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Abstract approved:

This thesis describes evaluation of a gastric retention device (GRD)

developed at Oregon State University. The device was originally fabricated from

Xanthan gum and Locust bean gum. A modified gastric retention device

containing other additives was developed and investigated in this work. The

modified device was evaluated in vitro for swelling and dissolution properties using

riboflavin as a model drug. Different shapes and sizes of GRDs were tested in dogs

to study the gastric retention potential of these devices. The effect of the device on

food emptying from the stomach in dogs was also investigated. Endoscopic studies

in dogs also showed that the device swells rapidly and considerably in gastric fluid.

The bioavailability of riboflavin from three different size GRDs was

determined in six fasted human volunteers and compared to an immediate release

formulation. The biostudy indicated that the bioavailability of riboflavin from a

Redacted for privacy



large size GRD was more than triple that measured after administration of the

immediate release formulation. Deconvolution was used to determine gastric

residence time of the different size GRDs.

A new colonic delivery system made of acetaminophen loaded beads

produced by extrusion and spheronization and coated with different ratios of pectin

and ethylcellulose coating solutions in a spray coating apparatus was also

developed in this work. Such beads release their drug content in the colon due to

susceptibility of pectin in the outer coat to enzymatic action of colonic bacteria.

The new delivery system was evaluated in vitro by conducting release studies in

different dissolution media to mimic transit times, pH and enzyme conditions in the

gastrointestinal tract. The gastrointestinal transit behavior of drug beads was also

assessed by conducting gamma-scintigraphic studies in dogs.

The bioavailability and pharmacokinetic parameters of acetaminophen from

several colonic delivery system formulations were determined in human volunteers

and compared to the immediate release commercial product Tylenol®. A selected

pectin-ethylcellulose coat formulation in the ratio 1:3 was further evaluated in six

volunteers under both fed and fasting conditions and was found to be effective and

to provide sustained drug release in the colon over a period of 12 hours.
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(fm Vitro and In Vivo Testing of a Gastric Retention Device,
(2) Development and Evaluation of a New Colonic Delivery System.

INTRODUCTION

Site-specific drug targeting to different regions in the gastrointestinal tract

is very valuable to increase absorption and in treating many diseases especially

when a local action is needed. This thesis describes two novel oral drug delivery

systems, one intended to deliver drugs to the upper part of the small intestine and

the other intended to deliver drugs to the colon.

Chapter 1 of this thesis describes formulation and in vitro evaluation of a

gastric retention device (GRD). The GRD was fabricated from naturally occurring

carbohydrate polymers along with other ingredients. The effect of formulation

ingredients and different shaped GRDs on hydration, swelling and release of

riboflavin from these GRDs were determined in simulated gastric fluid.

Radiographic and endoscopic studies that describe the fate of different shaped

GRDs in the gastrointestinal tracts of dogs are also described in this chapter.

Chapter 2 describes in vivo biostudies of three different sizes rectangular

GRDs in six human volunteers under fasting conditions. The bioavailability and

pharmacokinetic parameters of riboflavin from the different sizes GRDs were

determined and compared to an immediate release riboflavin formulation.



2

Deconvolution of urinary excretion data from these biostudies was used to

determine gastric residence time of the different sizes GRDs.

Chapter 3 presents a novel colonic drug delivery system made of

acetaminophen loaded beads and coated with an enzyme dependent polymer

(pectin) modified with an enzyme independent polymer (ethylcellulose). The

delivery system was tested for colonic site specificity in vitro by conducting release

studies in different dissolution media with or without the addition of pectinolytic

enzymes to mimic conditions in the gastrointestinal tract. Gamma-Scintigraphic

studies to determine the gastrointestinal transit properties of drug beads in two fed

dogs are also described in this chapter.

Chapter 4 describes bioavailability and pharmacokinetic parameters of

acetaminophen in human subjects for several selected formulations described in

chapter 3 and a reference product Tylenol®. Two crossover biostudies involving

six subjects each under fed and fasted conditions were performed to evaluate the

potential of a selected formulation to deliver drug to the colon. Deconvolution of

biostudies data was used to characterize the oral process.



CHAPTER 1

Release and Gastric Retentive Properties of a Gastric Retention Device

Iman S. Abmed and James W. Ayres
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ABSTRACT

A gastric retention device (GRD) fabricated from cross-linked carbohydrate

polymers, that has been developed at OSU, was investigated in vitro for swelling

and dissolution properties, and in vivo in fasting dogs for assessment of gastric

retention potential. The developed device was previously fabricated from Xanthan

gum and Locust bean gum. A modified GRD containing other additives was also

evaluated in this work. The device when dried under vacuum produced very

flexible films which are easily rolled to fit into capsules. The dried film, when

rehydrated in gastric fluid, swells considerably in 30-45 minutes. The device

reaches not less than 75% of its original dimensions in 2 hr. a change in size of

about 10 to 15 times in volume. The device remains expanded for 24 hr.

Riboflavin, a compound with limited gastrointestinal absorption sites, was

released from the device in a nearly zero-order fashion for a period of 24 hr. The

device then disintegrates into fragments and loses its integrity. When this device is

ingested, the chances of its passage through the pylorus is greatly reduced due to its

expansion, and then it is expelled out of the stomach at the end of drug release due

to disintegration or loss of integrity. Different shapes and sizes GRDs were tested

in dogs to study the gastric retention potential of these devices. The effect of the

device on food emptying from the stomach in dogs was also investigated, and

found to have no effect.



5

INTRODUCTION

The bioavailability of drugs from pharmaceutical dosage forms is

influenced by numerous factors. Very often, despite excellent in vitro drug release

patterns, drug absorption is not correlated with in vitro results and is highly

variable among and between individuals. Reasons for this are often essentially

physiological and pertain to gastrointestinal (GI) transit of the dosage form (1).

Aspects of the GI tract that are relevant to drug absorption include GI transit times,

absorption abilities in the different segments of the GI tract, and presystemic

clearance (2).

GASTROINTESTINAL TRANSIT TIMES

Gastro-csophageal , Esophagus
junctiO4l

Fundus

Pylonc sphincter _4._ y

StosnachJ
Antruin

Duodenum
Transvers

Small intestine Jejunum

Ascending colon __-,____ Desa

Large intestine ffleum

-
Signioid colon

Cecum Rectum

Figure 1.01: Schematic description of the GI tract.



Figure 1.01 shows the GI tract, which includes the stomach, small intestine, and

colon. The absorption abilities of the different segments of the GI tract for most

drugs are shown with different gray scales in this Figure (the darker the region, the

more absorption of the drug). Oral dosage forms remain in each segment of the GI

tract for different time periods. The total residence time of dosage forms in the UI

tract depends on gastric, intestinal and colonic transit.

Gastric Emptying

Gastric emptying of oral dosage forms is mainly influenced by the physical

properties of the dosage form such as size and density and by the presence or

absence of food in the stomach (2). Gastric emptying of oral dosage forms occurs

as a result of gastric contractions, the nature of which depends on whether food is

present or absent in the stomach. Indigestible solid dosage forms larger than the

pyloric opening in the closed state are prevented from emptying during the

postprandial period. These forms will have to await the interdigestive migrating

myoelectric complex (IMMC) activity occurring at the end of digestive phase to be

cleared from the stomach (2). Each cycle of the IMMC can be divided into four

phases. Figure 1.02 shows the four phases of the IMMC.
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A1

_AAA2
AJWUALA3

_ILJ\A4

Figure 1.02: The intensity of contractions of the four phases of the IMMC.

Phase 1 (basal state) is characterized by a (nearly) empty stomach and a period with

no motor activity, except for few contractions during 45 to 60 minutes. The

frequency and amplitude of the contractions increase in Phase 2 (preburst state)

culminating in the onset of phase 3. In Phase 3 (burst state), a burst of giant

peristaltic contractions occur three times per minute and last about 5 to 15 minutes.

The strong contractions of Phase 3 coincide with an open pyloric sphincter and

remove indigestible solids from the stomach. Phase 3 contractions are also known

as "housekeeper" waves due to its' sweeping property. Phase 4 is a short transition

period of decreasing activity until the next cycle begins. The different phases of the

cycle migrate distally from the stomach to the duodenum and further proceed from

the small bowel through the colon. The overall IMMC cycling period is about 1.5-

2.0 hr (3).



Cut-off Size for Gastric EmptVin2 of Dosa2e Forms

Dosage forms designed to stay in the stomach and slowly release their drug

contents to the upper part of the small intestine, such as gastric retention devices,

must overcome the housekeeper waves and remain in the stomach in the fasted

state. In this case, the size of the dosage form is most important. Regarding the

size of dosage forms that will not empty from the fasted stomach, different studies

indicate the size could start around 7 mm and range up to higher than 10 mm (4).

However, not many studies are reported for dosage forms larger than 10-15 mm

due to the impracticality of this size for oral administration (5). Larger sizes are too

big to swallow. There are available data, on the other hand, that confirm that oral

dosage forms 10-15 mm in diameter are not retained in the fasted stomach (4, 5).

In one study, the size, shape and flexibility of rings and tetrahedrons prepared by

blending low-density polyethylene and ethylene vinyl acetate copolymer were

tested in beagle dogs (6). In this study it was found that the tetrahedrons (each leg

2 cm in length) exhibited 91-100% retention at 24 hr. while the rings (3.6 cm

diameter) provided 100% retention at 24 hr. A positive correlation also existed

between flexural modulus and gastric retention. In another study in humans, it has

been reported that objects thicker than 2 cm and longer than 5 cm tend to lodge in

the stomach (7). In another study in four mongrel dogs, each dog was allowed to

eat 50 g of liver diced into 1-cm cubes. Forty plastic spheres (7 mm in diameter)

were also given with the meal. The spheres were manually placed in the



oropharynx of each dog from which they were spontaneously swallowed. In this

study, 80% of the liver was emptied by 4 hr while all the spheres were retained in

the stomach at that time (8). The considerable variation in the reported sizes that

could be retained in the stomach may be due to inter-individual variations in the

diameter opening of the pylorus and in the pressure force of the housekeeper

waves. Therefore, there is no exact cut-off size, but rather a gradation of sizes over

which emptying from a fasted stomach becomes highly variable and unpredictable

(9). It should be mentioned that extrapolation of a cutoff size from animals to

humans is uncertain and sometimes irrelevant (4, 10). Pigs, for example, were

reported to be a poor animal model for studying bioavailability or GI transit of

nondisintegrating, nonerodible dosage forms (11). In this study, much slower

gastric emptying of nonerodible caplets in pigs (days) was observed compared to

humans (hours). The canine model, on the other hand, has been a very popular and

useful model for oral dosage forms testing. The gross physiology of the stomach in

humans and dogs is very similar in the fasted state, with similar motility patterns,

gastric emptying of indigestible solids and liquids and gastric pH. However, the

meal emptying rate and subsequent return to the fasting motility pattern are much

slower in dogs (10). For this reason, canine data may lead to overoptimistic

predictions for human performance especially in testing dosage forms that aim to

increase gastric residence time.
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Effect of Food on Gastric Retention and Bioavailability

The various phases in which food may interact with a coadministered drug

are (a) before and during gastrointestinal absorption, (b) during distribution; (c)

during metabolism and (d) during elimination (12). Absorption and metabolism are

the phases where food has most effect. The buffering effect of food may result in a

rise of gastric pH to a value of 6 or higher and therefore might affect drug solubility

and dissolution in the stomach. Also mixing drugs with fruit juice, such as grape

fruit and orange juice, and acidic beverages, such as commercial soft drinks, may

affect absorption of drugs because of decreases in gastric pH. For example the

coadministration of an acidic beverage such as a cola beverage with itraconazole

and ketoconazole was reported to improve drug bioavailability especially in

patients who are hypochlorhydric or achlorhydric (13). Food also delays gastric

emptying and allows for a longer contact time of the drug dosage form to the acid

medium of the stomach. This delay is influenced by the content of the food, with

higher caloric or fatty meals delaying gastric emptying of dosage forms more than

low calorie, low fat meals (2). Such delay in emptying may result in degradation or

partial decomposition of acid labile drugs.

For example the bioavailability of pravastatin, a hydrophilic hypolipidaemic agent,

was reported to decrease by 31% when it was taken with a high-fat meal because of

increased gastric residence time (14). Erythromycin was found to be only 28%

bioavailable following administration of the particles-in-tablet formulation with



11

food (15). Partial decomposition of erythromycin in these particles by acid reduces

the amount of drug available for absorption resulting in decreased bioavailability.

Feeding may also result in a reduction of first-pass clearance of drugs because of

increased blood flow. The propranolol peak concentration was significantly

increased from 13.2 ng/ml when the drug was taken under fasting conditions to

86.3 and 82.9 ng/ml when it was taken with a protein-lipid and carbohydrate

feedings respectively (16). In this study it was concluded that the increase in oral

availability without alteration in either urinary recovery or decrease in systemic

clearance indicated by exclusion that feeding reduces first-pass clearance of drug,

resulting in an increase in the amount of drug entering the general circulation.

However, the mechanism underlying this change in hepatic function is not

indicated in this work.

In another study to investigate whether or not a prolonged gastric residence

time is responsible for the slow absorption kinetics of the "floating" modified

release (MR) capsule of isradipine, it was concluded that the presence or absence of

food, rather than buoyancy, is the principal determinant of the gastric residence

time of the MR capsule (17). Therefore, a mechanistic understanding of the effects

of food may serve as a key to the phannacokinetic optimization of patient therapy.
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Approaches to Increase Gastric Residence Time of Dru2 Dosa2e Forms

Several different approaches have recently been developed to achieve an

extended GI transit time of oral drug delivery systems, and more particularly, to

sustain their residence time in the stomach. Gastric retentive dosage formsmay be

highly useful for the delivery of many drugs. Gastric retentive dosage forms would

provide the best results for drugs that may act locally in the stomach or that may be

absorbed primarily in the stomach. Many drugs such as nitrofurantoin (2),

riboflavin (2,18), ranitidine (19) and allopurinol (2) are known to be absorbed only

from the upper regions of the GI tract (i.e., drugs with absorption windows). Such

drugs could be best delivered by slow release from the stomach in order to improve

bioavai lability. A number of investigators have tried to restrain and confine dosage

forms to the stomach by employing a variety of concepts such as a) Incorporation

of passage-delaying food excipients, principally fatty acids, to decrease the gastric

emptying rate, b) Flotation, c) Inflation, d) Adhesion and e) Swelling. Many

attempts have been made to develop gastric retentive devices using one of these

techniques, but only few have been successful as a platform for oral controlled-

release dosage forms.

Passage delaying agents such as tnethanolamine myristate and

propantheline have been used to slow down the normal motor activity of the

stomach. However, in vivo results showed highly variable intersubj ect reaction to

these agents and undesirable side effects (9).
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Some scientists developed floating systems made of shells of polymers with

lower density than that of the gastrointestinal fluid, to enable them to float without

affecting the gastric emptying rate (20), while others developed a drug and

hydrocolloid mixture known as hydrodynamically balanced system (21).

Hydrodynamically balanced system (HBS) capsule is a formulation essentially

composed of a drug intimately mixed with a gel-forming hydrocolloid such as

hydroxypropylmethyl cellulose. After ingestion and upon contact with gastric fluid

the capsule swells and maintains a soft gelatinous outside surface barrier with a

relative integrity of shape and a bulk density of less than one. The drug is then

slowly released in the stomach by diffusion through the gelatinous barrier, and goes

down towards the proximal part of the intestine. Unfortunately, scintigraphic

images showed that these floating systems are able to remain buoyant only when

the patient is submitted to repeated meals (2). A new floating bilayer tablet, which

allows separate regulation of the floating properties and drug release kinetics, was

also developed (22). In this system, one of the tablet layers mainly contains a

carbon dioxide generating blend and a hydrophilic polymer. The carbon dioxide,

being entrapped in the gelified hydrocolloid is liberated by the action of the acid in

the stomach and helps maintain its buoyancy. The second tablet layer is a

hydrophilic matrix and contains drug which is released in a prolonged and

controlled way. Other floating systems that have been developed include an

inflatable chamber containing a liquid that will gasify at body temperature (23), or

a flotation chamber filled with air or harmless gas (24).
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In order to develop a bioadhesive system, researchers have studied a broad

range of polymers for their bioadhesive properties (25). Bioadhesive systems

adhere to the mucus. This adhesion is a result of electrostatic and hydrogen bond

formation at the mucus-polymer boundary. Polycarbophil and carbopol are the

most widely used mucoadhesives. However, despite their excellent mucoadhesive

properties, published results from in vivo studies were rather disappointing. In one

study, pellets (0.5-1 mm) mixed with polycarbopohil and placed in size "0" hard

gelatin capsule, were found to empty at a similar rate as a control formulation

containing no polycarbophil (26). In this study, it was reported that polycarbophil

did not retard the gastric emptying of the pellets. In another study using

chiorothiazide as the model drug, drug containing albumin beads were prepared,

physically mixed with polycarbophil and placed in a capsule to produce a

bioadhesive dosage form (27). In this study plasma drug levels in rats showed only

modest longer duration of action and slightly higher bioavailability for the

bioadhesive dosage form than for either albumin beads or drug powder alone.

Adhesion was also reported to cause ulcerous side effects if the released drug is

locally irritating to the mucosa (9).

There are various patents describing swelling systems. Researchers have used

various polymers to develop such systems, and have developed swelling devices

with different shapes, such as rings, disks, strings and many others (6, 28). These

devices are made small enough for easy swallowing but expandable upon contact

with gastric juice to a size sufficient to cause retention of the device in the stomach
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(i.e. to a size too large to pass through the pyloric canal). The diameter of the

pyloric canal is about 2 cm in humans. Because these systems have to be removed

from the stomach after drug release, they have to be made either degradable or

deflatable. A novel gastric retention device made of naturally occurring gums was

found to stay in the stomach of dogs for more than 9 hr (29). This device when

dried and immersed in gastric juice swells rapidly and releases its drug content in a

zero order fashion for a period of 12 hr.

Such gastric retention device (GRD) that overcomes the drawbacks of floating

and bioadhesive systems would work as a non-specific targeting drug-delivery

system. GRD can be used for drugs which rely for their pharmacological effects on

direct contact with the gastric mucosa or as an oral sustained- release delivery

system for a drug with a narrow absorption window.

Small Intestine Transit

The main site for drug absorption is the small intestine because of its high

effective surface area (30). Usually drugs are formulated so that they can be

mainly absorbed from the small intestine. Transit time in the small intestine is

more regular when compared to the inherently variable gastric transit. The average

small intestine transit time is estimated to be 3 ± 1 hr (30). This transit is

remarkably constant, and is not influenced by the fed or fasted state of the subjects



16

or by the type of dosage form ingested. Since most drugs are absorbed from the

upper intestine (i.e. duodenum, jejunum and ileum), the total effective time for drug

absorption is 3 to 8 hr (2). The relevance of transit time to therapeutic use of

delivery systems formulated for releasing their drug content over 12 hr becomes

questionable, especially if the drug is not absorbed from the large intestine or has

an absorption window. The time required for a single-unit delivery system to reach

the ileo-cecal valve generally ranges from 3 to 8 hr. Important amounts of drug

load can still be undelivered at that time and, consequently, the bioavailability of

the dosage form might be reduced (5).

Colonic Transit

Rate of absorption of drugs generally decreases in the colon because the

absorption area per unit length is much smaller than in the small intestine (31).

Another factor that may be important when related to drug solubility is the drop of

one pH unit observed at the ileo-cecal junction and in the ascending colon when pH

values are compared with the usual pH prevailing in the terminal ileum (32). The

transit time of pharmaceuticals in the large intestine is highly variable and ranges

between 20 and 36 hr (32). The colon still represents an oral delivery site with

sufficient residence time and surface area to partially compensate for low mucosal

permeability.
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VARIABLE ABSORPTION ABILITIES OF GI TRACT

The performance of oral dosage forms profoundly depends on transit

through the GI tract, because the extent of drug absorption from different regions of

the GI tract is different. The change in pH values through the GI tract can also

make a difference in absorption of ionizable drugs. Because of small surface areas

of the stomach and the colon, drug absorption is rather minimal; however, drug

absorption from the colon can be significant for some drugs due to the potentially

large residence time (33).

Orally administered drugs can be degraded through the GI tract by different

mechanisms such as a) hydrolysis in the acidic environment of the stomach, b)

enzymatic digestion in the gastric and small intestinal fluids, c) metabolism in the

brush border of the intestinal wall, d) metabolism by colonic bacteria and e)

metabolism in the liver prior to entering the systemic circulation (2). Poor

absorption of drugs into the systemic circulation can occur as a result ofany of the

above. For example, metoprolol is absorbed well throughout the small intestine but

only 40 to 50% of the dose reaches the circulation (34). This is because with

controlled-release formulations the drug is absorbed mostly from the lower part of

the GI tract and its systemic availability could be altered either by reduced

absorption or presystemic clearance (34).
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STRUCTURE OF GASTRIC RETENTION DEVICE

The gastric retention device (GRD) was made of different amounts of

Xanthan gum (XG), Locus bean gum (LBG), polyvinyl pyrrolidone (PVP), sodium

lauiyl sulfate (SLS) and polyethylene glycol 400 (PEG 400). These ingredients

when dissolved in water and heated to 85°C produced a thermoreversible hydrogel.

The hydrogel when dried at 50-55°C under vacuum produced a very flexible film

that can be easily rolled or compressed.

XG and LBG represent the major constituents of the core of the hydrogel.

It has been reported that gel formation results from a buildup of complex networks

in which polymer molecules form highly ordered intermolecular associated regions

known as 'junction zones". Upon cooling, the gum molecules are rearranged from

a more or less random coil conformation to a more orderly conformation containing

the junction zones (35). Stereochemical factors specific to the two gums were also

reported to allow the formation of complex hydrogen bonded network, resulting in

gelation (35). The two gums also provide a firm structure and buoyancy to the

device after being dried and rehydrated.

PVP contributed to the swelling of the device. SLS was added to enhance

drug release from the device and also added plasticity. PEG 400 provided

plasticity to the dried gel so that the produced film can be easily rolled or

compressed without distortion in the structure of the film.
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EXPERIMENTAL

MATERIALS

Xanthan gum (Spectrum Chemical Mfg. Corp., Gardena, CA) and Locust

bean gum (Sigma Chemicals, St. Louis, MO) were used as the main ingredients for

the formation of GRD. Sodium lauryl sulphate (Matheson Coleman & Bell,

Cincinnati, OH), polyethylene glycol 400 (Union Carbide Corp. Danburg, CT) and

polyvinyl pyrrolidone K26-35 (Sigma Chemicals, St. Louis, MO) were used as

additives. Riboflavin (Sigma Chemicals, St. Louis, MO) was used as the model

drug. Polyethylene oxide mol.wt. 200,000 (Union Carbide Corp. Danburg, CT)

and microcrystalline cellulose known as Avicel PH 101 (FMC Corp. Newark, DE)

were used to construct drug beads. Inert, white, radio-opaque barium impregnated

polyethylene spheres (BIPS), 1.5 mm in diameter, (Chemstock Animal Health

LTD, New Zealand) and radio-opaque threads cut into small pieces 4-5 mm in

length (Veterinary Teaching Hospital, OSU) were used as radiodense tracers in

animal studies. All chemicals were used as received.
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METHODS

Method of GRD Preparation

1. Two types of GRD were prepared called regular GRD and modified GRD. The

regular GRD was prepared by dissolving LBG (0.5g) and XG (0.75g) in 100 ml

deionized water. The modified GRD was prepared by dissolving PVP (0.5g),

LBG (0.5g), SLS (0.15g), and XG (O.75g) in 100 ml deionized water in that

order with constant stirring. Both solutions were heated to a temperature of

85°C and 6 ml of PEG 400 was then added to each of the hot viscous solutions.

2. Accurately weighed riboflavin in powder form, in the form of beads, or in the

form of solid dispersion was then added to hot viscous solution with constant

stirring to produce a homogenous mass.

3. The highly viscous solution was then poured into suitable shaped molds.

4. The resulting gel was left to cool for 4 hr at room temperature and then was cut

into desired sizes (Figure 1 .03A).

5. The cut gels were dried in a vacuum oven at 50-55°C for about 16 hr. The

process of drying produced flexible films that could be easily rolled and fitted

into capsules (Figures 1.03B and 1.03C).

6. The GRD, consisting of a capsule containing the dried gel (film) with drug, was

used for the different studies.
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7. Three different size capsules ('0', '00', and '000' size) filled with different size

GRD containing riboflavin were used in these studies.

Incorporation of Drug in GRD

The model drug riboflavin was incorporated in the GRD in the form of

powder, beads, or solid dispersion. Riboflavin beads were prepared by mixing

known amounts of riboflavin, Avicel PH-101, and polyethylene oxide 200,000

(Polyox N-80) with water to produce a wet mass. This mass was then extruded and

spheronized using a laboratory extruder (model 10/25) and spheronizer (model 120,

Caleva Process LTD, England) to produce drug beads (1.5-2.0mm in diameter).

The beads were left to dry overnight in an oven at 50°C. Beads incorporated into

the gel remained suspended in the gel.

Formulation of Riboflavin Beads

Riboflavin beads were prepared by extrusion and spheronization using the

formula described in the following table. Riboflavin when used in powder form

was dried for 2 hr at 120°C before being incorporated into the gel to remove

moisture.
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Table 1.01: Formula for riboflavin beads.

Ingredient Quantity (g)

Riboflavin 70

AvicelPH101 25

Polyox (N-80) 5

Formulation of Riboflavin Solid Dispersion

Riboflavin solid dispersion was prepared by melting a weighed quantity of

PEG 3500 in an evaporating dish. A weighed quantity of drug was then added to

yield the desired ratio of drug to PEG (1:3). The system was heated until complete

dissolution of the drug. The dish was then transferred to an ice bath and the

material stirred until cold. The final solid mass was crushed, pulverized and

screened to produce a fine powder.

The dried gels (films) containing drug beads, powder, or solid dispersion

were rolled and fitted into suitable size capsules. The GRDs containing drug beads,

powder, or solid dispersion were then subjected to in vitro dissolution and/or in

vivo studies.
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Hydration Studies

Hydration studies on four differently shaped modified GRD made of PVP

(0.5 g), LBG (0.5 g), SLS (0.15 g), XG (0.75 g) and PEG 400 (6 ml) were

conducted in simulated gastric fluid at 37°C. Gels were prepared by dissolving the

ingredients in water, the mixture was then heated at 85°C and the hot viscous

solution was poured into different shaped molds to produce the desired shapes.

The four shapes were cubic, rectangular, short cylinder, and long cylinder (Table

1.02 and Figure 1.04). The gels were then dried and subjected to hydration studies.

Percent (%) of hydration was calculated on a weight (wt) basis as:

% Hydration ={100*(Final wt. of filmInitial wt. of film)}/Initial wt. of film

Dissolution Studies

Dissolution studies were carried out according to the USP XXII paddle

method at 37°C and 50 rpm for 24 hr. Dissolution medium consisted of 900 ml

simulated gastric fluid (SGF) without added enzymes. Samples were collected at 1,

2, 4, 6, 8, 10, 12, 16, 20, and 24 hr. The samples were assayed for riboflavin at 446

nm using a HP 8453 diode array spectrophotometer.
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The exact amount of each ingredient in all tested different shaped regular

GRDs (RGRD) and modified GRDs (MGRD) used in hydration and dissolution

studies are listed in the following table. The amount of nboflavin in each GRD

preparation listed in the table was 50 mg. Rectangular RGRD and rectangular

MGRD were the GRDs used in dissolution studies.

Table 1.02: Amount of each ingredient in the final GRD preparation before drying.

Ingredient
XG LBG PVP SLS PEG 400 Water(g)

Rectangular
0.031 0.021 0 0 0.25 4.2RGRD

Cubic
0.024 0.016 0.016 0.004 0.19 3.12

Rectangular
0.03 1 0.020 0.020 0.006 0.25 4.2MGRD

Short-Cylinder
0.035 0.023 0.023 0.007 0.28 4.6MGRD

Long-Cylinder
0.030 0.020 0.020 0.006 0.24 4.00MGRD
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C

Figure 1.03: (A) the cooled gel was cut into desired shapes; (B) the cut gels
were dried in a vacuum oven; (C) the dried films were rolled into capsules.
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In Vivo Studies in Dogs

Subjects

Two mixed-breed dogs, Jack (aged 2.5 years and weighing 20 Kg) and

Saddie (aged 5 years and weighing 26 Kg), were used to study the gastric residence

time of different sizes and shapes GRDs. The animals were housed and cared for

by personnel at the Veterinary Teaching Hospital at the College of Veterinary

Medicine at OSU. The dogs were maintained on a canned protein diet (dId Hills)

for two weeks. The dogs were housed in individual pens that allowed reasonable

free movement and normal activity of the dogs and thus normal gastrointestinal

motility was expected.

Dosage Forms

Four different shaped GRDs (Figure 1.04 and Table 1.02) incorporated in

size "0" capsules were used. A 7*1 5* 1 cm rectangular shaped GRD incorporated

in '000' capsule was also tested in these studies. All the dosage forms contained

radio-opaque threads for X-rays visualization.
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The two dogs were fasted overnight and one of the four different shaped

27

GRDs was administered orally early in the morning with 4 ounces of water to each

dog. Each shape was given in a separate day and tested in both dogs at least once.

The next shape was only administered to the dog next day after an X-ray showing

the previous dosage form has left the stomach. The whole study lasted two weeks.

Radiography

Radiographic examinations were performed using a Transworld 360 V X-

rays generating unit (Figure 1.05). X-ray cassettes used were 3 M Trimax 12

paired with 3M ultradetail (1416) film. For each dog, radiographic examinations

were performed from two angles, a lateral view and a dorsoventral view.

Radiography was used to follow passage of GRDs in the GI tract. Radiographs for

dogs were exposed at 0 mm (just before dosing to ensure an empty stomach), at 5

mm (just after dosing to assure that the device was in the stomach), at 2 hr (to see if

the GRD was not removed by the housekeeper waves), at 9 hr and at 24 hr. If the

device was removed from the stomach at the 2 hr radiograph no more radiographs

were taken for the rest of the day. The dogs were fed after the 2 hr radiographs.

Food was sometimes mixed with small B1PS to study the effect of the dosage form
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sufficiently radiodense to show clearly on abdominal radiographs. BIPS mimic

passage of food in the GI tract and provide an accurate estimate of the gastric

emptying rate and intestinal transit time of food (35). Hills did diet is known to

suspend BIPS (Figure 1.06). BIPS can be differentiated from radio-opaque threads

in radiographs.

Endoscopy

Endoscopy was used to allow visual observation of the swelling of the GRD

in the stomach. One dog was used for this study. The animal was fasted 14-16 hr

prior to dosing. The dog was dosed while awake. The animal was induced with

ketamine (259 mg) in combination with diazepam (7.5 mg) given intravenously.

The animal was intubated with a cuffed endotracheal tube and maintained under

general anesthesia with isoflurane gas and oxygen. Following attainment of a

suitable anesthetic plane, a flexible fiber optic endoscope (Olympus GIF XP2O with

a 7.9 mm outer diameter and 1.025 m scope. Olympus Corporation, Lake Success,

NY) was introduced into the mouth and esophagus and guided to the stomach. A

camera attached to the endoscope monitored the GRD and the process of expansion

was recorded on videotape over a period of 45 minutes as documentation of this

process. Once fully recovered the animal was returned to its normal housing.
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Table 1.03: Dimensions and volumes of the four URD shapes tested in dogs.

Shape Cubic Rectangular Short Long
Cylinder Cylinder

Dimensions
before drying

a*b*c a*b*c a*b a*b

(cm)
1.5*1.5*1.5 3*1.5*1 2.2*1.7 5.5*1

Volume (cm3) 3.37 4.5 4.99 4.32

Time to reach
75% of that -45 -30-45 -45 -45

volume_(mm)

aa

Rectangular shape

Cubic shape

baa
Short cylinder

Long cylinder

Figure 1.04: The four different shapes of GRD tested in dogs.
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Figure 1.05: (A) Transworld 360 V X-rays generating unit used in
radiographic studies; (B) Lateral radiograph taken for one of the dog.
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Figure 1.06: Hills did diet mixed with BIPS was given 2 hr after dosing
to study the effect of GRD on food emptying from the stomach.



32

RESULTS AND DISCUSSION

Effect of Ingredients on GRD Preparation

The two main ingredients of GRD are XG and LBG. XG and LBG were

used in the ratio of 1.5: 1 respectively. Increasing the ratio of XG more than 1.5

produced very viscous gels and hard films after drying. It should be noted that it is

very difficult to prepare solutions containing more than 3% gums because both XG

and LBG are high-viscosity colloids. XG was used in higher ratio than LBG as

better pH stability is reported when the colloid ratio favors XG (36). XG is stable

over the entire p11 spectrum, whereas LBG is less acid-stable. Since GRD is

intended to stay in the acidic environment of the stomach for many hours, higher

XG ratio will produce stronger gel after hydration in gastric fluid and the resulting

gel will not degrade rapidly. Solutions containing less than 1% gums were less

viscous and the dried films were very thin and when hydrated in simulated gastric

fluid, lost their integrity in less than 6 hr. When PVP and SLS were added in an

attempt to increase the rate and amount of riboflavin released from the GRD, more

elastic films were produced when the gels were dried. However further increasing

the amount added of PVP and SLS to the gum solution produced very soft films

after drying. These soft films when immersed in SGF produced weak gels that lost

their integrity in SGF in about 4 hr.
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Heating Temperature

The gums' solution was heated until 85°C as the viscosity of the solution

drops sharply at this temperature, which allows pouring the viscous solution into

molds. The viscosity increases sharply again at around 40-50°C as the solution is

cooled from 85°C.

Effect of Drying Temperature

Very flexible soft films were obtained when the gels were dried in a

vacuum oven at 50-55°C for about 16-17 hr. Flexible soft films were essential for

easy rolling and fitting into capsules as well as for quick swelling when immersed

in SGF. When higher temperatures were tried (60-70°C) for shorter times (12-15

hr), hard films were obtained that broke easily when rolled into capsules. Those

films also took longer to swell (>45 mm) and swell back to only 50% of their

original size when immersed in SGF for 2 hr. When lower temperatures were tried

(30-40°C) it took about 48 hr to obtain dried films and the dried films took longer

than 2 hr to swell back to about 75% of their original size.
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Hydration Studies

Hydration properties of different shaped modified GRDs were studied.

Four different shapes were tested for hydration in SGF. The dimensions and the

shapes of the GRDs examined are shown in Table 1.02 and Figure 1.04. The

percent (%) increase in weight of the hydrated films was determined after 15, 30,

45, 60, 120 and 180 mm and determined again after 12 and 24 hr. The hydrated

films retained their integrity for up to 24 hr in SGF. Of all the shapes studied, a

rectangular shaped gel, which had been dried into a flat rectangular film, was found

to have the fastest swelling and maximum volume (Figure 1.07). Based on this

study, the rectangular shape was chosen for other in vitro and in vivo studies.

Initial hydration of the films in SGF is shown in Figure 1.08. The initial

hydration is a very important factor into the development of a GRD. The idea here

is to make a device that is small enough to fit into a capsule for easy swallowing,

but expands upon contact with gastric juice to a size that is too large to pass

through the pylorus. The swelling to this large enough size should be fast to avoid

gastric emptying by the strong contractions of the housekeeper waves which last

about 5 to 15 mm. Therefore, fast swelling of the released dried gel and integrity

of the swollen gel are very critical. Complete hydration of the films in SGF for 24

hr is depicted in Figure 1.09.
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Figure 1.07: (A) The capsule shell dissolves in SGF in 8-10 mm and
the GRD is released; (B) The released GRD then hydrates and swells.
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Figure 1.08: Initial hydration of four different shaped GRDs in SGF.
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Figure 1.09: Final hydration of four different shaped GRDs in SGF.



Dissolution Studies

Dissolution profiles of riboflavin beads, powder and solid dispersion

included in GRDs (regular or modified) were compared to dissolution profile of an

immediate release capsule containing the same amount of vitamin. In all studies

the amount of riboflavin present in each tested GRD was equivalent to 50 mg and

the GRDs used were the rectangular shape (3*1.5*1 cm) for both regular and

modified GRD (exact amount of each ingredient in regular and modified

rectangular GRDs is listed in Table 1.02). Size "0" capsules were used to fit both

the immediate release and the GRDs formulations.

Dissolution from Regular GRD

The pattern of dissolution of riboflavin beads contained in a capsule

compared to the dissolution ofriboflavin beads contained in a rectangular shape

regular GRD is shown in Figure 1.10. It was observed that riboflavin beads

released 100% drug in 6 hr, however only 8% drug release occurred from regular

GRD at S hr, and about 30% release at 24 hr. The release pattern of drug from the

regular GRD was nearly zero-order.

Dissolution of riboflavin powder from an immediate release capsule

(containing 50 mg riboflavin and 200 mg lactose) and from a regular GRD
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containing the same amount of riboflavin powder is presented in Figure 1.11. It

was observed that the immediate release capsule of riboflavin released 100% of

drug in about 1 hr whereas the GRD in a capsule released about 50% of drug in 24

hr. The release of riboflavin powder from regular GRD was also nearly zero order.

Dissolution from Modified GRD

In an attempt to increase the rate and amount of drug released from regular

GRD, the prepared modified GRD was used. The modified GRD differs from the

regular GRD in that it contains PVP and SLS. The dissolution of riboflavin powder

from the modified GRD is shown in Figure 1.12. It was observed that the modified

GRD released about 65% of drug in 24 hr. The pattern of release also looked zero

order. The increased dissolution from the modified GRD may be attributed to the

presence of the hydrophilic polymer PVP and the surface active agent SLS. Both

PVP and SLS may have helped the diffusion of the vitamin from the hydrogel. The

presence of PVP and SLS in the formulation also produced more flexible dried

films that were easier to fit into capsules when compared to the regular films from

the formulation without PVP and SLS. The increased flexibility could help in

fitting larger GRD in capsules.

Dissolution of solid dispersion of riboflavin and PEG 3500 in the ratio 1:3

from modified GRD is shown in Figure 1.13. It was observed that 100% of drug
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was released in 24 hr from this formulation, however the GRD lost its integrity in

about 6 hr. This could be due to the high ratio of PEG 3500 used in the solid

dispersion. When the solid dispersion of riboflavin and PEG 3500 was added to the

hot viscous gums' solution, PEG 3500 resulted in the formation of a very soft film

when the gel was dried. After hydration for a few hours in SGF, the rehydrated gel

fell apart into fragments and could not keep its integrity. PEG 3500 may have

disrupted the junction zones formed between XG and LBG.
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In Vivo Studies in Dogs

Radiography

The four different shaped GRDs (Figure 1.04) incorporated in size '0'

capsules were tested in dogs to determine gastric residence time of GRDs. The

dimensions of these four shapes are listed in Table 1.02. All GRDs contained not

less than 15 small pieces of radio-opaque threads. These threads helped visualize

the GDRs in the GI tract by X-rays. They also helped in viewing the hydration and

disintegration of the gels. Of all the shapes, only the rectangular shape was found

to stay in the stomach of one of the dogs for at least 9 hr. The other three shapes

were emptied from the stomach in less than 2 hr. Radiographs at 24 hr indicated

absence of radio-opaque threads in the stomach for the rectangular shaped GRD,

and disintegration of the four different shaped GRDs as indicated by the spread of

threads in the colon. A total of four studies were conducted using the rectangular

shaped GRD. In all four studies the GRDs stayed in the stomach of the same dog

but not in the other one. The results of these studies are shown in Figures 1.14 to

1.19.

Food was also mixed with BIPS and given 2 hr after dosing to study the

effect of GRD on food emptying from the stomach. Two different sizes GRDs

were tested. One was incorporated in size '0' capsule and the other in size '000'

capsule. These 2 sizes correspond to 3 * 1.5 * I and 7 * 1.5 * 1 cm respectively.
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Radiographs taken 2 hr after food mixed with BIPS showed the food has emptied

from the stomach while GRDs did not. The results of this study are depicted in

Figure 1.20. This indicates that GRD did not affect food emptying from the

stomach into the intestine and food did not affect swelling of GRD in the stomach.

The result from the larger size GRD also indicates that there was no blockade of

pyloric sphincter by GRD. Based on the results from this in vivo study, the large

size GRD incorporated in '000' capsule was chosen to test in humans.
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Figure 1.14: Radiographs taken early morning just before dosing to
ensure empty stomach. (L): lateral view, (DV): dorsoventral view.
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Figure 1.15: Lateral and dorsoventral views showing the
GRD in the stomach right after dosing the dogs.
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Figure 1.16: Lateral and dorsoventral views showing the device in
the stomach 2 hr post dosing. The device has swollen as indicated
by larger volume occupied by the radio-opaque threads.
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Figure 1.17: A lateral view showing the fully swollen device
still in the stomach 9 hr post dosing.
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Figure 1.18: Radiograph 24 hr post dosing showing the device has disintegrated
and reached the colon as indicated by spread of radio-opaque threads in the colon.
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Figure 1.19: Radiograph showing the GRD in the stomach of Jack (A).
The GRD was removed from the stomach at the 2 hr radiograph (B).
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Figure 1.20: Lateral views 2 hr after giving food mixed with BIPS
showing the food has emptied from the stomach while the GRD
has not. (A): GRD in '0' capsule; (B): GRD in '000' capsule.
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Endoscopy

The objective of this study was to evaluate initial swelling of GRD in fasted

stomach, and compare in vivo with in vitro results. The endoscopic procedure was

well tolerated by the study animal. The total procedure time, as defined as the time

from anesthetic induction to extubation, was about 1 hr. The endoscope was

directed to the stomach of the animal. Endoscopic views showed the location of

GRD in the stomach. The GRD was then monitored continuously by the

endoscopic camera over a period of 45 minutes. It was observed that the capsule

shell dissolved in few minutes and the GRD was released. The swelling of GRD

occurred gradually over a period of 30 minutes. The results of this study are shown

in Figure 1.21. After 45 minutes the swollen gel was recovered from the stomach

to study its dimensions and compare it to in vitro results. It was found that the

recovered swollen gel from the dog stomach reached about 75% of the original

dimensions of the gel before drying. It can be concluded from these results that the

prepared GRD swells to a considerable size in gastric fluid in about 30 minutes and

therefore has a good chance to avoid removal from a fasted stomach by the

housekeeper waves.
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Figure 1.21: (A) Endoscopic view of the gastric mucosa showing the
GRD in stomach 5 mm post dosing; (B) Endoscopic view 30 mm post
dosing showing the GRD is released from the capsule and is swollen.
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CONCLUSIONS

A gastric retention device made of naturally occurring carbohydrate

polymers and containing riboflavin was tested in vitro for swelling and dissolution

characteristics as well as in vivo in fasting dogs for gastric retention.

The following conclusions were reached:

1. The solution of XG and LBG together with the added PVP, SLS, PEG 400,

and riboflavin formed a highly cohesive gel when heated.

2. The produced gels, when dried under vacuum, produced very flexible films

that can be easily rolled and fitted into capsules.

3. The dried films when immersed in SGF swell in about 30-45 minutes.

4. Riboflavin dissolution from GRD produced a nearly zero order controlled

release over 24 hours.

5. Radiographs in vivo showed that a rectangle shaped GRD stayed in the

stomach of fasted dogs for more than 9 hours.

6. The GRD did not affect transfer of food from the stomach to the intestine.

7. Food did not affect transfer of GRD from the stomach to the intestine.

8. The GRD disintegrated and reached the colon in 24 hours.

9. Endoscopy showed that the capsule shell dissolves rapidly and the

contained dried gel hydrates and swells in about 30 minutes. These in vivo

results correlated with in vitro results



57

REFERENCES

1. Davis, S.S., Pan, G.D., Feely, L., Leslie, S.T., Malkowska, S. and Lockwood,
G.F., The gastrointestinal transit investigation of a controlled release
aminophylline formulation. liv'. J. Pharm., 49, 183-188 (1989).

2. Hwang, S-J., Park, H. and Park, K., Gastric retentive drug-delivery systems.
Grit. Rev. Ther. Drug Carrier Syst., 15, 243-284 (1998).

3. Sarna, S.K., Cyclic motor activity: Migrating motor complex.
Gastroenterology, 89, 894-913 (1985).

4. Timmermans, 3. and Moes, A.J., Cutoff size for gastric emptying of dosage
forms. I Pharm. Sci., 82, 854-859 (1993).

5. Khosla, R. and Davis, S.S., Effect of tablet size on the gastric emptying of non-
disintegrating tablets. mt. I Pharm., 62, R9-R1 1 (1990).

6. Cargill, R., Caidwell, L.J., Engle, K., Fix, J.A., Porter, P.A. and Gardner, C.R.,
Controlled gastric emptying. 1. Effects of physical properties on gastric
residence times of non-disintegrating geometric shapes in beagle dogs. Pharm
Res., 5, 533-536 (1988).

7. Webb, W.A., Management of foreign bodies of the upper gastrointestinal tract:
update. Gastrointes. Endosc., 41, 39-5 1 (1995).

8. Hinder, R.A. and Kelly, K.A., Canine gastric emptying of solids and liquids.
Am. .J. Physiol., 233, E335-E340 (1977).

9. Moes, A.J., Gastroretentive dosage forms. Crit. Rev. Ther. Drug Carrier Syst.,
10, 143-195 (1993).



10. Dressman, B.J., Comparison of canine and human gastrointestinal physiology.
Pharm. Res., 3, 123-131 (1986).

11. Hossain, M., Abramowitz, W., Watrous, B., Szpunar, G.J. and Ayres, J.W.,
Gastrointestinal transit of nondisintegrating, nonerodible oral dosage forms in
pigs. Pharm. Res., 7, 1163-1166 (1990).

12. Welling, P.G., Effects of food on drug absorption. Annu. Rev. Nutr., 16, 383-
415 (1996).

13. Lange, D., Pavoo, J.H., Wu, J. and Klausner, M., Effect of cola beverage on the
bioavailability of itraconazole in the presence of H2 blockers. J. C/in.
Pharmacol., 37, 535-540 (1997).

14. Pan, H.Y., Devault, A.R., Brescia, D., Willard, D.A., McGovemm, D.B.,
Whigan, D.B. and lvashkiv, E., Effect of food on pravastin pharmacokinetics
and pharmacodynamics. mt. .1. C/in. Pharmacol. Ther. Toxicol., 31, 291-294
(1993).

15. Randinitis, E.J., Sedman, A.J., Welling, P.G. and Kinkel, A.W., Effect ofa
high-fat meal on the bioavailability of a polymer-coated erythromycin particles
tablet formulation. J. C/in. Pharmacol., 29, 79-84 (1989).

16. McLean, A.J., Isbister, C., Bobik, A. and Dudley, F.J., Reduction of first-pass
hepatic clearance of propranolol by food. Gun. Pharm. Ther., 30, 3 1-34
(1981).

17. Mazer, N., Abisch, B., Gfeller, J-C., Laplanche, R., Bauerfeind, P., Cucola, M.,
Lukachich, M. and Blum, A., Intragastric behavior and absorption kinetics of a
normal and "Floating" Modified-Release capsule of isradipine under fasted and
fed conditions. J. Pharm. Sci., 77, 647-657 (1988).

18. Bates, C.J., Bioavailability of riboflavin. Eur. .1 C/in. Nutr., 51, 38-42 (1997).



59

19. Williams, M.F., Dukes, G.E., Heizer, W., Han, Y., Herman, D.J., Lampin, T.
and Hak, L.J., Influence of gastrointestinal site of drug delivery on the
absorption characteristics of ranitidine. Pharm. Res., 9, 1190-1194 (1992).

20. Watanabe, S., Kayano, M., Ishino, Y. and Miyao, K., Solid therapeutic
preparation remaining in the stomach. United States Patent 3976764 (1976).

21. Sheth, P.R. and Tossounian, J.L., Sustained release pharmaceutical capsules.
United States Patent 4126672 (1978).

22. 0th, M., Franz, M., Timmermans, J. and Moes, A., The billeted floating
capsule: A stomach-directed drug delivery system for misoprostol. Pharin.
Res., 9, 298-302 (1992).

23. Michaels, A.S., Bashaw, J.D. and Zaffaroni, A., Gastro-inflatable drug delivery
device. United State Patent 3901232 (1975).

24. Kawashima, Y., Niwa, T., Tadenchi, H., Hino, T. and Itoh, Y., Hollow
microspheres for use as a floating controlled drug delivery system in the
stomach. J. Pharm. Sci., 81, 135-140 (1992).

25. Park, K. and Robinson, J.R., Bioadhesive polymers as platforms for oral
controlled drug delivery: Method to study bioadhesion. mt. J. Pharm. 19, 107-
127 (1984).

26. Khosla, R. and Davis, S.S., The effect of polycarbophil on the gastric emptying
of pellets. J. Pharm. Pharmacol., 39, 47-49 (1987).

27. Longer, M.A., Ching, H.S., and Robinson, J.R., Bioadhesive polymers as
platforms for oral controlled drug delivery III. Oral delivery of chiorothiazide
using bioadhesive polymers. .1. Pharm. Sci., 74, 406-4 11 (1985).

28. CaIdwell, L.J., Gardner, C.R. and Cargill, R.C., Drug delivery device which can
be retained in the stomach for a controlled period of time. United States Patent
4735804 (1988).



29. Kapsi, S., Ph.D. dissertation, College of Pharmacy, Oregon State University
(1998).

30. Davis, S.S., Hardy, J.G. and Fara, J.W., Transit of pharmaceutical dosage forms
through the small intestine. Gut, 27, 886-892 (1986).

31. Staib, A.H., Loew, D., Harder, S., Graul, E.H. and Pfab, R., Measurement of
theophylline absorption from different regions of the GI tract using a remote
controlled drug delivery device. Eur. J. Gun. Pharmacol., 30, 691- 697
(1986).

32. Hardy, J.G., Wilson, C.G. and Wood, E., Drug delivery to the proximal colon.
J Pharm. Pharmacol., 37, 874-877 (1985).

33. Mojaverin, T., Keith, C., Desai, A. and John, V., Gastrointestinal transit of a
solid indigestible capsule as measured by radioelemetry and dual gamma
scintigraphy. Pharm. Res., 6, 719-723 (1989).

34. Warrington, S.J., Barcaly, S.P., John, V.A., Shotton, P.A., Wardle, H.M. and
Good, W., Influence of site of drug delivery on the systemic availability of
metoprolol: Comparison of intragastric infusion and 14/1 90 Oros
administration. Br. J Gun. Pharmacol., 19, 219S-224S (1985).

35. Chandler, M.L. and Guilford, W.G., Assessment of gastric emptying and small
intestinal transit in cats using radiopaque markers. J Vet. mt. Med., 9, 192-195
(1995).

36. Kovacs, P., Useful incompatability of Xanthan gum with galactomannans.
Food Technol., 13, 26-30 (1973).



CHAPTER 2
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ABSTRACT

The gastric residence time and cut-off size for gastric emptying of three

different size rectangular shaped GRDs in man has been evaluated

pharmacokinetically using riboflavin, a drug with a limited absorption site

(window) in the upper small intestine.

Pharmacokinetics and bioavailability of riboflavin in a gastric retention

device and an immediate release formulation were determined and compared in six

healthy volunteers under fasting conditions. Each subject ingested on separated

four days a single dose of immediate release formulation or three different size

rectangular shaped GRD formulations containing the same dose of riboflavin. In

each study, urine was collected for up to 24 hours after administration and

riboflavin was analyzed using HPLC.

Drug absorption after administration of GRD should increase if the gastric

residence time is prolonged relative to administration of an immediate release

formulation. Riboflavin showed greater bioavailability after administration in

GRD compared to the immediate release formulation, as determined from mean

excretion rate and total amount of vitamin excreted in urine. Deconvolved input

functions from biostudy data suggest that a large size GRD stayed in the stomach

for about 15 hours and slowly released the vitamin to the upper part of the small

intestine.
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INTRODUCTION

Riboflavin, or vitamin B2, is a B complex vitamin found in many foods.

Riboflavin is very slightly soluble in water and has a pKa of 10.2. Its empirical

formula is C17H20N406 with a molecular weight of 376.4 (1). The chemical

structure of riboflavin is shown below.

HQIH

Riboflavin

Riboflavin is also commercially available as riboflavin-5-phosphate and riboflavin

5-phosphate sodium. Riboflavin occurs as a yellow to orange yellow crystalline

powder and is light sensitive. Riboflavin is labile at alkaline or very acidic pH, and

is very stable at high temperatures.

Exogenous riboflavin is required for tissue respiration in humans.

Riboflavin is converted to the coenzyme riboflavin 5- phosphate flavin

mononucleotjde (FMN). FMN is also converted to another coenzyme, flavin

adenine dinucleotide (FAD). These coenzymes act as hydrogen-carrier molecules

for several enzymes (flavoproteins) involved in oxidation-reduction reactions of

organic substrates and in intermediary metabolism. Riboflavin was also found to
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be involved in maintaining erythrocyte integrity (1). Riboflavin deficiency is

known as ariboflavinosis and results in a clinical syndrome characterized by skin

changes, ocular changes and seborrheic dermatitis. Riboflavin has not been shown

to have any therapeutic value but it has been used for the management ofacne,

migraine headache, congenital methemoglobinemia, muscle cramps, and burning

feet syndrome (1).

RIBOFLAVIN ABSORPTION

The absorption of riboflavin was reported in many studies to occur by an

active transport mechanism that is saturable, particularly in the upper duodenal

area, so that little riboflavin is absorbed in the lower intestine. Therefore, the

extent of GI absorption is limited by the duration of contact of the vitamin with the

specialized segment of mucosa where absorption occurs. In a published crossover

study, 9 subjects received three different oral riboflavin doses (20, 40, and 60 mg)

and one intravenous (IV) bolus injection of riboflavin (11.6 mg). Blood plasma

and urine specimens were collected repeatedly over a period of 48 hr after each

administration (2). Pharmacokinetic (PK) parameters were determined and are

summarized in the following table.
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Table 2.01: PK parameters of riboflavin after N and oral administration (2)

PK Parameters IV Oral Oral Oral
(11.6 mg) (60 mg) (40 mg) (20 mg)

Tmax(hr) 1.0 3.5 3.0 2.0

Cmax (nmol/L) 99.1 141.1 107.4 94.4

AUCO24hr 86.3 528.0 440.3 180.9
(nmol*hr/L)

In this study, it was found that the maximal amount of riboflavin that can be

absorbed from a single dose was 27 mg. 29.3% of the 20 mg oral dose was

recovered in the urine within 48 hr, compared to 14.3% of the 60 mg dose and

39.3% of the intravenous dose. These pronounced differences in riboflavin

pharmacokinetics after oral or N administration were attributed to first-pass effects

and absorption characteristics of riboflavin. Riboflavin was also found to follow a

two-compartment open model.

In another study, to determine the absorption characteristics of riboflavin,

each of four healthy male volunteers received 5, 10, and 30mg of riboflavin in 100

ml of 0.02 N acetic acid after an overnight fast or immediately after a standard

breakfast in a crossover design. Riboflavin was also administered intravenously

and rectally, in a dose equivalent to 5 mg, in this study (3). A linear relationship

was found between the dose and the amount excreted when the vitamin was taken



immediately after a standard breakfast. However, when the vitamin was taken after

an overnight fast, the amount of vitamin recovered in the urine decreased with

increasing dose. These results suggest that the process responsible for riboflavin

absorption is saturable. In this study, it was also reported that riboflavin was

absorbed very rapidly. Such rapid absorption of a large, lipoid-insoluble molecule

further confirms that absorption occurs by a specialized transport and not by

passive diffusion. When given intravenously riboflavin was relatively slowly

distributed and very rapidly eliminated initially. Very little riboflavin was

absorbed when the vitamin was given rectally.

RIBOFLAVIN ELIMINATION

The biological half-life of riboflavin is about 66-84 minutes following oral

or intramuscular (TM) administration of a single dose in healthy individuals (3).

Clearance data indicated that urinary excretion of riboflavin contributes to one-half

of the overall removal of riboflavin from plasma, and 91% of the total excretion of

riboflavin took place during the first 24 hr after injection or oral administration (2).

Urinary recoveries from doses lower than 30-50 mg riboflavin were reported to be

in the range of 13-63% within 24 hr (3). Renal excretion of riboflavin occurs by a

combination of glomerular filtration and tubular secretion, offset by tubular

reabsorption. Vitamins exhibit baseline concentrations in body fluids that are not



caused by the administered test dose; these concentrations depend on the regular

dietary uptake. Baseline concentrations are usually taken into consideration by

subtracting them from the concentrations observed after administration of the test

dose.

RIBOFLAVIN RETENTIVE DOSAGE FORMS

The GI transit of oral adhesive microspheres containing 10 mg riboflavin in

hard gelatin capsules has been evaluated pharmacokinetically in man in one study

(4). Two kinds of sustained-release microspheres, adhesive and non-adhesive,

were prepared and orally administered to ten healthy volunteers in a crossover

design. Urinary recovery was 2.4 times higher when adhesive microspheres rather

than when non-adhesive microspheres were administered to fasted volunteers.

When adhesive microspheres containing riboflavin were administered to fed

volunteers, urinary recovery was 2.1 times higher and mean residence time (MRT)

was prolonged from 4.9 ± 0.2 hr to 6.3 ± 0.3 hr compared to when the adhesive

microspheres were administered to fasted volunteers. This study shows that gastro-

retentive dosage forms are useful for drugs with bioavailability problems because

of a specific absorption window.
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MATERIALS

Formulation Ingredients

Riboflavin was chosen as the model drug for this project (Sigma Chemicals,

St. Louis, MO). All test formulations, either in form of GRD or immediate release

containing 100 mg riboflavin in powder form, were produced at College of

Pharmacy (Oregon State University, Corvallis, OR). GRDs were modified GRD

formulation and were prepared as described previously in chapter 1.

Capsules Used in Biostudy

Three different size GRD fitted in three different size capsules were used in this

biostudy. Bioavailability of riboflavin from the different size GRDs was compared

to an immediate release formulation containing the same dose of riboflavin. The

different treatments were as follows:



1. Large GRD capsules (LGRD): were size '000' capsules filled with dried GRD

containing 100 mg riboflavin. The dimensions of incorporated GRD before

dryingwere7* 1.5*1cm.

2. Intermediate GRD capsules (IGRD): were size '00' capsules filled with dried

GRD containing 100 mg riboflavin. The dimensions of the incorporated GRD

before drying were 5 * 1.5 * 1 cm.

3. Small GRD capsules (SGRD): were size '0' capsules filled with dried GRD

containing 100 mg riboflavin. The dimensions of the incorporated GRD before

drying were 3 * 1.5 * 1 cm.

4. Immediate release (IR) capsules: were size '1 'capsules filled with lactose as the

principal excipient (200 mg) and 100 mg of previously dried riboflavin.

Reagents for HPLC Assay

Methanol (HPLC grade, Fisher Chemicals, NJ), potassium monobasic

phosphate (Fisher Chemicals, NJ), sodium hydroxide (Mallinckrodt Baker, Inc.,

Paris, KT) and deionized prefiltered water.
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METHODS

Design of Human Studies

Study proposal was approved by the Oregon State University Institutional

Review Board (IRB) for the protection of human subjects. The study was

performed between October of 1999 and February of 2000. All human subjects

gave their informed, written consent for participation in the study. All subjects

were not taking any medication including multiple vitamins or riboflavin. The

subjects were also asked to avoid eating certain foods known to contain appreciable

amounts of riboflavin for at least 48 hr prior to and during the study. Three phases

of the investigation, corresponding to administration under fasted conditions, were

performed as follows:

Phase I:

Six healthy subjects (four males and two females) ingested either an IR

capsule (Treatment A) or LGRD capsule (Treatment B) in a randomized crossover

design with a washout period of at least one week. The capsules were ingested

with 200 ml of water. All subjects were asked to fast for at least 10 hours before

the study and no food was allowed for two hours after dosing.
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Phase II:

This study consisted of one treatment under fasting conditions, where each

of the six subjects ingested an IGRD capsule (Treatment C).

ihase III:

This study consisted also of one treatment under fasting conditions, where

each of the six subjects ingested a SGRD capsule (Treatment D).

Drug Assay Method

Chromato2raphic Conditions

The column was a reverse-phase micro-particulate C18 (p.Bondapak C18,

particle size 10 jtm, 30 cm x 4 mm, Waters Associates, Milford, MA) preceded by

a C18 guard cartridge (ODS, 4x3 mm, Phenomenax, CA).

Assay procedure followed that described by Smith (5). The eluent was 0.01

M potassium monobasic phosphate (pH 5) and methanol in the ratio of 65:35. The

flow rate was 1.2 mi/mm. The mobile phase was prepared by mixing exact
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volumes of 0.01 M potassium monobasic phosphate solution (adjusted to pH 5 with

1 N sodium hydroxide) and methanol. The mixture was then filtered under vacuum

through a 0.2 tm filter. The mobile phase was degassed before use. The detector

was a fixed-wavelength spectrofluorometer (Gilson Spectra/Gb Fluorometer,

Middleton, WI). The excitation wavelength was 450 nm. The wavelength range

for the emission filter was 520-650 nm. Peak areas were determined with a

Schimadzu integrator (CR501 Chromatopac, Schimadzu Corp., Kyoto, Japan).

Other instruments in the HPLC system included a delivery pump (Waters

550 Solvent Delivery System, Waters Associates, Milford, MA) and an automatic

sample injector (Waters WISP Model 71 OA, Waters Associates, Milford, MA).

Collection of Urine Samples

Subjects fasted overnight, emptied their bladder and provided a zero-time

urine sample prior to dosing, then ingested a formulation. Subjects collected the

contents of their bladders in 16 oz disposable plastic containers at 1, 2, 3, 4, 6, 8,

10, 12, and 24 hr post dosing. Volume and time elapsed since vitamin ingestion

was recorded for each urine sample and a portion was saved for vitamin

concentration measurement.
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Standard Solutions

Riboflavin standard stock solutions were prepared to contain 100 p.g/ml of

reference standard by addition of 100 mg of riboflavin, 750 ml of water and 1.2 ml

of glacial acetic acid to a 1-liter flask, dissolving with heat, and diluting to volume

with water. This stock solution was diluted with blank urine to contain 1, 2, 4, 6, 8,

10, and 15 pg/ml of riboflavin. All solutions were protected from light. These

standards were injected onto the column, chromatograms were recorded and peak

areas were determined. The retention time of riboflavin was about 6 minutes.

A standard curve was constructed by plotting peak areas against riboflavin

concentrations in urine. Sensitivity of assay was good at 1 p.g/ml with linear

relationship between peak areas and riboflavin concentrations of 1 to 10 p.g/ml

(R2= 0.997 1). A typical standard curve for riboflavin in urine is shown in Figure

2.01. Endogenous riboflavin was taken into account by subtracting the area

obtained from the analysis of zero time urine sample from standards and samples.

Sample Analysis

Approximately 10 ml of urine were centrifuged at 4000 rpm for 10 minutes.

A portion of the supematant (150 j.xl) was transferred to HPLC tubes and 50 p.1 was

injected onto the HPLC column. Riboflavin eluted at 6 minutes after injection.
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Biostudy Analysis

Pharmacokinetics Analysis

The different treatments were compared in terms of their urinary recovery

of riboflavin during the first 24 hr after administration, Recovery O-24hr, the

maximum urinary excretion rate, R max and the time, T max, required to reach R max

All parameters were determined from the individual urinary excretion rate-time

curves, a plot of urinary excretion rate against the mid-point of a urine collection

interval. Urinary excretion rate for each time point of urine collection was

calculated by multiplying the concentration of drug in urine for each time point (as

determined from the standard curve) by the volume of urine collected to get the

amount of unchanged drug excreted in urine during this time interval (Do). This

amount was then divided by the time interval for collection of urine sample to

obtain the urinary excretion rate (D/t). Graphs were constructed by plotting (D/t)

versus the midpoint of collection period (t*). Recovery 024hr was determined from

the individual cumulative urinary drug excretion-time curves, a plot relating the

cumulative unchanged drug excreted (Do) to the collection time.
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Statistical Analysis

The differences between each of the three GRD capsules (LGRD, TURD

and SGRD) and the immediate release (IR) capsule in pharmacokinetic parameters

were examined using a multiple comparison procedure. The procedure used was

the Dunnett's test. This test controls the Type I experimentwise error (a0.05) for

comparisons of all treatments against a control. Differences between pairs of

means were performed on Recovery 024hr, R and T max for urinary recovery data

and 95% confidence intervals (CT) were computed. Inclusion of zero in the

confidence interval indicates that there is not enough evidence to conclude a

significant difference exists between the parameter mean of the GRD formulation

and the corresponding parameter mean of the immediate release formulation; i.e.,

the parameters are equivalent. Exclusion of zero in the confidence interval is a

strong indication that the tested parameter of the two formulations is significantly

different.

Deconvolution Analysis

Deconvolved input functions from biostudy data were determined using

computer software PCDCON by William Gillespie (6). Deconvolution generates

an input function (cumulative amount dissolved in vivo versus time) from an input
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response and the drug's characteristic impulse response function. The cumulative

drug input over time predicted by deconvolution was used to determine the gastric

retention time of the different size GRDs. The gastric retention time was calculated

from the deconvolved curve as the time observed when absorption stops, based on

the assumption that input continued as long as the device was in the stomach, and

stopped when the device passed the absorption window. The input response used

was the urinary excretion rate of riboflavin from the different formulations (dU/dt),

while the impulse response used was a literature-derived elimination rate constant

as determined from an intravenous bolus dose of riboflavin (2).
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Table 2.02a: PK parameters of riboflavin after oral administration of 100 mg in
immediate release or GRD capsules to subject 1.

Treatments

(IR) (SGRD) (IGRD) (LGRD)

Recovery from 0-24hr (mg) 8.00 6.00 17.92 33.75

Maximum urinary excretion rate (mg/br) 1.93 1.94 2.27 4.06

Time of maximum urinary excretion rate (hr) 2.50 3.50 5.00 9.00

Mean residence time (hr) 4.08 5.42 6.49 7.59

Table 2.02b: PK parameters of riboflavin after oral administration of 100 mg in
immediate release or GRD capsules to subject 2.

Treatments

(IR) (SGRD) (IGRD) (LGRD)

Recovery from 0-24hr (mg) 4.67 5.57 12.87 23.89

Maximum urinary excretion rate (mg/br) 1.44 0.95 2.82 2.05

Time ofmaximum urinary excretion rate (hr) 1.50 2.50 5.00 11.00

Mean residence time (hr) 3.40 7.52 5.90 8.70
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Table 2.02c: PK parameters of riboflavin after oral administration of 100 mg in
immediate release or GRD capsules to subject 3.

Treatments

(IR) (SGRD) (IGRD) (LGRD)

Recoveryfromo-24hr(mg) 6.30 3.89 6.86 14.12

Maximum urinary excretion rate (mg/br) 1.26 1.62 2.64 2.46

Time of maximum urinary excretion rate (hr) 2.50 1.50 1.50 3.50

Mean residence time (hr) 5.61 4.38 3.17 5.73

Table 2.02d: PK parameters of riboflavin after oral administration of 100 mg in
immediate release or GRD capsules to subject 4.

Treatments

(IR) (SGRD) (IGRD) (LGRD)

RecoveryfromO-24hr(mg) 3.47 4.34 6.51 12.50

Maximum urinary excretion rate (mg/br) 0.91 1.34 1.52 1.55

Time of maximum urinary excretion rate (hr) 3.50 3.50 3.50 7.00

Mean residence time (hr) 4.91 6.13 5.01 7.13
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Table 2.02e: PK parameters of riboflavin after oral administration of 100 mg in
immediate release or GRD capsules to subject 5.

Treatments

(IR) (SGRD) (IGRD) (LGRD)

Recovery from 0-24hr (mg) 3.63 1.30 3.11 6.46

Maximum urinary excretion rate (mglhr) 0.91 0.43 0.42 1.40

Time of maximum urinary excretion rate (hr) 2.50 1.50 2.50 2.50

Mean residence time (hr) 5.33 5.86 7.55 5.55

Table 2.02f: PK parameters of riboflavin after oral administration of 100 mg in
immediate release or GRD capsules to subject 6.

Treatments

(IR) (SGRD) (IGRD) (LGRD)

Recovery from 0-24br (mg) 5.96 3.45 8.81 13.53

Maximum urinary excretion rate (mglhr) 1.77 0.58 1.88 3.06

Time of maximum urinary excretion rate (hr) 2.50 1.50 3.50 5.00

Mean residence time (hr) 5.06 6.62 3.53 7.28



The results of this study are also shown in Figures 2.02-2.04. Figure 2.02 shows

that the largest mean value for Recovery O-24hrwas observed for LGRD capsule,

followed by lORD capsule, IR capsule, and SGRD capsule. The mean Recovery o-

24hr estimate from the LGRD capsule (17.3mg) was determined to be 225% larger

and statistically significantly different (95% CI is 3.69 1 to 20.3 83) relative to the

mean from JR capsule (5.33 mg). Mean Recovery 024hr estimate from SGRD

capsule (4.09 mg) was less but not statistically significantly different (95% CI is

9.593 to 7.099) relative to the mean from the JR capsule (5.33 mg). The mean

Recovery 024hr estimate from the IGRD capsule (9.3mg) was higher but not

statistically significantly different from the JR capsule (95% CI is 4.338 to

12.354). This could be due to prolonged gastric residence time of the device in

only some of the volunteers (subjects 1 and 2 had significantly higher urinary

Recovery O..24hr from IGRD capsule when compared to the JR capsule). Individual

data of Recovery O-24hr for each subject for the four treatments received is shown in

Figures 2.02a 2.02c.

Statistical comparison of T parameter also indicated a significant

difference (95% CI is 1.086 to 6.58 1) between results from LORD capsule (5.08 ±

2.4 br) and IR capsule (2.5 ± 0.63 hr).

Statistical comparison ofR1 parameter did not indicate a significant

difference (95% CI is 0.0558 to 2.1758) between results from LORD capsule (2.5

± 0.98 mg/hr) and JR capsule (1.36 ± 0.4 mg/br).



R max and T parameters from IGRD and SGRD capsules were not

significantly different from the (IR) capsule. These results are shown in Figure

2.03. Individual data for each subject is also shown in Figures 2.03a 2.03c.

The improved bioavailability of riboflavin from the LGRD capsule (urinary

recovery was more than triple that measured afler administration of the IR capsule)

obtained in this study, suggests that the device was retained in the stomach. The

LGRD stayed in the stomach for enough time to slowly release its vitamin content

and consequently the released vitamin passed gradually through the absorption

window and was absorbed more efficiently.

Administration of the SGRD capsule, on the other hand, resulted in

reduction of riboflavin absorption when compared with the IR capsule. This could

be due to the small size of the device which was emptied from the stomach by

phase 3 myoelectric migrating contraction activity with relatively little drug

released. Once the device passes the absorption window, no absorption takes place.

Figure 2.04 shows the mean cumulative amount of drug absorbed versus

time deconvolved from average biostudy data for the IR, SGRD, IGRD, and LGRD

capsules. Absorption continued for up to 15 hr for the LURD capsule before it

stopped. This may indicate that the LURD stayed in the stomach and slowly

released the drug for about 15 hr. The absorption from the IGRD capsule, on the

other hand, continued for about 9 hr before it became constant, indicating that the

device did not stay long enough in the stomach to release all of its' drug content.

Absorption from SGRD capsule continued only for 3 hr indicating that the device



was emptied from the stomach by the housekeeper waves (due to its small size) as

rapidly as the JR dose. Individual deconvolved input functions from biostudy data

for each subject are also shown in Figures 2.04a-2.04c.

These results indicate that gastric residence time of swellable systems such

as GRD containing different drugs with limited absorption sites can be evaluated

by comparing drug bioavailability, as determined by measurement of AUC or

urinary recovery, after administration of the swellable system and an immediate

release system containing the same amount of drug.
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Figure 2.02: Average cumulative amount of riboflavin excreted in
urine for fasted subjects ingesting immediate release (IR) or GRD
formulations. Error bars represent plus standard deviation (n=6).
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subjects ingesting immediate release (IR) and GRD formulations.
Error bars represent plus standard deviations (n=6).



S IR SGRD
E6

L IGRD LGRD

0 5 10

lime (hr)

. 5

4,5 S IR SGRD

4- J. IGRD ' LGRD

3.5

. 2.5

0.5

0-

0 5 10

Time (hr)

15

Subject 1

Subject 2

15

20

Figure 2.03a: Urinary excretion rate of riboflavin for subjects 1
and 2 ingesting immediate release (IR) and GRD formulations.



c 3
L.

25
.-

15

0.5

t 0

s.!. 2.5

.-
-'S

S IR ' _ SGRD

.1. IGRD ' _ LGRD

Subject 3

0 5 10 15 20

lime (hr)

0

S IR SGRD Subject4

J. IGRD LGRD

5 10 15 20

Time (hr)

Figure 2.03b: Urinary excretion rate of riboflavin for subjects 3
and 4 ingesting immediate release (IR) and GRD formulations.

,J1



92

S IR SGRD Subject 5

2
.1. IGRD ' _ LGRD

::

05101520
Time (hr)

e 5 S IR SGRD
E 1 Subject 6

4] .a. IGRD ' LGRD

3

0

0 5 10 15 20

Time (hr)

Figure 2.03c: Urinary excretion rate of riboflavin for subjects 5
and 6 ingesting immediate release (IR) and GRD formulations.
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Figure 2.04: Deconvolved input functions from average biostudy data
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CONCLUSIONS

Bioavailability of riboflavin from three different sizes GRD (large,

intermediate and small) and an immediate release formulation was determined to

evaluate gastric residence time of GRD. Pharmacokinetic parameters determined

from urinary excretion data from 6 subjects under fasting conditions showed that

bioavailability depended on the size of the GRD.

The greater bioavailability was obtained from the large GRD capsule

(LGRD), which was more than triple that measured after administration of the

immediate release (IR) capsule. This difference may be attributed to longer gastric

residence time of the LGRD. The size and cohesion of the LGRD was large

enough to withstand the strong contractions of the housekeeper waves, and

therefore not to be emptied from the stomach.

Small GRD capsule (SGRD), on the other hand, showed lower

bioavailability of riboflavin when compared to the IR capsule due to its rapid

emptying from the stomach by the housekeeper waves. Because of its slow release

from GRD, the amount of vitamin released was small due to the relatively short

gastric residence time for the SGRD.

Bioavailability of riboflavin from the intermediate GRD capsule (IGRD)

was higher but not significantly different from that of the IR capsule. This may be

due to emptying of IGRD from the stomach before releasing a large fraction of its



vitamin content. Deconvolution of urinary excretion data obtained from biostudy

provided an easy method for estimating gastric residence time of the different size

GRDs as determined from the time when in vivo absorption stops.



REFERENCES

1. AHFS Drug Information, American society of health-system pharmacists,
(Bethesda, MD), pp. 3189-3190 (1999)

2. Zempleni, J., Galloway, R. and McCormick, D.B., Pharmacokinetics of orally
and intravenously administered riboflavin in healthy humans. Am. .1 ClAn.
Nutr., 63, 54-66 (1996).

3. Levy, G. and Jusko, W.J., Factors affecting the absorption of riboflavin in man.
J. Pharm. Sci., 55, 285-289 (1966).

4. Akiyama, K., Nagahara, N., Nara, E., Kitano, M., Iwasa, S., Yamamoto, I.,
Azuma, J., and Ogawa, Y., Evaluation of oral mucoadhesive microspheres in
man on the basis of the pharmacokinetics of furosemide and riboflavin,
compounds with limited gastrointestinal absorption sites. J. Pharm.
Pharmacol., 50, 159-166 (1997).

5. Smith, M.D., Rapid method for determination of riboflavin in urine by HPLC.
J. C'hromatog., 182, 285-291 (1980).

6. Gillespie, W.R., PCDCON: Deconvolution for pharmacokinetic applications.
(1992).

7. Shargel, L. and Yu, B.C.A, Applied Biopharamaceutics and Pharmacokinetics
(Second Edition), Appleton-Century.'Crofts, (Norwalk, Connecticut), pp.137
(1985).



CHAPTER 3

Development of a Colonic Delivery System

Iman S. Ahmed and James W. Ayres



101

ABSTRACT

For the first time, it is shown that drug loaded beads coated with pectin and

ethylcellulose can selectively deliver drugs to the colon. The new delivery system

was evaluated by conducting in vitro drug release studies and in vivo scintigraphic

studies in dogs. Acetarninophen was incorporated into the delivery system as a

model drug.

The delivery system consisted of small drug beads (1-2 mm in diameter)

coated with variable coat composition and thickness. The effect of three different

coat formulations on drug release profile was investigated. In Vitro release studies

were performed in different dissolution media to mimic transit times and pH

conditions in the stomach, small intestine and colon. Susceptibility of pectin to

enzymatic action of colonic bacteria was assessed by conducting drug release

studies in phosphate buffer (pH 7.4) containing pectinolytic enzymes.

Gastrointestinal transit properties of drug beads were also assessed by

conducting gamma-scintigraphic studies in dogs under fed conditions.
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INTRODUCTION

Site-specific drug targeting to the colon is very valuable in treatment of

many colonic diseases such as ulcerative colitis, colorectal cancer, irritable bowel

syndrome and Crohn's disease. These diseases are often currently poorly and

inefficiently managed either by oral drugs or rectal administration. Oral drugs are

largely absorbed before they reach the colon, especially when a local action is

needed. Absorption or degradation of orally administered active ingredients in the

upper part of the GI tract remain the major obstacle and must be prevented for

successful colonic drug delivery. But drug dosage forms that pass to the colon

must then deliver the drug without passing out intact in the stool. Rectal

administration, which is less acceptable as a route of administration, rarely

succeeds in delivering drugs to the ascending colon (1, 2). Suppositories are only

effective in the rectum because of the confined spread (3), while enema solutions

can only offer topical treatment to the sigmoid and descending colon (4).

Targeting of drugs directly to the diseased organ has the advantage of

requiring the smallest dose possible, which results in reduced incidence of

undesirable systemic side effects. Further, the colon has become of particular

interest recently for oral delivery of peptides and proteins due to negligible activity

of brush-border membrane peptidase activity and much less activity of pancreatic

enzymes. (5, 6, 7). Likewise, colonic delivery would additionally be valuable when
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a delay in systemic absorption is therapeutically desirable such as in the treatment

of diseases which are susceptible to diurnal rhythms such as nocturnal asthma,

angina, hypertension and arthritis (8). Delayed release melatonin can be

administered orally with successful colonic delivery.

ANATOMY AND PHYSIOLOGY OF THE COLON

The GI tract includes the oral cavity, esophagus, stomach, small intestine

and large intestine. The large intestine extends from the ileo-cecal junction to the

anus and is divided into the colon, rectum and anal canal. The colon (about 1.5 m

long) is divided into the cecum, colon ascendens, colon transversal, colon

descendens and the rectosigmoid colon. Colonic diameter varies from

approximately 9 cm in the cecum to 2 cm in the sigmoid colon and has an average

diameter of about 6.5 cm (5). The colonic wall has four layers: the serosa (which is

made of a single layer of squamous mesothelial cells), the muscularis externa, the

submucosa and the mucosa (9). In contrast to the small intestine, the colon lacks

villi; however, due to the presence of the plicae semilunares, which are crescentic

folds, the intestinal surface of the colon is about 1300 cm2 (5). Within the mucosal

epithelium are globet cells, which secrete mucus, thereby facilitating movement of

feces. The colon is well supplied with blood. The superior mesenteric artery

supplies blood to the cecum, ascending colon and proximal part of the transverse
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colon, while the inferior mesenteric artery supplies blood to the distal transverse

colon, descending colon and sigmoid colon. The colon has four major functions

(8): 1. Creates a suitable environment for the growth of colonic bacteria, 2. Acts as

a storage reservoir of fecal contents, 3. Expels fecal contents at appropriate time, 4.

Absorbs potassium and water from the lumen.

Passing from the jejunum to the ileum, pH rises slightly from approximately

6.6 to 7.5, but falls to approximately 6.4 in the cecum and ascending colon. The

transverse colon and descending colon have pH values of approximately 6.6 and

7.5 respectively (10, 11, 12). The following table shows the average pH through

out the GI tract.

Table 3.01: Average pH in the GI tract.

Segment pH

Oral Cavity 6.2-7.4

Stomach 1-3.5

Duodenum 4-6.5

Jejunum 5-7

Ileum 6-7.5

Large Intestine 6-8
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COLONIC TRANSIT TIME

Colonic transit is characterized by short bursts of activity known as

propulsive contractions followed by long periods of stasis known as segmental or

haustral contractions. The former contractions are associated with the aboral

movement of colonic contents while the later contractions are associated with

mixing the luminal contents with only small aboral movements (13). The transit

time of pharmaceuticals in the large intestine is highly variable and ranges between

20 and 36 hours. Considerable intersubject variation in transit times of

pharmaceuticals through each section of the colon was observed in many

scintigraphic studies and was unrelated to the gastric emptying rates or transit times

through the small intestine (14). Colonic transit depends on the size of dosage form

and is also influenced by eating, diet and disease (8). Large tablets (9-12mm) were

found to move faster through the proximal and mid colon when compared with

smaller tablets (3-6mm) (15). The transit time through the ileo-cecal junction,

however, was unaffected by size in this study. Gamma scintigraphy studies

performed on several pharmaceuticals have also indicated that solutions and small

particles pass through the colon more slowly than large units (13). In one study an

osmotic device has been found to traverse the colon ahead of its released solution

(16). In another study, a radiotelemetry capsule passed through the colon more

rapidly than when compared to a multiparticulate pellet system. However, both the

capsule and the pellets remained in the colon from 13-68 hours (14). In this same
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study intersubject mouthto-anus transit times showed considerable variability,

ranging from 17 to 72 hours in subjects who were dosed when fasted and defecated

at least once a day. Selective retention of smaller particles and solutions is known

as 'colonic sieving' or 'streaming'. In a different study, transit time of different

size dosage forms was found to be the same and differed only with the fiber content

of the colon rather than just a sieving effect (17). In this latter study, tablets

showed much shorter transit time than pellets with both high or low fiber diets. In

another study, transit time was also found to depend on the nature of fiber. Fiber

that ferments easily was found to increase transit time while non-fermentable fiber

decreases transit time (18). Colonic transit time is only slightly affected by food

(19). Eating results in a sudden increase in the motility of the colon, known as

gastrocolonic reflex. However, the increased motility results in a better mixing of

colonic contents but causes only small forward movement of the contents (20).

Surprisingly, transit of pharmaceuticals in the colon was reported in one study to

not be affected by disease states that result in diarrhea or constipation (21).

BARRIERS TO DRUG ABSORPTION IN COLON

There are several barriers to overcome for successful oral drug delivery to

the colon. Targeting to the colon is difficult because the drug needs to be protected
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from the harsh environment in the stomach and small intestine until it reaches the

colon.

Transit of a colonic delivery system in the acidic environment of the

stomach should occur with no release or destruction of drug molecules. Transit in

the small intestine should also result in minimal drug release. Drug molecules

should also be protected from the extensive enzymatic activities in the small

intestine. Once the delivery system passes through the ileo-cecal junction and goes

into the colon, it must release drug content either in an immediate release or

sustained release fashion.

Many efforts have been directed recently to oral delivery of suitable drugs

specifically to the colon because many commonly used rectally administered

preparations were found to not spread uniformly within the colon, and they often

fail to reach the transverse colon. Furthermore, successful colonic uptake ofa drug

species requires both enzymatic stability and transport from the mucosal surface to

the venous andlor lymphatic capillaries located in the submucosa. The colon is

attractive as a site for drug absorption because of long transit time and somewhat

less hostile environment with less diversity and intensity of enzymes when

compared to the stomach and small intestine. The slow transit of pharmaceuticals

through the colon may prolong contact between the dosage form and the absorptive

surface, resulting in a greater proportion of drug being absorbed. On the other

hand, drug absorption from the colon can be hindered by a number of barriers.

Drug interaction with undigested food components or with products released from



colonic bacteria can result in specific and non-specific drug binding. Feces might

entrap the drug and facilitate enzymatic or environmental degradation by increasing

drug residence, especially in the distal colon where bacterial content increases

dramatically. The negatively charged mucus at the epithelial surface of the colon

can also bind charged drug molecules and thus retard drug from reaching the

epithelial surface (8). Cephalosporins, penicillins and aminoglycosides are

examples of small-molecule drugs found to bind to colonic mucus of the rat (22).

pH at the ileo-cecal junction and the cecum is 1 pH unit more acidic than the rest of

the colon, and this lower pH may dramatically alter drug solubility and absorption.

APPROACHES FOR COLONIC ORAL DRUG DELIVERY

Colonic drug delivery may be achieved using different approaches. These

include use of prodrugs, colonic bacteria, time dependent delivery systems, and pH

dependent delivery systems.

Prodrugs

Prodrugs are compounds that require metabolic biotransformation following

administration to yield the desired pharmacologically active compound. Prodrugs
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used for colonic delivery are acted upon by enzymes produced by resident colonic

bacteria to release the active moiety. Drugs delivered in the colon in the form of

prodrugs include sulphasalazine and olsalazine. They are mainly used for treatment

of ulcerative colitis and crohn's disease. Sulphasalazine consists of 5-

aminosalicylic acid (5-ASA) linked via an azo bond to suiphapyridine, while

olsalazine consists of 2 molecules of 5-ASA linked by an azo bond. The two

prodrugs reach the colon intact where bacterial azoreductases cleave the azo bond,

thereby releasing the active moiety 5-ASA.

More recently, universal delivery systems have been developed. They

consist of an azo or glycosidic carrier material, which is chemically bonded to a

drug until it reaches the colon. In the colon cleavage of the azo or glycosidic bond

by the enzymes azoreductases or glycosidases results in the release of the active

moiety (23,24). Cyclodextrins (CD) which are fermented by colonic bacteria have

also been recently used to conjugate drugs for colonic delivery (25). Universal

systems have the advantages over prodrugs in that they are not drug specific and do

not require modification of the drug structure.

Time-Dependent Systems

A system relying on transit time will be dependent on gastric emptying,

small intestine transit, passage across the ileo-cecal junction (ICJ) and factors
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affecting this transit. Site specificity from a simple time-release system however is

expected to be poor because of inherent inter- and intra-subject variability in gastric

emptying and passage across the ICJ. Gastric emptying variability has been taken

care of in designing such systems by employing an enteric coat, which releases the

time dependent system in the small intestine. The pulsincap system consists of a

water-impermeable capsule half containing the drug formulation (26). The capsule

half is stoppered at the open end with a swellable hydrogel plug. Upon contact

with dissolution media, the plug swells and is ejected from the capsule after a

specific time interval with the subsequent release of capsule contents. The cap of

the capsule is soluble and is covered with an enteric layer so the plug is only

exposed after arrival to the small intestine. In another publication, conventional

film coating techniques were used to develop a time dependent delivery system

named the Time Clock (27). The Time Clock system consisted of a tablet core

coated with a hydrophobic-surfactant layer, applied as aqueous dispersion, to which

a hydrosoluble polymer was added to improve adhesion to the core. The dried film

on the core rehydrates and redisperses in aqueous environment in a time

proportional to the thickness of the film. The pre-determined lag time was

independent of pH, gut peristalsis and the digestive state of the GI tract. Both

systems showed good in vitro reproducibility, and in vivo studies using

scintigraphic techniques showed good correlation between in vitro and in vivo

release times.
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pH Sensitive Systems

These systems rely on utilization of pH changes within the GI tract. As pH

is low in the stomach (pH 1.5-3) and increases progressively from the small

intestine (pH 5.5-7) to the colon (pH 7-8), it is possible to target drugs to the colon

by coating delivery systems with pH-dependent polymers that are insoluble at low

pH but soluble at higher pH. Polymers with pH dependent solubility are capable of

protecting a dosage form during passage through the stomach and upper small

intestine. Widely used polymers include methacrylic resins, known commercially

as Eudragit® (Rohm Pharma; Weiterstadt, Germany). Eudragit L is soluble at pH

6 or more, while Eudragit S dissolves at pH 7 or more due to a higher amount of

esterified groups in relation to carboxylic groups. In one study a new

multiparticlate system to deliver active molecules to the colon was described (28).

This system was made of drug loaded cellulose acetate butyrate (CAB)

microspheres encapsulated into pH-sensitive (Eudragit S) microcapsules using an

emulsion-solvent evaporation technique in oily phase. In Vitro drug release studies

of this system showed that no drug was released below pH 7. However, poor site

specificity is expected from using pH dependent systems because of considerable

intra- and inter-individual differences in GI tract pH.
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Systems Relying on Colonic Bacteria

The colon is inhabited by a large number of bacteria that secrete many

enzymes. Two main classes of enzymes, produced by colonic bacteria, have been

exploited in colonic drug targeting. These are the azoreductases, enzymes

responsible for reducing azo bonds, and a large number of mainly glycosidic

enzymes that attack polysaccharides (13). In order to avoid possible azo toxicity

related issues, biodegradable naturally occurring polymers capable of forming film

coatings that degrade in the colon have been widely studied. Naturally occurring

polysaccharides degraded by colonic bacteria include dextran (29), pectin (30, 31,

32, 34, 35), amylose (36) and guar gum (37).

More recently chitosan, obtained by partial N-deacetylation of chitin, a naturally

occurring polymer present in the exoskeleton of many crustaceans, has been used

as a material for selective colonic targeting (35). Chitosan is degraded by bacterial

enzymes in the colon. Selectivity and the relatively large amount of drug that can

be delivered are the two major benefits of pH independent biodegradable polymers.

However, because poor film forming properties or water solubility of these natural

polymers are often encountered, they are usually mixed with other synthetic

polymers in order to obtain a film forming mixture, or they must be derivatized to

decrease water solubility. For example, pectin, dextran, amylose and guar gum are

readily degraded by colonic bacteria but because of their water solubility they can

break down in the upper GI tract. However, simple manipulation of properties by
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mixing these polysaecharides with other materials can lead to potentially valuable

colonic delivery systems. Many studies have shown that inherent solubility of

pectin can be reduced by mixing pectin with an insoluble polymer such as

ethylcellulose or chitosan to produce film coats with different permeabilities that

retained susceptibility to be degraded by colonic bacterial enzymes (33, 34, 35).

Studies on drug release from pectinlethylcellulose film-coated tablets

depended on the nature of the mixed film and the coat thickness. In one study, the

percent drug released at pH 6 with and without pectinolytic enzymes from

acetaminophen tablets coated with 4% coat weight of a film coat made of pectin

and ethylcellulose in the ratio of 1:12 (w/w), showed that the enzymes can degrade

the pectin in the film coat but an increase in release rate was only observed after

approximately 5.5 hours (33). Tablets coated with 2.8% coat weight of the same

film composition showed an increase in acetaminophen release in the presence of

enzymes after only 80 minutes, while tablets coated with 1.8% coat weight showed

no increase in acetaminophen release in the presence of enzymes as the coat is thin

enough to allow rapid formation of pores and release of drug. The release in acid

was not tested in this study.

Studies on drug release from small tablets (3 mm in diameter) compression

coated with a mixture of pectin and chitosan in the ratio 10:1 (w/w) showed that a

very high coat weight was required to protect the core from premature release when

dissolution was carried out under conditions simulating the GI tract (34). In this

study the protection of indomethacin from early release at pH 1.1 for 2 hours and at
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pH 7.4 for 3 hours was achieved at 83% coat weight, followed by a marked

acceleration in release when the tablets were exposed to enzymes. In the same

study when a more soluble drug (paracetamol) was substituted for indomethacin,

substantial release in the absence of enzymes was observed for the same coat

weight.

In another study, in vitro release of 5-ASA from pellets coated with a

mixture of amylose-ethylcellulose (ratio 1:4) was complete after 8 hours in a

culture fermenter simulating colonic conditions. However, it took more than 24

hours to release only 20% of the drug in conditions simulating the stomach and the

small intestine (36). Inclusion of ethylcellulose in the coating mixture was

necessary to control the swelling of amylose when placed in contact with an

aqueous environment.

Matrix and hydrogel systems were also studied as colon-specific dosage

forms. Those systems are prepared by compressing a blend of active agent, a

degradable polymer and additives to form a solid dosage fonn tablet. The drug is

usually embedded in the matrix core of the degradable polymer. In one study, a

core tablet compression coated with a 0.9 mm thickness of pectin USP was capable

of preventing drug release in vitro under conditions mimicking mouth-to-colon

transit. The compression coat was susceptible to enzymatic attack. In Vivo studies

in human volunteers using gamma-scintigraphy confirmed in vitro results. In this

study all tablets disintegrated in the colon with five out of six disintegrating in the

ascending colon (32). Compression coatings are only suitable for single unit
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systems such as tablets but are not suitable for capsules or beads. A disadvantage

of single unit systems is that it may exhibit a delay at the ileo-cecal junction leading

to drug loss prior to entry in the colon. This may be avoided when using a

multiparticulate dosage form which passes more freely through the ileo-cecal

junction. And, single units of tablet size pass through the colon more rapidly than

smaller multi-particulate systems.

Systems relying on colonic bacteria can be influenced by inter-individual

variation, disease state, diet, age and drugs (particularly antibiotics) on the colonic

flora. Human fecal cultures, cultures from animals such as rat cecum and pig

cecum, individual bacterial cultures from selected strains and cell free extracts such

as rat cecal contents are the most common bacterial cultures used to mimic colon

conditions.

PECTIN

Pectin is a purified carbohydrate product obtained by aqueous extraction of

plant material of citrus fruits or apples. Chemically, pectin consists mainly of

galacturonic acid and galacturonic acid methyl ester units forming linear

polysaccharide chains. The chemical structure of pectin is shown below.
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Pectin

Pectin is an acid with a pKa-value of approximately 3.5 and has an average

molecular weight from 50,000 to 150,000. The ratio of esterified galacturonic acid

groups to the total galacturonic acid groups is termed the degree of esterification

(DE) or degree of methoxylation (DM). Pectin is classified into two main

categories according to its DE, high methoxy (HM) pectin and low methoxy (LM)

pectin. Any pectin of 50% DE or greater is a HM pectin, while any pectin under a

DE of 50% is a LM pectin. As the ester group is less hydrophilic than the acid

group, HM pectin is less water soluble and has higher tendency to form gel than

LM pectin. The DE has vital influence on the properties of pectin, especially the

solubility and the gel forming characteristics. Polyvalent ions such as calcium tend

to increase the viscosity and reduce the solubility of LM pectin solutions. The

viscosity of pectin also decreases with increasing pH. This is because at higher pH

the ratio of dissociated acid groups to non-dissociated acid groups increases,

making pectin more hydrophilic. Pectin is refractory to human upper gastric and

intestinal enzymes but is almost completely degraded by colonic bacterial enzymes

to produce a series of soluble oligogalacturonates (38).
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Acetominophen (Spectrum Chemical Mfg Corp., Gardena, CA) was used as

the model drug. Ethylcellulose in the form of Surelease®, which is a complete

optimally plasticized aqueous dispersion of ethylcellulose blended with oleic acid,

dibutyl sebecate, ammonium hydroxide, colloidal anhydrous silica and purified

water to result in a 24.8% w/w solids content, was used as the independent enzyme

polymer (Colorcon Ltd, West Point, PA). Pectin USP (HM) from apple (Sigma

Chemicals, St. Louis, MO) was used as the dependent enzyme polymer.

Microcrystalline cellulose or Avicel PH 101 (FMC Corp., Newark, DE) and

polyethylene oxide, mol. wt. 200,000 (Union Carbide Corp., Danburg, CT) were

used to form spherical drug beads. Pectinex Ultra SP-L (a gift supplied by Novo

Nordisk Biochem., North America, Inc., Franklinton, NC) was used to mimic

pectinolytic enzymes in the colon. The product had an activity of 26,000 PG/mi at

pH 3.5 (the standard activity is determined by measurement of the viscosity

reduction of a solution of pectic acid at pH 3.5 and 20°C and the PG being the

milii-equivaients of reducing (carbonyl) groups iiberated from pectin per mm per

unit of enzymes). Samarium III oxide (Sigma Chemicals, St. Louis, MO) was used
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as a radiotracer in scintigraphic studies. All water was distilled de-ionized water

using the Milli-Q reagent water system (Millipore, Bedford, MA).

METHODS

Bead Preparation

Beads (1.5-2mm in diameter) containing 80% acetaminophen, 15% Avicel

PH 101 and 5% polyethylene oxide (polyox N-80), were prepared by extrusion and

spheronisation (Figures 3.01, 3.Ola and 3.Olb). The following table shows the

composition of drug beads.

Table 3.02: Composition of acetaminophen beads.

Ingredient Quantity (g)

Acetaminophen 80

Avicel PH1O1 15

Polyox N-80 5
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Coat Preparation

Three coat formulations containing different amounts of pectin and

Surelease were prepared. The three formulations are described in the following

tables.

Coat Formulation One (F!'): 50S: 50P(2%)

A 2% w/v solution of pectin USP in distilled water was prepared and blended with

Surelease (S) and distilled water (Table 3.03).

Table 3.03: Composition of coat formulation one (Fl).

Component Volume (ml) Amount of Solid (g)

Surelease (S) 33.3 8.26

2% Pectin (P) 33.3 0.66

Water 33.3 Solid Ratio (S: P) 12.4:1

Therefore, 100 ml of 50S: 50P(2%) coat solution contained 8.26 g ethylcellulose

and 0.666 g pectin.
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Coat Formulation Two (F2): 60S: 40P(3%)

A 3% w/v solution of pectin USP in distilled water was prepared and blended with

Surelease and distilled water (Table 3.04).

Table 3.04: Composition of coat formulation two (F2).

Component Volume (ml) Amount of Solid (g)

Surelease (S) 26.7 6.62

3% Pectin (P) 40.0 1.20

Water 33.3 SolidRatio(S:P)5.5:1

Therefore, 100 ml of 60S: 40P(3%) coat solution contained 6.62 g ethylcellulose

and 1.2 gpectin.

Coat Formulation Three (F3): 60S: 40P(5%)

A 5% w/v solution of pectin USP in distilled water was prepared and blended with

Surelease and distilled water (Table 3.05)
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Table 3.05: Composition of coat formulation three (F3).

Component Volume (ml) Amount of Solid (g)

Surelease (S) 26.7 6.62

5% Pectin (P) 40.0 2.0

Water 33.3 Solid Ratio (S:P) 3.3:1

Therefore, 100 ml of 60S: 40P(5%) coating solution contained 6.62 g ethylcellulose

and 2 g pectin.

Coating Process

Coating was performed using a laboratory Aromatic Strea-1 fluidized bed

coater (Niro-Aeromatic, Columbia, MD). A picture of the spray coater is shown in

Figure 3.02. Coating was performed at 50°C inlet temperature and coating solution

was applied through a 1.0 mm spray nozzle at a spray rate of 2 mI/mm using a

rabbit peristaltic pump (Rainin Instrument Co. Inc., Woburn, MA) and 25 psi

atomizing air pressure. Coating solution was stirred gently and continuously

during coating to assure a uniform coat. Coating solutions were coated onto the

drug beads to different film thickness. The film thickness is expressed as the
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theoretical percentage of the weight gained (TWG) used relative to the weight of

the uncoated beads. 25 g of acetaminophen beads were used for each batch of

coating and film coat thickness. Coated beads were cured for 30 minutes at 50°C.

When the final coat weight had been applied, the spray coater was turned off and

coated beads (Figure 3.03) were collected and stored in glass bottles at room

temperature until required.

In Vitro Evaluation of Coat Performance

Drug release from coated beads was determined in a dissolution tester (VK

7000 Dissolution Testing Station, Vankel Industries, Inc., NJ), following the USP

paddle method. All tests were conducted in 900 ml dissolution medium maintained

at 37 ± 0.5°C with a paddle rotation speed of 50 rpm. Dissolution studies were

carried out using three different media:

1- Simulated gastric fluid (SGF) for 2 hours: the first dissolution medium was 900

ml of 0.1 MHC1(pH 1.4).

2- Simulated small intestinal fluid (SSIF) for 4 hours: the beads were transferred

from the SGF to a second dissolution medium, which was 900 ml of Sorensen's

phosphate buffer (pH 7.4). Release studies were continued for 4 hours in this

new media.
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3- Simulated cecal fluid (SCF) for up to 30 hours: at the end of the 4 hours in

SSIF, 3 ml of Pectinex ultra-SPL was added to the same SSIF dissolution

medium and release studies were continued for 30 hours in this medium.

Pectinex ultra-SPL is a highly active pectinolytic enzyme preparation (mainly

polygalacturonases, pectinesterases and pectinlyases) produced by a selected

stain of Aspergillus aculeatus to mimic conditions in the colon. A correlation

between the effect of Pectinex ultra-SPL enzymes and the actual in vivo

enzymes on a compression-coated pectin tablet was performed in one study

utilizing pure bacteroides ovatus (the main producer of pectinolytic enzymes in

the colon). Study has demonstrated a close correlation between their

pectinolytic activities (39).

Acetaminophen concentrations were determined at 242 nm for pH 1.4 and 244 nm

for pH 7.4 using a Beckman DU 640 Spectrophotometer (Beckman Instruments,

Inc., CA). For each dissolution experiment, a duplicate was run at the same time

under the same conditions. After the 4 hours in SSIF, enzymes were added to one

of the dissolution vessels but not to the other. Thus, one is a release study with

enzymes and the other one is a release study without enzymes (or no enzymes as

referred to in figures).
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Gamma-Scintigraphic Studies

iliantom Study

Any material used to simulate a particular body tissue with respect to a set

of physical characteristics can be called a tissue substitute. When a volume of a

tissue substitute is used to simulate radiation interactions, this volume is called a

phantom (40). A phantom study was conducted in order to determine the

efficiency of a General Electric Maxi II gamma camera, located in the nuclear

medicine department in the College of Veterinary Medicine at Oregon State

University (Figure 3.04). The efficiency of the camera was determined by

visualizing a 50 pCi labeled dosage form. Ten acrylic sheets were used to mimic

body tissues (40). Dimensions of acrylic sheets used were 10 inch X 10 inch X 1

inch. Small holes at different distances were drilled in some of the acrylic sheets.

The small holes were made to accommodate individual beads. A larger hole was

also drilled in one of the sheets to fit a small capsule. Five Sm-oxide beads were

irradiated 24 hours before the study day. On the study day each bead had a total

activity of 10 pCi. The beads were contained in a small capsule and placed in the

capsule hole and visualized at about 9 cm deep from the camera to mimic the

expected distance to the stomach. The depths were determined from previously

taken X-rays of GI tracts of dogs used in the study. Images of 60 seconds were

taken. Individual beads were also placed in the drilled holes at different distances
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and depths, to mimic expected distances in the GI tract, and were visualized by the

gamma camera (Figure 3 .04a). External Tc-99m markers were also taped on the

sheets and visualized simultaneously with the Sm-beads. Anterior and lateral

images were taken.

In Vivo Studies in Dogs

Gastrointestinal behavior of a single multiparticulate capsule containing 100

mg acetaminophen and 50 gtCi samarium oxide (Sm oxide) was observed by

gamma scintigraphy in two dogs under fed conditions. Each capsule included five

beads radiolabeled with neutron-activated Sm- 153. The residence time of

radiolabeled beads in different regions of the GI tract was determined and image

displays were observed throughout a 72 hours period.

Subjects

Two mixed-breed dogs, Jack and Sadie, aged 4 and 6.5 years were the

subjects in this study. The Radiation Safety Review Committee and the

Institutional Animal Care and Use Committee (JACUC) at Oregon State University

approved the protocol of the study.
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Preparation ofSm Oxide Beads

Beads (1.5-2 nm in diameter) containing 67% acetaminophen, 13% Sm

oxide, 15% Avicel, and 5% polyethylene oxide were prepared by extrusion and

spheronisation. The beads were coated with Fl film coat to 18% weight gain.

Irradiation ofSm Oxide Beads

Beads containing Sm oxide were irradiated in a TRIGA type reactor at

Oregon State University (Figure 3.05) with a neutron flux of 3.0 X 1012 n cm2 sec1

for 10 minutes. Such irradiation transformed stable Sm-152 into radioactive Sm-

153, a radionuclide with a half-life of 46.7 hr and gamma ray emitting at 103 Key.

This provided a radioactivity level of 10 .tCi per bead 24 hr after irradiation.

Dissolution tests were performed to verify that the irradiated Sm oxide containing

beads behave similarly to the non-irradiated and to the virgin drug beads.

Dosage Form Preparation

A hard gelatin capsule (size # 0, Capsugel) was filled with acetaminophen beads

coated with Fl film coat to 18% weight gain. The capsule contained a 100 mg
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acetaminophen dose. The capsule comprised approximately 50 coated beads. On

the study day the capsule was opened and five of the beads were replaced with five

Sm- 153 radiolabeled beads with a total radioactivity dose of 50 itCi.

Gamma Camera Imaging

The camera consists of a large sodium iodide crystal, 40 cm in diameter,

with a large field of view (FOV). Coupled to the crystal is an hexagonal array of

photomultiplier tubes which detect the light pulses. The whole arrangement is

encased in lead to shield the crystal from extraneous radiation. An electronic

package links the photomultiplier tubes to a computer and a visual display monitor.

A low energy parallel hole collimator placed directly in front of the crystal enables

the gamma rays to be focused onto the detector.

On the study day, one radiolabeled dosage form was administered to each

dog with 60 ml water. The radiolabeled beads were visualized using the gamma

camera. An external anatomical marker containing 0.1 MBq Technetium-99m (Tc-

99m) was taped to the shaved skin on the right-hand side of the body at the level of

thoracic number 12 to mark the stomach and the colon and to allow correct

alignment of dogs during imaging. Anterior scintigraphic images were recorded at

frequent intervals for up to 72 hr. Images of 60 seconds were recorded at

approximately 15 mm intervals up to 1.5 hr post dose and then at approximately 1
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hr intervals until 12 hr post dose and then at different time intervals until the release

of the dogs. The dogs remained moderately active during the study period. The

images were recorded using a Mac computer system and were stored onjaz disk for

subsequent analysis.

Scintigraphic Data Analysis

Anterior and posterior images were recorded by computer for subsequent

analysis. The anatomical position of the tracer was established by viewing the full

sequence of images and by reference to the external marker taped to the skin of the

dog to the right of the stomach and to X-rays of the dog's abdomen taken after

taping the external marker. The transit behavior of the multiparticulate system has

been expressed in terms of the time for two-thirds of the beads to leave the

stomach, or to arrive to the colon. A small intestine transit time has been calculated

as the difference between these two figures.
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I

Figure 3.01: Bench top laboratory extruder and spheronizer designed
for experimental work using small quantities of product.
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Figure 3.Ola: Powder materials are mixed with water and fed into the
extruder then rotating rollers force the wet mass through a mesh screen
into a collecting tray.

'4

Figure 3.Olb: Extrudate is converted to round spheres in the spheronizer.
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Figure 3.02: A laboratory Aromatic Strea-1 fluidized bed coater.
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Figure 3.03: Final coated spherical beads (1.5-2mm in diameter).
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Figure 3.04: A General Electric Maxi II gamma camera.

Figure 3.04a: Acrylic sheets used for the phantom study.



134

Figure 3.05: A TRIGA type reactor at Oregon State University used
to irradiate the beads for scintigraphic studies.
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RESULTS AND DISCUSSION

In Vitro Evaluation of Coat Performance

Release from Coat Formulation One (F!)

The percent drug released at different time periods from acetaminophen

beads coated with 9%, 14%, 16%, and 18% coat weight of Fl are shown in Figures

3.06 (a, b, c and d). The following table gives the percentage of acetaminophen

released after 2 hr in simulated gastric fluid (SGF), followed by 4 hr in simulated

small intestinal fluid (SSIF) followed by 6 hr in simulated cecal fluid (SCF) with

and without pectinolytic enzymes. All dissolution experiments were done in

duplicates. Drug beads were transferred after 2 hr dissolution in SGF to SSIF and

dissolution was continued for 4 hr in SSIF, after 4 hr dissolution in SSIF 3 ml

enzymes were added to the SSIF dissolution medium in one vessel (SCF with

enzymes) but not to the other (SCF no enzymes) and dissolution was continued for

up to 30 hr.
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Table 3.06: Percent drug released from acetaminophen beads coated with Fl.

Coat
SGF SSIF SCF (with SCF(no

Thickness enzymes) enzymes)
of Fl (2hr) (4hr) (6hr) (6hr)

9% 71% 100%

14% 11% 49% 98% 90%

16% 3% 18% 52% 43%

18% 1% 8% 28% 19%

Beads coated with 9% Fl coat showed rapid release of drug within 6 hr as

the coat is thin enough to allow rapid diffusion through ethylcellulose and through

channels or pores left by the pectin after its dissolution (Figure 3 .06a). At the end

of drug release in SSIF cracks could be seen in the coat, which might explain the

rapid drug release at this coat thickness. Release profiles from beads coated with

14%, 16% and 18% Fl coat are shown in Figures 3.06b, 3.06c, and 3.06d. The

amount of drug released depended on the thickness of the coat. The thinner the

film, the faster the drug was released in SGF, SSIF and SCF. The amount of drug

released in presence of pectinolytic enzymes was always higher from the different

coats when compared to no enzymes. At the end of the experiments, beads with

14%, 16% and 18% coat thickness were found to be intact retaining their coats and

slight swelling of coats was observed due to water sorption. It could be that
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pectinolytic enzymes only accelerate pore formation by attacking the pectin in the

coat, but the coat remains intact and does not breakdown.

In Vitro testing also showed that 14%, 16%, and 18% coated beads resisted

release in SGF for 2 hr, while this outcome was not expected, these results mean

that an enteric overcoat is not required for this dosage form. Pectin is an anionic

polysaccharide and therefore its gelling ability and solubility depends strongly

upon the pH of the surrounding media. Pectin is not ionized and less soluble at low

pH, thus it can be suggested that pectin in the coat did not dissolve during 2 hr in

SGF. The result is shown in Figures 3.07a and 3.07b. The release profiles of drug

beads with 2 hr or 30 mm acid pretreatment vs. no acid treatment were found to be

very different. In Vitro dissolution experiments of beads coated with 18% Fl in

phosphate buffer without pretreatment in SGF showed fast drug release. The beads

exhibited 86% drug release over 16 hr while the same beads pretreated first for 30

mm or 2 hr in SGF exhibited 38% and 31% drug release over 16 hr respectively

(Figure 3.07a). Figure 3.07b also shows in vitro release of beads coated with 35%

F2 with and without acid pretreatment. The slower release observed after acid

pretreatment is surprising and has not been previously reported. Even if the pectin

is unionized and relatively insoluble at gastric pH, it is quite surprising that the rate

of drug release remains dramatically reduced following transfer to intestinal fluid

relative to the non-gastric treated formulation. It is now seen that a short acid

pretreatment inhibited the hydration of pectin at pH 7.4, but the reason is not

readily apparent. This decrease in hydration rate was very effective in that no
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enteric coat was needed to prevent drug release in SGF and a lower amount of drug

was released in SSIF, thus more drug can reach the colon.

The cumulative mean percent acetaminophen released from the 18% Ficoat

was found to be 28% after 2 hr in SGF followed by 4 hr in SSIF and 6 hr in SCF

with enzymes and only 19% after 2 hr in SGF followed by 4 hr in SSIF and 6 hr in

SCF without enzymes. The slow release observed with thicker coats is typical of

rate release coating membranes. Ethylcellulose, which is a hydrophobic sustained-

release material, is known to form non porous films. However, a non porous film

will not be formed in the current case due to the leaching of the water-soluble

pectin even after a complete film is formed (41).
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Figure 3.06a: Release of acetaminophen from beads coated with 9% Fl.
Error bars represent standard deviations (n2).
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Figure 3 .06b: Release of acetaminophen from beads coated with 14% Fl.
Error bars represent standard deviations (n=2).
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Figure 3.06c: Release of acetaminophen from beads coated with 16 % Fl.
Error bars represent standard deviations (n=2).
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Figure 3.06d: Release of acetaminophen from beads coated with 18% Fl.
Error bars represent standard deviations (n=2).
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Figure 3.07a: Release of acetaminophen in SSIF from beads
coated with 18% Fl after 2 hr, 30 mm and no acid treatments.
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Figure 3.07b: Release of acetaminophen in SSIF from beads
coated with 35% F2 after 2 hr, 30 mm and no acid treatments.
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Release from Coat Formulation Two (F2)

The percent drug released at different time periods from acetaminophen

beads coated with 12%, 25%, 30%, and 35% coat weight of F2 are shown in

Figures 3.08 (a, b, c and d). The following table gives the percentage of

acetaminophen released after 2 hr in SGF followed by 4 hr in SSIF followed by 6

hr in SCF with and without pectinolytic enzymes.

Table 3.07: Percent drug released from acetaminophen beads coated with F2.

Coat SCF (with SCF (no
Thickness SGF SSIF enzymes) enzymes)

of F2
(2hr) (4hr) (6hr) (6hr)

12% 14% 55% 100% 93%

25% 2% 17% 55% 43%

30% 0.4% 11% 38% 31%

35% 0.03% 5% 22% 11%

Beads coated with 12% F2 (Figure 3.08a) showed 55% drug release within

6 hr as the coat is more hydrophilic than Fl coats due to higher amount of pectin in

the coat. Beads coated with 35% F2 (Figure 3.08d) showed almost no drug release

after 2 hr in SGF followed by only 5% drug release after 4 hr in SSIF. This coat
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which could be very successful in delivering drug to the colon showed on the other

hand little drug release after 6 hr in SCF amounting only to 22% and 11% drug

release with and without enzymes respectively. Drug release from the 25% F2

(Figure 3.08b) and 30% F2 (Figure 3.08c) coats was also very small in SGF, while

the release after 4 hr in SSIF reached 17% and 11% respectively. These results

suggest that beads coated with 35% weight gain could be used for colonic targeting

if there is 1:1 in vitro/in vivo correlation, because with this coat thickness the

dosage form does not release any significant amount of drug (about 5%) for up to 6

hr. It is concluded that the targeted lag time after gastric emptying (2 hr) should be

3 to 4 hr, after which the dosage form should release the drug due to enzymatic

degradation of pectin by colonic bacteria. This lag time corresponds to the reported

transit time through the small intestine. The percentage drug release, however, was

only about 70% after 36 hr, which could be too long when compared to the average

colonic transit time of pharmaceuticals in humans (about 20-36 hr). However

because of the possibility of greater number and activity of in vivo enzymes when

compared to in vitro enzymes, release could be higher in vivo.
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Figure 3.08a: Release of acetaminophen from beads coated with 12% F2.
Error bars represent standard deviations (n=2).
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Figure 3.08b: Release of acetaminophen from beads coated with 25% F2.
Error bars represent standard deviations (n=2).
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Figure 3.08c: Release of acetaminophen from beads coated with 30% F2.
Error bars represent standard deviations (n2).
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Figure 3.08d: Release of acetaminophen from beads coated with 35% F2.
Error bars represent standard deviations (n=2).
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Release from Coat Formulation Three (F3J

Percent drug released at different time periods from acetaminophen beads

coated with 25%, 35%, 45% and 55% coat weight of F3 are shown in Figures 3.09

(a, b, c, and d). The following table gives the percentage of acetaminophen

released after 2 hr in SGF followed by 4 hr in SSIF followed by 2 hr in SCF with

and without pectinolytic enzymes.

Table 3.08: Percent drug released from acetaminophen beads coated with F3.

Coat SCF (with SCF (no
Thickness SGF SSIF

enzymes) enzymes)
of F3

(2hr) (4hr) (2hr) (2hr)
25% 25% 68% 100% 89%

35% 19% 63% 100% 86%

45% 13% 55% 84% 77%

55% 5% 30% 66% 54%

Drug release from beads coated with 25% F3 (Figure 3.09a), 35% F3

(Figure 3.09b) and 45% F3 (Figure 3.09c) was fast in both SGF and SSIF due to

higher amount of pectin in the coat. The higher amount of drug release observed in

SGF when compared to Fl and F2 coats could be due to the poor film forming
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properties of pectin especially with relatively small amounts of ethylcellulose in the

coating solution. Such poor film forming properties have been reported with other

naturally occurring polysaccharides that possess the ability to form films through

gelation such as amylose.

In one study when the ratio of amylose to ethylcellulose was low (1:2.5

w/w) in the coating formulation, the release of drug (5-aminosalicylic acid) was

rapid in SGF and was accompanied by cracking of the coat (36). Incomplete films

might have resulted in the fast release of drug and for formulation F3 it took a

relatively high coat thickness (55%) to start to slow drug release in both SGF and

SSW. Cracks in the coats were also observed with the F3 coat formulation.

Beads coated with 55% F3 (Figure 3.09d) showed 5% drug release within 2

hr in SGF, however, 30% of the drug was released within 4 hr in SSIF. The

amount of drug released within 4 hr in SCF in the presence of pectinolytic enzymes

was still higher from the different F3 coats when compared to no enzymes.

The increase in drug release rate, as the percentage of pectin in the coat is

increased, is expected due to poor film formation and water-solubility of pectin

with the subsequent formation of more aqueous pores. The potential problem of

having more pectin in the coat may be release of more drug in the small intestine

before beads reach the colon. However, some studies reported that in vitro release

experiments showed a significantly faster release of the model drug from capsules

coated with enzyme-dependent polymer when compared with in vivo results (42).
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Thus, due to possible slower dissolution in vivo compared to in vitro, these coats

should also be tested in vivo for site specific drug release.

In summary when the ratio of pectin to Surelease was high (i.e. 1:3 w/w),

drug release was relatively rapid and accompanied by cracking of the coat,

especially with low percentage coat thickness. However, there was a significant

decrease in drug release when pectin was mixed with Surelease in 1:6 and 1:12

w/w ratio indicating that Surelease controls the swelling of pectin and therefore

retards drug release (Figure 3.10). And, pretreatment of a pectinlethylcellulose

coating on beads with gastric fluid produced an unexpected and beneficial decrease

in drug release in SSIF.
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Figure 3.09a: Release of acetaminophen from beads coated with 25% F3.
Error bars represent standard deviations (n=2).
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Figure 3.09b: Release of acetaminophen from beads coated with 35% F3.
Error bars represent standard deviations (n=2).
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Figure 3.09c: Release of acetaminophen from beads coated with 45% F3.
Error bars represent standard deviations (n=2).
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Figure: 3.09d: Release of acetaminophen from beads coated with 55% F3.
Error bars represent standard deviations (n=2).
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Figure 3.10: Effect of Surelease to pectin ratio (S: P) on the release
of acetaminophen from different coat formulations in the presence
of enzymes.
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Release from All Coat Formulations

Drug release from beads coated with Fl, F2 and F3 coat formulations at all

weight gain applied after 2 hr in SGF followed by 4 hr in SSIF followed by

different hours in SCF with and without pectinolytic enzymes are grouped in

Figures 3.11 and 3.12 respectively. Drug release from all formulations in the

absence of enzymes shows that the three pectinlethylcellulose coat formulations

give a zero-order (linear) release over time. The release rate depended on the

amount of the pectin in the coat; the more pectin in the coat the faster the release is

while maintaining linearity. These results show that zero-order drug release can be

obtained over any specific period of time (ranging from few hours to more than 24

hr) by selecting the ratio of pectin to ethylcellulose in the coat and the coat

thickness.

For comparison purposes, release profiles from the three coat formulations

(18% Fl, 25% F2 and 55% F3) in the absence of enzymes were superimposed on

release profiles from acetaminophen beads coated with ethylcellulose at different

weight gain (3%, 3.5% and 4% weight gain) in Figure 3.13. The release profiles

from acetaminophen beads coated with ethylcellulose were obtained from

published data from a research work conducted at Oregon State University (43). In

Vitro release from ethycellulose coated beads was performed with the USP

dissolution apparatus II (paddle) at 37 ± 0.5°C and 50 rpm. Dissolution medium

for the first 2 hr was enzyme-free SGF (pH 1.4) followed by enzyme-free SSIF (pH
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7.4). Curves for release from ethylcellulose coated beads were linear up to about

60% release at about 6 hr and then the curves became concave downward, i.e.,

release rate slows over time. The concave downward release profiles are typically

observed with ethylcellulose coating because the diffusional path increases with

time in a matrix bead andlor the concentration inside the coating film decreases

which decreases the driving concentration (activity) difference between the inside

and outside of the bead resulting in a decreased dissolution rate. With

ethylcellulose, in order to make the release more linear over time, higher coat

thickness must be applied which usually results in slowing down the release so

much that the time required to release 50% of the dose becomes 24 hr or more

resulting in a decreased bioavailability. The release profiles from the

pectinlethylcellulose coat formulations on the other hand, showed that it is possible

to obtain more zero-order (linear) release and to do so without extending the release

time to be so long as to adversely affect bioavailability. For example, release

profile from the 55% F3 coat formulation showed linear 100% release over 14 hr.

while release from 25% F2 coat formulation showed 83% linear release over 24 hr

indicating the possibility of obtaining different linear release profiles over any

period of time that can be tailored to specific dosage form for individual drugs.
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Figure 3.11: Release of acetaminophen from beads coated with
Fl, F2 and F3 coat formulations in the presence of enzymes.
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Figure 3.12: Release of acetaminophen from beads coated with
Fl, F2 and F3 coat formulations in the absence of enzymes.
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Figure 3.13: Release of acetaminophen from beads coated with
different pectinlethylcellulose coat formulations in the absence of
enzymes superimposed on the release profiles from ethylcellulose
(EC) coated acetaminophen beads at different weight gains.
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Gamma-Scintigraphic Studies

Release from SmOxide Beads

Based on results in Figure 3.06d and Table 3.06, beads coated with 18% Fl

were chosen for scintigraphic studies in dogs. In Vitro dissolution profiles of

acetaminophen beads containing 13% Sm-oxide and coated with 18% coat weight

of Fl, before and after irradiation are shown in Figure 3.14. Dissolution studies

were carried out using SGF for 2 hr followed by SSIF for 24 hr. The two profiles

were similar indicating that the irradiation process did not cause any significant

change in the rate of drug release or integrity of the beads. The rate of drug release

from Sm-oxide beads was also compared to the virgin acetaminophen beads coated

with 18% coat weight of Fl (Figure 3.15). It is observed that the release from the

Sm-oxide beads was higher than from the virgin beads. This could be due to the

production of less spherical beads when Sm-oxide was added to the formulation

with the subsequent imperfect coat around the beads after coating.

Phantom Study

Images obtained from the gamma camera in the phantom study are shown

in Figures 3.16 (A-D). The 10 j.tCi beads were resolved very clearly at different
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depths and distances from each other in the acrylic sheets. However, when beads

were very close to each other or placed in the same plane, they were not resolved

(Figure 3.16D). Beads placed at a depth of 24 cm from the camera were also not

resolved. This study was important to evaluate the camera before conducting the

study in dogs.
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Figure 3.14: Release of acetaminophen from non-irradiated and irradiated
Sm-oxide beads. Error bars represent standard deviations (n=2).
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Figure 3.15: Release of acetaminophen from non-irradiated Sm-oxide
beads and virgin beads. Error bars represent standard deviations (n2).
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Figure 3.16: (A) 5 beads in a capsule at lOjtcilbead at 9 cm acrylic
depth, (B) 2 beads 2 inch apart at 16.5 cm acrylic depth, (C) 5 beads
clustered at 16.5 cm acrylic depth, (D) 2 beads at the same plane at
12 cm acrylic depth.
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In Vivo Studies in Dogs

The purpose of this study was to determine gastrointesinal (GI) transit

properties of drug beads under fed conditions in two dogs. Anterior scintigraphic

images, each of 60 seconds, were taken at different time intervals to follow beads in

the GI tract of dogs. Representative scintiscans were created by first determining

the position of the beads in the dog's GI tract from both anterior and posterior

images obtained from the gamma camera. The anatomical position of the beads

was determined by reference to the external marker used, along with X-rays of the

dog's abdomen taken right before the study. The expertise of Dr. Watrous (College

of Veterinary Medicine, OSU) in imaging was essential in determining the final

position of the beads. Once the position of the beads was determined,

representative figures of the GI tract were drawn by hand on transparent sheets.

The images from the gamma camera were then overlaid to the transparent sheets to

place the beads in their predetermined position. The resulting figures were then

scanned to produce these representative scintigraphs.

Scinti2raphic Analysis of Jack Imaaes

Anterior and posterior images were taken at different time intervals between

5 mm and 85 hr post dosing. All images were recorded and stored by computer for
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subsequent analysis. Representative scintigraphs showing the GI transit of labeled

beads are shown in Figures 3.17 (a-d). At 5 mm post dosing a cluster of beads was

clearly seen in the stomach (Figure 3.17a (A)). At 20 mm and 35 mm post dosing

individual beads could be distinguished and were spread in the different parts of the

stomach which indicate complete release from the capsule shell (Figure 3.1 7a (B

and C)). At 1 hr the beads were moving down toward the duodenum (Figure 3.1 7a

(D)). At 1.5 hr one bead reached the jejunum, while the rest of the beads were in

the duodenum and the stomach (Figure 3.1 7b (E)). At 3.5 hr two beads were still in

the stomach and that time was taken as the estimated gastric emptying time (Figure

3.17b (G)). At 4.5 hr two distinct beads could be seen in the ascending colon and

two in the small intestine (Figure 3.1 7b (H)). This time was taken as the estimated

arrival time to the colon. At 5.5 hr most of the beads were in the ascending colon

(Figure 3.17c (I)). At 12 hr all the beads moved to the descending colon and

remained there until 42 hr (Figure 3.17c (K and L) and Figure 3.17d (M-O)). Four

beads were out of the dog's body at some time between 42 hr and 51 hr (Figure

3.18 (A)). The last bead was out at any time between 51 hr and 61 hr (Figure 3.18

(B)). From these results we can conclude that the labeled beads had an estimated

gastric emptying time of 3.5 hr, an estimated small intestine transit time of 2 hr and

an estimated colonic transit time of 36 hr. Jack was released at 85 hr post dosing

after a last image showing no radioactivity in his body (Figure 3.19).
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Figure 3.17a: Representative scintigraphs showing the GI transit of labeled beads
in the stomach. (A) at 5 mm, (B) at 20 mm, (C) at 35 mm and (D) at 1 hr.
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Figure 3.1 7b: Representative scintigraphs showing the GI transit of labeled
beads in the different parts of the GI tract. (E) at 1.5 hr, (F) at 2.5 hr, (G) at
3.5 hrand (H) at 4.5 hr.
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Figure 3.17c: Representative scintigraphs showing the GI transit of labeled
beads in the colon. (I) at 5.5 hr, (J) at 6.5 hr, (K) at 12 hr and (L) at 14 hr.
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Figure 3.17d: Representative scintigraphs showing the GI transit of labeled
beads in the descending colon. (M) at 24 hr, (N) at 29 hr and (0) at 42 hr.
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Figure 3.18: Scintigraphs showing labeled beads
are evacuated in feces. (A) at 51 hr and (B) at 61 hr.

85 hr

Figure 3.19: Jack release at 85 hr.
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Scintigraphic Analysis of Sadie Images

Anterior and posterior images were recorded at different time intervals

between 5 mm and 62 hr post dosing. Scintigraphs showing the transit of the

administered labeled beads through the GI tract of Sadie on the different days of the

study are shown in Figures 3.20 (a-c). Images taken 5 mm post dosing showed a

cluster of beads in the stomach (Figure 3.20a (A)). Images taken at 20 mm and 50

mm post dosing showed the cluster of beads moving down the stomach (Figure

3.20a (B and C). At 1 hr some of the beads (could not be resolved) moved into the

small intestine (Figure 3.20a (D)). At 1.5 hr and 2.5 hr two beads in the stomach

and two beads in the small intestine could be seen, the fifth bead could not be

resolved (Figure 3.20b (E and F)). 2.5 hr was taken as the estimated gastric

emptying time. At 3.5 hr and 4.5 hr a mass of beads could be seen in the small

intestine (Figure 3.20b (G and H)). At 5.5 hr beads could be seen in the ascending

colon but could not be resolved (Figure 3.20c (I)). This time was taken as the

estimated arrival time to the colon. At 6.5 hr and 7.5 hr. only one hot spot along

with a dispersion of radioactive material could be seen in the ascending colon

(Figure 3.20c (J and K)). This might be due to disintegration of some of the beads

in the colon. One bead was evacuated and was found in feces some time between 8

hr and 14 hr (Figure 3.21 (A)). Images at 14 hr showed 2 distinct beads in the

transverse colon (Figure 3.20c (L)). Starting from 14 hr until the end of the study

the dog had 9 bowel movements (mostly wet stools). Because the dog suffered
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from a sudden diarrhea, further interpretation of the images is confounding. The

dog defecated at 14 hr, 16 hr, 19 hr, 24 hr, 26 hr, 32 hr and 43 hr. Images of feces

or wet stools did not show any evacuated distinct beads after the 14 hr image

(Figures 3.21(B-D)). The dog was released at 62 hr. These results suggest that

disintegration of some of the beads occurred in the colon, most probably because of

the condition of the dog. From these results we observed that the labeled beads had

an estimated gastric emptying time of 2.5 hr and an estimated small intestinal

transit time of 3 hr. Colonic transit time could not be estimated from this study

because of the unexpected diarrhea of the dog.
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Figure 3.20a: Representative scintigraphs showing the GI transit of labeled
beads in the stomach and small intestine. (A) at 5 mm, (B) at 20 mm, (C)
at 50 mm and (D) at I hr.
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Figure 3.20b: Representative scintigraphs showing the transit of the labeled
beads in the stomach and small intestine. (E) at 1.5 hr, (F) at 2.5 hr, (G) at
3.5 hr and (H) at 4.5 hr.
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Figure 3.20c: Representative scintigraphs showing the GI transit of labeled
beads in the colon. (I) at 5.5 hr, (J) at 6.5 hr, (K) at 7.5 hr and (L) at 14 hr.
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Figure 3.21: Scintigraphs showing beads and disintegrated beads in stools.
(A)at 14 hr, (B) at 16 hr, (C) at 19 brand (D) at 24 hr.
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CONCLUSIONS

A new colonic drug delivery system made of drug loaded beads and coated

with an enzyme dependent polymer (pectin) modified with an enzyme independent

polymer (ethylcellulose) was tested in vitro for release characteristics in the

presence of pectinolytic enzymes. The GI transit properties of selected coated

beads were also observed by conducting gamma-scintigraphic studies in fed dogs.

The following conclusions were reached:

1. Spherical drug beads (1.5-2 mm in diameter) were obtained by the process of

extrusion and spheronization. The beads were easily coated with a coating

mixture solution of pectin and Surelease.

2. Unexpectedly, there was no need to enteric coat the beads to prevent drug

release in the stomach.

3. It was further unexpectedly found that beads treated for even a short time in

gastric fluid released drug much slower in intestinal fluid than expected based

on preliminary studies in intestinal fluid only (no gastric fluid pretreatment).

4. Drug release from in vitro studies in the presence of pectinolytic enzymes was

higher when compared to no enzymes. The amount of drug released depended

on the thickness of the coat and the amount of pectin in the coat.

5. As the ratio of pectin in the coat increased, the effect of pectinolytic enzymes

on drug release also increased.
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6. Pectinolytic enzymes are proposed to accelerate pore formation by attacking the

pectin in the coat but the coat remained intact and did not break down. Cracks

were observed in the coats of 9% Fl and 25%, 35%, 45% F3 coat formulations.

7. Beads coated with 18% Fl, 35% F2 and 55% F3 coat formulations showed no

drug or little drug release after 2 hr in SGF followed by 4 hr in SSIF indicating

potential colonic delivery systems.

8. Release profiles from the different pectinlethylcellulose coat formulations in the

absence of enzymes were more linear over time when compared to release

profiles from ethylcellulose coated acetaminophen beads from published data.

9. Scintigraphic studies in one dog gave an estimated gastric emptying of 3.5 hr,

an estimated small intestine transit time of 2 hr and an estimated colonic transit

of 36 hr for labeled drug beads.

10. Scintigraphic images from the other dog could not be fully interpreted due to

diarrhea.
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ABSTRACT

In Vivo performance of selected pectin-ethylcellulose coat formulations on

small drug loaded beads as colonic delivery systems has been evaluated in vivo in

healthy volunteers. A new colonic drug delivery system is shown to be effective,

and to provide sustained drug release in the colon over 12 hours in people.

Pharmacokinetics and bio availability of acetaminophen in the colonic

delivery system and an immediate release commercial product (Tylenol®) were

determined and compared in six healthy volunteers under fed and fasted conditions.

Saliva was collected and acetaminophen was analyzed using HPLC.

Drug absorption after administration of the colonic delivery system should

show a lag time after gastric emptying of 3 to 4 hours, after which the drug should

begin to be released from the delivery system when drug beads reach the colon.

This lag time corresponds to the reported transit time through the small intestine.

Deconvolved input functions from biostudy data showed a lag time of 4 and

5 hours under fasted and fed conditions respectively. The deconvolved data also

suggest that drug absorption continued for about 12 hours from the colonic delivery

system.
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INTRODUCTION

Design and evaluation of colonic delivery systems requires knowledge of

the drug, the delivery system and the targeted organ. Physicochemical properties

of the drug molecule and other materials in the delivery system in relation to

known physiological variables such as GI pH gradients and transit times must be

well understood.

The following established data are useful for the design of systems that will target

specific regions in the GI tract, particularly to the colon (1).

GASTROINTESTINAL REGIONS

Gastric Region

In fasted volunteers, gastric pH can be as low as 2 but rises after food intake

and in pathological conditions/drug therapy. After a meal, the buffering effect of

food results in a rise of gastric pH to a value of 6 or higher. In the fed state, the

pyloric sphincter, which controls the movement of foods and liquids from the

stomach into the small intestine, is not completely closed. It will allow passage of

liquids and small particles (cut-off size is approximately 7 mm) during the
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digestive phase (1). As a result, small indigestible particles can empty from the

stomach even though it is in the digestive phase.

Any dosage form administered in the fasting state will be emptied in a short

time, usually 0.5-1 hr. depending upon the time of arnval of phase 3 of the

interdigestive migrating myoelectric complex (IMMC) (2). Bolus emptying of

small particles (up to 5 mm in diameter) usually occurs from the fasted stomach

(3). Bolus emptying from the stomach can be related to phase 2 and particularly

phase 3 activity of the IMMC that clears large indigestible objects from the fasted

stomach. Small tablets (3mm in diameter) were found to empty gradually form the

fed stomach of healthy volunteers but as a bolus in fasted subjects (4).

Small Intestinal Region

Transit time is remarkably constant and is approximately 3 hr ± 1 for

solutions, pellets, matrix tablets and osmotic pumps. Intestinal transit time is

independent of the nature of the dosage form and is not influenced by food.

Ileo-Cecal Region

The transit of a dosage form from small to large intestine is controlled by

the ileo-cecal sphincter. It is presumed to have a regulatory function similar to that
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of the pyloric sphincter. The pH falls from 7.5 to 6.4 on passing from the small to

the large intestine (5). In some instances, passage across the ileo-caecal junction is

rapid and in others stagnation can occur for many hours, resulting in extended

small intestinal transit time. This effect has been observed for both multiple and

single unit controlled release systems (4, 6). Grouping has been reported to occur

with pellets and multiple small tablet systems before being moved into the colon

(7). However, no obvious relationship between tablet size and transit through the

ileo-caecal junction has been described (8). Mass movements through the GI tract

accompanying eating have been reported and support the hypothesis that the ileo-

cecal region has a reservoir function (9).

Colonic Region

As one progresses aborally the pH gradually rises. Typical pH values for

the different parts of the colon are: ascending colon 6.4; transverse colon 6.6;

descending colon 7.2 and rectum 7.5 (10). The more acid environment of the

cecum is due to metabolism of dietary fiber by microorganisms to short-chain free

fatty acids. Absolute values vary between individuals and also for the same

individual, depending upon dietary intake. In one study it has been reported that

single units move more rapidly through the large bowel and have shorter colonic

transit than do multi-particulate systems (11). In this study the transit of a capsule

(25 mm long) within the large intestine was faster than that of small particles (0.5-
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1.8 mm in diameter). However, in a different study the residence times of 5 mm

and 0.2 mm particles in the ascending colon were found to be statistically similar in

12 healthy volunteers (12.49 ± 1.63 and 10.60 ± 0.69 hr respectively), but when the

colon contents were rendered more liquid by lactulose (an agent which increases

the fluidity of the colon contents), a separation by size was observed with the

relative retention of the larger particles in the ascending colon (12). In all these

studies there were, however, considerable intersubject variations. A multi-

particulate delivery system administered after breakfast can be expected in the large

intestine after 4-6 hr. Tablets 4 mm in diameter were found to arrive to the colon

after a heavy breakfast in six healthy volunteers at a mean time of 325 mm (13).

Many drugs are well absorbed from the colon (1), however, it is important to

determine the degree of drug biotransformation that can occur in the colon and

more importantly, to quantify the exact extent of drug absorption that occurs in this

region. Conventional bioavailability studies, combined with gamma-scintigraphy

are ideal for such investigations.

The total transit time for a dosage form to travel from mouth to anus is

about 25 hr on average but can be as short as 6 hr for a single unit. For this reason,

drug concentration is difficult to control if the active compound was released over

longer periods for single units like tablets, due to the variability in excretion

patterns.
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MULTI-PARTICULATE SYSTEMS

Although single unit dosage forms are easier to prepare, multi-particulate

systems can have many advantages such as: 1) it is well known that the wide

variability in gastric emptying time for oral dosage forms decreases as the diameter

size of the dosage form become smaller; 2) multi-particulate units are less

influenced by the presence of food in the stomach than are single units and found to

be small enough to pass through the pylorus when closed (14), 3) the individual

units are usually well spread in the GI tract if taken after or together with food,

resulting in reduced risk of high local concentrations of released drugs; 4)

stagnation at the ileo-cecal junction is less likely to occur than with larger single

units; 5) the slower transit of small particles through the colon will prolong contact

between the formulation and the absorptive surface, resulting in a greater

proportion of drug being absorbed; 6) because of the considerable inter-subject

variation in colon transit time, a multiple unit system given on a once daily basis

should be sufficiently dispersed in the colon to provide adequate local delivery of

drug for the treatment of common colonic diseases. It should be mentioned that

there is little point in attempting to develop a once daily multiparticulate system for

a compound that is not absorbed from the large intestine or has an absorption

window in the duodenum orjejunum.
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ACETAMINOPHEN

Acetaminophen (n-acetyl-paraminophenol, paracetamol) is a widely used

non-prescription analgesic and antipyretic that has been used for many years.

Acetaminophen was chosen as a model drug to incorporate into the colonic

delivery system because it is known to be well absorbed from the colon, and it can

be easily assayed in saliva. Saliva acetaminophen concentrations have been

reported to be proportional and virtually equivalent to serum concentrations (15,

16). The decline of plasma acetaminophen concentration after intravenous

administration was best described by a two-compartment open model with a mean

clearance of 352 ± 40 mllmin (17). It is rapidly absorbed and distributed after oral

administration with peak concentrations obtained within 40 to 60 mm and an

elimination half-life of 2-3 hr (18). Oral bioavailability of acetaminophen was

found to increase with higher doses. Comparison of the areas under the plasma

concentration-time curve (AUC) indicated that oral bioavailability increased from

0.63 ± 0.02 after 500 mg, to 0.89 ± 0.04 and 0.87 ± 0.08 after 1000 and 2000 mg

respectively (17). Dose-dependent first-pass elimination by liver or gut wall was

suggested to account for this. No difference in half-life, however, was observed

between the three doses in this study. Statistically significant differences in

decreased elimination rate and increase dose-corrected area under the curve (AUC)

were reported in one study when five different escalating single doses (up to 2000

mg) were administered to 15 healthy volunteers (19).
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It should be mentioned that saturable presystemic biotransformation could

result in a decrease of bioavailability from a sustained release formulation of drug

relative to an immediate release formulation of the same dose. Acetaminophen is

eliminated in the urine primarily as glucuronide conjugates (45-55%), sulfate

conjugates (20-30%) and cysteine and mercapturic acid conjugates (15-55%) with

only 2-5% of a dose being excreted unchanged (20). Overdoses of acetaminophen

cause acute hepatic necrosis due to saturation of conjugation pathways.



EXPERIMENTAL

MATERIALS

Tylenol® Extra Strength 500 mg caplets (McNeil, Fort Washington, PA)

were used as a control treatment. Coated acetaminophen beads containing 500 mg

acetaminophen were produced at College of Pharmacy (Oregon State University,

Corvallis, OR). Acetaminophen (Spectrum Chemical Mfg. Corp. Gardena, CA)

was used as the model drug. f3-hydroxyethyltheophylline (Sigma Chemicals, St.

Louis, MO) was used as internal standard. Methanol (HPLC grade, Fisher

Chemicals, NJ) and deionized filtered water (for HPLC) were used as solvents.

METHODS

Human Biostudies

Study protocol was approved by the Oregon State University Institutional

Review Board (IRB) for the protection of human subjects. Each subject read,

understood and signed an informed written consent.
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Preliminary Bioscreenin2 of Different Coat Formulations

In Vitro dissolution tests can provide essential information on the

mechanism of drug release but are not necessarily good predictors of in vivo

results. For this reason several coat formulations, which showed different in vitro

results were chosen, and each was tested in two different subjects. These coat

formulations were 14% Fl, 16% Fl, 18% Fl, 12% F2, 25% F2, 35% F3 and 55%

F3 (see chapter 3 for specific formulation information). All formulations were

tested under fed conditions because this is the condition where it is most difficult to

provide protection against pre-colonic drug release. Saliva drug concentration-time

curves from the different formulations were obtained to determine the lag time

before any appreciable drug absorption could be detected. Among all seven

formulations, the 55% F3 formulation was chosen to be tested further in six healthy

volunteers, because preliminary results in two subjects showed a lag time of about

5 hr before any appreciable amount of drug was detected in saliva.

Study Design for 55% F3

Evaluation of this coat formulation as a colonic delivery system involved

two crossover studies with Tylenol as a control each time, conducted under fasted

and fed conditions.
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Study I

Treatment A: Capsule containing drug beads coated with 55% F3 (OSU capsule)

administered after a standard breakfast. The capsule contained the equivalent of

500 mg acetaminophen.

Treatment B: Tylenol® Extra Strength 500 mg caplet administered after a standard

breakfast.

Study II

Treatment A: OSU capsule equivalent to 500 mg acetaminophen administered after

an overnight fast (at least 9 hours fasting). Food was allowed 2 hours after dosing.

Treatment B: Tylenol® Extra Strength 500 mg caplet administered after an

overnight fast. Food was also allowed 2 hours after dosing.

Subject Population

Six healthy subjects (3 males and 3 females) participated in the study. All

subjects were not taking any medication including acetaminophen products and all

were non-smokers. All subjects were regular in their bowel habits and usually

defecated once a day.
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Drug Assay Method

Concentrations of acetaminophen in saliva were determined using a

modification of an HPLC procedure used by Bonn and Ayres (19).

C'hromatographic Conditions

The column used was a reverse-phase micro-particulate C18 (Microsorb MV

C18, particle size 5 J.xm, 25 cm x 4.6 mm, pore size 100A°, Varian Analytical

Instruments, Walnut Creek, CA) preceded by a C18 guard cartridge (ODS, 4 x 3

mm, Phenomenax, CA). Mobile phase was water: methanol (85:15) at a flow rate

of 1 mi/mm, and was prepared by mixing exact volumes of prefiltered deionized

water and HPLC grade methanol. The mobile phase was degassed before use. The

detector was a fixed-wavelength IJV detector set at 254 nm (Waters model 440,

Waters Associates, Milford, MA). Peak areas were determined with a Schimadzu

integrator (CR501 Chormatopac, Schimadzu Corp., Kuoto, Japan).

Collection ofSaliva Samples

Subjects provided a zero time saliva sample prior to dosing and then

ingested a formulation. Saliva samples were collected by chewing squares (1 inch

x 1 inch) of Parafilm® (American National Can, Menasha, WI) for 2 minutes with
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continuous spitting into a 15-mi polypropylene centrifuge tube. Saliva samples

were frozen until delivered. Subjects collected saliva at 0.0, 15.0, 30.0, 45.0 mm,

and at 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 12.0 hr for Tylenol. Saliva was collected at

0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 12.0 and 24.0 hr for the new

colonic drug delivery formulations. Subjects were not allowed to eat or drink

anything 5 minutes before each sample.

Standard Solutions

Acetaminophen standard stock solutions were prepared to contain 200

.ig/ml of reference standard by dissolving 200 mg acetaminophen in one liter of

deionized water. Stock solutions were diluted with blank saliva to contain 0.5, 1.0,

2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 15.0, 18.0 and 20.0 .tg/m1 of acetaminophen. Internal

standard was 13- hydroxyethyl-theophylline in deionized water (50 jig/mi).

Standards were prepared by spiking 900 p.1 of blank saliva with 100 p.! of stock

solutions and 100 p.1 of internal standard in 1.5-ml polypropylene microcentrifuge

tubes with snap-cap lid. Mixtures were vortexed for 10 seconds and frozen at

20°C for 24 hr. These standards were then thawed and centrifuged at 14,000 rpm

for 5 mm to remove mucous and particulate matter. A portion of the salivary

supernatant (100 p.1) was transferred to HPLC tubes and 40 p.L injected onto the

HPLC column. Retention times of acetaminophen and internal standard were about
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10 and 22 mm respectively. A standard curve was constructed by plotting the

peak-area ratios of acetaminophen to internal standard against acetaminophen

concentrations in saliva. Sensitivity of assay was as good as 0.5 jig/mi with a linear

relationship between peak-area ratios and acetaminophen concentrations at 0.5 to

20 p.g/ml (R2 = 0.9989). A typical standard curve of acetaminophen in saliva is

shown in Figure 4.01.

Saliva Analysis

Approximately 2.5 ml of saliva samples were centrifuged at 7000 rpm for 5

mm. One ml of the salivary supernatants was then transferred to 1.5-mi

microcentrifuge tubes and 100 j.tl of internal standard was added. The mixtures

were vortexed for 10 seconds and then frozen at -20°C until analyzed. The samples

were thawed and centrifuged again at 14,000 rpm for 5 mm in a microcentrifuge.

Portions of supernatant (100 j.d) were transferred to HPLC tubes and assayed as

described above.
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Data Analysis

Pharinacokinetic Data Analysis

The different treatments were compared in terms of their acetaminophen

saliva concentrations. In Vivo lag times were observed before any appreciable

amount of acetaminophen could be detected. Pharmacokinetic parameters were

determined by Winonlin software. AUCs were calculated using trapezoidal rule to

determine relative bioavailability. AUC c is the area under the saliva

concentration vs. time curve calculated from 0-co and the relative bioavailability

was the percentage of the AUC0 of acetaminophen from the OSU formulations

compared to the AUC of acetaminophen from Tylenol Extra Strength 500 mg

caplet.

Deconvolution ofAcetaminophen Saliva Concentration Data

Additional information on the release in vivo was obtained by model

independent numerical deconvolution of pharmacokinetic data. Deconvolved input

functions from biostudy data were determined using computer software KineticaTM

2000 (Innaphase Corporation, PA). Intravenous data for acetaminophen, required

to perform model independent deconvolution, were obtained from published data

(17).
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RESULTS AND DISCUSSION

In Vivo Results from Fl and F2 Coat Formulations

Following administration of 500 mg acetaminophen from 14% Fl coat

formulation in 2 subjects under fed conditions, very little acetaminophen was

detected in saliva at 6 hr after administration. Acetaminophen concentrations up to

24 hr were also very low indicating very poor bioavailability from this formulation

when compared to Tylenol (Figure 4.02). In Vitro release studies from the 14% Fl

showed 11% drug release after 2 hr in SGF, 49% drug release after 4 hr in SSIF

and 98% drug release after 6 hr in SCF. No acetaminophen was detected in saliva

up to 24 hr from the 16% and 18% Fl formulations when administered to 2

subjects each under fed conditions. In Vitro release studies from the 16% Fl

showed 3% drug release after 2 hr in SGF, 18% drug release after 4 hr in SS[F and

52% drug release after 6 hr in SCF. In Vitro release studies from the 18% Fl

showed 1% drug release after 2 hr in SGF, 8% drug release after 4 hr in SSIF and

28% drug release after 6 hr in SCF. In Vivo studies from Fl coat formulations

showed that coat thickness necessary to prevent release in SGF and SSIF in vitro

resulted in no drug release in vivo. This could be due to high ethylcellulose content

in the coat which might prevented hydration and swelling of the small amount of

pectin present in the coat with no or very little subsequent drug release. Also

hydration of pectin in the coat is expected to be slower in the colon due to low fluid
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content and high viscosity of colonic contents. Hydration is an important

consideration with polysaccharide-based dosage forms since they must absorb

water to swell before they are open to attack by bacterial enzymes.

In Vivo results from the 12% F2 coat formulation showed salivary

acetaminophen at 3 hr post dosing indicating rapid release of drug in vivo from this

formulation (Figure 4.03). In Vivo results from the 25% F2 coat formulation, on

the other hand, showed no salivary acetaminophen for up to 24 hr. In Vivo results

from F2 coat formulations indicates that at low coat thickness, ethylcellulose in the

coat did not control the swelling of pectin in the coat until the beads reach the

colon, with subsequent premature drug release. At higher coat thickness,

absorption may have been poor because hydration of pectin in the coating was very

slow.

Comparison of in vitro and in vivo dissolution from Fl and F2 coat

formulations are shown in Figures 4.04 and 4.05. These figures show that in vitro

dissolution did not predict in vivo dissolution from Fl coat formulations, while in

vitro dissolution was much faster than in vivo dissolution from F2 coat

formulations. In vivo dissolution from the different coat formulations was obtained

by deconvolution of corresponding in vivo saliva concentration vs. time data from

biostudies.

Some studies have shown that pectin must swell enough to be able to absorb

enzyme-rich fluids in the colon (21). Therefore, hydration or swelling of pectin is a

major requirement so that colonic enzymes obtain access to the glycosidic linkage



in the polysaccharide. From these results presented here-in, it can be speculated

that by balancing the amount of pectin with modifying polymer in the coat

formulation, a degree of control over the degradation kinetics of the bead coating

can be attained.
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Figure 4.02: Pharmacokinetic profile for a single subject following
administration of acetaminophen beads coated with 14% Fl and a
single dose of Tylenol after a standard breakfast.
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Figure 4.03: Pharmacokinetic profile for a single subject following
administration of acetaminophen beads coated with 12% P2 and a
single dose of Tylenol after a standard breakfast.
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Figure 4.04: In vitro and in vivo dissolution from 14% Fl coat formulation.



212

120

100

0
U)
C,)

w

a60
0
C

C.)

o 20

[!]

0 5 10 15 20 25 30

Time (hr)

Figure 4.05: In vitro and in vivo dissolution from 12% F2 coat formulation.
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In Vivo Results from F3 Coat Formulation

In Vivo results from 35% F3 coat formulation showed salivary

acetaminophen at 2 hr post dosing followed by extended drug absorption (Figure

4.06). Because the F3 coat formulation contained more pectin in the coats than Fl

and F2 coat formulations, rapid release at this high coat thickness might be

explained by ionization of pectin in the environment of the small intestine (pH 7-8)

with subsequent rapid swelling and release of drug. Rapid swelling is also

attributable to the smaller ratio of ethylcellulose in the coat.

In vivo results from 55% F3 coat formulation showed salivary

acetaminonhen at 5 hr post dosing followed also by extended drug absorption

ested in 2 subjects. This formulation was further tested in 6

ic delivery potential.

shows a summary ofin vitro and in vivo data for the tested
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Table 4.01: In vitro and in vivo data relevant to the different formulations tested
each in 2 subjects in vivo.

Formulation In vitro
lag time

(hr)

In vitro
release

(%)

in vivo
lag time

(hr)

Relative
bioavailability

14% Fl 2 91 5 Verypoor

16% Fl 4 52 - Verypoor

18% Fl 6 32 - Verypoor

12%F2 1 85 2 91%

25%F2 4 55 - Verypoor

35%F3 1 100 1 84%

55%F3 2 87 5 61%

In vitro release is the % drug release within 8 nrfollowing lag time in vitro.

When the 55% F3 beads were administered to six healthy volunteers,

acetaminophen appeared on average after 5.16 hr (± 2.48 hr) in saliva when

administered after a standard breakfast and at 3.8 hr (± 0.41 hr) when administered

after an overnight fast. These results suggest that beads coated with 55% F3 might

successfully deliver drugs to the colon.

Although results of in vitro release experiments showed what could be

classified as "ideal release profiles" of the model drug from beads coated with

some Fl and F2 coats and "poor release profiles" with F3 coats, in vivo results did

not correlate with in vitro results. These findings are consistent with in vivo

published data in rats using capsules coated with azo-polymers and containing
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ibuprofen as a model drug (22). In this study the results of in vitro release

experiments with ibuprofen in sonicated rat cecal contents (cell-free extract)

showed a significantly faster release of the model drug from capsules coated with

azo-polymers that are susceptible to bacterial azo reductase activity when compared

to in vivo results. The above results, therefore, indicate that when pectin:

ethylcellulose ratio in the coat was 1: 3, there was very little drug release in the

small intestine because hydration and swelling of pectin was controlled by

ethylcellulose in the coat. However, in the colon there was enough pectin available

in the coat with a sufficient degree of swelling to be accessible to bacterial

pectinolytic activity. This resulted in more pore formation with subsequent

diffusion of drug through the polymer coating. Varying the coat thickness in this

case was therefore a means to control premature drug release in the small intestine.

Tables 4.02 and 4.03 summarize some pharmacokinetic data relevant to the tested

formulation under fed and fasted conditions. Considering the aim of this work and

the system under investigation, the duration of the lag phase before appearance of

drug in biological fluid (saliva) and the relative bioavailability are the fundamental

parameters to evaluate in vivo behavior of this delivery system. Averages of

acetaminophen saliva concentration-time curves under fed and fasted conditions are

shown in Figures 4.08 and 4.09. Individual saliva concentration-time curves are

illustrated in Figures (4.08a-4.081) for the study carried out under fed conditions

and in Figures (4.09a-4.091) for the study carried out under the fasted conditions.
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Figure 4.06: Average pharmacokinetic profiles following administration of
acetaminophen beads coated with 35% F3 in 2 subjects after a standard
breakfast. Error bars represent standard deviations (n=2).
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Figure 4.07: Average pharmacokinetic profiles following administration of
acetaminophen beads coated with 55% F3 in 2 subjects after a standard
breakfast. Error bars represent standard deviations (n=2).
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Table 4.02: PK data relevant to the tested delivery system in 6 subjects under fed
conditions.

Subject In vivo lag
time (hr)

Tmax

(hr)
AUC

(mg*hr/L)
1 5.00 9.00 8.66

2 10.00 10.00 21.00

3 5.00 7.00 5.34

4 3.00 6.00 12.74

5 4.00 5.00 20.00

6 4.00 4.00 9.73

Average 5.166 6.66 12.91

In vivo lag time was calculated as the time elapsed until a concentration
>0.1 mg/L of acetaminophen was detected in saliva.

Table 4.02a: Relative bioavailability calculated after oral administration of 500 mg
acetaminophen from Tylenol and the tested delivery system (TDS) in 6 subjects
under fed conditions.

Subject AUC
(TSD)

AUC
(Tylenol)

Relative
Bioavailability

1 8.66 19.10 45.34%

2 21.00 27.11 77.49%

3 5.34 23.00 23.21%

4 12.74 17.54 72.63%

5 20.02 18.05 110.8%

6 9.73 22.28 43.67%

Average 12.91 21.17 62.19%
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Table 4.03: PK data relevant to the tested delivery system in 6 subjects under fasted
conditions.

Subject In vivo lag
time (hr)

Tmax

(hr)
AUC0c0

(mg*hrIL)
1 4.00 4.00 9.74

2 4.00 10.00 13.00

3 4.00 4.00 7.59

4 4.00 4.00 10.87

5 4.00 5.00 12.76

6 3.00 6.00 4.98

Average 3.83 5.5 9.82

Table 4.03a: Relative bioavailability calculated after oral administration of 500 mg
acetaminophen from Tylenol and the tested delivery system (TDS) in 6 subjects
under fasted conditions.

Subject AUC (TSD) AUC o(Tyleno1)
Relative

Bioavailability
1 9.74 11.43 85.21%

2 13.00 17.32 75.15%

3 7.59 12.99 58.42%

4 10.87 18.39 59.10%

5 12.76 14.86 85.86%

6 4.98 11.54 43.15%

Average 9.82 14.42 67.80%



220

It has to be mentioned that pharmacokinetic measurements indicate solely drug

absorption and not the mechanism responsible for drug release. C is lower from

the sustained release dosage forms than the immediate caplet, as expected.

Average C,( estimated from the tested delivery system was found to be 1.64 and

1.86 mg/L under fed and fasted conditions respectively. Average C)( estimated

from the immediate Tylenol caplet was found to be 5.96 and 6.35 mg/L under fed

and fasted conditions respectively.

The measurable concentrations of drug in saliva at 3 hr post dosing (>0.1

mg/L) observed in subjects 1, 2 and 6 under fasted conditions could be attributed to

fast gastric emptying of some of the beads in these subject. While drug peaks at 3

hr post dosing observed in subjects 2 and 4 under fed conditions could be due to

partial emptying of some of the beads from the fed stomach. In these subjects,

however, the AUC at 3 hr constituted less than 5% of the total AUC both under

fasted and fed conditions. C1 was also observed at 6.66 and 5.5 hr on average,

under fed and fasted conditions respectively, which might indicate that release of

drug from the beads resulted from degradation of pectin in the coat by enzymatic

action in the colon rather than by simple diffusion.

A statistically insignificant difference (p=0.223) can be detected in the time

of appearance of the drug in saliva under fed (5.1 hr) and fasted conditions (3.8 hr).

As expected, feeding caused a predictable delay in transit. A delay of one hour

only is also expected since small particles (less than 7 mm) were reported to empty

from the stomach even though it is in the digestive phase (1).
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The multiple peaks observed in the biostudy data under fed conditions

indicate that the coated beads arrived at different times to the colon depending on

their emptying time from the stomach. Small beads (up to 3 mm in diameter) were

reported to empty gradually from the fed stomach (1,3). Such multiple peaks were

not observed in most of the subjects under fasted conditions indicating bolus

emptying of the beads from the fasted stomach. These results are also consistent

with published data regarding GI transit time of small beads or tablets (2,3). A

constant saliva drug concentration was also maintained for 8 hr with minimal

fluctuations under fasted conditions (Figure 4.09). Such sustained release delivery

system that delivers drug at a constant rate could be very useful for continuous

treatment of colonic tissues. These results also suggest that the beads transit time

in the ascending colon (where most of the pectinolytic enzymes are located) could

be as long as 8 hr.

The relative bioavailability of the colonic delivery system formulation

under fed and fasted conditions was 62.19 and 67.80 % respectively (Tables 4.02a

and 4.03a). Relative bioavailability from the delivery system under fasted

conditions was slightly higher than under fed conditions but not statistically

different (p value=0.706). The reduced bioavailability, as assessed by AUC, could

be due to several factors. One explanation is that acetaminophen was incompletely

released from the beads and hence was unavailable for absorption (the drug would

then be excreted along with the non-disintegrating beads). Assuming that the drug

was released from the beads, the reduced AUC may be due to erratic and
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incomplete absorption in the colon as reported for many drugs (23). Another

contributing factor could be incomplete dissolution of acetaminophen due to less

water in the colon especially in the more distal regions. As a result there may have

been insufficient water to adequately dissolve the drug. Finally, the drug might

have been degraded in the lumen by gut microflora.
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Figure 4.08: Mean saliva concentrations of acetaminophen following
single 500-mg oral doses under fed conditions in six subjects. Error
bars represent standard deviations (n=6).
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Figure 4.08a: Acetaminophen saliva concentration-time curve
(subject 1) under fed conditions.

6

.2 2

ci)

I

0 5 10 15 20 25

Time (hr)

Figure 4.08b: Acetaminophen saliva concentration-time
curve (subject 2) under fed conditions.
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Figure 4.08c: Acetaminophen saliva concentration-time
curve (subject 3) under fed conditions
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Figure 4.08d: Acetaminophen saliva concentration-time
curve (subject 4) under fed conditions.
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Figure 4.08e: Acetaminophen saliva concentration-time
curve (subject 5) under fed conditions.
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Figure 4.08f: Acetaminophen saliva concentration-time
curve (subject 6) under fed conditions.
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Figure 4.09: Mean saliva concentrations of acetaminophen following
single 500-mg oral doses under fasted conditions in six subjects.Error
bars represent standard deviations (n=6).
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Figure 4.09b: Acetaminophen saliva concentration time-
curve (subject 2) under fasted conditions.
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Figure 4.09c: Acetaminophen saliva concentration-time
curve (subject 3) under fasted conditions.
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Figure 4.09d: Acetaminophen saliva concentration-time
curve (subject 4) under fasted conditions.
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Figure 4.09f: Acetaminophen saliva concentration-time
curve (subject 6) under fasted conditions.

230



231

Deconvolution

In Vivo release/absorption of acetaminophen from the delivery system under

fed and fasted conditions were estimated by a model independent numerical

deconvolution technique. Because of the instability of numerical algorithms when

there is noise in the supplied raw data (24), as was observed in the present study

due to multiple peaks, mean saliva concentrations obtained in fed and fasted

conditions were used as input response functions because mean values gave a

smoother curve. Mean plasma concentrations obtained after IV administration of

acetaminophen were used as the weighing function (17). Mean percentage input or

in vivo dissolution profiles obtained after deconvolution of saliva response data

under fed and fasted conditions are presented in Figures 4.10 and 4.11. Comparing

in vivo release profiles under fed and fasted conditions, drug release was somewhat

slower under fed conditions up to 5 hr (Figure 4.12). The mean percentage drug

dissolved in vivo at 3 hr only amounted to 4.7 and 6.2 % under fed and fasted

conditions respectively. Mean percentage drug dissolved in vivo at 4 hr was 13.6

and 25.0 % under fed and fasted conditions respectively. This difference may be

attributable to the effect of colonic enzymes on coated beads that are estimated to

arrive faster and as a bolus to the colon under fasted conditions.

The difference between in vitro and in vivo release (only 44.5% and 40.8%

of the dose was released in vivo under fed and fasted conditions respectively

compared to 100% in vitro release after 12 hr) could be due to incomplete
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dissolution of acetaminophen in vivo because of less hydration (especially in the

colon because of less water content) and less agitation than in vitro. There must be

enough water in order to hydrate the pectin and then diffuse through the coat and

dissolve the drug inside the bead.

The difference observed between relative bioavailabilities under fed and

fasted conditions calculated from biostudy data (62.2% and 67.8% under fed and

fasted conditions respectively) and those calculated from deconvolution (54.1%

and 58.7% under fed and fasted conditions respectively) could be attributed to the

use of average data from the six subjects in deconvolution versus the use of

individual data to calculate relative bioavailability from the biostudy. Also the

intravenous data used as a weighing function in deconvolution were obtained from

a published different study (17).
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Figure 4.10: Mean in vivo acetaminophen release as calculated by numerical
deconvolution from the saliva-concentration profiles under fed conditions.
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Figure 4.11: Mean in vivo acetaminophen release as calculated by numerical
deconvolution from the saliva-concentration profiles under fasted conditions.
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Figure 4.12: Mean in vivo acetaminophen release from the colonic delivery
system under fed and fasted conditions in six healthy volunteers.
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CONCLUSIONS

Bioavailability of a single 500-mg dose of acetaminophen from beads

coated with Fl, F2 and F3 coat formulations was determined in healthy volunteers

to evaluate potential of those beads to deliver drug to the colon. The oral

absorption process has also been characterized by performing deconvolution on

biostudy data.

The following conclusions were reached

1. The in vivo lag time values measured after administration of beads coated with

Fl, F2 and F3 coat formulations were clearly a function of the applied ratio of

pectin and ethylcellulose in the coat, and coat thickness. Ability of the coats to

achieve different delays of onset of drug release was also a function of coat

thickness.

2. Beads coated with 14% Fl showed very low salivary acetaminophen

concentrations post dosing indicating very poor bioavailability from this

system.

3. Beads coated with 16% and 18% Fl coat formulation showed no drug

absorption in two healthy volunteers.

4. In Vivo results from Fl coat formulation did not correlate with in vitro results

since the formulation readily released drug in vitro, but release was very poor

in vivo.
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5. Beads coated with 12% F2 showed rapid drug release at 2 hr post dosing, while

beads coated with 25% F2 showed no drug release in vivo. Further study of

this formulation is needed to determine if intermediate coat thickness would

result in colonic site specificity.

6. Beads coated with 35% F3 showed rapid drug release at 2 hr post dosing in 2

subjects indicating poor colonic site specificity.

7. Beads coated with 55% F3, on the other hand, when administered after a

standard breakfast and an overnight fast in six healthy volunteers, showed on

average high salivary acetaminophen levels at 5 hr and 4 hr post dosing

respectively. Average in vivo lag times were found to be 5.1 and 3.8 hr under

fed and fasted conditions respectively. These results suggest that beads coated

with 55% F3 successfully deliver drug to the colon.

8. Average from the 55% F3 formulation were found to be 6.66 and 5.5 hr

under fed and fasted conditions respectively, indicating that release of drug

from the beads resulted from degradation of pectin in the coat by colonic

enzymes rather than by simple diffusion. These results are consistent with

published data regarding the GI transit of small beads.

9. Deconvolution of biostudy data showed that acetaminophen absorption

continued on average for 12 hr under both fed and fasted conditions. These

results suggest that drug release mainly occurred in the proximal enzyme-rich

part of the colon. Although colonic residence time of beads is expected to be

on average 24 hr, conditions for drug absorption will worsen when passing
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from the proximal to the distal part of the colon because of lower amount of

fluids and more viscous environment.

10. The relative bioavailability of a single 500-mg acetaminophen dose from drug

beads coated with 55% F3 was found to be 62.19 and 67.80% under the

conditions of food and fasting respectively when compared with a commercial

immediate release product (Tylenol®).

11. The above results suggest that drug beads coated with 55% F3 coat formulation

allow the achievement of a site specific andlor time delivery to the colon.

Such a delivery system could be useful in delivering peptides, hormones and

other drugs systemically or to exert a local action in the colon.

12. This is the first report of a successful colonic drug delivery formulation

utilizing multiple coated beads with an enzyme dependent polymer modified

with an enzyme independent polymer.
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CONCLUSIONS

A gastric retention device (GRD) fabricated from naturally occurring

carbohydrate polymers and containing riboflavin was found to swell in gastric fluid

both in vitro and in vivo to a considerable size while slowly releasing drug content

in a nearly zero order fashion. Radiographic studies showed that a rectangular

shaped GRD stayed in the fasted stomach of dogs for more than 9 hours without

affecting transfer of food from stomach to intestine, and then it disintegrated and

reached the colon in 24 hours.

Bioavailability of riboflavin from GRD was more than triple that measured

after administration of an equal dose in an immediate release capsule in six fasted

human volunteers. Deconvolved input functions from biostudy data suggest that a

rectangular large size GRD stayed in the stomach of fasted volunteers for about 15

hours.

A new formulation for colonic delivery was developed using drug loaded

beads produced by extrusion and spheronization, then coated with a layer of

ethylcellulose (Surelease) and pectin using spray coating techniques. The delivery

system released very little drug in simulated gastric fluid when acetaminophen was

used as model drug. Drug release in simulated intestinal fluid in the presence of

pectinolytic enzymes (simulated cecal fluid) was higher when compared to no

enzymes and depended on the thickness of the coat and the amount of pectin in the
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coat. Pectinolytic enzymes attacked the pectin in the coat with the result of pore

formation and drug release, however the coat remained intact and did not

disintegrate. Scintigraphic studies in dogs gave an estimated gastric emptying of

3.5 hr, an estimated small intestine transit time of 2 hr and au estimated colonic

transit of 36 hr for labeled drug beads.

Crossover studies carried out in six human volunteers under fasting and fed

conditions were conducted and pharmacokinetic parameters and bioavailability of

acetaminophen from the new delivery system and the immediate release

commercial product Tylenol® were compared. The average in vivo lag times

observed before any appreciable amount of drug was absorbed from the delivery

system, were found to be 5.1 and 3.8 hr under fed and fasted conditions

respectively. Average were found to be 6.6 and 5.5 hr under fed and fasted

conditions respectively, indicating successful delivery to the colon and release of

drug as a result of degradation of pectin in the coat by the action of colonic

pectinolytic enzymes. The deconvolved data also suggest that drug absorption

continued for about 12 hr from the colonic delivery system. The relative

bioavailability of a single 500-mg acetaminophen dose was found to be 62.2 and

67.8% under the conditions of food and fasting respectively when compared to

Tylenol®.
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