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ABSTRACT 

The objective of this research project is to develop an ocular insert for the 

systemic delivery of insulin. Insulin was delivered by a Gelfoam®-based device. All 

formulations were evaluated for their ability to lower blood glucose concentrations in 

rabbits. Device removal and flow-through methods were used to investigate the in 

vivo and in vitro release of the insulin device. 

Results indicate that the proposed ocular device with an enhancer gives a 

uniform blood glucose reduction for up to 10 hours. The efficacy of the proposed 

device can be greatly improved by treating the gelatin sponge with either 5% acetic or 

1% of HCI acid solutions. The improvements include: the elimination of enhancer and 

an up to 5-fold reduction of the dose of insulin with comparable efficacy to that 

produced by the devices containing an absorption enhancer. Based upon the data from 

both in vivo and in vitro dissolution studies, the prolonged activity of insulin is due to 

the slow release of insulin from the device. 

Overall, the proposed Gelfoam®-based ocular device provides uniform 

prolonged insulin activity for up to 10 hours. The device can be manufactured in a 

relatively simple way and the ingredients required are inexpensive. The information 

provided by this project may lead to a major contribution to the treatment of diabetes 

as well as to ophthalmic drug delivery in general. 
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CHAPTER 1. BACKGROUND 

Diabetes Mellitus 

Diabetes mellitus (DM) is a chronic disease caused by a deficiency of insulin, 

which is the only hormone responsible for lowering the blood glucose concentration in 

body. (Becan-McBride, 1985) Interestingly, the first clinical manifestation of insulin 

deficiency is hyperglycemia due to increased hepatic glucose output (glycogenolysis 

and glyconeogenesis) and to reduced glucose uptake fi^om peripheral cells. Without 

immediate treatment, hyperglycemia produces several acute clinical syndromes such as 

thirst, polyuria, weight loss, and fatigue. (Ammon et aL, 1996) If undiagnosed, the 

patient develops ketonemia and then ketoacidosis which produces nausea, vomiting, 

diabetic coma and, ultimately, death. (Becan-McBride, 1985) 

Lacking an appropriate long-term treatment, hyperglycemia will develop and 

produce several long-term complications such as heart and kidney diseases and 

blindness. (Santiago, 1986; Haas, 1993) The latter is die major cause of adult 

blindness in the United States. It should be noted that the U.S. government spends 

around 92 billion U.S. dollars per year for the diseases produced by diabetes mellitus. 

(Diabetes Statistics, 1996) 

Based upon the patient's age at its onset, diabetes can be fiirther distinguished 

as insulin-dependent diabetes mellitus (IDDM) and non-insidin dependent diabetes 
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melUtus (NIDDM). The IDDM, also known as type I or juvenile-onset diabetes, 

occurs most commonly in people younger than 40 and is characterized by loss of p-

cells of the pancreas with eventual absence of insulin in the circulation. (Ganong, 

1989; Kahn and Shechter, 1991) Due to the lack of insulin, EDDM patients require an 

exogenous insulin supply throughout their lifetime to survive. On the other hand, the 

NIDDM, also known as type II or maturity-onset diabetes, often occurs in people who 

are over 40 and is characterized by prolongation of the insulin response to elevated 

blood glucose concentrations. Since NIDDM patients are able to produce insulin, 

hyperglycemia can usually be treated by dietary regulation and with oral hypoglycemic 

agents as well as by insiilin injection. (Ganong, 1989; Kahn and Shechter, 1991; 

Pillion ef a/., 1991) 

Insulin 

Insulin, an anabolic hormone, is produced, stored, and secreted by the islet P-

cells of Langerhans of the pancreas. (Blimdell et al., 1972b; Waldhausl, 1986; 

Galloway and deShazo 1990; Chien, 1996) It is assimied that insidin is naturally 

stored as a 2^2-insiilin6 hexamer. (Steiner, 1977; Emdin et al., 1980) After release 

from the pancreas, instilin circiilates in the blood as the zinc-free monomer, which is 

most likely the biologically active form of insulin. (Bltmdell et al., 1972a; Bi et al., 

1984; Brange et al., 1990) The secretion of insulin by the pancreas is regulated by 
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several factors, of which elevated glucose concentration is the most important. 

(Waldhausl, 1986; Pillion et al., 1991; Kahn and Shechter, 1991) Insulin is released in 

a pulsatile fashion that depends upon the physical condition and the diet of each 

individual. In the fasting state, the hormone is released at a rate of approximately I 

unit (0.04 mg) per hour. (Eaton et aL, 1980b; Waldhausl, 1986; Kahn and Shechter, 

1991) After meal ingestion, the rate of secretion increases sharply by 5- to lO-fold. 

However, nearly 50% of the insulin released into the portal vein is eliminated by the 

liver. (Eaton et al., 1980b; Waldhausl, 1986; Txmiheim and Waldhausl, 1988; Kahn 

and Shechter, 1991) Overall, a healthy man produces between 18 to 40 imits (0.7 to 

1.6 mg) of insulin per day. Approximately one-half of this is secreted in the basal state 

and about one-half in response to meals. (Eaton et al., 1980b; Polonsky and 

Rubenstein, 1986) 

While it is well known that the physiological fimction of insulin is to maintain 

an approximately constant blood glucose concentration during both fasting and feeding 

(Scheen and Lefebvre, 1996), the exact mecham'sm of its action is not fully 

understood. It is known that insuUn can act on the liver by inhibiting gluconeogensis, 

glycogenolysis, and acceleration of the conversion of glucose into glycogen as well as 

on peripheral cells such as muscle cells by stimulating glucose uptake and utilization. 

It has also been found that orally administered insulin can act on the GI tract by 

inhibiting peristalsis, digestion, and absorption of glucose. (Williams and Saffian, 

1996) 
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Insulin has a molecular weight of 5700 to 6000 daltons and it consists of 51 

amino acids in two polypeptide chains designated as A and B. The A chain consists of 

21 amino acid residues and the B chain consists of 30 amino acid residues. The chains 

are connected by three cysteine linkages located at A7-B7, A20-B19, and Ae-Ai 1 to form 

a bicyclic system. (Adams, etal., 1969; Blimdell et aL, 1972; Hodgkin, 1972; Olsen et 

al., 1996) In mammals, the differences in the amino acid composition of insulin varies 

from 1 to 4 amino acids which could be Ag, A9, Aio and B30. (Waife, 1970) The 

primary structure of human insulin is shown in Figure LL 

I I 
Gly-Ile-Val-Glu-Gln-Cys-Cys-Thr-Ser-IIe-Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn 

1 I 
Phe-Val-Asn-Gln-His-leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-

Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr 

Figure LL Primary structure of human insulin. (Waife, 1970) 

Insulin has 16 ionizable groups, which include 6 positive and 10 negative 

charged residues, and it has both polar and non-polar amino acids, hisulin exists as a 

monomer only at concentrations lower than 0.1 |iM (~0.6 ^g/mL), dimerizes at higher 

concentration, and hexamerizes at concentrations > 0.0 ImM in the pH range 4-8 and 

in the presence of zinc ions. (Binder and Brange, 1997) The concentration of insulin 

from marketed products ranges from 40 to 100 lU/mL (~ 0.15 to 0.6 mM) and all of 
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the insulin is associated as a hexamer. The most commonly available commercial 

insulin preparations are listed in Table l-l. 

Table 1-1. Properties of insulin preparations for subcutaneous injection 
Type Added Zinc content Action time (hours)^ Type 

protein (mg/lOOU) Onset Peak Diuration 
Rapid 

Regular none 0.01-0.04 0.3-0.7 2-4 5-8 
Semilente none 0.2-0.25 0.5-1.0 2-8 12-16 

Intermediate 
NPH Protamine 0.016-0.04 1-2 6-12 18-24 
Lente none 0.2-0.25 1-2 6-12 18-24 

Slow 
Ultralente none 0.2-0.25 4-6 16-18 20-36 
Protamine Protamine 0.2-0.25 4-6 16-18 24-36 

zinc 
These number will be different from patient to patient. (Kahn and Shechter, 1991) 

Depending upon the pH, temperature, ionic strength, concentration, 

counterions, and complexation agent, insulin changes physicochemically in terms of 

self-association, solubility, and stability. (Klostermeryer and Humbel, 1966; Brange et 

al., 1987, 1991, 1992,1993, 1997a; Gursky era/., 1992; Hill era/., 1991; Oliva et al., 

1996) For example, protamine, a highly basic protein isolated from fish sperm nuclei, 

is commonly used as a complexation agent to lower the solubility of insulin for the 

prolongation of the duration of activity of insulin preparations. (Hagedom et al., 1936; 

Scott and Fisher, 1936) These properties along with the pulsatile-like secretion of 

insulin make it difficult for scientists to formulate an insulin dosage form that can 

mimic the natural systemic secretion of insulin. 
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Treatment of Diabetes Mellitus 

Unfortunately, the oral route is not feasible for the administration of insulin 

due to extensive enzymatic degradation in the gut and the low permeability of the 

gastrointestinal mucosa to insulin. (Banga and Chien, 1988; Harris and Robinson, 

1990; Pillion et al., 1991) To avoid diese barriers, insulin is most commonly 

administered by subcutaneous injection. Although insulin injected into the blood 

stream is indistinguishable from endogenous secreted insulin, this route has several 

drawbacks. 

The absorption rate of insulin following self-injection is unpredictable. 

(Brunetti and BoUi, 1997) After injection, insulin forms a depot at die injection site. 

Followed by dissolution, disassociation, and diffusion, insulin is absorbed into the 

circulation as a dimer and possibly as a hexamer. (Pickup and Williams, 1997; Brange 

et al., 1990) The different insulin preparations shown in Table 1-1 give different 

dissolution and disassociation rates which fiirther alter the diffiision and absorption 

rates. 

The absorption rate of insulin will also differ when it is injected 

subcutaneausly into different tissues. The abdominal wall gives the fastest absorption 

followed by the dorsal arm, buttock, and anterior thigh. (Galloway et aL, 1981; Berger 

et aL, 1982; Binder et aL, 1984; Meijer et al., 1989; Pickup and Williams, 1997) 

Additionally, the physical condition of the patient, as well as exercise and massage at 
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the injection site will change the overall absorption rate of insulin. (Berger et ai, 1982; 

Ferrannini et al., 1982; Binder et al., 1984; Pickup and Williams, 1997; Brunetti and 

Bolli, 1997) Consequently, the overall absorption rate of insulin from subcutaneous 

injection is unpredictable and the glycemia level cannot be easily controlled in a 

satisfactory range. 

It generally takes, on average, three to four insulin injections per day for 

adequate control of glucose. The diabetes patients treated by subcutaneous insulin 

injection are suffering not only interrupted life quality by multiple daily injections, but 

also, most importantly, high intra-day glycemia variations. (Galloway et at., 1981; 

Brunetti and Bolli, 1997) It is also difficult for young and elderly patients to self-

administer insulin, and sometimes an overdose may be administered. Overdosing, 

delay of absorption of insulin via self-injection, or forgetting to consume food after 

receiving insulin injection can cause a fatal insulin shock. It has been reported that in 

the U.S., one out of 20 cases results in the patient's death because the patient is alone 

and unable to get medical help. (Chiuo et ai, 1991) 

Because of these drawbacks associated with subcutaneous injection of insulin, 

the compliance of diabetes patients is low (Pickup, 1991) and thus, their glycemia 

level is poorly controlled. Due to the uneven glucose levels, diabetics commonly 

develop long-term complications such as heart and kidney diseases and blindness. 

(Diabetes Statistics, 1996) 
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To alleviate problems associated with multiple daily injections, an insulin 

infusion pump has been introduced, (Pickup et al., 1978; Irsigler and Kritz, 1979; 

Tamborlane et aL, 1979; Albisser et al., 1979; Prestele et al., 1980; Buchwald et al., 

1980; Irsigler et aL, 1981; Schade et aL, 1982) While the infusion of insulin can 

supply insulin continuously for a prolonged period of time, this means of insulin 

delivery is limited by not only the stability of insulin formulation but also its safety 

and cost. (Buchwald ef a/., 1980; Lougheed er a/., 1980, 1983; Eaton, 1980a; James et 

aL, 1981; Pietri and Raskin, 1981; Levandoski et aL, 1982; Feingold et aL, 1984) 

Also, many alternative non-invasive routes: rectal, (Ichikawa et aL, 1980; Aungst et 

aL, 1988a, 1988b, 1994) vaginal, (Ortega-Corona er a/., 1989; Richardson ef a/., 1992a, 

1992b) buccal, (al-Achi and Greenwood, 1993; Oh and Ritschel, 1990a, 1990b; 

Aungst et aL, 1988a, 1988b, 1994) transdermal, (Meyer et aL, 1989; Tachibana and 

Tachibana 1991; Kari, 1986) pulmonary (Sakr, 1992; Liu et aL, 1993) and nasal, 

(Hirai et aL, 1978, 1981a, 1981b, 1981c; Pontiroli et aL, 1982; Longenecker et aL, 

1987; Aungst et aL, 1988a ,1988b, 1994; Bjork and Edman, 1988, 1990; Nolte et aL, 

1990; Sanchez et aL, 1991; Maitani et aL, 1992, 1995; Pillion et aL, 1994a, 1995; 

Takenaga et aL, 1998; Ilium and Davis, 1992) have been studied for the systemic 

delivery of insulin. However, acne of these routes have achieved an acceptable level 

of practical utility. (Galloway and Chance, 1994) 

The nasal deUvery of insulin, along with, absorption enhancers, is considered to 

be the most promising non-invasive route because it gives a fast onset of blood 
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glucose lowering, similar to that from intravenous injection of insulin. (Gizurarson and 

Bechgarrd, 1991; Merkus et al., 1996) This advantage has encouraged the study of 

insulin delivery from the ocular route which also has its major absorption site located 

in the nasal cavity. (Yamamoto et al., 1989) 

Principle of Ophthalmic Insulin Delivery 

The principle of systemic insulin delivery via the ocular route is to utilize the 

dynamics of the lachrymal system to gradually deliver the drug to the nasal meatus 

which is the systemic absorption site of insulin. (Yamamoto et al., 1989; Pillion et al., 

1991) Figure 1-2 shows a simplified anatomy of the lachrymal system. This system, 

basically, consists of lachrymal glands which secrete tears, upper and lower eyelids 

which distribute the tears, and lacrimal puncta and ducts, which carry the tears to the 

nasal and pharyngeal regions. (Hurwitz, 1996) 
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Lachmai Punctum 

Lacrimal Duct 

^2 

Upper Meatus 
Middle Meatus 
Lower Meatus 

Nasal Cavity 

Lacrimal Gland 

Lacrimal Duct 

Lacrimal Punctum 

Lower / 
Conjunctival Sac 

Nasolacrimal Duct 

Figure 1-2. Anatomy of lachrymal apparatus. 

After being secreted by the lachrymal glands, tears are distributed over the eye 

and collected in the lower conjunctival sac by the aid of the blinking action of the 

eyelids. From the lower conjimctival sac, the fluid is drained into the lachrymal sac 

through the pimcta and the lachrymal duct. Blinking promotes drainage by producing 

a negative pressure just inside the punctum, while the capillary effect in the lachrymal 

duct assists this movement into the lachrymal sac. Fluid from the lachrymal sac passes 

through the nasolachrimal duct which, empties into the inferior nasal meatus. The 

latter normally functions to warm and humidify inhaled air before it reaches the limgs. 
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Drugs dissolved in tears are expected to be absorbed into the systemic circulation from 

this highly vascular area. (Yamamoto et ai, 1989) 

Normally, this system produces and drains tears at a constant rate to maintain 

the residence volimie of tears in the lower conjunctival sac at approximately 7 i^L at all 

times. (Chrai et al., 1973; Lee and Robinson, 1986) The normal turnover rate of tears 

is approximately constant at 16% per minute. (Maurice, 1966) If a foreign substance 

is instilled into the lower conjunctival sac, the lachrymal system may increase its tear 

production and clearance rate to eliminate the foreign substance by draining it into the 

nasal cavity. Blinking to expel the foreign substance also increases. (Mitra, 1993; 

Bartlett et aL, 1994a) 

Development of Ophthalmic Insulin Delivery 

The systemic delivery of an insulin solution through the ocular route has been 

extensively studied in rats, (Pillion et aL, 1991, 1994b, 1995) rabbits, (Cristie and 

HanzaL, 1931; Yamamoto et aL, 1989; Chiouera/., 1989a, 1989b 1990, 1991, 1993; 

Sasaki etaL, 1994,1995) cats, (Hopper er a/., 1991; Morgan, 1995) and dogs (Nomura 

et aL, 1990; Morgan and Huntzicker, 1996) as well as humans. (Bartlett et aL, 1994a, 

1994b) Most of the data reported indicate that a high concentration of absorption 

enhancer (surfactant, cyclodextrin, chelating agent, etc.) is required for the systemic 

absorption of insulin. Since the administration pattern of insulin given by 
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conventional eye drops Is pulse entry, it inherently has several pharmaceutical 

problems, such as short duration and low bioavailability. (Bartlett et al., 1994a, 1994b; 

Pillion et al., 1995; Morgan and Huntzicker, 1996) Also, the requirement of a high 

concentration absorption enhancer in the eye drop formulation may be associated with 

additional side effects. 

An insulin eyedrop is commonly administered into one eye as 25-50 jxL of a 

1% insulin solution containing 0.5-1% absorption enhancer. (Yamamoto et al., 1989; 

ChioM et al., 1989a, 1989b 1990, 1991, 1993; Sasaki ef a/., 1994, 1995) Because the 

administered formulation exceeds the volume, 7 yL, that can usually be held by the 

lower conjimctival sac, most of it is either lost by spillage (run-off out of the eye) or 

rapidly drained into the nasal meatus by the over-loaded lachrymal system. Insulin is 

ftuiher washed away from this absorptive region by additional tears and the 

unabsorbed insulin is swallowed and degraded in the gastrointestinal tract. It is 

understandable that the overall fraction and contact time of insulin in the nasal cavity 

is reduced and highly variable. The majority of data reported indicates that the 

duration of activity of insulin from an eyedrop is less than two hours and the 

bioavailability is less than 13%. (Brange and Langlqaer, 1997b) Thus, eyedrops have 

an unsatisfactory therapeutic efficacy. 

The other concern of eyedrop delivery of insulin is the use of absorption 

enhancers. It is well known that an absorption enhancer is the key determinant for the 

systemic absorption of insulin from an eyedrop. (Yamamoto et aL, 1989; Pillioa et al.. 
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1991; Chiouera/., 1989a, 1989b, 1990, 1991, 1993; Sasaki era/., 1994, 1995; Hopper 

et al., 1991; Morgan etai, 1995, 1996; Bartlett et al., 1994a, 1994b) Ordinarily, the 

amount of enhancer per dose of insulin eyedrop is approximately 250 fig. Depending 

upon the type of enhancer used, insulin eyedrops produce different blood glucose 

lowering profiles (Yamamoto et al., 1989; Pillion et al., 1991, 1994b; Chiou et al., 

1989b, 1991; Morgan et al., 1995,1996) that can vary from a spike of glucose 

reduction associated with potential insulin shock to a slight glucose depression 

associated with hyperglycemia after meal ingestion. Not only are the glycemia levels 

poorly controlled by eyedrops, but there is also no long-term toxicity data available for 

the use of absorption enhancers. Even though some short-term irritation studies have 

been performed by several research groups, the results reported regarding the toxicity 

of absorption enhancers are controversial. (Y amamoto et al., 1989; Chiou et al., 1993; 

Pillion et al., 1995; Morgan and Himtzicker, 1996) As result of the low and uneven 

bioavailability of insulin, poor glucose control, and potential problems with the 

absorption enhancer, eyedrops cannot be considered as a useful alternative to 

subcutaneous injection of insulin for the treatment of diabetes. 

It has been proposed (Yamamoto et al., 1989; Chiou et al., 1992) that the 

problems associated with ophthalmic solution delivery of insulin can be overcome 

through the use of an ocular device. The principle of systemic delivery of insulin firom 

an ocular device is similar to that of eyedrop delivery. After instillation in the lower 

conjxmctival sac, the device absorbs tears and the dissolution of instilin takes place. 
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The dissolved insulin is either absorbed from the conjunctival sac or carried by the 

tears through the nasolacrimal duct to the inferior nasal meatus. Once insulin reaches 

the nasal mucosa, it is either absorbed into the systemic circulation or swallowed into 

the GI tract. However, the eye device can rest in the conjunctival sac for a longer 

period of time than eyedrops and the contact time of insulin with its absorption site is 

extended significantly. It is worth noting that contact time has been considered as the 

most important parameter for ophthalmic drug delivery. (Harris and Robinson, 1992; 

Maitani et aL, 1997) 

Since the ocular device will rest in the lower conjtmctival sac for a long period 

of time, a good candidate eye device should meet several pharmaceutical requirements. 

These include sterility, stability, and compatibility with both conjimctival tissue and a 

variety of drugs or excipients, comfort, ease of installation, and noninterference with 

vision. (Bawa, 1993) A suitable device also should be removable if desired and either 

bioerodible or biodegradable. The latter obviates the need for removal of the device at 

the end of its therapeutic use. A number of polymers have been used as ocxilar inserts. 

(Lee and Robinson, 1986; Robinson and Lee 1987; Wood, 1980; Rosoff, 1989; 

Kuwano, et aL, 1997; Katz and Blackman, 1977; Gelatt et aL, 1979; Aiache et aL, 

1997; Friedberg ef a/., 1991 Gertler ef a/., 1995a, 1995b; Merklietal., 1995) Among 

them, gelatin, is the one that has been successfiilly utilized to develop the ocular 

delivery for pilocarpine, melanotan H, and insulin in rabbits by these research 
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laboratories. (Nadkarini, 1990; Nadkami and Yalkowsky, 1993; Pinsuwan er a/., 1997; 

Simamora e/a/., 1996a, 1996b, 1998; Leeefa/., 1997a, 1997b) 

In their studies, the absorbable gelatin sponge (Gelfoam®, Pharmacia & 

Upjohn Company) was utilized as a drug carrier and the size of all devices studied was 

smaller than 6 mm in diameter and 2 mm in height. Gelfoam® is used as a 

homeostatic agent for application to bleeding siurfaces such as nasal, rectal, and 

vaginal mucosa as well as internally during sxurgery. It is a water-insoluble, 

biocompatible, pliable product prepared from purified pork skin gelatin USP granules. 

Once it swells, Gelfoam can hold approximately 45 times its weight in water. 

(Physicians Desk Reference, 1993) When it absorbs tears it becomes very soft and 

very pliable which is important in making it comfortable in the eye. Also, Gelfoam is 

biodegradable and thus does not have to be removed from the conjunctival sac at the 

end of the dosing period. 

Nadkami (1990) and Simamora et al. (1998) used Gelfoam® for delivering 

pilocarpine to the eye. They showed that a Gelfoam® insert produces both prolonged 

and efficient mitosis in rabbits. Pinsuwan et al. (1995, 1997) demonstrated that 

Gelfoam® is an excellent vehicle for the systemic delivery of melanotaa H, a cyclic 

heptapeptide. More recently, Simamora et aL (1996a, 1996b) confirmed that 

Gelfoam® is a usefiil eye insert in the systemic delivery of sodiiun bovine insulin to 

rabbits. The results show that the Gelfoam device gives a fairly short onset time of 
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less than one hour. They also show that Gelfoam can improve the relative 

bioavailability, defined as total area above the blood glucose suppression curve, 5-folci 

and prolong the duration of activity 10-foId over eyedrops. As in the case of eyedrops, 

Brij-78, (polyoxyethylene-20-stearyl ether) an absorption enhancer, is a key 

requirement for the systemic absorption of insulin from the eye. Because it is not 

immediately washed away, the dose of enhancer in the device is only one-tenth (20 jig) 

of the amount commonly used in eyedrops (250 (ag). 

The fabrication of drug-loaded Gelfoam devices was reported to be relatively 

simple. They are well tolerated by rabbits and produce no signs of physical irritation 

e.g., redness, lachrimation, or restlessness during the experimental period. Over all, it 

can be concluded that Gelfoam is a potential drug carrier for either systemic or local 

drug delivery via the ophthalmic route. In addition, the use of Gelfoam as a drug 

carrier gives a continuous therapeutic effect which may be useful for the treatment of a 

ntunber of conditions such as glaucoma and blepharitis. 

Aims 

Since the results from the ocular delivery of insulin are encoiuaging, it is 

important to study the release rate of insulin from the device as well as the effect of the 

enhancer on the absorption of insulin. The overall objective of this study is to 

determine these pharmaceutically significant parameters by delivering insulin via 
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ocular devices in rabbits. The following studies have been performed to accomplish 

the aims of this research: 

1) Evaluation of the effect of the dose of insulin and absorption enhancer on the blood 

glucose lowering 

2) Formulation of an enhancer-free eye device for the systemic delivery of insulin 

3) Elucidation of the mechanism of absorption of insulin via an enhancer-free eye 

device 

4) Definition of the dissolution rate of insulin from the eye device 

Other Pharmaceutical Considerations of Ophthalmic Insulin Delivery 

Selection of absorption enhancer 

A ntmiber of absorption enhancers (e.g., surfactant, cyclodextrin, chelating 

agent, etc.) have been investigated in the ocular delivery of insulin but none of them 

have long-term toxicity data available. (Pillion et al., 1995) Despite this, Brij-78, an 

nonionic surfactant, has shown no irritation for three months in the peripheral tissue of 

die eye of rabbits (Chiou et al., 1993) and it gives fairly good enhancement of insulin 

absorption. Thus, Brij-78 was chosen as the enhancer in this research project. 
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Enzymatic degradation of ocularly or nasally delivery of insulin 

For prolonged delivery, the insulin device will stay in the lower conjunctival 

sac for more than 10 hours and insulin will be absorbed into the systemic circulation 

via that site and the nasal mucosa. The activity of peptidases, found in both 

conjunctival and nasal mucosa, are of concern for the pre-systemic degradation of 

insulin. Fortunately, the in vivo studies performed by Bechgaard et al. (1991) and 

Chiou et al. (1989a) and in vitro studies performed by Hayakawa et al. (1992) have 

shown that peptidases have no effect on the systemic absorption of insulin. These data 

eliminate the concern of insulin degradation in the ocular delivery route. 

Model animal 

The New Zealand white rabbit is used as a model animal because its lachrymal 

system is relatively close to its human counterpart. Table 1-2 compares the lachrymal 

apparatus of the human and the rabbit. (Lee and Robinson, 1986) 

Table 1-2. The lachrymal apparatus of htunan and, rabbit 
Eluman Rabbit 

normal lacrimal volimie 7.0 IJ: 7.5 ^iL 
pH of tear 7.4 7.4 
tumoverrate l.O joL/min -0.5 nL /min 
blinking frequency 15-20 times/min 2-5 times/min 

As can be seen in the table, the precorneal characteristics of the rabbit eye are 

similar to those of the human eye. (Chrai et aL, 1973) The volume and pH of tear 

fluid in the rabbit eye are also comparable to those of human eyes. On the other hand. 
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the rabbit has a slower tear volume turnover rate and slower blinking rate than the 

human. Due to this, a topically instilled formulation would be retained somewhat 

longer in the precorneal area of the rabbit and thus, would prolong drug absorption. 

It is mandated by the FDA that all insulin preparations must have 

hypoglycemic tests performed in a conscious rabbit. (U.S. Pharmacopeia, 21st Rev., p 

1180, 1985) Furthermore, rabbits have been used in numerous eye drop insulin 

delivery studies from which the reported data can be utilized for the comparison of 

efficacy. (Yamamoto er a/., 1989; Chioue^a/., 1989a, 1989b 1990, 1991, 1993; Sasaki 

et aL, 1994, 1995) Along with these important reasons, there are also several 

advantages for using the rabbit as a model animal; they are easy to handle, sufficient 

blood can be withdrawn for assay, and they have a high siurvival rate which allows a 

long-term and inexpensive crossover study. (Burstein and Anderson, 1985) 

Assessment of the efScacv of insulin from the ocular device 

The systemic absorption of ocularly delivered insulin can be quantitated either 

by measuring the plasma concentration of insulin (Clark and Hales, 1994) or by direct 

monitoring of the pharmacological response, i.e., blood glucose lowering. Since the 

goal of the treatment of diabetes by giving insulin is to maintain constant blood sugar 

levels, the measiurement of this parameter would be the most relevant to therapy. 

Because of its simplicity and the ease of obtaining commercially standardized kits, the 

blood glucose concentration as a measurement of the activity of insulin has been used 
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to evaluate several insulin eyedrop formulations by many research groups. (Pillion et 

al., 1991; Sasaki et al., 1994, Aungst et al., 1988a, 1988b; Liu et aL, 1994; Yamamoto 

et a/., 1994) Therefore, the hypoglycemic response of rabbits is used to assess the 

relative efficacy of the ocular insulin delivery systems throughout this research project. 

Assessment of the dissolution of insulin from the ocular device 

The dissolution is a pharmaceutically important factor in terms of the efficacy 

of solid formulation because the in vivo absorption can occur only after dissolution 

occurs. (Melia and Davis, 1989) It should be acknowledged that there are currently no 

suitable dissolution models which can simulate the dynamics of the lachrymal system. 

In order to obtain this significant parameter, both in vitro flow through (Grass et al., 

1984) and in vivo device removal methods (Sasaki et al., 1993) are applied to evaluate 

dissolution. 
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CHAPTER H: EVALUATION OF THE EFFECT OF THE DOSE OF INSULIN 

AND ABSORPTION ENHANCER ON BLOOD GLUCOSE LOWERING 

Introduction 

The most commonly used route of administering insulin to Type I diabetics and 

some Type II diabetics is subcutaneous injection. Self-injection of insulin is difficult 

for young and elderly patients as well as for newly diagnosed diabetics. It is also 

subject to a great deal of intra- and inter-subject variation, and can sometimes produce 

insulin shock. Due to these drawbacks, it is necessary to find a non-invasive pathway 

which can give uniform absorption rates for insulin. 

Recent reports (Yamamoto etal., 1989, 1994; Chiou etal., 1991, 1993; Pillion 

et al., 1991, 1995; Morgan, 1995; Bartlett et aL, 1994a, 1994b; Sasaki et al., 1994) on 

non-invasive insulin delivery have focused on the instillation of insulin eyedrops. The 

pharmaceutical aspects of these eyedrops such as: the absorption site for insulin, 

(Yamamoto et al., 1989) the role of absorption enhancers, (Yamamoto et al., 1989, 

1994; Chiou et aL, 1991, 1993; Pillioa et aL, 1991, 1995; Morgan, 1995; Bartlett et 

aL, 1994a, 1994b; Sasaki et aL, 1994) and the correlation between its 

pharmacokinetics and pharmacodynamics (Yamamoto et aL, 1989, 1994) have been 

well established. The latter allows scientists to easily quantitate the release of insulin 

by monitoring the changes in blood glucose levels. Unfortunately, insulin eyedrop 
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formulations produce a short duration of insulin activity with low and highly variable 

bioavailability. It has been proposed (Yamamoto et al., 1989; Chiou, 1991) that these 

problems can be overcome through the use of an appropriate ocular insert. 

There are a number of vehicles that can be used in ocular inserts. (Wood, 1980; 

Rosoff, 1989; Langer, 1980) The ideal vehicle should be biocompatible, 

biodegradable, easily removable, comfortable, stable, sterilizable, inexpensive, and 

applicable to a variety of drugs. The Gelfoam® absorbable gelatin sponge is a medical 

device intended for application to bleeding surfaces as a hemostatic. (Physicians Desk 

Reference, 1993) It is biocompatible, physically and chemically stable, sterilizable 

and relatively inexpensive. Furthermore, it is compatible with insulin and most other 

drugs. Although Gelfoam® does not dissolve in water, it absorbs several times its 

weight of water (or tears) and it becomes soft and pliable. This is an important factor 

in making it comfortable in the eye. This sponge is biodegradable and thus will not 

have to be removed from the conjunctival sac at the end of the dosing period. 

However, the device can be easily removed at any time if desired. 

Nadkami (L990) and Simamora et al. (1998) used Gelfoam® for delivering 

pilocarpine to the eye. He showed that a Gelfoam® insert produces both prolonged 

and efficient miosis in rabbits. Pinsuwan et al. (1995, 1997) showed that Gelfoam® is 

an excellent vehicle for systemic delivery of melanotan U, a cyclic heptapeptide. 

Recently, Simamora et al. (1996a; 1996b) demonstrated that Gelfoam® is a usefiil eye 
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insert in the systemic delivery of sodium bovine insulin to rabbits. They showed that 

the absorption rate of insulin from an eye device into the systemic circulation is slower 

and of longer duration than from eyedrops. The objective of this report is to evaluate 

the dependence of the pharmacological response (blood glucose lowering) on the 

amoimt of the absorption enhancer, Brij-78, in the device. 

Materials and Methods 

Materials 

Gelfoam® (absorbable gelatin sponge, USP, size 100) was obtained from the 

Pharmacia & Upjohn Company (Kalamazoo, MI). Sodium bovine insulin (26.0 

lU/mg) was purchased from Calbiocfaem Corporation (La Jolla, CA). 

Polyoxyethylene-20-stearyl ether (Brij-78) was obtained from Aidrich Chemical 

Company (Milwaukee, WI) and used as an enhancer. A blood glucose monitoring 

system (ONE TOUCH® BASIC™) was obtained from Lifescan Company (Mountain 

View, CA.) All other solvents and chemicals were of reagent or HPLC grade and were 

used as received from commercial suppliers. 
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Fabrication of the insulin delivery systems 

Eyedrops: Insulin eyedrop formulations were prepared by dissolving either 

0,5 mg or 1.0 mg of sodiimi insulin along with 20 |ag of Brij-78 in a 30 (xL fresh 

distilled filtered water. 

Gelfoam Devices: A Gelfoam disc of approximately 6 nmi diameter and 2 

mm height was punched from a slab of Gelfoam sponge with a hole punch and 

accurately weighed using a Mettler (Model AE163) analytical balance. Devices 

containing different amounts of sodium insulin and Brij-78 were prepared according to 

the procedure described earlier. (Simamora et al., 1996b) A known amount of sodium 

insulin together with Brij-78 were dissolved in 30 joL of a solution of 30% (v/v) 

ethanol in water. The mixture was placed on the Gelfoam disc with a Pipetteman 

pipettor and sorbed into the Gelfoam disc. The wet matrices were dried under vacuiun 

for at least 72 hours. The dried matrices were weighed to verify their content. There 

is a 0.02 mg standard deviation of insulin in the devices and insulin remains intact up 

to 30 days. (Lee et al., 1996b) 

In vivo evaluation 

Animals: New Zealand white male rabbits (Myrtle's Rabbitry, Inc., 

Thompson Station, TN) of approximately equal weight (3.0 kg) were used in the in-

vivo experiments. Each experiment was performed in three rabbits, except the device 

containing 1.0 mg insulin with 50 |a.g Brij-78, which was performed in two rabbits. 
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All animals were fasted overnight prior to the experiment and during the experiment. 

They were neither anaesthetized nor restrained throughout the experiment. 

Dosing: For instillation of the delivery systems, the lower eyelid was pulled 

slightly away from the globe and either the solution or the eye device was instilled in 

the center of the lower conjxmctival cul-de-sac with care to avoid direct contact with 

the eye. Eyedrops were delivered from a Pipetteman pipettor using a plastic 

disposable pipette tip. The lower eyelid was returned to its normal position 

immediately following instillation of either eyedrops or the eye device. The baseline 

response values for the device were obtained by instilling a placebo containing Brij-78 

(20 (ig) alone. 

Sampling Procedure; The baseline glucose level was first determined prior to 

the instillation of the devices. After instillation, approximately 3 drops of blood was 

collected from the marginal vein of ear at predetermined time intervals. 

Blood glucose assay: One drop of the fresh blood sample was carefrilly 

applied onto a ONE TOUCH® test strip containing glucose-sensitive reagents. The 

intensity of the blue color formed correlates with concentration of glucose in the blood 

sample. The color was quantitated by ONE TOUCH® BASIC™ blood glucose meter, 

which gives a reading of glucose concentration (mg/dL) in the blood. This type of 

blood glucose analyzer can determine blood glucose concentrations in the range of 0-

600 mg/dL with a ± 3% precision. 
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Statistical analysis of data: Student's t-test was utilized for paired data and a 

p-value of 0.05 or less was considered significant. 

Emergency treatments: The study was terminated if the blood glucose 

concentration of the subject is lower than 40 mg/dL which represents hypoglycemia. 

The eye device was removed and glucose was administration orally. 

Results 

Although the device is well tolerated by rabbits, animals blinked several times 

immediately after the dry device was instilled. The blinking stopped after about 4 

seconds when the device becomes hydrated. No other adverse effects were observed 

and no physical signs of irritation (e.g., redness and lachrimation) were observed 

during the experiment. Because of biodegradation or bioerosion, the Gelfoam devices 

were not foimd in the cul-de-sac after the second day. 

The blood glucose lowering versus time profiles for a placebo device, aa 

eyedrop solution containing 0.5 mg insulin and 20 jig Brij-78, and devices containing 

0.5 mg of insulin with 0 to 50 ^ig of Brij-78 are shown in Figure 2-1. It is clear that the 

instillation of an insxilin eyedrop results in a rapid decrease in the blood glucose level 

followed by a rapid return to normal. It should be noted that the shape and magnitude 

of blood glucose lowering profile produced by the eyedrop is similar to those of other 

studies. (Yamamoto et aL, 1989, 1994; Morgan, 1995; Lee et aL, 1996) As can be 
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seen in the figure, the devices with 0 and 10 |ag of Brij-78 produce little or no blood 

glucose lowering. On the other hand, devices with at least 20 [ig of Brij-78 produce a 

greater and more prolonged reduction in blood glucose than the eyedrop. The device 

with 50 ng of Brij-78 results in hypoglycemic symptoms at 4 hours post dosing in all 

subjects. 
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Figure 2-1. Meaa percentage of initial blood glucose concentrations after ocular 
instillation of 0.5 mg insulin delivery systems: eyedrop 1 (•), device with no Brij-78 
(A), device with 10 jag Brij-78 (O), device with 20 )ig Brij-78 (•), device with 30 |ig 
Brij-78 (•), and device with 50 |ig Brij-78 (x). Each value represents the average of 
three rabbits ± SD. 
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The results for the delivery systems containing I mg of insulin are shown in 

Figure 2-2. 
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Figure 2-2. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 1 mg insulin delivery systems: eyedrop 2 (H),device with no Brij-78 (A), 
device with 10 |ig Brij-78 (O), device with 20 ^ig Brij-78 (•), device with 30 ng Brij-
78 (•), and device with 50 ng Brij-78 (x). Each value represents the average of three 
rabbits ± SD, except the last formulation, which was carried out by two rabbits ± SD. 

As can be seen in the figure, the blood glucose lowering profiles for the 1 mg 

in«siilin delivery systems are qualitatively similar to 0.5 mg insulin delivery sj^tems. 

The devices with either 0 or 10 jxg of enhancer produce no blood glucose lowering 

while devices with 30 and 50 jig of enhancer restilt in hypoglycemia symptoms in 
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subjects at 4 and 2 hours, respectively. The formulation with 20 {ig of Brij-78 

produced a prolonged reduction in blood glucose without inducing hypoglycemia. 

Overall, from Figures I and 2, it is obvious that the Gelfoam devices can substantially 

increase and prolong the biological activity of insulin compared to the eyedrop 

formulations. It is also evident from these two figures that the reduced sugar levels 

resulting from the devices are maintained at a relatively uniform level. 

Figure 2-3 shows the blood glucose lowering versus time for the 2 mg insulin 

devices with 0, 10 and 20 |ig of Brij-78. The device without surfactant produces only 

mfnfmal blood glucose lowering. Interestingly, die devices containing 10 of Brij-

78 produce significant blood glucose lowering only after 6 hoiurs post insertion. One 

rabbit developed hypoglycemia after 8 hours of receiving the device while the blood 

glucose levels of the other two rabbits are only slightly reduced. On the other hand, 

the device with 20 |j.g of Brij-78 produces hypoglycemia at 3 hours postdosing. 
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Figure 2-3. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 2 mg insulin delivery systems: device with no Brij-78 (A), device with 
10 jig Brij-78 (O), and device with 20 (ig Brij-78(B).Each value represents the 
average of three rabbits ± SD. 

Summaries of the efficacy of the insulin delivery systems are tabulated in Table 

2-1. As in the previous report, (Simamora et aL, 1996b) the relative efficacies of the 

devices for lowering the blood glucose concentrations are indicated by two parameters: 

i) the area above the glucose concentration-time curve and below the placebo values 

(AAC) describes the bioavailability of insulin and ii) the time during which the blood 

glucose concentration (BGC) is below 80% of initial describes the duration of its 
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activity. A value of 80% of the initial blood glucose level was arbitrarily chosen as a 

reference point for the calculation of the duration of the response. 

Table 2-1. Summary of studies performed: sodium insulin devices with different 
amounts of Brij-78 

Area above the Duration of BGC < 80% 
hisulin Brij-78 curve (% h) of initial (h) mean ± SD 

Formulation (mg) (ug) mean ± SD 
Eyedrop 1 0.5 20 54± 12 0.5 ±0.1 
Device 1 0.5 0 59 ±59 0 
Device 2 0.5 10 65 ±83 0 
Device 3 0.5 20 405 ±25" 6.7 ±0.8" 
Device 4 0.5 30 425 ± 53 9.2 ± 1.9 
Device 5 0.5 50 Hypoglycemic 
Eyedrop 2 1.0 20 81 ±10" 0.9 ±0.3" 
Device 6 1.0 0 217 ±92 0 
Device 7 1.0 10 162 ±90 0 
Device 8 1.0 20 552 ±93^^ 10.2 ±0.4'^'= 
Device 9 1.0 30 Hypoglycemic — 

Device 10 1.0 50 Hypoglycemic 
Device 11 2.0 0 181 ±109 0 
Device 12 2.0 10 174 ±139 3.8 
Device 13 2.0 20 Hypoglycemia ~ 

Significantly different from the correspondign eyedrop formulations (p < 0.05). 
^ Significantly different from eyedrop 1 (p < 0.05). 
Significantly different from device 3 (p < 0.05). 

As shown in Table 2-1, the AAC and duration produced by device 3 are 

roughly 7 and 10 times greater than from eyedrop 1 even though they have the same 

amoimt of insulin (0.5 mg) and Brij-78 (20 ^g). In this 0.5 mg insulin device system, 

an increase of Brij-78 from 20 p.g (device 3) to 30 jig (device 4) results in no 

significant difference &r either AAC or duration. The other devices show either no 
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efficacy (device I and 2 containing 0 and 10 |xg of Brij-78, respectively) or 

hypoglycemia (device 5 containing 50 ^g of Brij-78). 

Similar results were observed for the 1 mg insulin delivery systems; device 8 is 

around 7 and 10 times more efficacious than eyedrop 2 in AAC and duration, 

respectively. Devices 6 and 7 containing 0 and 10 ng of Brij-78, respectively show no 

effect while devices 9 and 10 containing 30 and 50 ng of Brij-78, respectively, 

produce hypoglycemia. The 2 mg insulin delivery devices with no surfactant produce 

no useful effect while devices containing 20 [ig of Brij-78 produce hypoglycemia. In 

all cases, increasing either insulin or enhancer concentration consistently results in an 

increase in both AAC and the duration of blood glucose lowering. However, the 

relationships between these parameters and insulin concentration may not be linear. 

Several workers (Yamamoto et aL, 1989, 1994; Chiou et aL, 1991, 1993; 

Pillion et aL, 1991, 1995; Morgan, 1995; Bartlett et aL, 1994a, 1994b; Sasaki et aL, 

1994) have shown that absorption enhancers are necessary for delivering insulin via 

eyedrops, hi this experiment, the optimal amoimt of the enhancer (Brij-78) per device 

is evaluated. The results of blood glucose lowering at 2 hours after dosing with 0.5 

and 1 mg insulin devices versus the amount of Brij-78 are plotted in Figure 2-4. 
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Figure 2-4. Mean percentage of initial blood glucose concentrations after one and two 
hours of dosing the ocular devices with various amoimts of Brij-78: 0.5 mg insulin 
devices at one hour (x) and at two hours (H), L mg insulin devices at one hour (A), and 
at two hours (O), and the average of these four data sets (A). 

As can be seen in this figure, the efficacy of the devices improves with 

increasing Brij-78 concentration up to 20 |ig per device but does not significantly 

improve as the amount of enhancer is increased firom 20 |ag to 30 jig or 50 fig. 



45 

Discussion 

The results from this experiment agrees with previous studies (Yamamoto et 

al., 1989, 1994; Chiou ef a/., 1991, 1993; Pillion era/., 1991, 1995; Morgan, 1995; 

Bartlett et al., 1994a, 1994b; Sasaki et al., 1994) in that the systemic absorption of 

insulin through the eye is facilitated by the surfactant in the formulations. However, 

the amount of enhancer (20 |ag) is much less than in previous studies which required at 

least 250 )ag of enhancer per dose of eyedrop solution. 

ft is known that the absorption site for ocular insulin delivery is in the mucosa 

of the nasal cavity (Yamamoto et al., 1989) and the absorption mechanism could-

involve the enhancer modifying the mucosal surface as well as affecting the 

intracellular space. (Yamamoto et ai, 1989) Thus, the toxicity and the concentration 

of the enhancer are important concerns for chronic insulin administration. Chiou et 

a/.(l993) showed no iiritation in the peripheral tissue of eyes when 50 of 0.25 % 

insulin eyedrops containing 0.5 % of Brij-78 were instilled. In addition, Salzman et al. 

(1985) pointed out that 0.1 % of latareth-9 (polyoxyethylene-9 lauryl ether) in 

intranasal spray insiih'n was completely tolerated in all of the study subjects. On the 

other hand, some preliminary studies (Hirai et al., 1978, 1981c) regarding insulin 

intranasal systemic delivery have indicated that the absorption enhancer will irritate 

the nasal mucosa. For this reason, the low dose of Brij-78 in the Gelfoam devices for 

the ocular delivery of insulin could reduce the risk of nasal mucosa damage. 
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As can be seen from Table 2-1, devices containing appropriate amounts of 

Brij-78 (20 |ag) can significantly increase the efficacy of insulin delivery over the 

eyedrop formulations without producing hypoglycemia. To produce die same 

magnitude of AAC as the eye device, eyedrops need to be administrated at either a 

higher concentration associated with hypoglycemia or a higher frequency associated 

with a wide range of blood glucose fluctuation. The eye device provides a relatively 

uniform insulin absorption as well as maintaining the blood glucose level at a nearly 

constant value. In addition, the duration of the activity of insulin from the eye device 

systems can be up to 10 hours (10 times longer than eyedrop) which is as long as the 

conventional intermediate-acting NPH or Lente insulin treatment. Previous studies 

(Gizurarson and Bechgarrd, 1991; Merkus et ai, 1996) indicated that the intranasal 

delivery of insulin can mimic the post-prandial physiological insulin response rather 

than the subcutaneous treatment. Accordingly, it can be assiuned that the Gelfoam 

insulin delivery system gives the same duration of activity as an intermediate-acting 

subcutaneous treatment but is much closer to the physiological release model of 

instiHn. 

As stated earlier, the eye device can be removed from the eye if desired. Figure 

2-5 shows the blood glucose concentration profile before and after the removal of the 

eye device containing 0.5 mg of insulin and 30 ng of Brij-78. 
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Figure 2-5. Mean percentage of initial blood glucose concentrations after ocular 
instillation of a device with 30 |j.g Brij-78 is removed. Each value represents the 
average of three rabbits ± SD. 

In this figure, time zero is the time of device removal from the eye. As can be 

seen in the figure, the blood glucose concentration, after reaching a minimum value, 

returns to nearly 80 % of the initial value within 60 minutes. This kind of blood 

glucose response profile is similar to eyedrops (refer to Figures 1 and 2) and intranasal 

insulin delivery. (Moses et aL, 1983; Schipper et al., 1992) For the insulin eyedrop or 

intranasal delivery, it is difficult to stop insulin from entering the circulation after 

dosing. On the other hand, the insulin delivery from eye device can be easily stopped 

by removing the device from patients. 
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CHAPTER HI. FORMULATION OF AN ENHANCER-FREE EYE DEVICE 

FOR THE SYSTEMIC DELIVERY OF INSULIN 

Introduction 

It is well known that insulin can be delivered into the systemic circulation 

through the ocular route for which the major absorption site of insulin is located in the 

nasal cavity. (Yamamoto et al., 1989) The principle of systemic insulin delivery via 

the ophthalmic route is to utilize the dynamics of the lachrymal system to get the drug 

to its absorption site. Under noraial conditions, this system produces and drains tears 

into the nasal cavity at a constant rate. (Mitra, 1993) Conversely, if a large volxme of 

liquid is instilled into the lower conjunctival sac, the lachrymal system increases its 

tear clearance rate which reduces both contact time and fraction of insulin in the nasal 

cavity. For this reason, the therapeutic efficacy of insulin by solution administration is 

mfni'mal. (Yamamoto et al., 1989; Pillion et al., 1991; Chiou et al., 1989a, 1989b, 

1990, 1991, 1993; Sasaki et al., 1994, 1995; Hopper et al., 1991; Morgan et al., 

1995,1996; Bartlett et al., 1994a, 1994b) To overcome the limitations of insulin 

eyedrops, it has been proposed by Yamamoto et al., (1989) that a suitable ocular insert 

may be able to produce an optimal insulin efficacy as it can be remain in the lower 

conjimctival sac for a longer time than eyedrop. 
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Recently, an ocular insert has been introduced in which Gelfoam® (absorbable 

gelatin sponge, USP) was used as an insulin carrier. (Simamora et al., 1996b) The 

report indicated that the duration of the activity of insulin released from Gelfoam can 

be up to 10 hours and the amount of absorption enhancer (20 |ig of Brij-78) used in 

Gelfoam is less than one-tenth of the amount commonly used in eyedrops. The 

optimal doses of insulin and Brij-78 per device have also been investigated. (Lee ei al., 

1997a) All of the reported data from either eyedrops or deivces (Yamamoto et al., 

1989; Pillion er a/., 1991; Chiouefa/., 1989a, 1989b, 1990, 1991, 1993; Sasaki et al., 

1994, 1995; Hopper et aL, 1991; Morgan et al., 1995, 1996; Bartlett et al., 1994a, 

1994b; Simamora et al., 1996b; Lee et al., 1997a) indicate that the absorption 

enhancer is a key determinant for the systemic absorption of insulin. Although it is 

known that the enhancer can promote the systemic absorption of insulin via the ocular 

route, little is known about the long term toxicity of enhancers. The objective of this 

study is to formulate an enhancer free ocular device for the systemic delivery of either 

sodium or zinc insulin. 

In this study, the hypoglycemic response of rabbits is used to assess the relative 

efficacy of the ocular insulin delivery systems. The advantages of using 

pharmacological response data with insulin are the simplicity of the blood glucose 

determination and the fact that this parameter is the most relevant to therapy. 
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Materials and Methods 

Materials 

Sodium bovine insulin (26.0 lU/mg) and zinc bovine insulin (28.6 lU/rag) were 

purchased from Calbiochem Corporation (La Jolla, CA) and Sigma Chemical 

Company (St. Louis, MO), respectively. Humulin® R (recombinant DNA origin) was 

obtained from Eli Lilly & Company (Indianapolis, IN). The concentration of 

Humulin® R is 100 lU/mL prepared from zinc-insulin crystals. Gelfoam® (absorbable 

gelatin sponge, USP, size 100) was obtained from the Pharmacia & Upjohn Company 

(Kalamazoo, MI). A blood glucose monitoring system (ONE TOUCH® BASIC™) 

was obtained from Lifescan Company (Mountain View, CA.) All other solvents and 

chemicals were of reagent or HPLC grade and were used as received from commercial 

suppliers. 

Fabrication of the insulin deliverv svstems 

Sodium insulin delivery systems: 0.2 mg of Na-insulin was dissolved in 

either 30 [iL distilled water, or 30 jaL 30% (v/v) ethanol in water, or 30 |xL 10% (v/v) 

acetic acid in water. In the eye devices, the respective solutions were placed on the 

Gelfoam disc by a Pipetteman pipettor. The wet matrices were then dried under 

vacutmi for at least 72 hours after which they were weighed to verify their content. 
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For eyedrops, the respective solutions were dried under vacuum for at least 72 hours 

and then reconstituted with 30 \iL of freshly distilled filtered water. 

Zinc insulin delivery systems: This device (0.2 mg) was manufactured 

similarly to the acetic acid treated Na-insulin devices. Coinmerically available 

Humulin® R solution was used as a second source of zinc insulin for either device or 

eyedrop preparations. The Humulin® R device was prepared by sorbing 60 |j.L of 

Humuhn® R into the Gelfoam and placing the wet device under vacuiun for at least 72 

hours. Sixty jiL of Humulin® R (30 {iL/eye) as an eyedrop was used to deliver 0.2 mg 

of insulin. It should be noted that Humulin® R contains no acetic acid. 

In vivo evaluations 

The in vivo evaluation of insulin delivery was described in a previous study. 

(Lee et aL, 1997a) Briefly, the insulin preparation either as the eyedrop or the device 

(4mm diameter and 1mm height) was instilled in the lower conjimctival cul-de-sac of 

the rabbit. Blood samples were collected from the marginal vein and the glucose 

concentration was determined by applying one drop of the fresh blood on the ONE 

TOUCH® BASIC™ blood glucose meter. The reduction in blood glucose 

concentration as a percentage of the initial concentration is assimied to be a measxire of 

the absorption of insulin. The study was terminated if the blood glucose concentration 
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of the subject fell below 40 mg/dL and eye device was removed and glucose was 

administered orally. 

Assessment of efficacy 

The relative efficacy of the devices for lowering the blood glucose 

concentrations are indicated by the area above the glucose concentration-time curve 

(AAC) and below the baseline (assumed as 100% of initial blood glucose 

concentration). 

Results 

All of the devices were well tolerated by rabbits. During the experimental 

period, no physical signs of irritation (e.g., redness, lachrimation, or restlessness) were 

observed. After the instillation of the device, the pH of the tears changed firom pH 7 to 

pH 5 and gradually returned to the neutral pH range within 5 minutes. 

The blood glucose lowering versus time profiles for 0.2 mg Na-insulin 

ophthalmic preparations treated by either water or 30% ethanol in water solution are 

shown in Figure 3-1. Note that the standard deviations for 3 animals are less than 10% 

for eyedrops and less than 15% for devices (not shown in the figure). As expceted 

firom the results of previous studies, (Simamora et al., 1996b; Lee et aL, 1997a) these 

ocular preparations did not alter the blood glucose levels in all experimental subjects. 
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Figure 3-1. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 0.2 mg Na-insuiin: water treated eyedrop (•) and device (•); 30% 
ethanol-water solution treated eyedrop (A) and device (A). Each value represents the 
average of three rabbits (standard deviations are not shown). 

Figure 3-2 shows the results of 10% acetic acid solution treated 0.2 mg Na-

insulin eyedrop and device. Again, the acetic acid treated eyedrop does not 

significantly alter blood glucose levels, but surprisingly, the acetic acid treated device 

produces significant blood glucose lowering over a long period of time. Note that the 

data in Figure 3-2 are only shown up to 8 hours because there were two subjects that 

developed hypoglycemia and four subjects that had blood glucose levels which 

returned to the normal range within 10 to 14 hours. 
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Figure 3-2. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 0.2 mg Na-insulin: 10% acetic acid solution treated eyedrop (0) and 
device (•). Each value represents the average of three rabbits for eyedrop ± SD and 
six rabbits for eye device ± SD. 

The blood glucose depression of the Hiramlin® R eyedrop, Humulin® R device, 

and Zn-insulin devices are shown in Figure 3-3. As can be seen from this figure, the 

Humuhn® R eyedrop and device do not significantly alter blood glucose levels. On 

the other hand, the zinc insulin device is effective in lowering blood glucose levels. 

The data are only shown for up to 8 hours. Two rabbits developed hypoglycemia after 

8 hours while the blood glucose of the remaining subjects recovered to normal levels 

between 10 to 12 hours. 
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Figure 3-3. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 0.2 mg Zn-insulin: 60 |iL Humulin® R eyedrop (•), Humulin® R device 
(x), and 10% acetic acid solution treated Zn-insulin device (•). Each value represents 
the average of three rabbits for Humulin® R eyedrop and device ± SD and six rabbits 
for Zn-insulin device ± SD. 
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In order to facilitate comparisons among the 9 enhancer free formulations 

tested, the area above the blood glucose concentration curve (AAC) shown in Figures 

1,2, and 3 are summarized in Table 3-1. 

Table 3-1. Summary of studies performed: insulin devices without absorption 
enhancer 

Insulin Solvent Mean AAC ±SD 
cation Eyedrop Device 

Na HzO 55.5 ±25.1 32 ±63 
Na Ethanol-HiO 33.5+42.3 44 ±65 
Na Acetic Acid-HzO -7.5 ±22.5 275 ±48® 
Zn Acetic Acid-HiO — 262 ±47" 
Zn Humulin® R® 2.3 ±41 55 ±20 

" Significantly different from the corresponding eyedrop formulation (p<0.05). 
'' Significantly different from the Humulin® R eyedrop formulation (p<0.05). 
" Humulin® R consists of Zn-insulin crystals disssolved in a clear fluid. 

Discussion 

In this study, the changes in tear pH values after the instillation of the device 

could be due to the trace of acetic acid, in the device as well as the nature of the acid 

treated Gelfoam. While the pH of tears is reduced, both dynamic tear secretion and 

tear buffer capacity contribute to the return of the tear pH to the neutral range within 5 

minutes. Hirai et al. (1978) examined a nasal absorption of insulin versus the pH of 

insulin solution. They concluded that the systemic absorption of insulin from the nasal 

cavity is low if insulin is prepared in pH 5 to 6 buffer. Thus, it is believed that the 

trace of acetic acid in the device and the changes of pH in the early phase of insulin 

delivery will not effect overall insulin absorption. 



As can be seen from Table 3-1, the efficacy (AAC) of the eyedrop 

administration of insulin is low. This observation agrees with several other reports 

(Yamamoto et al., 1989; Pillion et al., 1991; Bartlett et al., 1994a; Sasaki et al., 1995; 

Morgan and Huntzicker 1996) in which the insulin ophthalmic solutions without an 

absorption enhancer produced only a minimal effect on blood glucose concentration. 

The blood glucose lowering profile from Figure 3-1 and AAC values from Table 3-1 

indicate that sodiimi insulin devices without an enhancer prepared from either water or 

30% ethanol solution do not produce a satisfactory pharmacological response. These 

results support the previous report (Lee et al., 1997a) that the Gelfoam eye device can 

enhance the absorption of sodium insulin only if an absorption enhancer is 

incorporated in the device. In addition, Figure 3-3 shows that the Humulin® R device 

containing no enhancer produces little pharmacological effect. Accordingly, it was 

concluded that the absorption enhancer is a key factor for ophthalmic insulin delivery. 

However, Figures 3-2 and 3-3 show that both enhancer free sodium insulin and zinc 

insulin devices treated by 10% acetic acid solution can produce significant blood 

glucose lowering over a long period of time. As can be seen from Table 3-1, the AAC 

of the acetic acid treated device formulations are at least 5 times larger than the other 

insulin formulations. Moreover, the dose of insulin used in this study is less than 50% 

of that used in the reported insulin devices. (Simamora et al., 1996b; Lee et al., 1997a) 

Currently there are insufBcient long-term toxicity data for the effects of 

absorption enhancers on the ocular tissue and nasal mucosa. The absence of 
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absorption enhancers in the proposed Gelfoam device eliminates any concem 

regarding their toxicity. On the other hand, it should also be acknowledged that the 

long-term effect of Gelform on the ocular tissue is currently not available, though it 

has been used as a hemostatic agent on the bleeding nasal, rectal, and vaginal mucosa. 

(Physicians Desk Reference, 1993) 

The manufacturing procedure for the proposed device is relatively simple and 

results are encouraging. While the exact absorption mechanism of insulin from the 

device is not fully understood, the results indicate that insulin does reach die systemic 

circulation and blood glucose concentration can be maintained at a uniform level (60% 

of initial) over 8 hours. 
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CHAPTER IV. SYSTEMIC ABSORPTION OF INSULIN FROM ACID-

TREATED OCULAR DEVICES 

Introduction 

Li recent years, insulin eye drop solutions for the systemic delivery of insulin 

have been extensively studied in rats, (Pillion et aL, 1991, 1995) rabbits, (Yamamoto 

etaL, 1989; Chiou, et ai, 1989a, 1989b 1990, 1991, 1993; Sasaki era/., 1994, 1995) 

cats, (Hopper et aL, 1991; Morgan, 1995) and dogs (Morgan and ffuntzicker, 1996) as 

well as in humans. (Bartlett et aL, 1994a, 1994b) All of the reported data indicate that 

an absorption enhancer (such, as a surfactant, a cyclodextrin, a chelating agent, etc.) is 

reqtiired for the systemic absorption of insulin. Even with an enhancer, the 

physiological responses to insulin given by conventional eye drops are characterized 

by rapid onset, short duration (Pillion et aL, 1995) and low bioavailability. (Morgan 

and Himtzicker, 1996; Bartlett et al., 1994a, 1994b) Also, the use of a high 

concentration of an absorption enhancer in the eye drop may be associated with side 

effects. For these reasons, it has been suggested by Hoffinan and Ziv (1997) that the 

ocular delivery of insulin by solution has not reached the acceptable level of practical 

utility. 

It has been proposed that the use of an ocular insert could improve the 

therapeutic efficacy of insiilfn delivered by the ocular route. (Yamamoto et aL, 1989) 
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The systemic delivery of insulin from an ocular device is similar to that from an 

eyedrop. Both utilize the dynamics of the lachrymal system to transport the drug to the 

absorption site, which is the nasal cavity. (Yamamoto et al., 1989) Unlike the 

eyedrops, the device can remain in the conjimctival sac longer and significantly 

increase the contact time of insulin with the absorption site. 

Gelfoam®, absorbable gelatin sponge, USP, has been introduced by our 

laboratory as an insulin carrier for the systemic delivery of insulin via the ocular route. 

(Simamora et al., 1996a, 1996b; Lee et al., 1997a) It was shown that the Gelfoam 

device along with 20 |ig of Brij-78 (Polyoxyethylene-20-stearyl ether) is effective in 

producing prolonged systemic delivery of sodium bovine insulin to rabbits. The 

devices produce a 5-fold longer duration and a 10 fold larger area above the blood 

glucose suppression ciu^^e than eyedrops. 

More recently, absorption enhancer-free insulin eye inserts were introduced. 

(Lee et al., 1997b) The manufacturing procedure for the enhancer-free insulin device 

is relatively simple and the device gives a uniform blood glucose reduction (60% of 

initial) for well over 8 hoxirs. While these results are encouraging, little is known 

about the mechanism behind these observations. The objective of this study is to 

investigate the role of the formulation excipients in enhancing the absorption of insulin 

from eye devices. In this study, the hypoglycemic response of rabbits is again used to 

assess the efficacy of various ocular insulin formulations. 
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Materials and Methods 

Materials 

Sodium bovine insulin and zinc bovine insulin were purchased from 

Calbiochem Corporation (La Jolla, CA) and Sigma Chemical Company (St. Louis, 

MO), respectively. Gelfoam®, absorbable gelatin sponge, USP, size 100, was obtained 

from the Pharmacia & Upjohn Company (Kalamazoo, MI. ONE TOUCH® BASIC™ 

blood glucose meter was generously provided by the Lifescan Company (Mountain 

View, CA.) for the measurement of blood glucose concentration. Humulin R 

(recombinant DNA origin) was obtained from EH Lilly & Company (Indianapolis, IN)-

The concentration of Humulin® R is 100 lU/mL prepared from zinc-insulin crystals. 

All other solvents and chemicals were of reagent or HPLC grade and were used as 

received from commercial suppliers. 

Fabrication of the insulin delivery systems 

Sixteen different devices were prepared and they are listed Table 4-1. All 

devices were 6.0 mm in diameter. Devices were pxmched from a 2.0 mm thick 

Gelfoam sponge with the aid of a common hole ptmch. 

Acid treated sodium or zinc insulin delivery systems: 0.2 mg of insulin was 

dissolved in either 30 {iL of 1,5,10, or 30% (v/v) aqueous acetic acid or 30 pL of I % 

(v/v) aqueous HCL Each of the insulin containing solutions was placed on a Gelfoam 
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disc with the aid of a Pipetteman pipettor. The wet matrices were then dried under 

vacuum for at least 72 hours to evaporate the solvent. 

Acid pretreated sodium or zinc insulin delivery systems; 0.2 mg of insulin 

was dissolved in 30 of 10% (v/v) of aqueous acetic acid solution. This insulin-

acetic acid solution was dried under vacuum. The dry acid pretreated insulin powder 

was reconstituted by distilled water and then was placed on a Gelfoam disc with the 

aid of a Pipetteman pipettor. The wet matrices were dried under vacuum for at least 

72 hours to evaporate the solvent. 

Water treated insulin devices: 0.2 mg of sodium insulin was dissolved in 30 

|jL of distilled water to make water treated sodium insulin devices. 60 ^iL (equivalent 

to 0.2 mg zinc insulin) of Hxmiulin® R was used to make water treated zinc insulin 

devices. The manxxfacturing procedures are the same as for the acid treated insulin 

delivery systems described above. 

Placebo devices: Thirty jiL of either 10% acetic acid or 1% HCl solutions 

were sorbed into Gelfoam for the blank device preparation. The rest of the 

manufacturing procedure is the same as for the acid treated instilin delivery systems 

described above. 

In vivo evaltiation 

The in vivo evaluation of insulin delivery was described in a previous study. 

(Lee et aL, 1997a) Briefly, the insulin device was inserted into the lower conjunctival 
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sac of three rabbits. Blood samples were collected from the marginal ear veins and the 

glucose concentrations were determined by the ONE TOUCH® BASIC™ blood 

glucose meter. The reduction of blood glucose levels as a percentage of the initial 

value was used to access the absorption of insulin. The study was terminated if the 

blood glucose concentration of the subject fell below 40 mg/dL. The eye device was 

removed and glucose was administered orally. 

Results 

All devices are well tolerated by rabbits, even when two devices are instilled 

into the same eye. No physical signs of irritation (e.g., redness, lachrimation, or 

restlessness) were observed during the experimental period. 

The blood glucose lowering versus time profiles of the sodium insulin devices 

which were pre-treated with 10% acetic acid solution and which were treated with 0, I, 

5, 10, and 30 percent acetic acid are plotted in Figure 4-1. Devices treated by water or 

1% acetic acid solution or pre-treated by 10% acetic acid produce no significant 

glycemia alternation, while those containing five or more percent acetic acid produce 

similar blood glucose lowering profiles. Note that the data in Figure 1 are onLy shown 

up to 8 hours and that most of the blood glucose levels returned to normal within 10 to 

12 hours. One of the rabbits that received a 10% acetic acid treated device developed 

hypoglycemia 8 hours post-administration-
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Figure 4-1. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 0.2 mg sodium insulin devices prepared: 0% (x), 1% (A), 5% (•), 10% 
(O), and 30% (+) acetic acid solution and 10% acetic acid solution pre-treated (•). 
Each value represents the average of three rabbits ± SD. 

Figure 4-2 shows that all of the zinc insulin devices pre-treated with 10% 

acetic acid solution or treated with 0,1,5,10 or 30% acetic acid produce similar blood 

glucose suppression to their soditmi insulin counterparts. The glucose levels from 

most of the tested rabbits are again maintained at approximately 60% of initial for over 

8 hours following device instillation and return to normal within 10 and 12 hours. One 

rabbit that received a 30% acetic acid treated device developed hypoglycemia 6 hours 

post dosing. 
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Note that due to the low solubility, the acid pre-treated and 1% acetic acid 

treated devices were made from an insulin suspension rather than from a clear 

solution. Humulin® R was used for the zero percent acetic acid (i.e., water only) 

treated device because zinc insulin could not be dissolved in pure water at the desired 

concentration. 
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Figure 4-2. Mean percentage of initial blood glucose concentrations after ocular 
instillation of 0.2 mg Zn-insulin devices prepared by: 0% (x), 1% (A), 5% (•), 10% 
(O), and 30% (+) acetic acid solution and 10% acetic acid solution pre-treated (•). 
Each value represents the average of three rabbits ± SD, except the 30% acetic acid 
formtxlation, which was carried out by two rabbits ± SD. 
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Figure 4-3 shows that the blood glucose lowering produced by either sodium or 

zinc insulin devices prepared with 1% HCl are comparable to each other and to those 

produced by acetic acid concentrations greater than 5 percent. In both cases the blood 

glucose levels were well maintained at about 65% of the normal level between 2 to 8 

hours after device instillation and gradually returned to normal after 8 hovurs. The 

placebo device produced no blood glucose lowering as reported by Simamore et al. 

(1996b) 
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Figure 4-3. Mean percentage of initial blood glucose concentrations after ocular 
administration of 0.2 mg of insulin treated by 1% HCl: placebo device (x), sodixun 
insulin device (A) and zinc insulin device (•). Each value represents the average of 
three rabbits ± SD. 
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The pharmacological responses to the instillation of two devices either in the 

same eye or in different eyes are shown in Figure 4-4. The rabbits exhibited no 

significant blood glucose lowering after receiving either two blank devices treated 

with 10% acetic acid or two untreated devices in the same eye. Also, rabbits showed 

no significant blood glucose lowering after receiving one acid treated placebo device 

in one eye and one untreated device in the other eye. Interestingly, the blood glucose 

levels of rabbits were substantially suppressed after the instillation of one acid treated 

placebo and one insulin-loaded device into the same eye. This combination of the two 

devices in the same eye gives well-controlled glucose depression profiles between 2 to 

8 hours post-dosing. These profiles are similar to those produced by the single acid 

treated insulin devices shown in Figures 4-1,4-2, and 4-3. 
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Figure 4-4. Mean percentage of initial blood glucose concentrations after ocular 
instillation of two devices in the same eye: two 10% HO Ac treated blank devices (-I-); 
two untreated devices (x); one 10% HOAc treated blank device and one untreated 
device (•) and of one 10% acetic acid treated blank device and one imtreated device in 
different eye (0). Each value represents the average of three rabbits ± SD. 

Discussion 

In a previous study (Lee et al., 1997b) it was shown that acetic acid enhances 

the systemic absorption of insulin from gelatin devices by the ocular route. Figures 4-

1 and 4-2 confirm that the systemic adsorption of either sodium or zinc insulin is 

enhanced by pretreatment of the gelatin device with acetic acid. They show that 
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pretreatment of the devices with at least five percent acetic acid is sufficient to 

substantially enhance the efficacy of the devices and that higher concentrations offer 

little improvement, and thus, are not needed. 

As can be seen in Figure 4-3, the blood glucose lowering profiles produced by 

1% HCl treated Na- and Zn-insulin are virtually identical and they are also comparable 

to the profiles produced by acetic acid treated devices shown in both Figures 1 and 2. 

This suggests that the systemic absorption of insulin from eye device can be enhanced 

by acid in general rather than acetic acid only. Please note that non-volatile acids were 

not utilized because diey would be irritating to the eye. 

The area above the glucose concentration curve (AAC) is assumed to be the 

measure of the effectiveness of the various devices. In order to facilitate comparisons, 

these values are given in the last column of Table 4-1. 
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# Insulin Insulin 
treatment 

Gelfoam 
treatment 

Figure Symbol AAC" 
±SD 

N 

I Na Water Water 1 X 31 ±64 3 
2 Na 1 % HOAc 1 % HOAc 1 A 143 ±45 3 
3 Na 5 % HOAc 5 % HOAc 1 —J 310 ±66 3 
4 Na 10 % HOAc 10 % HOAc 1 0 287 ± 53 3 
5 Na 30 % HOAc 30 % HOAc 1 + 266 ±50 3 
6 Na 10 % HOAc water 1 • 76 ±36 3 
7 Zn Water'' water'' 2 X 52 ±26 3 
8"= Zn 1 % HOAc 1 % HOAc 2 A 132 ±86 3 
9 Zn 5 % HOAc 5% HOAc 2 • 296 ±29 3 
10 Zn 10 % HOAc 10 % HOAc 2 0 279 ±55 3 
11 Zn 30 % HOAc 30 % HOAc 2 + 251 ±40 2 
12= Zn 10 % HOAc water 2 • 29 ±45 3 
13 placebo — 1% HCl 3 X -46 ±5 3 
14 Na 1% HCl 1% HCl 3 A 235 ±100 3 
15 Zn 1% HCl 1% HCl 3 J 240 ± 50 3 

2 placebos — 10 % HOAc 4 + 75±31 3 
I7U 2Na water water 4 X 65 ±10 3 
IS'^ INa-H water water 

1 Placebo — 10 % HOAc 4 • 100 ±23 3 
19" INa-i- water water 

1 Placebo 10 % HOAc 4 0 324 ±6 3 
Area (calculated by the trapezoidal rule) above the glucose concentration curve. 
Hiunulin®. 
Devices were made ftom zinc insiilin suspension due to the low solubility of 
Zn-insulin in either 1% acetic acid solution or water. 
Two devices in the same eye. 
One device in each eye. 

There are a number of possible explanations for the fact that the effectiveness 

of the devices described above in enhancing the systemic adsorption of insulin. Some 

of these are listed below: 

A. Acetic acid is a blood glucose lowering agent. 
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B. Acetic acid is an absorption enhancer. 

C. Gelatin from Gelfoam is a blood glucose lowering agent. 

D. Gelatin from Gelfoam is an absorption enhancer. 

E. The interaction of gelatin with acid produces a blood glucose lowering agent 

F. The interaction of gelatin with acid produces an absorption enhancer. 

G. The interaction of insulin with acid produces a more effective blood glucose 

lowering agent. 

H. The interaction of insulin with acid produces an absorption enhancer. 

I. The three-way interaction of insulin, gelatin and the acid produces a more effective 

blood glucose lowering agent. (This includes interactions such as acid-catalyzed 

interaction between the two proteins.) 

J. The three-way interaction of insulin, gelatin and the acid produces an absorption 

enhancer. 

Fortunately, most of these possibilities can be eliminated on the basis of the results of 

the above studies. 

The administration of two acetic acid treated placebo Gelfoam devices in study 

#16 produced no significant blood glucose lowering. Therefore, neither acetic acid, 

Gelfoam, nor an acetic acid-Gelfbam interaction has glucose lowering activity. This 

eliminates possibilities A, C, and E. 

Since neither non-acid treated sodixun insulin in studies and #17, nor non-

acid treated zinc instUin in study #7 produced significant blood glucose lowering. 
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Gelfoam alone is not an absorption enhancer, and possibility D must be eliminated. 

The Gelfoam in these devices functions simply as a comfortable and biocompatible 

carrier. 

Studies #3, #9, #14, and #15 indicate that hydrochloric acid produces 

essentially the same effect as acetic acid. This suggests that there is no specific 

physiological effect of the latter. Furthermore, all of the devices were dried under 

vacuum for three days, insuring that there is virtually no acid present in the device 

when it is administered. This is confirmed by the fact that the pH of the conjimctival 

fluid 5 minutes after instillation of either acid treated or non-acid treated devices is the 

same as in the absence of any device. Therefore possibility B that acetic acid is an 

absorption enhancer must be mled out. Additionally, study #18 produced only 

minimal glucose lowering, indicating that acetic acid treated placebo devices have no 

systemic enhancing effect upon insulin absorption. 

The fact that the blood glucose levels of rabbits were suppressed significantly 

after they received one acetic acid treated placebo device and one untreated insulin, 

device in the same eye in study #19 is highly significant. Since the acid did not come 

into direct contact with the instilin, it could not alter the structure or conformation of 

the insulin nor could it participate in a three-way interaction involving the carrier. 

Therefore the enhancement of absorption could not be attributed to the interaction of 

insulin either with acid or with a combination of acid and gelatin and possibilities G 

through J must be eliminated firom fiirther consideration. 



73 

Thus the only remaining explanation for the enhancement of insulin absorption 

from acid treated Gelfoam ocular devices is possibility F i.e., that the acid interacts 

with the gelatin to produce an absorption enhancer. This is confirmed by the fact that 

devices which do not contain acid (studies #1, #7, and #17) are inactive whereas those 

with acid are active. Overall, these data suggest that the overall absorption of insulin 

is due to a change in the Gelfoam upon acid treatment. 

While neither the chemical composition nor the mechanism by which it acts 

are known, it is clear that the interaction of gelatin with dilute acetic or hydrochloric 

acid produces a potent enhancer of insulin absorption via the ocular route. This is 

consistent with the fact that hydrolyzed gelatin fragments have been reported to 

promote the absorption of some poorly water soluble drugs after oral or rectal 

admimstration. (Imia ef a/., 1989; BCimura ef a/., 1990, 1991) 
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CHAPTER V. IN VITRO AND IN VIVO DISSOLUTION OF INSULIN 

OCULAR DEVICES 

Introduction 

The systemic delivery of insulin via the ocular route has been extensively 

studied in the past few years. (Yamamoto et al., 1989; Chiou et al., 1989b; Pillion et 

al., 1991; Hopper et al., 1991; Bartlett et ai, 1994a; Sasaki et al., 1994; Morgan and 

Huntzicker, 1996) The concept behind ocular drug delivery to the systemic circulation 

is the use of the stable dynamics of the lachrymal system to get the drug to the nasal 

cavity where absorption is efficient. Insulin eyedrops containing an absorption 

enhancer have been shown to significantly lower the blood glucose levels of animals. 

While it is feasible to deliver insulin via the ocular route, eyedrops produce low 

therapeutic efficacy, short duration of activity, and very low bioavailability. (Bartlett et 

al., 1994a, 1994b; Pillion et al., 1995; Morgan and Hxmtzicker, 1996) To improve the 

efficacy of ocular insulin delivery, the use of an eye insert was proposed. (Yamamoto 

etal., 1989) 

Recently, it has been demonstrated that a Gelofam® (absorbable gelatin 

sponge, USP) based device significantly enhances the therapeutic efficacy, the 

duration of the effect, and the overall bioavailability of insulin. (Simamora et al., 

1996a, 1996b; Lee et aL, 1997a, 1997b) The manufacturing procedure for the gelatin 
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foam device is relatively simple and the required ingredients are inexpensive. 

(Simamora, 1996b) Because it is soft and pliable once hydrated, the Gelfoam device is 

comfortable; in fact it can be worn with contact lenses. Since it can be easily removed 

from the eye if desired, the device has a distinct advantage over most other means of 

insulin delivery. The Gelfoam® device can give rapid blood glucose suppression and 

uniformly reduce blood sugar levels for up to 10 hours. (Simamora et al., 1996a, 

1996b; Lee et al., 1997a) It can deliver insulin into the systemic circulation without 

the use of any absorption enhancer, when treated by at least 5% acetic or 1% 

hydrochloric acid. (Lee and Yalkowsky, 1998) Furthermore, no physical signs of eye 

irritation (i.e., redness, lachrimation, and restlessness) were observed when the device 

was used in rabbits. (Simamora et al., 1996a, L996b; Lee et al., 1997a, 1997b; Lee and 

Yalkowsky, 1998) 

Although the reduced blood glucose levels produced by the device have been 

extensively studied, they have not been related to its insulin release rate. Since insulin 

cannot be absorbed until it is dissolved and released from the device, dissolution is a 

key factor in prolonging its efficacy. This study is designed to investigate the in vivo 

and in vitro dissolution of zinc insulin from the gelatin based eye device. Since the 

device can be easily removed at any time, insulin remaining in the device can be 

quantitated. after its removal. This experiment is particularly interesting because 

biological response (blood glucose lowering) and the amoimt of imreleased drug in the 
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device can be measiired from the same experiment. These resuhs can then be 

compared to in vitro release rate data. 

Materials and IVIethods 

Materials 

Gelfoam® (absorbable gelatin sponge, USP, size 100) was generously provided 

by Pharmacia & Upjohn (Kalamazoo, MI). Zinc bovine insulin (28.6 lU/mg) was 

purchased from Sigma Chemical Company (St. Louis, MO). All other solvents and 

chemicals were of reagent or HPLC grade and were used as received from commercial 

suppliers. 

In vitro assay of insulin 

For quantitation of insulin, a Beckman System Gold HPLC and data analysis 

system were used. The HPLC method is modified from Snel et al. (1987) and the 

column is an Alltech 4.6*150 mm Adsorbosil RP-8 (5 (om) column. The retention 

time of insulin is about 5 minutes and the detection limit is about 2 iig/mL-

Determination of glucose concentration in rabbit blood 

The blood glucose concentration of rabbits was determined by the ONE 

TOUCH® BASIC™ blood glucose meter which was generously provided by the 
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Lifescan Company, (Mountain View, CA). The details of its use were described 

previously. (Siraamora, 1996b) 

Eve device fabrication 

A Gelfoam disc of approximately 6 mm diameter and 2 mm thickness was 

punched from a slab of Gelfoam sponge with a common hole punch. Exactly 0.2 mg 

insulin of Zn-insulin was dissolved in a 30 |.iL solution of 10% (v/v) acetic acid in 

water. The solution was placed on and sorbed into the Gelfoam disc. The wet 

matrices were dried under vacuum for at least 72 hotirs. Placebo devices were also 

prepared by this method but without insulin. 

In vivo dissolution 

Six New Zealand white rabbits weighing approximately 3 kg were used in the 

in vivo dissolution test. Each subject had a six day washout period and a twelve-hour 

fast period prior to dosing. The device was removed at 0.5, 1,2, 3,4, and 6 hours after 

instillation. The blood samples were collected immediately prior to device removal 

and at 0.5 and 1 hour after removal. The insulin remaining in the device was extracted 

by 10% acetic acid-water solution and qiiantitated by HPLC. To confirm that there is 

no interference from either gelatin or tear enzymes in the HPLC assay, two placebo 

devices were instilled into two rabbits. The placebo devices were removed at 6 hours 

post instillation and assayed. 
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In vitro dissolution 

Some of the reported in vitro dissolution methods for ophthalmic formulations 

were described by Stevens et al. (1992) A flow through dissolution method, modified 

from Grass et a/.,(1984) is used and is shown in Figure I. A Swirmex (Millipore) disc 

filter holder, 9 mm i.d., with an internal volume of approximately 350 (iL was used as 

a dissolution chamber. The Gelfoam® device with or without insulin was placed on 

the top of the filter. The chamber was closed and pH 7.4 Sorensen phosphate buffer 

(Deardorff, 1975) at room temperature was passed at flow rate of 10, 30, or 100 

|iL/min through the chamber by means of an infusion pump (Syringe In&sion Pump 

22, Harvard Apparams, South Natick, MA). Samples were collected and assayed by 

HPLC to obtain the amount of insulin released from the device as a function of time. 

Sorensen 
phosphate buffer 

pH7.4 

Device 
* Perforated filter 

O 
O 

Figure 5-1. In vitro flow-through apparatus for insulin dissolution test. 
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Results 

The blood glucose lowering in rabbits before (•) and after (O) device removal 

is displayed in Figure 5-2. For clarity, the standard deviations (all of which are less 

than 15%) are not shown. As can be seen in the figure, the glucose lowering ceased 

after each device was removed and was followed by a gradual return to the baseline 

level. In other words, the device ceases to control blood glucose after it is removed 

and there is no depot effect. The figure also shows that the blood glucose returning 

profile following device removal is similar to that generated by eyedrop (+•) 

administration as reported by Simamora et al. (1996a) 



80 

120 T 

100 

80 --(0 
c 

40 --

7 2 5 6 3 4 0 1 

Time (hours) 

Figure 5-2. Mean percentage of initial blood glucose concentrations before (•) and 
after (O) device removal and eyedrop (+) instillation. Each data point represents n = 6 
for eye device and n=3 for eyedrop. The averages of the standard deviations are all 
less than 15% (not shown). The eye device contains 0.2 mg Zn-insulin and the 
eyedrop contains 1.0 mg Na-insulin with 20 |ig Brij-78. Note that the eyedrop data 
were obtained from Simamora etal. (1996a). 

Figure 5-3 shows the percent of instUin remaining in the device after its 

removal from the eye. These data are from the same devices that are represented in 

Figure 5-2. It is clear diat insulin is gradually released in vivo from the device for at 

least 6 hours. Thirteen percent of the msulin remained in the device after the last 

removal at 6 hours post instillation. 
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Figure 5-3. Mean percentage of insulin remaining in the device after device removal 
from the eye of rabbit. Each data point represents a = 6 ± SD except the last data point 
which represents n = 5 ± SD. 

The in vitro flow-through dissolution profiles of the insulin device is shown in 

Figure 5-4 for three flow rates. The dissolution profile generated by this method at the 

flow-rate of 10 nL/min (upper curve, A) is clearly similar to that obtained by in vivo 

method. At this flow-rate, insulin was slowly released from the device for at least 6 

hours, after which, 10% of the original insulin still remained in the device. Also, it 

can be seen from this figure that insulin is released much faster as the flow-rate is 

increased from 10 to 30 or 100 ^iL/min. 
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Figure 5-4. Mean percentage of insulin remaining in the device after the in vitro flow-
through dissolution test at different flow-rate: 10 loL/min (A); 30 |iL/min (0); 
100 loL/min (H). Each data point represents n = 6 ± SD for 10 jiL/min and n = 3 ± SD 
for both 30 and 100 (oL/min. 

Discussion 

The uniform blood glucose levels indicated by the filled circles in Figure 5-2 

agree with the results of previous studies in which the glucose levels of rabbits are 

maintained at about 60% of initial for several hours. (Lee et aL, 1997b; Lee & 

Yalkowsky, 1998) However, after the device is removed, the blood glucose levels 
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stop decreasing and begin to return to the normal level as indicated by the open circles. 

The rate of this return is similar to what has been observed for eyedrops. 

Since the absorption of insulin is dependent upon its dissolution from the 

device, the onset time (i.e., the time when the blood glucose levels are lower than 80% 

of initial) of the device is longer than that of an eyedrop. (Simamora et aL, 1996a, 

1996b) More than 15 different insulin formulations have been tested in more than 60 

rabbits. The average time for these formulations to develop blood glucose levels that 

fall below 80% of baseline is approximately one hour after instillation. (Simamora et 

aL, 1996a, 1996b; Lee et aL, 1997a, 1997b; Lee & YaUcowsl^f, 1998) This is an 

important advantage of the proposed device because it can prevent the mass entry of 

insulin and the corresponding precipitous drop in blood glucose that is commonly 

observed with eyedrops. Furthermore, if blood glucose levels become too low, the 

device can be easily removed. 

Ophthalmic formulations are normally instilled into the conjimctival sac, which 

is a semi-open environment from which specimens can be easily removed. By taking 

advantage of this, several techniques have been used to assess the in vivo dissolution 

of ophthalmic preparations such as sampling tears via capillary, (Ding et aL, 1992; 

Jones et. al., 1997; Baeyens et aL, 1998) cotton swab, (Ding et aL, 1992) porous 

polyester rods, (Jones et. al., 1997) or filter paper as well as by device removal. 

(Sasaki et aL, 1993) In this study, the later technique is applied because the device 

remains intact for several hours after instillation. As can be seen from Figure 5-3, the 
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in vivo release rate of insulin from the device is fairly slow and lasts for more than 6 

hours. This insulin release profile is reflected in the blood glucose lowering profile of 

rabbits shown in Figure 5-2, i.e., the glucose levels of rabbits are maintained in a 

relatively uniform manner until device removal. These results again confirm that 

systemic absorption of insulin is governed by the dissolution of insulin from the device 

and not by a depot effect. 

It should be noted that the dissolution profile generated by this method is not a 

continuous curve and each time point represents a single dose. The fact that all of the 

variation at n=6 generated in the proposed method is less than 15% implies that device 

removal is a reliable and precise method for the in vivo dissolution test. 

The in vitro dissolution data, displayed in Figure 5-4, has been generated by the 

proposed flow-through dissolution method. The in vitro dissolution profile produced 

by this method at the flow-rate at 10 |jL/min is remarkably similar to that of the in vivo 

device removal method. While the hydrodynamics aroimd the device in the lower cul-

de-sac of the rabbit are certainly different from those described in. Figure 5-1, the 

release profiles are similar in magnitude as well as in shape. Figure 5-5 shows that 

there is a linear relationship between, the data generated by these two dissolution 

methods. This confirms the validity of the in vitro dissolution technique for designing 

devices for in vivo use. The in vitro dissolution data also indicates that the release of 

insulin from the device is fairly slow but is fl.ow-rate dependent. 
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Figure 5-5. Correlation of in vivo and in vitro dissolution. 

The data in Figures 5-3 and 5-4 (flow-rate at 10 |aL/tnin) are plotted along with 

theoretical curves for zero order, square root of time, and first order release in Figure 

5-6. It is clear that both the in vivo and in vitro release profiles are fit comparably well 

with square root of time or first order kinetics. Although there is not sufficient data to 

distinguish between these patterns, the dissolution of insidin firom the proposed device 

is steady and, further, it controls the blood glucose levels of rabbits in a imiform 

manner for over 8 hours. It is know that the lacrymal system produces and eliminates 

tears an approximately constant 1 |jL/min. (Lee and Robinson, 1986) Therefore, the 
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prolonged release and activity of insulin may be simply governed by the flow rate of 

tears through the lower cul-de-sac. 
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Figure 5-6. Comparison of the in vitro (•) and in vivo (O) dissolution to the 
theoretical curves (—): zero-order (top); square root of time (middle); first-order 
(bottom). 
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CHAPTER VI. SUMMARY 

Diabetes tnellitus is caused by a deficiency of insuiin, a hormone which 

regulates the metabolism of glucose in the body. Due to its extensive gastrointestinal 

and liver metabolism, insulin is most commonly introduced into the body by 

subcutaneous injection. Because of this, all type I and some type II diabetics have to 

self-inject insulin throughout their lifetime to survive. 

The quality of life of diabetics can be greatly improved by developing a means 

of non-invasive systemic insulin delivery. Many alternative routes such as rectal, 

vaginal, buccal, tracheal, transdermal, pulmonary, nasal and ocular have been studied. 

The latter has shown promise as a non-invasive pathway for the systemic delivery of 

insulin. Ocular delivery can be simply performed by the instillation of insulin 

formulations into the lower conjimctival sac. The lachrymal system is utilized to 

transport insulin to its major absorption site which is the nasal cavity. The systemic 

delivery of insulin solution through this route has been extensively studied. However, 

this means of delivery is not practical due primarily to the variability of absorption and 

a short duration of activity. To improve the efficacy of ocular delivery of insulin, the 

use of ocular insert has been proposed. 

The major accomplishments of this project are (1) to test the feasibility of 

using an ocular insert for the systemic delivery of insulin; (2) to develop an efScacious 
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insulin eye device; and (3) to evaluate the in vivo and in vitro performance of the 

proposed device by a relative simple experimental design. 

In this project, Gelfoam®, absorbable gelatin sponge, USP, is utilized as a drug 

carrier for the controlled systemic delivery of insulin. This gelatin sponge is 

biodegradable and thus will not have to be removed from the conjimctival sac at the 

end of the dosing period. However, the device can be easily removed at any time if 

desired. Because it is soft and pliable once hydrated, it is comfortable, non-irritating, 

and can be worn with contact lenses. Besides insulin, the proposed device is 

compatible with other drugs and excipients. 

The fabrication of insulin devices is relatively simple and inexpensive. A 

known amoimt of insulin is dissolved in 30 |xL of either distilled water, 30% ethanol, 

1% to 30% acetic acid, or 1% HCl, followed by sorbing insulin solution onto Gelfoam 

sponge. The final formulation is obtained by drying the wet sponge under vacuxmi. 

The in vivo evaluation of the efficacy of the proposed device is simply done by 

the measurement of blood sugar levels in rabbits. Not only is this parameter the most 

relevant to therapy, it can easily be quantitated with the aid of commercially available 

standardized kits. 

All in vivo studies described in chapters 2 to 5 indicate that the proposed 

devices are well tolerated by rabbits and produce no signs of physical irritation such as 

redness, lachrimation, or restlessness during and after the experiment-
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The results in chapter 2 show that the use of an ocular insert with the aid of an 

enhancer can significantly improve the efficacy of ophthalmic insulin delivery. The 

use of the Gelfoam sponge greatly improves the relative bioavailability (defined as 

total area above the blood glucose suppression curve) 5-foid and prolongs the duration 

of activity 10-fold over eyedrops. Also, the concentration of absorption enhancer is 

reduced to only one-tenth (20 |ag) of the amount commonly used in eyedrops (250 |ig). 

In addition to the finding of the superiority of eye devices over eyedrops, the optimal 

dose of insulin and enhancer per device and the blood glucose lowering of rabbits after 

device removal are also investigated in this chapter. The in vivo data indicate that 

devices containing 1.0 mg of sodium insulin and 20 |jg of Brij-78 give 10 hours of 

insulin activity without the risk of hypoglycemia. The blood glucose lowering profile 

stops after the removal of the device and it returns to nearly 100 % of initial within 60 

minutes. The profile of blood glucose return is similar to that produced by eyedrops. 

These observations, again, imply that the use of the device to deliver the insulin into 

the body is superior to eyedrops. 

Chapter 3 shows that the proposed ocular delivery system is greatly improved 

by acid treatment. These improvements include elimination of the enhancer and 

reduction of the dose of instilin up to 5-fbId with comparable efficacy to that produced 

by the devices containing absorption enhancer described in Chapter 2. Additionally, 

results firom this chapter also indicate that there is no difference between soditim and. 

zinc insulin if they were treated with acid. 



90 

Chapter 4 elaborates on the absorption enhancement of insulin from acid-

treated devices described in Chapter 3. Insulin devices were prepared from different 

concentration of acetic acid solution (I, 5, 10, and 30%) as well as 1% of HCl to 

determine the effect of concentration and type of solvents on the absorption of insulin. 

The in vivo data show that devices prepared with five percent acetic acid has the same 

efficacy as devices prepared with a higher concentration. Also, the blood glucose 

lowering profiles produced by 1% HCl-treated insulin devices are comparable to the 

profiles produced by acetic acid-treated devices. This suggests that the systemic 

absorption of insulin from an eye device can be enhanced by acid in general. The 

possible causes of the enhancer-free absorption of msulin are investigated by the two-

device instillation study. The blood glucose lowering profiles generated by this 

particular test indicates that the overall enhancer-free absorption of insulin is due to a 

change in the Gelfoam upon acid treatment. This result agrees with previous reports 

that hydrolyzed gelatin fragments can promote the absorption of some poorly water 

soluble drugs after oral or rectal administration. Based upon the results shown in 

chapters 2 to 4, the proposed device consistently gives a prolonged blood glucose 

lowering activity in a uniform manner for over 8 hours. 

Results from the in vivo device removal dissolution tests in Chapter 5 indicate 

that there is a direct relationship between the dissolution of insulin for the device to its 

blood glucose reduction activity. This relationship is fairly simple: the glucose 

lowering response in rabbits depends upon the dissolution of insulin from the device. 
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After each device is removed, the trend in blood glucose lowering ceases and is 

followed by a gradual return to the baseline level with no depot effect. The dissolution 

profiles generated by both in vivo and in vitro dissolution studies are similar to each 

other and imply that the dissolution of insulin from the device is slow and uniform. 

The in vitro data also show that dissolution is flow rate dependent. Although there are 

not sufficient data to fully characterize the order of dissolution of the insulin from 

device, the release rate of insulin from the proposed device, indeed, is slow and nearly 

constant. It is known that the lacrymai system produces and eliminates tears an 

approximately constant I |iL/min. This suggests that the in vivo prolonged release and 

activity of insulin may be simply governed by the constant flow rate of tears through 

the lower cul-de-sac. 

An ocular device, giving prolonged uniform insulin activity, has been 

introduced by this laboratory. The proposed device can be manufactured in a simple 

and inexpensive way. The device containing a small amoimt of insulin (0.2 mg per 

device) can give reproducible and reliable blood glucose lowering for over 8 hours 

without the aid of an absorption enhancer. The prolonged activity of insulin is due to 

the slow release of insulin from the device that results with the slow production and 

elimination of tears in the lower cal-de-sac. This investigation demonstrates the 

efficacy of the ocular insert for the systemic delivery of insulin. 
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