
Formulation of controlled release
ocular delivery systems of pilocarpine.

Item Type text; Dissertation-Reproduction (electronic)

Authors Desai, Suketu Dipakbhai.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:22:15

Link to Item http://hdl.handle.net/10150/185894

http://hdl.handle.net/10150/185894


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. MI 48106-1346 USA 

313/761-4700 8001521-0600 





Order Number 9234890 

Formulation of controlled release ocular delivery systems of 
pilocarpine 

Desai, Suketu Dipakbhai, Ph.D. 

The University of Arizona, 1992 

V·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





FORMULATION OF CONTROLLED RELEASE OCULAR 
DELIVERY SYSTEMS OF PILOCARPINE 

by 

Suketu Dipakbhai Desai 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHARMACEUTICAL SCIENCES 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 2 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Suketu Dipakbhai Desai 

entitled __ F_OR_M_U_LA_T_I_ON_O_F_C_O_NT_R_O_L_LE_D_RE_L_E_AS_E_O_CU_L_A_R _D_E_L_IV_E_RY ____ _ 

SYSTEMS OF PILOCARPINE 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

~~&.~ )\t! Aclv{. 2 hA~ IM1P_ 

Mi chae 1 ~layerSoh~h. D . ..-.6 . 
~'l~ 

Date 

Date 

Mic el Burke, Ph.D. 
A£2/J' 

Date 

Gil g I c.:; "2_ 
Date' Kf"shna Vemulapalli, Ph.D. 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

~Di~ 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at the 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the 
library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgement of source is made. Requests of this 
manuscript in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his or her judgement the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 

Signed:~ 



4 

ACKNOWLEDGEMENTS 

I would like to give my very special thanks to God for 
giving me courage, inner strength, patience, his blessings 
and showing me the direction when I needed it the most in my 
life. 

It is my great pleasure to express my sincerest 
gratitude to my major advisor, Dr. James Blanchard, for his 
time and efforts during the course of this research work. 
His guidance and support as an advisor during my Ph. D. 
education are sincerely appreciated. 

I am thankful to all of my Ph.D. examination committee 
members for their time and efforts. I would like to express 
my thanks to Drs. Michael Burke, David Nelson, Dean Carter 
and John Roy for helping me during my graduate studies. 

I am deeply appreciative of my entire family including 
my parents, brother and sisters, grandparents, and wife and 
son for supporting, believing and bearing with me for over 
the past few years. In particular, I am thankful to my 
parents, Smt. Kusumben and Shri Dipakbhai Desai, for 
supporting my earlier education and their contributions in 
my growth and development, and to my wife Darshna and son 
Arkit for always greeting me with a smile and making it all 
worthwhile. 

I am also thankful to my uncles Ramesh and Piyush and 
aunt Kalpana. special thanks to all of my friends, 
especially to Mr. Sanjeev Thohan and Mr. Hemant Shroff for 
their help when I needed it the most. I would also like to 
thank my colleagues for making my studies and stay in Tucson 
enjoyable. 

I would like to acknowledge Alcon Laboratories for 
providing me with free samples of pilocarpine hydrochloride 
and free base and conducting the rheological measurements of 
the formulations, and Horiba Instruments, Inc., for doing 
the particle size analysis of the samples developed during 
the course of this work. I would also like to thank Ms. 
Shirley Biamonte for assisting me with the preparation of 
some of the illustrations and tables in this dissertation. 

The financial support for this Ph.D. project was 
provided mainly by a research grant form the Gustavus and 
Loulse Pfeiffer Foundation and in part by the University of 
Arizona Graduate College. The financial support during the 
earlier years of my Ph.D. program from the University of 
Arizona Department of Pharmaceutical Sciences and Graduate 
College is acknowledged. 



Dedicated 

to 

my mother, Smt. Kusumben and father, Shri Dipakbhai 

my wife, Darshna and son, Arkit 

my grandmother Smt. Kamalaben and 

my late-grandfather Shri Ramanlal 

for 

their personal sacrifices, support, encouragement, and 

neverending blessings, wishes, patience, trust and love 

for me 

which made this achievement a reality. 

5 



6 

FOREWORD 

I would like to introduce the reader to the 
organization of my dissertation. 

Tnere are four chapters in this dissertation. The first 
chapter introduces the field of Ophthalmic Pharmaceutical 
Development and Delivery Systems. The second chapter is 
about the in vitro evaluations and characterization of the 
Poloxamer 407 formulations of pilocarpine hydrochloride. The 
in vivo evaluations of the selected Poloxamer formulations 
in the albino rabbit eye are described in the third chapter. 
The fourth chapter is about the preparation, characteriza
tion and incorporation of the polyisobutylcy-anoacrylate 
nanocapsules of pilocarpine into the selected Poloxamer 
formulations and in vivo evaluations of the Poloxamer 
formulations containing the pilocarpine nanocapsules in the 
albino rabbit eye 

Relevant figures and tables are placed at the end of 
each chapter. References of all chapters are placed together 
at the end of the fourth chapter. 

Each chapter is treated as an individual entity in the 
dissertation. Therefore, the figures, tables and references 
of each chapter are numbered starting from one onwards. 
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ABSTRACT 

main obj ecti ve 

407 (Pluronic 

of this work was to develop 

FI27)-based formulations for 

controlled ocular delivery of pilocarpine as a model drug. 

Various additives such as polyethylene glycol, 

polyvinyl alcohol, polyvinylpyrrolidone, methylcellulose 

(MC) and hydroxypropyl methylcellulose (HPMC) , were 

incorporated into formulations containing 25% PF127, 1% 

pilocarpine hydrochloride (PHCL) alone or containing one of 

the additives. The release of PHCL from the PF127 

formulations and the dissolution profile of the formulations 

are obtained simultaneously at RT and 340 C. 

The formulations with 25% PF127, 1% PHCL and either 5% 

MC or 3% HPMC showed the slowest dissolution and also 

released the drug the slowest of the formulations evaluated 

in vitro. The PHCL release from the two formulations 

exhibited a zero-order release and the mechanism of PHCL 

release seem to be dissolution controlled. 

Therefore the MC- and HPMC-containing PF127 

formulations of PHCL were selected for further in-vi va 

studies. The miotic response to equal administered volumes 

of an isotonic solution of 1% PHCL and the MC-containing 

PF127 formulation of PHCL was measured. The PF127 
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formulation showed a statistically significant increase in 

the duration of miosis and the intensi ty of the miotic 

response (i.e., higher ocular bioavailability) compared to 

the same instilled volume of the Isotonic PHCL solution. 

In the next phase of this work pilocarpine-incorporated 

poly isobutyl cyanoacrylate nanocapsules (PIBCA-NC) were 

prepared, characterized in vitro and evaluated in vivo in 

albino rabbit eyes. Here the PIBCA-NC of PHCL containing 1% 

pilocarpine, of which about 13.5 % was incorporated into the 

nanocapsules, were administered alone or using the 

aforementioned MC-containing PF127 formulation with 25% 

PF127 and 5% MC as a vehicle. 

The in vivo results indicated that the PIBCA-NC 

dispersion of 1% pilocarpine, when administered using the 

MC-containing PF127 gel vehicle, significantly improved the 

duration and the intensity of the miotic response compared 

to the administration of the same volume of the PIBCA-NC 

dispersion of 1% pilocarpine alone. 

Therefore, the PF127 formulations of pilocarpine 

developed and evaluated thus far, offer considerable promise 

in terms of their potential to be used for the controlled 

release ocular delivery of pilocarpine. 
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INTRODUCTION: OPHTHALMIC PHARMACEUTICAL DEVELOPMENT 
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The purpose of this chapter is to briefly review the 

relevant anatomy and physiology of the eye and introduce the 

current concepts in the field of Ophthalmic Pharmaceutical 

Research and Development including drug delivery to the eye. 

RELEVANT ANATOMY AND PHYSIOLOGY OF THE EYE 

The anatomy and physiology of the eye will only be 

described briefly here. For additional information about the 

subject the reader is referred to several excellent 

literature sources (1-7). 

The eye is one of the most vital organs of the body and 

it provides us with one of our most treasured senses-vision. 

The eye is actually made up of two spheres, one placed 

inside the other. The outer smaller sphere is covered by a 

transparent membrane, the cornea, which is the window of the 

eye. The outermost layer surrounding the larger posterior 

sphere is the sclera. The eye is externally covered by the 

upper and lower eyelids. The eyelids protect the eye from 

injury and excessive light. They also spread the tears over 
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the cornea and reduce their evaporation. A triangular space 

seen on either side of the cornea is called the canthus. The 

space located near the nose is called the medial canthus and 

the space farthest from the nose the lateral canthus. The 

canthi are formed by the union of the upper and the lower 

eyelids. A transverse-sectional view of the eyeball is shown 

in Figure 1. 

The Conjunctiva 

The conjunctiva is a thin, filmy, moist mucous membrane 

that extends from the corneal scleral junction. The portion 

of the conjunctiva which forms the inner lining of the upper 

and the lower eyelids is called the palpebral conjunctiva. 

The portion that covers the eye itself, except for the 

cornea is called the bulbar conjunctiva. The area where the 

two conjunctiva meet is called the fornix. The epithelium of 

the conjunctiva is continuous with that of the cornea and 

the lacrimal drainage system. 

outer coat of The Eya: 

The outer coat of the eye consists of a relatively 

tough fibrous tissue as segments of two spheres: the white 

opaque sclera constitutes the posterior 5/6 of the globe, 

and the transparent cornea provides the anterior 1/6 of the 

globe. The junction of the cornea and sclera is called the 

cornealscleral junction or limbus. 
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Sclera 

The sclera is a dense, fibrous structure that contains 

few blood vessels. The anterior portion of the sclera, 

called the white of the eye, is covered with Tenon's capsule 

and the portion of the conj uncti va through which blood 

vessels can be seen. The sclera consists of three layers: 

the episclera, the sclera proper and the lamina fussa. 

Cornea 

The cornea is the transparent membrane which forms the 

anterior lj6th of the eyeball. It fits into the beveled edge 

of the sclera like a watch glass. The cornea is composed of 

the following five layers as shown in Figure 2: 

1. the epithelium, 

2. Bowman's membrane, 

3. the sUbstantia propria (stroma), 

4. Descemet's membrane 

5. the endothelium 

The corneal epithelial layer is multicellular in thickness, 

covers the stroma and is continuous with the conjunctival 

epi thelium. This superficial layer is shed every 5 to 8 

days. The Descemet' s membrane is a glossy membrane lying 

just outside the endothelium. Near the edge of the cornea 

the membrane becomes perforated (the openings of the 

trabecular meshwork). The corneal endothelium is composed of 
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a single layer of flat cells which forms the most posterior 

layer of the cornea. The endothelium is continuous with the 

endothelium covering the iris. 

Although the central portion of the cornea is avascular 

the cornealscleral region is generally supplied with the 

conjunctival branches of the anterior ciliary arteries. 

Corneal scleral Limbus 

The Corneal scleral limbus or junction includes the 

trabecular meshwork and the canal of Schlemm which forms the 

drainage system of the anterior chamber. It has two layers, 

the epithelium and the stroma. The trabecular meshwork, 

which connects the anterior chamber and the canal of 

Schlemm, is located in the central portion of the 

Cornealscleral Limbus. A transverse section through the 

anterior portion of the eyeball at the corneal scleral 

junction is depicted in Figure 3. 

Trabecular Meshwork 

The trabecular meshwork surrounds the circumference of 

the anterior chamber. It is a porous-like structure with 

openings 2-3 J.I. m in diameter, through which the aqueous humor 

flows to the canal of Schlemm. 

Canal of Schlemm 

The canal of Schlemm is an oval-shaped channel that 

covers the entire circumference of the anterior chamber. On 
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its inner side it communicates with the anterior chamber 

through the trabecular meshwork. It is connected to the 

venous system through 25 to 35 collector channels. 

Middle coat of the Eye: 

The middle or uveal coat of the eyeball consists of the 

choroid, the ciliary body and the iris. The ciliary body 

secretes aqueous humor and contains the smooth muscles 

responsible for accommodation. 

Accommodation is defined as the ability of the eye to 

adjust to distant objects to obtain a clear image on the 

retina. 

Choroid 

The choroid is a vascular layer providing the blood 

supply to the part of the retina adjacent to the eye. The 

choroid is composed of an inner layer of capillaries and an 

outer layer of collecting veins. It extends from the optic 

nerve posteriorly to the ciliary body anteriorly. 

Ciliary Body 

The ciliary body extends from the iris to the choroid. 

The ciliary body is divided into two portions, the uveal 

portion and the epithelial portion. The uveal portion is 

located near the sclera and the epithelial portion is 

adjacent to the posterior chamber. The ciliary muscle is the 

most prominent structure of the uveal portion of the ciliary 
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body. It consists of three groups of smooth muscle fibers. 

It is believed that during accommodation the ciliary muscle 

contracts causing the zonule (i. e., the suspensory ligaments 

of the lens) to relax and this, in turn, permits the lens to 

become more convex (i.e, thicker). 

Iris and Pupil 

The iris is a diaphragm-like structure located in front 

of the lens and the ciliary body. It separates the anterior 

and posterior chambers. The iris is the shutter mechanism of 

the eye, controlling the amount of light entering the eye to 

ensure clear vision. 

A central opening in the iris is the pupil which 

reflexly controls the amount of light admitted to the eye. 

The iris is composed of two layers: 

1. the anteriorly located stroma, and 

2. the posteriorly located pigmented epithelium. 

The color of the iris depends on the amount of melanin in 

its stroma. 

The iris is composed of two types of muscles, the 

sphincter muscles and the dilator muscles, which are also 

called radial muscles. A diagrammatic representation of the 

iris musculature is shown by Figure 4. 

The sphincter muscle is a layer of smooth muscle that 

is one millimeter thick and is located in the pupillary zone 
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of the posterior stroma. It forms a sphincter around the 

pupillary margin. The sphincter muscles are innervated by 

the parasympathetic nerve fibers (i.e., cholinergic in 

nature). The contraction of the sphincter muscle resulting 

from their stimulation, constricts the pupil (7-9), 

producing miosis (i.e., reduction in the pupil diameter). 

Acetylcholine and other cholinergic drugs (like pilocarpine) 

produce miosis in the eye and, hence, are called the miotics 

(9) • 

The dilator or radial muscle is located between the 

stroma and the pigmented epithelium and extends as a thin 

sheet of smooth muscle from the ciliary body to the 

sphincter muscle. The sympathetic nerve fibers (which are 

adrenergic in nature) innervate the dilator (radial) muscles 

of the iris. The stimulation of the dilator muscles of the 

iris contracts the dilator muscles. This, in turn, relaxes 

the pupil (7-9), resulting in mydriasis (i.e., increase in 

the pupil diameter). Adrenergic drugs (like epinephrine) 

cause relaxation of the pupil, i.e., mydriasis and 

therefore, they are termed mydriatics (9). 

If the amount of light entering the eye is low the 

pupil relaxes by a reflex mechanism, and vice-versa. 

Lens 

The lens is a crystalline, transparent biconvex 
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structure located behind the iris and the pupillary aperture 

and in front of the vitreous body. It is suspended by 

zonular fibers. It is about four rom thick and ten mm in 

diameter. Like the cornea , it does not have any blood 

vessels, nerve fibers or connective tissue and is nourished 

by the aqueous humor surrounding it. 

Inner coat of the Eye: 

The inner coat of the eye is called the retina. It 

contains two types of photoreceptor cells (i. e., light 

sensitive receptors) called rods and cones which transfer 

impulses from the retina to the brain via the optic nerve. 

In man there are 125 million rods and seven million cones. 

The rods function best during dim light. A loss of the rods 

renders a person almost blind at night, although s/he can 

see very well during the day. The cones function best in 

daylight and they are also responsible for color vision. A 

partial loss of the cones can result in a loss of visual 

acuity and color blindness. 

optic Nerve 

The optic nerve is a portion of a white fiber tract of 

the central nervous system consisting ofaxons of retinal 

ganglion cells together with nerve fibers that extend from 

the brain to the eye. 
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Chambers of the Eye: 

Internally the eye is made up of two unequal 

compartments. A smaller cornpartment that lies anterior to 

the eye lens is termed the aqueous compartment and a larger 

or vitreous compartment that lies behind the lens. The 

aqueous compartment is further divided into an anterior and 

a posterior chamber by the iris. The anterior chamber is 

bounded anteriorly by the cornea and posteriorly by the 

front surface of the iris and pupillary aperture. The 

anterior chamber is deepest in the central portion and 

shallowest near the iris and has a volume sufficient to hold 

about 0.1 ml of fluid. The posterior chamber is surrounded 

by the iris anteriorly and the front surface of the zonular 

fibers posteriorly. It can hold up to 0.06 ml of fluid. The 

aqueous humor is secreted by the ciliary process and flows 

through the pupil into the anterior chamber. 

The vitreous compartment is bounded by the retina and 

the optic nerve posteriorly and, by the zonule, ciliary body 

and the posterior surface of the lens anteriorly. Its volume 

is 4.5 ml. 

Tear drainage pathway of the eye: 

The anterior surface of the eye is kept moist by tears. 

The tears are formed by the secretion of the lacrimal fluid 

and the accessory lacrimal glands located in the superior 
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and inferior fornices. The tears or lacrimal fluid cover the 

cornea in form of the tear film. 

The tear film consists of three distinct layers: 

(1) the posterior layer rich in glycoprotein derived from 

the goblet cells of the conjunctival epithelium, 

(2) the middle watery layer containing lysozyme, with 

antibacterial activity secreted by the lacrimal glands, and 

(3) the outer oily layer which minimizes the evaporation of 

the tears and is secreted by the Meibomian gland and the 

glands of Zeis and Moll (2). 

secretion is 1.2 ~l/min (10). 

The normal rate of tear 

The tiny opening at the medial or nasal portion of the 

eyelids is called the punctum. The punctum is the opening of 

a small canal which drains into the lacrimal sac. The 

lacrimal sac drains into the nose (the inferior nasal 

passage) through the nasolacrimal duct. The drainage of the 

tears is mediated by the pumping action of the eyelids 

through the punctum into the lacrimal sac, then through the 

nasolacrimal duct and eventually into the nose (11). Figure 

5 shows the tear drainage apparatus of the eye. 

The tears are lost from the cul-de-sac by evaporation 

and drainage through the nasolacrimal duct. The thickness of 

the tear film is reported to be 6.5 Il m (12). The normal 

evaporation rate of the tears with intact oily layer is 3 
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~1/hr/cm2 (12). The main force of tear drainage is 

attributable to the pumping action of the lacrimal sac 

associated with blinking (10,11). The tears are spread over 

the surface of the eye by periodic involuntary blinking. The 

normal blinking rate in humans is 16 per minute. The tears 

maintain the optical clarity of the cornea by constantly 

irrigating the eye and preventing it from becoming dry and 

inflamed. The normal volume of tears in humans is 7 ~l and 

the normal tear turnover rate is l6%/min (10). The tears are 

an isotonic solution (0.9-0.96% NaCl equivalent) with Ph 

ranging from 7.2 to 7.4 (2,10). The tears are not produced 

during sleep. 

A serious consequence of the elimination of topically 

applied drugs from the precorneal cavity into the nasal 

cavity is that the surface area and the permeability of the 

nasal mucosal membrane is large compared to the cornea. 

Therefore, ocular drugs are prone to absorption into the 

systemic circulation through the nasal mucosal lining. As 

much as 74% of the timolol applied in eye drops has been 

shown to be absorbed into the systemic circulation (13,14). 

Sys~emic absorption of timolol can cause severe respiratory 

and cardiovascular problems, especially in patients with 

predisposing respiratory and cardiovascular disease (15). 
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VISION 

In humans the two eyes work as if they were one. Both 

eyes project at the same point in time and fuse their image 

so that a single mental impression is created or felt. The 

ability of the eyes to fuse two images into a single one is 

called binocular vision. Accommodation is the ability of the 

two eyes to adjust in order to focus distant objects. 

Glaucoma 

The aqueous humor found between the lens and the cornea 

is a clear, colorless, watery fluid. It is formed by an 

active secretion from the ciliary processes and, to a lesser 

extent, by diffusion from the blood vessel of the iris. The 

aqueous humor is in continuous circulation and it flows from 

the posterior chamber through the pupil into the anterior 

chamber. It leaves the inner eye via the trabecular 

meshwork, the canal of Sch1emm and the aqueous vein, into 

the venous system. (Please see Figure 3). The inflow of the 

aqueous humor into the eye is faster than the outflow from 

the eye. This leads to a pressure within the eye which is 

called the intraocular pressure. If for any reason this exit 

for aqueous humor from the eye is blocked, accumulation of 

the fluid in the eye will result. If the intraocular 

pressure is persistently elevated about the normal value (21 

mm of Hg) then the condition is called glaucoma (16,17). 
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Glaucoma is one of the leading cause of blindness in the 

u.s. It threatens to affect the vision of one out of every 

50 people over the age of 35 (16). If glaucoma is left 

untreated it can lead to irreversible optic nerve damage and 

eventually blindness. Glaucoma is regarded as a leading 

cause of irreversible blindness throughout the world 

(16,17) • 

TOPICAL OCULAR DRUG DELIVERY 

For diseases and conditions affecting the eye, topical 

or local administration is preferred over systemic 

administration for obvious reasons, 

toxicity of many ophthalmic drugs, 

e. g. , the systemic 

the rapid onset of 

action and the smaller dose required compared to the 

systemic route. Various types of ophthalmic dosage forms are 

commercially available but the most commonly used are 

aqueous solutions (eyedrops). However, the time-course of 

drug delivery from an eyedrop shows a typical "pulse-entry" 

pattern with a transient increase in the tear concentration 

of the drug (sometimes, exceeding the desired therapeutic 

concentration) followed by a rapid decline in its 

concentration in the tears. Adequate therapy from eyedrops 

can be achieved by providing a pulse of sufficient 

magnitude, or by giving more frequent application of a 
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dilute pulse. Additionally, a medication instilled into the 

eye socket as an aqueous solution faces the negative 

influence exerted by the normal protective physiological 

phenomena present in the eye such as drainage, dilution, 

spillage, tear turnover, aqueous humor turnover, drug

protein interactions, ocular metabolism. 

The cul-de-sac has a maximum capacity to hold 30 1-1.1 of 

tears in the upright position (10). The normal dropper used 

in commercial ophthalmic preparations delivers about 50-75 

j.L1/drop (18). Therefore, the excess of the instilled 

solution is spilled out onto the cheek. Furthermore, the 

instilled drop is diluted by the constant tear production 

and it is also drained away by the very efficient 1acrima1-

drainage system of the eye. It has been reported that the 

rate of drainage of an instilled solution is linearly 

related to the instilled volume and rate of tear secretion 

(18,19). Therefore, the volume of tear fluid does not 

normally exceed its average value (10). Thus the volume 

instilled has a definite influence on the quantity and rate 

of drug solution lost via the drainage apparatus. A drop of 

an aqueous solution, irrespective of the instilled volume, 

is eliminated completely from the eye and the eye returns -co 

the normal lacrimal lake volume within 5-6 minutes of its 

application, resulting in a very short period during which 
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The Corneal Permeation: 
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Most topically applied ocular drugs have to reach the 

inner parts of the eye to be effective. Transcorneal 

penetration is believed to be the maj or route for drug 

absorption into the eye. Unfortunately, the corneal 

epithelium is relatively impermeable to most ocular drugs. 

The cornea, due to its structure and composition, offers a 

barrier to transcorneal passage of many drugs, in particular 

those with high molecular weight or polarity, including 

sal ts. Therefore, one of the suggested ways to improve 

ocular bioavailability of a drug is to increase its corneal 

permeability. The cornea is a trilaminate structure 

consisting of a hydrophilic stroma located between the 

outermost very lipophilic epithelial layer (5-7 cells thick) 

and the endothelial layer (one cell thick) which is less 

lipophilic. The resistance to corneal penetration offered by 

these three layers of the cornea varies depending upon the 

physicochemical properties of the drug. The corneal 

epithelium contributes about 90% of the corneal resistance 

for hydrophilic drugs, 50% for the moderately lipophilic 

drugs and less than 10% for lipophilic drugs (20). Most 

ocular drugs seem to penetrate the cornea by diffusion and 

none appear to transfer by carrier-mediated transport or 
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endocytosis. The paracellular (i.e., through intercellular 

space) and transcellular pathways (i.e., through 

intracellular space) are the two mechanisms for drug 

transport across the cornea. 

The paracellular pathway is the primary route of 

passive permeation for ions and small molecular weight 

nonelectrolytes (ethanol, glycerol, etc) in the corneal 

epithelium. 

The principal drug properties responsible for drug 

absorption via the transcellular pathway across the cornea 

are (a) the lipophilicity as reflected by the octanol/buffer 

or octanol/water partition coefficient (b) the pKa, which 

determines the percentage of the preferentially absorbed 

unionized form of the drug at a given pH, (c) the 

solubility, and (d) the molecular size. Among the above

mentioned drug properties, the effects of lipophilicity on 

corneal absorption of drugs has been the most well 

documented (20). 

Ocular Drug Metabolism: 

In recent years, the traditional view of the cornea as 

a barrier to drug transport has been expanded to include its 

capacity to metabolize ocular drugs (21-26). It has been 

reported that about 45% of the chloramphenicol recovered in 

the aqueous humor of the albino rabbit 2 hours after 
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administration was in a metabolized form (26). Drug 

metabolism and drug binding to the proteins in the ocular 

fluids and pigments in the iris, ciliary body and uveal 

tract should be considered in the design and evaluation of 

ocular drug delivery systems. 

FORMULATION APPROACHES TO IMPROVE OCULAR BIOAVAILABILITY: 

There are two reasons why there is a growing interest 

in developing new and more efficient ocular drug-delivery 

systems for providing the continuous and controlled release 

of drugs for a longer period of time. One is the 

introduction of newly developed drugs wi th shorter 

biological half-lives and the second is the introduction of 

drugs which have systemic side effects. 

Ocular bioavailability from topically applied 

traditional drug-delivery systems is poor. The fraction of 

a topically applied dose of pilocarpine nitrate absorbed 

into the anterior chamber and the aqueous humor is in the 

range of 0.1-0.01 and 0.0002-0.003, respectively. This is 

due, in part, to the negative influence of the physiological 

constraints imposed by the eye through such factors as tear 

turnover (18,19,27-29), drug-protein interaction (31,32), 

aqueous humor turnover (27,32), instilled fluid drainage 
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(18,19,27-29), the relative impermeability of the 

cornea(27,33-36), corneal metabolism (21-26), and drug 

absorption into the conj uncti va and the sclera (37, 38) • 

Drugs absorbed via the conjunctiva (which is a vascularized 

tissue) can get into the systemic circulation and eventually 

return to the eye by the uveal or choroid tissue. However, 

it has been demonstrated that this route is only of minor 

importance (39). 

The challenge faced by scientists involved in 

ophthalmic pharmaceutical research is to improve ocular drug 

bioavailability from less than 1-3% to at least 15-20%. The 

ocular bioavailability of several drugs can be improved by 

prolonging their residence time in the cul-de-sac and/or by 

increasing the corneal permeability of topically applied 

drugs (40). 

ophthalmic drugs have been marketed thus far in four 

different dosage forms: aqueous solutions, suspensions, 

ointments and solid ocular inserts. Various approaches that 

have been attempted to increase the bioavailability and the 

duration of therapeutic action of ocular drugs can be 

divided into two categories. 

The first encompasses the approaches which are based on 

maximizing corneal drug absorption and minimizing precorneal 

drug loss. The second category includes drug delivery 



37 

systems which provide the controlled and continuous delivery 

of ophthalmic drugs to the pre- and intra-ocular tissues. 

Approaches that maximize corneal drug absorption and 

minimize precorneal drug loss 

(a) Viscosity imparting agents 

There have been several claims of improvement in ocular 

bioavailability of drugs due to the increased residence time 

in the eye due to the addition of viscosity building soluble 

polymers to aqueous formulations (41-43). It is reasoned 

that the solution drainage would be decreased with the 

increased solution viscosity. The polymers used include 

polyvinyl alcohol, polyvinylpyrrolidone, methylcellulose and 

hydroxyethyl- and hydroxypropyl methylcellulose. However, 

studies to date indicate this approach has very little 

significance as the formulations are'liquid and therefore, 

subject to elimination from the eye by all of the factors 

discussed previously. 

(b) The use of ion-pairs and prodrugs 

Another useful approach for increasing the ocular 

absorption of poorly-absorbed drugs is to make prodrugs 

(chemical derivatives of a drug) which are labile to 

chemical or enzymatic cleavage and designed to alter a 
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specific property (absorption, solubility, taste, volatility 

or stability). An example of a commercially available ocular 

prodrug is dipivalyl epinephrine (propineR, Allergan 

Pharmaceuticals). Due to increased lipophilicity the 

prodrug penetrates the corneal epithelium 10 times faster 

than the parent drug epinephrine. The active parent drug is 

regenerated in vivo upon absorption by the cleavage of the 

ester linkage by esterases in the cornea and iris. The 

regenerated pivalic acid is nontoxic. 

Additionally, ion-pair association, a coulombic 

association between large organic ions of opposite charge 

can also increase the ocular absorption of poorly-absorbed 

drugs. The ions are transferred better when associated than 

individually. In animals the method had been used with 

success to transfer the antiinflamatory agent sodium 

chromoglycate (the di-anion) across the cornea by coupling 

it with a quaternary ammonium cation such as 

dodecylbenzyldimethyl-ammonium chloride (44). 

(c) Aqueous suspensions 

Aqueous suspensions contain a sparingly soluble drug as 

finely divided particles dispersed in a saturated solution 

of the drug with a suspending agent dissolved in the medium. 

The advantage of suspensions over solutions is that the 

particles of the suspensions are better retained in the cul-
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de-sac (45,46). The retention of the suspended particles 

increases with an increase in the particle size as does the 

irritation of the eye. However, the rate of dissolution of 

the suspended drug increases with a decreasing particle 

size. Thus an optimum particle size exists for ocular 

suspensions. 

Some of the disadvantages associated with ocular 

suspensions are: (1) suspensions require shaking which can 

lead to inconsistency in the administered dose if patients 

do not shake them properly, (2) suspensions can form a fine 

sediment which can be difficult to disperse with gentle 

shaking, and (3) seldomly occurring but of serious 

consequence is a polymorphic change in the suspended drug to 

from a less soluble or inactive form of the drug. In 

addition, suspensions are prone to elimination by the 

previously discussed physiological mechanisms. 

(d) ointments 

ointments are useful 

drug bioavailability and 

as carriers of drugs to improve 

to sustain drug release. An 

attractive feature of ointments is their entrapment in the 

fornices which thereby serve as a reservoir (47). Drug 

bioavailability is usually higher when administered in an 

ointment than as an aqueous solution or suspension (45). The 
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superior bioavailability of drugs from ointments is due to 

their increased resistance to nasolacrimal drainage, higher 

tissue concentration, inhibition of dilution by the tears 

and increased contact time, all of which can lead to 

increased ocular absorption of drugs. Interference with 

vision and esthetic considerations are obvious disadvantages 

associated with the use of ocular ointments. 

(e) Nanoparticles 

Nanoparticles are colloidal particles 10-1000 nm in 

size in which drug can be dispersed, encapsulated and/or 

adsorbed (48). Wood et al. (49) demonstrated that a 0.385% 

suspension of poly (hexyl-2-cyanoacrylate) nanoparticles, 

like neutral liposomes, disappeared from the tear pool 

almost as rapidly as aqueous solutions. It would not likely 

be beneficial to incorporate drugs that are water soluble 

into nanoparticles as the drugs will be released from the 

nanoparticles more rapidly than the rate at which the 

nanoparticles themselves are eliminated from the precorneal 

cavity. 

(f) Aqueous gels 

The poor acceptability of ocular ointments has led 

researchers (50-56) to investigate aqueous gels as vehicles 

to improve ocular bioavailability of both hydrophilic and 

lipophilic drugs. These gels typically utilize polymers such 
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as polyvinyl alcohol, polyacrylamide, poly (methyl-vinyl 

ether-maleic anhydride), poloxamer, carbopol (also called 

carbomer) , hydroxyethylcellulose, hydroxypropylcellulose and 

hydroxypropyl methylcellulose. Overall, 3-5 fold increases 

in corneal absorption of drugs have been reported. The 

mechanism of drug release from gels involves a combination 

of diffusion and erosion (dissolution) of the gel surface. 

The disadvantage associated with aqueous gels for ocular 

delivery is due to the hydrophilic nature of the gels. Tears 

diffuse into the gel interior quickly and therefore rapidly 

leach out water-soluble drugs such as pilocarpine and 

prednisolone sodium phosphate (40). 

(g) Bioadhesive polymers 

The success of ocular drug-delivery systems depends on 

their retention in the eye. The systems can be retained by 

incorporating bioadhesive polymers in the formulations. The 

bioadhesive polymers will attach to conjunctival mucin by 

non-covalent bonds (hydrogen bonding) and remain in contact 

with the precorneal tissue until mucin turnover eliminates 

them. The evidence that mucoadhesive polymers are better 

retained in the albino rabbit eye to provide sustained 

release of progesterone has been reported by Hui and 

Robinson (57). 

In addition to the above-mentioned ocular dosage forms, 
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presoaked matrices like drug-loaded soft contact lens 

(58,59), emulsions (60) and soluble, solid hydrophilic 

inserts (61,62) have been employed to deliver ophthalmic 

drugs and they often improve corneal absorption of drugs. 

Drug delivery systems which provide the controlled and 

continuous del i very of ophthalmic drugs to the pre and 

intraocular tissues 

Solid state ocular inserts represent another category 

of dosage form. Dosage forms based on this approach can 

overcome the disadvantages reported with the use of more 

traditional ophthalmic systems like aqueous solutions 

(eyedrops), suspensions and ointments. The typical pulse

entry type drug release behavior which is observed with 

ocular aqueous solutions (eyedrops), suspensions and 

ointments is replaced by more controlled, sustained and 

continuous drug delivery using a controlled release ocular 

drug-delivery system (e.g., ocusertR of Alza corporation). 

These systems can achieve therapeutic action with a smaller 

dose and fewer systemic and ocular side effects. 

Solid Inserts 

Atropine-containing gelatin wafers called "Lamellae" 

were described in the British Pharmacopeia as early as 1948. 
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The l'C-gentamicin containing solid wafers of solubilized 

collagen gave superior drug levels in tears, sclera and 

cornea in rabbits compared to the levels achieved with 

eye drops and ointments (63). ocusertR (Alza corporation) is 

an example of an ocular delivery system providing the 

controlled and continuous delivery of the drug pilocarpine, 

in zero-order fashion, at a constant rate of 20 or 40 

micrograms/hr around the clock for seven days (64). It is a 

membrane-reservoir type ocular drug delivery device, 

containing pilocarpine and alginic acid in the core 

reservoir, which is placed between a transparent, lipophilic 

ethyl-vinyl acetate rate-controlling membrane. 

A survey among ophthalmologists revealed (65) that, in 

the opinion of physicians the Ocusert is of value for 

younger patients who have the necessary motivation and 

energy to handle the Ocusert systems. They are less popular 

and useful among the elderly who have difficulty with 

insertion, do not retain the device well and do not seem to 

even notice if the device falls out. Many patients feel a 

foreign body sensation in the eye. A significant drawback of 

Ocusert therapy is the high cost of the device due to its 

complicated fabrication procedure. Also, replacing the 

contaminated device upon losing them from the eye socket 

with a fresh device increases the cost of an already 



44 

expensive therapy. Finally, ocusertR is a nonbiodegradable 

system; in other words it has to be removed at the end of 

its therapeutic life (i.e., seven days). 

The advantages of the use of 

therapy are great but it should 

solid inserts in ocular 

be noted that their 

development has some problems to overcome that are less 

likely to be associated with the more traditional ocular 

dosage forms available on the market such as solutions, 

suspensions or ointments. Polymer inserts often retain 

ingredients used in their manufacture such as plasticizers, 

antioxidants or crosslinking agents which may produce 

toxicity to the eye. The manufacturing cost of solid inserts 

could be exceptionally high if it involves a specialized 

manufacturing process which is often required with the solid 

inserts. Because of interference with vision and other 

problems these solid and semisolid delivery systems are not 

well accepted by patients (40). 

The aforementioned discussion of the current concepts 

and recent developments in the field of ophthalmic 

pharmaceutical research and development and delivery systems 

is only brief. The reader seeking detailed information is 

directed to the huge compilation of excellent articles, 

textbook chapters and reviews on the subject in the 

literature (66-80). 
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It is clear that the ocular drug delivery systems based 

on the above approaches are inefficient and far from ideal. 

Based on patient acceptance considerations alone, future 

efforts to improve ocular delivery systems should focus 

primarily on liquid systems. Therefore ophthalmic 

pharmaceutical scientists are still seeking a better and 

improved ocular drug-delivery system which will have the 

ease of administration of eyedrops and the prolonged 

residence time of OcusertR· 



Figure 1. Transverse Section of the Eyeball 
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Figure 3. Section Through the Anterior 
Portion of the Eyeball at the Cornealscleral 
Limbus 
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Figure 4. Diagrammatic Representation of 
the Iris Musculature in the Eye. 
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Figure 5. Tear Drainage Apparatus of the 
Eye 
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CHAPTER 2 

IN VITRO EVALUATION OF POLOXAMER 407 BASED CONTROLLED 
-RELEASE OCULAR DELIVERY SYSTEMS OF PILOCARPINE 

INTRODUCTION 

51 

The Poloxamer family is a group of block copolymers 

derived from propylene oxide and ethylene oxide. The 

poloxamers are also surface active agents. They were 

introduced commercially in the u.s. in 1950 under the trade 

name, PluroniCR polyols (BASF Corporation). 

They consist of three blocks, with a polyoxypropylene 

segment placed between two units of polyoxyethylene. The 

Poloxamers range from liquids of different viscosity to 

pastes and solids with molecular weight from 1000 to 30,000, 

depending upon the proportions of polyoxypropylene and 

polyoxyethylene in the polymer chain. The polymers are 

designated by the letters L, P and F which represent the 

physical form of the polymer, i.e., Liquid, Paste and Flaked 

solid. Because of their properties, the poloxamers have been 

used both internally and externally in products designed for 

animal and human use (1-4). The poloxamers have been 

utilized for a variety of applications. Recently, different 

poloxamer applications which include emulsifying, cleaning, 
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wetting, thickening, coating, solubilizing, dispersing and 

foaming have been summarized (1). 

Before any chemical can be used for medicinal purposes, 

its toxicity has to be evaluated. Extensive toxicity data 

have been compiled for many of the Poloxamers (2,3). These 

included acute and chronic oral and dermal toxicity studies, 

skin and eye irritation and sensitization studies. The 

results of these investigations confirm the safety of the 

Poloxamers (5,6). An evaluation of the muscle toxicity of 

several poloxamers in rabbits concluded that the Poloxamer 

238 and 407 gels were suitable as vehicles for intramuscular 

use (7). In general, the studies show that the higher the 

molecular weight and the greater the polyethylene content, 

the safer the poloxamer is for use in a drug formulation. 

The FDA has authorized the use of selected poloxamers 

for pharmaceutical and medical applications (2). LipomulR 

I.V. (Upjohn) was the first Poloxamer-containing (Poloxamer 

188) commercial product in clinical use (8). 

Because of their dispersing and stabilizing properties 

the Poloxamers have been used for a variety of cosmetic and 

pharmaceutical products. An improved calamine lotion was 

developed using Poloxamer 188 as the surfactant (9). The 

Poloxamers have been utilized in preparing physically stable 

suspensions of drugs such as sulfadiazine (10). Poloxamer 
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188 was also used clinically as a stabilizing agent for 

suspensions of 9~cm-1abe1ed co11oid~, given intravenously 

for liver scintigraphy (11). A hydrophobic Poloxamer, the 

181 grade GenapolR PF 10 (Hoechst), has been used clinically 

with a programmable delivery device for the continuous 

infusion of insulin to diabetic patients. It prevented the 

adsorption of dissolved protein onto the various hydrophobic 

surfaces in the device as well as the resultant aggregation 

by the preferential adsorption of the polymer on the 

hydrophobic surfaces (12). 

Because of its wetting action Poloxamer 188 has been 

used as in various laxatives, both liquids and capsules,such 

as MagcylR (Elder), CasakolR (Upjohn), GeripleXR FS (Parke 

Davis). Shur clenSR (Biosyntac) is a skin wound cleanser 

which utilizes the cleansing action of Poloxamer 188 at a 

20% level. It was approved by the FDA for use in humans as 

a safe cleanser of periorbital lacerations (13). One use of 

surface-active agents is the solubilization of poorly water

soluble drugs by micelle formation in aqueous solution. The 

Poloxamers have been reported to increase the aqueous 

solubility of sparingly soluble drugs such as sulfadiazine, 

sodium cetaben, vitamins K1 and K2 and an anticancer agent 

(14-18). 

Incorporation of Poloxamer 407 in coating of a capsule 
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containing a potential antidepressant drug, improved the 

bioavailability of the drug in dogs and humans (19). 

Poloxamer 188 is used for its wetting property in eye drops, 

including Epitrat~ (Ayerst) and Neospori~ (Burroughs 

Wellcome) . 

Poloxamer 407 (Pluronic F-127) 

Poloxamer 407 or PluroniCR F-127 (BASF corporation) is 

one of the most commonly used poloxamers for pharmaceutical 

and medical purposes. Poloxamer 407 gels containing various 

drugs have been used for treating patients with ocular 

condi tions such as red eye, corneal edema and dry eye 

syndrome (20). Another study reported that the Poloxamer 407 

suppository formulation of indomethacin was the most 

suitable of three Poloxamers (i.e., 288, 388 and 407) tested 

in rabbits due to its prolonged action and minimal side 

effects (21). A Poloxamer 407 based dental gel, Protect R 

(Butler Brush), has been in use several years for treating 

patients with sensitive gums and teeth (22). Poloxamer 407 

gel was first used clinically as a vehicle for silver salts 

to treat topical burns (23). Poloxamer 407 possesses the 

least toxicity (3), is nonirritating to the mucosal membrane 

and has optical clarity (2). 
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Gelation of Poloxamer 407 

Poloxamer 407 is more soluble in cold water than hot 

water due to increased solvation and hydrogen bonding 

between water molecules and the ethereal oxygen atoms of the 

polymer (24). The decrease in the solubility of the 

Poloxamer is due to the breaking of hydrogen bonds at higher 

temperatures. 

Poloxamer 407 at concentrations of 20% or higher in 

aqueous solutions, exhibits a unique property of reversible 

thermal-gelation. It is transformed from a low viscosity 

solution to a solid gel upon heating from sOC to room or body 

temperature. The aqueous-based gel so formed upon warming, 

liquifies on cooling, i. e., the gelation achieved at 

elevated temperature is reversible upon cooling (24). 

It is reported that the Poloxamer gel consists of large 

populations of micelles and the micellar mode of association 

of the gel is confirmed by recent work (25-28). Ultrasonic 

velocity and light scattering studies on very dilute 

solutions of Poloxamer 407 revealed an aggregation number of 

six molecules at 100e which increased to 44 at 400e (28). The 

minimum Poloxamer 407 concentration required to form a gel 

depends on the other components present in the formulation. 

The sol-gel transition temperature of a Poloxamer 
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formulation as well as the minimum concentration of the 

poloxamer needed for the formulation to gel will vary, 

depending upon concentrations of the poloxamer and the other 

components of the formulation. Components such as 

electrolytes and surfactants which will compete with the 

poloxamer for the water molecules by ionic interaction or 

hydrogen bonding will weaken the gel or lower the yield 

strength of the gel, Le., the formulation will require 

higher concentrations of the poloxamer in order to gel. An 

increase in temperature leads to conformational changes in 

the methyl groups of the polyoxypropylene within the 

hydrophobic region of the micelles and in the motion of the 

hydrophilic end chains (27,28) causing dehydration with 

expulsion of the water of hydration from the micelles and an 

increase in end chain friction or entanglement of adjacent 

micelles, ultimately leading to gel formation. similarly an 

increase in concentration of poloxamer in solutions leads to 

a decrease in critical-micelle-concentration (cmc) and 

intermicellar distance, and an apparent increase in the 

number of micelles per unit volume of the solution which, in 

turn, increases interactions between polyoxyethylene chains 

of adjacent micelles. This leads to formation of 

multimolecular units and eventual gel formation. The 

gelation temperature is also lowered with increasing 
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concentration of Poloxamer in solution. 

Reversible thermal galation, the ability to form a 

clear gel in aqueous medium, the high solubilizing capacity 

and the low toxicity all make Poloxamer 407 suitable as a 

vehicle for preparing controlled-release drug delivery 

systems in humans. The Poloxamer 407 gels have been 

employed for topical delivery of lidocaine and benzocaine 

(26) and the anti-cancer drugs 5-fluorouracil and adriamycin 

(29) and for healing of burn wounds (23,24,30). Topical gels 

of two antiinflamatory drugs, diclofenac and hydrocortisone 

have been prepared with poloxamer 407 (31). Poloxamer 407 

has been studied as a vehicle for intramuscular and 

sUbcutaneous administration of drugs (32,33). 

Recently, a number of Poloxamer containing formulations 

have been evaluated as novel dosage forms for dermatological 

use (23,24,30) for the intraperitoneal delivery of 

interleukin (34) and topical ophthalmic application 

(35,36). concerning their application onto the skin or into 

wounds, these polymeric gels offer several advantages over 

traditional oleaginous bases in terms of ease of 

application, cosmetic acceptance (colorless and water

washable) and good drug release characteristics. Since the 

gelation is reversible, the gel is removed easily from the 

skin or wound by immersion in, or irrigation with, cold 
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water. These gels when used for topical ophthalmic 

application are better retained in the precorneal area than 

aqueous solutions but do not obstruct vision as ointments 

do. Although the above examples make it clear that the 

Poloxamer 407 gels have excellent potential as topical drug 

delivery systems, they have not yet been extensively studied 

as vehicles for ocular drug delivery. 

OBJECTIVES 

The main objective of this work was to develop 

Poloxamer 407 based thermally reversible formulations for 

controlled ocular delivery using pilocarpine as a model 

drug. 

other objectives of these studies were: 

1. to screen various hydrophilic additives for their 

ability to retard the dissolution of Poloxamer 407 

formulations and the release of pilocarpine from the 

formulations, 

2. to evaluate the kinetics of the release profiles of 

pilocarpine for each formulation, and 

3. to use the results of these in vitro studies to select 

the most promising formulations for further in-vivo 

evaluations in albino rabbits. 
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In this study Poloxamer 407 was used as a 

thermally reversible polymer and pilocarpine hydrochloride 

was used as a model drug. The structure of pilocarpine 

hydrochloride is shown below. 

H,I;I t;i 
/C-'O' : CH,t N- CH , 

H,G I I 'Hel 

o~ 0 I~~ 

ESlablished name: 
Pilocarpone Hydrochloride 

Chemical name: 
2(3H)-Furanone, 3-ethyldlhydro-
4-1(1-methyl-1H-lmidazol-5-yl)
melhyll-, monohydrochlorlde, 
(3S-cis)-. 

structure of pilocarpine hydrochloride 

EXPERIMENTAL 

Materials: 

Pl uronic F127 (PFI27), was obtaine~ from BASF 

corporation (Parsippany, NJ). Pilocarpine hydrochloride was 

a gift from Alcon Laboratories (Fort Worth, TX). All other 

chemicals and solvents were reagent grade. Poloxamer 407 (P-

407) and Pluronic Fl27 (PF127) are used interchangeably in 

this dissertation as the former is the generic name and the 

latter is the trade name of the same polymer. 
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Methods: 

preparation of Pluronic F127 (PF127) based formulations of 

pilocarpine hydrochloride (PHCL): 

All Pluronic formulations of pilocarpine used in these 

studies contained 25% w/v Pluronic F127, 1% w/v PHCL and 

either no additive (the Pluronic F127 formulation containing 

no additive was therefore used as a control formulation) or 

one of the following as an additive: polyethylene glycol 

4600 (PEG); polyvinyl alcohol 10,000 (PVA); 

polyvinylpyrrolidone 10,000 (PVP); methylcellulose 15 cps 

(MC) and hydroxypropyl methylcellulose, 80-120 cps (HPMC). 

The PF127 formulations of pilocarpine of the compositions 

shown in Tables 1 and 2 were prepared by a modification of 

the cold method (24). 

Aqueous solutions of 1% w/v PHCL were prepared using 

distilled water. The required amount of the selected 

additive for a formulation was ~'1eighed and dissolved in 

about 10 ml of cold (4Oc) aqueous solutions of PHCL. An 

appropriate amount of Pluronic F127 (25%) was then added 

slowly to the cold aqueous solution of PHCL and the 

additive, kept in a vial. The dispersion was stored in a 

refrigerator and vortexed periodically until the Pluronic 

F127 dissolved completely (approximately 36-60 h). The 

formulations were stored in the refrigerator until ready for 
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use. 

In vitro studies: 

In vitro studies were performed at room temperature 

(RT) and at 340 C (ocular surface temperature). A membraneless 

dissolution model used for the in vitro studies is 

illustrated in Scheme 1. The in vitro studies were performed 

in an oven maintained at the experimental temperature. The 

cold PF127 formulation was transferred into a tared vial 

kept in the oven and represented by the letter A in Scheme 

1. The formulation formed a gel upon equilibration at the 

experimental temperature (the letter B in the Scheme 1). The 

difference in weight between the vials represented by the 

letters B and A gave the initial weight of the PF127 gel 

formulation. A simulated tear solution (an artificial 

isotonic tear solution) (37) preequilibrated at the 

experimental temperature was used as a release medium. Five 

hundred J.L 1 of the release medium was layered over the 

surface of the gel formulations (the letter C). The vial was 

rotated end-over-end (at about 10 rpm) using a tube rotator. 

At predetermined time intervals of 10 to 20 min, the release 

medium was removed entirely. The vial was weighed at each 

time after completely removing the medium, then 

reequilibrated to the experimental temperature and the fresh 

preequilibrated release medium was layered over the surface 
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of the gel formulation (the letter E). Each in vitro 

experiment was performed in triplicate. 

In virro dissolution profile of the PF127 gels 

The vial was weighed each time after removing the 

release medium (the letters D and F). The differences in 

weight of the vials between any two adjacent time points 

(e.g., weight of (B-D) or (D-F) etc) yielded the amount of 

the PFl27 gel formulation dissolved during that time period. 

The dissolution profile was then obtained by plotting the 

cumulative weight of each PFl27 gel formulation dissolved 

(on the Y-axis) against time (on the X-axis). 

In virro release of PHCL from the PF127 gel formulations 

The in vitro release of PHCl was investigated 

simultaneously with the dissolution profiles of the PFl27 

gels at RT and 34oC. The release of pilocarpine from the 

PFl27 gels was studied by analyzing the aliquots of the 

release medium removed for their pilocarpine content. 

Determination of PHCL 

PHCL content· in the aliquots was analyzed using a 

reversed-phase HPLC assay developed in our laboratory 

employing a C-l8 column, an analysis wavelength of 220 nm, 

and clonidine hydrochloride as internal standard. The mobile 



phase consisted of 70% 

30% of methanol at a 

63 

pH 3.5 , 0.5% phosphate buffer and 

flow rate of 1.25 ml/min. The 

instrumentation, operating procedures and assay procedures 

are described in detail elsewhere (38). 

The release profile of PHCL was then obtained by 

plotting the cumulative amount of PHCL released from each 

PF127 gel formulation (on the Y-axis) against time (on the 

x-axis). 

Effect of concentration of Pluronic F127 on the in virro 

rates of dissolution of PF127 formulations and release of 

PHCL from each of them 

The effect of variation of Pluronic F127 concentration 

was studied at RT. Aqueous formulations containing 1% w/v 

PHCl and either 25%, 30% or 35% wlv Pluronic F127 were 

prepared as explained previously under "preparation of 

Pluronic F127 (PFI27) based formulations of pilocarpine 

hydrochloride" in this chapter. These PF127 formulations 

contained no additives. The formulations formed a gel upon 

equilibration at RT. The in vitro dissolution of these gel 

formulations and release of PHCL from each gel formulation 

were studied at RT using the aforementioned membraneless 

model. 
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Determination of rheological profile and viscosity 

The first three PFl27 formulations of pilocarpine 

(labelled as Formulation 1, 2 and 3 in Table 2) were used to 

study rheological profiles at 34ct. They are referred to as 

PF127, PF127 MC and PFI27HPMC, respectively, in Table 8. 

Rheological profiles (''ihere the viscosity and shear rate are 

measured at a given shear stress value) of the PF127 gel 

formulations were determined using a Bohlin CS RheometerI. 

The PF127 formulation which contained no additive (i.e., 

PF127) was used as a control formulation to study the effect 

of incorporating an additive (MC or HPMC in this case) on 

the rheology of the formulations. 

Effect of dissolution medium on release of PHCL from PF127 

gel formulations 

The PF127 gel formulation containing 25% PF127, 1% PHCL 

and 5% MC (labelled as Formulation 2 in Table 1) was used to 

study the effect of changing the release (dissolution) 

medium on release of PHCl. The release medium was changed 

from artificial tear solution to polyethylene glycol 400 

(PEG 400). The release of PHCL from the aforementioned 

formulation was studied as explained previously under II in 

1 The rheological measurements of the PF127 formulations 
of PHCL were kindly performed by Alcon Laboratories. Fort 
Worth, Texas. 
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vitro studies of release of pilocarpine hydrochloride (PHCL) 

from the PF127 gel formulations" in this chapter. 

RESULTS 

In vitro studies: 

In vitro studies were conducted at RT and 340C. Each 

data point shown graphically in this chapter represents the 

mean of three determinations. The error bars in each figure 

represent one standard deviation. To improve clarity the 

error bar at each X,Y-value is not plotted unless it is 

larger than the size of the symbols used to represent the 

profiles for each PF127 gel formulation. 

Each PF127 formulation studied existed as a free 

flowing but viscous liquid at the cold storage temperature 

(40C) , formed a semisolid gel at both experimental 

temperatures (i.e., RT and 34CC) and returned to the liquid 

state upon cooling to 4CC. The concentrations of the 

additives used in these studies represent the maximum 

concentrations that maintained the thermally reversible sol

gel characteristic of the PF127-based formulations (i.e., 

the thermally reversible sol-gel characteristic of the 

PF127-based formulations was lost at higher concentrations 

of the additives than that used in these studies). The PF127 
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formulation labelled 1 in the Tables 1 and 2 contained no 

additive and therefore, was used as a control formulation 

(formulation with no additive) of PHCL to illustrate the 

effects of incorporating the aforementioned additives (one 

in each formulation) on the in vitro studies. 

In vitro dissolution profile of the PF127 gels and release 

of PHCL from the PF127 gels 

(I) At RT: 

Figure 1 gives the dissolution profiles of the PF127 

gels obtained in vitro at RT. As explained before in the 

experimental section, the in vitro dissolution of the 

formulations and release of PHCL from them were obtained 

simultaneously. The release of PHCL from the PF127 gel 

formulations is depicted in Figure 2. As seen in Figs. 1 and 

2 the incorporation of 2.5% w/v PVP in the PF127 gel 

increased its in vitro dissolution and also released PHCL 

the fastest of the PF127 gels studied at RT. In contrast, 

the incorporation of 3% PVA did not affect either the rate 

of dissolution of the PF127 gel or the rate of release of 

PHCL from the gel. It yielded dissolution and PHCL release 
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profiles that were comparable to that of the formulation 

which contained no additive. However, including 5% MC or 3% 

HPMC yielded the slowest rates of dissolution and PHCL 

release from the gels (Figs. 1 and 2). 

(II) At 34Oc: 

The in vitro dissolution profiles of the PF127 gels 

obtained at 340 C are given in Figure 3. Figure 4 represents 

the release of PHCL in vitro from the PF127 gel formulations 

at 34oC. The results of the in vitro studies at 340 C 

indicated that PEG in 2.5% concentration gave the quickest 

rates of dissolution of the PF127 gel and PHCL release from 

the gel. The PF127 gel with PVA (3%) as an additive 

exhibited in vitro profiles of gel dissolution and release 

of PHCL that were comparable to the profiles of the 

formulation containing no additive. The 5% MC- and 3% HPMC

containing PF127 gel each yielded the same rank order for 

the two profiles at 340 C as was observed with these two gels 

at RT. In other words, the MC and HPMC-containing PF127 gels 

each dissolved the slowest and released PHCL the slowest 

(see Figs. 2 and 4). 

As seen from Figs. 1-4, among the different PF127 gel 

formulations of pilocarpine evaluated in vitro, the MC- and 

HPMC-containing PF127 gels of pilocarpine dissolved the 
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slowest and released pilocarpine at the slowest rate. 

Therefore, they offered promise as potential ocular delivery 

systems of pilocarpine to control and prolong the release of 

pilocarpine due to their ability to dissolve slowly and 

release pilocarpine slowly. 

Because of this potential these two PF127 gels were 

selected for further in vitro analysis and studies. Tables 

4 and 5 list the amount of PHCL released in vitro from 

Formulations 1, 2 and 3 at different time points during the 

studies performed at RT and 34oC, respectively. As indicated 

in Tables 4 and 5, Formulation 1 (L e., the PF127 gel 

formulation of pilocarpine containing no additive) released 

pilocarpine faster and the amount released was significantly 

greater than the amount of pilocarpine released from 

Formulations 2 or 3 (Le., the PF127 gel formulation of 

pilocarpine with MC or HPMC) at the p<0.05 level of 

significance. 

Another salient feature observed in Tables 4 and 5, is 

that the amount of PHCL released is doubled with a 

corresponding 1 inear increase in time ( i. e., the amount 

released at 60 min is about twice the amount released at 30 

min). This observation suggested that the in vitro release 

of PHCL from Formulations 1, 2 and 3 showed linear 

dependence on time (i.e., zero-order release kinetics) at RT 
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as well as at 34oC. 

Therefore, the in vitro release profiles of pilocarpine 

from Formulations 1, 2 and 3 were fitted using the linear 

time-dependence model, i.e., zero-order kinetic model as 

described later under the discussion section of this 

chapter. The amount of PHCL released in vitro from the three 

formulations was regressed against the experimental time 

using least squares regression analysis. The results of the 

regression analysis done on the PHCL release data obtained 

at RT and 340 C are listed in Tables 6 and 7, respectively. 

As indicated in Tables 6 and 7, a significant linear 

correlation existed between the amount of PHCL released and 

the experimental time at the p<O.0005 level of significance 

at both experimental temperatures. Tables 6 and 7 list 

various regression parameters such as the slope and 

intercept of the regression line and correlation coefficient 

for each of the three formulations. The slope of the 

regression line in this case is a measure of the rate at 

which PHCL is released form the PF127 gel formulation. As 

seen in Tables 6 and 7, Formulation 1 released PHCL at a 

rate which is about three to four times higher than the rate 

of PHCL release from Formulations 2 and 3. The linearity of 

the release profiles of PHCL from these three formulations 

was thus confirmed by the least-squares regression analysis. 
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Effect of concentration of Pluronic F127 on the in vitro 

rates of dissolution of PF127 formulations and release of 

PHCL from them 

The effect of Pluronic F127 concentration on the 

pilocarpine release kinetics from PF127 gels containing the 

Pluronic in various concentrations was investigated. The 

concentration of PHCL was 1% and the Pluronic concentration 

was varied (25%, 30% and 35%). The dissolution of the gels 

and the pilocarpine release were studied at RT as explained 

earlier in this chapter. Figures 5 and 6 depict the profiles 

of the dissolution of the PF127 gels and the PHCL release 

from the gels, respectively. It is clear from the Figs. 5 

and 6, that as the Pluronic concentration was increased from 

25% to 30% to 35% in the gels, the rate at which the PF127 

gels dissolved decreased and the gels released PHCL at a 

proportionately decreasing rate. Thus, the effect of the 

pluronic concentration used on the release of pilocarpine 

showed an inverse dependence, i.e., the higher the Pluronic 

concentration, the more marked is the decrease in 

pilocarpine release. 

Temperature dependence of dissolution of PF127 gels and 

release of pilocarpine 

The dissolution profiles and pilocarpine release 
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profiles obtained individually at the two temperatures (i.e, 

RT and 34oC) for the two PF127 gels (the one containing no 

additive and the other containing MC as an additive) are 

shown in Figures 7 and 8, respectively. Similarly, in 

Figures 9 and 10, these two profiles, obtained at the two 

temperatures, are compared for the PF127 gel containing no 

additive and the HPMC-containing PF127 gel. These 

comparisons indicate that there was no apparent difference, 

due to temperature, in either the dissolution profiles of 

the gels (Figs. 7 and 9) or the release profiles of PHCL 

(Figs. 8 and 10) for each of the three aforementioned PF127 

gel formulations. 

Validation of the use of the membraneless dissolution model 

In the present in vitro studies the dissolution of the 

PF127 gels of pilocarpine and the pilocarpine release were 

obtained simultaneously using the membraneless model. The 

gels were directly in contact with the release medium. Upon 

contacting the release medium the gels dissolved or, in 

other words, eroded and released pilocarpine. Theoretically 

the weight percentage of the gel dissolved at any time point 

and the percentage of pilocarpine released from the gel at 

that time point should be very close. 

Figures 11 illustrates a comparison of the normalized 

percentage of PHCL released and the normalized percentage of 
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the gel dissolved for the two PF127 gel formulations of 

pilocarpine: one containing no additive and the other 

containing 5% MC as an additive. Both profiles were obtained 

at room temperature. The normalized percentages are plotted 

on the Y-axis and time is plotted on the X-axis. 

The normalization was done to correct for variation in 

the amount of PF127 gel formulations present among three 

samples (as the sample size was three for each formulation) 

at the beginning of the in vitro experiments (i.e., 

difference in weights of the gels represented by the letters 

B and A for each PF127 gel formulation as shown in Scheme 

1) • 

The normalized percentages were calculated as shown 

below. If Wl' W2 and W3 represent the weights of Samples 1, 

2 and 3 at the beginning of the in vitro experiments, 

respectively, then the normalization factors were given by: 

(WlIW1) 

(W2IW1) 

(WJ/Wl) 

••••• for Sample 1, 

••••• for Sample 2, 

•..•• for Sample 3. 

The normalized percentage for each sample at time twas 

expressed as: 

Normalized percentage = Percentage * Normalizing Factor. 

Similar comparison of the two profiles for the HPMC-
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containing PF127 gel and the PF127 gel with no additive is 

shown in Figure 12. These two figures (i.e., Figs. 11 and 

12) indicate that the normalized percentage of the PF127 gel 

dissolved and the normalized percentage of pilocarpine 

released were in close agreement for the three PF127 gels of 

pilocarpine containing, MC or HPMC as an additive or, no 

additive. 

Determination of rheological profile and viscosity 

The results of the rheological determination at 340 C for 

the three PFl27 formulations, the PFl27 which contained no 

additive and the PF127MC and PFl27HPMC which contained MC 

and HPMC, respectively, are listed in Tables 8 and 9. The 

formulations were autoclaved at 12lOc for 32 min and the 

rheological measurements were obtained before and after 

autoclaving. 

As shown in Tables 8 and 9, all three PFl27 gel 

formulations exhibited yield stress and pseudoplastic flow 

behavior at 34°C (39). The results of stress viscometry test 

(where the viscosity and shear rate are measured at a given 

shear stress value) done on all three formulations, are 

shown in Table 9. As seen in Table 9, at a given shear 

stress value the shear rate obtained was in the order of 

PF127MC < PF127HPMC < PF127. The corresponding viscosity 



74 

value at the given shear stress was in the order of PF127 < 

PF127HPMC < PF127MC. The measurements of the viscosity 

versus shear rate profiles for the three formulations 

revealed that there was no apparent effect of autoclaving on 

the viscosity versus shear rate profiles of the three 

formulations (39). The viscosity versus shear rate profiles 

were obtained by plotting the viscosity (in Pascal-Seconds, 

i.e., Pa-S) on the Y-axis and shear rate (in Ilseconds, 

i. e., II s) on the X-axis2• A representative viscosity 

versus shear rate profile of one of the three PF127 

formulations studied before autoclaving (represented by 

PF127MC) and after autoclaving (represented by PF127MCA) is 

exhibited in Figure 13. 

Effect of dissolution medium on release of PHCL from PF127 

gel formulations 

The effect of changing the release medium (dissolution 

medium) on release of PHCl was studied for the PF127 gel 

formulation containing 25% PF127, 1% PHCL and 5% Me at RT. 

The release medium was changed from artificial tear solution 

to polyethylene glycol 400 (PEG 400). As seen in Figure 14, 

changing the release medium from isotonic tear fluid to PEG 

2 PaS = Pascals-Seconds 
One PaS = 10 poise, i.e., 0.001 PaS = 10 centipoises (cps) 
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400 yielded a decreased PHCL release. However, the PHCL 

release still exhibited a linear release profile with time. 

DISCUSSION 

In vitro studies: 

The primary objective of these studies was to develop 

Poloxamer 407-based controlled-release ocular delivery 

systems for delivering pilocarpine into the, eye. For the 

ocular delivery of pilocarpine, the Pluronic (Poloxamer) 

formulations developed here will be administered to the 

target organ, i.e., into the precorneal cavity. The drug has 

to be first released from the delivery systems into the tear 

fluid present in the eye cavity before the drug molecules 

can permeate through the absorbing ocular tissues. 

Therefore, simulated tear fluid (37) was used as a release 

medium in these in vitro studies. 

The in vitro studies were performed using the 

membraneless model. Similar models have been used previously 



76 

by others to study the release of drugs from drug 

formulations (26,29,31,34,40). The advantages of using the 

mernbraneless system during the in vitro studies is that the 

Pluronic formulations of pilocarpine are in direct contact 

of the simulated tear fluid and factors affecting the drug 

release which are inherent to the formulation vehicles can 

be easily studied. Although it is difficult to simulate the 

in vivo conditions exactly while doing in vitro studies, in 

vitro experiments can be very valuable in terms of 

identifying factors which can affect drug release and also 

provide insight into the mechanism of drug release. 

Addi tionally, in vitro evaluations of dosage forms are 

regarded as a predictor of in vivo performance of the dosage 

forms (41). A dosage form releasing drug very quickly in 

vitro, is not expected to give a prolonged drug action when 

tested in vivo. 

It is common practice to incorporate hydrophilic or 

lipophilic additives into pharmaceutical formulations so as 

to retard the release of drugs and achieve sustained drug 

delivery. Additives such as waxes like glyceryl palmito

stearate (42); cellulose ethers such as methylcellulose 

(43,44), hydroxypropylcellulose (45), hydroxypropyl 

methylcellulose (46), and ethylcellulose; (47,48); polyvinyl 

-pyrrolidone (49); polyvinyl alcohol (50); and copolymers 
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of methyl acrylate-methyl methacrylate (51) have been 

employed in drug formulations to attain controlled drug 

release. A polymer matrix impregnated with pilocarpine has 

been employed to achieve prolonged pilocarpine release (52). 

It was demonstrated that modifying the hydroxypropyl 

methylcellulose-ethylcellulose ratio in polymeric barrier 

films altered the permeability of a dye (53). 

The in vitro studies in the present investigation were 

performed to evaluate the effect of incorporating an 

additive ranging from hydrophilic (such as PEG, PVA and 

PVP) , to moderately hydrophilic (such as MC and HPMC) into 

the PF127 formulations of PHCL on the rate of dissolution of 

the PF127 gel formulations and the rate of release of PHCl 

in vitro from them. The objective was to select Pluronic 

F127 formulations of pilocarpine which will release the drug 

at the slowest rate in vitro and therefore, produce 

sustained delivery of pilocarpine in vivo. 

The PVA-containing PF127 gel formulation yielded a gel 

dissolution profile and a PHCL release profile that were 

comparable to that of the PF127 gel formulation containing 

no additive. The PVP and PEG-containing PF127 gel 

formulations of pilocarpine accelerated the dissolution rate 

of the gels as well as the release of pilocarpine. In 

contrast, the incorporation of MC or HPMC into the Pluronic 
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slowest 

pilocarpine release and the two formulations also dissolved 

the slowest. The PF127 gel formulations containing either MC 

or HPMC as an additive released about 41-43 % of PHCL at 120 

min. In contrast about 81 % of PHCL was release within 60 

min from the PF127 gel formulation containing no additive. 

The PF127 gel formulations of pilocarpine showed zero

order release kinetics (i.e., a linear release profile with 

time) in the present studies at RT and 34oC. The linearity 

of the pilocarpine release profiles with the experimental 

time for the selected PF127 formulations were confirmed by 

least-squares regression analysis. 

To evaluate the functional 

dissolution profiles of the three 

dependence of 

selected PF127 

the 

gel 

formulations (i.e., containing either no additive, 5% MC or 

3% HPMC as an additive) on temperature, the dissolution 

profiles of each of the three gel formulations were obtained 

at two different temperatures, i,e., RT and 34oC. The PHCL 

release profiles for the three above-mentioned PF127 

formulations were also obtained at the two temperatures, 

i,e., RT and 340 C to study the temperature dependence of the 

PHCL release profiles of each PF127 gel formulations. An 

individual comparison of the dissolution profiles at RT and 

340C for each of the selected (three) PF127 formulations did 
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not show any apparent differences among the dissolution 

profiles (Figures 7 and 9). similarly, a comparison the PHCL 

release profiles at RT and 34"c for each of the three 

selected PF127 formulations did not show any difference 

among the release profiles (Figures 8 and 10). These 

comparisons indicate that there was no apparent difference, 

due to temperature, in either the dissolution profiles of 

the gels (Figs. 7 and 9) or the release profiles of PHCL 

(Figs. 8 and 10) for each of the three aforementioned PF127 

gel formulations. 

Rheological parameters, including viscosity 

measurements, of the selected PF127 formulations were 

obtained at 340 C to simulate in vivo conditions present the 

eye (39). The MC and HPMC, when used as additives in the 

PF127 gels, individually imparted higher viscosity to the 

PF127 gels compared to the PF127 gel which contained no 

additive. They also yielded lower shear rate at a given 

shear stress value compared to the PF127 gel which lacked 

any additive. The rheological measurements of the selected 

Pluronic formulations of pilocarpine indicated that each 

formulation exhibited a yield stress value and pseudoplastic 

behavior, i. e. non-Newtonian behavior. The non-Newtonian 

behavior of Pluronic F127 formulations has been observed 

before (54). 
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When the release medium was changed from simulated tear 

fluid which is hydrophilic to the PEG 400 (which is less 

hydrophilic), it resulted in slower pilocarpine release in 

vitro from the PFl27 gel. However, the linearity of the 

release profile of pilocarpine with time was maintained. 

Previous studies of the in vitro release of drugs from the 

Pluronic F127 gels into isopropyl myristate which is an 

organic solvent showed a square root of time dependence for 

the release profiles (26,29,31,55). The nature of the 

release medium and model drug have been demonstrated to 

influence the drug release (56,57). In a study of 

sulfaethylthiadiazole (SETD) release from tablets containing 

spray-congealed formulations of SETD and, either sorbitan 

oleate or white wax as an additive, it was found that the 

percent of SETD released from the tablets containing either 

of the waxes, was greater in an alkaline release medium than 

in an acidic release medium (57). The authors related their 

findings to the higher solubility of the SETD in the 

alkaline medium than in the acidic medium and the higher 

solubility and dispersibility of the waxes in the alkaline 

meuium. Dissolution of water-soluble polymers from polymer 

matrices has been shown to increase the rate of drug release 

(58) • 

Solvent penetration into polymeric drug formulations, 
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physicochemical properties of model drugs, excipients and 

polymer used in the formulations are all known to affect the 

characteristics of drug release. Recently, the effect of a 

basic additive on timolol release in vitro from matrices of 

n-propyl, n-butyl and n-hexyl monoesters of poly(vinyl 

methyl ether maleic) anhydride (PVM-MA) was studied (59). 

The rate of timolol release was increased with decreasing 

length of the alkyl chain, i.e., increasing hydrophilicity, 

in the polymer. The addition of the basic additive was found 

to modify the release of timolol from the matrices of n

propyl and n-butyl monoesters of PVM-MA (59). urtti et al., 

(49) characterized the in vitro release of pilocarpine from 

polymer matrices containing hydroxypropylcellulose (HPC) and 

HPC-polyvinylpyrrolidone (PVP). The properties of the HPC

matrices were modified in that study by adding a water

soluble polymer, PVP. It was found that with an increased 

concentration of PVP in the matrices, release of pilocarpine 

from HPC- and HPC-PVP matrices was accelerated. The authors 

attributed the results to the increased leaching of PVP 

compared to that of HPC from the matrices because of PVP 

being more water soluble than HPC and the consequent 

decrease in resistance offered by the matrices to the 

pilocarpine release. Thus pilocarpine release was found to 

increase with high PVP content in the matrices. In another 
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investigation of release of pilocarpine in vi tro from a 

soluble polymeric insert made using polyvinyl alcohol (PVA), 

80% of pilocarpine was reported to be released within 35 min 

(50). In a recent study (60) of the release of pilocarpine 

from polymer matrices of alkylmonoester of poly (vinyl methyl 

ether-maleic anhydride) (PVM-MA), e. g., ethyl and propyl 

monoesters of PVM-MA, pilocarpine was released at a 

decreasing rate as the hydrophilicity of the matrices was 

decreased. In other words, the pilocarpine release decreased 

in going from ethyl to propyl monoester. The author 

attributed this observation to decreased leaching action of 

the drug to the decreasing hydrophilicity of the matrix and 

increasing the alkyl ester side chain (60). 

Therefore, it is clear from these studies (49,50,57-60) 

that the greater the hydrophilicity of the polymer matrices 

consisting of hydrophilic polymers and/or additives, the 

easier it is for aqueous solutions to penetrate into the 

matrices and quickly release the incorporated drugs when in 

contact with aqueous media in vitro and in vivo. The PF127 

gel formulations of pilocarpine used in the present 

investigation are hydrophilic in nature. PVP and PEG may 

facilitate their leaching action by the aqueous release 

medium (which is simulated tear solution in this case) 

because of their hydrophilic nature. MC and HPMC are less 
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water soluble than PVP, PEG and PVA (50,61-64). The relative 

order of polarity the addi"tives used in these studies is PEG 

> PVP > PVA > HPMC > MC. Thus, the observed effects of the 

water-soluble additive used in our studies on the 

dissolution of the PF127 gels and pilocarpine release from 

the gels are also supported by the results of earlier 

studies. The observed acceleration in the pilocarpine 

release from the PF127 gel formulations-containing the 

additives like PVP and PEG and a decrease in the rate of 

pilocarpine release by the MC- and HPMC-containing PF127 

gels can be rationalized in a similar manner to those used 

earlier by Hamid and Becker (57), urtti (49,60) and others 

(50,58,59,62,65). 

One of the factors inherent to formulation itself and 

affecting drug release, is the viscosity of the 

formulations. It has been demonstrated in the literature 

that increasing the viscosity of drug formulations retards 

drug release (32,55,66). The incorporation of MC or HPMC in 

the PF127 gels increased the viscosity of the gels. The 

lower aqueous solubility of MC and HPMC and the increased 

viscosity of the MC- and HPMC-containing PF127 gel 

formulations probably slows down the dissolution of the two 

PF127 gel formulations and the rate of penetration of the 

aqueous release medium into the PF127 gel network. These, in 
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turn, yielded reduced leaching action by the release medium 

and the slowest release of pilocarpine from the 

formulations. The slower in vitro dissolution of the PF127 

gels seems to be beneficial to. ensure that tears will not 

readily penetrate the PF127 gels and leach out pilocarpine 

quickly in vivo. The in vivo evaluations of the PF127 gel 

formulations of pilocarpine will be discussed in the next 

chapter. 

The PHCl release was found to decrease (in the present 

studies) with an increase in the Pluronic concentration in 

the PF127 gel formulations of pilocarpine which is in 

agreement with earlier reported results (26,29,31,32,34,55). 

PF127 gels are viewed as consisting of large populations of 

micelles and aqueous channels (26,67-69) and the 

incorporated solute is released by its passage through 

aqueous channels (26,67,68). The reason for the decrease in 

the rate of release of solutes with an increase in the 

Pluronic F127 concentration in the formulations is probably 

related to the increase in the number and size of micelles 

within the gel structure (26-28,67,68) and to a 

corresponding increase in the rigidity of the gels (24). 

Higher poloxamer concentrations result in a shorter 

intermicellar distance leading to higher numbers of 

crosslinks (weak interactions) between neighboring micelles 
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and a higher number of micelles per unit volume. The 

increased micelle concentration, in turn, leads to higher 

viscosity (67,69). The higher viscosity probably retards the 

rate of dissolution of the PFl27 gels which consequently 

decreases pilocarpine release from the PFl27 gels by slowing 

down leaching of the drug. Therefore, the decrease in the 

pilocarpine release from the PF127 gels and the decreased 

rate of dissolution of the PF127 gels with a corresponding 

increase in the PFl27 concentration can be partially 

attributed to a proportional increase in the viscosity of 

the PFl27 formulations, as observed previously 

(32,44,45,55,66). 

Mechanism of Release: 

Over the last three decades controlled-release 

technology has emerged as an important tool for increasing 

the effectiveness of drug therapy. In a controlled-release 

system a drug is incorporated into, and/or loaded onto, a 

carrier, generally a polymeric material. 

The release of drugs from a polymer device depends on 

several factors including the physicochemical properties of 

the polymeric system under consideration, the presence of 

fillers or additives, the degree of crosslinking, the size 

of the drug molecule, the concentration, solubility and 
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diffusivity of the drug in the polymeric system, the surface 

area of the system, the properties of the leaching solvent 

(release medium), temperature etc. (70-74). 

The types of polymeric controlled release devices are 

classified (75) as: 

(a) those in which drugs are kept in a polymer~c core 

surrounded by an inert diffusion barrier (i.e., reservoir 

devices), 

(b) those in which the drug is dissolved or dispersed in an 

inert polymer matrix (i.e., monolithic devices), and 

(c) those in which the active drug is bound to a polymer 

backbone. 

The release of drugs from the polymeric matrix is 

governed by diffusion and/or dissolution (i.e., degradation 

or erosion) depending upon the nature of the polymer and the 

surrounding medium. Release of drugs from insoluble 

polymeric devices is predominantly diffusion-controlled and 

is described by the Higuchi equations (76,77). Higuchi 

developed equations describing drug release from a planar 

system having a drug dispersed in a homogenous (76) and 

granular matrix (77). In both cases drug release from the 

inert planar polymeric devices was shown to be linearly 

dependent on the square root of time. The Higuchi equations 

for representing the drug release from drug dispersed-
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polymeric matrices have been extensively evaluated with 

favorable results (65,78-80). However, there have been a few 

cases (81,82) in which the drug-release kinetics cannot be 

adequately described by the diffusion controlled-matrix 

model (i.e., the Higuchi model). The in vitro release of 

steroids from silicone elastomeric matrices was studied and 

found to be inconsistent with the diffusion contro1led

matrix model. It also failed to fit square root of time

dependent release profiles (83). To explain these deviation 

of drug release mechanism of dispersed matrices from the 

diffusion-controlled square root of time dependence, a 

dissolution-controlled mechanism was suggested (83). Later 

on a simplified mathematical model for dissolution

controlled transport from dispersed polymeric matrices was 

developed (84). 

It is well established that the square root of time 

dependence in release profile of drugs from polymeric 

dispersed matrices indicate diffusion-controlled release 

(71). Recently, the square root of time dependence of the 

release of drugs from the Pluronic F127 formulations was 

reported (26,29,31,55,67,69). The in vitro release 

characteristics of lidocaine (26) , diclofenac (31) , 

hydrocortisone (31) and ketoprofen (55) from the Pluronic 

F127 gel formulations have been evaluated using a 
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membraneless model similar to the one used in the present 

studies. In these studies (26,31,55) the release of the 

drugs was studied using isopropyl myristate as a receptor 

medium and represented using the simplified Higuchi equation 

(85) which described the drug release from one side of a 

layer of a semisolid vehicle containing uniformly dissolved 

drug. 

The simplified Higuchi equation used in the 

aforementioned studies (26,29,31,55,67,69) is shown below. 

Q = 2 Co {Dapp* t / 1t }1/2 ..•..•....•..• (I) 

where, 

Q = amount of drug released to the sink per unit area; 

Dapp = apparent diffusion coefficient of the drug in the 

vehicle, i.e., formulation; t = time; and Co = the initial 

concentration of drug in the vehicle. In this case, a plot 

of Q vs tl/~roduces a straight line, the slope of which is 

related to the rate of the drug release out of the vehicle 

{67} . 

The results of the above mentioned studies indicated 

the diffusion-controlled release mechanism and exhibited the 

square root of time dependent release profiles for the drugs 

from the PF127 gels. 

In contrast, in our studies we found the pilocarpine 

release from the PF127 gels to be linearly dependent on 
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time, i.e., zero-order release kinetics. Zero-order release 

of drug from polymeric formulations releasing drugs by 

dissolution or a combination of the dissolution and 

diffusion mechanisms is represented (75) by the following 

equation: 

= --------------- ••••••••••••••• (2) 
dt Vh 

where, dc/dt = the rate of drug release from a polymeric 

formulation; A = the surface area over which the drug 

release is taking place; D = ~iffusion coefficient of the 

drug through pores present in the formulation; V = the 

volume of the dissolution medium; h = the diffusional path 

length; Cl = the drug concentration in the formulation and 

C2 = the drug concentration in the dissolution medium. 

If sink conditions are maintained (i.e., C2 < 0.15*S), 

where S is the solubility of the drug in the dissolution 

medium, than eq. 2 becomes, 

dc 
= -------- ••••••••••••••• (3) 

dt Vh 

Upon integrating eq 3 with respect to time we obtain the 
following equation; 

Q = = K * t •••••••••••• (4) , 
h 
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where 

K = 
h 

and, Q = the cumulative amount (mass) of drug released; 

v = the volume of the dissolution medium; K = the zero-order 

release rate constant and t = time. 

Equation 4 shows that drug formulations following the 

zero-order kinetic model, release drugs at a constant rate. 

In other words, the drug release varies linearly with time, 

i.e. the drug release rate is constant over time. A plot of 

Q against time in this situation gives linear time 

dependence (i.e., zero-order release). The slope of a Q vs. 

t plot is a measure of the release rate of the drug from the 

formulation. 

The linear time dependence of the PHCL release profiles 

of the PF127 gel formulations was confirmed using the above 

zero-order release equation (i.e., eq. 4) as shown in Tables 

6 and 7. 

Recently zero-order kinetics of the drug release from 

the PF127 gels were reported by others (32,34). Therefore, 

our results of the pilocarpine release from the PF127 gels 

are in agreement with others. The reported zero-order 

release of the model drugs in these studies and ours may be 

due, in part, to the hydrophilic release medium, i.e., the 

simulated tear fluid in our studies and the pH 7 phosphate 
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buffered saline in the other studies (32,34), and partly, 

due to the higher water-solubilities of the model drugs used 

in these studies. The mechanisms of drug release from 

hydrophilic gels involves either diffusion through the gel 

or dissolution (erosion) of the gel surface or a combination 

of the two mechanisms, i.e., diffusion and dissolution (86). 

It is well known that sustained drug release for highly 

water-soluble drugs can be achieved by applying a polymeric 

coating over drug particles or granules or by dispersing 

drugs in a polymeric matrix. The drug release from such a 

controlled-release polymeric matrix can be either diffusion

or dissolution-controlled depending on whether the diffusion 

of the drug from the matrix or the dissolution of the 

polymeric formulation (matrix) is the rate-limiting step. 

One can also develop a controlled-release polymeric 

formulation which utilizes a combination of diffusion and 

dissolution-controlled release mechanisms (75,86-88). 

Polymer matrix systems undergoing surface erosion when 

contacted by a release medium (i. e., dissolution of the 

polymeric matrix occurring only at the surface) have been 

reported to give zero-order drug release provided the 

contribution to total drug release by diffusion is minimal 

and the overall surface area of the formulation is kept 

constant (89). In the present in vitro studies the PF127 
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gels exhibited zero-order drug release kinetics rather than 

diffusion-controlled square root of time clependent drug 

release through the gels and the surface area of the PF127 

gels was kept constant since the gels were kept in vials 

during the in vitro studies. The simulated tear fluid (the 

release medium) contacts the surface of the Pluronic gel 

formulations and slowly dissolves or erodes them. The 

release of pilocarpine is controlled by the dissolution of 

the PF127 gel and penetration of the release medium into the 

Pluronic gel formulation. This, in turn, is controlled by 

the type of additives present in the formulations and the 

wettability of the formulation surface. The simulated tear 

fluid penetrates into the formulations and leaches out 

pilocarpine. The properties of the additives have been shown 

to affect the release of timolol from the polymeric matrix 

when the release was controlled by polymer dissolution 

(59,60) • 

Based on the above explanations the pilocarpine release 

from the PF127 gel formulations in the present studies seems 

to be controlled by dissolution and by leaching of the drug 

from the formulations. There may also be some contribution 

to the overall pilocarpine release by diffusion of the drug 

through the PF127 gels. 

The MC- and HPMC-containing PF127 gels of pilocarpine 
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dissolved the slowest and released the model drug 

pilocarpine the slowest. From both of these gels a sustained 

pilocarpine release was seen in vitro. Hence, they appear to 

offer promise as potential ocular delivery systems of 

pilocarpine to control and prolong the release of 

pilocarpine in vivo in the albino rabbit eye model due to 

their ability to dissolve slowly and release pilocarpine 

slowly. 

Based on the aforementioned in vitro results the two 

PF127 gel formulations of pilocarpine containing 25% 

Pluronic F127 (Poloxamer 407), 1% pilocarpine hydrochloride 

(PHCL) and either 5% methylcellulose (MC) or 3% 

hydroxypropyl methylcellulose (HPMC) were selected for 

further in vivo evaluations. The in vivo evaluations of the 

selected thermally-reversible Poloxamer 407 (PF127) gel 

formulations of PHCL were performed using the albino rabbit 

eye model described in the next chapter. 



SCHEME 1. 
MEMBRANELESS IN VITRO MODEL FOR 

DISSOLUTION OF PF127 GEL 
FORMULATIONS OF PHCL 

A = tared vial 
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. Figure 1. 
Dissolution Profile of PF127 Gel with 1 % PHCL 

and an Additive at Room Temperature 
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Figure 2. 
Release of PHCL from PF127 Gel with 1 % PHCL 

and an Additive at Room Temperature 
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Figure 3. 
Dissolution Profile of PF127 Gel with 1 % PHCL 

and an Additive at 34°C 
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Figure 4. 
Release of PHCL from PF127 Gel with 1% PHCL 

and an Additive at 34°C 
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Figure 5. 
Dissolution Profile of PF127 Gel with 

2000 
1 % PHCL at Room Temperature 
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Figure 6. 
Release of PHCL from PF127 Gel with 

1 % PHCL at Room Temperature 
12000T·------------------------------------------~ 

~ 

Cl 
:t 
'-' 10000+ 
"'0 
Q) 
en 
g 8000 
Q) 

a::: 
...J 6000+ () 

0-0 25% PF12 8_8 30% PF 7, no add. 
~_~ 35% PF~;~' no add. 0 

,no add. / 
/0 1 

0/ 1 T 
/1 I/° 

/0 I~· 
::J /0 T /8 A......--1 

~ 2000 ! ~ . ......__tr------- 1 

o 0 _~~~~:::-----~ 

:r: 
a.. 
Q) 4000 > :;:; 
o 

1 -.1-- I-~ -,-- - --I i ,-
o 10 20 30 40 50 60 

TiMe (min) 

i 

70 80 .... 
o 
o 



Figure 7. 
Dissolution Profile of PF127 Gel with 1 % PHCL 

and an Additive at Different Temperatures 
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Figure 8. 
Release of PHCL from PF127 Gel with 1 % PHCL 

and an Additive at Different Temperatures 
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Figure 9. 
Dissolution Profile of PF127 Gel with 1 % PHCL 

and an Additive at Different Temperatures 
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Figure 1 O. 
Release of PHCL from PF127 Gel with 1 % PHCL 

and an Additive at Different Temperatures 
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Figure 11. 

A Comparision of the Profiles of Release of PHCL and 
Dissolution of PF127 Gel at Room Temperature 
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Figure 12. 

A Comparision of the Profiles of Release of PHCL and 
Dissolution of PF127 Gel at Room Temperature 
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Figure 14. 
Effect of Dissolution Medium on Release of PHCL from 

PF127 Gel Formulations at Room Temperature 
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TABLE 1. 

COMPOSITION OF FORMULATIONS USED 
FOR IN- VITRO EXPERIMENTS 

AT ROOM TEMPERATURE (RT, N = 3) 

1 25% PF121 10/. PMel NO ADDITIVE 

2 25% PF127 10/. PMel SOf. MC (15 CPS) 
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I 

3 25% PF127 10/. PMCl 3 Of. HPMC (80 CPS) , 
4 250/. 'F127 1% PMCl 30/. PVA 10K 

5 25% PF127 1% PMCl 2.5% PVP 10K 



TABLE 2. 

COMPOSITION OF FORMULATIONS USED 
FOR IN-VITRO STUDIES AT 34°C (N = 3) 

1 25% 'F127 1% PHCL NO ADDITIVE 
2 25% PF127 1% 'HCl 5% MC (15 CPS) 

I 

3 25% PF127 1% 'HCL 3% HPMC (80 CPS) I 

4 25% P'127 1% PMeL 3% PVA 10K I 
6 25% 'F127 ,% PMCl 2.5% PEG 4,600 ! 
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TABLE 3. 

THE FORMULATIONS SELECTED FOR 
FURTHER IN VITRO ANALYSIS 

1 25% Pf127 1% PHCl NO ADDITIVE 

2 250/0 PF127 1% PHCl 50/0 MC (15 CPS) 

3 250/0 PF127 1% PHCL 3 % HPMC (80 CPS) 

- --------.~ 

L-___ ._ _ _ ___ 

The pH of the above three formulations: 
5.3-5.5. 

I 
, 

i 
I 

I-' 
I-' 
I-' 



TABLE 4. 

AMOUNT OF PILOCARPINE HCL RELEASED IN· VITRO 
(N :13) FROM FORMULATIONS 1, 2, AND 3 AT 

DIFFERENT TIME POINTS a,b 

FORMU· AMOUNT RELEASED (J,Jg) AT 

LATION 30 min. 60 min. 

1 5009.5* (96.3) 10131.7* (854.1) 

2 2098.2 (103.2) 3985.2 (303.51) 

3 1594.4 (169.1) 3117.1 (281.6) 

aexperimental temperature: RT 
bValues shown represent means and SEM (in 

parentheses) 
*Values significantly different from the other values 

in a column (p < 0.05) 
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TABLE 5. 

AMOUNT OF PILOCARPINE HCL RELEASED IN· VITRO 
(N = 3) FROM FORMULATIONS 1, 2, AND 3 AT 

DIFFERENT TIME POINTS a,b 

FORMU· AMOUNT RELEASED (.ug) AT 

LATION 30 min. 60 min. 

1 5572.4* (217.3) 11905.9* (844.4) 

2 1411.6 (73.2) 3197.4 (230.6) 

3 1868.1 (183.1) 3428.2 (518.2) 

aExperimental temperature: 34°C 
bValues shown represent means and SEM (in 

parentheses) 
·Values significantly different from the other values 
i" a column (p < 0.05) 
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TABLE 6. 

STATISTICAL ANALYSIS OF THE PHCL RELEASE PROFilES 
(N == 3) OF FORMULATIONS 1, 2, AND 3 

EXPERIMENTAL CORRELATIONa 

SLOPEb FORMULATION COEFFICIENT TEMPERATURE "r" 

1 RT 0.9749 166.85 
2 RT 0.9644 55.16 
3 RT 0.9615 43.26 

aA significant linear correlation exists at p< 0.0005. 
bSlope and intercept of the least-squares regression line. 
(Intercept is significantly different from zero at p < 0.05. 

INTERCEPTb 

116.23 

451.31c 

316.91 
-_. -

, 

I 

,.... 
,.... 
"" 



TABLE 7. 

STATISTICAL ANALYSIS OF THE PHCL RELEASE PROFILES 
(N = 3) OF FORMULATIONS 1,2, AND 3 

EXPERIMENTAL CORRELATION 
SlOPEb FORMULATION TEMPERATURE COEfFICIENTa 

°C "'rar 

1 34 0.9795 195.64 
2 34 0.9853 54.41 
3 34 0.9538 48.28 

a A significant linear correlation exists at p < 0.0005. 
bSlope and intercept of the least-squares regression line. 

INTERCEPTb 
I 

54.35 

-132.61 
362.35 

.... .... 
lJl 



TABLE 8. 

YIELD STRESS MEASUREMENTS Of 
FORMULATIONS 1,2, AND 3 AT 34°C 

FORMULATION YIELD STRESS (Pa) 

BEFORE AFTER 
AUTOCLAVING AUTOCLAVING 

1 PF 127 130.8 98.9 

2 PF 127 MC 316.2 316.1 
I 

3 PF 127 HPMC 162.8 130.7 1 
I 

-~. 

_____ ~~~_ __~J 

I--' 
I--' 
0\ 



TABLE 9. 

RHEOLOGICAL MEASUREMENTS ON THE THREE 
PLURONIC f127 (FORMULATIONS 1. 2. and 3) OF PILOCARPINE AT 34°(1 

Formulation 1 (PF127) Formulation 2 (PF127 Me) Formulation 3 (PF127 HPMC) 
Shear 
Stress Shear Viscosity Shear Viscosity Shear Viscosity Pa rate Rate Rate 

(1/Sec) (Pa-S) ('I/Sec) (Pa-S) (1/Sec) (Pa-S) 
.. - -

194.7 2.95E-4 6.6OE+5 --- --.. 6.30 E-5 3.09 E ... 6 

247.0 2.01 E-3 1.23E+5 --- .. -- ... 9.34 E-5 2.64 E ... 6 
-- ! 

313.4 0328 957.0 8.58 E - 5 3.65 E ... 6 1.36 E-4 2.30 E ... 6 , 

397.6 55.0 7.23 1.29 E - 4 3.08 E + 6 2.83 E-4 

141:~ 504.4 625.0 0.807 3.89 E-4 1.30 E +6 1.92 2630 
.. 

-~-+-

639.7 --- --- 4.48 E-3 1.43E+5 71.3 8.97 
- - - ---- - - --- - --- --

1 The rheological measurements were carried out by Alcon Laboratories, Fort Worth, Texas. 
One PaS (Pascal-second) = 10 poise, i.e., 0.001 PaS = 1 centipoise (cps). 
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CHAPTER 3 

IN VIVO EVALUATION OF POLOXAMER 407-BASED CONTROLLED
RELEASE FORMULATIONS OF PILOCARPINE 

INTRODUCTION 

118 

Evaluation of ocular drug-delivery systems, ocular 

bioavailability studies and ocular drug pharmacokinetic 

studies at the early stage of drug development are generally 

conducted in animals. These studies are seldom performed in 

humans because of their invasive nature, ethical 

considerations and expense (1). Animal models play an 

important role in the initial screening for pharmacological 

effects of drug candidates, in understanding ocular drug 

disposition, and in correlating drug levels in various 

ocular tissues with the intensity and duration of the 

desired pharmacological response. They also significantly 

contribute in the iterative process of design and evaluation 

of ocular drug-delivery systems. Over the years albino 

rabbits have been the most widely used animal for conducting 

ocular drug pharmacokinetics and bioavailability studies and 

evaluation of ocular drug-delivery systems because of their 

ease of handling, low cost, comparable eye size relative to 

humans and extensive information about their ocular 

biochemistry and physiology (2). Results to date indicate 
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that the albino rabbi t is an adequate model for 

understanding the mechanisms of ocular drug disposition and 

for predicting the effects of physicochemical properties of 

drugs on ocular drug disposition (4-9). 

A very important criteria in selecting an animal model 

is that the model must be predictive of the behavior of a 

drug as well as performance of its delivery systems in 

humans. There are similarities and differences between 

rabbits and humans in the anatomy and physiology of the 

precorneal area, the cornea and the eye ( 1,2). In the 

precorneal area the volume of tear and tear protein 

concentration in rabbits (7.5 ~l and 0.5%, respectively) 

are similar to that of humans (7 ~ 1 and 0.7%, respectively). 

The cornea does not differ greatly in geometrical dimensions 

such as diameter and thickness between rabbits (15 mm and 

0.40 rom, respectively) and humans (12 rom and 0.52 mm, 

respectively). There are about 5-7 corneal epithelial layers 

both in rabbits as well as humans. Aqueous humor volume is 

300 ~l and turnover "rate is about 0.01-0.02 % per min in 

both species. However, rabbits have a 50% lower tear 

turnover rate and, therefore, retain aqueous solutions 

better compared to humans (10). Another factor which 

differs in these two species is the rate of blinking which 

is much lower in rabbits (once every 15 min) than humans 



120 

(once every 5 sec). Blinking is believed to facilitate 

mixing of the dosage form with the tear fluid and to 

facilitate drug release from vehicles by applying shear to 

the dosage form instilled in the eye and constantly exposing 

fresh surface area for drug partitioning with the tear fluid 

and ocular absorbing tissues. Consequently, formulations 

that depend on shear for drug release would likely behave 

differently in rabbits compared to humans (5-8,10,11). The 

nictitating membrane, although present in rabbits, is absent 

in humans. The contribution of the nictitating membrane as 

a site of drug loss due to the accumulation of topically 

applied ocular drugs in the membrane is best described as 

unresolved (12,13). 

Evaluation of ocular drug delivery systems 

For diseases affecting the eye, local administration, 

Le., instillation of a dosage form in the eye either 

precorneally or intraocularly, is preferred over the 

systemic route. The in vivo evaluation of ocular delivery 

systems entails ocular administration of the dosage form 

into the precorneal cavity and then measuring the drug 

release from the delivery systems and/or the desired 

pharmacological response of the drug. The drug release is 
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monitored by measuring the drug levels in the ocular tissues 

and fluids. 

One could also measure the pharmacological response of 

the drug but this approach is limited to drugs like 

pilocarpine and timolol which produce a measurable 

biological response such as miosis (i.e., constriction of 

the pupil diameter) by pilocarpine and the ocular 

hypotensive effect (i. e. , lowering of the elevated 

intraocular pressure) by pilocarpine and timolol. 

Ocular drug levels are typically measured by analyzing 

drug concentrations in aqueous humor. The underlying 

assumption in measuring drug concentrations in aqueous humor 

is that the aqueous humor level directly correlates with 

drug concentrations at the desired site of action. The 

rabbit eye has been reported to be traumatized by the 

sampling procedure which could alter drug transport through 

the aqueous humor (14). The only ocular fluid that is easy 

to collect without traumatizing the eye is tear. However, 

there are certain disadvantages associated with tear drug 

level analysis such as the stimulation of tear production 

due to the tear sampling procedure (15), the small volume of 

the tear fluid available for sampling (7 I-' I and 7.5 I-' I, in 

humans and rabbits, respectively) and the inevitable removal 

of some of the undissolved ocular dosage forms (e. g. , 
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ointments, suspensions and gels) while collecting the tear 

samples. 

A number of noninvasive techniques have been employed 

to moni tor changes in drug pharmacological response in 

individual eyes as an alternative to ocular drug 

concentration measurements which are invasive and difficult 

to conduct in humans. One may monitor the time course of 

changes in the pharmacological response of a drug using non

invasive techniques (16), e.g., changes in pupil diameter, 

intraocular pressure, size of the corneal wound or count of 

viable bacteria in the ocular fluid. Another noninvasive 

technique of wider application is the use of fluorescent 

substances as tracers (e.g. fluorescein), which enables 

concentration determinations in all the transparent media 

(e.g. tears) of the living eye (17-20). The advantages of 

using the time course of the pharmacological response of the 

drug candidates to assess the in vivo performance of drug 

delivery systems are: (a) it provides a realistic measure of 

drug concentration at the effector site, (b) it requires a 

small number of animals as animals can be used more than 

once, and (c) it can be performed in humans. The 

disadvantage of the technique is that dose-response curves 

are usually less sensitive to changes in drug 

characteristics occurring in vivo than dose- concentrations 
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curves. There is a minimum drug concentration that is 

required at the site of action to produce a pharmacological 

response, in contrast, if the sensitivity of a drug 

analyzing procedure permits than one can measure the drug's 

concentrations in the target tissues even at a femtogram 

level. As a result of this, small changes in the drug 

disposition characteristics or bioavailability are not 

easily discerned while monitoring the time course of changes 

in the pharmacological response of a drug. 

pilocarpine is widely used for the treatment of open

angle as well as closed-angle glaucoma. Pilocarpine was 

selected as a model drug for these studies due to: (a) the 

need for frequent instillation (typically 4 times a day) of 

commercial pilocarpine eyedrops, (b) the expense of the 

currently marketed controlled-release devices for 

pilocarpine such as the ocusertR, and (c) because pilocarpine 

has been extensively studied as a probe for evaluation of 

its ocular dosage forms (21-28,30) and determinations of its 

ocular drug disposition and pharmacokinetics (31-35). 

Pilocarpine is a direct-acting parasympathomimetic drug. It 

binds to the cholinergic receptors present in the iris 

sphincter muscle and causes stimUlation of the sphincter 

muscle of the iris resulting in their contraction. The 
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contraction of the sphincter muscle of the iris constricts 

the pupil diameter (36), a process known as miosis. 

As mentioned above, as an alternative to ocular drug 

level measurements, one can monitor the time course of 

changes in a drug's pharmacological response using non

invasive techniques (3,16). The underlying assumption with 

using the time course of changes in pharmacological 

responses to monitor drug release is that the magnitude of 

a biological response to a drug is a function of the drug's 

concentrations in the tissues, including those at the site 

of action (3) • Pilocarpine produces miosis, i. e. , 

constriction of pupil diameter, in the eye upon 

administration. Miosis has been employed as a parameter to 

evaluate pilocarpine dosage forms in albino rabbits (5-10, 

21-24) and in humans (8,10,25-30) as well as to obtain 

pharmacokinetic information about pilocarpine drug 

disposition (31-35). 

In the previous chapter, Poloxamer 407 (Pluronic F127) 

formulations of pilocarpine were evaluated in vitro. Based 

on the in vitro results, as explained in Chapter 2, the two 

PF127 gel formulations of pilocarpine which exhibited the 

slowest rates of pilocarpine release and dissolution of the 

gels were selected for further in vivo evaluations. 

The in vivo performance of the selected PF127 
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formulations of pilocarpine was evaluated by measuring the 

miotic response produced by the release of pilocarpine from 

the pilocarpine formulations using the albino rabbit eye 

model 

OBJECTIVES 

The objective of the present studies was to assess the 

selected PF127 gel formulations of pilocarpine in vivo using 

the albino rabbit eye model. The miotic response produced by 

the release of pilocarpine from the selected PF127 

formulations was used to assess the in vivo performance of 

the formulations. 

EXPERIMENTAL 

Methods: 

Preparation of pilocarpine formulations 

The two Pluronic F127 (PF127) gel formulations selected 

based on the in vitro results had the following composition: 

(1) 25% PF127, 1% pilocarpine hydrochloride (PHCL) and 

5% methylcellulose (MC), and 

(2) 25% PF127, 1% PHCL and 3% hydroxypropyl 

methylcellulose (HPMC). 

The selected PF127 formulations of PHCL were prepared 

by a modification of the cold method (37) as described in 



126 

the Experimental Section of Chapter 2 under "Preparation of 

Pluronic F127 (PF127) based formulations of pilocarpine 

hydrochloride (PHCL)". An isotonic solution of 1% PHCL was 

prepared by dissolving an appropriate amount of PHCL in 

distilled water and adjusting the tonicity to 0.90% NaCl 

equivalents using sodium chloride. 

All pilocarpine formulations were stored in a 

refrigerator (4oC) when not in use. 

In vivo evaluation of thermally reversible Poloxamer 407-

based controlled-release formulations of 1% pilocarpine: 

Male New Zealand albino rabbits weighing between 2-3 kg 

were used for this study. The rabbits were fed a normal diet 

and exposed to alternating 12 hour cycles of light and dark. 

The animals were kept in restraining cages (Plas-Labs, Inc., 

Lansing, MI) throughout the course of each experiment and 

then immediately returned to the animal care facility of the 

Division of Animal Resources of the university of Arizona. 

After bringing the albino rabbits into the laboratory they 

were acclimatized to the laboratory conditions for 30-45 

min. After acclimatization, the pupil diameter (PO) of each 

eye was measured using a Rosenbaum pupil gauge every 5 min 

for at least 30 min before administering any pilocarpine 

formulations. A washout period of 48-72 hours was allowed 
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before reusing the same animal for the study. Various 

formulations of pilocarpine administered into the albino 

rabbit eye are described in Table 1. 

TABLE 1. 

FORMULATIONS OF PILOCARPINE HYDROCHLORIDE 

ADMINISTERED INTO THE ALBINO RABBIT EYE 

1% PILOCARPINE HCL FORMULATIONS INSTILLED 

VOLUME ().L 1) 

Isotonic PHCL Solution 20 

Pluronic F127 (PF127) Gel, 5% MC 20, 60, 100 

Pluronic F127 (PF127) Gel, 3% HPMC 100 

The above 1% pilocarpine hydrochloride (PHCL) formulations 

were administered, in the "liquid state" at cold temperature 

(4oC) using a 250 Jll Hamilton syringe into the lower cul-de

sac of one eye of the rabbit. The other eye received the 

same volume of a "control" vehicle which was identical in 

composi tion to the treatment formulations except for the 

omission of pilocarpine. The eyes receiving the treatment 

and control formulations will hereafter be referred as the 

"treatment" and "control" eyes, respectively. The PD of "the 

treatment" and "control" eyes was determined using a 

Rosenbaum pupil gauge every 5-10 min for one hour and then 
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every 10-15 min until the PO returned to its normal baseline 

(pretreatment) value in each eye for two successive 

readings. 

Treatment and analysis of in vivo data 

The difference in PO between the "control"and 

"treatment" eye at each time point was expressed as the 

miotic effect (i.e., change in the pupil diameter) due to 

the release of pilocarpine from the treatment formulation. 

The duration of miosis was defined as the time period 

between the administration of the pilocarpine treatments and 

the time at which the PO returned to its normal pretreatment 

value. It was not always possible to measure the PO in both 

eyes simultaneously due to the movement of the rabbit I s 

head. Therefore, the observed change in PO was plotted 

against the average elapsed time from the beginning of each 

experiment to obtain the temporal miotic response curve. The 

average elapsed time is the average of time points at which 

the PO was measured in the treatment" and "control" eye. The 

area under the temporal miotic response curve (AUe) , 

obtained by plotting the change in PO versus the mean 

elapsed time for each experiment, was calculated using the 

linear trapezoidal rule. The time to peak (Tp) , maximum 

intensity (Irna~ of miosis (i.e., maximum change in the PO), 
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intensity of the miotic response (i.e., AUC) and the 

duration of the miotic response in albino rabbi ts were 

obtained for each of the pilocarpine treatments. 

An analysis of variance (ANOVA) was used to determine 

overall statistically significant differences among the 

parameters. Duncan's multiple range test was used to test 

individual statistically significant differences among each 

of the parameters. 

RESULTS 

In vivo studies: 

The PF127 formulations of PHCL existed as a liquid at 

the refrigerator temperature (4CC). The formulations formed 

semi-solid viscous gels at room or higher temperatures such 

as the ocular surface temperature (34oC). The formulations 

returned to the liquid state upon cooling to the cold 

storage temperature (4oC) , thus, exhibiting the temperature

dependent thermally reversible gelation characteristics 

(37) • 

The present in vivo studies showed that a highly 

viscous semi-solid microreservoir containing the active drug 

pilocarpine was formed in situ due to the gelling of the 

PF127 formulations upon administration into the albino 

rabbit eye. The miotic response (i.e., constriction of PD) 
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was measured throughout each experiment. An isotonic aqueous 

solution of 1% PHCL was used as a control to illustrate the 

effects of the selected PF127 gel formulations of PHCL on 

the miotic response in albino rabbit eyes. 

The miotic responses to various administrations of 

pilocarpine in the albino rabbit eye are shown in Figures 

1-6. The results of the statistical analysis of the in vivo 

data (i.e., in vivo parameters the Tp ' duration of miosis, 

AUC and Irna~ for the present studies are listed in Table 2. 

Since the normal rabbit pupil diameter was found to be 

varying between 5-8 rom in the in vivo studies, the peak 

percent change in PO is reported in addition to the peak 

absolute change in PO (Table 2) in order to eliminate 

possible variation in pupil diameters. The peak percent 

change in PO was calculated as shown below. 

peak percent change in PO = ---------- * 100 

where, PO = pupil diameter, maximum in miosis = the largest 

difference in PO between the "control" and the "treatment" 

eye, Dt= pupil diameter in the "treatment" eye at time t at 

which a maximum in miosis (i.e., largest constriction in PO) 

was seen in the "treatment" eye, Do = pupil diameter in the 

"control" eye at time t corresponding to the time at which 

a maximum in miosis was seen in the "treatment" eye and 
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Do - Dt = the peak change in PD. 

Each data point shown graphically in this chapter 

represents the mean of four to six experiments. The error 

bars in each figure shown in this chapter represent one 

standard deviation. 

Effect of equal volumes of pilocarpine formulations on the 

miotic response in albino rabbit eyes 

The miotic response observed with the administration of 

20 I.L 1 of the isotonic PHCL solution is depicted in Figure 1. 

The miotic responses obtained with the administration of 20 

I.Ll each of the isotonic PHCL solution and the MC-containing 

PF127 gel of PHCL are compared in Figure 2. As seen in 

Figure 2, a more prolonged miosis was obtained when 1% PHCL 

was administered in the MC-containing PF127 gel than when 

the isotonic solution of 1% PHCL was administered. The 

results of the statistical analysis (see Table 2) indicated 

that the selected PF127 gel formulation of pilocarpine 

significantly improved the duration of miosis, the intensity 

of miosis (i. e., greater area under the miotic response 

versus time curve) and the peak change in the pupil diameter 

(i.e., Iroax higher intensity of the miotic response) 

compared to the same volume of the isotonic solution of 

PHCL. 
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Effect of administered volume of PF127 gel formulations of 

pilocarpine on the miotic response in albino rabbits 

The effect on the miotic responses of various 

pilocarpine treatments as a function of instilled volume was 

investigated by administering different volumes of the two 

selected PF127 gel formulations of PHCL (the one containing 

Me and the other with HPMC as an addi ti ve). 2 a Jl 1, 6 a Jl 1 and 

100 Jll of the MC-containing and 100 Jll of the HPMC

containing PF127 formulations of PHCL were administered into 

albino rabbits eyes. The miotic responses observed with the 

administration of several volumes of the selected PF127 

formulations of pilocarpine are illustrated in Figures 3-6. 

Figure 3 shows the miotic responses to 20 Jll of isotonic 

PHCL solution and, 20 Jll and 60 Jll of the PF127 gel of PHCL 

with MC as an additive. The miotic responses to 100 Jll of 

the PF127 gel formulation of PHCL with MC or HPMC as an 

additive are shown in Figure 4 and 5, respectively. A 

comparison of the two miotic responses is given by Figure 6. 

Figures 7 and 8 show the effect of various administered 

volumes of the PF127 formulations of PHCL on the duration 

and intensity of the miotic response, respectively. Figures 

7 and 8, and the results of the statistical analysis of the 

in vivo data, listed in Table 2, indicate that the duration 

of the miotic response and the intensity (AUC) of the miotic 
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response increased significantly as a function of instilled 

volume of the selected PF127 formulation (i.e., 20 J.L 1 versus 

60 J.L 1 versus 100 J.L 1). However, there was no significant 

difference between the miotic responses following the 

administration of equal volumes (i.e., 100 J.L1) of the MC

containing and HPMC-containing PF127 gel formulations of 

PHCL. 

In vitro-In vivo correlations for the two selected PF127 gel 

formulations of PHCL 

The amount of PHC1 released in vitro and the area under 

the temporal miotic response curve (AUC) to pilocarpine 

obtained due to the respective selected PF127 gel 

formulations of PHCL are compared in Figure 9. As seen in 

Figure 9, for the MC-containing formulations, the amount of 

PHCL released in vitro increases and also the AUC obtained 

in vivo increases in going from 30 min to 60 min. A similar 

trend is seen between the amount of PHCL released in vitro 

and the AUC obtained in vivo for the HPMC-containing PF127 

gel formulations of PHCL. In other words, the amount of PHCL 

released in vitro is correlated, in a rank-order fashion, 

witn the AUC obtained in vivo for the two selected PF127 

formulations of PHCL. 
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DISCUSSION 

The primary objective of the present investigation was 

to assess the in vivo performance of the selected Poloxamer 

407-based gel formulations of pilocarpine in terms of their 

ability to control and prolong the release of the model drug 

pilocarpine hydrochloride using the albino rabbit eye model. 

During the in vitro evaluations (as explained in Chapter 2) 

the Mc-containing and HPMC-containing PFl27 gel formulations 

of pilocarpine yielded the slowest rates of gel dissolution 

and released pilocarpine the slowest. The two selected PFl27 

gel formulations exhibited a sustained-release of the model 

drug pilocarpine in vitro, relative to an isotonic PHCL 

solution. The present in vivo studies were conducted to see 

whether the two PFl27 gels of PHCL could give a controlled 

and prolonged pilocarpine release in vivo in albino rabbit 

eyes. 

The PFl27 formulations of pilocarpine (PHCL) used in 

the present in vivo studies formed a semi-solid viscous gel 

upon instillation into the albino rabbit eye. The gelled 

formulations dissolved slowly and released pilocarpine as a 

result of the dissolution of the gelled formulations and the 

leaching action of the lacrimal fluid. 

The results of the present studies indicate that the 
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change in pupil diameter was greater with the PF127 gel 

formulation of PHCL compared to the isotonic solution of 

PHCL. The general shapes of the two miotic profiles were 

similar. However, the miotic response, particularly in terms 

of the duration, the intensity (i.e, AUC) and the Imax was 

found to be significantly greater for the MC-containing 

PF127 gel formulation of PHCL than for the isotonic solution 

of PHCL. A prolonged plateau in the miosis was seen with the 

administration of the MC-containing PF127 gel formulation of 

PHCL. The same volume of the isotonic PHCL solution did not 

e1ici t a prolonged miosis. This might be due to rapid 

drainage of the isotonic PHCL solution by the efficient 

drainage mechanism in the eye. 

The effect of increasing the instillation volume of the 

PF127 gel formulation of PHCl on the miotic response versus 

time profiles indicated that the duration and the intensity 

(AUC) increased with a corresponding increase in the volume 

instilled (1. e., 20 J.L 1 versus 60 J.L 1 versus 100 J.L 1). However, 

it has been shown previously (9,29,38,39) for topically 

applied pilocarpine ophthalmic aqueous solutions that the 

fraction of dose absorbed into the eye is increased as the 

instilled volume of the drug is decreased. The ocular 

bioavailabi1ity and therapeutic response to pilocarpine have 

been demonstrated to be improved by reducing the instilled 
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volume (29,38,39). As shown in Figures 7 and 8, in contrast 

to other workers (9,29,38,39) who studied the effect of 

increasing the instillation volume of topically applied 

pilocarpine ophthalmic aqueous solutions on the duration of 

miosis, ocular bioavailability of pilocarpine and 

therapeutic response, we observed a linear (although not 

directly proportional) increase in the duration and 

intensity of the miotic effect as the instilled volume of 

the PFl27 pilocarpine gel formulations was increased. A 

significant linear correlation existed between the duration 

of miosis and the instilled volume of the PF127 gels at the 

p < 0.0005 level of significance (slope of the regression 

line = 1.2260 and correlation coefficient = 0.89831). 

Similarly a significant linear correlation was observed 

between the intensity of miosis and the instilled volume of 

the PF127 gels at the p < 0.0005 level of significance 

(slope of the regression line = 3.9947 and correlation 

coefficient = 0.83457). 

Normal droppers used in commercial ophthalmic 

preparations deliver between 50-75 J.L 1 per drop (9). The cul

de-sac has a capacity to hold about 30 J.L 1 of liquid without 

overflowing (40). Therefore, if an instilled dose of 

ophthalmic drug solutions is greater than 30 J.Ll then the 

excess dose will be spilled out of the cul-de-sac at the 
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time of instillation (3). The drainage of instilled doses of 

aqueous ophthalmic preparations was shown to be dependent 

upon the volume instilled and was shown to increase linearly 

with instilled volume up to a volume 50 ~l (9). A study of 

the dynamics of aqueous preparations of ocular drugs in 

albino rabbit eyes showed that the volume of drug solution 

lost by spillage on the cheek and due to drainage by the 

nasolacrimal drainage apparatus increase as the volume of 

instilled dose increased up to a volume 50 ~ 1 (9). 

Rheological measurements of the two selected PF127 

formulations of PHCL at 34oC, as explained in Chapter 2 under 

"Determinations of rheological profile and viscosity", 

indicated that t .. l.:l two formulations (i. e. the one containing 

MC and the other containing HPMC as additives) exhibited 

high viscosity, yield stress and non-Newtonian behavior 

(41). The observed increase in the duration and the 

intensity of miosis with a corresponding increase in the 

instilled volume of the MC-containing PF127 formulation, 

which is contrary to previously reported findings 

(9,29,38,39), can be explained by the fact that the aqueous 

pilocarpine formulations used in the previous studies 

(prepared in pH 7.38 phosphate buffer) were given as a free

flowing liquid as they did not contain any viscosity 

imparting agent. Therefore, the excess of the instilled 
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volume in those studies could easily be squeezed out of the 

cul-de-sac. In contrast, the PFl27 gel formulations of PHCl 

developed and used in the present studies formed a highly 

viscous semi-solid gel in the albino rabbit eye a few 

seconds post-instillation and the gel so-formed is difficult 

to squeeze out of the cul-de-sac by blinking. The observed 

increase in the viscosity of the PFl27 formulations probably 

retards the drainage of the instilled dose. These factors 

could lead to an increased corneal residence time of the 

PFl27 gel formulations of pilocarpine in the albino rabbit 

eyes. 

The Pluronic F127 gels (containing 25% PFl27) were 

previously employed for ocular delivery of pilocarpine 

nitrate to albino rabbit eyes (42). However, the PFl27 

pilocarpine gel formulations used in that study contained 

no additive. contrary to the results of that study, which 

reported that the PF127 gels of pilocarpine were present in 

the rabbit eye for less than 5 min, in the present 

investigations, the gel formulations, which contained 25% 

PF127 and either 5% MC or 3% HPMC as an additive, remained 

as a semi-solid gel in the eye for 40-200 min, depending 

upon the volume instilled. The observed improvement in the 

corneal residence time in the present studies could be due, 

in part, to the incorporation of either MC and HPMC as 
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additives in the PF127 gel formulations which, in turn, 

slows the dissolution of the formulations and the release of 

pilocarpine, and in part due to the higher viscosity (as 

explained in Chapter 2, under "Determinations of rheological 

profile and viscosityll), of the two PF127 formulations of 

PHCL which offers resistance to the drainage of the 

disso1 ved formulations by the nasolacrimal drainage 

apparatus of the eye. The higher viscosity of the PF127 

formulations (41) offers resistance to the drainage and 

slows the dissolution of the gelled formulations. Therefore 

they are better retained in the eye and release pilocarpine 

more slowly for a prolonged period of time. 

The two selected P1uronic F127 formulations of 

pilocarpine hydrochloride containing either MC or HPMC as 

additives are viscous formulations. An increase in the 

viscosity of ocular formulations has been shown to 

moderately improve ocular bioavai1abi1ity. In the past, 

moderately viscous systems such as gels (5,6,8,28,30,42) and 

several viscosity-enhancing polymers (5,7,8,43-45) have been 

demonstrated to sustain the drug delivery to the cornea and 

anterior chamber of the eye. 

A popular approach to extend drug residence time in the 

cul-de-sac, thereby prolonging drug absorption, is to 

incorporate viscosity-imparting soluble polymers into 
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aqueous drug solutions such as polyvinyl alcohol, 

polyvinylpyrrolidone and methylcellulose. It is reasoned 

that the solution viscosity would be increased and hence 

solution drainage would be reduced. However, studies to date 

indicate this approach has very little significance since 

the formulations are liquid and therefore, subject to 

elimination from the eye by all of the factors discussed 

previously. Chrai and Robinson (44) reported that increasing 

the solution viscosity from 1 to 100 cps through the 

incorporation of methylcellulose reduced the solution 

drainage rate constant 10-fold but caused only a 2-fold 

increase in pilocarpine concentration in albino rabbits. 

This led a suggestion of an optimal viscosity range of 12-15 

cps for ocular drug absorption in albino rabbits (43). In 

summary, results to date suggest that increasing solution 

viscosity has limited utility in causing marked improvement 

in the amount of drug absorbed simply because the presence 

of drug in the cul-de-sac in not markedly extended. 

As mentioned in Chapter 2, the incorporation of MC or 

HPMC as an additive in the Pluronic F127 gel formulations of 

PHCL which yielded the slowest rates of dissolution of the 

gels and release of pilocarpine in vitro, also imparted a 

higher viscosity to the formulations. The two PF127 gel 

formulations of PHCL were observed to form a viscous, semi-
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solid gel within a few seconds after instillation into the 

lower cul-de-sac of the rabbit eye. The highly viscous 

microreservoir thus created does not dissolve easily in the 

lacrimal pool and thereby prevents pilocarpine from being 

leached out readily by the lacrimal fluid. The highly 

viscous gelled formulation formed in situ probably slows the 

drainage of the dissolved portions of the PF127 gel 

formulations. The PF127 formulations may act as a depot 

which stays in the eye longer and from which pilocarpine is 

released slowly over a prolonged period of time. 

The above characteristics taken toget~er, probably 

increase the corneal contact time between pilocarpine and 

the ocular absorbing tissues and release pilocarpine slowly. 

These, in turn, may increase the ocular absorption of 

pilocarpine and, hence, lead to an improved ocular 

bioavailability, as shown by the increased duration and 

intensi ty of the miotic response (Table 2). However, as 

mentioned above the relative contribution of the increased 

viscosity of the two PF127 formulations to the significant 

improvement in the corneal residence time and the ocular 

bioavailability of pilocarpine should be small (1,43,44). 

Since the PF127 gels of pilocarpine slowly dissolve in the 

eye and the dissolved portion of the PF127 gels is a liquid 

and therefore, subject to elimination from the eye by pre-
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corneal factors such as drainage, dilution, spillage and 

tear turnover. The observed significant increase in the 

duration and the intensi ty of the miosis (i. e., ocular 

bioavai1abi1ity) should be largely due to the slower 

dissolution of the gels and release of pilocarpine from the 

gels in vivo and due to reduced drainage of the dissolved 

formulations and leaching action by the tears into the gels 

in vivo. 

The rate of drug release from polymeric formulations 

was demonstrated earlier to affect the ocular absorption of 

pilocarpine (46,47). Hence, the results of the in vitro and 

in vivo studies are in agreement with the previously 

reported findings. 

The comparison of the amount of PHC1 released in vitro 

with the AUC of the temporal miotic response curve for the 

two selected PF127 gel formulations of PHCL (shown in Figure 

9) indicate that there are good rank-order correlations 

between the amount and the AUC for each of the two 

formulations. Thus, the two selected formulations which 

produced the slowest release of pilocarpine in vitro also 

gave a controlled and prolonged pilocarpine release in the 

albino rabbit eye. 

Results of recent studies indicate that aqueous gels 

offer several advantages over conventional ocular dosage 
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forms either through improved ocular drug bioavailability 

(6,42,49) or enhanced therapeutic response 

(10,25,28,30,48,). Pluronic F127 (Poloxamer 407) gels 

possess several advantages such as high viscosity and a 

better miscibility with the lacrimal fluid compared to 

traditional ophthalmic formulations such as suspensions and 

ointments. The higher viscosity may ensure a prolonged 

retention time in the cul-de-sac and an increased 

bioavailabili ty (43) while the better miscibility is of 

relevance to the release of a water-soluble drug (like 

pilocarpine) as well as an increased patient acceptance and 

comfort. 

From the above discussion it is clear that the two 

selected PF127 gel formulations of pilocarpine increase the 

corneal residence time, dissolve slowly and release 

pilocarpine slowly in the lacrimal fluid. By virtue of their 

higher viscosi ty they also resist the drainage of the 

dissolved portions of the formulations by the nasolacrimal 

drainage apparatus of the eye. The improved corneal 

residence time, in turn, yields the enhanced duration of 

miosis as well as the increase in the intensity of the 

miotic response, i.e., higher area under the miosis versus 

time curve which indicates the improved ocular drug 

bioavailability. Thus the selected MC-and HPMC-containing 
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PF127 gel formulations of pilocarpine control and prolong 

the ocular delivery of pilocarpine to the albino rabbit 

eye. 

It is evident from the aforementioned results of the in 

vivo evaluation of the selected PF127 gel formulations of 

pilocarpine that the selected Pluronic F127 gel formulations 

of pilocarpine seem to be better retained in the precorneal 

cavity. The selected PF127 formulations significantly 

prolonged the release of the water-soluble drug pilocarpine 

in the eye and improved its ocular bioavailability. 

Additionally, the in vitro assessment of drug release (as 

given in Chapter 2) provides at least a qualitative measure 

or indication of the potential in vivo performance of the 

pilocarpine formulations developed. 

Therefore, the thermally reversible PF127 formulations 

of pilocarpine developed and evaluated in vitro and in vivo 

thus far, offer considerable promise in terms of their 

ability to increase corneal contact time and thereby provide 

a substantial prolongation of the action of the model drug 

pilocarpine and an improvement in the pilocarpine ocular 

bioavailability compared to conventional eyedrops and 

previously utilized PF127 (Poloxamer 407) formulations of 

pilocarpine. 



Figure 1. 

Miotic Response to 1 % Pilocarpine HCL Isotonic Solution 
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Figure 2. 
Miotic Response to 1 % Pilocarpine HCL in Pluronic F127 

Formulation vs 1 % PHCL Isotonic Solution 
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Figure 3. 
Miotic Response to 1 % Pilocarpine HCL in Pluronic F127 

Formulations vs Isotonic Solution of 1 % PHCL 
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Figure 4. 
Miotic Response to 1 % Pilocarpine HCL in Pluronic F127 

Formulation with 5% Me as an Additive 
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Figure 5. 
Miotic Response to 1 % Pilocarpine HCL in Pluronic F127 

Formulation with 3% HPMC as an Additive 
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Figure 60 
Miotic Response to 1 % Pilocarpine HCL in Pluronic F127 

Formulations Containing an Additive 
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Figure 7_ 
Effect of Pluronic F127 Formulations on the Duration of 

Miotic Response to 1 % Pilocarpine HCL 
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Figure 8. 
Effect of Pluronic F127 Formulations on the Intensity of 

Miotic Response to 1 % Pilocarpine HCL 
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Figure 9. 
In-vitro and In-vivo Correlations for Pluronic F127 

Formulations of 1 % PHCL with 5% MC or 3 % HPMC 
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Table 2. Effect of Various formulations on the Miotic 
Response to Pilocarpine in Albino Rabbit Eyes 1 

Time to Duration Intensity Peak Change in the 
Treatment (JlL) Peak of Miotic of puCil Diameter 

1% (w/v) Response Response Responle (max, mm) 
Pilocarpine Hel (AUC, (Tp. min) (min) mm.min) Absolute % Change 

20 "Lt.lsotonic 16.42 101.61 110.25 1.83 28.91 
So u Ion (2.52) (3.23) (6.62) (0.11) (1.53) 
Control (N II 6) 

20 rLfdPluronic F121 14.08 182.33 285.13 [2.67 ;jJ 40.74 
Ge ( a:; 6),5% MC (1.54) (5.11) (11.06) (0.17) (2.88) 

60 rL.t'ur6nic F121 11.58 217.08 374.27 ,3.00 I [50.00 
Ge ( = 6,5% MC (1.25) (4.61) (11.26) (0.13) (2.15) 

10~ (lL, Pluronic F121 13.67 280.42 604.71~ L 3.50~ 53.77 Ge N = 6), 5% Me (0.48) (5.28) (33.31) (0.18) (1.77~ 

1 00 (~ Pluronic F127 12.06 313.38 611.41 2.75 46.77 
Gel = 4), 3% HPMC (2.86) (1.57) (40.16) (0.14) (1.09) 

Overall Probability (p) 0.3587 <0.0005 <0.0005 <0.0005 <0.0005 

;Values shown represent means and SEM (in parentheses). 
Area under the temporal miotic re~onse intensity curve. 

3Verticallines within a column join ata p-airs that are not significantly different. All other values within 
a given column differ significantly (p < 0.05). 

... 
U1 
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CHAPTER 4 

POLOXAMER 407-BASED OCULAR DELIVERY SYSTEM CONTAINING 
BIODEGRADABLE POLYISOBUTYLCYANOACRYLATE 

NANOCAPSULES OF PILOCARPINE 

INTRODUCTION 

Carrier-mediated drug delivery systems have received 

attention during the last decade as drug transport systems 

that deliver the drug to the target tissue, protect other 

tissues from toxic and side effects and improve the ability 

of the drug to cross biological barriers, including the cell 

membrane. In a drug-carrier system, the drug molecule, 

instead of being in the free state, is partially or 

completely associated with a carrier. Colloidal delivery 

systems such as liposomes, nanocapsules and nanoparticles 

have been explored for targeted drug-delivery (1-8). 

Liposomes, which are small phospholipid containing 

particles, were extensively studied (1,2,9). However, some 

of the disadvantages inherent with the use of liposomes have 

limited their applications in medicine. These limitations 

include the sensitivity of the phospholipid membranes to 

degradation by their surrounding environment, poor storage 

stability and rapid leakage of the entrapped drug across the 

phospholipid bilayer (10,11). 



156 

In light of these considerations, polymeric colloidal 

carriers made with polyacrylamide or polymethylmethacrylate 

nanoparticles were developed (12,13). These "nanoparticles" 

were found to be more stable than liposomes in biological 

fluids and during storage. However, they were also 

nonbiodegradable and poorly absorbed (12,13). Therefore, the 

risk of chronic toxicity resulting from overloading or 

accumulation of non-degraded polymeric material in the body 

limits the utility of these nonbiodegradable nanoparticles 

in man. 

Recently, as an alternative, polyalkylcyanoacrylate

based biodegradable sUbmicroscopic colloidal nanoparticles 

(4) and nanocapsules (5,6,8), prepared by polymerization of 

alkylcyanoacrylates, were developed. These 

polyalkycyanoacry-late polymers were chosen because of their 

frequent use in surgery as they are both biodegradable 

(14,15) and toxicologically safe (16). 

Initially the polyalkylcyanoacrylate nanoparticles were 

used for the administration of anticancer drugs (4,18-21). 

It has been shown that the binding of cystostatic drugs onto 

polyalkylcyanoacrylate nanoparticles significantly modified 

drug distribution (19) and consequently reduced drug 

toxicity (20). The anticancer activity toward experimental 

subcutaneous sarcoma in rats was found to be increased after 
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the binding of dactinomycin to polymethylcyanoacrylate 

nanoparticles (22). It was also reported that after 

intravenous administration, preparations of nanoparticles 

were cleared rapidly from blood and preferentially taken up 

in vivo by the reticuloendothelial system of the liver and 

spleen (23,24). Furthermore, a whole-body autoradiographic 

study in Lewis Lung carcinoma-bearing mice, following the 

administration of radioactive polyisobutylcyanoacrylate 

carrier, showed a high level of radioactivity in the 

metastatic lungs of cancerous mice, whereas no lung 

accumulation was observed in healthy mice (23). These 

particles are in the size-range of 10-1000 nm (25). These 

ultrafine particles can absorb and/or incorporate various 

drugs in a stable and reproducible way. A variety of acute, 

subacute and chronic toxicity tests were carried out 

(20,21,26). In these studies no significant effect on either 

the histological characteristics of the tissues studied 

(including the blood) or on body weight, was observed. 

Neither the nanoparticles nor their degradation products 

exerted a mutagenic effect when mutagenicity tests were 

performed with both intact and degraded 

polymethylcyanoacrylate and polybutylcyanoacrylate 

nanoparticles using the AMES test (26,27). The toxicity of 

polyalkylcyanoacrylate polymers decreases with increasing 



1.58 

side-chain length (16,28). These studies suggest that 

polyalkylcyanoacrylate nanoparticles possess potential to be 

used for targeted delivery of drugs, e.g., anticancer 

agents, to specific target sites. Additionally, their rapid 

elimination from the body and biodegradability avoid toxic 

effects due to chronic accumulation in tissues. 

In recent years, biodegradable polyalkylcyanoacrylate 

nanocapsules which is another type of 

polyalkylcyanoacrylate-based colloidal drug carrier systems 

has been prepared by interfacial polymerization (6,29). In 

contrast, to nanoparticles which are tiny solid spheres 

comprised of a dense polymeric network, such nanocapsules 

consist of a core of tiny lipophilic droplets surrounded by 

a thin wall of polymeric material. These nanocapsules have 

been employed for oral delivery of drugs such as 

indomethacin (30), and therapeutic peptides like insulin 

(31). Previous studies with polyisobutylcyanoacrylate 

nanocapsules (PIBCA-NC) have shown that the intact vesicular 

structure was able to cross the intestinal epithelium and 

gain access to the microvilli capillaries (32,33). 

These stUdies suggest that nanoencapsulation protects, 

the gastric mucosa from the ulcerative effect of 

indomethacin (30,34), and protects insulin from 

gastrointestinal degradation (31,35) and makes the drugs 
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more bioavailable after oral administration. These results 

indicate that the carrier does not degrade or release its 

contents in the gastrointestinal lumen. 

Biodegradable nanoparticles produced using 

alkylcyanoacrylates have been shown to be capable of 

controlling the release of drugs (18-21, 30-32, 35,36), and 

to be bioadhesive, i.e., to possess the ability to adhere to 

biological surfaces such as the mucous membranes of the 

body. The bioadhesive properties of nanoparticles have been 

demonstrated in the gastrointestinal tract (21,23, 32,33,37) 

and in the eye (38-40). The disposition of radiolabelled 

polyhexylcyanoacrylate nanoparticles in tears, aqueous 

humor, cornea and conjunctiva of albino rabbits was studied 

using radiotracer techniques (38). It was found that these 

nanoparticles were degradable in tears and were able to 

adhere to corneal tissues such as the cornea and the 

conjunctiva. Additionally, the radiolabelled nanoparticle 

levels in the cornea and conjunctiva of rabbits remained 

fairly constant for about 360 min post-instillation (38). 

These findings were subsequently confirmed by Fitzgerald et 

ale (41) using a gamma-scintigraphic technique. Recently, it 

was reported that the concentration of [l~]-labelled 

polyhexylcyanoacrylate nanoparticles in the cornea and 

conjunctiva was 3-5 times higher in chronically inflamed 
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rabbit eyes than in healthy rabbit eyes (39). 

These carrier systems have also been employed to 

improve ocular drug absorption (42-44). It was reported that 

loading pilocarpine onto polybutylcyanoacrylate 

nanoparticles produced a prolonged miosis compared to 

pilocarpine ophthalmic solution in albino rabbits (42). In 

another study, Diepold et ale (43) found that pilocarpine 

loaded polyisobutylcyanoacrylate nanoparticles led to an 

increased miotic response and an extended period of 

reduction of intraocular pressure in albino rabbits with 

induced ocular hypertension. Recently, Marchal-Heussler et 

ale (44) showed using betaxolol loaded polyisobutylcyano

acrylate nanoparticles in glaucomatous rabbi ts that the 

drug-loaded carrier reduced the intraocular pressure. Wood 

et al. (38) found that polyhexylcyanoacrylate nanoparticles 

remained in the tear film longer than ophthalmic solutions 

which they attributed to the bioadhesive characteristic of 

alkylcyanoacrylates. However, the elimination half-life of 

these polyalkylcyanoacrylate nanoparticles from tears in 

albino rabbits was only about 15 to 20 min (38). 

It is clear that because of the ul trafine particle 

size, bioadhesive property and ability of these 

polyalkylcyanoacrylate nanoparticles to sustain the drug 

release these colloidal carrier systems have potential as a 
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controlled-release ocular drug-delivery system. Their 

utility in achieving the sustained action desired of ocular 

drug formulations is questionable since they are easily 

drained from the precorneal area. However, it seems possible 

that if these colloidal carrier system of ocular drugs were 

incorporated into a polymer matrix (such as a Pluronic F127 

gel formulation) which dissolves slowly, a controlled and 

sustained delivery of ocular drugs could be realized. 

OBJECTIVE 

The aim of this research work was to prepare a 

biodegradable polyisobutylcyanoacrylate colloidal 

particulate system of pilocarpine, incorporate them into the 

Poloxamer 407-based formulation (which was developed and 

then evaluated in vitro and in vivo as described in Chapters 

2 and 3, respectively) and evaluate the Poloxamer 407-based 

formulations containing the polyisobutylcyanoacrylate 

nanocapsules of for their ability to prolong the release of 

pilocarpine using the miotic response in albino rabbit eyes. 



Materials: 

Pluronic F127 

obtained from 

EXPERIMENTAL 

(Poloxamer 407) 

BASF Corporation 
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and Pluronic F68 were 

(Parsipanny, NJ) . 

Pilocarpine, free base, was a gift from Alcon Laboratories 

(Fort Worth, TX). Isobutylcyanoacrylate, used to prepare 

nanocapsules, was obtained from Polysciences, Inc. , 

(Warrington, PA). Neobee M-5 (Gaprylic/capric triglyceride) 

was obtained from stepan Company (Maywood, NJ). All other 

chemicals and solvents were reagent grade. 

Methods: 

preparation of polyisobutylcyanoacrylate nanocapsules of 

pilocarpine (PIBCA-NC) 

The PIBCA-NC of pilocarpine were prepared by 

interfacial polymerization following a method previously 

described (45). An aqueous solution (200 ml) of 0.5% 

Pluronic F-68 was prepared. Isobutylcyanoacrylate (0.5 ml) 

was added to 25 ml of absolute ethanol. 1% pilocarpine free 

base was dissolved in another 25 ml of absolute ethanol. The 

two ethanolic solutions were mixed in a beaker and 4 ml of 

Neobee M-5 (medium-chain triglycerides) was added to the 

alcoholic solution. These alcoholic solutions were mixed 
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until uniform. The resulting alcoholic solution (54 ml) was 

then added dropwise into the mechanically stirred aqueous 

solution containing the Pluronic F68 over a period of 30 

min. PIBCA-NC of pilocarpine were formed instantaneously 

giving a milky white dispersion. The solution was stirred at 

400 rpm with a digital stirrer (LIGHTNIN Labmaster DS1010, 

Avon, NY) until the addition of the alcoholic solution into 

the aqueous solution was complete. The resulting colloidal 

dispersion of pilocarpine-loaded PIBCA-NC was concentrated 

using a rotary evaporator (Rotavapor, Buchi, Flawil, 

switzerland) under vacuum (Precision scientific, chicago, 

IL) at room temperature to achieve a final volume of 50 mI. 

The concentrated dispersion was then filtered through a 

sintered glass funnel (10-15 ~m) and then stored in glass 

bottles kept in the dark at room temperature. 

Particle size analysis 

Particle size analysis of the pilocarpine-incorporated 

PIBCA-NC was performed on a Horiba Laser Diffraction 

Analyzer3 (LA-900, Horiba Instruments Inc., Irvine, CA). 

Morphology of the nanocapsules was studied by scanning 

Electron Microscopy. 

3The particle size determinations of dispersions 
polyisobutylcyanoacrylate nanocapsules (PIBCA-NC) of 
pilocarpine was conducted by Horiba Instruments Inc., Irvine, 
CA. 
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Drug Loading 

A representative batch of milky-white pilocarpine

loaded PIBCA-NC was used to determine the percentage of 

pilocarpine encapsulated in the nanocapsules. An ul tra

filtration/centrifugation technique as described by 

Blanchard and Harvey (46) was used for the determination of 

drug loading. The Centrifree MPS-l Micropartition System 

(Amicon, Beverly, MA) ultrafiltration device was used. 

Initially, the centrifree device was evaluated to 

assess the amount of pilocarpine binding to the ultrafiltra

tion membrane of the device using an aqueous solution of 1% 

pilocarpine. Next, duplicate 1 ml-aliquots of the 

pilocarpine-loaded nanocapsule dispersion were transferred 

to Centrifree devices. The devices were centrifuged at 2000 

X g for about 60-90 min using an International Model HN 

centrifuge (International Equipment Co., Needham Heights, 

MA). The ultrafiltrates were then transferred to vials and 

stored. Aliquots of the ultrafiltrates were analyzed for the 

concentration of free pilocarpine using a reversed-phase 

HPLC assay as described elsewhere by Desai and Blanchard 

(47). The total pilocarpine concentration (loaded plus free) 

in the nanocapsule dispersion was determined by completely 

dissolving aliquots of the dispersion in an organic mixture 

consisting of acetonitrile and methanol (30:70 v/v) , and 
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analyzing the resulting solution using the HPLC assay. The 

total pilocarpine content in the dispersion minus the free 

pilocarpine in the ultrafiltrate gave the amount of 

pilocarpine loaded onto the PIBCA-NC of pilocarpine. The 

pilocarpine content of each phase (i.e., the dispersion and 

the ultrafiltrate) was calculated by multiplying the volume 

of each phase by the pilocarpine concentration in the 

respective phase. 

Preparation of the Pluronic Fl27-based formulation 

containing PIBCA-NC of 1% pilocarpine 

A Pluronic F127-based formulation containing the PIBCA

NC dispersion of 1% pilocarpine, 25% Pluronic F127 (PF127) 

and 5% methylcellulose (MC) was prepared by a modification 

of the cold method (48), as described in Chapter 2. 

A certain quantity (10 ml) of the PIBCA-NC dispersion 

of 1% pilocarpine prepared as described above was taken. 25% 

PF127 and 5% MC were added into the PIBCA-NC dispersion of 

1% pilocarpine and the formulation was stored in a 

refrigerator (4OC) and vortexed periodically until uniform. 

The resulting Pluronic F127-based formulation containing the 

PIBCA-NC dispersion of pilocarpine was stored in the 

refrigerator (4oC) when not in use. 
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In vivo evaluation of the Pluronic F127-based formulation 

containing PIBCA-NC of 1% pilocarpine. 

Male New Zealand albino rabbits weighing between 2-3 kg 

were used for this study. The rabbits were fed a normal diet 

and exposed to alternating 12 hour cycles of light and dark. 

The animals were kept in restraining cages (Plas-Labs, Inc., 

Lansing, MI) throughout the course of each experiment and 

then returned immediately to the animal care facility of the 

Division of Animal Resources of the University of Arizona. 

After bringing the albino rabbits into the laboratory they 

were acclimatized to the laboratory conditions for 30-45 

min. After acclimatization, the pupil diameter (PO) in each 

eye of the rabbits was measured using a Rosenbaum pupil 

gauge every 5 min for at least 30 min before administering 

any treatments. A washout period of 48-72 hours was allowed 

before reusing the same animal for the study. Various 

preparations of pilocarpine administered into the albino 

rabbit eye are described below in Table 1. 



I 

II 

Table 1. 

Formulations of Pilocarpine Administered 

into the Albino Rabbit Eye. 
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1% Pilocarpine Treatments Instilled 

Volume (~ 1) 

Drug incorporated PIBCA-NC dispersion 60 

by itself 

Drug incorporated PIBCA~NC dispersed 

into the PF127 formulation 60 

The above treatments of 1% pilocarpine were 

administered, in the "liquid state" at cold temperature (40 C) 

using a 250 ~ 1 Hamilton syringe into the lower cul-de-sac of 

one eye of the rabbit. The other eye received the same 

volume of a "control" vehicle which was identical in 

composition to the treatment formulations except for the 

omission of pilocarpine. The eyes receiving the treatment 

and control formulations will hereafter be referred as the 

"treatment" and "control" eyes, respectively. The PO of "the 

treatment" and "control" eyes were determined using a 

Rosenbaum pupil gauge every 5-10 min for one hour and then 

every 10-15 min until the PO returned to its normal baseline 

value for two successive readings in each eye. 
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Treatment and analysis of in vivo data 

The difference in PO between the "control"and 

"treatment" eye at each time point was expressed as the 

miotic effect (i.e., change in the pupil diameter) due to 

the release of pilocarpine from the treatment formulation. 

The duration of miosis was defined as the time period 

between which the time of administration of the pilocarpine 

treatments and the time at which the PO returned to its 

normal (baseline, pretreatment) value. It was not always 

possible to measure the PO in both eyes simultaneously due 

to the movement of the rabbit's head. Therefore the observed 

change in PO was plotted against the average elapsed time 

from the beginning of each experiment. The average elapsed 

time is the average of time points at which the PO was 

measured in the treatment" and "control" eyes. 

The temporal miotic response curve for each pilocarpine 

treatment was obtained by plotting the change in PO (on the 

Y-axis) and the mean elapsed time after instillation (on the 

X-axis). The area under the temporal miotic response curve 

(AUC) for each experiment was calculated using the linear 

trapezoidal rule. The time to peak (Tp)' the duration of the 

miotic response the intensity of the miotic response 

(i.e., AUC) and the maximum intensity (Ima~ of miosis (i.e., 

maximum change in the PO) were obtained for each of the 
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pilocarpine treatments. 

An analysis of variance (ANOVA) was used to determine 

overall statistically significant differences among the 

various parameters. Duncan's multiple range test was used to 

isolate individual statistically significant differences 

among each of the parameters. 

RESULTS 

Preparation of poly isobutyl cyanoacrylate nanocapsules 

(PIBCA-NC) of pilocarpine 

The PIBCA-NC of pilocarpine were prepared by the 

interfacial polymerization technique as described (45). A 

typical composition of the dispersion of PIBCA-NC of 

pilocarpine in the final form consisted of pilocarpine free 

base 1% w/v, isobutylcyanoacrylate 0.5 ml, Neobee M-5 4 ml, 

Pluronic F68 0.5% w/v and water to 50 ml. Interfacial 

polymerization has been used previously for preparing 

polyalkylcyanoacry-late nanocapsules (6,45). It has been 

reported that stirring speed does not affect the formation 

of the polyalkylcyanoacrylate nanocapsules (30,49). Scanning 

electron microscopy revealed that the interfacial 

polymerization procedure yielded spherical nanocapsules as 

shown in Figure 1. 
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Particle size distribution analysis of the pilocarpine

loaded PIBCA-NC by laser diffraction indicated that the 

manufacturing procedure yielded a dispersion of the 

pilocarpine nanocapsules with a mean particle size ranging 

from 390 to 460 nm. The results of particle size analysis of 

some representative batches are summarized in Table 2. 

Table 2. 

Particle size analysis of PIBCA-NC of pilocarpine 

Batch stirring Speed Mean Diameter Median 

I. D. rpm enm) Diameter enm) 

I 400 426 408 

II 400 391 374 

III 200 406 373 

IV 200 459 442 

The particle size distribution was fairly narrow and a 

typical distribution of a representative batch is shown in 

Figure 2. 

Determination of drug loading 

The analysis of the nonspecific binding of pilocarpine 

to the hydrophilic YMT ultrafiltration membranes of the 
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centifree devices indicated that there was no appreciable 

pilocarpine binding. The low binding of a hydrophilic drug 

to the YMT membranes of the Centifree devices has been 

demonstrated previously (46). However, lipophilic agents are 

reported to bind appreciably to the membrane (50). The 

results of the drug loading analysis showed a mean loading 

of about 13.5 ± 0.94 % of the total pilocarpine 

concentration (in this study 1%) was encapsulated in the 

PIBCA-NC. This low encapsulation efficiency is in :-:lose 

agreement with the low encapsulation efficiency of about 15% 

percent of the total pilocarpine content reported by others 

(42,43) . 

In vivo studies 

The miotic response to various treatments of 

'pilocarpine (which are listed in Table 1) to albino rabbits' 

eyes is shown in Figure 3. Each data point shown graphically 

in this chapter represents the mean of four experiments. The 

error bars in each figure shown in this chapter represent 

one standard deviation. 

The miotic response to the administration of 60 ~ 1 of 

1% pilocarpine dispersion of PIBCA-NC did not last very 

long. A prolonged pilocarpine-induced miosis was obtained 

wi th the same administered volume when a 1% pilocarpine 

dispersion of PIBCA-NC was incorporated into the PF127 
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formulation containing 25% PF127 and 5% MC. The results of 

the statistical analysis of the data obtained in this study 

are summarized in Table 3. Since the normal rabbit pupil 

diameter was found to be varying between 5-8 mm in the in 

vivo studies, the peak percent change in PO is reported in 

addition to the peak absolute change in PO (Table 2) in 

order to eliminate possible variation in pupil diameters. 

The peak percent change in PO was calculated as shown below. 

peak percent change in PO = ---------- * 100 

where, PO = pupil diameter, maximum in miosis = the largest 

difference in PO between the "control" and the "treatment" 

eye, Dt = pupil diameter in the "treatment" eye at time t at 

which a maximum in miosis (i.e., largest constriction in PO) 

was seen in the "treatment" eye, 00 = pupil diameter in the 

"control" eye at time t corresponding to the time at which 

a maximum in miosis was seen in the "treatment" eye and 

00 - Dt = the peak change in PO. 

The PIBCA-NC dispersion contained pilocarpine free and 

partially loaded (13.5%) onto the PIBCA-NC. The PF127 

formulations of containing the PIBCA-NC dispersion of 1 % 

pilocarpine formed a gel within a few seconds post

instillation. The PF127 formulation of 1% pilocarpine with 
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pilocarpine partially loaded (13.5%) onto the PIBCA-NC was 

able to maintain 

administration of 

miosis longer 

the dispersion of 

compared 

PIBCA-NC 

to 

of 

the 

1 % 

pilocarpine alone. The incorporation of the PIBCA-NC 

dispersion of pilocarpine into the PF127 formulation did not 

affect the thermally reversible sol-gel characteristic of 

the PF127-based systems as the PF127 formulations containing 

the PI BCA-NC of pilocarpine existed as a liquid at 

refrigerator temperature (4oC) and gelled at room and higher 

temperature (34oC) and returned to the liquid state upon 

cooling to 4oC. 

DISCUSSION 

One of the main goals in drug therapy, including 

ophthalmology, is to achieve a controlled and sustained 

level of drug at the desired site of pharmacologic action. 

Ocular bioavailability from ophthalmic solutions, which is 

the most widely used ocular dosage form, is poor. The short 

corneal contact time (1-3 min) of aqueous ophthalmic 

solutions presents a major problem in ocular therapy. One of 

the proposed ways to improve ocular bioavailability is to 

decrease the efficient protective mechanism of precornea1 

elimination of the instilled dose by drainage. Colloidal 
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carrier systems of po1ya1ky1cyanoacry1ate nanopartic1es are 

among the new drug-delivery systems that have been proposed 

for improving the poor ocular bioavai1abi1ity of ophthalmic 

medications. They are based on the rationale of reducing the 

precornea1 loss and hence, increase the residence time in 

the cul-de-sac, which in turn, will yield an improved ocular 

absorption. 

Nanocapsu1es in the size range of 370-460 nm were 

formed spontaneously by polymerization of the cyanoacrylate 

after contact with the initiating hydroxyl ions present in 

the water (51). Alcohol was used as a solvent to dissolve 

the isobutyl cyanoacrylate monomer, pilocarpine free base and 

the oil (Neobee M-5). The oil ceases to be soluble in the 

aqueous medium with the injection of this alcoholic solution 

into the aqueous solution, and disperses into small 

nanometer sized droplets due to agitation. There was no 

marked effect of stirring speed on the size of the 

nanocapsu1es in our studies and as reported earlier by 

others (30,49). The amphiphi1ic isobuty1cyanoacry1ate 

monomer at the same time migrates to the interface of the 

droplets and the aqueous phase, where it polymerizes 

spontaneously to form the poly isobutyl cyanoacrylate polymer 

around the oily nanodrop1ets. 

prevent the nanocapsu1es 

Po10xamer 68 is used to 

from coagulating. The 
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isobutyl cyanoacrylate monomer was used to form biodegradable 

polyisobutylcya-noacrylate polymeric nanocapsules because 

the toxicity of the polyalkylcyanoacrylate polymers was 

shown to decrease with increasing side-chain length of the 

alkyl group (16,28,52-54). The mechanism of formation of 

nanocapsules by interfacial polymerization is shown in 

Figure 5. 

The low level of pilocarpine entrapment in the 

nanocapsules in this and other studies (43,44) is the result 

of the hydrophilic nature of pilocarpine. Addition of the 

alcoholic solution containing the monomer, the oil and 

pilocarpine forms an oil/water type emUlsion upon coming 

into contact with the aqueous medium. Pilocarpine, being a 

hydrophilic drug, stays mainly in the aqueous phase, leading 

to incorporation of a very small percentage (about 13-14%) 

of the total pilocarpine into the nanocapsules. using the 

same monomer and identical interfacial polymerization 

procedures, very high entrapment levels have been obtained 

with more lipophilic drugs like progesterone, indomethacin, 

fluorometholone, etc. (31-35). 

In spite of this low level of incorporation of 

pilocarpine into the nanocapsules, it was recently reported 

(44) that a relatively small amount of drug loaded (i.e, 

betaxolol chlorhydrate) onto the polyisobutylcyanoacrylate 
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nanoparticles was sufficient to induce an improved 

therapeutic effect in terms of intensity and duration of the 

ocular hypotensive effect (i.e., lowering of the elevated 

intraocular pressure). 

The pilocarpine nanocapsules dispersed in the PF127 

formulation yielded not only a longer duration but also a 

higher intensity of the miotic response (i.e., higher Ima~ 

and a larger area under the miotic response versus time 

curve, i.e., improved ocular bioavailability. A prolonged 

plateau in the miosis was seen with the PF127 formulation 

containing 5% MC and the dispersion of the pilocarpine 

nanocapsules. 

Poly isobutyl cyanoacrylate has been shown to adhere to 

the corneal and conjunctival membranes (38-40). Therefore, 

it is logical to expect the pilocarpine nanocapsules to 

produce a longer-lasting miosis relative to aqueous 

ophthalmic solutions. However, the dispersion of pilocarpine 

PIBCA-NC when administered by itself, failed to induce a 

prolonged miosis. This might be due to the ultra fine 

particle size of these nanocapsules (about 400 nm) which can 

be easily drained away from the precorneal cavity by the 

drainage mechanism. The pilocarpine nanocapsules when 

dispersed in the PF127 formulation were able to show a 

prolonged miotic response. The PF127 formulation contained 
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5% MC which produced a viscous formulation. It is well known 

that an increase in the viscosity of ocular formulations 

(such as ophthalmic solutions and gels) moderately improves 

ocular bioavailability (55-58). In the past several 

viscosity enhancing polymers have been used for this purpose 

in ophthalmic solutions and gels (55-58). The higher 

viscosity (see Table 9 in Chapter 2) of the PF127 

formulation containing 5% MC (59) probably offers resistance 

to the drainage of the nanocapsules in the precorneal 

cavity. Therefore, the nanocapsules of pilocarpine are 

probably better retained in the eye. The system containing 

the pilocarpine nanocapsules dispersed in the PF127 

formulation may act as a depot in the eye which remains in 

the eye longer and from which pilocarpine is released slowly 

over a prolonged period of time. 

This observation can be explained by the fact that the 

polyalkylcyanoacrylates (includingPIBCA-NC) arebioadhesive 

in the eye (38-40). The PIBCA-NC of pilocarpine, when 

dispersed in the PF127 formulation, are retained longer, 

partly due to the viscous environment provided by Pluronic 

F127, and partly due to the bioadhesive characteristics of 

the PIBCA-NC. The viscous environment present around the 

nanocapsules probably slows down their elimination via the 

nasolacrimal drainage pathway and the bioadhesive property 
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of the po1yisobutylcyanoacrylate polymer possibly enables 

the nanocapsules to adhere to the ocular absorbing tissues. 

These two factors could both increase the corneal contact 

time between pilocarpine and the absorbing tissues in the 

eye, thereby improving the ocular absorption of pilocarpine 

and, hence, the ocular bioavailability of pilocarpine. 

Thus, the Pluronic F127-based ocular delivery system of 

pilocarpine with pilocarpine existing free as well as 

incorporated into thepolyisobutylcyanoacrylate nanocapsules 

holds promise as a potentially useful ocular delivery system 

for pilocarpine. 



Figure 1. Scanning Electron Microscope 
Photographs of Pilocarpine-Incorporated 
PIBCA-NC 
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Figure 2. Particle Size Distribution Analysis 
of a PIBCA-NC Batch 

HORISA LA-SOO 
PARTICLE SIZE DISTRIBUTION ANALYZER Nov/21/'91 

Distribution Graph (uofa1b I 

Sample Name:UNV. of ARIZONA, BATCH I 10':911120-454 2~ ______________ ~ __________________________________ ~ 
100 

Diameter / IJm 

Conditions for Measurement 
Agitation Speed 3 Circulation S~eed J 
U-Sonic Work Time: Omin Waiting Time after U-Sonic: Osec 
Sampling Times 10 

Form ot Distribution: 1 
R.Retractive Index 1.19 - O.OOi 
Distribution Base Volume 

Data: 
M~dian Diameter: 
Diameter on X (11 

(21 
(3 J 
r 4 J 
(5 J 

" on IHameter 

0.4081IJm) 
10.0" = 
30.0" = 
50.0X = 
70.0" 
90.0" = 

TranBmlttanceIHe-S~) 
TransmittancelLAMP) 

Speclfic Surface Area: 
0.29 91Jm 
0.J57pm 
0.40811m 
0.4711Jrn 
0.5841Jrn 

77.2" 

149895cm2/crn3 



........ 
E 
E 

-...J 

L.. 
Q) 
+' 
Q) 

E 
0 .-
0 -.-
0. 
:::J 
a. 
C .-
Q) 
Ol 
C 
0 
~ 
0 

4.0 

3.0 

2.0 

1.0 

0.0 

Figure 3. 
Miotic Response to Various Formulations of 

1 % Pilocarpine in the Albino Rabbit Eye 
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Figure 4. Mechanism of Formation of PIBCA-NC by 
I nterfacial Polymerization 
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Table 3. Miotic Response to Various Pilocarpine 
Formulations in Albino Rabbit Eyes 1 

Time to Duration Intensity Peak Change in the 
Treatment (pL) Peak of Miotic of pur,iI Diameter 

1% (w/v) Response Response Responle (max, mm) 
Pilocarpine (Tp, min) (min) (AUC, 

mm*min) Absolute % Change 

60 pL, Dispersion of 14.13 150.75 167.00 2.13)1 35.42 
Pilocar~ine-Loaded (0.24) (3.11) (6.52) (0.13) (2.08) 
PIBCA- C (N = 4) 

60 rLf,l,uronic F127 
Ge ~ = 4), 5% MC 17.63 259.88 409.16 2.50--! 41.67 
Con aining Dis~ersion (0.55) (2.30) (3.59) (0.00) (0.00) 
of PiiocalPme- oaded 
PIBCA-N 

Overall Probability (p) 0.0042 <0.0005 <0.0005 <0.0007 <0.0007 

~values shown represent means and SEM (in parentheses). 
Area under the temporal miotic re~onse intensity curve. 

3Verticallines within a column join ata p-airs that are not significantly different. All other values within 
a given column differ significantly (p < 0.05). 

.... 
(XI 
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APPENDIX I. 

LIST OF ABBREVIATIONS 

The following is a list of the abbreviations used in this 

dissertation. 

PF127 Pluronic F127 

P-407 Poloxamer 407 

PHCL Pilocarpine hydrochloride 

PVA Polyvinyl alcohol 

PVP Polyvinylpyrrolidone 

PEG Polyethylene glycol 

MC Methylcellulose 

HPMC Hydroxypropyl methylcellulose 

PIBCA Poly isobutyl cyanoacrylate 

PIBCA-NC Polyisobutylcyanoacrylate nanocapsules 

RT Room Temperature 

rpm Rotations per minute 

Please note that the Pluronic F127 (PF127) and Poloxamer 407 

(P-407) are used interchangeably as they are the trade and 

generic names, respectively, of the same polymer. 
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CHAPTER 2 

IN VITRO EVALUATION OF POLOXAMER 407 BASED CONTROLLED 
-RELEASE OCULAR DELIVERY SYSTEMS OF PILOCARPINE 
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CHAPTER 4 
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