or other drugs), would circumvent the 

need for multiple dosing. Once microparticles with controlled-release properties 

are formulated, successful delivery for inhibition of the target, such as CMV, 

could be achieved without eliciting any non-specific toxicity. Studies from our own 

laboratory on encapsulated microparticles with anti-sense to NF-kB have shown 

promise in an arthritis animal model. We believe that extension of this technology



30

with anti-sense directed against CMV and other targets in the eye should provide 

novel formulations for treatment of diseases of the eye.

The specific aims of my research can be broadly divided into two major 

categories based on the technology used for determining the delivery of two 

different classes of drugs through the ocular route.

a) Tetracaine Studies: The anesthetic effect of microencapsulated 

tetracaine hydrochloride microparticles and soluble form of tetracaine 

hydrochloride were evaluated in rabbit’s eyes. Blink response of the eye were 

used for evaluation of the anesthetic effect. Any toxicity of the formulation to the 

eye in the form of lachrymation, redness etc as compared with the standard 

marketed drug or solution form was also measured with the use of a chromo 

meter.

b) Atropine Studies: The mydriatic effect of atropine in the microparticle 

formulation was evaluated by the measuring the ratio of the pupil length to the 

corneal length, which has now been shown for the first time to be constant at 

normal conditions. Primarily, dose response studies with the control solution 

formulation of 1% Atropine sulfate (currently marketed product) were conducted. 

This served as a standard and additional dose response studies was generated 

with the aid of the control solution formulations. The main aim here is to see if a 

lower concentration (strength) of our microparticle encapsulated formulations 

could produce better pharmacologic effect than the standard marketed solution



formulations. This will lead to decreases in toxicity. Finally, the in vivo effect of 

the addition of other viscosity enhancing agents to the optimized formulation was 

evaluated.

Goals and Objectives 

The purpose of this dissertation is to explore microencapsulation as a 

viable tool for the ocular delivery of drugs. The major goals of this project are to

1) Formulate and characterize solution and surface cross-linked albumin- 

chitosan microparticles loaded with tetracaine hydrochloride and/or atropine 

sulfate,

2) Evaluate the effectiveness of this formulation as intracellular delivery vehicles 

of these drugs in human corneal epithelial cells (HCET-1).

3) Evaluate the effectiveness of these microencapsulated drugs for its anesthetic 

effect, mydriatic effect and/or cycloplegic effect on rabbit’s eye. Within these 

three goals, these objectives were addressed. These objectives are as follows:

Part-1

The overall objective of this investigation is to develop formulation of 

tetracaine hydrochloride loaded chitosan-albumin microparticles and evaluate the 

anesthetic effect in vivo by blink response in a rabbit eye model.

1. To prepare and characterize chitosan-albumin microparticles loaded with 

tetracaine hydrochloride for ocular delivery.
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2. To evaluate the uptake of microencapsulated versus soluble tetracaine 

hydrochloride.

3. To evaluate the cytotocic effect of the chitosan-albumin microparticle 

formulation

4. To compare the intracellular uptake of microencapsulated versus soluble 

form of tetracaine hydrochloride in vitro.

5. To evaluate anesthetic effect of microencapsulated and soluble form of 

tetracaine hydrochloride in rabbits eye

6. In-vivo evaluation of the optimized lead formulation and the effect of 

viscosity enhancing agent on the effect tetracaine hydrochloride

Part-ll

To formulate an atropine sulfate ophthalmic preparation of the same 

efficacy but lower side effects than the current marketed form. To achieve this we 

are to prepare and characterize albumin-chitosan microparticles loaded with 

atropine sulfate for ocular delivery.

The purpose of this study was to prepare and characterize atropine sulfate 

microparticles using chitosan-albumin as the encapsulation matrix and 

characterize them for particle size, zeta potential, % yield, encapsulation 

efficiency and surface morphology and in-vivo testing.

1. To prepare and characterize chitosan-albumin microparticles loaded with 

Atropine sulfate for ocular delivery.
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2. Dose response studies of the mydriatic effect of standard solution of 

atropine sulfate in rabbits eye

3. To develop a more accurate determination of the minimum dose of 

atropine sulfate ophthalmic preparation required to produce the desired 

mydriatic effect, with minimal systemic side effect.

4. To compare the mydriatic and cycloplegic effect of the microencapsulated 

form of atropine to that of the solution form of it in vivo in rabbits.

Specific Aims

Recently we have been studying the encapsulation of tetracaine and 

atropine using our one-step fully automated, patented technology. Using this 

technology, we have encapsulated several drugs such as tetracaine, atropine, 

adriamicin, monoclonal antibodies to TNF-alpha and IL-1B, cyclosporine, 

antisense oligomers to NF-kB, vaccine candidates such as melanoma antigens, 

hepatitis antigen, TB antigens and typhoid antigens, to name a few. However, by 

these earlier methods we have been largely producing a mixture of microparticles 

with some particles in the nano range.

In the studies in this research project, we are interested in making further 

improvements to the formulation by producing microparticles and thereafter 

evaluate ophthalmic drug delivery of tetracaine and atropine to the eye, using a 

more targeted approach. We plan to incorporate different agents into the
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encapsulated particles such as the use of bioadhesive agents such as chitosan 

and other improvements as described in this the specific aims described below. 

The overall objective of this investigation is to develop formulations for optimum 

delivery of drugs to the eye. Specifically we are interested in evaluating a series 

of drug formulations.

a) Tetracaine microparticle formulations, wherein tetracaine was encapsulated 

into different microparticle formulations.

b) Atropine microparticle formulations, wherein atropine was encapsulated into 

different microparticle formulations.

Specific Aim 1 - Formulation

To formulate microparticles using chitosan-albumin polymer matrix loaded 

with the tetracaine hydrochloride and atropine sulfate for ocular delivery. Certain 

additives will be used for specific targeting to the eye. Various formulations were 

tested and optimized in order to maximize the uptake into the eye.

Specific Aim 2 - Characterization

The optimized formulation was characterized and the various physical 

properties of the encapsulated drug measured. The size, surface charge, surface 

morphology, zeta potential, thermal stability, etc, were determined. In addition, 

the release profile of the drugs from the microparticles was determined together 

with the encapsulation efficiency. The stability of the formulations through 

extended and accelerated stability studies was also evaluated.
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Specific Aim 3 -  In vitro uptake studies

The uptake and release profile of the encapsulated ocular formulations 

were tested in vitro using human corneal epithelial cells (HCET-1) to mimic the in 

vivo conditions. In addition, the transport across the cell membranes and uptake 

of particles into corneal cells were studied using transwell plates.

Specific Aim 4- In vivo studies

a) Tetracaine studies: The anesthetic effect of microencapsulated 

tetracaine hydrochloride microparticles and soluble form of tetracaine 

hydrochloride were evaluated in rabbit’s eye. Blink response of the eye used for 

evaluation of the anesthetic effect. Any toxicity of the formulation to the eye in the 

form of lachrymation, redness etc as compared with the standard marketed drug 

or solution was also measured with the use of a chromameter.

b) Atropine studies: The mydriatic effect of atropine in the microparticle 

formulation was evaluated by the measuring the ratio of the pupil length to the 

corneal length, which has now been shown to be constant at normal conditions. 

Primarily, a dose response study with the control solution formulation of 1% 

Atropine sulfate (currently marketed product) was conducted. This served as a 

standard and additional dose response studies was generated with the aid of the 

control solution formulations. The main aim here is to see if a lower concentration 

(strength) of our microparticle encapsulated formulations could produce better 

pharmacologic effect than the standard marketed solution formulations. This is
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thought to lead to decreases in toxicity. Finally, the in vivo effect of the addition of 

other viscosity enhancing agents to the optimized formulation was evaluated.
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CHAPTER 3

PREPARATION AND PHYSICOCHEMICAL CHARACTERIZATION OF 

ALBUMIN-CHITOSAN MICROPARTICLES LOADED WITH TETRACAINE 

HYDROCHLORIDE AND ATROPINE SULFATE FOR OCULAR DELIVERY

Abstract

Purpose: The purpose of this study was to prepare and characterize 

albumin-chitosan microparticles loaded with tetracaine hydrochloride for ocular 

delivery and characterize them for particle size, zeta potential, percentage yield, 

encapsulation efficiency and surface morphology. Currently, tetracaine is 

routinely used in ocular surgical procedures. In the case of cataract surgery, the 

anesthetic properties of the drug are initiated in minutes and last approximately 

10-15 minutes (Verma, Corbett et al. 1995). This requires multiple applications 

of the drug during the surgical procedure. A product with immediate onset of 

action and longer duration of action is desired for the surgical procedure.

Methods: Microparticle formulation was prepared by method of spray 

drying. The percentage drug loading and encapsulation efficiency were assessed 

using USP (I) dissolution apparatus. Using Malvern Zeta-seizer, we determined
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size and surface charge of the formulation. Surface morphology of the 

microparticles was examined using Scanning Electron Microscopy. Microparticles 

were also characterized in terms of thermal properties using Differential 

Scanning Calorimetry.

Results: Our results showed that particles size ranged between 3-5 

microns with percent drug loading and encapsulation efficiency of 10 and 93 

respectively. The FTIR showed no drug-polymer interactions.

Conclusion: We have successfully developed a BSA-CSN Microparticle 

formulation encapsulating tetracaine hydrochloride.

Introduction

Kramer (1974) first described the use of albumin microparticles as drug 

delivery vehicles. Albumin is a natural protein polymer which is non-toxic, 

biodegradable, and biocompatible making it a suitable agent for the 

encapsulation of a variety of drugs. Albumin by itself does not provide any 

sustained release properties and has to be cross-linked or stabilized using 

various methods in order to achieve sustained or controlled release properties. 

Crosslinking of albumin microparticles can be achieved by heat (Zolle, Rhodes et 

al. 1970) or chemical agents like formaldehyde (Arshady 1990), glutaraldehyde 

(Natsume, Sugibayashi et al. 1990) and 2, 3 butadione (Burger, Tomlinson et al. 

1985). Several methods of microparticle preparation have been reported which 

include water-in-oil (w/o) emulsion, nebulization and coacervation which uses
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either heat and/or chemical cross-linking agents. These traditional methods of 

microparticle preparation involve either use of high temperature for extended 

periods or organic solvents, which may further jeopardize the stability of unstable 

drugs. Spray drying is one of the most recent methods used for preparation of 

microparticles (Haswani 2005) which is based on the principle of nebulization of 

the polymer solution containing the drug, through a desiccating chamber.

Peristaltic P u m p  

Spray
Nozzle

Cyclone 

W a ste  
Collector 

Figure 11: Buchi Spray Dryer



Microencapsulation offers several advantages as drug vehicles such as 

extended half-life, improvement of cellular uptake, and protection from enzyme 

degradation, making it an attractive strategy for a number of drug delivery 

applications (Gupta and Hung 1989) (Beaman, Akhtar et al. 1996; Jha and 

D'Souza 2005). The efficiency of microencapsulation as a delivery system is 

largely influenced by its characteristics such as size, surface charge, and release 

pattern. For example, the in vivo distribution of intravenously administered 

albumin microparticles was shown to be size dependent with 0.2 to 2 pm sized 

particles distributing mainly to the liver. On other hand, larger particles with size 

ranges of 3 to 12 pm showed predominant distribution to the lungs and spleen 

after intra-arterial, intra-peritoneal or intravenous administration (Kanke,

Simmons et al. 1980; Ilium and Davis 1982; Burger, Tomlinson et al. 1985). It is 

important to note that the particle size for ophthalmic applications should not 

exceed 10 pm because with larger sizes a scratching sensation might occur. 

Therefore, a reduction in particle size could improve the patient comfort during 

administration (Zimmer, Mutschler et al. 1994). Furthermore, surface properties 

of microparticles such as hydrophobicity and charge have been found to greatly 

influence phagocytic uptake into macrophages and dendritic cells (Lacasse,

Filion et al. 1998; Thiele, Merkle et al. 2003; Watarai, Kim et al. 2003). The 

purpose of these studies was to prepare albumin-chitosan (BSA-CSN) 

microparticles loaded with tetracaine hydrochloride and characterize it in terms of 

particle size, morphology, surface charge, and release profile. Physico-chemical 

characteristics of drug products enables us to determine if the formulation will be



41

successful for the delivery of the active compound in a manner that will enable 

the best pharmaceutical effect to be achieved. The purpose of these studies, 

therefore, was to determine the particle sizes, the size distributions and 

morphology of the microparticles as well as their zeta-potentials. We were also 

interested in determining the effect of the encapsulation process on the activity of 

the encapsulated drugs and to evaluate the release pattern of these drugs from 

the microparticles in simulated lachrymal fluid. Finally, we determined the solid 

state stabilities of the microparticles using other analytical techniques such as 

Fourier Transformed infra red (FTIR) and Differential Scanning Spectroscopy 

(DSC).

Material and Methods

Materials

Bovine serum albumin (BSA; Fraction V, DNAase, RNAase, and 

Protease-free), Glutaraldehyde (25% in water), and sodium bisulfite were 

obtained from Fisher Scientific; Norcross, GA. Trypsin was obtained from Sigma 

chemicals, St. Louis, MO. Chitosan glutamate was obtained from Pronova, 

Nonway, tetracaine hydrochloride ophthalmic solution and tear fluid were 

obtained Alcon Pharmaceuticals, tetracaine hydrochloride and atropine sulfate 

powder was obtained from Fischer Scientific, Norcross Georgia
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Methods of Preparation of the Microparticles

Goal 1: Preparation and characterization of albumin-chitosan 

microparticles loaded with tetracaine hydrochloride for ocular delivery.

The purpose of this study was to prepare and characterize tetracaine 

hydrochloride microparticles using albumin-chitosan as the encapsulation matrix 

and characterize them for particle size, zeta potential, percentage yield, 

encapsulation efficiency and surface morphology.

Goal 2: Preparation and Characterization of albumin-chitosan 

microparticles loaded with atropine sulfate for ocular delivery. The purpose of this 

study was to prepare and characterize atropine sulfate microparticles using 

chitosan-albumin as the encapsulation matrix and characterize them for particle 

size, zeta potential, percentage yield, encapsulation efficiency and surface 

morphology. The atropine sulfate microparticles were prepared and 

characterized in a manner similar to that described for the tetracaine 

microparticles.

Two different techniques of microparticle preparations were employed in 

order to determine which method produced microparticles with longer duration of 

effect: (i) solution cross-linked and (ii) surface cross-linked.

(i) Preparation of solution cross-linked microparticles: Bovine Serum 

Albumin- Chitosan (BSA-CSN) solution (2.5 % w/v) was prepared and cross- 

linked with 0.75% of glutaraldehyde. Tetracaine hydrochloride was added to the 

cross-linked BSA-CSN matrix, to achieve 10% drug loading. For blank 

microparticles, only BSA-CSN was dissolved in de-ionized water and cross
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linked as above. The cross-linked solution was spray dried using Buchi 191 Mini 

Spray Dryer (Buchi 191, Switzerland) to obtain chemically stabilized tetracaine 

HCI loaded BSA-CSN microparticles or blank microparticles. Various parameters 

for the spray dryer viz: inlet temperature, pump flow, aspiration rate and air 

pressure were optimized. Different ratios of the amount of BSA and CSN were 

used to obtain different formulations. The microparticles were collected from the 

product collector and stored at 4 °C.

fiil Preparation of surface cross-linked microparticles: Bovine serum 

Albumin- Chitosan (BSA-CSN) solution (2.5% w/v) was prepared without cross- 

linking. Tetracaine hydrochloride was added to the BSA-CSN solution to achieve 

10% drug loading. For blank microparticles, only BSA-CSN was dissolved in de

ionized water. The solution was spray dried using Buchi 191 Mini Spray Dryer 

(Maury, Murphy et al. 2005) to obtain chemically stabilized tetracaine HCI loaded 

BSA-CSN microparticles. Different ratios of the amount of BSA and CSN were 

used to obtain different formulations. The microparticles were collected from the 

product collector and surface cross-linked with 0.75 % glutaraldehyde in 2- 

butanol for 4 hours. The resultant suspension was filtered using one pm filter 

paper. The microparticles were dried and stored at 4 °C.

This formulation strategy has several advantages: (i) it is a single step 

process (ii) burst release is very low (iii) has good suspension stability based on 

the zeta potential values (iv) easy scale up and manufacture.

Having formulated the microparticles, we next characterized the 

microparticles as below:
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In vitro Characterization of the Microparticles

Particle Size Distribution

The particle size distribution of BSA-CSN microparticles was measured 

using laser diffraction particle sizer (Nano Zeta Sizer, Malvern Instruments, UK). 

For the procedure, the microparticles were suspended in distilled water (2 mg/ml) 

containing 0.1% Tween 20. An average of three measurements were recorded 

as particle size.

Zeta Potential Determination

Malvern Zetasizer Nanoseries, ZEN1600 equipment was used to 

determine the zeta potential of the microparticle formulation. The measurements 

were done in 1 mM KCI solution at a final concentration of 2 mg/ml (pH 6.8). An 

optimized amount of microparticles was suspended in the buffer and transferred 

using a syringe into the zeta potential measurement cuvette which has integrated 

gold electrodes. The sample loaded cuvette was placed in the instrument 

chamber for the zeta potential measurement. The Zetasizer nano series used 

was a combination of Laser Doppler velocitmetry and phase analysis light 

scattering (M3-PALS technique) to measure particle electrophoretic mobility as a 

function of the surface charge or zeta potential.
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Surface Morphology and Product Yield

A scanning electron microscope (JEOL JSM 5800LV, Tokyo, Japan) was 

used to evaluate surface characteristics of the microparticles. Microparticles were 

coated with gold/palladium and micrographs were obtained. The total 

microparticle yield was calculated as per the following formula:

% Yield = (Weight of microparticles obtained from sprav-drver) x 100
Weight of the total solids in the feed

In Vitro Release Studies

In vitro release studies of the tetracaine HCI loaded microparticles were 

carried out at 37 °C using natural tear fluid (obtained from Alcon 

Pharmaceuticals, USA) pH 7.4 (100 ml) in a modified USP type I dissolution 

apparatus (Dissolution System 2100, Distek, North Brunswick, NJ). Tetracaine 

microparticles (25 mg) were suspended in 3 ml of natural tear fluid inside a 

dialysis bag with a molecular weight cut off of 12-14 kDa. The dialysis bag was 

sealed at both ends, enclosed into the dissolution baskets and immersed into the 

remainder natural tear fluid in the beakers. The dissolution apparatus was set at 

100 rpm and samples were taken at predetermined time intervals. An equivalent 

volume of fresh tear fluid was replaced at each sampling time. The samples were 

analyzed by a Lambda 4B UV/Vis spectrophotometer (Perkin-Elmer, Waltham, 

MA) at 310 nm.
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Determination of Release Kinetics

In order to find out the mechanism of drug release from the microparticles, 

data obtained from in vitro release studies were fitted to various kinetic models. 

The following kinetic models were used: zero order equation, first order equation 

and Higuchi model. Plots of Qt vs. t (zero order model), log (Q0 -  Qt) vs. t (first 

order model) and Qt vs. V t (Higuchi model) were made, where Qt is the drug 

release at time t and Q0 is the initial amount of drug present in the microparticles. 

For the respective models, rate constants were also calculated. Additionally the 

first 60% of drug release was fitted in Korsmeyer-Peppas model to confirm the 

mechanism of drug release.

M, = k f  
Ma

Where Mt/Mais the fraction of the drug released at time t and k is the rate 

constant and ‘n’ is the release exponent. The n value is used to characterize 

different release mechanisms and is calculated from the slope of the plot of log of 

fraction of drug release vs. log of time.

Evaluation of the Solid State Stability of the Tetracaine in the Microparticle 

Formulations.

The purpose of this study was to ascertain if there were changes in the 

native structure and conformation of the drug during the formulation and 

production by spray drying technique. Formulation and production of drug, 

particularly by the spray drying technique involves various chemical and physical
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stresses that can cause changes in the structure of the drug. It is, therefore, 

important to evaluate how these stresses affect the drug and thereby potentially 

affect their basic structure and stability of the formulation. Several studies as 

detailed below were carried out.

FTIR Studies: FTIR overcomes most of the limitations of Infra Red (IR) 

and has often been used to assess protein integrity after microencapsulation. 

Unlike most analytical methods, an extraction procedure is not required and the 

drug can be studied in the final product state itself. The technique requires only 

small amounts of the sample and uses special deconvolution method to separate 

and integrate overlapping amide I absorption bands associated with secondary 

and random structures to produce high quality spectra of the sample protein in 

the solid state without problems of background fluorescence, light scattering and 

problems related with the size of the proteins (Katakam and Banga 1995).

In each case, 10 mg sample was mixed with potassium bromide and 

spectra were obtained using Nicolet Impact 410 (Nicolet Analytical Instrument, 

Madison, Wl).

DSC Studies: Thermal properties of protein drug or vaccine formulation 

can indicate stability. Unfolding or aggregation of the protein during the 

formulation processing can be detected by documenting the changes in the 

thermal properties of the drug loaded microparticles and these changes can be
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documented using a physical thermo-analytical method such as Differential 

Scanning Calorimetry (DSC)

In a DSC, sample and a reference material are placed in separate pans 

and the temperature of each pan is increased or decreased at a predetermined 

rate. When the sample reaches its melting point, it remains at this temperature 

until all the material has passed into the liquid state, because of the endothermic 

process of melting. A temperature difference therefore exists between sample 

and reference as the temperature of the two materials is raised gradually through 

the range. A second temperature circuit is used to provide a heat input to 

overcome this temperature difference. In this way, the temperature of the sample 

is maintained at the same value as the reference. The difference in heat input to 

the sample and the reference per unit time is fed to a recorder and plotted as 

dH/dt versus the average temperature to which the sample and reference are 

being raised (Giunchedi, Gavini et al. 2000). A schematic of a typical DSC 

operation is shown in figure 12.

The effect of microencapsulation on the thermal stability of our 

formulations was investigated using DSC. Briefly, samples (5.0 mg) from various 

formulations comprising differing polymer ratios were characterized using this 

method. Pure drug, albumin-chitosan microparticles (blank) and that of the 

formulation containing drug were characterized. The experiment was performed 

by scanning these samples in sealed aluminum pans (Perkin-Elmer Inc., CT, 

USA) over the temperature range between 0 and 250 °C at a scanning rate of 5 

°CI min. An empty sealed aluminum pan was used as a reference. Nitrogen was
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used for purging the sample holders at a flow rate of 20 ml/min. The data 

presented represent an average of three experiments.
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Figure 12: Schematic of typical DSC

S: Sample cell; R: Reference cell AT,: Temperature difference between S and R 

AT2: Temperature difference between cells and surrounding adiabatic jacket 

(Cooper et al. 2000).
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Results and Discussion 

Table 1 shows the product yield, encapsulation efficiency, particle sizes 

and zeta potential of the microparticle formulations

Particle size

Figures 13 and 14 represent the size distribution for the solution and 

surface cross-linked microparticles. Microparticles with a mean particle size of ~

4 pm (Tablel) with a polydispersity index of 0.168 were obtained from the spray- 

dryer. Spray drying has been traditionally used to produce particles with a narrow 

size distribution and this is evident from the results that demonstrate that 

microparticles with a narrow size distribution were obtained.



51

Particle Size Distribution - Solution Crosslinked MS
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Figure 13: Effect of solution cross-linking on particle size distribution (mean 
4.36pm)
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Particle Size Distribution- Surface Crossiinked MS
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Figure 14: Effect of surface cross-linking on particle size distribution (mean 
4.4pm)

Zeta Potential Determination

The surface charges of microparticles are very important for the stability of 

the formulation in suspensions and in their interaction with the immune system. 

(Ahsan, Rivas et al. 2002) reported that the surface charge of a microparticle as 

indicated by the zeta potential has a significant effect on its uptake by specialized 

cells including epithelial and phagocytic cells of the system, a condition that is 

important for effective drug delivery. Mucous is negatively charged and for that 

matter, a positively charged microparticle surface is advantageous for the
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maximum contact time on the eye surface. It was our objective, therefore, to 

evaluate the zeta potential of the microparticles (tables 1 and 2).

Formulation Mean size 

(pm)

Zeta pot. Zeta pot. (no 

tetracaine)

Solution-X tetracaine 

BSA-CSN MS

4.36 24.5 ± 4 48.3 ± 1

Surface-X Tetracaine 

BSA-CSN MS

4.40 23.9 ± 1 38.3 ± 4

Tetracaine BSA MS 

with no CSN

4.11 -38.4 ± 2 -48.4 ± 3

Tetracaine alone NA -23 ±1 NA

Table 1: Effect of cross-linking type, polymer type, tetracaine on particle size distribution 
(pm) and zeta potential (mV). The following parameters were kept constant: solvent, 
stirring speed and pH. (Solution-X = solution cross-linked, surface-X = surface cross- 
linked, NA = not applicable)
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Formulation Mean size 

(pm)

Zeta pot. 

(mV)

Zeta pot. (no 

atr) (mV)

Encapsulation 

Efficiency (%)

Solution-X Atr 

BSA-CSN MS

4.36 43.1 ±2 48.3 ± 1 98

Surface-X Atr 

BSA-CSN MS

4.40 40.4 ± 3 38.3 ± 4 96

AtrBSA MS 

with no CSN

4.11 -38.4 ± 2 -48.4 ± 3 96

Atropine alone NA -2.7 ± 2 NA NA

Table 2: Effect of cross-linking type, polymer type, atropine on particle size distribution 
(pm) and zeta potential (mV) and encapsulation efficiency of microparticles. The 
following parameters were kept constant: solvent, stirring speed and pH

The percentage yield, encapsulation efficiency, surface morphology and 

release pattern of atropine were similar to that of those obtained for the 

tetracaine microparticles.

Surface Morphology and Yield

A scanning electron microscope (JEOL JSM 5800LV, Tokyo, Japan) was 

used to evaluate surface characteristics of the microparticles. The surfaces of the
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particles were found to be smooth (microspheres) when only the albumin 

polymer was used as the matrix (figures 15 and 16). However, when the muco- 

adhessive agent, chitosan was added, the surface was rough (figures 17 and 18) 

for both the solution and the surface cross-linked particles (microparticles).

Figure 15: Scanning electron micrograph (SEM) of unloaded albumin surface 
cross-linked microparticles. The microparticle sample was coated with gold/ 
palladium and monographs were obtained using a scanning electron microscope 
(JEOL JSM 5800LV, Tokyo, Japan)
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Figure 16: Scanning electron micrograph of unloaded albumin solution cross- 
linked microparticles. The microparticle sample was coated with gold/ palladium 
and monographs were obtained using a scanning electron microscope (JEOL 
JSM 5800LV, Tokyo, Japan)
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Figure 17: Scanning electron micrograph of unloaded albumin-chitosan surface 
cross-linked microparticles. The microparticle samples were coated with gold/ 
palladium and monographs were obtained using a scanning electron microscope 
(JEOL JSM 5800LV, Tokyo, Japan)



Figure 18: Scanning electron micrograph of unloaded albumin-chitosan solution 
cross-linked microparticles. The microparticle samples were coated with gold/ 
palladium and monographs were obtained using a scanning electron microscope 
(JEOL JSM 5800LV, Tokyo, Japan)

The total microparticle yield was calculated as per the following formula.

% Yield = (Weight of microparticles obtained from sprav-drvert x 100 = 82% 
Weight of the total solids in the feed
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Release Profile

There was an initial large burst release in the release profile of the surface 

cross-linked microparticles (Figure 20). However, the solution cross-linked 

showed a very small initial burst release.

When the percentage cumulative release was plotted against the square 

root of the time, a straight line was observed in the solution cross-linked up to 

about 25 hours. This indicated that the release profile of the solution cross-linked 

microparticles was primarily diffusion controlled (Figure 21). The poor co

relationship (i^= 0.634) indicated that the release profile of the surface cross- 

linked microparticles was probably a hybrid of diffusion (initial phase) and bio

erosion controlled (latter phase). Perhaps, this is due to the possibility that once 

the surface of the microparticles break down, the release is then mainly due to 

bio-erosion of the microparticle matrix.
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Standard Curve for the Release Profile

Cone, (ug/ml) Abs-1 Abs-2 Avg. Abs Stdev

0.05 0.016 0.015 0.016 0.00071

0.10 0.036 0.036 0.036 0.00000

0.20 0.041 0.041 0.041 0.00000

0.40 0.062 0.062 0.062 0.00000

0.80 0.112 0.111 0.112 0.00071

1.56 0.143 0.188 0.166 0.03182

3.13 0.284 0.392 0.338 0.07637

6.25 0.575 0.715 0.645 0.09899

12.50 1.145 1.195 1.170 0.03536

25.00 2.270 2.212 2.241 0.04101

Table 3: Data for the standard curve of various concentrations of tetracaine and 
the respective absorbance at 310 nm.
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Tetracaine Standard Calibration Curve
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Figure 19: Standard curve plot of tetracaine absorbance verses concentration.



62

In-vitro Release of Tetracaine-loaded BSA-CSN Microparticles in Tear Fluid

Release Study o f Tetracaine BSA-CSN Microparticles
in Tear Fluid
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Figure 20: In-vitro release of tetracaine loaded BSA-CSN microparticles in tear 
fluid
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% RELEASE O F TETRACAINE HYDROCHLORIDE
(HIGUCHI PLOT) y-ioor-».3~
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Figure 21: Higuchi plot of in-vitro release of tetracaine loaded BSA-CSN 
microparticles in tear fluid

FTIR Results

FTIR study was performed to draw information on the cross-linking 

efficiency between the components of the microparticles. As shown, Figure 22 

represents the FTIR spectra of (i) pure tetracaine, (ii) tetracaine BSA-CSN 

solution microparticles (iii) tetracaine BSA-CSN surface microparticles.
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Figure 22: FTIR spectra of pure tetracaine (i) tetracaine BSA-CSN solution 
microspheres (ii), and tetracaine BSA-CSN surface microspheres (iii). In each 
case, 10 mg sample was mixed with potassium bromide and spectra were 
obtained using Nicolet Impact 410 (Nicolet Analytical Instrument, Madison, Wl).

FTIR study was performed to draw information on the cross-linking 

efficiency between the components of the microparticles. Figure 23 represents 

the FTIR spectra of (a) pure atropine, (b) blank BSA-CSN microparticles and (c) 

atropine microparticles.
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Figure 23: FTIR spectra of pure atropine (a), BSA-CSN MS (b) and atropine MS 
(c). In each case, 10 mg sample was mixed with potassium bromide and spectra 
were obtained using Nicolet Impact 410 (Nicolet Analytical Instrument, Madison, 
Wl).

Determination of Thermal Stability bv Differential Scanning Calorimetry (DSC1

The effect of microencapsulation by spray drying on the thermal stability of 

our formulations was investigated using DSC. Briefly, samples (5.0 mg) from 

various formulations comprising differing polymer ratios were characterized using 

this method. The experiment was performed by scanning these samples in 

sealed aluminum pans (Perkin-Elmer Inc., CT, USA) over the temperature range 

between 0 and 250 °C at a scanning rate of 5 °C/ min. An empty sealed aluminum 

pan was used as a reference. Nitrogen was used for purging the sample holders



66

at a flow rate of 20 ml/min. The data presented represent an average of three 

experiments.
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Figure 24: DSC of pure tetracaine base showing an endothermic peak at 45°C. 
Temperature range between 0 and 250 °C and a scanning rate of 5 °C/ min was 
used in the analysis. Nitrogen was used for purging the sample holders at a flow 
rate of 20 ml/min.
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Figure 25: DSC of tetracaine BSA MS showing endothermic peak at about 110 
°C. Temperature range between 0 and 250 °C and a scanning rate of 5 °C/ min 
was used in the analysis. Nitrogen was used for purging the sample holders at a 
flow rate of 20 ml/min.
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Figure 26: Effect of encapsulation and/or the polymer on the thermal stability of 
BSA-CSN formulations containing tetracaine. This DSC showed an endothermic 
peak of about 131 °C. Temperature range between 0 and 250 °C and a scanning 
rate of 5 °C/ min was used in the analysis. Nitrogen was used for purging the 
sample holders at a flow rate of 20 ml/min.
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Figure 27: Effect of encapsulation and/or the polymer on the thermal stability of 
BSA surface MS formulations containing tetracaine. This DSC shows an 
endothermic peak of about 126 °C. Temperature range between 0 and 250 °C 
and a scanning rate of 5 °C/ min was used in the analysis. Nitrogen was used for 
purging the sample holders at a flow rate of 20 ml/min.
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Figure 28: Effect of encapsulation and/or the polymer on the thermal stability of 
tetracaine, tetracaine BSA-CSN MS, tetracaine BSA MS, tetracaine BSA surface 
MS and blank BSA MS formulations. The encapsulation process using all the 
different polymers was able to shield the tetracaine from absorbing heat at the 
characteristic peak of 45 °C. Temperature range between 0 and 250 °C and a 
scanning rate of 5 °CI min was used in the analysis. Nitrogen was used for 
purging the sample holders at a flow rate of 20 ml/min.
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DSC of Atropine
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Figure 29: DSC of pre atropine showing an endothermic peak at about 196 °C. 
Temperature range between 0 and 250 °C and a scanning rate of 5 °C/ min was 
used in the analysis. Nitrogen was used for purging the sample holders at a flow 
rate of 20 ml/min.
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Figure 30: DSC of BSA MS showing an endothermic peak at about 110 °C. 
Temperature range between 0 and 250 °C and a scanning rate of 5 °C/ min was 
used in the analysis. Nitrogen was used for purging the sample holders at a flow 
rate of 20 ml/min.
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Figure 31: Effect of encapsulation and/ polymer on the thermal stability of 
atropine. DSC of atropine BSA MS showing an endothermic peak at about 110 
°C. Temperature range between 0 and 250 °C and a scanning rate of 5 °C/ min 
was used in the analysis. Nitrogen was used for purging the sample holders at a 
flow rate of 20 ml/min.
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Figure 32: Effect of encapsulation and/or the polymer on the thermal stability of 
pure atropine, BSA blank MS, atropine BSA-CSN MS and atropine BSA MS. The 
encapsulation process using all the different polymers was able to shield the 
atropine from absorbing heat at the characteristic peak of 196 °C. Temperature 
range between 0 and 250 °C and a scanning rate of 5 °C/ min was used in the 
analysis. Nitrogen was used for purging the sample holders at a flow rate of 20 
ml/min.

Determination of Encapsulation Efficiency of the Drug in the Microparticles 

Microparticles (5 mg) containing the drugs was suspended in 200 pi of a 

buffer containing 50 mM Tris-HCI, pH 8.0 and 10 mM EDTA. The microparticles 

in the buffer were then vortexed repeatedly to generate a homogeneous 

suspension and incubated overnight in a water bath at 37‘C. To the above 

suspension an equal volume of a buffer containing - 200 mM NaOH, 1% SDS 

(w/v) and 100 pg/ml of proteinase K (DNase-free, RNase-free; Roche, NJ) was 

added and vortexed repeatedly. This reaction mixture was further incubated at 

37'C for an additional period of 5 hr. The suspension was used for the assay of
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the encapsulated drug. Tetracaine and atropine amounts were determined by 

absorbance at 310 nm and 220 nm, respectively in a Lambda 4B UV/Vis 

spectrophotometer (PerkinElmer, Waltham, MA). Encapsulation efficiency was 

then calculated.

Encapsulation efficiency was calculated as per following formula

% Encapsulation Efficiency = Actual drug loading x 100 = 9J3 = 96%
Theoretical drug loading 10

Conclusions

Tetracaine and atropine were successfully loaded onto albumin-chitosan 

microparticles prepared by spray drying technique. Various parameters of the 

spray-drying process were optimized to obtain microparticles with the desired 

particle size and zeta potential. Based on the mean particle sizes, size 

distribution as well as particle morphology, it is evident that the microparticles 

have the physico-chemical characteristics ideal for ocular delivery. From the 

FTIR and DSC studies, it is also evident that the formulation has a stabilizing 

effect on the microencapsulated atropine and tetracaine and the 

microencapsulated drugs did not undergo any significant changes in its native 

structure. A novel method was developed for determining the encapsulation 

efficiency of the drug loaded albumin-chitosan microparticles. Release studies
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demonstrated sustained release of the tetracaine and for that matter atropine 

from the albumin-chitosan microparticles and may primarily be a mixture of 

diffusion and bio-erosion controlled.
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CHAPTER 4

IN VITRO INTERNALIZATION AND LOCALIZATION STUDIES OF 

MICROPARTICLES BY EPITHELIAL CELLS

Abstract

Purpose: Having characterized the tetracaine and atropine microparticles, 

next was to evaluate the uptake of these microsperes into human corneal 

epithelial cells (HCET-1). The purpose of this study is therefore to evaluate the 

internalization and localization of albumin-chitosan microparticles by corneal 

epithelial cells.

Method: HCET-1 cells were exposed to FITC-labelled microparticles for 

various periods of time up to 24 hours. Confocal images were obatined at 

different time points in order to determine the uptake of the particles into the 

cells. In order to exclude the possibility of non-specific staining of cells by free 

FITC, the supernatant of BSA-CSN FITC microparticles were agitated for 2 h and 

centrifuged at 1000 rpm. The particles thus obtained were incubated with the 

cells to check for any leakage of dye from the microparticles which might stain 

cells.
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Results: The microparticles were taken up by the HCET-1 cells within 15 

minutes of incubation. The fluorescent dye did not leak from the particles into the 

cell membrane but rather particles were taken up by the cells and that these 

particles were localized intracellularly.

Conclusions: FITC-loaded albumin-chitosan microparticles prepared by 

spray-drying technique were efficiently taken up by the HCET-1 cells and not just 

lying on the cell surface.

Materials and Methods

Cultivation of Human Corneal Epithelial Cells

HCET-1 cells were provided by the Ciba Vision, Duluth Georgia. HCET-1 

cells were seeded in six-well culture plates at approximately 3.0 x 105 cells/ml in 

ultra culture growth media from ATCC, VA. HCET-1 cultures were incubated at 

37°C and 5% C02 in ultra culture media containing 5% glutamine with no 

antibiotics. The cells were grown until they were 80 -  100% confluent.

Uptake Study of Microparticles into Epithelial Cells Using Confocal Microscopy 

HCET-1 cells at approximately 1 x 10s cells/ plate were seeded and 

incubated overnight to allow for cell adhesion. To study the internalization and 

localization of albumin-chitosan microparticles containing FITC, ultra culture 

growth medium supplemented with 5 % glutamine was used to suspend the
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particles at a fluorescent concentration of (50 pg/ml) containing BSA-CSN FITC 

and then incubated for various times followed by washing 5 x with PBS. After 

incubating the microparticles for 15, 30, 60 120 minutes and 24 hour time points, 

cells were washed 5 x with PBS and fixed onto glass slide with formaldehyde. In 

order to exclude the possibility of non-specific staining of cells by free FITC, the 

supernatant of BSA-CSN FITC microparticles vigorously shaken for 2 h and 

centrifuged. The microparticles were incubated with the cells to check for any 

leakage of dye from the microparticles which might stain cells. Images were 

captured by using a 488-nm fluorescein filter, 568-nm rhodamine filter.

Differential interference contrast using a Zeiss Confocal microscope LSM410 

equipped with argon-krypton laser (Carl Zeiss Micro-imaging, Thornwood, NY) 

were overlaid to obtain images to determine localization of microparticles inside 

the cell compartments.

Having evaluated the uptake of the microparticles into corneal cells, next 

we attempted to confirm whether the microparticles actually got inside the cells 

and not just on the surface of the human corneal epithelial cell lines.

In Vitro Internalization and Localization Studies bv Z-stackina Method Using 

Confocal Microscopy

In this study, HCET-1 cells were exposed for 60 minutes to 0.5mg/ml 

CSN-BSA microparticles containing FITC dye. Confocal serial images along the 

z-axis of HCET-1 cells were taken at 0.5-pm intervals from top to the bottom of 

the cell monolayer.
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Having evaluated the uptake of the microparticles into HCET-1 cells, next 

we evaluated the cytotoxicity of these albumin-chitosan microparticles in human 

corneal epithelial cells

Determination of Cvtotoxicitv of Albumin-chitosan Microparticles on Human 

Corneal Epithelial Cells

Human corneal epithelial cells were exposed to increasing concentrations 

of microparticles varying from 0.01 to 2 mg/ml for 24 hours. The negative control 

was HCET-1 in media and the positive control was HCET-1 in media containing 

0.005 % Benzalkonium chloride (BAC). Thus, the BAC at this concentration 

measures 100% of cell death. The media were then removed; the cells washed 

with 1 x Dulbecos phosphate buffer saline (DPBS), pH 7.4 and then incubated 

with a 1:10 dilution of AlamarBlue in 1 x DPBS, pH 7.4 for 2 hours. AlamarBlue 

contains a specific (fluorometric/colorimetric) REDOX agent, which changes 

cellular metabolic reductive activity. The plates were then read using a 

Cytofluor® multi-well plate reader at 530 nm excitation and 580 nm emission.

The fluorescence was proportional to the conversion of AlamarBlue by viable 

HCET-1

Next, we explored the mechanism of transport of the microparticles across 

the cells. To conduct these studies following experiments were designed:
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In Vitro Mechanism of Uptake With the Use of Human Corneal Epithelial Cells in 

Transwell Plates

Having observed uptake of microparticles into corneal epithelial cells, we 

decided to use well established procedures for testing the uptake of the 

microparticulate formulations into human corneal epithelial cells (HCET), a model 

that represents human cornea cells. In these studies, the corneal cells were 

grown on permeable inserts (8 microns) as a monolayer. The cells are greater 

than 8 microns in diameter and grow as a monolayer. The average size of the 

HCET-1 cell is about 25 - 40 micron. The microparticle formulations being tested 

are much smaller in size and thus we can study the uptake and transport of these 

microparticulate formulations into the cells from one side (apical or top side) to 

the basal side (lower side) of these transwell permeable inserts. The number of 

particulate material actually transported can be precisely determined in the lower 

(basal) chamber at different time lines by labeling the microparticle formulations 

with fluorescein dye just prior to the commencement of the study. Fluorescein 

readily labels proteins and excess fluorescein can be washed off with PBS and 

the fluorescein-labeled microparticle formulations can then be used for these 

studies. Thus, we can determine very accurately the precise absorption 

properties and rates of transfer of different microparticle formulations into and 

through these cells. The intactness or integrity of the monolayer of the HCET-1 

cells can be accurately determined by measuring the electrical resistance 

between the top and the lower cell chambers- a parameter referred to as the 

Trans-epithelial Electrical Resistance (TEER), which is a measure of the integrity
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of cell monolayer. This electrical resistance parameter can be measured using 

electrodes placed in the top and lower chambers of the transwell cell using the 

Millipore MILLICELL-ERS instrument. The amount of microparticles that are 

taken up and retained in the cells can be accurately determined at different time 

intervals by washing off the unattached microparticles form the cells with PBS 

and lysing the cells with Triton X (1% w/v) and reading the fluorescent label in the 

sample with the aid of a cytofluorometer. These studies were carried out by 

obtaining samples at 15 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr and 24 hr.

A schematic of the Transwell System

Transwell insert

Uppercompa it ment

Microporous membrane 

lower com part ment

Figure 33: Illustration of transwell system (Adapted from: 
ipj.quintessenz.de/content/poster73/abb02.jpg)

Assessment of the monolayer integrity can be performed by measuring the 
resistance across the cell monolayer using an ohmmeter, a process that 
measures the Trans-epithelial Electrical Resistance (TEER).
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Mechanism of Transport Across the Cells:

In order to determine if the uptake of the microparticles into the corneal 

cells is energy dependent or not, confluent corneal cells cultures on trans-well 

plates, were exposed to 150 micro liters of FITC-labeled microparticles (0.5 

mg/ml) for pre-determined time intervals from 15 min to 2 hr, at different 

temperatures (4°C and 37°C) in the presence and absence of sodium azide, (a 

known metabolic inhibitor at a dose of 100 mM). The microparticles transported 

through the cells into the lower chamber and the microparticle in the monolayer 

was determined at pre-selected time intervals (15 min, 30 min, 1 hr, and 2 hr) by 

measuring the fluorescence in these samples.
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Results and Discussion

Uptake of FITC Microsphers into Human Comeal Epithelial Cells

15 MINUTESControl (FITC ALONE)

120 MINUTES60 MINUTES

Figure 34: Uptake of BSA-FITC microparticles (50 pg/ml) by human corneal 
epithelial cells (HCET-1) at various time points. Cells were washed 5 x with PBS 
and fixed onto glass slide with formaldehyde. Images were captured by the use 
of a confocal microscope.

HCET-1 cells were exposed to flourescence labelled microparticles at 

different times for up to 24 hours. Confocal images were obatined at different 

time lines in order to determine the uptake into the cells. Figure 34 above 

demonstrates the uptake of the micropaticles at various time points. It is clear
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that the microparticles were taken up by the HCET-1 cells within 15 minutes of 

incubation. In order to exclude the possibility of nonspecific staining of cells by 

BSA-CSN FITC, the supernatant of BSA-CSN FITC microparticles shaken for 2 h 

and centrifuged was incubated with the cells to check for any leakage of dye from 

the microparticles that might stain cells. No fluorescence was detected in the 

cells, thus, indicating that the fluorescent dye did not leak from the particles into 

the cell membrane but rather particles was taken up by the cells.

Figure 35: Confocal serial images along the z-axis of HCET-1 cells. Cells were 
exposed for 60 min to 0.5 mg/ml CSN-BSA microparticles containing FITC dye. A 
representative gallery of twenty-one serial micrographs showing the green 
fluorescence at 0.5 um intervals along the z-axis, from top to the bottom of the 
cell monolayer is shown.
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In this study, HCET-1 cells were exposed for 60 minutes to 0.5mg/ml 

CSN-BSA microparticles containing FITC dye. Figure 35 above is a 

representative gallery of twenty-one serial micrographs showing the green 

fluorescence at 0.5-um intervals along the z-axis, from top to the bottom of the 

cell monolayer. The results show that the FITC dye actually was taken up into the 

cells and not on the outside of the cells (Figure 35). This is evident from the fact 

that there was a gradual increase in the amount of florescence from one side of 

the cell surface (top, image 0) to around the middle of the cell (image 5.). There 

onwards the florescence intensity gradually decreased to the other side of the 

cell (bottom, images 9.5 and 10).

Cvtotoxicitv of Albumin-chitosan Microparticles on Human Corneal Epithelial 

Cells

7000

3000
2000

Evaluation of the Cytotoxic Effect of Albumin-Chitosan 
Microparticles on Human Corneal Epithelial Cells for 48 Hrs

M edium
(-ve)

BA C
<+ve)

0.26

C o n e . (m g /m L )

Figure 36: Cytotoxic effect of varying concentrations (from 0.01- 2mg/ml) of 
BSA-CSN microparticles for 48 hr on HCET-1
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Human corneal epithelial cells were exposed to increasing concentrations 

of microparticles varying from 0.01 to 2 mg/ml. Even up to a concentration of 2 

mg/ml, no toxicity was observed within the human corneal epithelial cells, 

demonstrating that the formulations were safe for ophthalmic use

In Vitro Uptake of FITC-labelled BSA-CSN 
Microparticles Across HCET-1 Cells
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Figure 37: Uptake of BSA-CSN microparticles across the HCET-1 in vitro using 
traswell plate
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EFFECT OF TEMPERATURE ON UPTAKE OF BSA- 
CSN MICROPARTICLES
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Figure 38: Effect of temperature on the uptake of BSA-CSN microparticles into 
corneal epithelial cells. Cell associated fluorescence after BSA-CSN MS 
exposure at 4°c or 37 °c, expressed as percentage of microparticles (MS) 
available for uptake was significantly reduced at 4 °c at 15, 30, 60 and 120 
minutes incubation time
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EFFECT OF METABOLIC INHIBITION ON UPTAKE OF 
BSA-CSN MICROPARTICLES

□ Control 
SS Sodium Azide

15 30 60 120

Incubation Time (min)

Figure 39: Effect of metabolic inhibition with 100 mM sodium azide on BSA-CSN 
MS uptake into HCET-1 cells. BSA-CSN uptake was quantified as the 
fluorescence of cell lysates immediately after BSA-CSN MS exposure at 37 °C in 
the absence or presence of sodium azide. Presence of sodium azide significantly 
inhibited BSA-CSN MS uptake at 30, 60 and 120 minutes incubation times.

Conclusions

The in vitro internalization studies demonstrated that the fluorescence 

labeled microparticles were taken up by the HCET-1 cells. The z-stacking 

technique using the confocal microscopy further confirmed that these 

microparticles are actually within the corneal cells and not just lying on the 

surface of the HCET-1 cells. Hence, the albumin-chitosan microparticle
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formulation might have helped the FITC to cross the cells or the whole particles 

taken up by the cells. Cell associated fluorescence after BSA-CSN exposure at 4 

°C or 37 °C, expressed as percentage of microparticles available for uptake was 

significantly reduced at 4 °C at 15, 30, 60 and 120 minutes incubation time. 

Presence of sodium azide significantly inhibited BSA-CSN MS uptake at 30, 60 

and 120 minutes incubation time.

Furthermore, the cytotocicity studies demonstrated that even up to a 

concentration of 2 mg/ml of the albumin-chitosan microparticles formulation 

showed no toxicity to the HCET-1 cells, demonstrating that the formulations were 

safe for ophthalmic use.
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CHAPTER 5

DESIGN, FORMULATE AND TEST THE EFFECT OF MICROPARTICLE 

CONTAINING TETRACAINE HYDROCHLORIDE ON THE ANESTHETIC

EFFECT ON RABBIT’S EYES

Introduction
Having evaluated the uptake of the microparticles into epithelial cells in 

culture and their overall safety, next we evaluated their in vivo efficacy in an 

animal model. Targeted administration of drugs to the anterior and posterior 

segments of the eye remains a significant challenge in ocular delivery of drugs. 

Current treatment strategies include systemic delivery, oral or parenteral routes, 

and local delivery using topical drops, sub-conjunctival and peribulbar injections, 

intravitreal injections, and implants (Lang, Baumgartner et al. 1995; Geroski and 

Edelhauser 2000). Nevertheless, none of these approaches provide complete 

satisfactory ocular delivery to the posterior part of the eye. Ocular delivery of 

drugs via the systemic route is often accompanied by side effects because of the 

high drug doses needed to reach the target tissues within the eye. Most topical 

solutions through the cornea route generally cannot achieve adequate drug 

concentrations in the posterior segment due to their quick elimination from the 

precorneal area and for that matter slow diffusion across the cornea to the back 

of the eye, blinking and provocation of tear fluid and aqueous humor (Lang 1995;
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Tasman 1995). This can be partly attributed to the fact that there is not enough 

contact time of the drug to the absorbing surface. While gels and ointments can 

provide optimum contact time on the absorbing surface, they can lead to the 

blurring of vision. Intraocular injection and implants can provide delivery targeted 

to the posterior segment but they can lead to complications such as retinal 

detachment, hemorrhage, endophthalmitis and cataract, especially when 

repeated injections are required (Krolicki and Tasman 1995; Maurice 2001; 

Lagarde, Chastang et al. 2005).

Due to the above mentioned limitations, there is a growing interest in drug 

delivery across the sclera, which avoids the complications associated with 

penetrating the globe and the diffusional barrier of the cornea (Geroski and 

Edelhauser 2000). If a drug can cross the corneal epithelia then it automatically 

will also cross the sclera epithelia at ease since the sclera is more permeable 

than the cornea, especially to large and hydrophilic drugs (Maurice and Polgar 

1977; Olsen, Edelhauser et al. 1995). The large surface area of sclera which 

averages 17 cm2 on the human eye (Olsen, Aaberg et al. 1998), is approximately 

20-fold larger than cornea.

Therefore specifically targeting and ability to localize a dosage form within 

a particular region for optimum contact with the absorbing surface to permit 

modification of tissue permeability in restricted region is the only option left that is 

non-invasive.

This study sought to design, formulate and test microparticle containing 

tetracaine hydrochloride into ocular barrier tissues and deliver drugs into the eye.
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To address this issue, this study presents it first in vivo experimental 

measurements of the anesthetic effect of tetracaine on the eye using the blink 

response in a rabbit eye model.

Abstract

Purpose: Tetracaine is commonly used in ocular surgical procedures. It 

acts by blocking the sodium membrane permeability across cell membranes. In 

the case of cataract surgery that takes about 60 minutes, the anesthetic 

properties of the drug are initiated in few minutes and last approximately 10-15 

minutes (Verma, Corbett et al. 1995). This requires multiple applications of the 

drug during the surgical procedure. The purpose is therefore to develop an ocular 

tetracaine formulation that can produce immediate onset of action and increased 

duration of action in vivo.

Methods: In this study tetracaine in the microparticle formulation (test) 

and solution formulation (control) was evaluated to determine and compare their 

overall efficacy. This was done using the blink response model, where two drops 

of either the test or the control solution was instilled onto the rabbit’s eye. The 

animal’s eye was carefully observed at various time points until the eye showed 

blink response for two consecutive readings when touched with a cotton swab.

Results: The in vivo results showed that there was no statistical 

difference between the onset of action between the two formulations of
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microparticles and that of the standard marketed drug. However, the duration of 

action of the tetracaine was increased for about four-fold as far as the solution 

cross-linked form is concerned. The result obtained from the surface cross-linked 

form also showed about three-fold increase in the duration of action of the 

tetracaine as compared to that of the standard marketed form of solution (Figures 

40 and 41).

Method

The currently marketed tetracaine hydrochloride drops (0.5%) serve as the 

solution control. Two drops were applied to rabbit’s eyes (n=12). The drops were 

added to each eye with the aid of a dropper. One eye served as a test and the 

other eye as the sham (which received tear solution) in each animal. 

Microparticles formulation containing equivalent concentrations of tetracaine 

hydrochloride (0.5 %) suspended in tear solution, was applied to different groups 

of rabbits (n=12 rabbits/group). Two drops were added to each eye. One eye 

served as the test and the other eye as the sham (which received tear solution) in 

each animal.

Determination of Blink Response in Rabbits

Each rabbit’s eye was touched at a constant pressure with the aid of a 

cotton swab and observed until the animal showed the blink response for 2 

consecutive measurements. Finally, the blink response time was plotted against 

each tetracaine formulation. Washout period was 7 days.
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Statistical Analysis:

All comparisons were made to the control group (marketed 0.5% tetracaine 

hydrochloride solution), and to each other. Statistical significance was determined 

with the use of ANOVA between groups and a p value <0.05 was considered 

statistically significant.

Results and Discussion

ONSET OF ACTION OF TETRACAINE 
HYDROCHLORIDE IN RABBITS' EYE

16

14

Control Sob) Cross-linked MS Surface Cross-linked MS
TYPE OF FORMULATION

Figure 40: Comparison of the onset of action of solution cross-linked tetracaine 
microparticles (test 1), surface cross-linked tetracaine microparticles (test 2) and 
that of tetracaine solution (control) in rabbit’s eye.
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DURATION OF ACTION OF TETRACAINE 
HYDROCHLORIDE IN RABBITS’ EYE

Control Soln Cross-linked MS Surface Cross-linked MS

TYPE OF FORMULTION

Figure 41: Comparison of the duration of action of solution cross-linked 
tetracaine microparticles (test 1), surface cross-linked tetracaine microparticles 
(test 2) and that of tetracaine solution (control) in rabbit’s eye.

Conclusions

The in vivo results demonstrated that there was no statistical difference 

between the onset of action between the two formulations of microparticles and 

that of the standard marketed drug. However, the duration of action of the 

tetracaine was increased for about four fold as far as the solution cross-linked 

form is concerned. The result obtained from the surface cross-linked form also 

showed about three fold increases in the duration of action of the tetracaine 

compared to that of the standard marketed form of solution.
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CHAPTER 6

EVALUATION OF VARIOUS OCULAR FORMULATIONS OF ATROPINE 

SULFATE ON THE MYDRIATIC AND CYCLOPLEGIC EFFECT IN RABBIT’S

EYES

Introduction

Targeted administration of drugs to the anterior and posterior segments of 

the eye remains a significant challenge in ocular delivery of drugs. In the previous 

chapter, we demonstrated the in vivo efficacy of our formulation in animal model 

using the anesthetic effect of tetracaine (chapter 5), in this chapter, we again 

evaluated the effectiveness of this formulation in vivo using a different ophthalmic 

drug model known as atropine.

Atropine sulfate is currently used for various ophthalmic uses as a solution 

formulation. Topical Atropine is used as a cycloplegic agent, to temporarily 

paralyze the accommodation reflex, and as a mydriatic, to dilate the pupil. The 

eyes of today’s children have no time to relax, reading, writing, watching 

television, using the computer, surfing the internet or playing video games. Not 

surprisingly, about half of our school children are shortsighted. Recent scientific 

studies have found that when atropine drops are instilled regularly (weekends
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therapy) into the eyes of children, myopia progression can be retarded or stopped. 

When atropine eye drops therapy is indicated, current preference is to start by 

recommending a reduced dosage to be instilled into both eyes once a week (Ho 

2006). The reduced dosage is adequate in controlling myopia progression in 

children while minimizing the unwanted systemic side effects. However, atropine 

is well absorbed into the systemic circulation and has been reported to exert 

severe systemic side effects after ocular administration (Morton and Creed 1939; 

Hoefnagel 1961; Lang, Baumgartner et al. 1995). Serious side effects include 

death in extreme cases, with pediatric use. Therefore, we are interested in a more 

accurate determination of the minimum dose required to produce the desired 

effect, with minimal side effects. In other words, the purpose of this study is to 

develop an ocular formulation of lower concentration of atropine sulfate that will 

elicit a response similar to that already in the market.

This study is focused to design, formulate and test microparticle-containing 

atropine into ocular barrier tissues and deliver drugs in a controlled manner to 

minimize dose dumping and for that matter reduce the systemic leakage of the 

drug. We report for the first time the use of pupil to corneal ratio to measure the 

mydriatic and cycloplegic effect of atropine in a rabbit animal model.



99

Pupil Length

Figure 42: Representative image of rabbit’s eye showing the pupil length.

Comeal Length

Figure 43: Representative image of rabbit’s eye showing the cornea length
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Figure 44: Representative images of rabbit’s  pupii before exposure to light (A) 
and upon exposure to light (B) without the addition of atropine sulfate. Here the 
pupii to the comeal ratio is smaller in the image with light compared to that without 
light.

Figure 45: Representative images of rabbit’s pupil before the exposure to light (C) 
and upon exposure to light (B) in the presence of atropine sulfate. Here the pupil 
to the comeal ratio looks almost similar to each other in both images. Hence the 
atropine has affected the eye’s ability to accommodate the intensity of the light.
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Abstract

Purpose: The overall goal was to obtain atropine formulations with 

improved efficacy, but lower side effects than the standard marketed atropine 

solution formulation and to determine the effect of various formulations of atropine 

sulfate on the mydriatic and cycloplegic effect on the eye using rabbit’s eye model 

Methods: Two drops of different concentrations of atropine sulfate were 

applied to different groups of rabbit’s eyes (n=12). One eye serves as a test and 

the other eye as a control in one animal. Each Rabbit’s  eye was video-taped using 

Panasonic 30X digital camera with an in-built flash light. The designated time for 

video-tapping was 0.25, 0.5, 0.75, 1.0, 2.0, 3.0, 6.0, 8.0 and 24hrs. The video 

recording was downloaded into the window moviemaker. The pictures were then 

fixed and imported into Microsoft power points, where the pupil and corneal 

measurements were carried out.

Results and Conclusions: The results demonstrated that our formulations 

though lower in strength of atropine sulfate than that of the standard marketed 

solution, were superior to that of the standard solution.

Methods

Standard Preparation

Atropine sulfate (1%) was purchased from Alcon Laboratories, Fort Worth, 

Texas. This serves as the highest concentration to be used in the rabbit’s eye. In
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addition, we prepared two standards 0.33 and 0.65% using normal saline in 

aseptic conditions. The following table shows the dilution of the standards.

Standard
Number

Atropine 
Sulfate (1%) 
Vol. (ml)

Normal 
Saline 
Vol. (ml)

Final Atropine 
Sulfate Vol. 
(ml)

Atropine 
Sulfate Final 
Cone.

1 2.0 0.0 2.0 1.00%
2 1.2 0.6 1.8 0.65%
3 0.6 1.2 1.8 0.33%

Table 4: Preparation of the three different standard concentrations of atropine 
sulfate for dose response studies

Key to the various formulations tested

FORMULATION
CONC. OF 
ATROPINE

VISCOSITY 
ENHANCING AGENT

Test-1 2/3 of 1% = 0.66% 1 % hyaruronic acid

Test- 2 2/3 of 1% = 0.66% 2 % hyaruronic acid

Test-3 2/3 of 1% = 0.66% 1 % CMC

Test-4 2/3 of I% = 0.66% 2 % CMC

Test-5 1/3 of 1% = 0.33% Microparticle

Test-6 2/3 of 1% = 0.66% Microparticle

Table 5: Key to the formulations tested

Six different formulations were evaluated. Tests formulations 1 and 2 

contain the same concentration of atropine sulfate (0.66%) in saline in addition to
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a 1% and 2% of hyaruronic acid respectively as a viscosity enhancing agent. 

Tests formulations 3 and 4 contain the same concentration of atropine sulfate 

(0.66%) in saline in addition to a 1% and 2% of carboxy methyl cellulose (CMC) 

respectively as a viscosity enhancing agent. While test formulations 5 and 6 are 

two different concentrations of microparticles formulation of atropine sulfate 

suspended in saline.

Standardization of the Procedure for Measuring the Degree of Mydriasis Using 

Pupil to Corneal Ratio of the Eve in Rabbit Model

The overall goal here was to obtain an atropine microparticle formulation 

with better quality of efficacy but lower side effect than the standard marketed 

atropine solution formulation. Since thus far, there has not been a way to 

quantitate or measure the degree of mydriasis before, we had to first and 

foremost, develop standardized procedures to measure mydriasis. Here the pupil 

length and the corneal length of the eye were measured without the addition of 

any external drug, but with and without light.

This was purposely done to check if any constant parameter could be 

obtained. It was observed that the ratio of the pupil length to the corneal length 

was a constant parameter. We also observed that the pupil to cornea ratio was 

more reproducible in the presence of light than in its absence. Hence, for all 

subsequent measurements the pupil to cornea ratio was used in the presence of 

light (after light). Below is the result (Figures 46 and 47).
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Dose Response Study of Atropine Sulfate Solution Formulations on Mydriasis in 

Rabbit’s Eves

Atropine sulfate drops (0.33, 0.66, and 1%) was applied to different groups 

of rabbit’s eyes (n=12). Two drops were added in each eye. The drops were 

added to each eye with the aid of a dropper. One eye served as a test and the 

other eye as the sham (which received tear solution) in each animal. Each rabbit’s 

eye was videotaped using Panasonic 30X digital camera with an in-built flash light, 

with and without light. The designated time for video tapping is 0.25, 0.5, 0.75,

1.0, 2.0, 3.0, 6.0, 8.0 and 24hrs. The video recording was downloaded into 

window movie maker. The pictures were then fixed and imported onto Microsoft 

power point, where the pupil and corneal measurements were carried out. A graph 

of pupil to corneal ratio on the y-axis and time on the x-axis was plotted.

Determination of the Efficacy of the Atropine Ophthalmic Formulations In Vivo in 

Rabbit’s Eve bv Measuring the Degree of Mvdriasis

Atropine sulfate suspended in saline containing a viscosity enhancing 

agent, hyaruronic acid, (test-1) was applied to different groups of Harlan rabbit’s 

eyes (n=12). Two drops were added in each eye. The drops were added to each 

eye with the aid of a dropper. One eye served as a test and the other eye as the 

sham (which received tear solution) in each animal. Each rabbit’s eye was 

videotaped using Panasonic 30X digital camera with an in-built flash light, with 

and without light. The designated time for video tapping is 0.25, 0.5, 0.75, 1.0,

2.0, 3.0, 6.0, 8.0 and 24hrs. The video recording was downloaded into window
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movie maker. The pictures were then fixed and imported onto Microsoft power 

point, where the pupil and corneal measurements were carried out.

The above experiment was repeated with the rest of the test formulations, 

test-2, test-3, test-4, test-5 and test-6. A graph of pupil to corneal ratio on the y- 

axis and time on the x-axis was plotted. Subjects observed for any obvious signs 

of ocular irritations- redness and lachrymation.

In vivo Biodistribution of BSA-CSN Microparticles in Rabbit’s Eves Using Infrared 

Imaging System

Rabbits were anesthetized by intra-peritoneal injection with a mixture of 

ketamine (75 mg/kg body weight), xylazine (10 mg/kg body weight). IR-Dye 800 

CW was obtained from Li-cor Biosciences, NE, USA. IR-Dye 800 CW was 

covalently bonded to our BSA-CSN Microparticles as per the Li-cor linking to 

amine polymer protocol. In one set of rabbits, two drops of solution of the free IR- 

Dye 800 in saline were instilled onto one eye (solution form) and the contra 

lateral eye serves as a control. On another set of rabbits, two drops of a 

suspension of the IR-Dye 800 CW-loaded BSA-CSN MS in saline 

(microparticulate form) were instilled onto one eye of rabbit Systemic leakages 

of IR-Dye 800 were traced from the two formulations using Odyssey infra-red 

imaging system (Li-cor Biosciences, NE, USA) for various time points up to 24 

hours.
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Statistical Analysis

All comparisons were made to the control group (marketed 1% atropine 

sulfate ophthalmic solution), and to each other. Summary of onset of action, 

duration of action, area under the curve (AUC) and maximum effect (Pupil-Corneal 

Ratio) were calculated. Statistical significance was determined with the use of 

ANOVA between groups and a p-value <0.05 was considered statistically 

significant.

Results and Discussion

Average Pupil-corneal Ratio

Time
(hrs)

Before
Light

After
Light

SEM
Before

SEM
After

0.00 0.527 0.369 0.0127 0.0129
0.25 0.515 0.373 0.0108 0.0078
0.50 0.556 0.372 0.0089 0.0104
0.75 0.535 0.365 0.0066 0.0140
1.00 0.526 0.367 0.0082 0.0087
1.50 0.524 0.348 0.0084 0.0076
2.00 0.524 0.363 0.0110 0.0093
3.00 0.525 0.354 0.0063 0.0092
6.00 0.522 0.373 0.0086 0.0103
8.00 0.525 0.359 0.0093 0.0100

24.00 0.517 0.364 0.0127 0.0091

Table 6: Mean ratio of pupil length to the cornea length of the control (sham) 
rabbits.
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Figure 46: Plot of the effect of light on the ratio of the pupil to corneal lengths of 
rabbit eyes. The ratio of these two parameters was seen to be constant for the first 
time ever at normal conditions.
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Effect of Atropine Sulfate (1%) Ophthalmic Solution on Rabbit’s Eves

Compiled Data

Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

0.00 1 12 30 0.400
2 10 30 0.333
3 15 40 0.375
4 15 38 0.395
5 15 43 0.349
6 15 38 0.395
7 25 80 0.313
8 30 84 0.357
9 35 85 0.412
10 30 70 0.429
11 22 56 0.393
12 22 80 0.275

Average 0.369
Stdev 0.044838

S. Error 0.012944

Table 7: Data of pupil length and the cornea length at time zero (before the 
addition of 1% atropine sulfate solution)
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Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

0.25 1 34 58 0.586
2 30 58 0.517
3 27 37 0.730
4 20 44 0.455
5 25 45 0.556
6 28 60 0.467
7 40 85 0.471
8 35 65 0.538
9 42 85 0.494
10 35 65 0.538
11 40 80 0.500
12 45 85 0.529

Average 0.532
Stdev 0.073482

S. Error 0.021212

Table 8: Data of pupil length and the cornea length 15 minutes after the addition 
of 1 % atropine sulfate solution

Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

0.5 1 32 51 0.627
2 28 45 0.622
3 30 40 0.750
4 23 35 0.657
5 35 55 0.636
6 24 45 0.533
7 40 65 0.615
8 53 95 0.558
9 30 53 0.566
10 52 105 0.495
11 53 92 0.576
12 46 90 0.511

Average 0.596
Stdev 0.070818

S. Error 0.020443

Table 9: Data of pupil length and the cornea length 30 minutes after the addition
of 1% atropine sulfate solution
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Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

0.75 1 35 60 0.583
2 45 78 0.577
3 37 59 0.627
4 32 55 0.582
5 32 55 0.582
6 35 60 0.583
7 51 92 0.554
8 52 85 0.612
9 65 115 0.565
10 45 75 0.600
11 75 120 0.625
12 70 115 0.609

Average 0.592
Stdev 0.02291
S. Error 0.006614

Table 10: Data of pupil length and the cornea length 45 minutes after the addition 
of 1% atropine sulfate solution

Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

1.00 1 34 63 0.540
2 25 40 0.625
3 33 55 0.600
4 38 55 0.691
5 30 55 0.545
6 28 55 0.509
7 55 92 0.598
8 55 102 0.539
9 65 110 0.591
10 55 92 0.598
11 40 73 0.548
12 38 70 0.543

Average 0.577
Stdev 0.049823

S. Error 0.014383

Table 11: Data of pupil length and the cornea length 1 hour after the addition of
1% atropine sulfate solution
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Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

1.5 1 23 45 0.511
2 28 53 0.528
3 39 70 0.557
4 40 72 0.556
5 40 70 0.571
6 33 62 0.532
7 40 78 0.513
8 63 112 0.563
9 58 110 0.527
10 57 102 0.559
11 65 110 0.591
12 45 75 0.600

Average 0.551
Stdev 0.028825

S. Error 0.008321

Table 12: Data of pupil length and the cornea length 1.5 hours after the addition of 
1 % atropine sulfate solution

Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

2.0 1 42 80 0.525
2 30 53 0.566
3 35 65 0.538
4 30 60 0.500
5 26 50 0.520
6 22 45 0.489
7 56 110 0.509
8 45 95 0.474
9 55 98 0.561
10 55 105 0.524
11 55 120 0.458
12 60 110 0.545

Average 0.517
Stdev 0.033313

S. Error 0.009616

Table 13: Data of pupil length and the cornea length 2 hours after the addition of
1% atropine sulfate solution
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Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Comea
Ratio

3.0 1 35 68 0.515
2 26 55 0.473
3 55 115 0.478
4 28 55 0.509
5 38 78 0.487
6 32 65 0.492
7 35 72 0.486
8 60 116 0.517
9 50 95 0.526
10 65 125 0.520
11 40 80 0.500
12 70 140 0.500

Average 0.500
Stdev 0.017374

S. Error 0.005015

Table 14: Data of pupil length and the cornea length 3 hours after the addition of 
1 % atropine sulfate solution

Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

6.0 1 33 75 0.440
2 25 60 0.417
3 25 53 0.472
4 25 65 0.385
5 35 60 0.583
6 26 68 0.382
7 65 150 0.433
8 35 88 0.398
9 50 110 0.455
10 50 95 0.526
11 50 115 0.435
12 40 85 0.471

Average 0.450
Stdev 0.058636

S. Error 0.016927

Table 15: Data of pupil length and the cornea length 6 hours after the addition of
1% atropine sulfate solution
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Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

8.0 1 35 70 0.500
2 28 70 0.400
3 40 85 0.471
4 31 83 0.373
5 38 97 0.392
6 28 62 0.452
7 30 82 0.366
8 35 95 0.368
9 32 115 0.278
10 33 85 0.388
11 33 80 0.413
12 27 73 0.370

Average 0.398
Stdev 0.057629

S. Error 0.016636

Table 16: Data of pupil length and the cornea length 8 hours after the addition of 
1 % atropine sulfate solution

Time
(hr)

Rabbit
No. Pupil Cornea

Pupil/Cornea
Ratio

24.0 1 63 139 0.454
2 31 98 0.317
3 57 139 0.413
4 35 98 0.357
5 71 147 0.482
6 26 90 0.288
7 60 145 0.414
8 50 130 0.385
9 50 130 0.385
10 45 115 0.391
11 25 95 0.263
12 45 95 0.474

Average 0.385
Stdev 0.069601

S. Error 0.020092

Table 17: Data of pupil length and the cornea length 24 hours after the addition of
1% atropine sulfate solution
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Average Data

Time
(hr*)

Average Pupil/Cornea 
Ratio S. Error

0.00 0.3690 0.0129
0.25 0.5320 0.0212
0.5 0.5960 0.0204
0.75 0.5920 0.0107
1.0 0.5770 0.0144
1.5 0.5510 0.0083
2.0 0.5170 0.0096
3.0 0.5000 0.0078
6.0 0.4500 0.0169
8.0 0.3980 0.0166

24.0 0.3850 0.0201

Table 18: Mean ratio of pupil length to the cornea length of the in vivo studies 
using 1 % atropine sulfate solution on rabbit’s eyes

The graphs were drawn using the average values of the compiled data
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Mydriatic Effect of 1% Atropine Sulfate Standard 
Solution on Rabbit's Eyes

0.7

□ Before Light 1.0 % 
IQ After Light 1.0%

0 0.25 0.5 0.75 1 1.5 2 3 6 8 24
Time (Hrs)

Figure 47: Plot of the mydriatic effect of 1 % atropine sulfate standard solution 
before and after exposure to light in rabbit eyes.

Effect of Atropine Sulfate (0.66%1 Ophthalmic Solution on Rabbit's Eve

Similarly, the graph for the effect of atropine sulfate (0.66%) ophthalmic 
solution on rabbit’s eye was drawn using the average compiled data of the pupil to 
corneal length. Below is the average compiled data for the 0.66% atropine sulfate 
ophthalmic solution:
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Average Data

Time
(hrs)

Average Pupil/Cornea 
Ratio S. Error

0.00 0.419 0.015122
0.25 0.518 0.018636
0.5 0.554 0.021041

0.75 0.533 0.018779
1.0 0.526 0.018256
1.5 0.503 0.012524
2.0 0.461 0.011003
3.0 0.426 0.011045
6.0 0.407 0.015753
8.0 0.383 0.014916

24.0 0.376 0.014592

Table 19: Mean ratio of pupil length to the cornea length of the in vivo studies 
using 0.66 % atropine sulfate solution on rabbit’s eyes

Mydriatic Effect of Atropine Sulfate 0.65%
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Figure 48: Plot of the mydriatic effect of 0.66 % atropine sulfate standard solution
after exposure to light in rabbit’s  eyes.
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Effect of Atropine Sulfate 10.33%) Ophthalmic Solution on Rabbit’s Eve

Similarly, the graph for the effect of atropine sulfate (0.33%) ophthalmic 
solution on rabbit’s eye was drawn using the average compiled data of the pupil to 
corneal length. Below is the average compiled data for the 0.33% atropine sulfate 
ophthalmic solution:

Average Data

Time
(hrs)

Average Pupil/Cornea 
Ratio S. Error

0.00 0.3790 0.01285
0.25 0.4377 0.01452
0.5 0.4600 0.01626

0.75 0.4508 0.01013
1.0 0.4451 0.00695
1.5 0.4363 0.00885
2.0 0.4474 0.01116
3.0 0.4242 0.00763
6.0 0.4045 0.01406
8.0 0.3790 0.00881
24.0 0.3778 0.00947

Table 20: Mean ratio of pupil length to the cornea length of the in vivo studies 
using 0.33 % atropine sulfate solution on rabbit’s eyes
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Mydriatic Effect of Atropine Sulfate 0.33%
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Figure 49: Plot of the mydriatic effect of 0.33 % atropine sulfate standard solution 
after exposure to light in rabbit’s eyes.

Comparison of the Mydriatic Effect of Atropine Sulfate Concentrations

Time
(hrs)

Atropine
Sulfate
0.33%

Atropine
Sulfate
0.65%

Atropine
Sulfate

1.0%

Atropine 
Sulfate 

0.33% S. 
Error

Atropine 
Sulfate 

0.65% S. 
Error

Atropine 
Sulfate 1.0% 

S. Error
0 0.379 0.375 0.369 0.0128 0.0151 0.0129

0.25 0.438 0.518 0.532 0.0145 0.0186 0.0212
0.5 0.460 0.554 0.596 0.0163 0.0210 0.0204

0.75 0.451 0.533 0.592 0.0101 0.0188 0.0066
1.0 0.445 0.526 0.577 0.0069 0.0183 0.0144
1.5 0.436 0.503 0.551 0.0088 0.0125 0.0083
2.0 0.447 0.461 0.517 0.0112 0.0110 0.0096
3.0 0.424 0.426 0.500 0.0076 0.0110 0.0050
6.0 0.404 0.407 0.450 0.0141 0.0158 0.0169
8.0 0.379 0.383 0.398 0.0088 0.0149 0.0166
24.0 0.378 0.376 0.385 0.0095 0.0146 0.0201

Table 21: Mean ratio of pupil length to cornea length of in vivo dose  response
studies using 0.33%, 0.66% and 1% atropine sulfate solution on rabbit’s  eyes
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Comparison of the Mydriatic Effect of Various Atropine Sulfate concentrations
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Figure 50: Dose response studies of atropine standard marketed solution 
showing the extent of mydriasis at three different concentrations of atropine 
sulfate solution in rabbit’s eyes.

Statistical Analysis

There were statistical differences between the three concentrations of 

0.33%, 0.65% and 1.0% at a p-value <0.05.

Conclusions

There is a well defined dose response relationship between concentration 
and effect for the three doses evaluated
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Having demonstrated that there is a dose response relationship between 
concentration and the effect for the three standard doses evaluated, we went 
further to determine the efficacy of our various formulations in vivo.

Determination of the Efficacy of the Atropine Ophthalmic Formulations in Vivo in 
Rabbit’s Eve bv Measuring the Degree of Mvdriasis

Mydriatic Effect of Atropine Sulfate Test Formulation-1

Average Data

Time
(hrs)

Average Pupil/Cornea 
Ratio

Standard
Error

0.00 0.3617 0.0116
0.25 0.5832 0.0146
0.50 0.5876 0.0114
0.75 0.5774 0.0066
1.00 0.5682 0.0098
1.50 0.5907 0.0098
2.00 0.5978 0.0295
2.50 0.5731 0.0050
3.00 0.5569 0.0110
6.00 0.4628 0.0162
8.00 0.4160 0.0179
24.00 0.3760 0.0000

Table 22: Mean ratio of pupil length to the cornea length of the in vivo studies of 
test formulation-1 containing 0.66 % atropine sulfate on rabbit’s eyes
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Mydriatic Effect of Atropine Sulfate-Test-I
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Figure 51: Plot of the mydriatic effect of formulation test-1 containing 0.66 % 
atropine sulfate after exposure to light in rabbit’s eyes.

Mydriatic Effect of Atropine Sulfate Test Formulation-2

Average Data

Time
(hrs)

Average Pupil/Cornea 
Ratio

Standard
Error

0.00 0.4077 0.0160
0.25 0.6314 0.0140
0.50 0.5987 0.0139
0.75 0.5873 0.0181
1.00 0.5935 0.0098
1.50 0.6076 0.0170
2.00 0.6301 0.0081
2.50 0.6186 0.0123
3.00 0.6400 0.0133
6.00 0.5888 0.0095
8.00 0.4498 0.0291

24.00 0.4099 0.0186

Table 23: Mean ratio of pupil length to the cornea length of the in vivo studies of
test formulation-2 containing 0.66 % atropine sulfate on rabbit’s  eyes
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Mydriatic Effect of Atropine Sulfate - Test-2
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Figure 52: Plot of the mydriatic effect of formulation test-2 containing 0.66 % 
atropine sulfate after exposure to light in rabbit’s eyes.

Mydriatic Effect of Atropine Sulfate Test Formulation-3

Average Data

Time
(hrs)

Average Pupil/Cornea 
Ratio

Standard
Error

0.00 0.4041 0.0179
0.25 0.6272 0.0108
0.50 0.6210 0.0155
0.75 0.5896 0.0116
1.00 0.5905 0.0084
1.50 0.5912 0.0106
2.00 0.5765 0.0157
2.50 0.5510 0.0097
3.00 0.5279 0.0162
6.00 0.4194 0.0160
8.00 0.4069 0.0197
24.00 0.3862 0.0180

Table 24: Mean ratio of pupil length to the cornea length of the  in vivo studies of
test formulation-3 containing 0.66 % atropine sulfate on rabbit’s  eyes
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Mydriatic Effect of Atropine Sulfate -Test-3
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Figure 53: Plot of the mydriatic effect of formulation test-3 containing 0.66 % 
atropine sulfate after exposure to light in rabbit’s eyes.

Mvdriatic Effect of Atropine Sulfate Test Formulation-4

Average Data

Time
(hrs)

Average Pupil/Cornea 
Ratio S. Error

0.00 0.4226 0.0110
0.25 0.6131 0.0202
0.50 0.5990 0.0127
0.75 0.5909 0.0131
1.00 0.6129 0.0142
1.50 0.6282 0.0341
2.00 0.6113 0.0099
2.50 0.5818 0.0124
3.00 0.5827 0.0076
6.00 0.4948 0.0123
8.00 0.4479 0.0298
24.00 0.3851 0.0179

Table 25: Mean ratio of pupil length to the cornea length of the in vivo studies of
test formulation-4 containing 0.66 % atropine sulfate on rabbit’s  eyes
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Mydriatic Effect of Atropine Sulfate, Tee t-4
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Figure 54: Plot of the mydriatic effect of formulation test-4 containing 0.66 % 
atropine sulfate after exposure to light in rabbit’s eyes.

Summary Data: Comparison of the Mvdriatic Effect of Various Test Formulations 
of Atropine Sulfate Eve Drops Containing Viscosity Enhancers

Compiled Data

Time
(hrs)

After 
Light T-1

After 
Light T-2

After 
Light T-3

After 
Light T-4

SEM
T-1

SEM
T-2

SEM
T-3

SEM
T-4

0.00 0.3617 0.4077 0.4041 0.4226 0.0116 0.0160 0.0179 0.011C
0.25 0.5832 0.6314 0.6272 0.6131 0.0146 0.0140 0.0108 0.0202
0.50 0.5876 0.5987 0.6210 0.5990 0.0114 0.0139 0.0155 0.0127
0.75 0.5774 0.5873 0.5896 0.5909 0.0066 0.0181 0.0116 0.0131
1.00 0.5682 0.5935 0.5905 0.6129 0.0098 0.0098 0.0084 0.0142
1.50 0.5907 0.6076 0.5912 0.6282 0.0098 0.0170 0.0106 0.0341
2.00 0.5978 0.6301 0.5765 0.6113 0.0295 0.0081 0.0157 0.009S
2.50 0.5731 0.6186 0.5510 0.5818 0.0050 0.0123 0.0097 0.0124
3.00 0.5569 0.6400 0.5279 0.5827 0.0110 0.0133 0.0162 0.0076
6.00 0.4628 0.5888 0.4194 0.4948 0.0162 0.0095 0.0160 0.0123
8.00 0.4160 0.4498 0.4069 0.4479 0.0179 0.0291 0.0197 0.0298
24.00 0.3760 0.4099 0.3862 0.3851 0.0173 0.0186 0.0180 0.017S

Table 26: Mean ratio of pupil length to cornea length of in vivo studies using T-1,
T-2, T-3 and T-4 containing 0.66% atropine sulfate on rabbit’s eyes
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Comparison Of the Mydriatic Effect Of T1, T2, T3, T4 to Std 1%
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Figure 55: Comparison of the mydriatic effect of T-1, T-2, T-3, T-4 containing 
viscosity enhancers with the 1 % standard atropine sulfate solution after exposure 
to light in rabbit’s eyes

Statistical Analysis and Conclusion

Summary of onset of action, duration of action, area under the curve (AUC) and 
maximum effect (pupil-corneal ratio)

Formulation

Onset of 
Action 
(Hrs)

Duration of 
Action 
(Hrs) AUC

Max. Effect 
(Pupil-Corneal 

Ratio)
Test 1 0.25 6.00 10.46 0.5978
Test 2 0.25 8.00 11.57 0.6400
Test 3 0.25 6.00 10.31 0.6272
Test 4 0.25 6.00 11.01 0.6282

Stand 1% 0.25 6.00 10.02 0.5961

Table 27: Summary of comparison of the onset of action, duration of action, area 
under the curve (AUC) and maximum effect (pupil-comeal ratio) of T-1, T-2, T-3, 
T-4 containing 0.66 % atropine sulfate with the standard 1 % atropine sulfate 
ophthalmic solution.
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Mydriatic Effect of Atropine Sulfate on Rabbit's Eye, 
Microparticle Test Formulation, T-5

0.6 i-----------------------------------------------------------------------------

■After Light MS 0.33%

Time (hr)

Figure 56: Plot of the mydriatic effect of microparticle formulation (Test-5) 
containing 0.33 % atropine sulfate after exposure to light in rabbit’s eyes.
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Mydriatic Effect of Atropine Sulfate on Rabbit's Eyes, 
Microparticle Test Formulation, T-6
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Figure 57: Plot of the mydriatic effect of microparticle formulation (Test-5) 
containing 0.66 % atropine sulfate after exposure to light in rabbit’s eyes.
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Comparison of the Mydriatic Effect of T-5 and T-6 with 
the 1% Standard Solution
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Figure 58: Comparison of the mydriatic effect of microparticle formulations T-5 
(0.33 %) and T-6 (0.66 %) with the 1 % standard atropine sulfate solution after 
exposure to light in rabbit’s eyes

Conclusions

Our results demonstrated that BSA-CSN microparticles are promising 

candidates for ocular surface drug delivery as they were able to enter epithelial 

cells in vitro and well tolerated in vivo. The results demonstrated that our 

formulations though lower in strength of atropine sulfate than that of the standard 

marketed solution, were superior to that of the standard solution.
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Biodistribution in Rabbit’s Eves

Solution form

0.5 h

8 hr

■24 hr
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Figure 59: Comparison of systemic leakage of solution ocular product to that of a 
formulation of BSA-CSN microparticles in rabbit’s eyes
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Results and Discussions 

As our results (Figure 59) indicate, there was increased systemic leakage 

of the solution form. The microparticulate form more localized to the eye area. 

This result demonstrated that the microparticulate form could minimize systemic 

toxicity by increasing the residence time on the surface of the eye thereby 

localizing its effect only into the eye.
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CHAPTER 7 

Overall Conclusions

Designing formulations for ophthalmic drug delivery is one of the most 

challenging endeavors facing the pharmaceutical scientist. The anatomy, 

physiology, and biochemistry of the eye render this organ exquisitely impervious 

to foreign substances. Delivery of drugs to the eye is therefore extraordinarily 

hampered by the defensive barriers of the eye. Both corneal and conjunctival 

epithelia are sealed with intercellular tight junctional complexes that limit the 

entrance of potentially harmful substances, or for that matter, helpful substances 

such as therapeutic drugs. In addition, the negatively charged mucous tear film 

entraps debris, particles, and drugs and removes them through the lachrymal 

drainage system. The efficacy of the treatment of eye diseases therefore is 

limited by these protective physiological mechanisms. Drugs must be applied 

frequently to compensate for this loss, which can generate problems of patient 

compliance. The precorneal half-life of drugs applied by these pharmaceutical 

formulations is considered to be about 1-3 minute due to the resulting elimination 

rate. As a consequence, only the very small amount of about l-3% of the dosage 

actually penetrates through the cornea and is able to reach intraocular tissues.
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Current treatment of ocular disorders in the back of the eye is constrained 

by inadequate drug delivery methods, since most topical application can only 

deliver small molecules into the eye and intraocular injections lead to safety 

concerns.

In the research conducted for this dissertation, we investigated a new kind 

of controlled release muco-adhessive microparticles (BSA-CSN MS) developed 

by our lab. Our results demonstrated that BSA-CSN microparticles are promising 

candidates for ocular surface drug delivery as they were able to enter epithelial 

cells in vitro and well tolerated in vivo.

The results of particle size demonstrated that the type of cross-linking 

(surface or solution) has negligible effect on the size of particles (figures 13 and 

14). Microparticles generated had a mean particle size of ~ 4 pm (Tablel) with a 

poly-disparity index of 0.168 were obtained from the spray-dryer. Spray drying 

has been traditionally used to produce particles with a narrow size distribution 

and this is evident from the results that demonstrate that microparticles with a 

narrow size distribution were obtained.

Tetracaine and atropine were successfully loaded onto albumin-chitosan 

microparticles prepared by spray drying technique. Various parameters of the 

spray-drying process were optimized to obtain microparticles with the desired 

particle size and zeta potential. Based on the mean particle sizes, size 

distribution as well as particle morphology, it is evident that the microparticles 

have the physico-chemical characteristics ideal for ocular delivery. From the 

FTIR and DSC studies, it is evident that the formulation has a stabilizing effect on
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the microencapsulated atropine and tetracaine and the microencapsulated drugs 

did not undergo any significant changes in its native structure. A novel method 

was developed for determining the encapsulation efficiency of the drug loaded 

albumin-chitosan microparticles. Release studies demonstrated sustained 

release of the tetracaine and for that matter atropine from the albumin-chitosan 

microparticles and may primarily be a mixture of diffusion and bio-erosion.

The in vitro internalization studies demonstrated that the fluorescence 

labeled microparticles was taken up by the HCET-1 cells. The z-stacking 

technique using the confocal microscopy further confirmed that these 

microparticles are actually within the corneal cells and not just lying on the 

surface of the HCET-1 cells. Hence, the albumin-chitosan microparticle 

formulation might have helped the FITC to cross the cells or the whole particles 

taken up by the cells.

Cell associated fluorescence after BSA-CSN exposure at 4 °C or 37 °C, 

expressed as percentage of microparticles available for uptake was significantly 

reduced at 4 °C at 15, 30, 60 and 120 minutes incubation time. The presence of 

sodium azide significantly inhibited BSA-CSN MS uptake at 30, 60 and 120 

minutes incubation time. Our results therefore suggests that BSA-CSN MS may 

enter the HCET-1 cells by an active temperature dependent mechanism requiring 

metabolic energy, at least at the concentration and times studied.

Furthermore, the cytotocicity studies demonstrated that even up to a 

concentration of 2 mg/ml of the albumin-chitosan formulation, showed no toxicity 

within the human corneal epithelial cells, demonstrating that formulations were
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safe for ophthalmic use. Although rabbit and human ocular surfaces are not 

equivalent, a good correlation between rabbit and human eye irritation data 

exists when low volumes are used (Freeberg, Nixon et al. 1986). The presences 

of chitosan or poly cationic polymer in our formulations are promising vehicles for 

ocular drug delivery mainly due to their ability to adhere to the negatively charged 

corneal surfaces for long period of time.

The tetracaine in vivo results demonstrated that there was no statistical 

difference between the onset of action between the two formulations of 

microparticles and that of the standard marketed drug. However, the duration of 

action of the tetracaine was increased for about four (4) folds as far as the 

solution cross-linked form is concerned. The result obtained from the surface 

cross-linked form also showed about three (3) folds increase in the duration of 

action of the tetracaine compared to that of the standard marketed form of 

solution (Figures 39 and 40).

The atropine in vivo studies demonstrated that, the pupil length to the 

cornea length could be used to quantitate the degree of mydriasis in the eye. In 

other words, there is a well defined dose response relationship between 

concentration of the atropine sulfate and level of effect on the eye. The results of 

the effect of light on the ratio of the pupil to corneal lengths of rabbit eyes gave us 

a constant ratio in each group. The ratio of these two parameters was seen to be 

constant for the first time ever at normal conditions. Having demonstrated that 

there is a dose response relationship between concentration and the effect for the 

three standard doses evaluated, we went further to determine the efficacy of our
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various formulations in vivo. The results demonstrated that our formulations 

though lower in strength of atropine sulfate than that of the standard marketed 

solution, were superior to that of the standard solution. The in vivo bio-distribution 

studies demonstrated that the BSA-CSN microparticulate formulation could 

minimize systemic toxicity by increasing the residence time on the surface of the 

eye thereby localizing its effect only into the eye.

In conclusion, we were able to demonstrate that BSA-CSN microparticles 

are promising candidates for ocular surface drug delivery as they presented 

negligible cytotoxicity and toxicity, reduced systemic leakage, were able to enter 

epithelial cells in vitro and well tolerated in vivo.
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