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Mechanistic Studies on Effervescent Induced

Permeability Enhancement

Jonathan D. Eichman
Under the supervision of Professor Joseph R. Robinson

At the University of Wisconsin-Madison

Recently, interest in applying effervescent technology to advanced drug
delivery systems has emerged due to a greater understanding of its biological
effects. Studies have revealed that effervescence can: (1) create a "pseudo-fed"
state in the stomach; (2) thin or strip the mucus layer lining the stomach and
intestine; and (3) enhance intestinal drug absorption. The latter point has never
been closely studied and is usually assumed to be attributed to a pH buffering
effect and/or increased dissolution rates imparted by carbon dioxide (CO2)
evolution. In order to optimize drug permeability across intestinal epithelium, it is
necessary to have a detailed understanding as to the effervescent penetration
enhancement mechanism(s).

Results indicated that effervescence induced penetration enhancement for a
variety of drug compounds across rat and rabbit intestinal tissue. Absorption
enhancement was greatest for hydrophilic drugs (e.g. mannitol, tetracycline) with
decreased effects for compounds with a greater hydrophobicity (e.g. diazepam).
In addition, enhancement also declined with reduction in the CO2 bubbling rate.
Nitrogen bubbling induced equivalent permeability enhancement when

compared to CO2. This indicated that the enhancement mechanism is not unique
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to the chemicallentity COz2, but to epithelial disruption as verified by reduced
transepithelial electrical resistance (TEER) values. Epithelial cell enzyme (5'-ND
and LDH) and protein release assays failed to show membrane perturbation or
damage while the MTT cell viability assay indicated that CO5 did not induce cell
toxicity. Therefore, it is concluded that the reduction in TEER is associated with
an opening of the paracellular pathway. Tissue recovery was relatively rapid (20
min.) after CO2 exposure. Other potential enhancement mechanism(s) may also
include theories on increased fluid flow (i.e. solvent drag) and membrane
hydrophobicity.
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Chapter 1: INTRODUCTION

I. Anatomical Properties of the Gastrointestinal Tract

The alimentary canal begins at the oral cavity and sequentially proceeds to the
pharynx, esophagus, stomach, small intestine and large intestine. The main
focus of this review will examine the gastrointestinal tract in detail, analyzing the
segments of interest for oral effervescent drug delivery, namely the stomach and
intestines.

The stomach is an enlarged J-shaped sac situated between the esophagus
and small intestine. It functions as a storage site for consumed food while it
chemically and physically breaks down the food for absorption in the small
intestine. The stomach is the most distensible portion of the gastrointestinal tract
in which its shape, position, and size vary depending upon the quantity of food
and/or liquid c_ontained within the organ. The average adult stomach can hold
between 1.0 aﬁd 1.5 liters of food or liquid (Carola, 1992). When empty, the
stomach interior contains large longitudinal folds called rugae, which gradually
flatten as the stomach fills, thus providing a greater holding capacity (Marieb,
1997). Ingested food enters the stomach from the esophagus through the cardiac
orifice and leaves via the pyloric opening into the uppermost region of the small
intestine, the duodenum (Bannister, 1995). The diameter of the pyloric aperture is

regulated by contractions of a ring of smooth muscle called the pyloric sphincter.
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As food passes through the sphincter into the intestine, the sphincter closes,

preventing reflux of food particles into the stomach.

The stomach (Figure 1.1) is divided into four main regions: the cardia, fundus,
body, and pylorus. The cardia is a ring-shaped portion of the stomach
surrounding the cardiac orifice. The proximal portion of the stomach is referred to
as the fundus region, which has a characteristic dome-shaped appearance,
located above the gastroesophageal junction, and is typically in direct contact
with the diaphragm (Van de Graaff, 1995). The fundus functions as a food
reservoir and secretes a large capacity of the stomach mucus. The body is the
largest region of the stomach and is centrally located. As it curves to the right, it
forms the side of greater curvature to its left and lesser curvature to its right. The
- body leads into the final region of the stomach, the pylorus, which has a
characteristic funnel shape narrowing as it leads towards the pyloric sphincter.

The gastric wall (Figure 1.2) consists of four major layers commonly found
throughout the gastrointestinal tract: the mucosa, submucosa, muscularis externa,
and serosa.

The mucosa is folded into rugae, which tend to be more numerous towards the
pyloric region and near the area of greater curvature (Bannister, 1995). The

mucosa (Figure 1.3) can be further segmented into three separate layers: the
| epithelium, lamina propria, and muscularis mucosae.

The stomach epithelium consists of millions of 0.2 mm diameter "slit-like"
depressions called gastric pits, which open into tubular gastric glands (Bannister,
1995). A single layer of mucus-secreting columnar epithelial goblet cells line the
surface of the stomach and gastric pits, providing a protective and lubricating
layer to the gastric wall (Marieb, 1997).

There are three types of gastric glands differentiated by their location within the
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Figure 1.1: Longitudinal section of the stomach showing the four major regions of the
stomach and the sphinctors. (Reproduced from Carola, R., et. al., 1992)



Gastric pit

Surface Py, '
= DN M ST A
MUCOUS = ﬁ'—- 3o SATE & b
ol [IEEESEE
St = A
- bR |\ 1A
Mucous A4 11w () BN ;1 [ 4 o — Mucosa
neck cells L ) ‘-’;',.g iy :’?'-
. . . siie WA AV :
Gi:lsh;;c_ Parietal cells ,:E'f“:n e
glands _ . & ks
Chief cells ] $uad By Bab
| Endocrine cells K NG

Blood vessels

Oblique
muscle layer

Circular
muscle layer

Longitudinal
muscle layer

Connective
tissue layer ™|

Visceral peritoneum
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3: Magnification of the stomach ‘mucosa illustrating three separate layers: the
, lamina propria, and muscularis mucosae (Modified from Carola, R. et. al.,
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stomach and also by the population of specialized cells within the glands. The

principal glands are the most abundant and are found within the fundus and body
regions. The stomach contains several types of secreting cells: (1) chief
(zymogenic) cells, which secrete pepsinogen and renin; (2) parietal cells, which
produce hydrochloric acid and intrinsic factor; (3) goblet cells; (4) stem cells; and
(5) enteroendocrine cells, which secrete gastrin and somatostatin (Marieb, 1997).

Cardiac glands are localized near the cardiac orifice and contain mostly goblet
and chief cells. Pyloric glands are heavily populated within the pylorus and
contain a high number of goblet and enteroendocrine cells (Bannister, 1995).

The lamina propria is the next region of the mucosa and is situated distal to the
epithelium and between gastric glands. It contains a layer of connective tissue in
association with immunological lymphoid tissue. The third and final layer of the
mucosa, the muscularis mucosae, is a thin layer of smooth muscle.

The second major layer of the gastric wall , the submucosa, consists of loose
connective tissue functioning as an attachment zone for the upper mucosa and
lower muscular layers.

The muscularis externa consists of three muscle layers: (1) longitudinal, (2)
circular, and (3) oblique (Frick, 1991). These three layers intertwine, forming a
crisscross pattern which allows the stomach wall to strongly contract in numerous
angles and directions. The musculature within the upper regions of the stomach
- wall provide a constant tonic contractile state while the stomach contains food.
The lower musculature provides a mixing motion via peristaltic waves when the
pressure receptor within the stomach is activated by food or large volumes of
liquid (Bannister, 1995). The peristaltic waves provide a mechanism in which the
stomach is able to grind and disintegrate large food particles to smaller more

digestible ones. As each wave moves from the body to the pyloric orifice, the

P
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pyloric sphincter contracts so as to let very small particles of food pass through

the aperture and\ into the upper portion of the small intestine. Larger particles are
thrown back into the body for further reduction.

The serosal layer consists of peritoneum covering the entire stomach surface
except for a small area along the greater and lesser curvatures. The exposed
area allows nutrient vessels and nerves to pass to the stomach (Lindner, 1989).

The intestines can be divided into two anatomical divisions, the small intestine
“and large intestine. The small intestine can be further broken down into three
segments: the duodenum, jejunum, and ileum. The shortest and widest of these
segments, the duodenum, begins at the pylorus and connects to the jejunum at
the ligament of Treitz (Rubin, 1987). The jejunum, the longest segment, attaches
to the ileum, which in turn connects to the large intestine via the ileo-caecal
junction.

The small intestine wall includes the mucosa, submucosa, muscular, and
serous layers (Gray, 1989) as shown in Figure 1.4. The innermost layer, the
mucosa, is important to digestion and absorption of material from the luminal
cavity. Itis highly perfused via capillaries and anatomically wide at the start of the
duodenal cap but gradually decreases in thickness and blood supply to the distal
end of the ileum (Gray, 1989). Its absorptive efficiency is maximized due to an
enormous increase in surface area by circular folds ( i.e., folds of Kerckring or

plicae circulares) and numerous villi (Carr, 1984; Haeberlin, 1992). The folds of
| Kerckring may be large or small and project into the luminal space of the
duodenum and the first half of the jejunum. From the latter half of the jejunum, the
circular folds diminish in size and density until they almost disappear at the distal
ileum (Gray, 1989). The villi increase the surface area of the small intestine by 7

to 14-fold (Allen, 1994). T_he surface area of the intestine declines from the
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Figure 1.4: General structure of the small intestine depicting the mucosa, submucosa,
muscular, and serosal layers. (Reproduced from Carola, R., et.al., 1992).
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proximal to the dista_l end of the segment. The small intestinal mucosa consists of

principally three distinct layers, the epithelium, the underlying connective tissue
(i.e. lamina propria), and the smooth muscle (i.e. muscularis mucosa). These
layers are shown diagramatically in Figure 1.5. The epithelium is a continuous
single cell layer which lines the intestine (i.e. the villi and folds) and comes into
direct contact with the contents of the lumen. This single layer of epithelium is a
“heterogeneous assortment of cells which include absorptive cells (i.e.
enterocytes), entero-endocrine cells, goblet cells, Paneth cells, tuft cells, M cells,
and undifferentiated crypt cells (Carr, 1984; Haeberlin, 1992; McMinn, 1974). The
undifferentiated cells originate in the crypts of Lieberkuhn, maintaining the
integrity of the mucosa via supplementation of new cell populations. The new
cells take the place of older cells, which are continuously displaced from the villus
tip due to injury or are at the end of their life span (Carr, 1984; Rubin, 1987). The
turnover rate for epithelial cells in the small intestine is 2 days (Kleinman, 1989).
Absorptive cells are thé most numerous cell type in the intestine and are
characteristically columnar, polarized, and granular in nature. The lateral
intercellular spaces of mucosal epithelial cells are attached by tight junctions
located at the apical end of adjacent cell membranes (Martinez-Palomo, 1975).
The tight junétional complex, which includes the tight junction (i.e. zonula
occludens), the intermediate junction (i.e. zonula adhaerens), and a series of
desmosomes (i.e. macula adherens) that underlie the intermediate junction, plays
an important role in the regulation of paracellular permeability. The epithelial cell
apical surface contains a striated or brush border consisting of "finger-like"
microvilli (1 ym long and O.i pm wide) that increase the intestinal surface area by
a factor of 15 to 40 (Brown, 1962). The brush border is coated with a

carbohydrate rich glycoprotein structure called the glycocalyx, which confers a net
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Figure 1.5: General structure of the small intestinal mucosa illustrating the epithelium,
lamina propria, and muscularis mucosae. (Modified from J unqueira, et.al., 1989).
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negative charge to the border. Mucus is a viscoelastic gel that is closely

associated with the mucosa. Mucus production occurs through the entire length
of the gastrointestinal tract. Brunner's glands are the main source of mucus in the
duodenum along with goblet cells (Allen, 1994). Goblet cells are found in both
the small and large intestines and produce mucus in both of these segments
(Allen, 1994). The density of goblet cells in the small intestine increases from the
.jejunum to the latter part of the ileum (Madara, 1994). The primary function of
mucus is to create a barrier which protects the epithelium from disruption by
luminal contents (i.e. mechanical damage by food, etc.). The epithelium is
separated from its adjacent layer, the lamina propria, by a continuous basement
membrane. The lamina propria is a layer of connective tissue containing a rich
supply of blood and lymph vessels. The highest cell populations are those of
immunological nature including plasma cells, macrophages, and lymphocytes, as
well as less populated mast cells, fibroblasts, eosinophils, and nerve fibers
(Madara, 1994). The lamina propria also contains aggregated lymphoid follicles
within the small intestine called Peyer's patches. These round immunological
structures are quite large and of highest quantity within the ileum (Gray, 1989;
Madara, 19945: ‘The patches are also found in the duodenum and jejunum but
are smaller in size and in less abundance (Gray, 1989; Madara, 1994). A main
feature of the intestinal tract, the villi, are absent from these structures. The
lamina propria provides functions such as (1) support for the epithelium, (2)
epithelium nourishment, (3) material transport after epithelium absorption via
blood and lymphatic vessels, and (4) immunological functions (Madara, 1994).
The third layer of the mucosa, the muscularis mucosa, is a smooth muscle

region which separates the mucosa from the submucosa. Potential functions of
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this layer include control of the stagnant diffusion layer next to the epithelium and

control of villi movement.'

The layer just below the mucosa is the submucosa, which consists of blood
and lymph vessels, nerves, fat cells, and connective tissue (Carr, 1984).
Brunner's glands are also embedded within the submucosa and are mainly found
in the duodenum and proximal jejunum. These glands can penetrate the mucosa
and secrete an alkaline glycoprotein (i.e. mucinous) fluid into the intestinal lumen.

The muscularis externa is the next most outward layer from the submucosa
and has an uppermost region of circular muscle and a distal layer of longitudinal
muscle. This layer decreases in thickness from the proximal to the distal part of
the small intestine. The serosal layer consists of flat mesothelial cells with an
underlying coat of loose connective tissue (Carr, 1984; Gray, 1989).

The large intestine connects from the small intestine at the ileo-cecal junction
and includes the cecum, colon, rectum, and the anal canal. The major functions
of the large intestine are fluid resorption and elimination of undigested
substances (Gray, 1989; Mrsny, 1992).

The large intestine, unlike the small intestine, does not have villi but does
contain plica semilunares (i.e. cresentric folds) (Haeberlin, 1992). The
composition of the cecum, colon, and rectum consists of four layers (Figure 1.6):
the serosa, muscularis externa, submucosa, and mucosa. The serosal layer
consists of squameous epithelia and is found only in regions of the large intestine
where there is contact with the peritoneum (McMinn, 1974: Mrsny, 1992). The
serosa is connected to the muscularis externa via loose connective tissue. As in
the small intestine, there are two layers of muscle, an inner circular layer and an
outer longitudinal muscle layer. However, the longitudinal muscle fibers form

assembled muscle bands called taenie coli. The cecum and colon contain three

e -.-;;._'_' ."
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Figure 1.6: Cross-sectional diagram of the large intestine. (Modified from Junqueira,
L.C, et. al., 1989).
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. 14
of these bands, which individually are referred to as the taenia libera, taenia

mesocolica, and taenia omentalis (Gray, 1989). Contractions of the taenie coli
form pouches within the cecum and colon referred to as haustra or saccuii.
Therefore, as chyme enters the large intestine, churning and peristalsis of the
intestinal wall is due to these muscular contractions (Mrsny, 1992). At the start of
the rectum, the three taeniae spread and join to create a single uniform layer of
longitudinal muscle covering the entire rectum (Christensen, 1994; McMinn,
1974).

The submucosa histology is equivalent to that previously mentioned in the
small bowel section. The adjacent and innermost layer is the mucosa. The
mucosa is similarly divided into three layers, i.e. the epithelium, lamina propria,
and muscularis mucosa. The cells of the epithelium have brush borders on the
apical surface and include columnar epithelial cells, goblet cells, entero-
endocrine cells, and M cells. Unlike the small intestine, there are no Paneth cells
present and many more goblet cells are present, especially towards the distal part
of the large intestine (McMinn, 1974; Mrsny, 1992). The lamina propria and the
muscularis mucosa layers are similar to the small intestine in that the lamina
propria contains blood and lymph vessels, macrophages, lymphocytes,
neutrophils, plasma cells, and eosinophils (McMinn, 1974). The muscularis
mucosa has similar layers of smooth muscle as the small bowel. In general, the
main differences between the large and small intestines include: (1) the absence
of circular folds (plicae circulares); (2) the cecum and colon have taeniae coli; and
(3) the absence of villi throughout the large intestine (McMinn, 1974).

The final section of the large intestine, the anal canal (Figure 1.7), is somewhat
different than the previous regions. The lining of the anal canal is divided into two

parts; (1) the upper mucosal lining and (2) the lower cutaneous lining. The line
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Figure 1.7: Longitudinal section of the anal canal illustrating the major anatomical regions.
(Modified from Hole Jr., 1990)
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separating these two sections is called the pectinate line (Bacon, 1962; Goligher,

1984). The upper third of the anal canal is similar to the rectum, where the
epithelium consists of columnar absorptive cells, goblet cells, and the existence of
tubular crypts extending into the submucosa. The lower two-thirds of the canal,
the pectin region, consists of stratified Squamous epithelium (i.e.. skin-like).
Sweat glands, hair follicles, and sebaceous glands are not characteristically
found in this region. The pecten regional submucosa is a dense connective
tissue firmly holding the "skin-like" epithelium in place. Below the pecten region
and near the anal orifice, the lining resembles normal skin, where hair follicles,
sweat glands, and sebaceous glands are present (Bacon, 1962; Goligher, 1984).
This region is separated from the pecten area via an indentation referred to as the
white line.

The musculature of the anal canal is complex and will be covered in brief
detail. The uniform layer of longitudinal muscle proceeds from the rectum and
fuses with skeletal muscle fibers which connect to the anal external sphincter.
The external sphincter completely surrounds the anal canal and consists of three
sections: the subcutaneous part, the superficial part, and the deep part
(Christensen, 1994).

The circular muscle layer also proceeds from the rectum into the anal canal,
becomes thickened, and forms the internal anal sphincter (Christensen, 1994:
McMinn, 1974). The internal sphincter covers the upper three-fourths of the anal
canal until ending at the white line (Gray, 1989). Muscles of the internal and
external sphincters provide the tone in which the anus is normally closed and
upon defecation, the muscles relax and the anal canal opens (Gray, 1989). The
anal canal does not have a serosal layer due to the absence of a peritoneal

covering.
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The gastrointestinal tract is by far the most convenient and commonly used
route for administration of therapeutic compounds. The main advantages of
gastrointestinal delivery are its large absorptive surface area, relatively high
permeability, and successful patient compliance due to ease of administration.
During the decade of the 1980's, greater than two-thirds of the dosage forms
marketed were for orally administered drugs (Ranade, 1991). Other routes of
administration available include: (1) parenteral injections (i.e., intramuscular,
intravenous, subcutaneous, etc.); (2) transdermal; (3) vaginal; (4) nasal; (5)
ocular; and (6) rectal. These alternate routes have been useful in delivering
therapeutic levels of a wide number of drugs which have not achieved absorption
across the intestinal barrier. However, they have not gained as high a rate of
acceptance or compliance from the general public due to the stigmatism
associated with delivery system insertion into certain body cavities (e.g., rectal,
vaginal), discomfort upon drug delivery (e.g., injections), and/or the complexity
associated with_ the delivery device.

The epithelium of the gastrointestinal tract directly interfaces the intestinal
lumen with a 200 pm thick mucus layer separating the two surfaces. The primary
function of the epithelium is to provide a barrier which limits and controls the
passage of substances from the lumen to the blood capillaries. Therefore, in
order for successful gastrointestinal delivery, the drug must be released from the
oral dosage form and cross the intestinal epithelium into the circulation with

sufficient concentration in order to obtain the desired therapeutic response.
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This process can be described in four steps: (1) drug delivery to a specific

region for maximal absorption; (2) drug dissolution: (3) transport of the drug
across the epithelial barrier; and (4) drug transport from the cell basement
membrane into the blood capillaries (Hoener, 1996).

In delivering therapeutic agents to the gastrointestinal tract, there are
numerous factors which may alter the rate and extent of drug absorption as it
undergoes this sequence. These include: (1) physicochemical factors such as:
partition coefficient, molecular size, solubility/dispersibility, chemical degradation,
and thermodynamics; (2) physiological variables, such as: gastrointestinal pH,
blood flow, membrane permeability, gastric emptying, and intestinal transit; (3)
biological barriers, such as bacterial degradation, hepatic first pass effect,
gastrointestinal associated immunities, and enzymatic degradation; and (4)
dosage form factors, such as disintegration time, residence time, and release rate
(Bassett, 1996). Therefore, one must be sensitive to all underlying issues when
formulating oral drug delivery systems.

In the early years of oral drug delivery, a drug was formulated for delivery to the
gastrointestinal tract via a tablet, capsule, or solution/suspension. In most cases,
these dosage forms often released the drug quickly by disintegrating within the
gastric environment. The major prerequisite was to obtain efficient and
Substantial drug absorption, thereby providing an efficient means for curative
therapy. In recent years, an increased emphasis has been on developing new
and exciting delivery systems which utilize unique gastrointestinal tract
characteristics in order to target drug delivery to specific regions of the tract and/or
obtain controlled drug release td decrease dosing frequency.

Targeting of drugs in the gastrointestinal tract may be accomplished by

chemical conjugation of the drug to polysaccharides or polymers. In order for

s 2%, .'\.".I. -
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successful site-specific delivery, the linkage between the two molecules needs to

_ be sensitive to a uniqué environmental factor (e.g., pH, enzymes) within a certain
segment of the gastrointestinal tract. 5-Aminosalicylic acid conjugation provided
specific release within the upper small intestine through degradation of the
linkage by brush border enzymes (Pellicciari, 1993). Steroids attached to
glycosides were targeted to the colon, where the conjugate was released due to
cleavage by bacterial enzymes specific to that region (Haeberlin, 1993).

Polymer systems may also be utilized for regional drug delivery by taking into
consideration the pH variations within the gastrointestinal fluids (Table 1.1). As
one proceeds from the stomach to the colon, there is a general increase in pH.
Previous studies have shown an increase from the stomach to rectum, but more
recent studies contradict these claims, showing a slight fall in pH from the ileum to
colon (Evans, 1988). Some polymers will swell, shrink, or degrade in certain pH
environments (Dong, 1991; Kim, 1994). Drugs incorporated within these polymer
systems have the potential for controlled release at specific sites of the
gastrointestinal tract, depending upon the pH sensitivity of the polymer.
Copolymers of (dimethylamine)ethylmethacrylate combined with different
methacrylates are very sensitive to pH changes in which they swell and release
drug at pH values of the upper intestine (Bassett, 1996). A methylvinyl ether-
maleic anhydride copolymer system is completely soluble or insoluble depending
upon the size of the alkyl group on the copolymer ester (Ranade, 1996).
Therefore, a drug incorporated within this copolymer could potentially be
released anywhere in the gastrointestinal tract by simple formulation of the
copolymer components.

Hydrogel polymers crosslinked with azo bonds have been formulated with the

intention to provide site-specific delivery to the colon. In addition, these polymers




Table 1.1: pH of gastrointestinal fluids.

Gastrointestinal Region pH

stomach 1.0-352 “
|1}

duodenum 50-682

jejenum 6.0-7042

ileum 6.5-7.5b

colon 64-75b
———e—————————}

@ (Gruber, P., et. al., 1987)
® (Par, A., 1997)
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are also pH sensitive so as to swell as they travel down the gastrointestinal tract
without releasing the drug due to the interlocking azo bonds. By the time the
delivery system reaches the colon, it is fully hydrated and the localized
azoreductases slowly degrade the crosslinks, providing controlled release of the
drug (Brondsted, 1992; Kopecek, 1992). Pectin, a heterogeneous
polysaccharide, is also degraded by colonic bacterial enzymes. It is useful as a
non-toxic polymeric carrier for release in the colon (Ashford, 1994). Other types of
polymeric systems include erosion-controlled devices, which are susceptible to
pH and/or temperature degradation, and bioadhesive polymers, which can
enhance drug absorption by prolonging intestinal transit time through polymer
attachment to mucus and/or the epithelial monolayer.

Oral osmotic pump devices are formulated in a unique fashion to utilize the
gastrointestinal ftuid osmolarity to provide controlled release. In the elementary
osmotic pump, the drug is released from a single chamber membrane-reservoir
device, in which a semi-permeable membrane is used to regulate the osmotic flux
of water into the tablet. The rate of drug release is dependent upon the rate of
water influx into the system. An over-the-counter appetite suppressant,
Accutrim®, is a controlled release formulation that utilizes the OROS® osmotic
tablet system. It releases phenylpropanolamine for over 16 hours (Bassett, 1996).
Other OROS® products include indomethacin, metoprolol, and acetazolamide.
Additional drugs under current investigation for utilization with the OROS® system
include albuterol, prazosin, and nifedipine (Bassett, 1996).

One of the new and more complex challenges facing intestinal drug delivery is
the recent development of peptide and protein therapeutics. For the majority of
these compounds, parenteral administration is the primary route to obtain

Substantial concentrations in order to produce a therapeutic response. The lack
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of éuccess in oral delivery of proteins and peptides is mainly due to : (1)
enzymatic hydrolysis by intestinal proteases and peptidases; (2) aggregation and
adsorption to physical and biological surfaces; (3) high molecular weight; (4)
rapid clearance after absorption; and (5) hydrophilicity (Fix, 1996). The
permeabilities of a number of these agents have been demonstrated by both in-
vivo and in-vitro experimental methods (Table 1.2). Some of the approaches
utilized to improve oral delivery have included site-specific delivery, chemical
modification, bioadhesive polymer inclusion, penetration enhancers, enzyme
inhibitors, and carrier systems (e.g., portenoids, liposomes, nanoparticles). Each
of these approaches envelopes various technologies in which they protect
peptides from enzymatic cleavage, alter the hydrophilicity, and/or deliver the
protein/peptide to a specific region of the gastrointestinal tract. Chemical
modification has shown promise by improving a peptide's enzymatic stability and/
or membrane permeability. Absorption enhancement was seen by increasing the
lipid solubility of thyrotropin-releasing hormone (TRH), tetragastrin, insulin, and
lysozyme by addition of a fatty acid acyl group to the amino terminus (Muranishi,
1991).

Enzyme ir‘ih'ibitors have also showed varied success when administered in
combination with peptides. Puromycin, an aminopeptidase inhibitor, was able to
enhance the absorption of metkephamed across rat intestinal tissue. In the
absence of puromycin, the peptide was quickly degraded (Banga, 1995). The
protease in_hibitors. sodium glycocholate, bacitracin, and camostat mesilate, all
provided increased insulin absorption within rat small intestine and colon
(Yamamato, 1994). Other researchers have also showed similar success with
insulin and protease inhibitors (Fuiji, 1985; Lee, 1991b).

Since proteolytic enzymes are a major contributor for inhibiting protein/peptide

A e de



Table 1.2: List of a representative sample of proteins and peptides that have been
investigated for oral delivery with resultant effects. (Modified from Smith, P.L., et al.,

1992).

Protein/Peptide Species Tissue Extent of
Absorption
Insulin rat duodenum < 5%
B-Lactoglobulin rabbit ileum < 5%
Alfosfalin human, baboon small intestine 5-50% "
Renin Inhibitor rabbit jejunum < 5% ||
BSA rat intestinal < 5%
Tetragastrin dog, rat intestinal < 5%
Cyclosporin .human intestinal 5-50%
Empedopeptin mouse intestinal < 5%
Leuceptins rabbit intestinal >25%
TRH analogs dog intestinal 3-13%
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absorption, the concept of protection within a controlied release system would
seem favorable for a method to increase absorption. These systems could protect
the peptide/protein from deactivation within the low pH of the stomach, deliver to
the colon in order to minimize proteolytic inactivation, deliver a high localized
concentration, and/or include other substances (i.e., penetration enhancers,
protease inhibitors) to improve absorption.

All the methods mentioned above have showed some success for enhancing
peptide/protein agents under in-vitro and in-vivo experimental conditions. When
administered alone, less than 1-5% of most proteins and peptides are absorbed
in the intestinal tract. Due to the high potency of most proteins and peptides, all
that is required for human delivery is to slightly improve the bioavailabilty to 10-
30%. The approaches above continue to move in the right direction, but until
systems are developed that limit protein and peptide inactivation, gastrointestinal

delivery will not be the major route for administration.
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lll. Biological Barriers and Current Solutions to Drug Delivery
through the Gastrointestinal Tract

A. Permeability

The luminal barriér consists of two components: (1) the physical barrier and (2)
an immunological barrier. The physical barrier includes a variety of factors which
may effect drug permeability including a monolayer of epithelium, the mucusal
layer lining the epithelial surface, proteolytic enzymes, pH, and intestinal motility
(Kleinman, 1989). Permeation of molecules across the epithelium may proceed
through simple diffusion, specific transport mechanisms (e.g., active transport,
endocytosis), or penetration through gaps created by cellular turnover at the villus
tips (Loehry, 1973).

The most common route for absorption of drug molecules is by simple diffusion
across the mucus and intestinal epithelium. There are two pathways (Figure 1.8)
associated with simple diffusion, paraceliular and transcellular.

The paracellular pathway is the primary route for hydrophilic substances (log
Komw < -0.01) in which solutes diffuse into the intercellular space between
epithelial cells. The solute must first traverse the tight junctional complex located
- at the apical surface between adjacent cells. This junction appears to fuse
opposing cell membranes, closing off the pathway to solute flux. However, the
tight junction has a small opening which allows diffusion of smaller molecules (3-
10 A), such as water and electrolytes, but acts as a barrier to larger molecules.

Solutes entering the paracellular space diffuse through the junction and past the

e e P
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Figure 1.8: The two major absorption routes for drugs undergoing passive diffusion from
the lumenal cavity, across the intestinal epithelial monolayer, and into the circulation.
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basement membrane into a capillary rich layer of tissue.

Permeation of solutes across the intestinal epithelium has been mainly studied
through quantitative passive diffusion studies utilizing metabolically inert
hydrophilic molecules of varying molecular weight. Typical molecules studied
include polyethylene glycol (PEG), mannitol, inulin, EDTA, lanthanum, and
horseradish peroxidase (Hollander, 1992). The results indicate that hydrophilic
marker permeability differs between segments of the intestinal tract. The
tendency is of decreasing permeability as one moves sequentially down the tract,
with the highest permeability in the duodenum and the lowest in the colon
(Artursson, 1993; Chadwick, 1977). This reduction in permeability has been
observed with compounds ranging from 60 to 40,000 Da (Loehry, 1973). Due to
the hydrophilic nature of these markers, they would be expected to traverse the
epithelium through the paracellular space and not the hydrophobic cell
membrane. Therefore, one may conclude that the pores between the cells are
becoming smaller in diameter and/or the number of pores decreasing when
moving toward the distal portion of the intestine.

Intestinal permeability of hydrophilic probes has been demonstrated to be
molecular weight dependent. Smaller molecules typically have higher
permeability coefficients than their larger counterparts. When examining a series
of homologous compounds, e.g. PEG, it was found that their permeabilities were
inversely proportional to their molecular weight (Chadwick, 1977). The molecular
weight dependence is in agreement up to a certain point, at which linearity no
longer exists. For PEG compounds, this breakoff molecular weight is = 400
(Artursson, 1993). Heterogeneous polar molecules have a molecular weight
dependence except for some unusual results which indicate that some low

molecular weight compounds have decreased permeability coefficients when
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compared to their higher molecular weight counterparts. This is indicative for
other factors contributing to epithelial permeation rates. Recently, results from
studies suggest that properties such as structural flexibility, molecular geometry,
charge, and molecular stability play significant roles (Ghandehari, 1997; Lane,
1996). One study showed that intestinal permeability correlated to the cross-
sectional diameter of the probe molecule (Ma, 1992). Another showed the
importance of the molecule's hydrodynamic radius (HR) to permeability in which
inulin (MW = 5000, HR = 10 A) showed a greater permeability across rabbit colon
tissue than PEG 4000 (MW = 4000, HR = 15.9 A) (Ghandehari, 1997).

The transcellular pathway is the primary route for hydrophobic substances (log
Kom 2 - 0.01) in which the solute partitions into the cell membrane. Biological
membranes are hydrophobic bilayers of phospholipids in which cholesterol and
proteins are randomly inserted (Stein, 1986). There are two potential pathways
for lipophilic solutes to be absorbed: (1) the solute partitions into the cell
membrane and diffuses to the basolateral side while remaining within the
membrane; or (2) the solute partitions from the membrane into the cell cytoplasm
and then back into the basement membrane. Lipophilic compounds (e.g.,
diazepam, hydrocortisone, progesterone) tend to have high permeability across
intestinal epithelium due to the large surface area available for membrane
partitioning where they rapidly partition into the cell membrane from the luminal
fluid and are usually completely absorbed.

The immunological barrier is composed of gut-associated lymphoid tissue
(GALT) which is often aggregated into specialized regions called Peyer's patches
(Rubas, 1991). Peyer's patches are associated with cell-mediated immunity and
IgA antibody development. These two constituents prohibit viruses, antigens,

Mmicroorganisms, and other toxic materials from entering the body (Van Elburg,
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1992). Drug pérmeabiiity across Peyer's patches into the lymph system has been
shown whereby transport occurs by endocytosis and passive diffusion across cell
membranes or through the paracellular space (Rubas, 1991). Horseradish
peroxidase (HRP) is absorbed by fiuid phase endocytosis into Peyer's patch
tissue at a 3-fold increase over tissue absent of Peyer's patches (Bockman, 1973;
Keljo, 1983). Bovine serum albumin, IgG, and immunomodulating compound
have also shown permeability enhancement across Peyer's patch tissue
(DeBoer, 1994).

Small microparticles < 5 ym in size are capable of traversing Peyer's patches
and undergo phagocytosis by macrophages. Larger particles, > 5 pym but not
exceeding 35 ym, accumulate within Peyer's patches. Examples include carbon,
pollens, latex, and liposomes (DeBoer, 1994).

Surface properties of drugs or particles influence Peyer's patch permeability,
where absorption is greater with hydrophobic materials than hydrophilic. When
examining paracellular marker diffusion of mannitol, PEG 400, and PEG 4000, no
difference in absorption is found between tissue with or without Peyer's patches
(Rubas, 1991).

.
A

1. Transepithelial Electrical Resistance (TEER)

Intestinal epithelium acts as a barrier with two distinct properties; permeability
and permselectivity. Permeability may be measured by electrical resistance
across the epithelium while permselectivity of the barrier is qualitatively measured

by the selectivity of transport between anions and cations (Powell, 1981).




| v 30
Membrane permeability is a quantitative measure in which the epithelium is

depicted as an electrical circuit of capacitors and resistances (Figure 1.9). The
intercellular resistances include those relating to the tight junction and the
intercellular space, Ry and R, respectively. There are also contributions to the
total resistance from the apical membrane, R,, and the basolateral membrane, Ry,
as well (Powell, 1981).

The epithelium may be categorized into two classifications depending upon
the value of its TEER across a specified surface area. The small intestine is
classified as "leaky" due to its relatively low area resistance values, ranging from
50to 100 Q x cm2. The colon is considered "tight" with tissue resistance values of
~ 300 Q x cm2 (Powell, 1981). Various tissue TEER values are listed in Table 1.3.

TEER reflects both the total paracellular and transcellular ion flow across an
area of tissue. In tight epithelia, the ion flow across the paracellular space is
significantly reduced when compared to transcellular ion flow. Therefore, in
"tight" tissues, TEER is significantly influenced by changes in the transcellular ion
flow. In "leaky" epithelium, the reverse is true. The paracellular space has
significant ion flow compared to diminished flow across the cell membrane.
Therefore, it is believed that the transcellular ion flow may be neglected
(Artursson, 1993). A number of experiments have been conducted showing that a
simultaneous decrease in TEER is associated with an alteration in integrity of the
tight junction (Atisook, 1991; Madara, 1985; Munck, 1977; Pappenheimer, 1987)
and an increase in solute permeability by the paracellular route (Artursson, 1990;
Artursson, 1993.; Rubas, 1996). However, a decrease in TEER has also been

associated with protein release from cell membranes (Hosoya, 1994).
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Figure 1.9: Paracellular and transcellular resistances. R, the apical membrane resistance,
Rp, the basolateral membrane resistance, comprise the transcellular resistance. The
paracellular resistance is comprised of Ry and Rj, the tight junctional and intercellular
resistances, respectively. M, S, and C depict the serosal, mucosal, and cellular solutions,
respectively. (Modified from Powell, D.W., 1981).
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Table 1.3: Transepithelial electrical resistances for various epithelia.
Modified from (Powell, 1981)

Tissue Species Tiss;:s; :l:a:lilszt)ance
Gastric Mucosa
Antrum necturus
Fundus necturus
Small Intestine
Duodenum rat
Jejunum rat
Ileum rabbit
|| Colon rabbit
Gallbladder rabbit 20
Urinary Bladder toad 3,755
Proximal Renal Tubule dog 6-7
Amphibian Skin toad 763
frog 8,700
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2. Penetration Enhancers

Penetration enhancers are typically low molecular weight compounds which
enhance drug absorption across the epithelium of the gastrointestinal tract. They
are thought to increase drug permeability through the intestine and other
epithelial barriers (i.e. nasal, vaginal, etc.) by affecting the membrane transport
pathways (i.e. paracellular and transcellular) and/or reducing the barrier effect of
the mucosal lining. The ultimate acceptance of these agents for systemic delivery
with drugs is based on the concern for their potential toxicity due to extensive
local tissue damage and the time to tissue recovery.

Enhancers are comprised of five major categories: (1) bile salts and their
derivatives (e.g., sodium taurocholate, sodium deoxycholate, and sodium
glycocholate, STDHF, etc), (2) chelators (e.g., citric acid, enamines, EDTA, etc.),
(3) fatty acids and their derivatives (e.g., arachidonic acid, oleic acid, sodium
caprylate, monoolein, etc.), (4) surfactants (e.g., SDS, polyoxyethylene-20-
cetylether, _etc.), and (5) non-surfactants (e.g., 1-alkylazacycloalkanone,
unsaturated ;:yclic ureas, f-cyclodextrin, etc.) (Lee, 1990).

At high concentrations, bile salts are capable of reducing the viscosity of the
mucus layer and thus decreasing its barrier properties (Martin, 1989). It has been
shown experimentally that sodium taurocholate increases the absorption of
Sulfanilic acid in the rat small intestine (Muranishi, 1990). Sodium tauro-24,25
dihydrofusidate (STDHF) has been shown to increase rectal absorption of
cefoxitin. Other bile salts have demonstrated ability to increase the permeabilities
of growth hormone, fosfomycin, and various other drugs (Muranishi, 1990). The

damage to the intestinal epithelium induced by bile salts is a major concern for




34
incorporation of these compounds into drug delivery systems. Some of the bile

salts (i.e. sodium deoxycholate) have caused extensive microvilli damage in the
rectum (Nakanishi, 1983).

The rate limiting structure for paracellular permeation is the tight junction,
which is highly dependent on extracellular calcium (Ca2+) for maintenance of its
structural integrity. Ca2+ indirectly affects the tight junction by binding to
uvomorulin, a cell adhesion molecule, causing secondary effects such as
movement of actin microfilaments to the tight junctional region (Lee, 1990).
Chelators bind to extracellular Ca2+, preventing attachment of Ca2+ to
uvomorulin. This action precipitates a sequence of events leading to an eventual
opening of the intercellular space and consequently increased paracellular drug
diffusion. Chelators may also lower the viscosity of mucus due to the important
role Ca2+ plays in maintaining mucosal structure (Lee, 1990).

Fatty acids have also been shown to favorably alter the pore size of the
intercellular channel. Colonic absorption of cefmetazole in rat studies was
increased in the presence of certain penetration enhancers. The mechanism was
suggested to be pore enlargement, in which sodium laurate and sodium caprate
opened the pore size from 8-9 A to 14-16 A, while sodium caprylate and sodium
taurocholate opened the pore to 11-12 A (Muranishi, 1990).

Surfactants have been reviewed as effective enhancers for intestinal delivery
(Swenson, 1994; van Hoogdalen, 1989). They have been shown to affect the
epithelial membrane and at times to cause extensive damage (Swenson, 1994).
However, this damage is reversible and recovery occurs within a short period of
time (Swenson, 1994).

Mixed micelles are composed of fusogenic lipid (e.g., dodecanoic acid, linoleic

acid), which is solubilized by incorporation of a surfactant or bile salt. The
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permeability enhancement effect follows the order: large intestine > small

intestine > stomach (Muranishi, 1985). Mixed micelles have enhanced
absorption of human calcitonin nine-fold across rat colon without acute tissue
damage using a combination of 40 mM monoolein : 40 MM sodium taurocholate
(Hastwell, 1994). By using various mixed micellar combinations,
aminoglycosides, heparin, carboxyfluorecein, and other drugs have shown
permeability enhancement, especially within the large intestine (Hashida, 1984,
Muranishi, 1985; Muranishi, 1979; Thompson, 1997).

Cyclodextrins are cyclic carbohydrates which complex with hydrophobic drugs
and thus improve their water solubility. Methylated g-cyclodextrin has also been
shown to have high surface activity and to destabilize cell membranes by
extracting cholesterol from the membrane structure (Thompson, 1997). These
properties have combined to enhance absorption of a number of compounds
including: indomethacin, progesterone, human growth hormone, and ketoprofen
(Thompson, 1997).

All categories of penetration enhancers have the potential to disrupt the
phospholipid portion and/or cause protein leaching from the cell membrane.
These eﬂecié would substantially increase membrane fluidity and thereby reduce
the capacity of the membrane to act as a barrier to transcellular drug movement.
It has been shown that fatty acids (i.e. monoolein, oleic acid, etc.) interact with the
hydrophobic lipid bilayer and the polar head groups of the phospholipids. These
interactions affect the overall stability of membrane structure, causing enhanced
- drug permeation (Muranishi, 1990). Chelators, surfactants, and fatty acids have
shown a tendency to cause protein leaching (Lee, 1990). Sodium caprylate has
a dual tendency to affect membrane fluidity via protein leaching and lipid

interactions.
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3. Partition Coefficient

The oil/water partition coefficient (Kopn) is an important physiocochemical
property of a drug which influences the rate and extent of absorption across
intestinal epithelium. As previously mentioned, the cell membrane is highly lipid
in nature. For drug movement into this environment from the aqueous luminal
cavity, the solute must balance the intermolecular forces acting upon it between
the aqueous and lipid phases. If the intermolecular attractive forces are greatest
between the solute-water rather than solute-lipid interactions, the energetics will
favor localization within the lumen. Membrane permeability will be insubstantial
with the paracellular pathway being the major route of absorption. However, if the
solute-lipid interaction is favorable, the drug will partition into the membrane and
absorption rapid.

Ko is an indicator of the lipophilic or hydrophilic nature of a drug and is often
correlated with drug permeability. Overton was the original investigator
implicating the importance between a drug's lipid solubility and the extent of
absorption (Stewart, 1990). It has been shown by various studies that as Koy
increases, t'hé rate of absorption across the epithelium also increases
(Mayersohn, 1996; Schoenwald, 1978). A decrease in permeability is noted if a
drug compound becomes to lipid in nature and is explained by a lack of water
Concentration (e.g. mineral oil) (Stewart, 1990).

Two exceptions to this theory exist: very small polar molecules showing high
absorption rates with low Kow values, and highly branched compounds having
high Koa but low permeability (Mayersohn, 1996). Small polar molecules such
as methanol and urea are able to penetrate the cell membrane through tiny pores

incorporated within the membrane created by localized polar regions (e.g.,
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proteins). It has been postulated that highly branched compounds have lower

than expected permeability due to the fact that they need to disrupt the
constrained orientation of membrane lipids. Therefore, they encounter an

increased steric hindrance in comparison to linear molecules (Mayersohn, 1996).

4. Permeability Correlation

The correlation of intestinal drug permeabilities between in-vivo and in-vitro
animal and human permeability experiments is necessary for validation of the
experimental methodology. Until recently, these comparisons were not available
due to an inability for obtaining human intestinal permeability values. Lennernas
has recently developed an in-vivo single-pass perfusion technique that is capable
of studying membrane transport and obtaining drug permeabilities for
regionalized segments of the human gastrointestinal tract (Fagerholm, 1996).
Therefore, interspecies comparison between human and animal permeability is
now possible.

Lennernas, et. al., determined the in-vitro permeability coefficients for nine
compounds traversing the rat jejunum via passive diffusion using Ussing
permeability chambers (Lennernds, 1997). When comparing human permeability
values, there was a high correlation (r2 = 0.951) between the two methodologies
in terms of permeability coefficient values. Also, the rank order for the
permeability magnitude for each compound was similar in both rat and human
tissue (Lennernas, 1997). The permeability coefficients were approximately 5 to

6 times greater for human than rat jejunum tissue, which may be explained by
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differences in surface area, tissue viability, blood flow, unstirred water layer, and

tissue thickness (Lennernés, 1997).

Other studies comparing human permeability to rat jejunum, colon and ileum
tissue have shown similar and even higher correlation between the two methods
(Artursson, 1993; Fagerholm, 1996). The high correlation between the two
methodologies validate the Ussing chamber technique as a useful guide for

human absorption prediction.

B. Residence Time

A desirable feature in oral drug delivery is for a delivery system to release a
therapeutic compound within a specified region of the gastrointestinal tract for an
extended period of time. Since a number of drugs are mainly absorbed within the
upper portions of the small intestine, it would be advantageous to localize the
System within the stomach or duodenum in order to improve the extent of drug
absorption. ;f'he small intestinal transit time is between 1 to 3 hours, allowing
limited time for slightly permeable drugs to be absorbed across the intestinal
epithelium (e.g. proteins, peptides). Within the past two decades, considerable
atte.ntion has focused on developing new systems which specifically increase
residence times at major absorption sites within the gastrointestinal tract.

In the forefront of this development are bioadhesive polymers, which interact
with the mucus and/or underlying epithelial layer within the intestinal tract. Mucus
is a thin gel-like substance whose thickness ranges from 50 - 450 ym and

constitutes an unstirred water layer and thus a diffusive barrier for drug absorption
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(Ahuja, 1997). The degree of diffusion across mucus depends upon the

molecular weight, capability of hydrogen bond formation, hydration radius, and
molecular charge of a drug compound (Ahuja, 1997). The major component of
mucus consists of glycoproteins which form a continuous network imparting a gel-
like character and conferring a net negative surface charge at physiological pH.

The interaction between a bioadhesive and its biological substrate leads to
intimate chain interpenetration and bond formation preventing easy detachment.
Therefore, bioadhesive polymers may be utilized to develop controlled release
systems which promote increased residence time, localization of the delivery
system, and prolonged intimate contact with the absorptive surface. The average
mucosal residence time for delivery systems at various administration sites with or
without inclusion of a bioadhesive polymer is shown in Table 1.4. The
bioadhesive systems show superior residence times at all delivery sites including
the small intestine. This illustrates the point that bioadhesives are retained at the
site of attachment and the transit/motility patterns of the stomach and intestine are
not causing a significant weakening of bond strength which would lead to
subsequent detachment.

The duration of bioadhesive attachment to the mucus layer is limited by the
mucus turnover rate, which is ~ 6 to 12 hours. If the bioadhesive attaches directly
onto the epithelial cell surface, significantly longer contact times may be achieved
in which the residence time is ultimately controlled by the rate of epithelial cell
turnover (= 24 hours). This may be achieved through chemical incorporation of
Mucolytic agents (e.g. acetyicysteine) or by stripping off the mucus layer through
disruptive mechanical mechanisms (e.g. gas bubbling). In addition to increased
residence time, a bioadhesive system may incorporate other additives, such as

Penetration enhancers, to increase the absorption of drug compounds.
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Bioadhesion may also improve protein and peptide absorption by decreasing
the diffusional path to the absorption surface, inducing a high concentration at the

absorption site, protection from the luminal environment, and/or incorporating

Table 1.4: Typical mucosal tissue contact time for a suspension/solution delivery system
with or without a bioadhesive.

Tissue Contact Time Contact Time
without Bioadhesive | with Bioadhesive (1)
Ocular @ 1 - 2 minutes 12 -15 hours
Buccal 2 2 - 30 minutes 6 - 12 hours
“ Nasal () 2 - 60 minutes 6 - 12 hours ‘
Small Intestine @) 1 - 3 hours 6 - 10 hours H
Vaginal (2) 30 - 90 minutes 3 - 4 days J

(1) Polycarbophil,
(2) Human
(3) Dog

enzyme inhibitors (Lehr, 1992). The bioadhesive polymer polycarbophil was
shown to enhance the uptake of the peptide DGAVP in-vivo through increased

retention, rapid release, and inhibition of enzyme degradation (Lehr, 1992).
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c. Enzymatic Degradation

The enzymatic barrier is considered to be the primary biological barrier which
limits the absorption of protein and peptide drugs from the gastrointestinal tract. It
is due to the high susceptibility of these compounds for enzymatic degradation
that significantly reduces their potential for oral delivery. ;

Within the gastrointestinal tract, proteins_ and peptides are hydrolyzed by
proteases and peptidases located in the luminal cavity, at the brush border, and
within the cell cytosol. Proteases are separated into four distinct classes based
upon their mode of action: aspartic, serine, cysteine, and metallo- proteases
(Wang, 1996). The stomach environment poses the initial challenge to protein
stability, not only due to the acidic pH, but also its high concentration of aspartic
proteases, referred to as pepsins (Lee, 1991a). Pepsins are most active at pH 2
to 3 and become inactive at pH values above 5. Pepsin hydrolyses proteins
before they enter the small intestine, at which time digestion is continued via
pancreatic protease activity. These enzymes are secreted by the pancreas into
the intestinal Iu.men and are commonly categorized into endopeptidases such as
trypsin, elastase, and chymotrypsin; and exopeptidases such as
carboxypeptidase. The pancreatic peptidases are very efficient in cleaving
proteins and polypeptides into smaller peptides. Within 10 minutes, 60-70% of
ingested dietary proteins are degraded to small peptides ranging between 2 to 6
amino acid residues (Lee, 1991a). Although highly efficient, their activity towards
Smaller peptides is greatly diminished. Small peptides containing 4 or more
residues are further hydrolyzed by brush border aminopeptidases and

aminooligopeptidases (Wang, 1996).
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Amino acids and peptides consisting of two to three amino acid residues are

absorbed by the intestinal enterocytes into the cytosol, where di- and
tripeptidases further reduce the peptides to amino acids. However, some
peptides do avoid inactivation and are absorbed intact into the bloodstream.

The distribution of protease activity varies according to regions within the
gastrointestinal tract. In several studies, protease activity within the small
intestine was shown to be greatest in the ileum, lowest within the duodenum, and
intermediate in the jejunum (Stratford, 1985; Stratford, 1986). Therefore, it seems
that successful delivery of macromolecules to the small intestine has the greatest
opportunity if the delivery system is targeted for protein release within the upper
small intestine.

The source of enzyme production within the colon is synthesis and secretion
by a large population of resident bacteria (Knuth, 1993). However, the enzymatic
activity is substantially lower when compared to that of the small intestine. In rat
intestinal tissue, the colon was demonstrated to contain 80% less enzymatic
activity than the small intestine (Woodley, 1992). Epithelial cells contain virtually
no enzymatic activity. Therefore, developing delivery systems which are
formulated to have a dual purpose of protecting proteins and peptides from the
small intestine luminal environment and releasing the drug within the large
intestine have a greater potential for obtaining optimal absorption profiles.

In addition to site-specific delivery, other approaches to improve oral
absorption of proteins and peptides include: chemical modification, inclusion of
Penetration enhancers and/or protease inhibitors, carrier systems (e.g. liposomes,
microspheres, erythrocytes), and inclusion within bioadhesives. A recent concept
studied by Irons, et. al., (unpublished data) looked at inhibiting enzyme activity

through physical agitation via gas bubble production within the gastrointestinal




tract. Leucine-aminopeptidase activity in-vitro was reduced after bubbling carbon

dioxide into an enzyme solution for 15 minutes. This suggests the potential for

another method to enhance the bioavailability of these compounds in-vivo.




Iv. Statement of the Problem

The discovery that carbon dioxide gas is liberated via an interaction between
solubilized components of bicarbonate and acidic powders led to the
development of effervescent drug delivery systems. These products date back to
the 18th century, when effervescence was primarily used as a masking agent for
unpleasant tasting drugs due to its palatable saline taste. Today, this is still the
most common application, however, effervescent components are primarily
combined within tablets or capsules and dissolved in a glass of water prior to
ingestion. Effervescence has been and continues to be an underutilized
technology, being used mainly as an adjunct for increasing patient acceptance
and compliance rather than for uncovering potentially new applications from its
unique qualities.

To date, the current emphasis on biological effects of effervescence has been
focused primarily on its buffering action within the stomach. While this is of
significant importance in treatments of ulcer and aspiration pneumonitis, other
potential effects have gone almost completely unnoticed. These are: (1) increase
in drug dissolution rate; (2) alteration of the pH tissue gradient; (3) mucosal
stripping; (4) changes in fluid flow; (5) increase in stomach emptying; (6) increase
in membrane hydrophobicity; and (7) tissue membrane alteration.

Studies have indicated the potential for effervescence in influencing oral drug
absorption. A classic example is comparison of caffeine absorption from hot,
cold, or an effervescent solution. The latter produced a shorter time (tmax) to
maximum blood concentration (Cmay) in comparison to the other solutions. So,

the underlying question remaining to be answered is: what is the effervescent
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mechanism(s) which provide faster and/or greater drug absorption? More

specifically, the issues that will be examined in detail are: (1) the effervescence
influence on drug permeation across intestinal epithelium; (2) insight into the
mechanism(s) of drug enhancement; (3) effervescent effect on tissue viability; and
(4) the ability for tissue recdvery after effervescent exposure. Each of these points
will be examined and scrutinized in detail within the subsequent sections.

A complete understanding of the mechanism(s) of effervescent drug absorption
enhancement will allow greater potential for development of new and exciting
delivery systems which provide targeted drug delivery within the stomach or
intestine. The potential biological effects of effervescence within a bioadhesive
include: (1) inducing intimate contact between the drug and epithelium for a
prolonged period of time (= 24 hours); (2) causing alteration of the epithelial
monolayer; (3) increasing drug permeability; and (4) decreasing the dosing
frequency. A "classical" penetration enhancer could also be combined with
effervescence at a significantly lower concentration, thereby inducing an
enhanced drug absorption profile without the tissue toxicities associated with high
concentrations of a penetration enhancer alone.

The influence of effervescence on drug absorption and its mechanism(s) is
also essential in providing a means to promote enhanced absorption of slightly
permeable drugs across intestinal epithelium. These drugs include proteins and
peptides, which need only slight improvement of their oral absorption profiles in

order to induce positive therapeutic responses.




Chapter 2: Effervescence: Its History and Current Status

I. Effervescence History

The evolution of carbon dioxide from the chemical reaction between
solubilized acid and bicarbonate components has been known for over 250
years. The popularity of effervescent dosage forms is primarily due to the reaction
itself, in which the liberation of carbon dioxide bubbles provides a unique and
interesting formulation for patients to prepare as well as creating a palatable
saline taste masking objectionable flavors associated with certain medications
(Meyer, 1897; Murphy, 1962; Taylor, 1871)

Potassium sodium tartrate, the first compound combined with effervescent
technology, was formulated for use as a saline cathartic (Sendall, 1983).
Towards the latter half of the 18th century, this preparation was listed in the
pharmaceutical compendia as a compound effervescent powder, otherwise
referred to as Seidlitz powders (Mohrle, 1985; Sendall, 1983). Seidlitz powders
were the first "official" effervescent dosage form and consisted of separately
wrapped acidic and bicarbonate powders, which prevented premature evolution
of carbon dioxide due to atmospheric moisture. At each dosing interval, the
patient emptied one packet of each powder into a glass of water, thus forming an
effervescent mixture prior to ingestion. Shortly after Seidlitz powder introduction,

other effervescent products began to emerge, including effervescent baths and




47
mercurial fumigations prepared and sold by a Paris pharmacist, George

Guietand, at the start of the 19th century (Viel, 1994).

in the mid 1840's, the invention of the compressed tablet led to incorporation of
the two powders within a single tablet dosage form. The tablet was dissolved in a
glass of water, producing a pleasant tasting carbonated drink. In 1872, Cooper
invented a lozenge which effervesced upon contact with saliva, leading to
subsequent localized oral delivery of the medicament (Cooper, 1872).

Since the late 19th century, effervescent technology has lost some of the early
momentum and acceptance within the drug delivery market due to the discovery
of alternative dosage forms (e.g. tablets, capsules, suspensions), which
revolutionized the oral drug delivery field.

Approximately 40 years ago, effervescence regained some momentum into
the oral drug delivery market with the introduction of Alka-Seltzer®, a stomach
distress medication. To date, Alka-Seltzer® is the number one selling
effervescent medication formulated for oral drug delivery. The formulation utilizes
the same principles used in the mid-19th century, in which effervescence is first

generated by tablet immersion within a glass of water and then ingested.

=i




iI. Current Applications

The popularity of effervescent formulations has dramatically increased over the
past few decades. To date, there are only 5 effervescent preparations included in
the USP, but numerous products are continuously being marketed primarily in
countries outside the United States. These include pharmaceutical products such
as: digoxin, L-DOPA, antibiotics, methadone, antacids (e.g. cimetidine, ranitidine),
analgesics, mouthwashes, cold medications, laxatives, sodium fluoride
preparations, cough medications, and vitamin supplements (e.g. calcium). There
are also additional non-pharmaceutical formulations such as: lens and denture
cleansers, washing powders, flavored beverages, and surgical instrument
sterilizers.

The most widely used non-pharmaceutical application is the incorporation of
effervescence within flavored beverages. These products utilize the concept of
dissolving carbon dioxide under pressure in water prior to bottling or addition of
any ingredients. When exposed to atmospheric pressure, the CO2 solubility
decreases, and the solution becomes supersaturated, causing gas bubble
formation. A modification of this concept was applied towards formulation of an
effervescent aerosol delivery system in the mid-1970's, but never materialized
into a marketed product.

Recently, more complex drug delivery systems incorporating eftervescence
have emerged. Alza's commercially available OROS® product, which delivers
drugs to the gastrointestinal tract through osmotic delivery, has been reformulated
to include an effervescent agent. As gastrointestinal fluid solubilizes the

effervescent components, the pressure within the drug compartment increases
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due to CO2 generation. The rate of drug release is dependent upon the rate of

effervescence production within the chamber and has been demonstrated to
deliver drugs at a constant rate for greater than 80% of the dose within the
chamber (Bassett, 1996).

Gastroinflatable delivery devices containing one or more inflatable chambers
also include effervescent solid components allowing system buoyancy. As gastric
fluid enters, the device fills with freshly generated CO2 and remains floating within
the stomach (Ritschel, 1991). The buoyant device is unaffected by gastric
emptying, and therefore, may con‘tinuously release drug without any limiting time
restraints on absorption due to gastrointestinal transit.

Currently, the innovator in development of novel technology for oral
effervescent delivery is CIMA, a pharmaceutically based drug company. CIMA
has patented OraSolv®, an oral tablet dosage form which incorporates a
microencapsulated drug with an effervescent agent. The effervescent reaction
occurs immediately as the tablet contacts saliva, enhancing tablet dissolution
without water ingestion prior to release or swallowing of the microparticles. The
main advantages for this system include a taste masking effect as well as ease of
administration, particularly for infants and elderly who experience difficulty
swallowing medications. Tempra®, a children's analgesic medication containing
acetaminophen, is formulated via this technology and is scheduled for release in
the latter half of 1997. Other products currently under development for use with
OraSolv® technology include: antibiotics; psychotherapeutics; anti-nausea
agents, and cancer therapeutics (Bassett, 1996b).

Modern effervescent delivery systems have begun to depart from earlier
simplistic approaches based on tablet immersion in liquid with ingestion of the

effervescent solution. While this concept is still widely utilized in a wide array of




marketed products, an enhanced awareness to the potential pharmaceutical

applications for effervescence has begun to be realized. However, until a
complete knowledge of the physical and biological effects produced by

effervescence is known and understood, its full potential will not be completely

utilized.
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. Mechanisms of Penetration Enhancement

Effervescence technology has been utilized with increased frequency. The
popularity associated with the production and use of oral effervescent drug
delivery systems is based primarily on two characteristic properties: (1) its ability
to impart a pleasant saline taste uncommonly associated with a number of drug
formulations; and (2) a buffering effect. While these two properties are important
aspects of effervescence, it may also influence other physical and biological
properties such as: (1) mucus layer thickness; (2) stomach motility; (3) epithelial
membrane alteration; (4) drug dissolution; (5) fluid flow; (6) the gastrointestinal pH
gradient; and (7) membrane hydrophobicity. Effervescent dosage forms have
been demonstrated to promote rapid and enhanced oral drug absorption for a
number of drug compounds in comparison to other dosage formulations. This
effect may be due to one or a combination of the effervescent properties
mentioned above. A brief review of these properties follows with the exclusion of
mucus stripping, stomach motility, and membrane alteration, which will be

discussed in subsequent chapters.

A. Dissolution

The small intestine is the major site for drug absorption due to its relatively
large surface area. The "absorption window" for numerous drug compounds

depends upon a relatively short small intestinal transit time of =~ 2 to 4 hours.
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Therefore, there is a limited time period for a compound to cross the epithelial

barrier. One prerequisite for drug absorption is drug dissolution. If undissolved, a
drug will not be absorbed, rendering it useless as a therapeutic agent. Therefore,
the drug's dissolution rate from an oral dosage form will influence the rate and
extent of drug absorption (Orton, 1978). Effervescent bubbling provides physical
agitation, giving a well-mixed dispersion of drug particles over an extended area
and creating maximum surface exposure for dissolution by the gastrointestinal
fluid. Activated charcoal has been utilized in combination with effervescence for
more efficient spreading of charcoal particles, thus inducing enhanced adsorption
of drugs (e.g. nortriptyline, aspirin, theophylline) that need to be eliminated from
the body after toxic overdose (Crome, 1977; Dawling, 1983; Helliwell, 1981).

Spreading of particles due to effervescent bubbling has been experimentally
shown to promote faster drug dissolution rates. Disulfiram bioavailability was
found to be 27% greater with effervescent tablet administration than with non-
effervescent tablets (Andersen, 1992). This was primarily attributed to a
significantly higher drug dissolution rate for the effervescent preparation. Enteric
coated tablet preparations of salicylate and levodopa also showed enhanced in-
vitro and in;vivo dissolution rates due to effervescent activity within the medium
(Bogacz, 1987; Nishimura, 1984)

Poor water solubility is a major factor inhibiting the dissolution rate and,
therefore, bioavailability of a number of therapeutic compounds. Effervescent
solid dispersions of slightly soluble compounds such as prednisone, griseofulvin,
~ and primidone, were shown to have enhanced dissolution in-vitro in comparison

to non-effervescent formulations (Desai, 1989).




B. Fluid Flow

The absorption of fluid (e.g. water) across the intestinal epithelium is believed
to occur through both the paracellular and transcellular pathways. Water
movement across hydrophobic cellular membranes is believed to be mediated by
transport through aqueous channels inserted within the membrane. Recently,
water selective protein channels, aquaporins, have been identified which may
support this theory (van Os, 1994). Presently, the mechanism(s) for water
transport have not been conclusively elucidated and the percentage of water flow
contributed by each pathway is a controversial topic at the present time. Some
believe that there is an equal water flux between the cellular membrane and
intercellular space while others hypothesize that there is very little water
movement through the intercellular cavity (Spring, 1991).

In various animal studies (Kitazawa, 1975; Krugliak, 1989; Madara, 1987,
Ochsenfahrt, 1973) water absorption from the luminal cavity across the epithelium
has been shown to increase the absorption of therapeutic agents. The
hypothetical mechanisms believed to explain this increase include solvent drag
and an increase in solute concentration near the epithelial surface (Lennernas,
1995).

The theory of solvent drag has been in the literature since it was first proposed
by Anderson and Ussing in 1957 (Anderson, 1957). This theory proposes that
when water molecules are absorbed across the epithelium, the subsequent water
flow produces a streaming effect, creating a force which carries solutes through
the membrane (Fine, 1994). Solvent drag may occur either through paracellular

or transcellular pathways, with the prerequisite that the water and solute are
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cotransported together across the membrane. Solvent drag has been shown to

contribute to the increase in absorption of urea (Ochsenfahrt, 1973), benzoic acid
and salicylic acid (Ochsenfahrt, 1974a), amidopyrine and antipyrene
(Ochsenfahrt, 1974b), and various other drug substances (Karino, 1982;
Kitazawa, 1978).

Water absorption may also contribute to an increase in passive diffusion of the
solute molecule from the luminal cavity. As water is absorbed, the solute
concentration near the epithelial wall within the lumen increases due to localized
water loss, thereby producing an increase in the concentration gradient across
the cell monolayer. The net effect is a greater proportion of the drug absorbed
due to passive diffusion (Fine, 1994).

The movement of water is a passive process that is primarily caused by
differences in osmolarity across the intestinal tissue. The osmolarity gradient may
develop due to active ion transport across the cell epithelium, solute absorption,
or by hypotonic or hypertonic conditions within the luminal cavity. A hyperosmotic
solution tends to induce cell shrinkage in order to equilibrate the cell cytosol to
the osmotic environment within the lumen (Noach, 1994). The intercellular space
narrows with tightening of the tight junctions (Madara, 1983). Hypotonic luminal
conditions, which may be induced by drinking water, produces cell swelling and
induces the solvent drag effect by creating a fluid flow towards the direction of the
isotonic submucosa (Noach, 1994).

Carbonation within the intestinal tract has been shown to increase the
| absorption of therapeutic agents. The mechanism for absorption enhancement
may incorporating a fluid flow concept. The formation of carbon dioxide bubbles
near the luminal surface of the epithelium will create an increased localized flow

within the region. This flow may influence the surrounding fluid (i.e. water) acting
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as a catalyst in producing increased water flow velocities. This may induce

enhancement of water flow through the paracellular and/or transcellular
pathways. In other words, a drug may be "swept" across the membrane as a
result of increased water flow (i.e., solvent drag), leading to enhanced drug
absorption.

CO2 bubble production at or near the membrane surface may also be viewed
as an effect producing pin-point pressure gradients across the tissue surface. If
one imagines a tissue surface placed between two solutions, molecules are
constantly hitting the tissue surface and bouncing away. These molecules are
reflecting off the tissue surface so as to exert a pin-point pressure on the
membrane based on the rate of change of momentum exerted by all molecules
colliding with the surface (Hammel, 1995). However, the system is in equilibrium
due to the fact that in a homogeneous solution, an equal number of collisions per
unit time are occurring from the opposing solution, preventing the development of
pressure gradients.

CO2 bubbles would impart a non-equilibrium status to the system due to two
effects: (1) bubbles contacting the membrane surface and (2) increased
molecular velocities associated with CO2 bubble production. These effects would
not be counter balanced by the opposing solution, which therefore, would induce
pressure gradients across the tissue. This will subsequently lead to increased
water flow from the side through which COz is bubbling in order to eliminate any
imbalance (Hammel, 1995).

An alternative hypothesis to solvent drag would theorize that enhanced water
flow across the membrane can lead to an increase in passive diffusion. As the
pressure is increased in the lumen due to carbonation, a larger quantity of water

is "forced" across the epithelium, thus creating higher concentration of drug at the
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juminal surface. This would lead to greater passive absorption of the therapeutic

agent.

The effect of water absorption has been shown to increase the absorption of
drugs in studies based solely on data obtained from in-vivo and in-vitro animal
studies (i.e., rats, rabbits, and dogs). Recently, Lennernés, et. al.,(Lennernas,
1995) have reported the effects of net fluid flux on intestinal absorption of drugs
with in-vivo human perfusion studies. The results obtained did not correlate with
previous animal studies. Studies on levadopa (Nilsson, 1994), antipyrine,
atenolol, enalaprilat (Lennernas, 1994), and terbutaline (Lennernas, 1995) in
hypotonic solutions with physiological concentrations of D-glucose (40-80 mM)
did not show increases in the absorption profiles of these compounds. It was
concluded that the solvent drag theory may not apply to enhancement of human
drug absorption due to interspecies variation and/or unreliable experimental

conditions (i.e., intestinal distention, tissue toxicity, high perfusion rates, etc.).

C. Buffer Effect

Carbonation is produced via the interaction between a bicarbonate and an
acid (e.g. citric, tartaric, hydrochloric), producing carbonic acid (H2CO3), which

subsequently proceeds to evolve carbon dioxide:

H* + HCOa- ~ HzCOa —_— 0021 + Hzo




Etfervescent formulations frequently contain sodium bicarbonate, which when
solubilized, interacts with citric acid contained within the dosage form and/or
hydrochloric acid present within the stomach. Alka-Seltzer®, in-vitro, has been
shown to buffer 5 to 30 times the volume of hydrochloric acid solutions. The
solution pH during the study rose from a range of 1.0-2.0 to 4.0-6.5 (Chen, 1984).
In-vivo studies have also supported the buffering activity of Alka-Seltzer® within
the stomach in which the pH rose and remained steady at pH values well above
the 4.0-5.0 range (Chen, 1984).

Recently, studies have been conducted investigating the buffer activity of
effervescence in combination with Hz-receptor antagonists, ranitidine and
cimetidine (Atanassoff, 1995; Ormezzano, 1990; Propst, 1996; Strom, 1991).
Results indicated the effervescent tablets for both drugs provided a faster onset of
action than their non-effervescent counterparts. The buffering effect is not only
important in terms of disease state treatment (e.g. heartburn, ulcer, aspiration
pneumonitis) but also in influencing drug absorption. This is especially important
after oral administration of compounds which are unstable within the acidic
stomach. Delivery of these agents within an effervescent formulation would
induce a localized rise in stomach pH for extended periods, providing a stable
environment for the drug until transported into higher pH regions of the upper
intestine.

The buffering effect may also account for enhancing the absorption rate and
bioavailability of compounds having greater solubility within alkaline
environments. Amoxicillin solubility is highly dependent upon pH, in which
environments of pH 6 or greater leading to a rapid increase in solubility. An
effervescent amoxicillin preparation was shown to have superior bioavailability

over a film-coated tablet and a regular commercial tablet. The primary
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explanation for the result was increased dissolution due to higher solution pH

(Hespe, 1987).

Diflunisal, a poorly absorbed lipophilic salicylate, was also demonstrated to
have greater bioavailability in humans. The results indicated that the effervescent
formulation buffered the stomach contents towards neutrality which corresponded

to enhanced absorption rates due to solubility enhancement (Nuernberg, 1989).

D. Intestinal pH Gradient

The intestinal tract epithelium is covered by a continuous layer of mucus which
restricts movement of hydronium ions from the intestinal lumen cavity to the
surface of epithelial cells. The barrier to hydronium ion diffusion plays an
important role, especially in regions of high luminal acidity (i.e. duodenal cap),
where the pH may be as low as 2.0 (Kivilaakso, 1984). However, mucus is
unable to f:dmpletely retard the penetration of hydronium ions due to the high rate
necessary for mucus renewal in maintaining a formidable barrier.

The concept that the gastrointestinal tract mucosa secreted bicarbonate
(HCOg) was proposed by Shierbeck (Flemstrom, 1987). In 1898, Pavlov
proposed that the gastric mucosa contained a mucosal lining which was capable
of neutralizing acid within the lumen (Flemstrom, 1987). These concepts led to
the theory of bicarbonate secretion by gastric and intestinal epithelium in which
the mucus lining acted as a stagnant layer preventing escape of bicarbonate ions

from the region. This formed an alkaline atmosphere near the mucosal surface
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which created a pH gradient between the luminal cavity and the epithelial

surface. The pH gradient was eventually proven to exist at the surface of gastric
and small intestinal mucosa by techniques utilizing pH-sensitive microelectrodes
(Flemstrom, 1987; Rechkemmer, 1986). When comparing rates of bicarbonate
secretion along the duodenal segment, various human, dog, rat, and bullfrog
studies (Isenberg, 1983; Konturek, 1983; Selling, 1985; Simson, 1981) have
shown a higher rate at the proximal end, with decreasing rates as one moves
down to the distal end. It has also been shown that the duodenal epithelium in
humans secretes HCOg- at faster rates than in the stomach, jejunum, and ileum
(Flemstrom, 1987).

There are two pathways for transport of HCO3" into the lumen; (1) the
paracellular pathway and (2) the transcellular pathway (i.e metabolism
dependent transport). The transcellular pathway utilizes movement of HCOg"
through the cell and has been shown to exist by experiments on bullfrog
duodenal segments (Flemstrom, 1980).

The metabolism dependent transport has two pathways for secretion of HCO3"
into the lumen. The first pathway uses an electroneutral CI/HCOg3" exchange
system which is stimulated by glucagon (Allen, 1993). The other pathway is
independent of luminal ClI- and is an electrogenic transport. This pathway is
stimulated by protaglandins and cAMP (Allen, 1993). Entrance of HCO3" across
the serosal membrane into the cell cytosol may occur from NaHCOg3 cotransport
where Nat is transported out of the cell by the Na*/K+-ATPase pump (Simson,
1981).

The duodenum epithelium may also absorb carbon dioxide into the cytosol,
where it reacts with a water molecule, producing a bicarbonate and ahydronium

ion. Bicarbonate crosses into the lumen via membrane dependent transport and
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hydronium is transported across the serosal membrane by the Na+/H* pump

(Allen, 1993). Paracellular transport of HCOg" from the serosa into the lumen is
strictly a passive diffusional process. The cells that are responsible for HCO3"
secretion into the lumen have yet to be identified, although evidence has
indicated that cells located on the villus tip have a greater propensity for HCOg3"
secretion than cells Iocated' toward the distal end of the villi (Lonnerholm, 1989).

The pH of the duodenal luminal cavity stimulates HCO3" secretion in which the
extent of secretion depends on acidity within the lumen. Rat duodenum tissue
was exposed to pH solutions of 5.0 and 2.0, which increased HCOg- secretion by
a factor of 2 and 10-fold, respectively (Flemstrom, 1983). This response is
controlled by nervous reflexes, hormonal factors, and prostaglandin synthesis
(Allen, 1993). Both pathways of HCOg3- transport are activated in the presence of
low pH values. Paracellular diffusion mainly occurs at relatively high luminal
acidities.

The flux of bicarbonate from the tissue to the apical surface of epithelial cells
leads to the formation of what is commonly referred to as a pH-microclimate at the
luminal surface. Various workers have performed pH-microclimate
measurements in different segments of the intestinal tract at different luminal pH's.
It was concluded that the pH-microclimate along the entire intestinal tract was
near neutral even when the luminal pH (2.0-7.3) was significantly altered
(Rechkemmer, 1986).

The pH-microclimate may affect the extent of drug absorption across the
epithelium for ionizable compounds (i.e. weak acids and bases), depending on
their pKa values. If the Iuminal bulk pH is 6.5 and the surface pH is 7.0, a 0.5 unit

change in pH may sufficiently alter the ratio of ionized to unionized drug in such a




. 61
way as to increase or decrease the extent of drug absorption across the

epithelium.

On the serosal side of the epithelium, blood circulation creates a biological pH
of 7.4. Therefore a pH gradient is present across the tissue of the gastrointestinal
tract. Whether or not this gradient is substantial enough to affect drug absorption
across the mucosa has not been widely studied and remains controversial
without a definitive answer.

The pH of the small intestinal luminal fluid ranges from 6.5 in the duodenum to
7.0-7.5 in the distal portions of the ileum. When an effervescent dosage form is
transported from the stomach into the duodenum, one would expect a slight
increase in luminal pH towards neutrality due to the buffering effect. Since the
drug must encounter the pH-microclimate near the epithelial surface prior to
absorption, the rise in luminal pH associated with effervescence should have a

limited impact in terms of inducing a significant alteration of the pH gradient.

E. Membrane Hydrophobicity

The cell membrane (Figure 2.1) is a dynamic and fluid structure which
encloses the cell to the extracellular environment. The membrane is composed of
proteins that are randomly embedded within a phospholipid bilayer. The lipid
bilayer provides the basic structure to the membrane and largely prohibits
movement of polar molecules (Alberts, 1994). The lipids are amphiphilic in

nature, with the majority containing a polar phosphate head group, from which,
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lipid
bilayer

protein molecule

Figure 2.1: Schematic diagram depicting a three dimensional view of the cell membrane.
(Reproduced from Alberts, B., et. al., 1994).
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extend two hydrophobic fatty acid chains. Typically, one chain is saturated while

the other contains one or more double bonds (unsaturated), which impart a
characteristic kink at the terminal portion of the tail. The four major phospholipids
found within the plasma membrane are: phosphatidylcholine,
phosphatidylethanolamine, sphingomyelin, and phosphatidylserine. Cholesterol
and carbohydrate attached lipids (i.e. glycolipids) are also found within cell
membranes (Stein, 1986; Yeagle, 1985).

Proteins interact with the membrane in a number of ways (Figure 2.2).
Transmembrane proteins (i.e. integral membrane proteins) span the length of the
lipid bilayer and contain both hydrophobic and hydrophilic regions which interact
with fatty acids within the bilayer interior or water molecules at either side of the
membrane, respectively (Singer, 1990). Due to these interactions,
transmembrane proteins are bound to the bilayer and cannot be easily extracted.
There are also peripheral membrane proteins which do not alter the membrane
structure but interact with lipids and/or proteins located intra- or extracellularly
(Alberts, 1994).

Oligosaccharide chains may also attach to proteins (i.e. glycoproteins) at the
cellular surface. Oligosaccharide chain extensions from proteins and lipids form
a carbohydrate zone called the glycocalyx at the cell surface, which primarily
functions to provide cell recognition (Alberts, 1994). The glycocalyx may also be
utilized in bioadhesive drug delivery, in which interaction between polymer
chains and oligosaccharides provides a strong attachment zone for drug
localization and increased delivery system residence time.

Transmembrane proteins are important in terms of molecular transport across
membranes by providing hydrophilic spaces (i.e. pores), enabling passive

diffusion of water and electrolytes, and extracellular receptors, which generate




Figure 2.2: Illustration of the various ways proteins interact with the membrane lipid
bilayer. Proteins may: (1) span the length of the bilayer once or (2) multiple times. Some
proteins are attached to the membrane by: (3) covalent attachment to a lipid, (4) via an
oligosaccharide attached to a lipid, or (5), (6) noncovalent interaction with a membrane
protein. (Modified from Alberts, B., et. al., 1994).
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various intracellular signals and promote molecular transport when stimulated.

The hydrophobic nature of the membrane interior creates a diffusive barrier to
polar molecules which allows the cell to regulate critical concentrations of polar
solutes within the cytosol. Small polar molecules (18-60 daltons), such as ions
and water, are able to cross into the cytosol vial channel proteins. Non-polar
solutes are typically rapidly absorbed into or diffuse across the cell membrane at
significantly faster rates than their polar counterparts.

Oiliwater partition coefficients (Komw) for a variety of gases are listed in Table
21. As with other solute molecules, the larger the Kosw, the greater the potential
for incorporation into the hydrophobic cell membrane regions. As shown in Table
2.1, most gases are hydrophobic, which limits the membrane as a barrier for
these molecules. COz, which plays an important role in respiration and
cellular acid-base regulation, has been shown to have high solubility and
diffusion rates within lipid bilayers (Burkard, 1995; Gutknecht, 1977, Simon,
1980). CO2 can exist in a number of different chemical forms such as HCO3",
CO32-, and H2COg, in which the ionic species do not easily diffuse into or across
cell membranes as compared to their neutral counterparts (Gutknecht, 1977).

In a biological system, where there is a high concentration of hydrophobic
gases within the extracellular environment, one would expect an increase in
hydrophobicity near the membrane surface. There would also be the potential for
a large quantity of the gas molecules to be absorbed within the lipid cell bilayer
as well as diffusing across the bilayer into the cytosol via a concentration
gradient. Due to the hydrophobic nature of the gas, partitioning of these
molecules into the bilayer (Figure 2.3) would impart a greater *overall"
hydrophobicity to the membrane, leading to enhanced partitioning of nonpolar

drug molecules. This would lead to a faster drug absorption (i.e., a faster time to




Table 2.1: Gas partition coefficients.

Gas Partition Coefficient
(oil/water)
_ _Glog Ko/ ©
Argon 53
Helium 1.7 “
Nitrogen 5.2 II
Oxygen 44 @ “
Carbon Dioxide 1.7 ®) ||
Krypton 9.6
Hydrogen 3.1
Nitrous oxide 17.0
Cyclopropane 35.0
Ethyl ether 3.2

(@) Kow determined between erythrocyte membrane and aqueous phase,
data obtained from (Fischkoff, S., et. al., 1975)

(b) Gutknecht, J., et. al., 1977

(c) 37 - 38°C, data obtained from (Altman, P.L., etal., 1971); oil = octanol

(d) oil = octanol unless otherwise indicated
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g absorption), and possibly, greater absorption profile
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Figure 2.3: Schematic of carbon dioxide bubbles initially within the intestinal
lumen with subsequent partitioning into the hydrophobic membrane bilayer.
CO, may either: (1) dissolve within the membrane increasing the overall
hydrophobicity of the membrane; (2) diffuse across the membrane into the
cytosol; and/or (3) induce a hydrophobic environment near the membrane
surface. CO, = dissolved molecule within lumen, membrane, or cytosol.
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Chapter 3: The Influence of Effervescence on Gastrointestinal

Physiological Processes

. Stomach Emptying

Humans and other animals which consume food on a discrete basis have two
patterns of gastrointestinal motility: fasted and fed (Liaw, 1990). In the fasted
state, gastrointestinal motility is characterized by the Migrating Motor Complex
(MMC). The MMC begins in the stomach and propagates to the terminal end of
the small intestine. The MMC (Figure 3.1) is a repetitive cycle commonly
organized into four phases of alternating activity and rest. Phase | is a quiescent
period absent of contractions or electrical activity. Phase Il is characterized by
intermittent or random contractions lasting anywhere from 20 to 40 minutes.
Phase Il is the period of continuous peristaltic contractions of maximum
frequency \A;Hich clears the stomach of all residual material (i.e., the housekeeper
wave), and phase |V, a transition period between phase Il and phase | with
decreasing contractions (Gupta, 1990). A complete MMC cycle on average
ranges from 1.5 to 2 hours. The cycle may be interrupted during any phase by the
conversion of the stomach from a fasted to a fed state. The fed state, induced by
consumption of food and/or large volumes of liquid, is characterized by a
prolonged period of continuous contractions known as "proprandial motility" and
may continue for up to 8 hours depending on the type and amount of food

ingested (Gupta, 1990). The stomach relaxes as food enters precipitating gradual
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Figure3.1: A representation of typical motility patterns in the fasted and fed state in the dog.

(Reproduced from Liaw, J., et. al., 1990).
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peristaltic contractions which function to move contents toward the pyloric

sphinctor and to slowly break down large food particles. Food too large to empty
through the pylorus is retropulsed back into the stomach body for further size
reduction (Seeley, 1996).

Gastric emptying of liquids is proportional to the amount of liquid remaining in
the stomach, thus it follows first order kinetics (Gupta, 1990). When liquids are
administered while the stomach is in the fasted state, the MMC is affected only by
large volumes. With small volumes of 100 mi or less, the gastrointestinal
pressure gradient is insignificant in that the MMC will not be disrupted and
emptying will mostly occur during phase Il and/or phase Ill. When large volumes
of 150 ml or more are administered, an increase in pressure (i.e. distention) within
the proximal stomach is sensed. Therefore, the MMC is disrupted and
immediately converts the stomach into the fed state. Liquid emptying patterns
from the stomach are very important in that the absorption profile of an oral drug
may be altered. For example, a drug which is highly unstable within an acidic
gastric medium would see its absorption enhanced by a reduction in its gastric
retention time. By converting the stomach from fasted to a fed state, a large
portion of the drug would be quickly transferred into the small intestine, creating
an opportunity for greater drug stability and absorption enhancement.

Effervescent formulations provide a method for conversion of the stomach to
the "fed-like" state. In a recent study utilizing a cannulated dog model (Yassin,
1996), the rate of stomach discharge for small volumes (50 ml) of a carbonated
solution was compared to equal volumes of control and non-carbonated
solutions. The solutions were introduced into the animal's stomach while in the
fasted state. The rate of d_ischarge for the non-carbonated and control solutions

were consistent with previously reported findings by Gupta and Robinson (Gupta,
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1990). The non-effervescent and control solutions did not induce a pressure

gradient across the gastroduodenal junction, therefore, the stomach remained in

its relaxed state (phase ). The total volume discharged after 90 minutes for all

solutions was 20% higher; the increase is attributed to normal gastric and

pancreatic secretions. Three carbonated solutions (50 ml) with various degrees of

carbonation (Table 3.1) were tested as well. Figure 3.2 illustrates the solution

Table 3.1: Test solutions and amounts of effervescent mixture components utilized for
cannulated dog experiments. (Modified from Yassin, A.E., 1996).

—_— e ——

: Theoretical
. Sodium . Molar CO,
Test Solution Bicarbonate Citrzc )Aeid \z:tlc)er Concentration
(8) 8 (M)
Water — — 50
EFF I (control) 0.656 0.500 50 —
EFF 1 0.656 0.500 50 6.7 x 103
EFFII (control) 1.312 1.000 50 —
EFF I 1.312 1.000 50 1.33 x 102
EFF III (control) 1.968 1.500 50 -
EFF 11 1.968 1.500 50 2.00 x 102 “

with the lowest amount of carbonation (EFF 1) had discharge rates similar to the

non-carbonated water and control solutions. The other carbonated solutions, EFF

Il and EFF Ill, produced greater quantities of CO, and followed a completely
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Figure 3.2: Gastric emptying of 50 ml water, EFF I, and its control solution administered
during phase I in the fasted dog. * indicates significant difference (p < 0.01). (From
Eichman, J., et. al., 1997).
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different fluid discharge pattern when compared to controls (Figs. 3.3 and 3.4).

Both solutions discharged immediately after administration and most of the fluid
was emptied within the first 20 minutes. This pattern followed previously reported
findings for large volume solutions by Hinder et. al. (Hinder, 1977) and Gupta et.
al. (Gupta, 1990). The ty2 for EFF I, EFF Il, EFF Ill, which is the time at which half
of the administered volume is discharged, was 25.8, 7.4, and 7.2 min,,
respectively. When compared to the t12 (35 min.) for the non-carbonated water
solution and for the EFF |, EFF |l, EFF Il controls, 30.50, 33.00, and 27.10 min.,
respectively, EFF |l and EFF Il seemed to create enough COz in order to increase
the pressure within the stomach. This created a change in the motility pattern from
the fasted to "fed-like" state (i.e., pseudo-fed).

Therefore, intake of small volumes of a carbonated drug solution would mimic
the stomach discharge pattern for large volumes of a non-carbonated fluid. This
would be useful in obtaining prompt blood levels for pediatric and geriatric

patients when small fluid volumes are ingested.
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Figure 3.3: Gastric emptying of 50 ml of EFF II, and its control solution, administered
during phase I in the fasted dog. * indicates significant difference at p= 0.01. ° indicates
significant difference at p = 0.05. (From Eichman, J., et. al., 1997).
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Figure 3.4: Gastric emptying of 50 ml of EFF III and its control solution, administered
during phase I in the fasted dog. * indicates significant difference at p=0.01. °indicates
significant difference at p = 0.05. (From Eichman, J., et. al., 1997)




iIl. Intestinal Transit

The intestinal transit rate is the primary factor governing the amount of time a
dosage form has for drug release, dissolution, and absorption across a particular
intestinal segment. Segmentation and propulsion (e.g. peristalsis) are the
primary movements within the small intestine in which segmental contractions
function to mix intestinal contents while peristaltic waves move the food and liquid
down the intestinal tract at a rate of 1 to 2 cm/sec (Mayersohn, 1996). Peristaltic
activity corresponds to the fasted or fed state of the stomach, such that, after meal
ingestion, there is an increase in intestinal motility and secretion (Mayersohn,
1996). However, the small intestine is incapable of distinguishing between solids
and liquids, which have similar transit times (Ashford, 1994). The total transit time
for materials to travel from the duodenal cap to the ileo-cecal junction is = 2 to 4
hours (Davis, 1986; Gruber, 1987). After expulsion from the stomach, solids and
liquids rapidly move through the duodenum within 2 to 60 seconds (Parr, 1997)
leaving only a brief period for absorption across the primary absorptive region of
the gastrointestinal tract. Therefore, dissolution of a large percentage of drug
prior to transport through the duodenum is required for significant absorption.
Movement slows down through the jejunum and ileum segments, taking 2 to 4
hours, which allows an increase in absorption time but with substantially less
absorptive surface area (Parr, 1997).

The ileo-cecal junction regulates the movement of material from the small to
large intestine. The sphincter between the two organs is continuously kept under
a mild contractive state except to when it relaxes due to an incoming peristaltic

Wave initiated from the upper intestine (Seeley, 1996). The relaxed sphincter
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allows movement of material in only one direction, from the ileum into the large

intestine.

The primary function of the colon is water and electrolyte absorption, in
addition to storage of excrement prior to expulsion from the body. One may
associate these functions to a rather sluggish transit time of ~ 36 to 48 hours
(Webber, 1987). There are two types of contractions within the colon; propulsive
and segmental (i.e. haustrations). Propulsive contractions are weak and
associated with "bowel movements" that occur 3 to 4 times daily. Segmental
contractions produce bulges that give the intestine a "sac-like" appearance and
serve only to mix the luminal contents (Mayersohn, 1996). Colonic transit is
characterized by long periods of inactivity with only short lived bursts of activity
commonly associated with food ingestion.

Due to the long duration of transit within the large intestine, drug delivery to this
region has received substantial interest within the past two decades. Drugs
which need prolonged absorption times to obtain therapeutic blood
concentrations have been targeted to this region for possible absorption
enhancement.

Effervescent technology may provide better results in delivering certain
therapeutic agents dependent on intestinal transit rates. One possibility
previously mentioned in Chapter 2 is the effervescent effect on drug dissolution.
Since drug movement through the proximal portion of the gastrointestinal tract is
quite rapid, compounds with slow dissolution rates or limited solubility will not
have the potential to obtain a significant fraction of the dose absorbed across the
duodenal epithelium. Enhancement of dissolution rates via effervescence
production within the stomach would promote increased solubility leading to a

greater fraction of drug available for rapid absorption across the duodenum.
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Since effervescence converts the stomach to a "fed-like" state, there would

also be a reduction in small intestinal residence time for a drug delivery system.
This could be advantageous for oral peptide or protein drug delivery. The small
intestine contains a high concentration of enzymes compared to that of the colon.
Therefore, an increased transit rate through the small intestine would allow a
greater proportion of protein to elude enzymatic degradation in addition to
promoting faster absorption profiles from the colon. This concept could be
applied to a number of drug compounds whose absorption and/or stability is

limited within the upper gastrointestinal regions to that of the colon.
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. Mucus Stripping

Mucus is secreted as a fully hydrated viscoelastic gel which adheres to
biological surfaces including; mouth, ear, eye, nose, respiratory tract, vaginal
surface, and gastrointestinal tract. The primary function of mucus is to create a
barrier which protects epithelial cells from chemical and physical disruption. This
barrier also prevents the passage of bacterial and other harmful materials posing
as potential hazards for infection and/or precipitating an irﬁmunological response.
The main component of mucus creating the viscoelastic property is referred to as
mucin or glycoproteins. These glycoproteins range in MW from 2 x 105 to 10 x
106 and consist of carbohydrate side chains extending from a proteinacous core
(Allen, 1994). Protein cores of adjacent glycoproteins are connected by disulfide
bonds, producing blocks of linked glycoprotein molecules. Noncovalent bonding,
which is believed to consist of hydrogen bonds among the carbohydrate entities,
hold different complexes together, creating the viscoelastic gel (Allen, 1994).

Mucus is continuously produced via secretion of a variety of sourées which
include; intestinal goblet cells, stomach glands (fundic, cardiac, and pyloric), and
Brunner's glands within the duodenum (Allen, 1994). The major source of mucus
in the gastrointestinal tract are goblet cells. Goblet cells are found in both the
small and large intestines, where they increase in number from 25% of total
surface cells in the duodenum to 39% in the ileum and to 60% in the colon (Allen,
1994). Mucus undergoes proteolytic decomposition by enzymes within the
gastrointestinal tract. Since pepsin is capable of destroying nonglycosylated
glycoprotein gel within 20 minutes, secretion of mucin glycoprotein is necessary

in order to provide complete and continuous coverage of the intestinal epithelium.
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Chemicals may also stimulate or inhibit mucus production. These include;

acetylcholine, serotonin, atropine, and adrenergic agents among others.

The average mucus thickness lining the gastrointestinal tract in humans is
200pm, with a range anywhere from 5 to 400um (Allen, 1994). Mucus thickness
and turnover rate within the gastrointestinal tract is not uniform but varies
substantially depending upon physical, enzymatic, and/or chemical perturbance
of the layer.

Effervescence within the gastrointestinal tract may be viewed as a physical
disruption to the mucus layer. Production of carbon dioxide gas within the
stomach or intestinal lumen would create rapid bubbling near the mucus layer,
potentially decreasing its thickness or completely stripping the mucus gel from the
epithelium. If this occurs, one would expect intestinal goblet cells and Brunner's
glands to begin secretion of mucus to compensate for the loss. In the experiment
previously mentioned in the stomach emptying section, the total volume
discharged after administration of 50 m| of each solution was calculated. For the
control and non-carbonated solutions, the total volume discharged after 90
minutes was 20% higher and is attributed to normal gastric and pancreatic
secretions. EFF | solution did not vary in total volume discharge when compared
to 50 ml of water or its control solution. However, the higher carbonated
solutions, EFF Il and EFF 1ll, showed a significant increase in total discharge
volume, 89.74 ml and 97.40 ml respectively, when compared to a total of 60.0 mi
for their control solutions (Eichman, 1997). The average solids content (Table
3.2) was also obtained after freeze-drying of 20 ml samples which were taken
from total homogenate cannula discharge effluent 90 min. after administration.
The mean solids content obtained from EFF Il and EFF Ill were significantly

greater than their corresponding control solutions. Again, EFF | showed insignifi-



Table 3.2: Mean weight residues after freeze drying 20.0 ml samples taken from total

discharge. Modified from (Eichman, J., et. al., 1997)

Test Solution

Residue Weight (g)

Standard Deviation n

(x)

I
No Solution 0.375 0.019
EFF] (control) 0.439 0.036
EFF1 0.453 0.045
EFF I (control) 0.496 0.065
EFFII 0.673 0.041
EFF 11 (control) 0.542 0.053
EFFIII 0.874 0.071
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cant difference from its control (Eichman, 1997). These results may be explained

in terms of mechanical turbulence caused by CO, production. The turbulence
created by the bubbling action causes a thinning and/or stripping of mucus.
Additionally, alteration of the mucus layer will produce stimulation of mucus and
gastric secretions which may account for some of the increase in total discharge

volume and weight residues seen with EFF Il and EFF III.




Chapter 4: The Influence of Effervescence on Penetration

Enhancement

. Background

Effervescent dosage forms have the potential for increasing the amount of drug
transversing the gastrointestinal epithelium. The first indication of a penetration
enhancement effect was shown in a study examining oral caffeine absorption
from cold, hot, and effervescent solutions. As indicated in Figure 4.1, the time to
reach maximum (tmax) caffeine blood concentration (Chax) from the effervescent
solution was faster than the other two solutions. Tmax is @ pharmacokinetic
variable whose value can be obtained by equation 1. The value is independent
of a given dose but is dependent on the absorption and elimination rate

constants, ky and ke, respectively (Rowland, 1995; Shargel, 1993).

Ka
t = ——n (= 1
max ” (ke (1)

Therefore, the effervescent profile indicating a shorter tnax must be based on an
increase in the absorption rate constant. In other words, this type of profile is
indicative of a decline in the barrier properties associated with the gastrointestinal

epithelial monolayer. Other effervescent properties which must also be taken into
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consideration when examining this outcome are its effects on mucus stripping,

stomach emptying, fluid flow, and membrane hydrophobicity. Other drugs which
have been demonstrated to have shorter tmax values within effervescent
preparations include: amoxicillin, diflunisal, ranitidine, cimetidine, and ibuprofen
(Hatlebakk, 1996; Hespe, 1987; Luckow, 1992; Menzel, 1993; Nuernberg, 1989;
Watson, 1996). As an example, effervescent cimetidine reached an effective
therapeutic plasma concentration within 11 minutes, compared to 34 minutes for

a standard tablet preparation (Hatlebakk, 1996).

10

—J}—— Effervescent

Blood
Drug Level

Time (min)

Figure 4.1: Oral caffeine absorption from a cold, hot, and effervescent solution.




Effervescent formulations have also generated superior drug concentration

levels as indicated by greéter area under the curve (AUC) values obtained from
plasma concentration vs. time profiles than those of non-effervescent dosage
forms. The AUC is related to the total amount of drug absorbed into the systemic
circulation. This effect is exemplified by a study comparing the bioavailability of
disulfiram (Antabuse®) after oral administration of non-effervescent and
effervescent tablets. As indicated in Figure 4.2, the effervescent system
demonstrated superior bioavailability with no significant difference relating to tnax
values (Andersen, 1992). This type of profile may be attributed to contributions
from a buffering effect, increase in dissolution rate, and/or alteration of the
intestinal pH gradient. Examples of other drugs with similar profiles include:
propoxyphene, aspirin, and paracetamol (Petersen, 1982; Wagner, 1995).
Although studies have shown differences in bioavailability and other
pharmacokinetic parameters, most investigators have neglected to investigate the
exact reasons for differences obtained between effervescent and non-
effervescent dosage forms. Usually, the studies postulate that differences are due
to an increased dissolution rate or a buffering/solubility mechanism. The
following chépter will investigate the effect of effervescence on in-vitro and in-vivo
drug absorption on a variety of drug compounds which differ in size, structure,

and properties.
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Figure 4.2: Mean serum concentrations of a disulfiram metabolite, methyl
diethyldithiocarbamate (Me-DDC) after administration of Antabuse® effervescent or standard
tablets. Me-DDC is commonly used as a measurement of the relative bioavailability of
disulfiram. (Reproduced from Andesen, M.P., 1992)



I. Experimental

A. In-Vitro Permeability Studies

1. Materials

Unless otherwise noted, all chemicals were used as received and all solutions
were prepared with distilled deionized water (DDW) which had been run through
a Barnstead PCS water purification system (Sybron Corp., Boston, MA).

14C-Benzoic acid (22.0 mCi/mmol), 3H-polyethylene glycol (MW 900; 2.23
mCi/g), ®H-polyethylene glycol (MW 4000; 2.0 mCi/g), 3H-mannitol (22.5
mCi/mmol), 14C-caffeine (563.3 mCi/mmol), and 3H-tetracycline (1.0 mCi/mmol)
were purchased from Dupont NEN Research Products (Wilmington, DE). 14C-
Diazepam (55.0 mCi/mmol) was purchased from Amersham Life Sciences, Inc.
(Arlington Heights, IL). Benzoic acid, tetracycline, sodium phosphate monobasic,
and sodium‘pentobarbital were obtained from Sigma Chemical Company (St.
Louis, MO). Sodium phosphate dibasic was purchased from Fisher Scientific
Company (Fair Lawn, NJ). Sodium chloride (NaCl), mannitol, caffeine,
Polyethylene glycol 900 (PEG 900) were procured from Aldrich Chemical
Company, Inc. (Milwaukee, WI). Ethanol was obtained from Pharmco Products,
Inc. (Brookfield, CT). |



— AR

2. Solutions

Sorenson's phosphate buffer was used in all studies. Aliquots of sodium
phosphate monobasic (acid stock) and sodium phosphate dibasic (alkaline stock)
stock solutions were combined at a ratio of 70:30, respectively, to obtain pH 6.5
puffer. Solution pH was measured with an analog pH meter (Orion Research Inc.;
Model 301; Cambridge, MA) and was adjusted to 6.5 by addition of acid or
alkaline stock solution. Osmolarity was measured on a Wescor 5500 vapor
pressure osmometer (Wescor, Inc.; Logan, UT) and adjusted to 300 mOsm (+ 10
mOsm) with sodium chloride. Sodium phosphate buffer (pH 6.8; 300 mOsm) was
prepared in a similar fashion, in which the initial mixture of acid and alkaline stock
solutions was 50:50, respectively.

Separate buffer solutions containing a 0.15% (w/v) concentration of mannitol,
PEG 900, PEG 4000, caffeine, tetracycline, and benzoic acid were also
individually prepared by the method mentioned above

Radiolabeled 14C-benzoic acid, 3H-tetracycline, 3H-PEG 900, and 3H-PEG
4000 were received in solid form. 14C-benzoic acid was dissolved in 5.0 mi DDW
which led to a final stock concentration of 100 pCi/ml. 3H-PEG 900 and 3H-PEG
4000 were dissolved in 5.0 ml of a 3% ethanol/DDW solution, producing a 50
uCi/ml stock solution for each compound. 3H-tetracycline was dissolved in 5.0 mi
methanol producing a 50uCi/ml stock solution. 300 pl aliquots of tetracycline
stock were pipetted into microcentrifuge tubes and placed at -20°C until needed.

The other radioactive materials were obtained predissolved by the manufacturer.




3. Gastrointestinal Tissue Excision

Male Sprague-Dawley rats (Harlan Sprague-Dawley, Inc.; Madison, WI)
weighing 325 - 349 g and male albino New Zealand rabbits (Bakkom's Rabbitry,
viroqua, WI) weighing between 5.0 - 5.5 Ibs were maintained on an unrestricted
diet with standard caging facilities and a 12 hour light/dark cycle. The rats were
sacrificed by exposure to carbon dioxide. Rabbits were sacrificed by a 10 ml
injection of 5% sodium pentobarbital solution into a marginal ear vein. The
animal's abdominal wall was exposed and a surgical incision down the midline
was performed with a scalpel. An 8 to 10 cm intestinal segment was excised and
placed in ice cold saline. The epithelium was exposed via a longitudinal incision
along the mesenterium, washed with ice cold saline, and mounted into the

diffusion cell (see below).

4. Diffusion Cells

The diﬁ;s;ion cell (Figure 4.3; Jim's Instrument Manufacturing, Inc., lowa City,
IA; UW Machine Shop, Madison, WI) utilized in the experiments is a modification
of the cell described by Schoenwald and originally designed for corneal
permeability studies (Schoenwald, 1983). There are two acrylic cells, referred to
as the donor and receiver chambers, having circular indentions which allow
insertion of tissue holders between the two chambers. The tissue is impaled on
stainless steel spikes imbedded within the acrylic inserts which holds the tissue
firmly in place. The surface area exposed by the inserts ranges from 0.196 to

0.785 cm2 depending on experimental conditions and amount of available tissue.
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Figure 4.3: Illustration of the acrylic diffusion cell and insert used for in-vitro permeability
experiments. (Reproduced from Dowty, 1991).



When placed between the cell chambers, the insert is held firmly in position by

screw clamps which compress the chambers together.

The bathing buffer volume within the donor and receiver chambers may be
varied from 4.0 to 7.0 ml for experimental requirements and is kept at 37°C by a
circulating water jacket surrounding each chamber. Teflon washers coated with a
thin layer of silicon lubricant (Dow Corning high vacuum grease) are placed
between the insert and diffusion cell chambers, preventing buffer leakage. Gas
bubbles (95% Oz / 5% COy) or stirrers are used to mix the buffer solution within
each chamber. Stirrers, connected to an electrical 9 volt motor, may be inserted
through a cylindrical opening leading to a location near the tissue surface. The

paddles at the end of the stirrer rotate and effectively stir the solution.

5. Drug Permeability Studies

a. Stirrers

The diffusion cell mentioned above was utilized for drug permeability studies.
Rat or rabbit intestinal tissue (duodenum; ileum) was cleaned, mounted onto
acrylic inserts, and placed between the chambers with the mucosal surface facing
the donor chamber. 0.15% mannitol, benzoic acid, caffeine, tetracycline, PEG
900, and PEG 4000 donor buffer solutions (35 ml) were spiked with 3H-mannitol
(7.0 uCi), 14C-benzoic acid (7.5 pCi), 14C-caffeine (3.5 pCi), 3H-tetracycline (11.5
uCi), 3H-PEG 900 (12.0 pCi), 3H-PEG 4000 (10.0 pCi), respectively. 14C-
Diazepam (3.5 pCi) was placed in 35 ml pure buffer. The donor and receiver

solutions were prewarmed to 37°C at which time 7.0 ml of receiver buffer
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(duodenum: pH 6.5; ileum: pH 6.8) was inserted into its respective chamber with a

10 ml syringe followed by placement of an equivalent amount of donor solution
| (duodenum: pH 6.5; ileum: pH 6.8) into the donor chamber. The tissue surface
area exposed for the rat and rabbit permeability experiments were 0.196 cm? and
0.785 cm?2, respectively.

Electronically driven stirrers (Jim's Manufacturing, Inc., lowa City, |1A) were
placed in both chambers approximately 1.0 cm from the tissue surface. The
stirring rate was maintained by a control setting associated with a 9V motor
(Model Rectifier Corp., Edison, NJ).

Prior to initiation of the experiment, 1.0 ml of the donor stock solution was
collected and used to determine initial radioactivity concentration. At pre-
designated time points, 1.0 ml of receiver solution was withdrawn from the
receiver compartment and replaced with 1.0 mi of prewarmed non-radioactive
buffer. At the conclusion of each experiment, 1.0 ml samples were taken from
each donor chamber in order to ensure that solubility problems were not
encountered. Each sample was placed into a 20 ml scintillation vial and
combined with 10 ml Biosafe |l scinti!létion counting cocktail (Research
International, Mount Prospect, IL). The vial contents were shaken prior to
assaying for disintegrations per minute (dpm) on a single label quench correction
program utilizing the TriCarb 2000CA scintillation counter (Packard Instrument
Co., Downers Grove, IL). Upon conclusion of the experiment, the cells were
thoroughly cleaned with a surfactant solution, Radiacwash (Biodex Medical
Systems, Inc., Shirley, NY), preventing radioactive contamination between
experiments. After washing, a wipe-test was performed on each chamber to

ensure radioactive and background counts were at comparable levels.

.7,’
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Figure A.2 (Appendix A) depicts a typical permeability plot in which the

permeability coefficient, P, is calculated from the steady state slope , dC/dt, via the

equation:

A x Co \dt) @

where V = volume (7.0 ml), A = tissue surface area (0.196 or 0.785 cm?), and Co =
the initial concentration in the donor chamber (100%). An in depth analysis of a
typical permeability plot, including discussion of the time needed for a drug to
reach steady state permeability (i.e. lag time) across a membrane, is included in

Appendix A.

b. Carbon Dioxide

In carbon dioxide studies, the same procedure was utilized as previously
mentioned (see above) except for a few differences. First, a stirrer was placed
only in the receiver chamber. In the donor chamber, the stirrer was replaced with
a piece of thin rubber tubirig approximately 2 mm in diameter and situated = 1.0
cm from the tissue surface. The tube was slightly curved at the lower tip allowing
gas bubbles to directly contact the epithelium. The tube was connected via a
pipette tip to tygon tubing which was attached to two separate gas cylinders; pure
CO, and 95% O, / 5% CO2. The two gases were bubbled onto the tissue surface

at a rate which did not induce solution spillage from either chamber and was kept
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constant between experiments. In comparison to CO,, very minute quantities (<

3%) of 95% Oz /5% CO, was bubbled onto the tissue preventing tissue hypoxia.
The gas was bubbled onto the tissue surface at a slow enough rate so as not to
alter (reduce) the system's temperature (37°C). In other words, the temperature of
the gas outflowing from the cylinders quickly equilibrated to solution temperature

prior to initiating tissue contact.
c. Nitrogen

The same procedure was used as mentioned under the carbon dioxide section
(see above). The tubing leading to the tissue in the donor chamber was

connected to a nitrogen gas tank in addition to the 95% O» / 5% CO5 tank. The

bubbling rates were similar to those used in the CO, experiments.

B. In-Vivo Absorption Studies

1. Materials

Ketamine hydrochloride was obtained from Fort Dodge Laboratories, Inc. (Fort
Dodge, 1A). Xylazine was purchased from Phoenix Pharmaceuticals, Inc. (St.

Joseph, MO). Ethicon sterile non-absorbable surgical string (60 cm) was
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procured from Johnson & Johnson (Somerville, NJ). All chemicals were used as

received from the manufacturer.

2. Surgical Technique

Male Sprague-Dawley rats (Harlan Sprague-Dawley, Madison, WI) weighing
400 - 450 g were fasted for 20 to 24 hours with an unrestricted water supply prior
to each study. The rats were anesthetized with a 0.4 ml intramuscular injection
(IM) of ketamine (100 mg/ml) and xylazine (10 mg/ml) mixture with additional 0.1
ml IM injections every 30 to 45 minutes as necessary to maintain anesthesia. The
rat's body temperature was maintained at 37°C by a heating pad and monitored
with a rectal thermometer. All solutions were prewarmed to 37°C prior to each
perfusion study.

After induction of anesthesia , a midline incision was performed with a scalpel
blade exposing the inner organs. In experiments analyzing duodenum tissue
absorptlon an 8 cm duodenum segment was cannulated with tygon tubing. In
ileum peﬁus;on experiments, a 10 cm segment was cannulated ending 15 cm
proximal to the ileo-cecal valve. Both cannulation procedures were performed so
as to not inhibit circulation to the intestine. The intestinal segment was reinserted
into the abdominal cavity and the abdominal wall was sutured with Ethicon 45
mm non-absorbable surgical suture (Johnson & Johnson, Somerville, NJ) to
Prevent heat loss. Saran wrap was placed securely over the abdominal region to
further minimize loss of body heat. At the conclusion of the experiment, the rat

Was sacrificed via injection of 3.0 ml sodium pentobarbital directly into the heart.



3. Single-Pass Perfusion Studies

a. Without Carbon Dioxide

The cannulated segment was cleansed by perfusion of Sorenson's phosphate
buffer (duodenum: pH 6.5; ileum: pH 6.8; 300 mOsm) for 30 min. at a controlled
rate of = 0.5 ml/min. by a cassette perfusion pump (Monostat, Inc., New York, NY).
The drug solution, which was immediately perfused following the cleansing
buffer, contained 0.15% benzoic acid in isotonic Sorenson's buffer with the
addition of 5.0 pCi 4C-benzoic acid and 1.0 pCi 3H-polyethylene glycol (MW =
4000). The non-absorbable marker, 3H-PEG 4000, is used as an indicator of
water flux into and from the luminal cavity and is also necessary for % absorbed
calculations.

The radiolabeled solution was perfused once through the intestinal segment at
a constant rate of = 0.5 ml/min. with the resultant perfusate collected into
polethylene tubes over 15 min. intervals. One milliliter perfusate samples were
removed from the collecting tube, placed into a 20 ml scintillation vial, combined
with 10.0 ml of Biosafe Il scintillation cocktail, and shaken. The samples were
assayed for disintegrations per minute (dpm) utilizing a dual labeled quench
correcting program on the TriCarb 2000CA scintillation counter. The perfusate
PH and osmolarity were monitored in separate experiments utilizing the same

technique but with the exclusion of radiolabeled drugs.



p. Carbon Dioxide

The identical procedure was utilized in these experiments except that carbon
dioxide was bubbled (rate = 5.0 mi/min.) into the tygon tubing containing the
radiolabeled solution just prior to its entry into the proximal portion of the
cannulated segment.

The fraction of benzoic acid (BA) absorbed, Fa, from the perfusate was

calculated by the equation:

3)

where in = inlet concentration and out = outlet concentration. Absorption, in this
case, refers to the amount of benzoic acid disappearing from the perfusate due to
uptake into blood and drug binding to mucus or tissue components.

There was no indication of benzoic acid or PEG binding onto any of the
equipment utilized in the experiment (i.e. plastic tubing, collecting tubes,
scintillation vials). Possible binding to components was determined as follows: A
1.0 ml sample of a buffer solution containing 3H-PEG and 14C-benzoic acid was
read for initial concentration. The solution was placed in a plastic container and
perfused (= 0.5 mi/min.) through tygon tubing into polyethylene tubes. Samples
(1.0 ml) were analyzed for dpm's as to the procedure previously mentioned.
Results indicated that the activity of both drug substances was the same as the

initial sample and constant over time indicating the absence of drug binding.




il. Results and Discussion

A. In-Vitro Permeability Studies

1. Penetration Enhancement and Carbon Dioxide

For each experiment, the data are represented as the total amount of
radioactive drug transported from the donor to the receiver chamber as a percent
of total donor activity.

The purpose of these studies was to gain insight into the effect that carbonation
may pose on increasing drug permeability across small intestinal tissue. In-vitro
permeability studies are one of the primary methods used to determine solute flux
across animal tissue.

Initial studies focusing on benzoic acid tranéport across rat duodenal tissue
have been previously reported (Eichman, 1995). It was concluded that carbon
dioxide increased benzoic acid permeability but with inconclusive results as to
the mechanism(s) for this enhancement. In order to obtain a full understanding
for the potential of carbonation as a penetration enhancer, additional permeability
studies were required on a wide spectrum of drug compounds varying in both
chemical composition and molecular weight.

The drugs utilized in permeability experiments are illustrated in Figures 4.4
and 4.5. Results of these studies are shown in Figures 4.6 through 4.31. Overall
results are summarized in Table 4.1.

Each drug showed enhanced permeability across either rat or rabbit intestinal
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Figure 4.6: Effect of carbon dioxide bubbling on the permeability of mannitol
across rabbit ileum tissue in-vitro. Error bars represent SEM of 5to 6

experimental repetitions.
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Figure 4.7: Percent mannitol transported across rabbit ileum tissue in-vitro
depecting the steady state terminal slope. Number of experimental repetitions

= 5-6. Error bars = SEM.
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Figure 4.8: Mannitol permeability coefficients for in-vitro rabbit ileum diffusion cell studies.
Error bars represent standard deviation of 5-6 experimental repetitions.
* indicates significant difference (p < 0.0005).
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Figure 4.9: Effect of carbon dioxide bubbling on the permeability of tetracycline
across rabbit ileum tissue in-vitro. Error bars represent SEM of 3 to 4 experimental
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Figure 4.10: Percent tetracycline transported across rabbit ileum tissue in-vitro
depicting the steady state terminal slope. Number of experimental repetitions = 3-4.

Error = SEM.
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Figure 4.11: Tetracycline permeability coefficients for in-vitro rabbit ileum diffusion
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Figure 4.12: Effect of carbon dioxide bubbling on the permeability of caffeine
across rabbit ileum tissue in-vitro. Error bars represent standard deviation of 4
experimental repetitions.
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Figure 4.13: Percent caffeine transported across rabbit ileum tissue in-vitro
depicting the steady state terminal slope. Number of experimental repetitions
=4, Error bars = standard deviation.
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Figure 4.14: Effect of carbon dioxide bubbling on the permeability of benzoic ;
acid across rat duodenum tissue in-vitro. Error bars represent SEM of 4-5 ;
experimental repetitions.
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Figure 4.15: Percent benzoic acid transported across rat duodenum tissue in-vitro
depictingthe steady state terminal slope. Number of experimental repetitions = 4-5.
Error bars = SEM.
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Figure 4.16: Benzoic acid permeability coefficients for in-vitro rat duodenum
diffusion cell studies. Error bars represent standard deviation of 4 to 5
experimental repetitions. * indicates significant difference (p < 0.01).
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Figure 4.17: Effect of carbon dioxide bubbling on the permeability of benzoic
acid across rat ileum tissue in-vitro. Error bars represent SEM of 4-6

experimental repetitions.

2.5-

2] &

% Benzoic Acid Transported

[ | Stirrers

CO, (100 mY/min)

L I

60

—r
80

Time (min)

100

LA AR

120

140

Figure 4.18: Percent benzoic acid transported across rat ileum tissue in-vitro
depicting the steady state terminal slope. Number of experimental repetitions =

4-6. Error bars = SEM.
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Figure 4.19: Benzoic acid permeability coefficients for in-vitro rat ileum diffusion

cell studies. Error bars represent standard deviation of 4 to 6 experimental repetitions.
* indicates significant difference (p < 0.01).
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Figure 4.20: Effect of carbon dioxide bubbling on the permeability of benzoic
acid across rabbit ileum tissue in-vitro. Error bars represent SEM of 3-4
experimental repetitions.
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Figure 4.21: Percent benzoic acid transported across rabbit ileum tissue in-vitro

depicting the steady state terminal slope. Number of experimental repetitions =
3-4. Error bars = SEM.
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Figure 4.23: Effect of carbon dioxide bubbling on the permeability of diazepam
across rabbit ileum tissue in-vitro. Error bars represent SEM of 4 to 8 experimental
repetitions.
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Figure 4.24: Percent diazepam transported across rabbit ileum tissue in-vitro

depicting the steady state terminal slope. Number of experimental repetitions =
4-8. Error bars = SEM.
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Figure 4.25: Diazepam permeability coefficients for in-vitro rabbit ileum diffusion
Cell studies. Error bars re‘present standard deviation of 4 to 8 experimental repetitions.
* indicates significant difference (p <0.001).
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Figure 4.26: Effect of carbon dioxide bubbling on the permeability of PEG 900
across rabbit ileum tissue in-vitro. Error bars represent SEM of 3to 5
experimental repetitions.
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Figure 4.27: Percent PEG 900 transported across rabbit ileum tissue in-vitro
depicting the steady state terminal slope. Number of expenmental repetitions =
3-5. Error bars = SEM.
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Figure 4.28: PEG 900 permeability coefficients for in-vitro rabbit ileum diffusion
cell studies. Error bars represent standard deviation of 3 to 5 experimental repetitions.
* indicates significant difference (p < 0.001).
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Table_4.1: Summary of results from in-vitro permeability studies utilizing rat or rabbit

intestinal tissue.
Permeability Standard
Compound Tissue Experiment | Coefficient Deviation
(x 10-5 (x 10°5
cm/sec) cm/sec)
Stirrers 0.23 0.0197
Mannitol Rabbit [leum ’ .
COz 1.21 0.267
Stirrers 0.18 0.013
Tetracycline Rabbit Ileum .
COy 1.20 0.317
Stirrers 1.97 0.573
Caffeine Rabbit Ileum
COz 6.74* 0.811
RatDuodenum |  SUurrers 1.58 0.348
CO2 2.82* 0.605
Benzoic Acid RatIleum Stirrers 2.47 0.398
CcO, 8.88* 2.02
e Rabbit Ileum Stirrers 2.01 1.04
CO, 6.50* 1.35
Stirrers 3.12 0.849
‘Diazepam RabbitIleum .
COy 6.13 0.642
Stirrers 0.213 0.015
PEG 900 Rabbit [leum .
COy 0.747 0.130
Stirrers 0.115 0.011
PEG 4000 RabbitIleum
CO, 0.151 0.037

* denotes significant difference from stirrers (2-sample t-test, 95% confidence; p values listed
with previous graphs.
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tissue in the presence of carbonation as indicated by greater terminal steady state

slopes in the % transport vs. time profiles when compared to stirrer experiments.
The only exception was PEG 4000, the results of which will be discussed later
(see Chapter 5). The experimental outcomes can be potentially explained by a
number of effects induced by CO2 as a chemical entity within the solution and/or
bubble formation with subsequent tissue surface contact. The possible
explanations include: (1) a change in the pH tissue gradient; (2) a buffer effect; (3)
enhancement of solvent drag due to increased fluid flow; (4) thinning or complete
stripping of the mucus layer; (5) a disruptive effect on the epithelial barrier; and/or
(6) increased membrane hydrophobicity.

As indicated by Figure 4.32, the drugs with greater hydrophobicity; diazepam
(log Kow = 2.82), benzoic acid (log Kow = 1.87), and caffeine (log Komw = 0.00)
demonstrated higher permeability coefficients with experiments utilizing stirrers
and CO, when compared to their hydrophilic counterparts. This is expected due
to the large surface area available for partitioning into the hydrophobic
constituents of the cell membrane. The polar compounds: mannitol, PEG 900,
PEG 4000, and tetracycline are expected to achieve lower permeability rates due
to poor membrane partitioning. These compounds cross the epithelium primarily
by diffusion through the paracellular space, which occupies significantly less
absorptive surface area. Permeabilty coefficients obtained in stir experiments
were comparable to values previously obtained in other intestinal permeability
studies (Dowty, 1996).

However, when analyzing the extent of change between stirrer and
carbonation permeability coefficients for individual compounds (Figure 4.33,
Table 4.2), the hydrophilic drugs, mannitol and tetracycline, showed a larger

increase compared with their non-polar counterparts. This may indicate that the
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carbonating bubbles are inducing a structural change in the paracellular

pathway, creating new or widening pre-existing aqueous pores within the cell
membrane, and/or inducing a greater flux of solvent (i.e. solvent drag) across the
membrane leading 1o substantial permeability enhancement for the hydrophilic
compounds. PEG-900 and PEG-4000 are exceptions to these observations and
their deviations towards less of an enhancement effect will be discussed later in
greater detail (see Chapter 5).

it should also be noted that the donor and receiver solutions were monitored
for pH fluctuations during the time course of similar experiments without
radioactivity. Donor solution pH typically dropped 0.3 units while the pH of the
receiver solution remained relatively constant during the experiments indicating

relatively minor pH changes for each solution.
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Figure 4.32: Stir and carbon dioxide permeability coefficients for compounds utilized in
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Figure 4.33: Difference in in-vitro rabbit ileum drug permeability coefficients between
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was not significantly different.
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Table 4.2: Change in permeability coefficient between carbon dioxide and stir experiments

for compounds utilized with in-vitro rabbit ileum permeability studies.

Compound

Change in Permeability

Coefficient
_ (CO2/Stir)
Tetracycline 6.52
Mannitol 5.26 H
Caffeine 3.62
Benzoic Acid 3.23
Diazepam 1.96
PEG 900 3.62 “
PEG 4000 131*

* indicates the change was not significantly different (p > 0.5)
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2. Nitrogen Bubbling and Drug Permeability

The influence of nitrogen bubbling onto rabbit intestinal tissue is depicted in
Figures 4.34 to 4.43 with an overall summary of results listed in Table 4.3. The
results indicate that nitrogen induced an equivalent enhancement effect on
tetracycline, caffeine and benzoic acid permeabilities in comparison to CO2
bubbling. What is interesting to note is the biological effects of nitrogen. Nitrogen
is a hydrophobic gas like carbon dioxide, but does not influence cellular
processes. Both CO, and nitrogen are capable of being absorbed within and
across cell membranes, which could potentially impart increased hydrophobicity
to the cellular membrane. It may also be possible that the gases are creating a
hydrophobic micro-environment at the cell surface (see Chapter 2). Nitrogen is
incapable of influencing changes in intraceliular or extracellular pH, and,
therefore, one may conclude that the permeability enhancement effect due to
nitrogen is not the result of an alteration in solution or tissue pH. Since the
magnitude of permeability enhancement is similar to that of CO,, one may also
conclude that the mechanism(s) for CO2 enhancement do not involve issues

relating to pH.
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Figure 4.34: Effect of nitrogen bubbling on the permeability of benzoic acid
across rabbit ileum tissue in-vitro. Error bars represent SEM of 3 to 4
experimental repetitions.
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Figure 4.35: Percent benzoic acid transported across rabbit ileum tissue in-vitro
depicting the steady state terminal slope. Number of experimental repetitions
=3 to 4. Error bars = SEM.
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Figure 4.37: Effect of nitrogen bubbling on the permeability of caffeine across
rabbit ileum tissue in-vitro. Error bars represent standard deviation of 4

experimental repetitions.
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Figure 4.38: Percent caffeine transported across rabbit ileum tissue in-vitro

depicting the steady state terminal slope. Number of experimental repetitions =
4. Error bars represent standard deviation.
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Figure 4.39: Comparison of caffeine in-vitro rabbit ileum permeability coefficients for
nitrogen, carbon dioxide, and stirrer experiments. Error bars represent standard

) deviation of 4 experimental repetitions. * and ** indicate significant difference for

. carbon dioxide (p < 0.0002) and nitrogen (p < 0.0005), respectively, when compared to
strrers.
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Figure 4.40: Effect of nitrogen bubbling on the permeability of tetracycline
across rabbit ileum tissue in-vitro. Error bars represent SEM of 3 to 4

experimental repetitions.
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Figure 4.41: Percent tetracycline transported across rabbit ileum tissue in-vitro
depicting the steady state terminal slope. Number of experimental repetitions =3

to 4. Error bars represent SEM.
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Figure 4.42: Comparison of tetracycline in-vitro rabbit ileum permeability coefficients
for nitrogen, carbon dioxide, and stirrer experiments. Error bars represent standard
deviation of 3 to 4 experimental repetitions. * and ** indicate significant difference for
Cgrbon dioxide (p < 0.002) and nitrogen (p < 0.002), respectively, when compared to
stirrers.
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Table 4.3: Effect of nitrogen bubbling on in-vitro permeability of tetracycline, caffeine, and
benzoic acid across rabbit ileum tissue,

Compound

Tetracycline

Experiment

B e R —

Permeability
Coefficient

(x 10-5 cm/sec)

Standard
Deviation

(x 10-5 cm/sec)

Stirrers
CO,
Nitrogen

0.18
1.20
1.23

0.013
0.317
0.377

Benzoic Acid
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3. Bubbling Rate

The rate of CO2 bubbling onto rabbit ileum tissue was reduced by 10- and 100-
fold from the initial experimental rate (100 mi/min.) to determine if there was a
corresponding reduction in permeability enhancement. Figures 4.44 through
4.49 depict the effects of the bubbling rates (1, 10, and 100 mi/min.) on PEG 900
and diazepam permeability. A summary of the results is in Table 4.4.

PEG 900 permeability was not affected by a reduction in bubbling rate to 10
mi/min. Comparison of PEG 900 permeability coefficient values obtained with the
100 mi/min. and 10 mi/min. rates were found not to be significantly different (p >
0.05). However, a decrease in permeability was observed with further reduction
in CO» bubbling to 1.0 ml/min. The permeability coefficient value fell to levels
between that obtained for stirrer and the higher bubbling rates (10 and 100
mi/min.).

PEG 900 is a hydrophilic drug and is commonly utilized as a marker for
passive diffusion through the paracellular space (Ghandehari, 1997; Ma, 1993).
Since the influence of gas bubbling on permeability enhancement does not
involve alterations in pH, the remaining possibilities include: (1) fluid flow; (2)
stripping of the mucus layer; (3) membrane alteration; and (4) change in
membrane hydrophobicity. Thinning or stripping of the mucus layer would reduce
the diffusive barrier for a drug but would not influence the rate of drug
permeability. The concept of fluid flow may be applicable in that an increase in
solvent drag due to enhanced molecular velocities or pressure gradients could
increase drug penetration across the tissue. PEG 900, as mentioned previously,
Is a polar drug whose flux across the cell membrane bilayer is minimal. An

increase in membrane hydrophobicity would decrease the likelihood for PEG
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Figure 4.44: Effect of the rate of carbon dioxide bubbling on the permeability of
PEG 900 across rabbit ileum tissue in-vitro. Error bars represent SEM of 3 to 5

experimental repetitions.
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Figure 4.45: Percent PEG 900 transported across rabbit ileum tissue in-vitro as
influenced by changes in carbon dioxide bubbling rate with illustration of the steady
state terminal slope. Number of experimental repetitions = 3-5. Error bars = SEM.

i ST R

T S




137

10.0

Permeability Coefficient (x 10 *6 cm/sec)

Stirrers

=,

Carbon Dioxide (100 ml/min)
Carbon Dioxide (10 ml/min)
Carbon Dioxide (1.0 ml/min)

Figure 4.46: In-vitro rabbit ileum permeability coefficients for PEG 900 as
influenced by the rate of carbon dioxide bubbling. Error bars represent SEM of 3
to 5 experimental repetitions. * indicates significant difference (p < 0.006) from
stirrer experiments. ** denotes significant difference from stirrer (p<0.03) and
higher carbon dioxide bubbling rate (p < 0.02) experiments.
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Figure 4.47: Effect of the rate of carbon dioxide bubbling on the permeability of
diazepam across rabbit ileum tissue in-vitro. Error bars represent SEM of 3 to 8

experimental repetitions.
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Figure 4.48: Percent diazepam transported across rabbit ileum tissue in-vitro as
influenced by changes in carbon dioxide bubbling rate with illustration of the
steady state terminal slope. Number of experimental repetitions = 3-8. Error

bars = SEM.
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Figure 4.49: In-vitro rabbit ileum permeability coefficients for diazepam as influenced
by the rate of carbon dioxide bubbling. Error bars represent standard deviation of 3 to
8 experimental repetitions. * denotes significant difference from stirrer (p < 0.0005)
and 1.0 ml/min carbon dioxide (p < 0.002) experiments. ** indicates significant
difference from stirrer (p < 0.02) and 1.0 ml/min carbon dioxide (p < 0.01) studies.



Table_4.4: Overall summary of the PEG 900 and diazepam permeability coefficients
obtained from altering the rate of carbon dioxide bubbling onto rabbit ileum tissue.

Permeability Standard
Coefficient Deviation

Compound Experiment (x 105 cm/sec) | (x 105 cm/sec)

Stirrers
CO3 (100 ml/min)
PEG 900
CO3 (10 ml/min)

CO;3 (1.0 ml/min)

Stirrers
CO;3 (100 ml/min)
Diazepam
CO (10 ml/min)

CO3 (1.0 ml/min)

* significant difference (p < 0.006) from stirrers.

t significant difference from stirrers (p < 0.03) and higher CO2 bubbling rates (p < 0.02).
(a) significant difference from stirrers (p < 0.02).

(b) significant difference (p <0.01) from higher CO2 bubbling rates.
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900 penetration into the lipid bilayer even further than compared to normal

conditions. Therefore, an enhancement of membrane hydrophobicity is not a
reasonable argument for the increased permeability rate for hydrophilic drugs.

The bubbles may impart a mechanical disruptive effect on the epithelial
monolayer. Two effects on the epithelium are possible (see Figure 5.1). First, the
tight junction, which is the rate limiting constituent of the paracellular pathway,
may be disrupted (i.e. loosened), inducing an increase of its pore diameter. This
would enable not only larger drug molecules to diffuse across the cell monolayer
but would also enhance permeability of all hydrophilic molecules due to an
increased absorptive surface area available for diffusion. Bubbling may also
mechanically induce cell membrane alterations by creating aqueous pores due to
protein/phospholipid leaching from the lipid bilayer and/or enlarging pre-existing
membrane pores. These two mechanisms would create an environment which
would allow a greater chance for hydrophilic drugs to traverse the membrane in
more substantial quantity.

A reduction in PEG 900 permeability in the presence of a low CO, bubbling
rate (1.0 ml/min.) leads to conclusions that it may be associated with a decrease
in mechaﬁical disruption imparted on the paracellular path and/or cell membrane
due to lower levels of bubbling, imparting less turbulence on the epithelial
surface. It may also in part be explained by reduced flow velocities and pin-point
pressure gradients across the epithelium.

Diazepam permeability also was not reduced with a decrease in CO, bubbling
to 10 mi/min. Diazepam permeability coefficient values for bubbling rates of 100
and 10 ml/min., were found not to be significantly different (p > 0.05). With a 100-
fold rate reduction to 1.0 mi/min., diazepam permeability returned to levels

equivalent to stirrer experiments.
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Diazepam is used as a transcellular marker probe (Cogburn, 1991).

Therefore, one would expect it to cross the epithelium by partitioning into the cell
membrane with limited absorption through cellular pores or the paracellular
pathway. At higher levels of CO; bubbling, 10 and 100 ml/min., the majority of
diazepam's enhanced permeability could be accounted for as due to an increase
in membrane hydrophobicity from CO, permeation into the membrane. The
enhanced permeability could also be accounted for via increased diffusion
through the disrupted epithelium (i.e. enlarged or newly created membrane
pores, tight junction opening). Lipophilic drugs have the tendency to partition into
hydrophobic environments rather than stay within a hydrophilic medium (e.g.
water). Therefore, one would expect enhancement through the water pathways to
be limited.

At the 1.0 ml/min. bubbling rate, reduction of diazepam permeability to stirrer
levels is probably due to the reduced availability for CO, membrane
incorporation. As a result, diazepam would partition into the cell membrane at
similar rates to normal conditions. The possibility for enhancement due to higher
fluid velocity or induction of membrane pressure gradients would also diminish

due to the decreased rate of bubble production.




il. In-Vivo Perfusion Studies

Results of benzoic acid in-vivo absorption studies are shown in Figures 4.50
and 4.51. The main objective of these studies was to correlate the in-vitro CO2
penetration enhancement effects to in-vivo animal studies. The results indicated
that CO2 induced greater benzoic acid absorption in rat duodenum and ileum
tissue, verifying the findings associated with the in-vitro experiments. Under
experimental conditions, in which buffer pH values were either 6.5 or 6.8,
depending upon the origin of the intestinal tissue, greater than 99% of the
benzoic acid molecules will be negatively charged, conferring a greater
hydrophilicity to the molecule. However, the in-vitro experiments indicated a high
permeability rate, which would correspond to benzoic acid still being able to
partition into the cell membrane. Therefore, thre mechanism(s) for enhanced
benzoic acid absorption by CO2 could be due either to an effect on the cell
membrane and/or the paracellular space in addition to increased fluid flow,

membrane hydrophobicity, or mucus disruption.
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Figure 4.50: Percent benzoic acid absorbed from in-vivo single-pass perfusion

of rat duodenum with and without carbon dioxide gas bubbling. Error bars represent
standard deviation of 3 experimental repetitions. * denotes significant difference

(p <0.05). Carbon dioxide bubbling rate ~ 5.0 ml/min.
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© Figure 4.51: Percent benzoic acid absorbed from in-vivo single-pass perfusion

of rat ileum with an without carbon dioxide gas bubbling. Error bars represent
standard deviation of 4 to 7 experimental repetitions. * denotes significant
difference (p < 0.05). Carbon dioxide bubbling rate = 5.0 ml/min.
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Chapter 5: Mechanistic Studies on Penetration Enhancement

Through Effervescence

. Background

The mechanisms by which absorption enhancers improve drug permeability
across intestinal epithelium has been the focus of numerous studies in the past
two decades. It is postulated that penetration enhancers exert their biological
effect(s) in a variety of ways including: (1) reducing the mucosal layer thickness
and/or viscosity, (2) tight junction alteration; (3) inducing a change in cell
membrane structure; and (4) increasing the hydrophobic environment within the
cellular membrane (Lee, 1991c¢).

The large surface area and hydrophobicity of cellular membranes create an
environment in which lipophilic compounds tend to be absorbed across the
intestinal epithelium without much difficulty due to rapid partitioning. The primary
obstacles limiting their absorption are diffusion through the hydrophilic mucus
layer and obtaining adequate drug dissolution (Rahman, 1986). Therefore, the
majority of penetration enhancer studies are concerned with determining the
mechanism for enhanced absorption of polar molecules, which are primarily
transported via passive diffusion through the paracellular space.

Techniques used to study drug transport via the paracellular route include
qualitative and quantitative methodologies. A quantitative measure of
pPermeability alteration incurred through penetration enhancer disruption is
commonly obtained by transport experiments utilizing hydrophilic marker

molecules. These probes (e.g. mannitol, PEGs) have been shown to permeate



intestinal epithelium via the paracellular pathway (Krugliak, 1989; Ma, 1990; Ma,

1993). An increase in marker flux is suggestive of an effect on the paracellular
pathway, but is not conclusive due to the fact that there may also be changes
within the transcellular pathway as well.

Transepithelial electrical resistance (TEER) is a common technique used to
provide a qualitative measure of tissue tightness in which changes in ion flux
across intestinal membranes are often correlated with a structural transformation
of the paracellular pathway, but may also be due to changes within the
transcellular route. Numerous studies have shown that a decrease in TEER is
commonly associated with increases in hydrophilic marker permeability due to
changes with the intercellular space (Noach, 1993; Sawada, 1991; Tomita, 1995;
Yamashita, 1985).

Another qualitative method occasionally used is histological visualization by
microscopy. Electron microscopy has been utilized as a method to study
alterations within the intestinal monolayer. Histological techniques are
advantageous in that they provide a macroscopic view of the tissue prior to and
after exposure to a penetration enhancer. However, one needs to be cautious
when analyziné these pictures due to investigator subjectivity in addition to the
fact that the tissue has been chemically fixed, which may lead to artificial
alterations as demonstrated by Van Deurs and Luft (Van Deurs, 1979). Other
types of microscopy which have been utilized include fluorescent and confocal
laser scanning microscopy.

In terms of studying drug transport via the transcellular pathway, various
methods are used, including cell membrane fluidity. An increase in membrane
fluidity is indicative of a conformational change within the membrane bilayer. This

alteration may be induced by incorporation of large molecular substances into the
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bilayer or by destabilizing effects such as leaching of membrane proteins and/or

phospholipids. Fluorescent spectroscopy is commonly used to measure changes
in membrane fluidity through incorporation of fluorescent probes into the
membrane with subsequent exposure to an absorption enhancer. An increase in
fluidity is commonly associated with greater hydrophilic drug flux (LeCluyse,
1991; Morrow, 1986). Other methods utilized for determination of membrane
fluidity include: Fourier infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), and electron spin resonance spectroscopy (ESR). A major
problem in using these techniques is that they are primarily used to investigate
membrane organization within brush border membrane vesicles or cell
suspensions. While these experiments are informative as to possible
mechanisms for enhanced drug permeability, it is difficult to correlate these
results with those one would obtain in experiments utilizing a monolayer of
confluent cells.

Cell membrane integrity may also be associated with the release of proteins,
intracellular enzymes, and membrane-bound enzymes. Increased levels of these
molecules are indicative of the level of membrane perturbation, irritation, and
damage sustained by the epithelium and have been associated with enhanced
drug absorption (Hosoya, 1994; Swenson, 1994).

When investigating the mechanism(s) of drug permeability enhancement due
to an absorption promoter, it is necessary to incorpdrate a number of
experimental techniques which examine the effect on both the paracellular and
transcellular pathways. Elucidation of the effects on only one pathway may
potentially lead to erroneous conclusions. The potential mechanism(s) by which
CO, bubbling may enhance drug permeability due to epithelial disruption is

shown in Figure 5.1.
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il. Experimental

A. MTT Tissue Viability

1. Background

MTT is a water-soluble tetrazolium salt that forms a yellow solution with the
addition of phosphate buffered saline, pH 6.5. In the presence of dehydrogenase
enzymes, dissolved MTT is converted to an insoluble purple formazan moiety.
Formazan formation occurs due to cleavage of the tetrazolium ring by

dehydrogenase enzymes:

mitochondrial
MTT — Formazan
(yellow) dehydrogenase (purple)

The water-insoluble purple formazan is thus solubilized using appropriate
solvents (i.e. isopropanol) and the absorbance as a function of converted dye is
spectrophotometrically measured at 570 nm.

Viable cells contain active mitochondrial dehydrogenase which can cause the
conversion of MTT to the insoluble formazan. Non-viable cells do not contain the
active enzyme, and, therefore, are unable to convert MTT to formazan. The MTT
assay has been utilized as a useful technique for measurement of cell viability
and cytotoxicity upon exposure to various substances (Carmichael, 1987, Grant,
1994; Lappalainen, 1_994).
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2. Materials

MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Thiazolyl
blue) was purchased from Sigma Chemical Company (St. Louis, MO). Isopropyl
alcohol, 99.0%, was purchased from Spectrum Chemical Mfg. Corp. (Gardena,

CA). Unless otherwise stated, all reagents were used as received.

3. Solutions

MTT stock solution (5 mg/ml) was prepared by dissolving 80 mg MTT in 16.0 ml
phosphate buffered saline (pH 6.5). A fresh solution was prepared prior to the
initiation of each experiment. A 0.04 N HCl/isopropanol solution was prepared by
adding 0.4 ml of concentrated hydrochloric acid (10.15 N) to 100 ml isopropyl

alcohol.

4. Assay Procedure

The procedure used in this section is a modification of the methodology
followed by Lappalainen (Lappalainen, 1994). Rat duodenal segments were
prepared for tissue mounting onto diffusion cell inserts and placed within the
diffusion cell as previously described (see Chapter 4). Donor and receiver
solutions and quantities (7.0 ml) were used as described in Chapter 4 under the
in-vitro permeability section, except that there was no drug concentration within

the donor solution. Also, stirrers were not present within the chambers. At
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preselected times (10 min., 20 min., 60 min., and 120 min.) following tissue

contact with the donor and receiver solutions, the tissue insert was removed from
the diffusion cell. The tissue area exposed to the buffer (surface area = 0.785
cm2) was cut from the center of the tissue holder, blotted dry, and weighed on a
Mettler AE 200 balance (Mettler Instrument Corp., Hightstown, NJ). The tissue
was placed within a glass test tube and 1.0 ml of MTT stock solution was added.
The tube was placed in a 25 0°C water bath for 30 minutes, at which time, the
tissue was removed and blotted to remove excess dye. Cold saline was used to
rinse any residual dye. The tissue was placed in a clean test tube with 1.0 ml
0.04 N HCl/isopropanol solution, capped, and shaken in a 25.0°C water bath for
30 minutes. The solution was then removed, placed into a clean tube, and
capped to prevent evaporation. 100 pi of the solution was removed and placed
into a cuvette and subsequently diluted with 1.0 ml isopropyi alcohol. The cuvette
was capped and inverted for complete mixing and scanned at 570 nm using a
Hitachi U-3000 spectrophotometer (Hitachi Instruments, Inc., Naperville, IL)
utilizing isopropanol as reference.

The procedure followed is the same upon tissue exposure to carbon dioxide
bubbling except a tube connected to a pure CO2 and a 95%02/5%CO2 gas
cylinder was placed = 1.0 cm from the tissue surface in the donor chamber. CO2
bubbling onto the epithelial surface was continuous at the rate of 100 mi/min. until

time for tissue removal.
B. Membrane Perturbation/Damage

The in-vivo single-pass perfusion experimental set up previously described

(see Chapter 4) was used for all membrane perturbation and damage studies.
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However, these experiments utilized pure phosphate buffer (pH 6.8; = 300 mQOsm)

without radioactivity or cold drug concentration. The buffer was perfused through
a 10 cm rat ileum segment at a rate of 0.4 to 0.5 mi/min. with the and perfusate
collected over pre-designated time intervals. The samples were assayed via
protocols specific for each individual substance.

For positive control experiments, a 1.25% sodium deoxycholate (Sigma
Chemical Co., St. Louis, MO) solution (pH 6.8; = 300 mOsm) was prepared and

used as the perfusate.

1. Lactate Dehydrogenase
a. Background

Lactate dehydrogenase (LDH) is a cytosolic enzyme found in a variety of body
tissues (i.e. heart, liver, etc.) and also within epithelial cells lining the intestinal
tract. Itis permeanently located in the cytosol due to its inability to traverse or leak
across the cell membrane. A variety of studies have used LDH as a biochemical
marker for epithelial cell wall damage (Pujara, 1995; Swenson, 1994).

LDH catalyzes thé interconversion of lactic acid to pyruvate via utilization of

coenzyme NAD* for hydrogen transfer:

CHa LDH (I3Ha
H—(:}—OH 4+ NAD" «——— ?:O + NADH + H'
COOH COOH

Lactate Pyruvate

g
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The formation of reduced nicotinamide adenine dinucleotide (NADH) produces

an increase in absorbance at 340 nm which is directly proportional to the amount

of LDH activity within the sample.

b. Assay Procedure

The samples were individually assayed for lactate dehydrogenase activity
following procedural guidelines outlined in the LDH enzyme kit (Sigma Chemical
Company, St. Louis, MO). The samples were read utilizing a Hitachi U-3000
spectrophotometer (Hitachi Instruments, Inc., Naperville, IL) connected to a
temperature controlled cuvette water bath. The assay was run at 30.0°C with
distilled deionized water (DDW) as reference. One ml of LDH reagent (50 mmolA
lactate, 7 mmol/l NAD, in pH 8.9 buffer; éupplied by Sigma Chemical Co.) was
placed into a cuvette and warmed to 30.0°C. A 50 pl perfusate sample was
added to the cuvette which was then capped and thoroughly mixed by inversion.
The cuvette was placed into a prewarmed (30.0°C) cuvette compartment for 30
seconds, at which time, the absorbance was read and assigned the initial
reading. The absorbance was recorded at 30 and 60 seconds past the initial
reading with the 60 second absorbance reading corresponding to the final value.
The difference between the initial and final values indicates the change in
absorbance per minute (AA/min). LDH activity in units per liter was determined
via the equation:

(AA/min) (TV) (1000)

LDH Activity (UL) = 4
(6.22) (SV) (LP)
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where TV = total reaction volume (1.05 ml), SV = sample volume (0.05 mi), 6.22 =

mM NADH absorptivity at 340 nm, LP = lightpath (1.0 cm), and 1000 = conversion
factor.

2. 5'-Nucleotidase

a. Background

5'-Nucleotidase (5'-ND) is a cell membrane-bound enzyme located within a
variety of tissues including intestinal and nasal epithelium. 5'-ND denotes a
group of enzymes which hydrolyze 5'-nucleotides (e.g. adenosine 5-
monophosphate) to nucleosides. Arkesteijn developed an enzyme kinetic
method measuring nucleoside production due to the hydrolytic activity of the
enzyme on 5'-nucleotides (Arkesteijn, 1976). This method involves the following

reactions:

5'-ND
AMP >  Adenosine + P;

ADA
Adenosine - Inosine + Ammonia

GLDH
Ammonia + 2-Oxoglutarate + NADH » |-Glutamate + NAD*
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in which adenosine monophosphate (AMP) is hydrolyzed to yield adenosine and

inorganic phosphorus (P;). Adenosine deaminase (ADA) deaminates adenosine
to form inosine and ammonia. L-glutamate dehydrogenase (GLDH) catalyzes the
reaction between ammonia and 2-oxoglutarate with NADH to form glutamate and
NAD+. Therefore, the rate of NAD*+ production results in a decrease in
absorbance at 340 nm, which is directly proportional to 5'-ND activity in the

sample.

b. Assay Procedure

Perfusate samples were individually assayed for 5'-ND activity following the
procedures outlined in the 5'-ND diagnostic enzyme kit (Procedure No. 265-UV,
Sigma Chemical Co.; St. Louis, MO).

5'-ND reagent supplied by Sigma Chemical Co. was reconstituted with 15 ml

DDW leading to the following concentration of ingredients:

~ AMP 32. mM
NADH 0.2mM
2-oxoglutarate 3.7mM
GLDH 11,000 UL
ADA 400 UL

The perfusate samples were read on a Hitachi U-3000 spectrophotometer
(Hitachi Instruments, Inc., Naperville, IL) with a temperature controlled cuvette

chamber. The assay was performed at 30.0°C utilizing DDW as the reference.
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Three ml of 5'-ND reagent was placed in a cuvette and brought to 30.0°C via

placement in a water bath. A 20 pl perfusate sample was added to the cuvette
and mixed by inversion. The cuvette was subsequently placed into the cuvette
compartment for 5 minutes , at which time, the initial reading (l) was recorded.
The final absorbance value (F) was recorded 5 minutes later. The difference
between | and F indicated the absorbance change per minute (AA/min.). 5'-ND

activity in unitsfiter (U/L) was calculated by the equation:

(AA /min )(V)(1000)

5'-ND activy (U/L) = “=eoorene) (5)

where V = total reaction volume, SV = sample volume (0.02 pl), 6.22 = mM NADH
absorptivity at 340 nm, 5 = conversion of AA/Smin to AA/min, and 1000 =

conversion factor.

i

3. Total Protein Release
a. Materials

A micro-protein determination kit, procedure number 690, was purchased from
Sigma Chemical Co. (St. Louis, MO) and was stored at 2-6°C. NaCl was
obtained from Aldrich Chemical Co. (Milwaukee, WI). Unless otherwise noted, all
chemicals were used as received and solutions were prepared with distilled

deionized water (DDW) run through a Barnstead PCS water purification system.
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b. Solutions

The micro protein determination kit contained Biuret Reagent (cupric sulfate
0.75 mM and sodium hydroxide 94.0 mM), Folin and Ciocalteu's Reagent, protein
standard (bovine albumin 10 g/di, sodium azide 0.5% in 0.85% NaCl). 0.85%
sodium chloride solution was prepared by dissolving 850 mg NaCl in 500 ml
DDW.

c. Assay Procedure

The procedure utilized is a modification of the Ohnishi and Barr method and is
only sensitive to final protein concentrations between 15 and 100 mg/dl (Ohnishi,
1978). A calibration curve plotting absorbance at 730 nm vs. total protein
concentration (mg/dl) was obtained prior to determination of protein levels within
the sampies.

0.2 ml of each perfusate sample and a blank consisting of 0.85% NaCl (0.2 ml)
were placed in separate prewashed test tubes. Biuret Reagent (2.2 ml) was then
added to each tube. After mixing, the tubes were allowed to stand at room
temperature (25°C) for 10 minutes, at which time, 0.1 mi Folin and Ciocalteu's
Phenol Reagent was added to each tube and mixed. After standing at room
temperature for 30 min., the absorbance for each solution was read at 730 nm
using a DMS 300 Spectrophotometer (Varien Techtron, Australia). The blank
was utilized as the reference and protein concentration determined from the

calibration curve.




Cc. Paracellular Marker Permeability Studies

The materials, solutions, and procedures utilized in this section correspond to

the studies previously outlined in Chapter 4 under in-vitro permeability studies.

D. Penetration Enhancer Permeability Studies

1. Materials, Solutions, and Procedure

Ethylenediaminetetraacetic acid (EDTA; Sigma Chemical Co., St. Louis, MO)
was dissolved in Sorenson's phosphate buffer containing 0.15% mannitol to
obtain 1.0 and 2.5 mM EDTA solutions. Solution pH was adjusted to 6.8 and
made isotonic (300 mOsm) by addition of NaCl. This solution was used as the
donor solution for in-vitro rabbit ileum permeability studies as previously

summarized (see Chapter 4).

E. Electrophysiology

1. Electrode Preparation:

Electrodes were prepared from silver wire (1.0 mm diameter, 99.9% pure,

Aldrich, Milwaukee, WI), which was cut into 6.5 cm lengths. The electrodes were
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cleaned by sandpaper abrasion, placed in concentrated HCI (EM Science,

Gibbstown, NJ) for 1.0 hour, and thoroughly rinsed with DDW. A layer of
insoluble AgCl salt was then plated onto the wire by direct current application of =
0.270 mA via a dc power supply (BK Precision, Chicago, IL) for 6 hours in 0.5 M
KCl. The Ag/AgCl electrode pairs were short-circuited in 0.9% NaCl while being
stored in darkness for 24 hours. Prior to and after experiments, the electrodes
were tested for symmetry. Only pairs which had potential differences of 0.0 mV

(Micronta digital multimeter, Radio Shack) were used.

2. Resistance Measurements:

As described in Chapter 4, rat duodenum tissue was extracted, cleaned, and
mounted within a diffusion cell. The donor and receiver solutions consisted of
Sorenson's phosphate buffer (pH 6.5, = 300 mOsm) without inclusion of drug
within the donor solution and were prepared as outlined in Chapter 4.

Two pairs of Ag/AgCl electrodes were used as sensing devices as illustrated in
Figure 5.2. The inner pair of electrodes were situated =~ 1.0 cm from the tissue
surface. At pre-designated time points, current (I) was applied via a dc power
supply (Hewlett Packard, Palo Alto, CA) across the membrane in a stepwise
fashion from 0.0 to 15.0 pA in 5.0 pA intervals and the potential difference (V)
measured. The time to complete measurement was between 20 to 30 seconds
for each time point. At the completion of each time point, the resistance (R) was

calculated via Ohm's Law:

V =I1xR (6)




.

161
in which the slope of V vs. | corresponds to R.

A background correction is necessary due to solution resistance between the
sensing electrodes and membrane. This correction was calculated at the
conclusion of each experiment in which the diffusion cell setup was used without
tissue separating the donor and receiver chambers. The true membrane
resistance was calculated by the difference between the two resistance values,

with and without tissue, at each time point.

Speas -
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Tissue Diffusion Cell

Figure 5.2: Set-up for transepithelial electrical resistance measurements of the rat
duodenum. A current (I) was applied ranging from O to 15.0 ¥A (A = amps) and the
potential difference (V) was recorded.
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F. Tissue Recovery

1. Procedure

The procedures followed were previously outlined in Chapter 4 under in-vivo
perfusion experiments. In the tissue recovery experiments, CO2 was bubbled at a
rate of 5.0 mi/min. into the proximal portion of the cannulated rat ileum segment
after the 30 min. cleansing period. Initially, CO2 was bubbled for 20 min. and then
discontinued. The experiment continued without entry of CO» into the ileum
segment. One ml samples were assayed for each time interval and the %benzoic

acid (BA) absorbed calculated by equation (3).

N -'_;f‘:'_"":.ﬁ."""'. T i




164
. Results and Discussion

A. MTT Cell Viability

MTT has been used as a measurement of cellular toxicity in a number of
studies (Carmichael, 1987; Grant, 1994; Mossman, 1983). When compared to
other cell viability and toxicity assays, such as lactate dehydrogenase (LDH),
trypan blue, and [3H] thymidine, similar results were obtained. The inter-
experimental variability wés also found to be the smallest for the MTT assay
(Lappalainen, 1994).

As indicated by the experimental data (Figure 5.3), there is a slow decline in
absorbance per gram of tissue values, indicating a decrease in cellular viability
with time. This is normal and is to be expected with in-vitro experiments, since the
tissue is taken from its normal biological surroundings where it is constantly
nourished by blood circulation and placed within a foreign buffer. When
comparing the effect of carbon dioxide and stir experiments on cellular toxicity,
the initial, 10 min, 20 min, 60 min, and 120 min time point values are similar and
indicate that carbon dioxide bubbling is not increasing the rate of cellular toxicity

when applied to the tissue surtace.
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Figure 5.3: Results of the MTT cell viability assay. Error bars represent standard
deviation of 3 to 9 experimental repetitions.
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B. Membrane Perturbation/Damage

A variety of methods have been employed to determine the extent of epithelial
cell damage or perturbation upon exposure to chemicals. Tissue microscopy has
been widely used for visual examination but is costly, time consuming, and
incorporates researcher subjectivity. Within the past decade, measurement of
cellular enzyme or protein release has become increasingly popular as a method
for determining the extent of cellular perturbations and/or damage.

Results of the enzymel/protein release experiments analyzing cell membrane
disruption are shown in Figures 5.4 through 5.6. Numerical results are
summarized in Tables 5.1 through 5.3.

Lactate dehydrogenase (LDH) is a cytosolic enzyme whose leakage is
indicative of the extent of cell membrane porosity and/or lysis. Therefore, LDH
provides a measure for cell damage (Pujara, 1995; Swenson, 1994). Previous
studies have indicated that early enzyme release begins at the time when cell
membrane damage is still reversible (Fredericks, 1983; Schmidt, 1987). The
results obtained from the LDH activity measurements indicate significant LDH
leakage into the perfusate when the epithelium was exposed to a bile salt, 1.25%
sodium deoxycholate (NaDOC). Bile salts partly promote penetration
enhancement across epithelial cell monolayers by damaging cell membranes
through lipid and protein extraction from the bilayer (Feldman, 1973; Whitmore,
1979). The release of cytosolic enzymes is believed to be due to extensive
membrane stretching and/or production of pores within the membrane allowing

enzyme movement across the bilayer (Kristensen, 1994). Therefore, it can be
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concluded that NaDOC is probably inducing LDH leakage through pore formation

and/or membrane stretching due to removal of proteinsflipids from the membrane.

CO2 and pure buffer experiments showed a significant reduction in LDH
activity from that of 1.25% NaDOC indicating limited, if any, membrane damage.
Only at the 5 min. time point was there a significant difference between control
and CO2 experiments.

Perfusate 5'-ND activity and protein concentration were higher after tissue
exposure to 1.25% NaDOC then in the presence of CO2 or pure buffer conditions.
5'-ND is a cell membrane bound enzyme whose release into the intestinal
perfusate provides an indication of the level of membrane perturbation. Gradual
removal of 5'-ND may disrupt the orientation of the lipid bilayer increasing
membrane fluidity. Extraction of 5'-ND or other proteins from the cell membrane
would create spaces within the bilayer allowing greater flexibility and movement
of membrane components. Pore formation and increased membrane fluidity have
been associated with increased drug flux (Lee, 1986). However, 5-ND activity
measurements did not indicate any differences between CO2 and buffer
experiments. This leads to the conclusion that CO2 did not induce membrane
perturbations causing the increase in drug flux.

The protein release assay is not only indicative of membrane perturbation but
also membrane damage due to the possibility for intracellular protein leakage.
Therefore, the total protein released is an additive value corresponding to both
membrane and cytosolic proteins. The lack of difference between CO2 and pure
buffer experiments support the findings previously discussed for LDH and 5'-ND.

In conclusion, LDH, 5'-ND, and protein release assays provide an alternative
method to quantitatively measure very subtie changes occurring within the

intestinal epithelium. The combination of the three assays provide substantial
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evidence as to the lack of membrane damage and/or perturbation due to CO2

bubbling onto the tissue surface. Therefore, mechanical disruption of the
transcellular pathway does not seem to play an important role for the permeation

enhancement mechanism of CO2 bubbling.
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Figure 5.4: Lactate dehydrogenase enzyme activity after in-vivo single-pass
perfusion of rat ileum tissue with buffer, carbon dioxide, or 1.25% sodium
deoxycholate (NaDOC). Error bars represent SEM of 3 to 4 experimental repetitions.
* denotes significant difference (p < 0.02) between NaDOC and carbon dioxide or
buffer experiments. ** indicates significant difference (p < 0.04) from 5 min. stir
value.
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Table 5.1: Total lactate dehydrogenase (LDH) activity in samples from in-vivo rat single-
pass perfusion studies. Perfusion rate = 0.4-0.5 ml/min. CO2 bubbling rate = 5.0 ml/min.

LDH Activity (U/L)

.

—
Time (min) (l;ufsf;:)l; Carb(t;:n SI;)i;)xide 1.25(‘5: g[:;?OC

5 5.53 (2.65) 17.05 (5.42) 170.9 (31.6)
10 3.99 (2.81) 9.54 (5.22) 295.7 (66.1)
20 2.08 (1.89) 11.06 (8.06) 187.7 (11.6) “
30 2.33 (2.93) 12.49 (8.18) 135.6 (1.9)

‘ 40 ~ 3.96 (2.24) 7.14 (4.99) 938 (3.5

I 50 5.27 (3.14) 10.29 (6.17) 91.8 (16.8) |
60 6.10 (1.57) 11.22 (5.63) 951 (2.7) ‘
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Figure 5.5: 5'-Nucleotidase enzyme activity after in-vivo single-pass perfusion
of rat ileum tissue with buffer, carbon dioxide, or 1.25% sodium deoxycholate
(NaDOC). Error bars represent SEM of 3 to 4 experimental repetitions. * denotes
significant difference (p < 0.01) between NaDOC and carbon dioxide or buffer
experiments. :

171




Table 5.2: Total 5-nucleotidase (5'-ND) activity in samples from in-vivo rat single-pass
perfusion studies. Perfusion rate = 0.4-0.5 ml/min. CO2 bubbling rate = 5.0 ml/min.

5'-ND Activity (U/L)

Buffer Carbon Dioxide 1.25% NaDOC
(x SD) (x SD) (z SD)
0.858 (1.39) 2.18 (2.09) 11.01 (1.44)
I 10 0.378 (0.42) 0.91 (1.02) 13.34 (4.48)
I 20 0.155 (0.27) 0.81 (0.72) 11.19 (2.73)
| 30 0.189 (0.24) 0.29 (0.51) 891 (2.21)
l 40 0.515 (0.47) 0.41 (0.72) 7.12 (1.08)
l 50 0.258 (0.47) 0.36 (0.49) 7.18 (3.95)
| 60 0.00 (0.00) 11.22 (5.63) 7.23 (1.68)
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Figure 5.6: Protein release after in-vivo single-pass perfusion of rat ileum tissue
with buffer, carbon dioxide, or 1.25% sodium deoxycholate (NaDOC). Error bars
represent SEM of 3 to 4 experimental repetitions. * indicates significant difference
(p < 0.02) between NaDOC and carbon dioxide or buffer experiments.
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Table_ S5.3: Total protein release in samples from in-vivo rat single-pass perfusion studies.

Perfusion rate = 0.4-0.5 ml/min. CO; bubbling rate = 5.0 ml/min.

Total Protein Release (mg/dl)

Time (min) (l.’;ufsfgi Cal‘b(::ll Sl?)i;)xide 1.25(9;5: IS\IS;)OC
f 5 10.84 (6.03) 7.36 (5.07) 19.01 (2.54)
10 4.02 (1.96) 3.58 (1.42) 22.45 (6.57)
20 2.75 (1.15) 3.28 (0.94) 15.98 (1.47)
30 2.46 (0.43) 2.48 (1.14) 13.99 (2.03)
40 2.73 (1.22) 2.32 (1.62) 13.73 (1.35)
| 50 3.02 (1.40) 2.06 (1.60) 13.85 (2.02)
60 3.76 (2.49) 2.31 (1.52) 13.03 (1.15)
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C. Paracellular Marker Permeability

Results depicting mannitol, PEG 900, and PEG 4000 permeability coefficients
are shown in Figure 5.7. The three hydrophilic markers utilized for comparison in
this study are known to traverse the intestinal epithelium by passage through the
paracellular space due to their high water solubility (Krugliak, 1989; Ma, 1993).
When examining the influence of CO2 on paracellular marker permeability, a
correlation between probe molecular weight and permeability coefficient is
evident. Rabbit ileum permeability followed the sequence: mannitol > PEG 900 >
PEG 4000, in which the smallest and largest molecular weight compounds
corresponded to mannitol and PEG 4000, respectively. This is indicative of CO2
having an effect on the paracellular pathway due to the fact that there is a
reduction in probe permeabi!ity with an increase in molecular weight. This type of
effect has been previously shown in experiments by Lane, et.al., (Lane, 1996) in
which rat intestinal permeability for various paracellular probes ranging in
molecular weight from mannitol (MW 182.17) to inulin (MW 5000) were examined
in the pres‘ence of penetration enhancers which were known to induce changes
to the paracellular pathway. Additionally, Nakanishi et. al. (Nakanishi, 1984)
showed that the paracellular enhancing effects of EDTA on rectal permeability
decreased as the MW increased.

A penetration enhancement effect on the paracellular pathway would induce a
loosening of the tight junction at the apical surface, causing a subsequent
increase in junctional pore diameter. This would lead to enhanced permeability
for smaller MW compounds due to an increased available surface area for

penetration, with subsequent reduction in overall enhancement as the MW of a
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compound increased, which is characteristic of normal drug permeability. At a

certain MW, a cutoff in the permeability enhancement should occur due to the fact
that the enlarged pore would still obtain its barrier characteristics for molecules
too large in diameter to diffuse across the tight junction. This is what is seen with
CO., experiments, in which a reduction in permeability is observed with increased
MW. The cutoff point is seen with PEG 4000 for which there is no longer any
enhancement due to CO; effects on the tissue.

When comparing the increase in permeability to the stir experiments, there is a
5.26, 3.62, and 1.31-fold increase for mannitol, PEG 900, and PEG 4000,
respectively.

Recently, it has been determined that a drug molecule's cross-sectional radius
is also associated with the extent of intestinal permeability (Ghandehari, 1997,
Lane, 1996). The larger the diameter, the more bulky and less permeable the
drug molecule. The cross-sectional radius for mannitol, PEG 900, and PEG 4000
are 6.3, 8.3, and 15.9 A, respectively. Therefore, experimental results also

correlate very well to this parameter.

D. Penetration Enhancer Permeability Studies

Thé results of in-vitro mannitol transport across rabbit ileum tissue with EDTA,
alone or in combination with CO,, is shown in Figures 5.8 through 5.10 and
outlined in Table 5.4. Mannitol permeability is enhanced over stir experiments by
a factor of 2.79 and 4.78-fold with experiments utilizing EDTA (2.5 mM) or COz
(100 ml/min), respectively. In studies using the penetration enhancers in

combination, mannitol permeability increased 3.43 and 1.82-fold over exper-
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Figure 5.7: Paracellular marker permeability coefficients for in-vitro rabbit
ileum permeability studies. Error bars represent SEM for 3 to 6 experimental
repetitions. * denotes significant difference (p <0.001).
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iments involving the use of a single penetration enhancer, EDTA (2.5 mM) or

COo, respectively. In comparison to the stirrer experiments, the combined
EDTA/CO2 experiments increased mannitol's permeability coefficient by a factor
of 9.57.

The integrity of the tight junctional complex is dependent upon extracellular
calcium in which a reduction in calcium ion concentration has been correlated
with an opening of the intercellular space. EDTA is a chemical known to increase
the permeation rate of hydrophilic drugs through the paraceliular space due to
calcium ion chelation within the extracellular fluid (Wang, 1993). Ranitidine,
phenol red, cefmetazole, mannitol, inulin, and antipyrene are just a few examples
of drugs whose permeabilities have been enhanced across intestinal tissue due
to the activity of EDTA on the paracellular pathway (Gan, 1993; Shiga, 1987,
Shiga, 1985; Suzuka, 1987).

Based on previous evidence as to the mechanism of EDTA, the increase in
mannitol permeability caused by EDTA is associated with increased paraceliular
transport. Carbon dioxide élso increased mannitol permeability and can also be
associated with an effect on the interceliular space. The extent of mannitol
permeabi'li'ty enhancement due to COz is somewhat greater than that seen with
EDTA alone and is probably due to an increased disruption of the tight junctional
complex, leading to a larger pore opening.

What is also of interest is the combined effect of EDTA and CO2 on mannitol
permeability. The combination of the two penetration enhancers led to an
increase in mannitol permeability in comparison to when CO2 or EDTA were used
alone. This is indicative of an effect in which the two enhancers are acting
synergistically to create a greater structural change to the tight junction and/or

fluid flow theories (i.e. solvent drag and tissue pressure gradients) in conjunction
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with structural perturbations that are inducing higher permeability rates. 1.0mM

and 2.5 mM EDTA were used in the experiments and correspond to typical
concentrations utilized in penetration enhancement studies showing limited
tissue toxicity. However, a variety of drugs need higher EDTA concentrations (1
to 30%) to obtain the desired absorption effect. These concentrations have been
shown to be quite toxic to the epithelium (Nadai, 1972; Nakanishi, 1983;
Nishihata, 1981) and would never gain approval for marketing.

The use of carbon dioxide in combination with "classical" penetration
enhancers, such as EDTA, could reduce the potential for toxicity. Carbonation
use has already been approved by the FDA and large quantities are ingested by
the public without problems. This along with the aforementioned MTT studies
(Chapter 4) indicate that CO», is safe and does not produce any type of harmful
toxicity. By incorporating CO3 into a dosage form with another enhancer, a
reduced concentration of the latter may be used, thus possibly inducing adequate

drug penetration enhancement without associated toxicities.
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Figure 5.8: Effect of EDTA alone and in combination with carbon dioxide
bubbling on the permeability of mannitol across rabbit ileum tissue in-vitro.
Error bars represent SEM of 3 to 6 experimental repetitions.
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Figure 5.9: Percent mannitol transported in-vitro across rabbit ileum tissue
due to EDTA or EDTA/carbon dioxide bubbling with illustration of the
terminal steady state slope. Number of experimental repetitions = 3 to 6.
Error bars = SEM.
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Figure 5.10: Mannitol permeability coefficients for in-vitro rabbit ileum
permeability studies using EDTA alone or in combination with carbon dioxide
bubbling. * denotes significantly different from stirrers (p < 0.04). ** indicates
significant difference from 1.0 and 2.5mM EDTA/stirrers (p < 0.01).

**x denotes significant difference from carbon dioxide (p < 0.005).



T R TN T, T

Table 5.4: Results of mannitol in-vitro rabbit ileum permeability studies when utilizing
the"classical" penetration enhanacer EDTA alone orin combination with CO2.

Permeability Standard
Experiment Coefficient Deviation
(x 10-5 cm/sec) | (x 10-5 cm/sec)
Stirrers 0.230 0.020
Stirrers/EDTA (1.0mM) 0.608 0.114
Stirrers/EDTA (2.5mM) 0.642 0.139
CO2 (100 ml/min) 1.21 0.267
CO3 (100 ml/min)
+ 2.20 0.462
EDTA (2.5mM)
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E. Electrophysiology

Transepithelial electrical resistance (TEER) results in the presence and
absence of CO2 are depicted in Figure 5.11. Normal duodenum tissue area
resistances have been shown to fall within the "leaky" range of 75 to 100 Q x cm?2
as is the case with this experiment. The positive control, 2.0 mM lauroylcarnitine,
is known to induce an opening of the tight junction, leading to reduced TEER
values with subsequent increased hydrophilic drug flux (LeCluyse, 1993). CO2
also caused a decrease in TEER. This is indicative that the epithelium is
undergoing a morphological change in which the integrity of the tight junction
and/or cell membrane is being disrupted (e.g. pores, protein leaching) creating an
increase in ion flux across the tissue. According to previously mentioned resuits
(see Membrane perturbation/damage), there is no indication of cell membrane
damage or perturbation due to contact between the tissue surface and COa.
Therefore, the only plausible explanation is a structural integrity effect on the tight
junction, inducing less restriction to ion movement through the paracellular space.

This result corresponds to experiments which have shown that a decrease in
intestinal TEER values corresponds to changes in tight junctional integrity in
association with enhanced permeability to hydrophilic drugs (Hochman, 1994;
van Hoogdalen, 1989). These findings also support the increased permeability
effect of CO2 in which the hydrophilic drugs, mannitol and tetracycline, have
greater permeability enhancement in comparison to the hydrophobic drug,

diazepam.

T
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Figure 5.11: Effect of carbon dioxide bubbling on the tissue resistance of rat
duodenum in-vitro. Error bars represent SEM of 4 experimental repetitions.
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F. Tissue Recovery

An important issue in delivering therapeutic agents in combination with a
penetration enhancer is safety. Most penetration enhancers influence drug
permeability by altering tissue morphology, leading to a breakdown in tissue
integrity. The issues of most importance concern tissue irritation, membrane
damage, and the rate of damage and recovery. The rate of tissue recovery from
damage imparted by an absorption enhancer is related to the extent of toxicity
(Lee, 1991c). Severe darhage such as sloughing of epithelial cells from the
monolayer produce prolonged or irreversible recovery, while slight alterations
such as transient perturbations of the membrane or tight junctional opening leads
to rapid tissue recovery. A favorable enhancer is one that induces minimal
toxicity with relatively fast tissue recovery rates (1-2 hours). This limits the
opportunity for absorption of harmful environmental substances due to the
increased membrane permeability. Therefore, it is essential to study tissue
recovery rates in addition to the penetration enhancement effect.

Results of the in-vivo rat ileum tissue recovery experiments are presented in
Figure 5.12:- The fraction of benzoic acid absorbed from the perfusate increased
when CO2 was bubbled into the ileum segment. After discontinuation of the
bubbling, a relatively rapid linear decline in absorbance to non-CO2 experimental
levels was observed. Therefore, the disruptive effect of CO2 on the epithelium
seem to be transient in nature with the epithelial barrier properties reestablished
within a short period of time, 20 minutes. The results were expected due to the
high use of carbonated products presently available to the public, which have

never been associated with any harmful side effects. These results indicate that
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carbonated drug delivery systems also could be safely used, in which tissue

recovery would be rapid after discontinuation of effervescence.




187 ;3
i
i
50
: ——  Stirrers
] ~~@- Carbon Dioxide (100 ml/min)
4 ] ----@--- Recovery %
T ¥
0 1
2 ‘
5
2 ' '
{ J [
R 20 -
10
0 bl | | WL i M B
0 20 40 60 80 100

Figure 5.12: Tissue recovery as determined by percent benzoic acid absorbed
from in-vivo single-pass perfusion of rat ileum. Error bars represent standard
deviation of 4 experimental repetitions.
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Concluding Remarks

Oral delivery is the primary administration route for therapeutic agents due to
the ease, convenience, and high patient compliance rate. Interest in
developing advanced oral delivery systems, which utilize local intestinal
environments and/or increase drug residence time at targeted regions, has
increased in the past few decades. These systems impart advantages such as
increased absorption while decreasing dosing frequency for the patient.
Increasing drug residence times would be advantageous for compounds
exhibiting low absorption due to solubility, slow membrane permeability rates
(e.g. hydrophilic drugs), and/or decreased stability due to enzymatic degradation
(i.e. peptides and proteins).

The discovery and development of bioadhesive polymers, which have the
ability to interact with mucus and/or epithelial components, was a significant
advancement in the production of an oral vehicle that could protect, increase the
residence time, and potentially enhance the absorption of orally administered
drugs. However, a problem associated with bioadhesives is that the polymer
primarily binds to mucus, limiting its residence time to mucus turnover (6 to 12
hours). If the polymer was bound to the epithelium, localized drug delivery could
be extended to = 24 hours. One of the possible solutions is to incorporate an
agent that can degrade or physically move mucus from the epithelial surface.

Effervescent technology emerged two centuries ago and was utilized as a drug
delivery vehicle due to its palatable saline taste. Today, it is still primarily used in
this capacity, but recent discoveries have initiated a reevaluation of effervescence

application to drug delivery. Studies have revealed that effervescence
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encompasses a broad range of biological effects such as: (1) creating a "pseudo-

fed" state in the stomach; (2) thinning or stripping the mucus layer lining the
stomach and intestine; and (3) enhancing intestinal drug absorption.

The studies included within this work focused on the use of effervescence as
an oral absorption enhancer. The objective(s) of the study was to gain an insight
not only into the broad range of compounds whose absorption increased due to
effervescence, but also to acquire a reasonable explanation as to the
mechanism(s) of this enhancement.

Previous studies have unintentionally provided evidence that drugs given with
effervescence showed differences in absorption profiles to those administered in
conventional dosage forms (e.g. tablets, capsules, solutions). The absorption rate
and/or the total amount of drug transported was occasionally greater for the
effervescent rather then the conventional dosage form. The usual explanations
given for this effect were arbitrarily associated with increased dissolution rates
due to a buffering effect and/or mechanical turbulence. Other possible
explanations that have been widely neglected include: (1) increased fluid flow; (2)
thinning or stripping of mucus layer; (3) alteration in pH tissue gradient; (4)
increase in membrane hydrophobicity; and (4) membrane alteration.

Results of the experiments indicated that permeability rates of a variety of
drugs, ranging in molecular size, structure, and properties, increased across rat
and rabbit small intestinal tissue in the presence of effervescence. Since mucus
stripping would lead only to faster steady state diffusion conditions and not alter
the permeability rate, this mechanism was disregarded as a potential explanation
for CO2 drug permeability enhancement.

When the rate of CO2 bubbling onto the tissue surface was reduced 100-fold, a

decrease in permeability for both PEG 900 and diazepam was encountered.
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However, this reduction was greater for diazepam, a hydrophobic compound,

than for PEG 900, a polar compound. The combined results of the bubbling rate
and permeability experiments indicated that the permeability rates for the
hydrophilic compounds were affected to a greater extent than their hydrophobic
counterparts, leading to the theory that the intercellular space was being altered.
This would provide an explanation for the greater enhancement effects for the
polar drugs. The enhancement associated with the hydrophobic drugs could in
part be due to increased flux through the paracellular route, but this effect would
be limited. A better explanation would involve the theory of membrane
hydrophobicity in which nonpolar CO2 gas molecules partition into the
membrane, thus creating an increased hydrophobic environment and inducing
greater nonpolar drug flux.

In permeability studies using nitrogen, a similar penetration enhancement
effect was noticed. Since nitrogen does not influence pH, it was concluded that
CO2 did not induce penetration enhancement due to pH alterations. Therefore,
the pH buffering effect and alteration of the pH tissue gradient were ruled out as
potential explanations. |

Several experiments were performed to determine if mechanical activity of the
bubbles were inducing a morphological change and/or toxicity to the epithelium.

Enzyme (5'-ND and LDH) and protein release assays indicated insignificant

membrane perturbation and/or damage due to limited leaching of these
components from the cell cytosol or membrane. MTT cell viability assays did not
indicate cell toxicity associated with COa».

Transepithelial electrical resistance (TEER) measurements indicated a
reduction in tissue area resistance values in the presence of CO2 bubbling.

Since prior experiments indicated that CO2 did not induce cell membrane
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alterations (e.g. protein leaching, enzyme leakage), the decreased TEER values

were associated with a morphological change in the paracellular pathway. This
conclusion was further substantiated with in-vitro permeability studies utilizing
hydrophilic marker probes. The markers, whose flux across intestinal tissue is
primarily associated with movement through the paracellular space, showed a
MW permeability dependence. The permeability enhancement effect of CO2
decreased in association with molecular size; i.e. mannitol > PEG 900 > PEG
4000, in which PEG 4000 permeability did not show significant enhancement
over the stirrer experiment. This indicated absorption enhancement via the
paracellular pathway was limited to a cutoff molecular weight. In other words, the
tight junctional pore diameter widened to a point at which it still acted as a barrier
to larger MW compounds.

EDTA, a "classical" penetration enhancer known to increase drug permeability
via tight junctional pore enlargement, was used in combination with CO2. Results
indicated that mannitol permeability across rabbit intestinal tissue was greater
when the enhancers were used together than that of EDTA or CO2 alone. This is
suggestive that the two enhancers are acting synergistically to induce a greater
structural bhange to the tight junction and leads to greater drug transport. it may
also be theorized that increased fluid flow due to enhanced molecular velocities
or pin-point pressure gradients formed by CO2 bubble production could, in pant,
be responsible for the enhanced permeability with mannitol or other drug
compounds.

Although mucus stripping does not play a role in enhancing the drug
permeability rate across a membrane, it is an important biological effect produced
by CO2. Incorporation of effervescence within an oral bioadhesive delivery

system could induce a situation where CO2 generation within the intestine would
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thin or strip the mucus layer to the point where the bioadhesive could intimately

associate with the epithelium. This would create longer residence times for drug
absorption and also provide protection for drugs susceptible to enzymatic
degradation. After bioadhesive attachment, subsequent effervescent generation
could act as a penetration enhancer. This action could be produced by CO2
alone or in combination with a second “classical" penetration enhancer. As
shown by experimental studies, tissue alterations induced by CO2 recover
relatively rapidly (= 20 min.). Therefore, due to toxicity associated with "classical"
enhancers and the combined penetration enhancer effect on drug permeability, a
lower dose of the "classical" enhancer could be used which may provide a
significant reduction in tissue toxicity.

In conclusion, effervescence has been an underutilized technology in the drug
delivery field. Although it has been used as an important tool for increasing
patient compliance, its biological effects have gone relatively unnoticed.
Utilization of these effects may provide alternative oral delivery systems which
may: (1) induce faster drug delivery system transport to a specific regions of the
intestinal tract; (2) enhance residence times for gastrointestinal bioadhesives; (3)
induce fast blood levels when a small volume of an effervescent solution is taken
with a drug; and (4) increase absorption of drugs with limited permeability (e.g.
peptides) due to effervescent penetration enhancement effects alone or in

combination with a decreased concentration of a "classical" enhancer.
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Appendix A: Steady State Membrane Diffusion

The complexities associated with solute diffusion across membranes with the
existence of a concentration gradient has been the subject of many reviews
(Cussler, 1997; Stein, 1986b).

The system of particular interest for this review is characterized by a tissue of
uniform thickness placed between two aqueous solutions in which the solute
molecules traverse the membrane in the direction from high to low concentration

via one-dimensional simple diffusion as shown in Figure A-1.

C,
(high conc.) Receiver
Solution
Donor C,
Solution (low conc.)

X X + Ax

Figure A-1: Concentration profile for solute flux across a membrane from the donor to
receiver solution.
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The assumptions of the model include: (1) the membrane is homogeneous; (2)

the system is isoosmotic, isothermal, and isobaric; (3) a linear concentration
profile; (4) the activity of the solute is constant; and (5) the electrical field is
constant across the membrane.

Diffusion is an entropy driven process involving random molecular movements
in which solute diffusion across a concentration gradient will occur until
equilibrium is reached. The mass balance of a membrane layer of thickness, Ax
is:

am . .
E= A(llx-Jl;a.Ax) (8)

where DM/dt is the change in mass, M, with time, t. A is the layer area exposed to
solute transport, and j | and j|,,,, are the rate of diffusion into and out of the

layer, respectively. At steady state, dM/dt = 0 and equation 8 now becomes:
0= A (il - ika) ()

Diffusion within an isotropic medium follows Fick's first law (equation 10):

dC
J=-Dg (10)

where D is the solute diffusion coefficient within the membrane and dC/dx is the
change in solute concentration with distance. The law states that the flux of solute
across a plane of tissue is proportional to the concentration differential across that

plane. The negative sign indicates that solute flow is towards the direction of
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lesser concentration. When substituting equation. 10 into equation. 9 and

dividing by the volume of the layer, AAx:

(4L - P

0=D Ax (11)

when Ax becomes very small, equation 11 becomes the definition of the
derivative where:
d%C

0= D(-d?-) (12)

with the boundary conditions: x = 0, C = KC4, and x = h, C = KC, where K is the
partition coefficient of the solute, h is the membrane thickness, and Cq and Cz are
the concentrations within the donor and receiver solutions, respectively. Applying
the boundry conditions to equation 12:

KD(C, - C4)

e (13)

where the permeability coefficient, P, is defined as:

KD
P =%

(14)

Plugging equation 14 into equation 13 leads to:

J = P(AC) (15)
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Under conditions where the receiver solution is maintained at essentially zero

concentration (i.e. "sink" conditions), C1 >>> C2 and therefore equation 15 may

be written as:

) (16)
or

P = %%t- (17)

The permeability coefficient may be obtained through a plot of the amount of drug
transported across the membrane vs. time (Figure A-2) in which the terminal
steady state slope, dM/dt, is determined.

Fick's second law, which can be derived from Fick's first law, may be applied to
unidrectional flow experiments in which two conditions apply: (1) the
concentration difference across the membrane is maintained at a constant level
during the experiment; and (2) "sink" conditions exist. Utilizing the boundry
conditions (Flynn, 1974; Jost, 1960): C1 = constant, x = 0 for all values of t; C = 0,
x>0att=0:and C=0, x = h at all t values , the concentration at any point, X, is

determined by:

X, 23& [ REX\ _n22¢ /h2
C C1h + Jtnaﬂ cos(n:z)sm\ v A (18)

The cumulative mass of diffusant per unit area, M, that passes across the

membrane at time, t, may be determined via 3 steps: (1) differentiation of equation
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Figure A.2: A typical permeability curve showing the lag time, non-steady state (non-
linear), and steady state (linear) kinetics.

18 with respect to x; (2) determining the flux, dM/dt, at X = h; and (3) integrating the

equation fromt=0tot=t. Following these three steps leads to:

2
Mo DOt _ MGy 20C; § (Y 2o

1
h 6 N n=1 n2 ( 9)

Taking the limit, t — », gives:

M - DG (t _ f-] (20)
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Differentiation of equation 20 results in determination of the steady state flux
given by:
dM DC,

ot Th (1)

where extrapolation of the steady state portion of the amount crossing the
membrane vs. time curve leads one to obtain the x-intercept commonly referred to
as the lag time, t]. The lag time is the time it takes for a drug to obtain steady state

ﬂux across the membrane:

Y = o (22)

As indicated by equation 22, lag time is dependent on membrane thickness and
the diffusion coefficient of the drug within the membrane. Via manipulation of this
equation, lag times have also been associated with a drug's partition coefficient
and the resistances a drug encounters within the diffusion layers (Flynn, 1972;
Flynn, 1972b).

One other general consideration to keep in mind in association with lag time
determination is alterations within the membrane during an experimental
procedure. If a pathway normally utilized by a solute alters in shape and/or
becomes occluded, a new situation arises in which the drug's diffusional pathway
(i.e. path length) will undergo a change. The average path length is adjusted via
a tortuosity factor, <, in which an increase in path length leads to increased lag

times (Flynn, 1971; Flynn, 1974).
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Penetration enhancers may also change lag time values due to the fact that

they precipitate alterations within the epithelium. Enhancers may: (1) increase or
decrease tissue thickness depending on the nature of its activity; (2) alter the
hydrophobicity of membrane components; and/or (3) induce structural changes to
pre-existing transport pathways. These effects will also lead to a change in the
drug's diffusion coefficient within the membrane. It is difficult to predict whether
an enhancer will increase or decrease the lag time of a drug , and as indicated

above, the change may be due to numerous variables.
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