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ABSTRACT 

The purpose of this project was to fabricate 

biodegradable ophthalmic inserts for controlled delivery of 

pilocarpine and evaluate them by both in-vitro and in-vivo 

studies. Emphasis was placed on the use of an inexpensive 

material as a drug carrier and on the ease of fabrication of 

the device. Based on these criteria, absorbable gelatin was 

selected to fabricate a matrix system. Absorbable gelatin 

can be obtained by either thermal treatment or chemical 

crosslinking of gelatin. 

In the first part of this project, we fabricated an 

insert using GelfoamR, an absorbable gelatin sponge obtained 

by thermal treatment. A prolonged in-vitro release of 

pilocarpine from the device was achieved through 

pharmaceutical modification by embedding a retardant in the 

pores. The devices impregnated with polyethylene glycol 

monostearate (PHS) and cetyl esters wax (CEW) were found to 

be most effective. 

The in-vivo evaluation of the devices indicated that 

pharmaceutical modification of GelfoamR is an effective 

means of improving the biological activity of pilocarpine 

without altering the biodegradability of the biopolymer 

backbone. The CEW device produces a substantial improvement 

in drug bioavailability and an increase in the duration of 

biological effect over that from the two commercial 

formulations, the eyedrop and the gel. 
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In the second part of the project, we fabricated 

absorbable gelatin inserts through chemical crosslinking of 

gelatin. The effect of selected fabrication variables on 

profiles of the in-vitro release of pilocarpine and the 

dynamic water uptake by the crosslinked gelatin devices was 

investigated. These results were further substantiated by 

the measurement of the degree of crosslinking of gelatin. 

The in-vivo study indicated that the modification of 

the structure of gelatin by crosslinking is another simple 

and effective way of improving bioavailability and extending 

the duration of effect of pilocarpine incorporated in the 

biopolymeric device. In addition, altering the degree of 

crosslinking of gelatin allows a variation of the 

biodegradation time of the polymer. 
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CHAPTER 1. 

OPHTHALMIC DRUG DELIVERY 

For the treatment of pathologies affecting the eye, the 

topical instillation of a drug is superior to systemic 

administration because a high concentration of the drug is 

achieved at the absorbing membrane, the cornea. This results 

in a greater effective concentration of drug in the involved 

ocular tissues than that achieved following systemic 

administration and at a substantially lower total dose of 

the drug. This also minimizes the systemic concentration of 

the drug with the associated systemic effects. 

Although many methods of delivering drugs to the eye 

have been proposed, the instillation of eyedrops into the 

conjunctival sac remains the major method of administration. 

This is somewhat surprising in light of the drawbacks to the 

use of eyedrops. Following the administration of eyedrops, 

it is common to see only a small fraction of the applied 

dose absorbed across the cornea. Animal studies have shown 

that as little as 0.5-2% of an instilled pilocarpine dose 

actually penetrates into the anterior chamber of the 1 eye . 

The anatomy of the outer eye and the physiological 

characterictics of the lachrimal system and the cornea have 

a great influence on bioavailability of drugs applied 

topically to the eye. Physiological factors such as the 

volume of the conjunctival sac, rate of secretion and 

drainage of lachrimal fluid, reflex tearing, and blinking, 
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as well a:3 tear pH and buffer capacity, are the major 

precorneal factors influencing ophthalmic bioavailability2. 

Figure 1 shows a simple cross-sectional view of the 

relevant anatomical features of the outer eye. The average 

capacity of the human conjunctival sac is 25-30 ~13,4. 

(During blinking, the capacity of the cavity is ~educed to 

only about 10 ~l.). Under normal circumstances the average 

human tear volume is 7.0 ± 2.0 ~l. The lachrimal gland 

secretes tears at an average rate of 1.2 ~1/min3. Blinking 

directs the movement of tears nasally toward the upper and 

lower puncta (drainage ducts). As the tears enter the 

puncta, they are drained through the canaliculi into the 

lachrimal sac and from there to the back of the nose and 

throat. The normal turn-over rate of tears is 16% per 

minute 3 . 

Since the size of a commercial eyedrop is 50-75 ~l5, 70 

to 90 percent of the administered dose is lost due to 

spillage from the conjunctival sac. Thus, the limited siz~ 

of the conjunctival sac greately contributes to the drug 

loss. The portion of the eyedrop that is retained in the 

conjunctival sac is diluted by this constant secretion of 

lachrimal fluid, thereby reducing the drug concentration in 

the tears. A significant portion of the drug, that is not 

lost by spillage, is lost immediately by drainage via the 

nasolachrimal system. This drainage into the gastro-

intestinal system leads to the drug entering the systemic 
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circulation with the associated systemic effects. Typically, 

an instilled aqueous solution will be eliminated from the 

precorneal area within 1 to 2 minutes of instillation in 

humans 6 ,7. Thus, the limited capacity of the conjunctival 

sac and the dynamics of the lachrimal system are responsible 

for only a fraction of the instilled dose being absorbed 

across the cornea. Improving the fraction of dose absored, 

and maintaining drug in the front of the eye for a longer 

period are considerable challenges to ocular drug delivery. 

Drugs enter the anterior chamber of the eye by 

penetration through the cornea. Consequently, the barrier 

characteristics of the cornea, in addition to the precorneal 

physiological factors, are important to ophthalmic 

bioavailability. Figure 2 depicts a histological section of 

the cornea. 

Anatomically, the human cornea is divided into five 

distinct layers which are the epithelium, Bowman's membrane, 

stroma, Descemet's membrane, and the endothelium8,9. The 

relatively lipophilic epithelium is composed of five to 

seven cell layers. Bowman!s membrane is acellular and only 

12 ~m thick. Ninety percent of the thickness of the cornea 

is accounted for by the high water content stroma, which is 

composed of collagen fibrils arranged nearly parallel to the 

corneal surface. The stroma provides the structural support 

for the cornea. Descemet's membrane is a structure less 

membrane, only 10 ~m thick, and is considered to be the 
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product of the endothelial cells. The endothelium is 

composed of a single layer of cells. 

Overall, the cornea behaves as a typical biological 

membrane in that most drugs cross this structure by either 

intercellular or transcellular diffusion. The total surface 

area of the cornea that is attributable to intercellular 

spaces is rather small. Consequently, transcellular 

diffusion would be the major route on the basis of surface 

area alone. 

The epithelium and the endothelium are much more 

lipoidal than the stroma10 , ~.1. F"~ hydrophil ic compounds, 

the epithelium is the rate determining barrier. The 

endothelium, vlhich is 2.7 times more permeable to water than 

the epithelium9
, provides less resistance, whereas the 

stroma contributes very minimal resistance. However, the 

stroma becomes the rate-determining barrier for lipophilic 

12-15 compounds . Hence, an ophthalmic drug possessing 

biphasic solubility will more easily penetrate the cornea. 

To optimize ocular drug bioavailability, it will be 

necessary to minimize the negative influences exerted by the 

eye on precorneal drug retention and corneal drug 

penetration. This would require eliminating tear turnover by 

occluding the puncta, disruting the corneal epithelial 

barrier to alter its permeability or optimizing the 

formulation to increase its time of contact with the cornea. 

Eliminating tear turnover and disrupting the corneal 
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epithelial barrier would disrupt the two primary protective 

mechanisms of the eye. Consequently, unless these 

disruptions can be made on a transient and fully reversible 

basis, neither approach appears to be practical. 

The formulation approaches that have been devoted to 

improving drug bioavailability can be classified into two 

major groups. The approaches in the first group are aimed at 

improving precorneal retention of fluids, while those in the 

second group utilize controlled drug delivery devices. The 

latter approaches have an added advantage that they cause a 

reduction of spillage and dilution, a minimization of the 

pulse entry characteristics (i.e. a sudden increase in drug 

concentration in ocular tissues followed by a rapi.d decline) 

and a prolongation of drug absorption. 

APPROACHES TO IMPROVE PRECORNEAL RETENTION OF FLUIDS 

In these approaches, an improvement in precorneal 

retention of the formulation is achieved by increasing its 

viscosity. 

Incorporation of soluble polymers into aqueous solution 

A popular approach to extend drug residence time in the 

cul-de-sac is to incoporate soluble, viscosity-inducing 

polymers into an aqueous solution. The polymers used include 

poly(vinyl alcohol), poly (vinyl pyrrolidone), methyl 

cellulose and hydroxypropyl cellulose. It is reasoned that 

if solution viscosity is increased, solution drainage would 

be reduced. However, results to date suggest that increasing 
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solution viscosity has limited utility in causing a marked 

improvement in the amount of drug 
16 17 absorbed ' simply 

because the presence of drug in the cul-de-sac is not 

markedly extended. Chrai and Robinson16 reported that 

increasing the solution viscosity from 1 to 100 cps through 

the incorporation of methylcellulose reduced the solution 

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

increase in pilocarpine concentration in the aqueous humor 

of the albino rabbit. In fact, most of the improvement in 

ocular drug absorption occured over the viscosity range of 1 

to 15 cps. 

Since the formulation is fluid in consistency, a 

significant portion of the instilled dose is lost by 

spillage from the conjunctival sac. The portion of the 

formulation retained in the conjunctival sac is diluted by 

the tear fluid, thereby lowering its viscosity and making it 

prone to losses by dilution and drainage. In short, this 

formulation is subject to all three precorneal loss factors 

discussed earlier and therefore, does not markedly extend 

the drug residence time. 

In considering the approach of increasing solution 

viscosity to enhance ocular drug absorption, it is important 

to take the lipophilicity of the drug into account. Grass 

and Robinson 18 demonstrated that increasing vehicle 

viscosity from 1 to 90 cps did not cause significant 

increases in aqueous humor concentrations of drugs whose n-
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octanol/buffer partition coefficients exceeded 10. This is 

because the more lipophilic drugs partition into the corneal 

epithelium with ease so that transient increases in the 

residence time of a solution would not result in significant 

increases in the amount of drug absorbed. 

Agueous Suspensions 

A sparingly water soluble drug can be formulated into 

an aqueous suspension which contains finely divided 

particles suspended in a saturated solution of the drug. 

Following instillation, most of the particles plus the 

solution portion of the suspension are drained into the 

lachrimal system within 15 minutes, leaving behind some of 

the suspended drug particles 21 . The fraction of drug 

particles ultimately retained is a function of particle 

size. Sieg and TriPlett 22 found that polystyrene beads 25 ~m 

in diameter were retained for at least 12 hours in the 

albino rabbit while 3 ~m particles disappeared almost as 

fast as aqueous solutions. 

Hui and Robinson 23 showed that in order to improve 

tissue concentrations of drug, a suspension formulation must 

satisfy two conditions: (a) the particles must be retained 

in the cul-de-sac and (b) dissolution rate of the particles 

must be slow enough to contribute to tear drug levels. For 

example, prednisolone acetate dissolves too rapidly, 

regardless of particle size, and therefore, two of its 

suspension formulations, 
R Econopred , with an average 
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particle size 
R of 20 ~m, and Pred Forte ,with an average 

particle size of 1 ~m, show equivalent bioavailability. 

The suspension formulation does not reduce the loss by 

spillage from the conjunctival sac. The fraction of the drug 

in solution is dlluted by the tear fluid, lo1oot'ering the drug 

concentration and reducing the flux across the cornea. 

Increasing the insoluble fraction does not contribute to an 

increase in tissue drug concentration since excess particles 

are drained away from the front of the eye. Very few 

sparingly water soluble ophthalmic drugs, when formulated 

in a suspension, will show improved drug bioavailability by 

manipulation of particle size or amount of suspended 

mater ial . 

Nanoparticles 

Nanoparticles are colloidal particles, 10-1000 nm in 

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

adsorbed. Nanoparticles, being small in size, are not 

retained in the conjunctival sac long enough to exert their 

effect. Wood et al. 39 demonstrated that a 0.385% suspension 

of poly(hexyl-2-cyanoacrylate) nanoparticles disappeared 

from the tear pool almost as rapidly as an aqueous solution. 

Liposomes 

Liposomes are membrane vesicles, 0.01-10 ~m in size, 

consisting of a series of concentric lipid bi layers 

alternating with aqueous compartments. The studies to date 

reveal that liposomes can both enhance and hinder ocular 
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On the positive side, Smolin et al. 40 found that 

idoxuridine entrapped in liposomes was more effective than 

the unentrapped drug in controlling acute and chronic 

herpetic keratitis in albino rabbits. Schaeffer et al. 41 ,42 

reported that the transcorneal flux of penicillin G, 

indoxole, and carbachol approximately doubled when these 

drugs were administered in liposomes. On the negative side, 

Stratford et al. 43 observed a reduction in the fraction of 

epinephrine and inulin absorbed into the aqueous humor from 

liposomes. Singh and Mezei 44 also found that liposomal 

entrapment reduced the ocular absorption of 

dihydrostreptomycin sulfate. 

Highly water-soluble drugs like pilocarpine would not 

benefit from incorporation into this delivery system, since 

they will be discharged from the liposomes more rapidly than 

the liposomes themselves are cleared from the conjunctival 

sac 45 

Latex Systems 

The latex system developed by Gurney46 is an 

experimental system designed to provide continuous drug 

delivery. PIlocarpine was adsorbed onto 0.3 ~m beads of 

cellulose acetate hydrogen phthalate, which coagulated with 

slight pH change in the cul-de-sac, thereby promoting its 

adsorption onto the ocular surfaces. The extent of 

prolongation of drug release appeared to be influenced by 
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drug loading. At a 2% drug concentration, the release was 

found to continue to beyond 8 hours. In contrast, at a 1% 

drug concentration, no significant difference was discerned 

between the latex and an aqueous solution. Thus far, no 

followup studies !':,;we been published on this system. The 

drawback of this system is that the latex beads may occlude 

the puncta. 

oU vehicles 

Oil vehicles, which are more viscous than aqueous 

solutions, have also been found to be ineffective in 

markedly improving bioavailability19,20, Lee and carson 20 

discovered that, while trace amounts of topically applied 

peanut oil remained in the cul-de-sac for as long as 2 hours 

after instillation in the albino rabbit eye, the ocular 

retention of th'e formulation did not appear to playa major 

role in sustaining the concentration of the dissolved drug 

(Vitamin A) within the eye. 

Ointments 

Ointments are useful vehicles to improve drug 

bioavailability and to sustain drug release. An attractive 

feature of ointments is their entrapment in the fornices 

(folds of the eyelid), thereby serving as a drug 

reservoir 24 . The precorneal disappearence rate of drugs 

administered In an ointment has been reported to be as low 

as 0.5% per mlnute 25 as compared to a normal tear turnover 

rate of 16% per mlnute. Unfortunately, they are not well 
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accepted due to interference with vision with associated 

discomfort and occasional ocular mucosal irritation26 . 

The mixing efficiency of an ointment with tears affects 

the surface area for drug partitioning and hence drug 

release 27 . Solubility of a drug in an ointment is another 

factor which affects the success of an ointment in improving 

drug bioavailability28,29. Sieg and Robinson 27 demonstrated 

that pilocarpine, a water soluble drug, was released rapidly 

from an oleaginous ointment, providing only a modest 

improvement in the extent of corneal absorption with no 

sustaining effect. In contrast, fluorometholone, an oil 

soluble drug, in the same ointment demonstrated 

enhanced and sustained corneal absorption 27 

Aqueous Gels 

both 

The poor patient acceptance of ointments has prompted 

several workers 30 - 34 to investigate aqueous gels as vehicles 

to improve the ocular bioavailability of both water soluble 

and oil soluble drugs. The water-soluble polymers used 

include poly(vinyl alcohol), polyacrylamide, poly(methyl-

vinyl ether-maleic anhydride), Carbopol, hydroxyethyl 

cellulose, ethylhydroxyethyl cellulose, and hydroxypropyl 

cellulose. All these polymeric gels are ointment-like in 

consistency. Drugs of varying solubilities have been 

incorporated into these gels, including water-soluble drugs 

like pilocarpine and prednisolone sodium phosphate, and oil-

soluble drugs like lidocaine, benzocaine, and 
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fluorometholone. Overall, a 2 to 5-fold improvement in 

30-38 corneal drug absorption has been reported . 

The mechanism of drug release from gels involves a 

combination of diffusion and erosion of the gel surface. 

Because of the hydrophilic nature of the gels, tear fluid 

readily diffuses into the gel interior and leaches out water 

soluble drugs such as pilocarpine and prednisolone sodium 

Phosphate 31-33 ,35. Thus, the sustained intraocular pressure 

lowering effect of the pilocarpine gel is probably due to 

rapid initial release of a large amount of drug into a 

viscous solution of the dissolving gel, followed by 

saturation of the corneal epithelium, which then becomes the 

drug reservoIr. 

DEVICES FOR CONTROLLED DRUG DELIVERY 

Systems designed with this approach can overcome many 

of the disadvantages incurred wIth eyedrops, suspensions or 

semisolids. The pattern of pulsed therapy associated with 

solutions can be eliminated with the use of a controlled 

release system. By delivering drugs at an optimal rate, 

these systems can achieve therapeutic efficacy with the 

smallest amount of drug and with significantly lower 

systemic or ocular side effects. 

Soft Contact Lenses 

Drug loaded soft contact lenses 47 - 50 represent the 

first system that modifies the pulse-entry characteristics 

of eyedrop administration. A number of stUdies have reported 
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superiority of this approach over eyedrop therapy in terms 

of the fraction of applied dose reaching the aqueous 

humor 51 ,52. However, these systems do not truly achieve a 

sustained drug release since drugs within the matrix are in 

free equilibrium with the tear fluid and therefore water 

soluble drugs leach out readily into the tears 53 ,54. 

Non-erodible Devices 

The commercially available ophthalmic insert for 

controlled drug delivery is ocusertR (Alza corporation). The 

ocusertR system is a membrane-reservoir type ocular insert 

which consists of a medicated core reservoir of pilocarpine 

and alginic acid, sandwiched between two transparent, 

lipophilic, rate controlling membranes made of 

ethylene/vinyl acetate copolymer. When placed in the cul-de-

sac, the pilocarpine molecules penetrate through the rate 

controlling membrane at a zero-order rate. The drug release 

process as defined by the following mathematical expression: 

= 
dt ~m 

where dO/dt 1s the release rate of pilocarpine from a unit 

surface area of the Ocusert system, Dp is the diffusivity of 

pilocarpine in the ethylene/vinyl acetate copolymer 

membranes, Km is the partition coefficient of pilocarpine 

toward the membrane, ~m is the thickness of the Ocusert 

system difference in 

pilocarpine concentrations between the medicated core 
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reservoir CR and the tear fluid CT' 

If an infinite sink condition is maintained in the 

ocular cavity, that is, CR » CT, and a saturated solution is 

maintained within the Ocusert system (with a saturation 

solubility of Cs )' then the equation can be simplified to: 

dQ Dp Km Cs 
= 

dt "m 
The release rate of pilocarpine from the Ocusert system 

should remain constant until the drug concentration in the 

reservoir CR drops off below the pilocarpine saturation 

level Cs ' A range of release rates can be achieved by 

changing the composition and thickness of the ethylene/vinyl 

acetate copolymer membranes and hence, the magnitude of the 

membrane permeability constant DpKm/"m of pilocarpine. 

During the initial hours, the Ocusert Pilo-20 system 

displays a "burst" effect in which it releases pilocarpine 

at a rate which is three times higher than the programmed 

55 56 rate, i.e., 20 ~g/hr ' . The programmed rate is then 

achieved in approximately 6 hr. A total of 0.3 mg 

pilocarpine is released during this initial 6-hr period. 

During the remainder of the 7-day treatment period the 

release rate is maintained within ±20% of the programmed 

rate. The system administers a total of less than 70% of 

the pilocarpine loading dose to the eye at the end of day 7 

of medication. 

To R use the Ocusert , the patient places the device in 
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the cul-de-sac of the eye where it floats in the tear film. 

There have been a number of clinical evaluations of the 

performance of the Ocusert. In general, the advantages cited 

are 55 : (1) control of intraocular pressure with less total 

amount of drug, resulting in fewer side effects, (2) 

convenience of once a week medication, (3) probable 

enhancement of patient compliance, and (4) assurance of 

round-the clock medication. Disadvantages cited include 

problems of insertion or retention, leakage, discomfort and 

cost 57 . For the most part, the majority of patients 

preferred the Ocusert over eyedrops, based on convenience, 

visual consistency and acuity, and freedom from side 

effects. The most difficult time for Ocusert wearers was the 

first two weeks of usage in which they were getting adjusted 

to the implants. Least receptive to the Ocusert were older 

patients (over 60) who were generally reluctant to adjust to 

the system. 

A survey among leading oPhthaimoiogists 55 revealed that 

in the opinion of the physicians the Ocusert is of 

particular value for younger glaucoma patients who have the 

necessary motivation and manual dexterity to manage 

Ocuserts. They are less useful for geriatric patients who 

have difficulty with insertion, do not retain the device 

well, and do not notice or bother if the device falls out. 

In some individuals, 3 or 4 years of use resulted in some of 

them experiencing the "figure of eight" effect, where the 
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Ocusert curls on itself and lodges under the upper or lower 

lid and constitutes significant irritation in which case it 

has to be r.emoved and replaced. An additional problem for 

the physicians is the need for them to spend time educating 

the patient in Ocusert use. It is easier for the 

ophthalmologist to prescribe eyedrops. A critical issue is 

also the expense of the Ocusert to the patient. 

There are no major complications with the Ocusert although 

some patients found the device uncomfortable, especially if 

they worked in a ousty environment. Many patients 

experienced a foreign body sensation. Others had a blurring 

of vision which lasted for about 2 hr upon insertion due to 

the initial release of pilocarpine. 

Despite its obvious advantages, there are three 

drawbacks which are critical to the use of this system in 

patients. The first drawback is the large expense of 

ocusertR therapy to the patient. This is due to the high 

cost of the device resulting from an elaborate fabrication 

method. Secondly, clinical experiences discussed earlier 

seem to indicate that the ocusertR has a compliance problem 

of its own, i.e., proper retention of the device in the eye, 

and replacement of the damaged device with a fresh one can 

increase the price of the already expensive OcusertR 

therapy. The use of a membrane-reservoir system also has an 

imminent danger of a sudden release of all the enclosed drug 

upon the loss of integrity of the membrane. Finally, 



28 

ocusertR is a non-erodible insert and hence, must be removed 

at the end of the dosing period (7 days). It is therfore 

obvious that erodible iserts are attractive alternatives to 

Ocusert. 

Erodible Devices 

The polymers 

biopolymers such 

used in gel 

58 as collagen 

formulations as well as 

and fibrin 59 can be 

fabricated into erodible inserts for placement in the cul-

de-sac. Hydrophilic polymeric matrices, whether water-

soluble or insoluble, release soluble drugs at a very high 

initial rate because of the leaching action by the tears. 

The half-life of release of most water-soluble drugs in 

hydrophilic matrices is less than 30 min. In general, the 

release rate is an inverse function of the square root of 

time, unless additional measures are taken to inhibit the 

leaching action of the tears. 

An ocular insert made of succinylated, enzyme-

solubilized collagen has been evaluated for the delivery of 

58 an antibiotic . In a study designed to compare 

[14c ]gentamicin concentrations in rabbit tear film and in 

ocular tissues following administration of different dosage 

forms, the succinylated, enzyme-solubilized collagen was 

superior to eyedrops, ointments, and subconjunctival 

injection 58 . Prolongation of the pulse entry as compared to 

eyedrops and enhancement of the pulse magnitude as compared 

to ointment delivery or periocular injection were evident. 
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Nonetheless, since these matrices are hydrophilic, water

soluble drugs are released at a rapidly declining rate due 

to the leaching action of tears and the shearing action of 

blinking. Bloomfield et al. 58 reported that gentamicin was 

released from the insert much faster than the insert 

dissolved. 

Fibrin film has also been evaluated as a carrier for 

prolonging drug action and has been shown to possess good 

biocompatibility with ocular tissues. Miyazaki et al. 59 

reported that systems containing pilocarpine Hel released 

over 90% of their total drug content in less than an hour in 

vitro, but the system maintained drug activity several hours 

longer than pilocarpine eyedrops. 

Absorbable gelatin is another biodegradable material 

which can be utilized as a carrier for op~thalmic drug 

delivery. The use of gelatin and crosslinked gelatin for 

ophthalmic drug delivery has been suggested earlier 60 ,6l. 

But there have apparently been no detailed studies 

characterizing the absorbable gelatin system. 

Gelatin is a biopolymer which is widely available 

commercially and is less expensive than its native protein 

source, collagen. The water-soluble protein can be converted 

into an absorbable form by heat treatment or chemical 

treatment. In the present study, absorbable gelatins 

obtained by the two treatment methods were utilized for the 

fabrication of matrix systems for controlled delivery of 
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pilocarpine. The matrix system was chosen because it is 

easier to fabricate and simpler to manufacture than the 

membrane-reservoir system. The absorbable gelatin is 

biodegradable anu this wili obviate the need for removal of 

the device from the conjunctival sac at the end of its 

therapeutic lifetime. 
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CHAPTER 2. 

ABSORBABLE GEI.,ATIN AS A DRUG CARRIER 

To utilize the potential of absorbable gelatin as a 

drug carrier for controlled delivery, it is necessary to 

understand the physical chemistry of gelatin. 

The gelatins are proteins which do not exist in nature. 

They are water-soluble materials obtained by anyone of 

several procedures from collagen, the water insoluble 

protein of the white connective tissue fibers. The common 

feature of all collagen -> gelatin conversion processes is 

that they entail the loss of the secondary structure of the 

native protein and, in a majority of the cases, some 

alteration In the tertiary structure of the collagen62 ,63. 

The use of different conversion procedures leads to gelatins 

of distinctly different nature. 

COLLAGEN 

In order to study the gelatins, it is necessary to 

understand some aspects of the structure and chemistry of 

the native protein source, collagen. 

(a) Primary structure denotes the complete sequence of 

amino acids in a protein. Collagen is made up of chains of 

18 amino acids In relative amounts (amino acid composition) 

which are well known for several animal species. To be 

conclusively identified as collagen, the protein must be 

composed of nearly one-third glycine residues, and must 

contain appreciable amounts of proline and 
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. 64 65 hydroxyprollne ' The presence of hydroxyprollne is 

usually an acceptable indicator of collagen since this amino 

acid is not found in high concentration in other mammalian 

proteins. Hydroxylysine is another uniquely characteristic 

component of collagen. 

Rotation occurs freely at the glycyl residue 

(illustrated in figure 3) unless prevented by chain-chain 

Intera.r.:tions. The prolyl and hydroprolyl res idues (almost 

one-fourth of the total) act as rigid links in the collagen 

chain. In almost one out of four residues, rotation around 

the bond denoted 1 in the diagram of the prolyl residue will 

not take place unless destruction of a covalent bond occurs. 

The presence of the proline ring will also hinder rotation 

around the bond denoted 2. Finally, the partial double bond 

character of the peptide bond denoted 3 forms a significant 

barrier to rotation around this bond 66 . 

(b) Secondary Structure refers to the local 

configuration of individual peptide chain. The 

configuration of polypeptide chains is dominated to a large 

extent by the stereochemical features of the constituent 

amino acids. The option of rotation around skeletal bonds is 

usually decided 1n favor of formation of a large number of 

--N __ HooO hydrogen bonds either intramolecularly (e.g., a

helix) or intermolecularly (e.g., B-structure)67. Because of 

the high content of pyrrolidine ring structures (proline and 

hydroxyproline), the collagen polypeptides are unable to 
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bond nitrogen form hydrogen bonds at every peptide 

position 68 . For this reason, as well as from stereochemical 

limitations, collagen polypeptides cannot assume a stable 

intramolecularly hydrogen bonded helical arrangement such as 

the a-helix. They must depend on interchain interactions for 

their stabilization in the native ordered conformation. 

(c) Tertiary structure refers to large scale folding, 

helicity and other convoluted forms assumed in space by the 

totality of polymer chains which constitute the fundamental 

molecular unit. In collagen the fundamental unit is termed 

the tropocollagen (TC) 69 molecule ,a right-hand superhelix 

(colled 
o 

coil) with a repeat distance of 100 A, made up of 

three left-hand strands mutually supported by interchain 

70-75 76 N--H··O hydrogen bonds . In dilute solution , the TC 
o 

molecules behave as rod-like units about 2800 A long and 
o 

about 15 A in diameter, with a molecular weight of about 

300,000 70 ,76,77 Each of the three polypeptide chains, known 

as a-chains, extends the entire length of the TC molecule. 

An a-chain has a molecular weight of about 100,000 and 

contains roughly 1,000 amino acid residues 78 . Of the three 

chains, two have an almost identical amino acid composition 

and are known as al chains; the third has a somewhat 

different composition and is known as the a2 chain 77 Two a

chains can dimerize by covalent cross-linking to form a so-

called B-chain while three can form a Y-chain. 

(d) Quaternary structure In collagen refers to small 
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oderly aggregates of TC molecules. The intra-chain and 

inter-chain bonds account for the fact that TC molecules 

aggregate to form complex crystallites of several kinds 

including native crystallites, segment long spacing (SLS) 

crystallites, and fibrous long spacing (FLS) crystallites 79 -

83 These crystallites can be anisometric (native, FLS) or 

isometric (SLS) and have diameters ranging widely according 

to the details of the crystallization process, the latter 

probably occuring by precise lateral overlapping and linear 

aggregation of TC molecules. 

GELATIN 

Gelatin can be considered to include any 

semicrystalline or amorphous state of collagen, i.e., any 

protein having the same amino acid sequence as collagen 

does, but lacking partially or completely in the secondary 

structure (peptide chain configuration), and the tertiary 

(triple helical) structure. Gelatin can be extracted 

directly from tissues using a variety of procedures for 

converting insoluble collagen to gelatin 84 . In simple 

physicochemical terms, gelatin can be derived from an 

aqueous solution of TC by heating above a critical 

transition temperature which lies in the range 5-40 OC; the 

exact location within this range depends on the animal 

species and the composition of the solvent 70 ,85. Such 

heating causes collapse of the rodlike, three-stranded TC 

molecule. The activation energy for the transition is = 81 
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kcal and the entropy of activation is +230 e.u. 
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The disordered TC molecule falls apart in one of the 

three ways85 If there are no additional restraining bonds 

between chains (path 1), three randomly coiled single strand 

peptide chains (~-chains) result. In those cases (path 2) 

where two chains are joined by one or more covalent cross

linkages, the transition leads to the appearence of two 

particles, one ~-chain and the other a two-stranded 

molecule (B-chain) with approximately twice the molecular 

weight of the ~-chain. In any particular case, the B

component may be composed of two similar or two unlike ~

chains. In the final case (path 3) at least two covalent 

cross-linkages hold the three chains together (Y-chain). The 

disordering process melts out all traces of secondary 

structure, but the three chains cannot separate and remain 

as a unit in solution. 

All collagen -) gelatin conversion processes can be 

considered in terms of three stages 86 

(1) A first order phase transition, the melting of the 

trihelical structure to the amorphous form, 

(2) The hydrolysis of the network-forming or N-bonds, 

(3) The hydrolysis of the intramolecular bonds of two types: 

(a) The intrachain polymer-forming or I-bonds, 

(b) The backbone-chain peptide bonds. 

The molecular weight distributions and other 

characteristics of any gelatin depend upon the extent to 
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which the hydrolyses of steps (2) and (3) are carried out, 

and the order in which all three steps are accomplished. In 

the commercial procedures, the collagen stock is subjected 

to some pretreatment in which the N- and I-bonds are 

hydrolyzed without altering the structure, and with minimal 

peptide-backbone rupture. Two pretreatment schemes are in 

general use, and these involve either a prolonged exposure 

of the collagenous tissue to the action of bases at ambient 

temperatures or a relatively brief exposure to concentrated 

87 mineral acids . The pretreated tissue is neutralized and 

the extraction is carried out at an elevated temperature. 

The gelatins obtained following pretreatment with a base are 

called alkali-precursor gelatins and those from the mineral 

acid pretreatment are called acid-precursor gelatins. 

The extraction of collagen from animal tissues requires 

extreme caution in order to retain the native protein 

structure, whereas, gelatin is commercially obtained from 

the tissues using less sophisticated procedures. Because of 

the simplicity of the extraction procedure, gelatin is 

widely available commercially and is less expensive than its 

native protein source, collagen. Gelatin is a water-soluble 

protein which can be converted into a crosslinked, 

absorbable form either by heat treatment or by chemical 

treatment. 

ABSORBABLE GELATIN 

When gelatin is dehydrated below a moisture level of 1 
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% by weight, insolubilization sets in sharply 

and von Hippe1 89 indicated that (1) water 

significant role in stabilizing a specific 
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Harrington 

plays a 

protein 

configuration by forming hydrogen bridges, and that (2) 

water molecules are bound to the main-chain carbonyl groups 

giving rise to continuous chains of structurally sorbed 

water. Yannas and Tobolsky90 concluded that the irreversible 

loss in solubility of gelatin upon dehydration can be 

accounted for only by the formation of a three-dimensional 

network of chains held together by covalent crosslinks. The 

authors suggested that a simple condensation reaction may be 

occuring between carboxylic groups belonging to acidic 

residues on a gelatin chain, A, and amino groups belonging 

to basic residues on a neighboring chain, B. 

A-COOH + H2N-B --> A-CONH-B + H20 

This dehydration route to covalent crosslinking between 

adjacent triple helical structures of gelatin molecule is 

used in the manufacture of absorbable gelatin available as 

GelfoamR sponge (Upjohn Company, Kalamazoo, HI). 

Another common method of crosslinking proteins is 

chemical treatment. This involves reaction with covalent 

crosslinking agents of aldehyde type, e.g. formaldehyde 91 - 94 

or glutaraldehyde 95 - 99 . The aldehyde reacts with free amino 

groups on the protein molecule, and in case of gelatin, 

converts a water soluble protein into an absorbable form. 

Absorbable gelatin swells but does not dissolve in 
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water. It functions as a bioerodible hydrogel and can serve 

as an excellent drug carrier for controlled delivery 

applications. The crosslinking also imparts a better 

mechanical strength to the swollen gel. 

HYDROGELS 

Hydrogels are hydrophilic network polymers which are 

glassy in the dehydrated state and which swell in presence 

of water to form an elastic gel. Although hydrogels can be 

of either natural or synthetic origin, it is only the 

covalently crosslinked synthetic hydrogels that have been 

studied extensively for various biomedical applications, 

ranging from 

t 100-102 sys ems 

soft contact lenses to drug delivery 

Gelatin as a hydrogel material has three 

advantages: (1) it is readily available in large quantities 

from multiple suppliers, (2) it is derived from natural 

sources at low cost, and (3) it requires minimal processing 

before utilization. Since gelatin is derived from natural 

sources, it is metabolized after enteral or parenteral 

administration. 

Because of their relatively high water content and 

their soft, rubbery nature, several advantages can be 

readily realized for hydrogels. The softness of most 

hydrogels can contribute to their biocompatibility by 

minimizing mechanical irritation to surrounding tissue. 

Their ability to release entrapped drug in an aqueous medium 

and the ease of regulating such drug release by controlling 
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water swelling and cross-linking density make hydrogels 

particularly suitable as drug carriers in controlled 

deliveryapplications 103 ,104. 

The release of water-soluble drugs from dehydrated 

matrices involves the simultaneous absorption of water and 

desorption of drug via a swelling-controlled diffusion 

mechanism105 ,106. Such swelling-controlled diffusion 

generally does not follow a Fickian diffusion mechanism. The 

existence of some molecular relaxation process in addition 

to diffusion is believed to be responsible for the observed 

non-Fickian behavior 107 ,108. Thus, hydrogels offer a unique 

combination of release mechanisms not readily available in 

other types of delivery systems. 

Kinetics of Swelling and Drug Release 

In many applications, drug-loaded hydrogels are usually 

stored in a dry, glassy state before usage due to stability 

and dosing requirement. The release of water-soluble drugs 

from initially dry hydrogel matrices like absorbable gelatin 

generally involves the simultaneous absorption of water and 

desorption of drug via a swelling controlled mechanism10S-107. 

Thus, as water penetrates a glassy hydrogel matrix 

containing dissolved or dispersed drug, the polymer swells 

and its glass transition temperature is lowered. In most 

cases, a sharp penetrating front separating the glassy phase 

from the rubbery phase is observed. This solvent front also 

separates the undissolved core from the partially extracted 
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region, with the dissolved drug diffusing through this 

swollen rubbery region into the external releasing medium. 

Depending on the relative magnitude of the rate of 

polymer relaxation at the penetrating solvent front and the 

rate of diffusion of the dissolved drug, the release 

behavior during the initial stage of the solvent penetration 

may range from Fickian to non-Fickian (anOmalous)109, 

including the so-called Case II diffusion110 . Typically, for 

a polymer slab, Fickian diffusion is characterized by a 

square-root-of-time dependence in both the amount diffused 

and the penetrating diffusion front position. On the other 

hand, Case II transport, which is completely governed by 

polymer relaxation111 , exhibits a linear-time dependence in 

both the amount diffused and the penetrating front position. 

In most cases, the intermediate situation, which is often 

termed non-Fickian or anomalous diffusion, will exist 

whenever the rates of Fickian diffusion and polymer 

relaxation are comparable112-118. 

When the fractional drug release from an initially dry 

hydrogel sheet is plotted as a function of the square root 

of time119 ,120, a linearity in the plot is observed only 

after long periods of time. This indicates the non-Fickian 

and time-dependent nature of the initial swelling period121 . 

Once the hydrogel matrix is hydrated, the drug release 

becomes Fickian, giving rise to the linearity at long 

periods of time. Phenomenologically, it is possible to 
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express the fraction released, Mt/Moo, as a power function of 

time t, for at least the short time period, 

Mt 

where Mt is the amount released at time t, Moo is the total 

amount released, k is a constant characteristic of the 

system and n is an exponent characteristic of the mode of 

transport122 ,123. For n = 0.5, the solvent diffusion or drug 

release follows the well- known Fickian diffusion mechanism. 

For n > 0.5, non-Fickian or anomalous diffusion behavior is 

generally observed. The special case of n = 1 gives rise to 

a Case II transport mechanism, which is of particular 

interest because the drug release from such devices having 

constant geometry will be zero-order. 

Other parameters such as the Deborah number 124 ,125, 

which measures the relative importance of relaxation to 

diffusion, and the swelling interface number 105 ,109,126, 

which compares the relative mobilities of the penetrating 

solvent and the drug in the presence of polymer relaxation, 

are valuable in the conceptual realization of various 

diffusion mechanisms. However, very limited experimental 

determinations of these parameters have been reported. 

Dynamic '2nd Equilibrium Swelling Properties 

Hydrogels, including absorbable gelatin, can be 

considered as having two components, namely a solid 

component of polymer network and a variable aqueous 
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component which can undergo exchange with the environment. 

The network is held together mostly by covalent cross-links 

and to a lesser extent, by physical cross-links such as 

chain entanglements. The driving force for swelling is the 

diffcr·ence in chemical potential of water between the 

network and external aqueous phase. In other words, the 

osmotic pressure due to the polymer segment in the gel 

neblOrk causes the swelling . Thermodynamically, the swelling 

properties of a hydrogel network are controlled by the 

combination of free energies of mixing between water and 

polymer chains, and by the elastic response of the network 

to volume increase due to water absorption. At swelling 

equilibrium,the elastic response of the network exactly 

balances the difference in chemical potential of water 

between the swollen network and and external aqueous phase. 

The magnitude of the equilibrium swelling can be related to 

the degree of cross-linking in the hydrogel network. 

Since drug release from hydrogel matrices involves 

simultaneous absorption of water and desorption of drug via 

a swelling-controlled process, the dynamic and equilibrium 

swelling experiments give an insight into the mechanism of 

drug release127-129. The swelling experiments are 

appropriate for hydrogels because, In addition to covalent 

crosslinking, these techniques take into account the effect 

of physical crosslinks, such as chain entanglements, on 

swelling behaviour. 



45 

The dynamic swelling and the equilibrium water content 

(EWC) are two of the most important properties for hydrogels 

since they have a profolllld Impact on the mechanIcaJ. 

properties, permeabi 11 ty, surface properties, and 

biocompat i 11 ty of the hydrogel material. The dynamic 

swelling behaviour is expressed as percent water uptake, 

i.e. amount of water sorbed per 100 g of the dry hydrogel, 

as a function of time; whereas, the EWC of a hydrogel Is 

normally defined as the weight of water in the polymer at 

equilibrium multiplied by 100% and divided by the total 

weight of the swollen polymer. The swelling behaviour 15 

affected by the nature of the hydrophilic monomers used in 

the hydrogel preparation, the nature and density of cross-

links, and factors such as temperature, osmolarity and pH of 

the hydrating medium. 

BIOERODIBLE POLYMERS 

The development of a bioerodible drug delivery system 

(e.g., absorbable gelatin) for controlled release of drugs 

is of interest since such a device obviates the need for its 

removal. 

Both bioerodible reservoir and matrix devices can be 

used. In a reservoir system, a core of drug is surrounded by 

a polymer and diffusion of the drug through the polymer Is 

the rate limiting step. In a reservoir device, drug release 

is zero order as long as the drug concentration in the 

130 reservoir remains constant . The rate of drug delivery from 
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reservoir devices that have a rate-controlling bioerodible 

membrane surrounding a drug core is constant and predictable 

provided the membrane erodes long after drug delivery has 

been completed. If the rate-controlling membrane erodes 

significantly during drug delivery, changes in membrane 

thickness or physical properties would be reflected in 

changes in drug delivery rate. Thus, in this type of device 

the rate of drug release can be controlled by changing the 

nature of the bioerodible membrane; bioerosion serves to 

remove the expanded device. One drawback to the use of 

reservoir devices is the imminent danger of the rupture of 

the membrane resulting in a sudden release of all the 

enclosed drug. 

A matrix system has drug dissolved or dispersed 

uniformly throughout a solid polymer. Drug release from 

matrix devices can be controlled by either diffusion or 

erosion. If erosion of the matrix is much slower than 

diffusion, the release kinetics can be described by standard 

diffusion equations 130 In an idealized, inert, flat 

spherical, or cylindrical matriX, drug release 1s not zero 

order, but is rather linear with respect to the square root 

of time (except at long intervals). If, however, the drug is 

immobilized in the matrix so that diffusional release is 

minimal compared to erosion, the rate of drug release will 

be erosion controlled. 

On a molecular level, there are three general 
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the erosion 

131 for polymer hydrolysis 

of cross-linked polymers 
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Mechanism I describes 

with hydrolytically 

unstable cross-links. As the cross-links are hydrolyzed, 

polymer chains are freed from the bulk matrix. These systems 

may be useful for drugs with low water solubility or 

macromolecules which can be physically entangled in a cross

linked matrix so that they cannot easily diffuse outward. 

Mechanism II applies to water-insoluble polymers which 

solubilize as a result of hydrolysis, ionization, or 

protonation of a side group. In this type of erosion, the 

only reaction is solubilization and there is no significant 

change in polymer molecular weight. Consequently, such 

polymers are not generally useful for systemic applications 

because of difficulty in eliminating such molecules. These 

polymers may be useful, however, in topical or oral 

applications. Mechanism III is proposed for the erosion of 

insoluble polymers like gelatin with labile backbone bonds. 

Hydrolysis causes scission of the polymer backbone which 

produces low molecular weight, water-soluble molecules. 

Because these molecules are converted to small water-soluble 

molecules these systems are most useful for sytemic 

administration of therapeutic agents from subcutaneous, 

intramuscular, and intraperitoneal implantation sites. In 

some situations, a combination of these mechanisms may be 

operative. For example, a cross-linked polymer may initially 

degrade to insoluble polymer chains (Mechanism I) which are 



48 

hydrolyzed further by backbone cleavage (Mechanism III)131. 

These hydrolysis mechanisms when considered 

macroscopically result in two general erosion mechanisms, 

heterogeneous and homogeneous erosion. Heterogeneous erosion 

occurs when hydrolysis takes place only at the surface of a 

polymer sample and is characterized by a sample which 

maintains its physical integrity as it degrades. In 

contrast, homogeneous erosion is the result of hydrolysis 

occuring at an even rate throughout the polymer sample. 

Homogeneous erosion results in four stages of strength and 

integrity 10ss132: 

(1) Hydration, resulting in the disruption of Van der 

Waals forces and hydrogen bonds. 

(2) The initial breaking of covalent bonds, causing 

irreversible strength loss, 

(3) Mass loss, resulting from continuation of bond 

cleavage which is accompanied by the diffusion of low 

molecular weight hydrolysates away from the sample 

(4) complete absorption. 

Homogenous and heterogenous mechanisms are exterme 

cases and actual erosion commonly occurs by the combination 

of the tw0133-136. The dominant erosion mechanism can be 

predicted 

Hydrophobic 

from polymer hydrophobicity and 

polymers are more 

heterogeneously since water is 

likely 

excluded. 

polymers (e.g., absorbable gelatin) absorb 

morphology. 

to erode 

Hydrophi lic 

water so 
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homogeneous erosion will be favored. Superimposed on the 

polymer hydrophobicity is polymer morphology. Most polymers 

are semicrystalline with crystalline domains separated by 

amorphous regions. The crstalline regions exclude water so 

more crystalline polymers tend towards heterogeneous 

erosion. Amorphous regions which are glassy absorb more 

water than crystalline regions, but less than amorphous 

regions which are rubbery. 
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CHAPTER 3. 

CONTROLLED DELIVERY OF PILOCARPINE. 1. 

IN-VITRO CHARACTERIZATION OF GEL FOAM MATRICES. 

MATERIALS AND METHODS 

Materials 

GelfoamR sponge (compressed, size 100) was supplied by 

Upjohn company (Kalamazoo, HI) and (+)-Pilocarpine HCI was 

obtained from Aldrich Chemical company, Inc. (Milwaukee, 

WI). Polyethylene glycol 400 monostearate, polyethylene 

glycol 400 distearate, glyceryl monostearate, stearyl 

alcohol and cetyl esters wax were obtained from Amend Drug 

and Chemical company (Irvington, NJ). All other chemicals 

were of reagent grade and were obtained commercially. 

Fabrication of Device 

A matrix of size 4 x 4 x 2 rom was cut from a slab of 

gelfoam sponge with a razor blade. The matrix was allowed to 

soak in a solution of 25.5 mg Pilocarpine (equivalent to 30 

mg Pilocarpine HCl) in chloroform, containing 8 mg of 

retardant. The solvent was evaporated slowly under nitrogen 

in an analytical evaporator (The Meyer N-Evap, Oragnomation, 

Inc.). 

Drug Release 

The in-vitro release profile from the dried matrix was 

measured using the rotating tube method. The matrix was 

transferred to a 5 cc screw-capped glass vial containing 3 

cc of release medium (distilled water). The vial was rotated 
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end-over-end at 8 rpm (Labquake Shaker, Lablndustrles, 

Inc.). At various intervals, the release medium was 

withdrawn completely and replaced with 3 cc of distilled 

water. The amount of drug released was determined by 

analysing the release medium by HPLC using a modification of 

the method reported by Drake, et al. l . Separation was 

achieved by isocratic reversed-phase chromatography (Beckman 

model 332 LC system with model 165 detector) using a 

Lichrosorb RP-18, 10 ~ column (Alltech/Applied Science), and 

a mixture of 85% phosphate buffer (pH 2.5) : 15% methanol as 

the mobile phase. Three or more independent measurements of 

the drug release profiles were made and an average value was 

calculated for each time point. 

water Uptake 

The dynamic swelling behavior of the drug delivery 

systems was studied by allowing initially dry devices to 

swell in distilled water. The matrices, prepared by the 

procedure described above, were enclosed in 5 cc vials 

containing 3 cc of distilled water. At various intervals, 

the matr ices were wi thdrawn, dr ied with an absorbent wi per 

(Kimwlpes R, Kimberly-Clark, Roswell, GA) and weighed using a 

Mettler (Model AE 163) analytical balance (t 1 x 10-4 g). 

The matrices withdrawn as samples were then discarded and 

fresh matrices were used for further time points. The water 

uptake was expressed as the amount of water absorbed by a 

unit weight of the original, dry matrix multiplied by 100. 
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The measurements were done in triplicate and an average of 

the values was calculated. 

RESULTS AND DISCUSSION 

Pilocarpine is a drug widely used for the treatment of 

chronic, simple or wide-angle glaucoma and requires several 

daily instillations when administered as eyedrops. 

Furthermore, the administration of eyedrops typically 

results in a pulsed drug entry, with undesirably high 

pilocarpine concentrations in the aqueous humor immediately 

post-instillation followed by a rapid decline, and periods 

of sub-therapeutic levels between pulses. These factors have 

stimulated a search for more sophisticated ophthalmic dosage 

forms which are capable of delivering drugs at a controlled 

rate over extended periods of time. 

Being .:\ highly water-soluble drug, pilocarpine poses a 

considerable challenge for effective delivery. But, the drug 

produces an easily measurable pharmacological response, i.e. 

miosis of the pupil, which can be monitored as an indicator 

of the drug concentrations in the aqueous humor. In the 

present study, we have fabricated an erodible insert for 

controlled delivery of pilocarpine using an absorbable 

R gelatin sponge, Gelfoam , as a drug carrier. 

Drug Release 

Figure 4 shows the plot of percent drug released as a 

function of time from the simple gel£oam matrix. The figure 

clearly indicates that most of the drug is released from the 
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matrix within the first 15 minutes. A mIcroscopic 

examination of a gelfoam sponge indicates that the matrix 

interior has interconnected pores. The release medium 

penetrates the matrix through these pores and leaches out 

the water-soluble drug. 

The fact that over 90% of the embedded drug is released 

nearly instantaneously from the gelfoam matrix indicates 

that the diffusion layer effect does not significantly 

affect drug release in this system. Therefore, the speed of 

end-over-end rotation of the vials was maintained at 8 rpm 

in all further experiments. 

In order to prolong the release of the drug, the pores 

in the matrix were occluded by embedding various retardants 

to inhibit the leaching action of water. The materials used 

as retardants include polyethylene glycol 400 monostearate 

(PMS), polyethylene glycol 400 distearate (POS), glyceryl 

monostearate (GMS), stearyl alcohol (SA), and cetyl esters 

wax (CEW). 

volume and 

Based on the calculations of 

as indicated further by 

approximate 

the results 

pore 

of 

prelimInary experIments, an optimum of 8 mg of retardant was 

required to occlude the pores remaining after embedding the 

drug. 

The drug release profiles from the modified gelfoam 

matrices embedded with various retardants are shown in 

figure 5. A comparison with the profile from gelfoam without 

retardant indicates that embedding the retardants in the 
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matrix is an effective means of prolonging drug release. 

Based on the drug release patterns, the two most effective 

retardants were the polyethylene glycol 400 monostearate 

(PMS) and the cetyl esters wax (CEW). Figure 6 shows the 

extent of reduction in release achieved with these 

retardants. Only these two devices were studied extensively 

by both in-vitro and in-vivo studies. 

The in-vitro drug release profiles from the two devices 

were analyzed on a quantitative basis to compare the 

efficacy of the retardants. The quantitative parameters used 

as indicators of efficacy are, the duration for 90% drug 

release (t90), and the rate of release. As shown in figure 

7, the t90 values for the devices embedded with polyethylene 

glycol 400 monostearate and cetyl esters wax were 4.17 hours 

and 5.88 hours, respectively. These values will be compared 

with the duration of pharmacological effect in rabbits 

achieved with these devices in a later section of the 

thesis. 

Figure 8 shows a plot of the rate of drug release as a 

function of time for the two devices. The rate plot for the 

CEW device indicates that following a mild burst effect, the 

drug release very nearly approximates a zero order profile 

for up to five hours. On the other hand, the PMS device 

shows a continuous decline in release rate. 

To analyze the rate of drug release from the PHS 

device, the data are plotted as percent released versus 
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square root of time in figure 9. For a purely diffusional 

release from a hydrophilic matrix, the plot should be 

linear. The profile for the PHS device shows a distinct 

concavity with upward deviation from linearity. In figure 10 

the same data are plotted as In (release rate) versus time. 

A linearity in the plot would indicate a first order 

release. The data for the PHS device shows a downward 

concavity. The release rate for this device is, therefore, 

between K and 1st order. 

The drug release data was analyzed further using the 

following equation for fractional drug release 2 : 

Ht 
= k t n 

where Ht is the amount of pilocarpine released in time t, H~ 

is the total amount released, t is the duration of release, 

k is a kinetic constant characteristic of the drug/polymer 

system, and n is an exponent characterizing the mechanism of 

release. The drug release data for the two devices was 

analyzed for up to Mt/Mm ~ 0.6. 

The drug release data for the PHS and CEW devices were 

plotted as In (percent drug released) versus In t in figures 

11 and 12, respectively to obtain a value of 'n'. The 

fitting of the data for the PHS device to the above equation 

gave a value of the release exponent (n) of 0.631 (std. err. 

= 0.027, r2 = 0.998) suggesting a non-fickian nature of drug 

transport. On the other hand, the release from the CEW 
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device ocurred via a case II transport mechanism as 

indicated by a release exponent of 0.982 (std. err. = 0.047, 

r2 = 0.993), which is close to unity. 

water uptake 

Due to the differences in the release profiles and type 

of drug transport from the two devices, attempts were made 

to understand the mechanism of drug release. The prolonged 

drug release from the gel foam device was achieved by 

embedding retardants in the pores of the matrix to inhibit 

the leaching action of ' .... atcr, and therefore, the water 

uptake by the two devices was measured. 

Figure 13 shows the pattern of water uptake by the CEW 

matrix. The percent water uptake increases nearly linearly 

with time. This corresponds well with case II transport 

mechanism and zero-order drug release from this device. As 

indicated in figure 14, the PHS device absorbs water at a 

very high initial rate and quickly reaches a near 

equilibrium value. In contrast, the device achieves a 

significantly prolonged drug release. This behavior can be 

explained by the fact that PHS is a hydrophilic polymer 

which exhibits a capacity to absorb water and form a gel. 

Thus, the continous swelling of the PHS gel in the gel foam 

backbone during the release process caused the diffusion 

mechanism to be non-Fickian. 

CONCLUSIONS 

The results of the study indicate that the absorbable 
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gelatin sponge, GelfoamR, is an excellent biodegradable drug 

carrier for controlled ophthalmic delivery. The matrix type 

device is easy to fabricate and inexpensive to manufacture. 

Prolonged release of a highly water-soluble drug, 

pilocarpine, from the porous, hydrophilic biopolymer may be 

achieved by occluding the pores in the matrix. Using this 

approach of pharmaceutical modification, drug release from 

the device can be modified without any chemical alteration 

of the protein. Embedding a hydrophilic polymer (PMS) in the 

pores resultes in the drug transport to be non-Flcklan. On 

the other hand, the use of a hydrophobic material (CEW) as a 

retardant yields a near zero order drug release prof1le 

typical of a case-II transport mechanism. 
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FIGURE 7. DURATION FOR 90% PILOCARPINE RELEASE IN-VITRO FROM 
PMS AND CEW DEVICES. 
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CHAPTER 4. 

IN-VIVO EVALUATION OF OPHTHALMIC DELIVERY SYSTEMS 

ALBINO RABBIT AS AN ANIMAL MODEL 
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The albino rabbit is the most widely used model for the 

evaluation of ocular drug delivery systems because of the 

ease of handling, availability, low cost, comparable size of 

its eyes to human and extensive information about its ocular 

biochemistry and physiology. 

Results to date indicate that the rabbit is an adequate 

model in understanding the mechanisms of ocular drug 

disposition and in predicting the influence of drug 

properties on ocular drug diSPositionI37-141. The precorneal 

physiological features of the rabbit eye are similar to 

those in the human eye142 . The volume of tear fluid and the 

tear protein concentration in albino rabbit eye (7.5 ~l and 

0.5 %, respectively) are comparable to those in human 

subjects (7.0 ~l and 0.7 %, respectively). The cornea does 

not appear to differ greatly in dimensions between the 

rabbits and the humans. The thickness and diameter of the 

rabbit eye (0.40 rom and 15 rom, respectively) are very close 

to those of human eye (0.52 mm and 12 mm, respectively). The 

epithelium of both the rabbit and the human cornea is 5 to 7 

layers thick. considering the importance of the corneal 

epithelium as a pathway for corneal drug transport, it is 

expected that the transcorneal permeation will be similar in 

both species. The aqueous humor is also sufficiently similar 
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between rabbits and humans and hence, drug disposition in 

this fluid is probably similar. The voiume and the turnover 

rate of the aqueous humor are the s~me in both species (300 

~l and 0.01-0.02 %/min, respectively). The aqueous humor 

protein concentration of the rabbit eye (55.4 mg%) is also 

closer to that in the human eye (30.4 mg%). 

On the negative side, rabbits have a 50% lower tear 

volume turnover rate and retain aqueous solutions about 

three times better than humans, so that a topically applied 

dose would remain somewhat longer in the precorneal area of 

the rabbit for corneal drug absorption to take place143 ,144. 

Another factor believed to be responsible for the 

differences between rabbits and humans is the much lower 

blinking frequency in rabbits. Blinking is believed to 

facilitate mixing of the dosage form with tear fluid and to 

enhance drug release from vehicles by changing the viscosity 

of the vehicle as well as by constantly exposing fresh 

surface area for drug partitioning with the tear fluid. 

Consequently, vehicles that rely on shear, as provided by 

blinking, for drug release would behave differently in 

rabbits as compared to humans143-148. 

EVALUATION OF DRUG DELIVERY SYSTEMS 

The assessment of in-vivo performance of a drug 

delivery system involves topical instillation of the system 

in the conjunctival sac of rabbits. The drug release can be 

studied by measuring the ocular drug concentrations or by 
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monitoring the changes in the pharmacological response of 

the drug. 

In measuring ocular drug concentrations, the aqueous 

humor is typically sampled, because of the assumption that 

drug concentration in the aqueous humor correlates with drug 

concentration at the receptor site and also because of the 

inherent simplicity of processing a fluid relative to a 

tissue for the determination of drug concentration. Recent 

work 149 ,150 suggests that the assumption of correlations in 

drug concentrations may not be valid in every case. In 

addition, since the rabbit eye is easily traumatized by the 

sampling procedure and the permeation barrier is 
151 breached , the transport behavior of a drug in the aqueous 

humor would be inevitably altered. The only ocular fluid 

that lends itself to sampling without traumatizing the eye 

is tear. Unfortunately, tear drug concentration data are 

often imprecise due to the unavoidable tear stimulation 

effect of the sampling procedure152 , the small volume of 

fluid that can be sampled for assay, and the inevitable 

sampling of the portion of the dosage form (e. g. 

suspensions, ointments or gels) that is not dissolved in the 

tear fluid. 

As an alternative to ocular drug concentration 

measurements, one may monitor the time course of changes in 

the pharmacological response of a drug using non-invasive 
153 techniques . Obviously, this approach is limited to drugs 
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that provide measurable pharmacological responses such as 

changes in pupil diameter, intraocular pressure, and size of 

corneal wound. The advantages of thls approach are: (a) it 

provldes a realistic measure of drug concentration at its 

effector site, (b) it may require a much smaller number of 

experimental animals, and (c) it can be conducted in human 

subjects. The disadvantage of this approach is that the dose 

response curves are usually less sensitive than dose-

concentration profiles so that modest changes in drug 

bioavailability are not readily discerned. 

Whether one or both eyes of the experimental animal 

should be used depends on the contribution of systemically 

absorbed drug to ocular levels. This varies from negligible 

in the case of pilocarpine154 to substantial in the case of 

prostaglandin155 
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MATERIALS AND METHODS 

Materials 
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GelfoamR sponge (compressed, size 100) was supplied by 

the Upjohn Company (Kalamazoo, HI) and (+)-Pilocarpine HCl 

was obtained from Aldrich Chemical company, Inc. (Milwaukee, 

WI). Polyethylene glycol 400 monostearate (PMS) and cetyl 

esters wax (CEW) were obtained from Amend Drug and Chemical 

Company (Irvington, NJ). All other chemicals were of reagent 

grade and were obtained commercially. 

Fabrication of Device 

A 2.5 x 2.5 x 1 mm gelfoam matrix was embedded with 5.1 

mg Pilocarpine (equivalent to 6 mg Pilocarpine HCl) and 3 mg 

of retardant (PMS or CEW) according to the procedure 

described in an earlier section. 

Evaluation of CEW device; cross-over study 

The therapeutic efficacy of the Gelfoam insert embedded 

with CEW was compared with that of an eyedrop (PilocarR, 6% 

pilocarpine HCl 

Pharamaceuticals 

ophthalmic solution, 

Inc.) and a gel (Pilopine 

cooperVision 

HSR Gel, 4% 

pilocarpine HCl sterile Ophthalmic Gel, Alcon Laboratories, 

Inc.) in a cross-over study. 

Six New Zealand albino rabbits of either sex, weighing 

about 6-7 lbs, were used in the cross-over study. The 
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rabbits were placed in 18 x 9% x 8 in. plexiglas restraining 

boxes without encumbering their heads so that all normal 

head or eye movements were allowed. One hour prior to the 

experiments, the animals were placed in the laboratory to 

acclimatize their eyes to the lights. The normal pupil 

diameters of both eyes of each rabbit were checked over this 

period. Equivalent amounts of pilocarpine in three delivery 

systems were instilled in one eye and the other eye was used 

as a control. For instillation, the lower eyelid was pulled 

slightly away from the globe and the drug delivery system 

was placed in the center of the lower cul-de-sac, care being 

taken not to irritate the eye or touch the corneal surface. 

The lower eyelid was returned to its normal position 

immediately following instillation. The pupil diameters of 

both eyes were subsequently monitored at various time 

intervals by using the pupil gauge shown in figure 15 and 

the extent of miosis response (constriction in pupil 

diameter) was calculated. The gauge was brought forward 

slowly from the back of the eye and was held at a fixed 

distance from the eyeball for 30 seconds before taking the 

measurement of the pupil diameter. The baseline response 

values for the CEW device were obtained by instilling a 

placebo containing the retardant alone. 

Evaluation of PHS device 

The evaluation of gelfoam insert embedded with PHS was 

carried out on 5 New Zealand albino rabbits, 6-7 lbs in 
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weight. Administration of the device into the eye and the 

subsequent measurement of miotic effect were carried out 

according to the procedure described earlier. 

RESULTS AND DISCUSSION 

The two gelfoam devices found to be most effective in 

the in-vitro ~tudies were evaluated for their in-vivo 

performance using albino rabbit eye as the animal model. 

Evaluation of CEW device: Cross-over study 

The in-vivo efficacy of the CEW device was 

with that of an eyedrop formulation containing a 

polymer and that of an aqueous gel in a cross-over 

compared 

soluble 

study. 

Each pilocarpine delivery system was tested on six rabbits 

used in the study. The overall results of the study are 

shown in figure 16. 

The instillation of the eyedrop formulation resulted in 

a rapid increase in miosis response followed by a rapid 

decline. The administration of aqueous gel also caused a 

sudden increase in miotic effect but produced a slower 

decline. On the other hand, when the CEW insert was used, 

there was a slower attainment of peak miosis response and a 

substantial prolongation of the effect. The device 

in the eye within 24 hours. This biodegradation 

comparable to that for the simple gelfoam matrix. 

degraded 

time was 

Following 

degradation of the gelfoam backbone, the CEW embedded in the 

pores disintegrated and was seen as fine particles suspended 

in the tear fluid. The particles were subsequently drained 
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along with the tears. The examination of the baseline by 

using a placebo device indicated no noticeable change in the 

pupil diameter. A slight irritation, as manifested by the 

animal closing its eyelid, was observed for 1 to 2 minutes 

following administration probably due to the instillation of 

a dry device. However, there were no significant signs of 

redness of the eye and the animals stopped blinking after 2 

minutes. 

Assessment of Efficacy 

The performance of the three pilocarpine delivery 

systems was compared based on two indicators of efficacy, 

the area under the miosis response versus time curve, and 

the duration of miosis response. A minimal pupillary 

constriction of 1 mm was used as the reference point in the 

calculation of the duration of response. 

The area under the miosis response-time (AUC) curve was 

taken as an indicator of the extent of transcorneal 

penetration (bioavailability) from the delivery system. The 

AUC for the eyedrop, the gel, and the CEW device containing 

equal doses of pilocarpine are shown in figure 17. Based on 

the AUC values, the gel formulation is approximately twice 

as effective as the eyedrop. This conclusion is comparable 

with previously reported conclusions 1 . The results further 

suggest that the CEW device is about four times as effective 

as the eyedrop formulation and twice as effective as the 

gel. Figure 18 shows the duration of effect achieved with 
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the three drug delivery systems. The miotic effect from the 

CEW device lasted for 6 hours compared to 1~ hours from the 

eyedrops . and 3 hours from the gel. 

Evaluation of PMS device 

The results of the in-vivo study using PMS device are 

shown in figure 19. As indicated by the miosis response 

versus time curve, this device causes a sudden increase in 

miosis response but effects a significant prolongation. The 

results of this evaluation were compared with those of the 

cross-over study. 

As indicated in figure 20, based on the AUC values, the 

PMS device is more effective than the eyedrop and the gel, 

but is less effective than the CEW device. The duration of 

miosis response (figure 21) effected by the PMS device (4 

hours) is longer than that from the eyedrop and the gel. In 

short, the values of the two parameters, AUC and duration of 

miotic effect, suggest that both the CEW device and the PMS 

device are more effective the the two commercial 

formulations. 

Figure 22 shows the duration for 90% drug release (t90) 

obtained from the in-vitro study and the duration of effect 

obtained from animal stUdies for the PMS device and the CEW 

device. The figure indicates that the t90 value closely 

approximates the duration of miosis response for both the 

devices. Based on both the in-vitro and the in-vivo 

evaluations, the CEW device Is better than the PMS device. 
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CONCLUSIONS 

pharmaceutical modification of the GelfoamR insert by 

embedding a retardant in the pores of the matrix is an 

effective means of improving the biological activity of 

pilocarpine without altering the biodegradability of the 

protein backbone. The biodegradation times for both the CEW 

and the PHS devices were comparable to that for the simple 

GelfoamR matrix. Both the CEW and the PHS devices yield an 

improvement in drug bioavailability and an increase in the 

duration of miotic effect over that from the two commercial 

formulations, the eyedrop and the gel. The best device 1s 

the CEW insert which extends the biological effect of 

pilocarpine for up to 12 hours. The increase in area under 

the miosis-time curve without any concomitant change in peak 

miosis intensity indicates that the improved bioavallability 

is due to improved ocular retention of the drug. 
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CHAPTER 6. 

CONTROLLED DELIVERY OF PILOCARPINE. 3. 

IN-VITRO CHARACTERIZATION OF CROSSLINKED GELATIN MATRICES 

MATERIALS AND METHODS 

Materials 

88 

Gelatin (USP, granular) was obtained from Amend Drug 

and Chemical Company (Irvington, NJ), and glutaraldehyde 

(25% in H20) from J.T. Baker Chemical Co. (Phillipsburg, 

NJ). (+)-Pilocarpine HCl (99%) was purchased from Aldrich 

Chemical Company, Inc. (Milwaukee, WI) and Picrylsulfonic 

acid (2,4,6-Trinitrobenzenesulfonic acid, TNBS) in 5% 

aqueous solution from Sigma Chemical Company (st. Louis, 

MO). All other chemicals were of reagent grade and were 

obtained commercially. 

Fabrication of matrLK 

A crosslinked gelatin matrix containing 5% Pilocarpine 

Hcl was prepared as follows: The drug was dissolved in 0.01 

M acetic acid along with varying amounts of gelatin to form 

gels with gelatin concentrations of 5%, 7.5%, 10%, 15%, 20% 

and 22.5%. The gel was crosslinked by adding varying amounts 

of glutaraldehyde (0.025, 0.125, 0.25, 1.25 and 2.5 milli

Moles per 10 g of the matrix). The gel was poured in a 

polystyrene weighing dish (1 5/8 x 5/16 in.) (Aldrich 

Chemical Company, Inc., Milwaukee, WI) and allowed to set at 

a specific temperature (0 or 25 oe.) for 1 day, 3 days, 7 

days or 14 days. 
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Drug Release 

The in-vitro drug release from the matrix was measured 

using the rotating tube method. A matrix of size 4 x 4 x 2 

mm was cut from the slab of crosslinked gelatin. The matrix 

was placed in a 5 cc vial with 3 cc release medium 

(distilled water). The vial was rotated end-over-end at 8 

rpm (Labquake Shaker, Labindustries, Inc.). The release 

medium was withdrawn completely at various intervals and 

replaced with an equal volume of fresh distilled water. The 

samples were analyzed for drug concentration by HPLC 

(Beckman model 332 LC system with model 165 detector) using 

a modification of the method reported by Drake, et 1 al. . 

separation was achieved with a Lichrosorb RP-18, 10 ~ column 

(Alltech/Applied Science) and a mixture of 85% phosphate 

buffer (pH 2.5) 15% methanol as the mobile phase. 

Triplicate measurements of the drug release profiles were 

obtained for each device. 

water Uptake 

The initially dry matrix was allowed to swell in 

distilled water to examine its dynamic swelling behavior. 

The matrices, prepared as earlier, were enclosed in 5 cc 

vials containing 3 cc of distilled water. The matrices were 

withdrawn at predetermined intervals, dried with an 

absorbent wiper and weighed on an analytical balance 

(Mettler AE 163, ± 1 x 10- 4 g). The matrices withdrawn as 

samples were then discarded and fresh matrices were used for 
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further time points. The water uptake was calculated by 

multiplying the amount of water absorbed by a unit weight of 

the original, dry matrix by 100. Triplicate measurements of 

the water uptake profiles were done for each device and an 

average of the determinations was calculated. 

Degree of crosslinking 

A matrix containing an equivalent of 10 mg gelatin was 

cut from the slab of crosslinked gelatin and was weighed 

accurately. One ml of 4% NaHC03 solution was added to the 

sample and the mixture was heated at 800 C for 10 min. One 

ml of a freshly prepared solution of 0.5% 

trinitrobenzylsulfonic acid (TNBS; Sigma Chemical company, 

st. Louis, MO) was then added, and the mixture was shaken at 

400C for 2 hours. Three ml of 6 N HCI was added to the above 

mixture and the solution was heated at 60 0 C for 1 hour. The 

solution was diluted with 5 ml of distilled water and washed 

twice with 10 ml of ethyl ether. The aqueous layer was 

heated in hot water for 10 min. to remove ether and diluted 

with an equal volume of distilled water. The Uv absorbance 

of the aqueous solution was measured at 345 nm (Beckman DU-8 

spectrophotometer, Beckman Instruments, Inc., Irvine, CA) in 

a 1 cm quartz cell. A blank was run according to the above 

procedure, except that HCl was added before the addition of 

TNBS. The degree of crcsslinklng was expressed as the 

percentage of amino groups on the protein molecule blocked 

by crosslinklng. 



RESULTS AND DISCUSSION 

Drug Release 

91 

The drug release profiles from the crosslinked gelatin 

matrices are influenced by various parameters used in 

preparing the devices. The fabrication variables are the 

concentration of the gelatin gel, the amount of crosslinker 

used, the duration of crosslinking, and the crosslinking 

temperature. The effect of each of these parameters on drug 

release profiles was evaluated separately. 

The first fabrication parameter considered was gel 

concentration. Devices containing varying percentages of 

gelatin were prepared to study the effect that gel 

concentration had on drug release. The gel concentrations 

used were, 5%, 7.5%, 10%, 15%, 20% and 22.5%. For clarity, 

only the profiles obtained from 7.5%, 15%, and 22.5% gel are 

illustrated in figure 23. As indicated in the figure, there 

was a decrease in drug release with an increase in gel 

concentration. The extent of reduction was large initially, 

as observed from the profiles for 7.5% and 15% gels and 

reached an optimum at the gel concentration of 15%. A gel 

concentration of 22.5% results in a minimal reduction in the 

release of pilocarpine. Since 15% gel thickens slowly 

compared to 20% and 22.5% gel, it is easier to fabricate 

than the latter ones. This gel strength is, therefore, used 

in all further experiments. 

To examine the effect of amount of crosslinker on drug 



release, matrices containing varying amounts 

crosslinker, glutaraldehyde, were prepared. 

concentrations of glutaraldehyde used were 0.025, 

0.25, 1.25, 2.5 and 3.75 milli-Moles (mM) per 10 g 

matrix. Figure 24 shows the release profiles from a 

non-crosslinked gelatin matrix and the crosslinked 

devices containing 0.025, 0.125 and 1.25 

glutaraldehyde. As indicated by the drug release 
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from the simple gelatin matrix and the crosslinked gelatin 

matrix containing 0.025 mM of glutaraldehyde, the 

crosslinking of the gelatin in the device results in a 

lowering of the release rate of the water-soluble drug. 

Within the crosslinked gelatins, however, there was only a 

slight decrease in drug release with an increase in the 

amounts of crosslinker used. The release curves for devices 

with 2.5 and 3.75 mM glutaraldehyde differ only slightly 

from that for 1.25 mM of the crosslinker. 

Using a gel strength of 15% and a glutaraldehyde 

concentration of 2.5 mM, the crosslinking was allowed to 

proceed for 1, 3, 7 and 14 days. As illustrated in figure 

25, an increase in the duration of crosslinking from 1 day 

to 3 days results in a decrease in drug release. Further 

increase in the duration, however, does not affect the drug 

release, as indicated by the almost overlapping profiles 

observed for devices with crosslinking periods of 3 days and 

7 days. The attainment of an optimum in the release profile 
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at a crosslinking duration of 3 days suggests that the 

crosslinking reaction is completed within this time period. 

Two different temperatures (00 and 25 0 c.) were used in 

fabricating the crosslinked gelatin devices. Higher 

temperatures were not considered to avoid the possibility of 

protein denaturation occuring at those temperatures. The 

effect of crosslinking temperature on drug release from the 

device is shown in figure 26. The device prepared at 25 0 C. 

shows a much slower drug release than the one prepared at 00 

C. This leads to the conclusion that the crosslinking 

reaction proceeds at a faster rate with an increase in 

temperature, which is consistent with the theories of 

chemical kinetics. Based on these results, the temperature 

of 25 oC was used in fabricating matrices for other sections 

of the study. 

Water Uptake 

To examine whether the changes in drug release profiles 

can be related to any concurrent changes in the rate of 

penetration of the release medium in the devices, water 

uptake by dry matrices was measured as a function of both 

the amount of crosslinker and the duration of crosslinking. 

The results for the simple gelatin matrix and the 

crosslinked gelatin matrices containing 0.025, 0.125 and 

1.25 mM glutaraldehyde are illustrated in figures 27 and 28. 

These figures represent crosslinking durations of 1 day and 

3 days, respectively. 80th figures are plotted using a 
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similar scale for the percent water uptake. 

Figure 27 indicates that the matrices fabricated using 

a crosslinking period of 24 hours attain their corresponding 

equilibrium water uptake values within 6 hours. This 

observation corresponds with the results of the study 

examining the effect of duration of crosslinking on drug 

release (figure 25), in which these matrices release all the 

drug within a 6-hour period. The figure further indicates 

that both the rate and the extent of water uptake decrease 

with an increase in the amount of crosslinker. This suggests 

that there is a decrease in polarity and/or extensibility of 

the matrix with an increase in the degree of crosslinking. 

An optimum is reached at a crosslinker concentration of 1.25 

roM, with no further decrease in water uptake rates being 

observed for 2.5 and 3.75 mM concentrations. 

Figure 28 illustrates that the matrices with a 3 day 

duration of crossllnking absorb water slowly and 

continuously over the 6 hour period. The drug release from 

these matrices (figure 22) showed a similar pattern. As 

observed for crosslinking period of 1 day (figure 22), there 

is a decrease in both the rate and extent of water uptake 

with an increase in the amount of crosslinker, with the 

effect leveling off at the crosslinker concentration of 1.25 

mM. 

A comparison of figures 27 and 28 indicates that an 

increase in the duration of crossllnking results in a 



decrease in both the rate and the extent of water uptake. 

Degree of Crosslinking 
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To investigate further the changes in both the drug 

release and the water uptake profiles with an increase in 

crosslinker concentration and durations of crosslinking, 

the matrices were analyzed for the degree of crosslinking of 

gelatin. Trinitrobenzylsulfonic acid (TNBS) reacts with free 

amino groups on the protein molecule and the extent of 

reaction can be measured spectrophotometrically. The results 

of the analysis are illustrated in figure 29. As indicated 

in the figure, the degree of crosslinking of gelatin 

increases concurrently with the amount of crosslinker in the 

matrix. Also, all matrices exhibit a higher degree of 

crosslinking with an increase in crosslinking period from 1 

day to 3 days. However, the extent of increase in the degree 

of crosslinking decreases with an increase in the amount of 

crosslinker, ranging from 389.7% for a crosslinker 

concentration of 0.025 mM to 11.8% for 2.5 mM of 

crosslinker. 

CONCLUSIONS 

The release of pilocarpine from crosslinked gelatin 

matrices can be modulated by varying either of the four 

fabrication parameters namely, the gel concentration, the 

amount of crosslinker, the duration of crosslinklng, and the 

crosslinking temperature. The effect of the amount of 

crosslinker and the duration of crosslinking can be 
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understood in terms of a concurrent increase in the degree 

of crosslinking. This translates into a decrease in the rate 

and extent of water uptake due to a reduction in polarity 

and/or extensibility of the matrix upon crosslinking. 
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CHAPTER 7. 

CONTROLLED DELIVERY OF PILOCARPINE. 4. 

IN-VIVO EVALUATION OF CROSSLINKED GELATIN MATRICES 

MATERIALS AND METHODS 

Materials 

Gelatin (USP, granular) was obtained from Amend Drug 

and Chemical Company (Irvington, NJ), glutaraldehyde (25% in 

water) from J.T. Baker chemical Co. (Phillipsburg, NJ), and 

(+)-Pilocarpine HCl (99%) from Aldrich Chemical Company, 

Inc. (Milwaukee, WI). All other chemicals were of reagent 

grade and were obtained commercially. 

Fabrication of matrix 

A crosslinked gelatin matrix containing 5% 

HCI was prepared according to the procedure 

Pilocarpine 

described 

in an earlier section. The gelatin gel was crosslinked by 

adding varying amounts of glutaraldehyde (0.025, 0.125, 

0.25, 1.25 and 2.5 milli-Moles per 10 g of the matrix), and 

allowed to set in a polystyrene mold (1 5/8 x 5/16 in.) at 

250 C for the durations of 1 day and 3 days. 

In-vivo evaluation of devices 

A crosslinked gelatin device of size 3 x 3 x 1.5 rom, 

containing 6 mg Pilocarpine HCI, was used for the evaluation 

of therapeutic efficacy. Five New Zealand albino rabbits, 

weighing about 6-7 lbs, were used in the study. The rabbits 

were enclosed in plexiglas restraining boxes (18 x 9% x 8 

in.) without encumbering their heads so that all normal head 
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or eye movements were allowed. One hour prior to the 

experiments, the animals were placed in the laboratory to 

acclimatize their eyes to the lights. During this period, 

the normal pupil diameters of both ~yes of each rabbit were 

checked. The crosslinked gelatin matrix was instilled in the 

lower conjunctival sac of one eye and the other eye was used 

as a control. For instillation, the lower eyelid was pulled 

slightly away from the globe and the matrix was placed in 

the center of the lower cul-de-sac, care being taken not to 

irritate the eye or touch the corneal surface. The lower 

eyelid was returned to its normal position immediately after 

instillation. The pupil diameters of both eyes were 

subsequently measured at various time intervals using a 

pupil gauge and the extent miosis response (constriction in 

pupil diameter) was calculated. 

RESULTS AND DISCUSSION 

BiocomDatibility and BiodegradabILIty 

The crosslinked gelatin matrices were examined for 

ocular retention, biodegradatIon time and eye irritation 

using albino rabbit as an animal model. Only those matrices 

which were well retained in the cul-de-sac, degraded in the 

lachrimal fluid within a reasonable period (8-12 hours) and 

showed no noticeable signs of eye Irritation were studied 

further for their miotic effect-time profiles. Based on 

these three criteria, the simple, non-crosslinked 

matrix and the two crosslinked gelatin devices, with 

gelatin 

0.025 
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and 0.125 mM crosslinker, were chosen for an extensive 

evaluation. The gelatin matrix crosslinked with 0.250 mM 

glutaraldehyde showed no significant eye irritation, but had 

a tendency to slip out from the eye cavity due to excessive 

swelling without appreciable softening in the tear fluid. 

The devices with 1.25 and 2.5 roM crosslinker caused 

noticeable eye irritation and had long biodegradation times 

(>24 hours). 

Eyaluation of in-vivo drug release 

The miosis response versus time profiles of the three 

systems chosen for extensive evaluation were investigated as 

a function of the duration of crosslinking. The results for 

the devices wlth crossllnking periods of 1 day and 3 days 

are presented in figures 30 and 31, respectively. 

Figure 30 shows the miotic effect profiles following 

instillation of the simple gelatin matrix, and the matrices 

crosslinked with 0.025 and 0.125 mM of glutaraldehyde over a 

24 hour period. The instillation of a simple gelatin matrix 

produce~ a rapid attainment of peak miosis response followed 

by a rapid decline. This profile results from an 

instantaneous disintegration of the matrix in the lachrimal 

fluid. On the other hand, the instillation of the two 

crosslinked gelatin matrices gives higher peak response 

levels and sustained plateau levels compared to the simple 

gelatin matrix. The matrix with 0.025 mM of crossl1nker 

yields a rapid increase in miosis response and shows a 
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plateau at the response level slightly lower than the peak 

response, where the miotic effect is maintained for an hour 

and subsequently declines. The matrix crosslinked with 0.125 

roM glutaraldehyde exhibits a slow attainment of peak miosis 

response and a sustained plateau level for up to 2 hours. 

This period coincides with the biodegradation time of the 

device. 

The in-vivo results for the devices with the duration 

of crosslinking of 3 days are shown in figure 31. The simple 

gelatin matrix showed a rapid ascent and decline in miosis 

response. In contrast, the miosis response profiles 

following instillation of the two crosslinked gelatin 

matrices showed sustained plateau levels. The crosslinked 

gelatin matrix containing 0.025 mM of glutaraldehyde yielded 

a sudden peak response and a higher plateau level than that 

from the simple gelatin matrix. In contrast, following 

instillation of the crosslinked gelatin device with 0.125 mM 

crosslinker the peak miosis response was attained slowly and 

the response level was comparable to that from the simple 

gelatin matrix. The miotic effect profile from this device 

showed a sustained plateau level for up to 3 hours. The 

device biodegraded within 4 hours. 

A comparison of figure 31 with figure 30 indicates that 

all the systems showed an improvement in in-vivo performance 

with an increase in crosslinking period. This trend is 
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consistent with that expected from the in-vitro data, i.e., 

slower release with increased duration of crosslinking and 

corresponds with an increase in ocular retention time 

(biodegradation time) for the matrices. 

Assessment of in-vivo effIcacy 

The in-vivo release profiles for the six systems 

studied were compared on the basis of two quantitative 

parameters, the area under the miosis response versus time 

curve (AUC), and duration of miosis response (a minimal 

pupiliary constriction of 1 mm). The results are shown in 

figures 32 and 33, respectively. 

As indicated in figure 32, the two crosslinked gelatin 

systems yielded higher AUCs than the simple gelatin matrix. 

The instIllation of the device crosslinked with 0.125 roM of 

glutaraldehyde over a duration of 3 days resulted in 

pilocarpine bioavailability 1.7 times that from a similar 

device containing 0.025 mM crosslinker and 2.6 times that 

from the simple gelatin matrix. For each device, there was 

an increase in AUC with a higher degree of crosslinking 

resulting from an increased duration of crosslinking, as 

expected from the in-vitro data. A 35 % increase in 

bioavailability was observed in the case of the device 

containing 0.125 mM of crosslinker. 

Figure 33 illustrates the duration of miosis response 

achieved with the six devices. As indicated in the bar 

diagram, the duration of effect increases with an increase 



in the amount 

crosslink ing. 

glutaraldehyde 

of crosslinker used and the duration 

The system crosslinked with 0.125 

over a duration of 3 days showed a 35 
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mM 

% 

increase in duration of miotic effect over the device with a 

crosslinking time of 1 day. This corresponds with the 

biodegradation times for the two devices of 2 hours and 4 

hours, respectively. The duration of miotic effect obtained 

from this device was 1.7 times that from the corresponding 

device containing 0.025 mM of crossl1ker and 2.5 times that 

from the simple gelatin matrix. These results are comparable 

with the extent of improvement in bioavailability calculated 

earlier. 

CONCLUSIONS 

Modification of the structure of 

crosslinking the macromolecular chains with 

gelatin by 

glutaraldehyde 

is a simple and effective way of improving bioavailabil1ty 

and extending the duration of effect of pilocarpine 

incorporated in the biopolymeric device. In addition, 

altering the degree of crosslinking of gelatin by changing 

either the amount of crosslinker or the duration of 

crosslinking allows for a variation of the biodegradation 

time of the polymer. The use of crosslinked gelatin devices 

results in an improvement in biological activity of 

pilocarpine over that from the simple gelatin matrix. The 

device crosslinked with 0.125 milll-moles of glutaraldehyde 

over 3 days produces a delay in time to peak without any 
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alteration of the peak miosis intensity concurrent with a 

substantial improvement (2.6-fold) in bioavailability, 

indicating its ability to control the release of 

pilocarpine. All other crosslinked gelatin devices 

investigated in this study produce an increase in peak 

miosis intensity but no change in peak time suggesting that 

the release from these devices is uncontrolled and that the 

improvement in bioavailabil1ty is due to their improved 

retention in the conjunctival sac. 
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