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Abstract

This study is a natural follow on from previous work by M.T. Anderson and I. Fiebrig.
The goal of those latter and of the present study is to find a mucoadhesive system for
improving the oral bioavailability of a number of drugs, for example bioactive peptides
and proteins. This current work evaluates the adhesive properties of a cationic polymer

and a cationic protein to mucus glycoproteins as a step towards the future development of

a mucoadhesive drug delivery system.

Four different mucin populations were analysed in solution (a freshly purified sample
PGM-MD, and three purified from different regions of the porcine stomach cardiac,
antrum and fundus). Their interaction with two groups of chitosans differing in degree of
deacetylation (FA = 0.11 and 0.25) and a protein purified from the foot of the blue mussel
Mpytilus edulis foot protein-1 (Mefp-1) were studied. Interaction was determined using
analytical ultracentrifugation and with the chitosan/mucin interaction specifically atomic
force microscopy. The influence of ionic strength on the interaction was studied in detail

studied as was the effect of the oligosaccharide composition of the mucin population on

the interaction.

It was found that both groups of chitosans (F5 = 0.11 and 0.25) formed a large complex
with a freshly purified mucin population (PGM-MD). Ionic strengths above 0.2 M were
found to inhibit the interaction. The three mucin species differed in terms of their net
charge, with cardiac being the most negatively charged and antrum the least negative. It
was found that the cardiac species interacted the most and antrum the least, as would be
expected for an ionic interaction. Increasing ionic strength was found to inhibit the

interaction. There was also evidence for a hydrophobic interaction at high ionic strengths.

The atomic force microscopy results allowed the complex to be visualised under

atmospheric conditions and to get away from the harsh sample preparation techniques



employed by electron microscopy. Large sphenical complexes were seen as

entanglements of mucin and chitosan strands.
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Chapter 1

Introduction

1.1 Drug delivery

The delivery of drugs into the body can take many forms; patches, injections, creams and,
of course, the most favoured route - oral delivery. Oral delivery is the favoured route
because of the ease of taking to the prospective patient. The administration of
pharmaceutical dosage forms via the mouth is generally well accepted. It can easily be
taken anywhere and 1s safe. In contrast invasive methods, injection for example, usually

require the assistance of trained health care personnel and these procedures involve

certain risks.

The oral administration of a drug begins with ingestion of the dosage form through the
mouth. It then passes down the oesophagus into the stomach. Little drug is absorbed in
the stomach due to 1ts relatively small surface area. The major site for the absorption of
most drugs is the small intestine. It is ideal because of its large surface area (~100 m” in a
healthy adult) and near neutral pH (Davis, 1989). Theoretically, drug absorption can
occur along the entire length of the small intestine, however the majority of drugs are
actually absorbed from the proximal small intestine (Booth, 1967). However if the drug 1s
poorly soluble or 1s in a controlled release dosage form then significant absorption can
also take place in the large intestine (Davis, 1989) despite the fact that it has a limited

surface area. Oral drug delivery ceases eventually with the faecal excretion of any

unabsorbed drug.

There are however many barrers to delivery of oral drugs; chemical degradation in the

stomach, gastric emptying, intestinal motility, solubility and metabolic breakdown during
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passage through the mucosa and subsequent first-pass metabolism by the liver (L1 et al.,

1987). Because of these the actual bioavailability of a drug can be much smaller than that

ingested.

It is believed for many dosage forms that the critical factor in its absorption from the gut
is its residence time In the small intestine. So a possible method for increasing
bioavailability would be to increase the residence time of the dosage form in the
gastrointestinal tract through adhesion to the mucous. An example of such a drug is
hydrochlorothiazide a polar drug whose bioavailability is believed to be dependent on its
residence time at or upstream of 1ts small intestinal absorption window (Beermann et al.,
1976; Lynch et al., 1987). It 1s also important in the case of controlled release drug
delivery systems, which are designed to release drugs over an extended period of time (4-
12 hours for example). Once these have passed the optimal site for absorption (i.e. the
small intestine) they are delivering drug to a non-optimal site for absorption. (Davis,
1985). The ideal controlled release system should release drug at a constant rate to

maintain a constant plasma level comparable to that of an intravenous infusion (Forster

and Lippold, 1982).

Adhesion can be defined as when two or more molecules are attached to each other by

interfacial features for what is defined as an ‘extended’ period of time (Duchéne et al.,
1988). Bioadhesion refers to adhesive phenomena where at least one of the adhesives 1s

of biological nature, 1t 1s referred to as mucoadhesion when the biological substrate is a

mucosal surface.

1.2 Methods to delay gastrointestinal transit

Many attempts have been made to delay gastrointestinal transit. These have involved
pharmacological, physiological as well as pharmaceutical approaches. Pharmacological
approaches involve the co-administration into the drug preparation of another drug that

acts to delay gastrointestinal emptying such as antimuscarinics, for example
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propantheline which 1s a smooth muscle relaxant (Beerman and Grochinsky-Grind,

1978). Another alternative is to use a drug that changes intestinal motility, for example

opiate analgesics or derivatives such as loperamide (Minami and McCallum, 1984).

There are of course potential side effects from regular use of these methods, which makes

their regulatory approval doubtful.

A physiological approach 1s the use of natural matenals or fat derivatives such as
triethanolamine myristate (Groning and Heun, 1984, 1989), which stimulate the duodenal
or jejunal receptors to slow gastric emptying. The use of large amounts of a volume
filling polymer such as polycarbophil (Harris ez al., 1990a,b) can induce a fed-like state
and delay gastric emptying due to a blocking effect.

Pharmacological and physiological approaches thus set out to delay gastrointestinal
transit by modification of the rate of gastric emptying using delaying agents. By contrast,
pharmaceutical strategies attempt to achieve the same objective by actually retaining the
dosage form at or upstream of its absorption site for as long as possible. This is achieved
by a particular physical or physicochemical characteristic. Mucoadhesion is one method

by which this can be achieved.

(i) Swelling balloon hydrogel. If large enough, the formulation will not be expelled
from the fasted stomach even when the pyloric sphincter is in its non-contracted state.
The size of such systems has to increase after ingestion to an extent that gastric emptying
is totally inhibited (Moés, 1993). The size-related retention of a dosage form in the
stomach has been studied with various systems to include systems such as swelling
balloon hydrogels (Park and Park, 1987) or unfolding stratified medicated polymer sheets
(BE Patent No. 867, 692) or non-erodible or erodible tetrahedron shaped devices (Cargill
et al., 1988, 1989). These have never passed beyond the experimental stage and clinical
data are unavailable. In any case these gastric retention devices may not be safe. The
hazard of lodging In the oesophagus (Kikendall et al, 1983; Al-Dujaili et al, 1983;
Wilson, 1990) or permanent retention in the stomach with cumulative effects (Brahams,

1984; Vere, 1984) could lead to life-threatening problems.
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Another approach uses dosage forms of moderately high density, based on the premise
that high density formulations remain in the stomach longer than conventional

formulations, since they would be localised in the lower part of the antrum provided the
density exceeds that of the normal stomach contents, i.e. > 1.4 g/ml (Bechgaard and

Ladefoged, 1978). The effectiveness of this approach has not been confirmed on a broad

basis and the evidence remains controversial (Moégs, 1993).

(i1) Buoyant density/ flotation approach. This approach uses buoyant dosage forms
which float on the gastric contents as a result of their relatively low density. Floating
dosage forms have been discussed extensively by Moés (1993): The first floating dosage
forms (F forms) (Sheth and Tossounian 1984), also called ‘hydrodynamically balanced
systems’ (HBS), were able to maintain their low density while a polymer hydrated and
built a gelled barrier at the outer surface. Hoffmann-LaRoche produced patents for
floating drug delivery systems and in vivo studies on diazepam HBS capsules such as
Valium®* CR and Valrelease® and the L-dopa plus benserazide containing formulation
Madopar®* HBS (Prolopa® HBS). Moé&s (1993) has attempted to clarify the conflicting
views on the gastric retention capabilities of floating systems resulting from a number of
in vivo tnals by different authors (Miiller-Lissner and Blum, 1981; Davis et al., 1986;
Timmermans and Moé€s, 1990; Kaus, 1987; Sangekar et al., 1987).

(iii) Polymer mucoadhesion. This involves attachment or encapsulation of the drug with
a polymer which interacts with either the mucosal epithelia/ glycocalyx lining of the
gastrointestinal tract (this is called ‘direct’ mucoadhesion) or mucous surfaces (the gel
and the sloughed mucus in the lumen) lining the gastrointestinal tract hence providing a
macromolecular ‘brake’ to the movement of the drug. A good challenge for
mucoadhesion is the delivery of orally administered polar drugs (and possibly peptides
and proteins). These materials have low absorption characteristics (and for peptides and
proteins have stability problems due to enzymatic degradation and biotransformation). A

mucoadhesive alternative route to parenteral administration would be highly desirable

(Wearley, 1991).
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[f the polymer camer can access and interact directly with the surface mucosal
epithelium or glycocalyx, the decrease in diffusion path from the oral drug delivery
system to the absorbing biological membrane could be an additional advantage for
improving absorption particularly in intestinal delivery of peptide drugs, at the same time
minimizing dilution and possible degradation in the luminal fluids (Hayton, 1980). The
further addition of penetration enhancers to an adhering dosage form could enable
alteration of membrane permeability and inclusion of specific enzyme inhibitors could
prevent early degradation of the peptide (Wearly, 1991) and consequently increase

bioavailability. However, the epithelium may not be accessible: instead the indirect route
of interaction with the ~ 40-450 pm thick mucosal surface/ gel lining the gastrointestinal
tract provides the most likely strategy. It is also worth noting that mucus is also not a

major barrier to absorption.

The adhesion of gastrointestinal retention dosage forms to the mucosa has been studied
for over a decade, mainly by in vitro or ex vivo test with few in situ or in vivo studies and
even fewer tnals in man. Despite the fact that bioadhesion, or more specifically
mucoadhesion, has led to some success in drug delivery for ocular, buccal, nasal, vaginal
and cervical applications (Chen and Cyr, 1970; Schor et al., 1983; Nagai et al., 1984,
Nagai, 1986; Duchéne et al., 1988; Greaves and Wilson, 1993; Smart, 1993; Bouckaert,
et al., 1994), gastrointestinal mucoadhesive drug delivery systems have yet to be

succesfully established (see, e.g., Helliwell, 1993; Fiebrig et al., 1995a).

1.3 The mucosal lining

The last ten years has also seen a tremendous advance in our understanding of the
structure and molecular biology of mucus, and in particular its major macromolecular
component, mucin. Mucus is a viscoelastic substance with a characteristic stickiness and
ability to stretch into strands. By weight mucus mostly consists of water (95%-99.5%)
and exists in a gel or In a viscous solution. Its most important polymeric, gel-forming

component is the mucus glycoprotein mucin (0.5%-5%) (Harding, 1989; Carlstedt and
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Sheehan, 1988; Neutra and Forstner, 1987; Gibbons, 1972). Specialised cells secrete the
adherent mucus layer in the gastrointestinal tract. They are surface epithelial cells found

mostly in the stomach but also in other parts of the gut and the goblet cells of the small
and large intestine, as well as Brunner’s glands in the duodenum (Neutra and Forstner,
1987; Allen, 1989). Unlike other gastrointestinal secretions, mucus adheres to the
mucosal epithelial surfaces as a water insoluble gel until degradation and erosion takes

place (Allen, 1989) leaving a mucin solution or slough on the lumen side of the gel.

For monitoring the thickness of the mucin a novel method has been developed which for
the first time enables the preservation and visualization of the full thickness of the
adherent gastric mucus layer and the underlying mucosa (Jordan et al., 1998). This
involves a modified periodic acid Schiff/Alcian Blue staining technique for use on

cryostat sections of gastric mucosa.

It is believed that the adherent mucus layer plays a major role in protection of the delicate
underlying epithelium against endogenous and exogenous attack, such as acidic pH
(providing a boundary layer), digestive enzymes (pepsin), pathogens (bacteria) and
abrasion, while the soluble mucus may play an important role in acting as a lubricant for
ingested food. The requirement for such a protective adherent gel layer is obvious since
from a physiological point of view the luminal side of the gastrointestinal tract can still
be considered as the outer side of the body. These and other aspects regarding the
function of mucus have been extensively described by various authors e.g. Allen (1981,
1983, 1989), Silberberg and Meyer (1982) and Bhaskar ez al., (1992). Chemical analysis
of the mucus gives evidence of a heterogeneous material which also contains small
amounts of a variety of proteins, lipids, bacteria, sloughed-off epithelial cells and in some
cases nucleic acids (Creeth, 1978). It becomes clear that mucoadhesion is a process that
involves large amounts of water, where the mucins play a key role in maintaining the gel-
like properties of the substrate for a potential drug delivery platform. The mucins
themselves display considerable heterogeneity that has been well described elsewhere
(e.g. Carlstedt and Sheehan, 1984; Neutra and Forstner, 1987; Allen, 1989; Sheehan and
Carlstedt, 1989; Harding, 1984, 1989).
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1.4 Mucin

Mucins are large molecules with molecular weights ranging from 0.5%x10° to over 20x10°
g/mol. They contain large amounts of carbohydrate (for gastrointestinal mucins 70%-—
80% carbohydrate, 12%—-25% protein and up to ~5% ester sulphate). Undegraded mucins
are made up of multiples of a basic unit (M~400,000-500,00), linked together into the
macroscopic mucin molecule. Although onginally thought to be arranged in a windmill
type of structure (Allen, 1978), this model has since been shown to be incorrect: Instead
the molecule is linked into linear arrays as shown by Creeth, Harding and coworkers
(Harding et al., 1983a,b) and by Carlstedt, Sheehan and coworkers (Carlstedt & Sheehan,
1984). Although linear, the mucin molecule in solution is loosely/ randomly coiled into a
spheroidal, highly swollen domain as confirmed by molecular hydrodynamics. Examples
from electron microscopy clearly showing both these features are presented in Figure 1.1
which shows the linear secondary structure (Figure 1.1a) and the highly glycosylated
spheroidal domains (Figure 1.1b) (Fiebrig et al., 1995b). The total architecture seems to
be very similar for mucins from a variety of sources (for example gastric, respiratory or
cervical). The basic units are linked together by regions of low or no glycosylation which
are subject to trypsin digestion: the ~400-500 kDa digestion products are thus commonly
referred to as ‘T-domains’ (see Sheehan and Carlstedt, 1989). Every third or fourth T-
domain is linked by a disulphide bridge, itself susceptible to reductive disruption by
thiols. The thiol reduction products (of molecular weight between 1.5 and 2.5 MDa) are
commonly referred to as ‘subunits’. One of the most recent examples of such architecture
in 2 mucin is that of colonic mucin (Figure 1.2) (Jumel et al., 1997). Even mucins
produced extemnally by cell-lines appear to adopt this architecture, although they appear
to be only up to one or two subunits in length (mol. wt < 5 MDa) (Dodd et al., 1993).
Mucins which are different are the submaxillary mucins, with a lower carbohydrate

content and different structure, but these are not so relevant in terms of gastrointestinal

adhesion strategies.
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Figure 1.2 The linear random coil model for the mucin macromolecule. (Taken from

Jumel et al., 1997).

- Heavily glycosylated swollen coil M, - 400,000 Da

"N\ *Naked" protein region M- 100,000 Da

C ) Overall spheroidal domain M_-2-20 x 10¢Da

1.4.1 Primary structure of mucins

These advances in our understanding of the gross structure of mucins have been matched
by similar advances that have occurred in the last ten years in our understanding of the
primary structure of mucins. Although direct sequencing of the protein chain has been
virtually impossible because of the insolubility of mucins stripped of their carbohydrate,
at least nine different genes coding for mucin production have now been sequenced (see
e.g., Hounsell et al., 1997 & references therein). These are called ‘MUC’ genes and the
ones known to date and the sources of mucin they code for are given in Table 1. The
most important gene products as far as mucoadhesion are concerned appear to be MUC2
and MUC3 in the small intestine and colon, and MUC5AC, MUCSB and MUC6 from the

stomach.
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Table 1.1 Characterised mucin genes (from Hounsell et al., 1997)

MUC gene Location
MUC I Breast and colon cell surface episialin
MUC 2 Colon and small intestine goblet cell
secretion
MUC3 Intestinal tissue
MUC4 Tracheobronchial tract
MUC 54C Respiratory tract and goblet cell secretion
MUC 5B Submaxillary gland secretion
MUC6 Gastric gland secretion
MUC 7 Salivary gland secretion
MUCS8 Respiratory tract

The protein sequences emerging from elucidating these genes confirm the presence of
large amounts of serine and threonine, sites for the O-glycosylation, and also the large
amounts of proline - which has been known for years (Harding et al., 1983 a, b) to assist
with the coiling of the mucin molecule. This knowledge of the genes has also revealed

the concept of a tandem repeat of sequences of amino-acid throughout the linear
polypeptide backbone Figure 1.3 shows a typical intestinal mucin gene product with

highly glycosylated region and areas for either inter or intra molecular disulphide bridges.

The O-linked carbohydrate chains may contain up to five different monosaccharides;
namely D-galactose, L-fucose, N-acetylglucosamine, N-acetylgalactosamine and sialic
acid (Figure 1.4). As multi-branched oligosaccharides they are covalently attached via O-
glycosidic linkages from N-acetylgalactosamine to serine and threonine residues of the
protein core. The absence of uronic acid and only trace amounts of mannose (<1%)
distinguish mucin glycoproteins from the proteoglycans of connective tissue and serum

glycoproteins, respectively. Sialic acid residues, which belong to a family of acidic

11
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sugars, are in gastrointestinal mucins usually either N-acetyl or N-glycollyl-neuraminic
acid. They are usually in a terminal position on the carbohydrate chain, whereas ester
sulphate residues occur in a more Internal position, e.g. as N-acetylglucosamine-6-
sulphate in pig gastric mucus (Allen, 1978; Slomiany and Meyer, 1972). They both
contribute in giving the molecule a net negative charge, thought to be of importance in
interactions with polycationic matenals (Lehr et al., 1992b; Fiebrig et al., 1994). Other
potential residues for mucoadhesive 1nteraction are the carbonyl (hydrogen bonding) and

methyl (hydropliobic bonding) groups on the N-acetyl residues and another methyl group

on fucose.

Figure 1.3 Schematic of intestinal mucin. The amino terminus is on the left, carboxyl on
the right. A cysteine-rich region occupies the last of the carboxyl end of the molecule.
The heavily glycosylated area 1s boxed and contains mostly O-linked oligosaccharides
(wavy lines) as well as a few N-linked (tndents). The disulphide bridges are also shown

though it is unclear whether they are inter or intra molecular (Taken from Bansil et al.,

1995).

N ) ———
Ny —

S
S

; { 'i ’ ‘ t‘i 'a i‘ \‘ ;'l‘ e} Iﬁ‘ 3 XX
H 2N it HﬂlﬂﬂlﬂlllﬂﬂlﬂlllﬂlﬂllllllﬂIlllllllllllllllllllIﬂlI|lllillllllllﬂlllllllll!lllllll||l COOH
’J‘ #!, P0u3% #}- HREQUS } (RN

L\

1000 8.a

12



Chapter 1 Introduction

Figure 1.4 The principle sugars of gastrointestinal (also bronchial and cervical) mucins.

The key ones, in terms of possible interaction sites for mucoadhesives are (4) galactose,
(5) sialic acid (-COO™ group for electrostatic interaction, R = H, R; = COCH;3, R, = H,
R; = H, R4 = H), (3) N-acetyl glucosamine and (2) N-acetyl galactosamine (-COCH;
group, with the carbonyl for H-bonding) and the hydrophobic methyl residue of (1)
fucose (-CH; group) (taken from Harding, 1989).

13
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A recent development has been the discovery that mucins purified from ditferent areas of
the porcine stomach differ in terms of their oligosaccharide composition (Karlsson et al.,
1997). Karlsson et al. purified mucins from the antrum, fundus and cardiac regions (see
Figure 1.5) and analysed them using mass spectrometry techniques. They found that the

mucins purified from the cardiac region had the highest negative charge of the three.
They postulate that this negative charge must be mostly due to sulphation of the

oligosacchanides as only small amounts of sialic acid were found. They also found that

the fundus mucin population had the longest average side chain length compared to the

other two.

Figure 1.5 Anatomy of the porcine stomach. (A) Eusophagus, (B) Cardiac gland region,
(C) Proventricular part, (D) Fundic gland region, (E) Antrum gland region, (F)

Duodenum.

1.5 Is mucus an appropriate target?

There are three physiological aspects which remain critical for the concept of

gastrointestinal mucoadhesion: (1) turnover of the adherent mucus layer, (ii) interactions
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of the formulation with soluble, i.e. non-adherent mucus prior to adhesion and (i)

gastrointestinal motility.

1.5.1 Turnover of the adherent mucus layer

The mucus lining of the gastrointestinal tract is constantly being eroded by proteolysis
and mechanical sloughing (Allen, 1981; Allen and Caroll, 1985). The most important of
these is thought to be the latter caused by the ingestion of food and its digestion
(Waldron-Edward, 1977). An equilibrium exists at the mucosal surface between mucus
secretion and mucus erosion. If the mucus is not replaced by the secretion of new
material then it will not be able to fulfill its protective role (Allen et al., 1993). The
difficulties in measuring mucus secretions in vivo has been outlined by Allen (1989).
Studies on the turnover time of intestinal mucus gel layer in the rat in situ loop (Poelma
and Tukker, 1987) by Lehr et al., (1991) have attempted to shed some light on the
limitations to gastrointestinal mucoadhesion. The maximal residence time of a
bioadhesive drug delivery system at the site of adhesion is limited by the time it takes for
the mucus gel layer to be renewed as determined by the steady state of synthesis,
secretion and degradation of the mucins (Allen, 1981). Although the estimate for the
mucus turnover time is relatively crude (47— 270 min), it is interesting to find that this
time scale is stmilar to the mean residence time found for mucoadhesive microspheres
(94+18 min) in earlier experiments using the same animal model (rat). Furthermore it has
been observed that stimulating the mucus output, by perfusion with 10 mM sodium
taurocholate, led to a significant shortening of the mean residence time of microspheres.
Of even greater interest is the observation that the microspheres did not become detached
from dead mucosal tissue in vitro when the system was stirred for more than 18 h. This
leads to a further consideration; that of choosing an appropriate model system. This will
be discussed in more detail below. Although mucus tumover in an in situ isolated gut
loop in the rat (which has undergone surgery and has been removed from its normal

function) may be different from mucus turnover in healthy humans or patients, this
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physiological factor will limit potential adhesion to the adherent mucus in the

gastrointestinal tract.

1.5.2 Competitive inhibitory interactions with soluble mucin

Any formulation entering the gastrointestinal tract interacting with the mucus gel 1s likely
also to interact with soluble mucins of the “slough” or luminal material. This is an
unavoidable complication that will reduce the efficiency of any adhesive system. That 1s
any adhesive system targeted for groups on the mucus gel will also have the possibility of
interacting with the soluble mucus present in the gastrointestinal lumen. Even if the
epithelial cells are targeted, a ‘competitive inhibition’ for the mucoadhesive will recur as
has been shown recently by Lehr et al., (1992a). These authors used tomato lectin, a
material that specifically binds to 1solated pig enterocytes and monolayers of human
Caco-2 cell cultures, that was proposed as a favourable candidate for specific bioadhesion
to epithelial cells of the gastrointestinal tract. However, binding also occurred with crude
pig gastric mucus. Other competitive inhibitors for mucoadhesion may also derive from

other soluble components within the gastrointestinal tract, such as bile salts (Anderson,

1991).

1.5.3 Gastrointestinal motility

Gastrointestinal motility patterns and in particular the so called ‘houseckeeper wave’
which involves strong gastrointestinal contractions, serves as a cleaning mechanism to
clear all indigestible materials, including non-disintegrating dosage forms, from the
stomach or proximal intestine (Code and Marlett, 1975; Grundy, 1985; Leung and
Robinson, 1988). Thus, a good oral mucoadhesive drug delivery system also needs to

resist the cleaning action of the ‘housekeeper wave’ and remain in the stomach or

proximal small intestine.
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1.6 Target for mucoadhesives

The target phase (in the stomach, small intestine and colon) most relevant to the concept
of mucoadhesion is the water insoluble mucus gel lining the mucosa of the
gastrointestinal tract. This mucus layer has a variable thickness, 50450 um, in man and

about half that in the rat (Allen, 1978; Kerss et al.,, 1982), with regional differences. In

the colon the adherent gel 1s about mean 65 pm with something in the region of another

700 pm mobile viscous mucus that can be removed by suction. An important point is that

in both cases the adherent gel barner 1s continuous.

A variety of groups on the sugar residues on mucins provide potential sites for interaction
of either an electrostatic, hydrogen bond or hydrophobic nature. This gives plenty of

scope for potential mucoadhesives.

1.7 Mucoadhesives

The most important requirement of a mucoadhesive is that it must be non-toxic with no
undesirable physiological or pharmacological actions, and should not be expensive. To
this end, biopolymers, and in particular food grade polysaccharides are particularly
attractive candidates (see Tombs and Harding, 1998). Other important criteria are that the
mucoadhesive should have good wettability (and spreading ability) and high drug loading
and a suitable unloading capacity. The following molecular properties are important
considerations: charge, hydrogen-bonding, hydrophobicity, flexibility (ability to
overcome steric hindrance problems) and molecular weight/ molecular weight
distribution. The following molecular environmental factors are important: solubility,

pH, ionic strength, presence of other salts (e.g. bile) and other macromolecules

(antibodies, enzymes, polysaccharde etc.).

For bioadhesion to occur, an intimate contact between the adhesive and the substrate

(mucus) is a prerequisite. Factors like good wettability as well as hydration are important
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(Huntsberger, 1967; Chen and Cyr, 1970; Peppas and Bur, 1985). During the
establishment of the adhesive bond the total surface energy between the two matenals 1s

diminished, eliminating two free surfaces and creating a new interface. This first step is
believed to be followed by physical or mechanical bond formation obtained by deposition
and inclusion of the adhesive matenal in the crevices of the mucus and chain
entanglement between polymer chains of both phases (also referred to as inter-diffusion)
(Boddé, 1990; Jabban et al., 1993). Lehr et al., (1992b) have used electron microscopy in
an attempt to visualize intermixing between a polyacrylic acid dernivative (polycarbophil)
and mucus. They were unable to observe intermixing in the micron range but did not
exclude this phenomenon for the nanometre range. Sufficient chain flexibility is required
to form secondary chemical bonds such as van der Waals forces as well as hydrogen
bonding (Leung & Robinson, 1988; Duchéne et al., 1988). The formation of primary
(covalent) chemical bonds 1s mmportant in hard tissue adhesion in orthopaedics and
dentistry. However, for mucoadhesion, chemical reactions of this type have not been

considered so far, since a long term attachment is not required (Peppas and Buri, 1985).

1.7.1 Polyanionic and neutral polymers

Polymers with hydroxyl or carboxyl groups on their surface had been earlier claimed as
being the most desirable candidates for bioadhesion, rather than polymers with other
functional groups or cationic moieties (Peppas and Buri, 1985). The synthetic polyacrylic
acid derivatives known as polycarbophils (Carbopol® EX-55) and carbomer (Carbopol®
934) have to date been by far the most studied mucoadhesive polymers (Table 18.3 of
Fiebrig et al., 1995a). Both matenals are polyanionic and interaction with mucus has
largely been attributed to entanglement of the polymer chains. This is a result of swelling
of the polymer when solvated and hydrogen bonding due to the carboxyl groups being in
their unionised state at low pH (Robinson e al., 1987; Leung and Robinson, 1983,
Ponchel er al., 1987a,b; Jabbari et al., 1993). Polycarbophil is described as a water
insoluble but swellable polymer of polyacrylic acid crosslinked with divinylglycol and

used clinically in the treatment of diarrhoea and as a bulk laxative. Carbomer is a water-
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soluble polymer of acrylic acid loosely crosslinked with allylsucrose. There have also
been a wide range of polyanionic polysaccharides as possible biopolymer alternatives,

such as alginate, pectin, carrageenan, xanthan and carboxy-methyl cellulose, but
macroscopic (Lehr et al., 1992¢) and molecular studies (Anderson, 1991; Fiebrig, 1995)
have yielded little or no mucoadhesion for these substances. This could possibly be due
to the fact that both the mucoadhesive and the mucin are polyanionic, the results for

polycarbophil are therefore rather surprising.

1.7.2 Polycations

According to Anderson et al., (1989), Anderson (1991) and later Lehr et al., (1992¢), the
need for hydrogen-bonding capabilities and negative charge in bioadhesive matenals
should not be generalized. These workers suggested that polycationic polymers might
interact with the anionic sites on the mucins more favourably due to their opposite
charges providing additional molecular attraction forces. For example, interactions
between charged polymeric molecules have been employed in colloidal titration
(Terayama, 1952). The method is based on the principle that positively charged
macromolecules will react with negatively charged macromolecules. The neutralisation
reaction will proceed stoichiometrically, allowing an estimation of either material if a
standard colloid solution 1s used. Katayama et al., (1978) used the method for the titration
of heparin using polydiallyldimethyl ammonium chloride as a standard polycation. Van
Damme et al, (1992) measured the negative charge content in cartilage using
polydiallyldimethyl ammonium chloride as well. Interactions between alginates and
pectins with cationic polypeptides such as poly(L-lysine) and poly(Lys-Lys-Ala) have
been studied using circular dichroism (Bystricky et al.,, 1990). Differences in interaction
efficiency between the polymers were attributed to differences in conformational
flexibility of the polyanionic chains in solution. Takahashi et al., (1990) studied the
characteristics of polyion complexes of chitosan with sodium alginate and sodium
polyacrylate using viscometry and Fourier transform infra-red spectroscopy (FT-IR).

They found that chitosan and alginate reacted with a defined binding ratio that was found
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to be relatively constant in media of various pH values. In contrast, for polyacrylate-
chitosan interactions the unit molecular binding ratio was greatly affected by the pH. (n.b.

chitosans are generally poorly soluble above a pH ~6).

1.8 Chitosans

Figure 1.6 The Chitin (a) and Chitosan (b) macromolecules.
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Chitosan appears to be an 1deal candidate as a mucoadhesive polycationic polymer — it
is produced on a large scale (Jeunitaux et al., 1989; Alimuniar and Zainuddin, 1992).
Although chitosan has not yet received regulatory approval by the Food and Drug
Administration (FDA) for pharmaceutical use, chitosan containing material obtained

from the treatment of the waste streams of food processing plants may be used as
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livestock feed in the U.S.A. so long as the level of chitosan does not exceed 0.1%
(Weiner, 1992). It is known to interact with other proteins such as lysozyme (Célfen et

al., 1996). Its properties are quite different from polyanionic chitin derivatives, such as

carboxy-methyl chitin (Korneeva et. al, 1996).

Chitosan (Figure 1.6) has been approved as a food additive in Japan since 1983 (and also
in some European countries) and has been placed on the “Japanese Natural Additive
List”. It is used as a thickener and stabilizer (Weiner, 1992). It is a food ingredient in
some dietary cookies and noodles from Hihon Kayaku Inc. and Tanami Foods Inc. as
well as in vinegars of Nakano Inc., making use of its hypocholesterolaemic properties
(Hirano, 1989). The food industry has also exploited the chelating properties of chitosan
for the clarification of beverages such as apple and carrot juices (Imeri and Knorr, 1988;

Soto Peralta et al., 1989).

The lack of acute oral toxicity of chitosan has been supported by experiments in mice
(Arai et al., 1968) who determined an LD50 of > 10g/kg. However the literature lacks
adequate scientific studies on long term and widespread human exposure through food

and pharmaceutical products (McCurdy, 1992).

Chitosan is a denivative of chitin; the insoluble structural exoskeletal polysaccharide of

the shells of crabs and lobsters and can be harvested very cheaply (see Tombs & Harding,
1998); the chief producers being Norway, Japan, China and Russia. Like cellulose it 1s a
B(1—4)-D-glucan. Unlike cellulose the residue on the number 2 carbon atom in the ring
is N-acetylated (Figure 1.6). In native chitin these residues are fully acetylated. However,
after extraction the chitin molecule can be deacetylated to varying degrees to give a
polycationic molecule. The degree of acetylation is represented by the parameter F,, with

Fa= 1 (fully acetylated) corresponding to pure chitin and Fa=0 to fully deacetylated

chitosan.
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Variations in molecular weight and degree of deacetylation together with the ability to
form gels and films allow flexibility in formulation design (Acatiirk, 1989; Miyayaki et
al., 1990; Errington et al., 1993).

1.9 Strategies for studying mucoadhesion

There are two separate methods for studying mucoadhesion direct and molecular. Direct
methods involve a study of a macroscopic interaction, usually involving whole mucus,

whereas the molecular methods focus on the interactions and usually involve the purified

mucin component.

The assay methods can either employ freshly excised tissue from various animals (frog,
rat, rabbit, pig, cow, etc.), used either immediately as live or dead tissue or stored frozen
and defrosted prior to use, or they use mucus or mucin at various degrees of degradation
and purity either solubilised or as gel (usually from pig stomach or bovine submaxillary
glands). Whatever model matenal is used, its relevance to the human mucus, whether in
health or disease state, has to be considered (MacAdam, 1993). Dead mucosal tissue may
well not produce any new mucus, while degradation of existing mucus will still take
place. This will have a marked effect on the rheological characteristics of the substrate,
considered to be highly relevant to adhesional phenomena. Mucus thickness may vary
from species to species and intersubject, as well as intrasubject, variability of the mucosal
tissue poses problems in terms of reproducibility. For the mucin based procedures,
mucins, once extracted are subject to degradation by enzymes and mechanic disruption:
they have to be handled with extreme care, and enzyme degradation must be kept to a
minimum (e.g. by extraction in guanidine hydrochloride (Sheehan and Carlstedt, 1989) or
with adequate protease inhibitors present). Mucin carbohydrate composition also varies

within the gastrointestinal tract (Allen, 1989).

Small intestinal mucin is very difficult to solubilise and available in only small quantities.

Gastric mucin from pigs appears to be an alternative since it is available in larger
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quantities and although its sialic acid content is low, its carbohydrate composition is
comparable to human gastric mucin. Purification methods allow the removal of other
components present in mucus In order to obtain purified mucin which still shows the gel-

forming charactenstics of native mucus (Sheehan & Carlstedt, 1989; Bell et al,, 1985;

Allen, 1989).

Commercially available pig gastric mucins or mucus are somewhat different in the detail
of their composition when compared with freshly prepared and purified material. They
may be rather degraded or the freeze drying procedure may have altered the structure in
such a way that 1t becomes difficult to redissolve them completely. Commercially
available ‘submaxillary’ mucins are quite different from the mucins secreted in the
gastrointestinal tract. They are secreted in a viscous soluble form rather than as water-
insoluble gels (for a discussion of these differences see Gottschalk et al., 1972).
Nevertheless, highly purified mucins can give more accurate information on the actual
nature of the interaction of a putative mucoadhesive with the main mucin-forming

component. The use of dilute mucin solutions also allows the study of mucin—

bioadhesive polymer interactions on a fundamental level.

It has been recognized that the degree of hydration of the bioadhesive drug delivery
system, as well as the amount of water available, plays an important role in determining
the strength of adhesion or whether adhesion can take place at all (Leung and Robinson,
1988; Chen and Cyr, 1970). The hydration aspect can be controlled in local applications
such as mouth or vagina by drying excess water in the area immediately prior to
application (Deasy and O’Neill, 1989). In the gastrointestinal tract, however, excess
water at the site of adhesion as well as excess in the amount of surrounding liquid cannot
be controlled. Lehr et al., (1992¢) pointed out that numerous so-called mucoadhesive
polymers adhere only under conditions where the amount of interstitial liquid is limited.
This kind of dry-to-wet adhesion or “blotting adhesion” is due to the capillary forces
drawing liquid from the mucus into the delivery system (Huntsberger, 1967; Lehr et al.,
1992¢; Mortazavi and Smart, 1993). If the polymer involved offers no intrinsic ability to

form a bond with the substrate (e.g. some cellulose derivatives), the initial adhesive
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forces, although high at the beginning may become negligible as soon as the matenal is
fully hydrated (Junginger and Lehr, 1990). Therefore, adhesion measurements in fully

hydrated systems and over a period of time are necessary to avoid attributing a high
adhesive force erroneously to intrinsic mucoadhesive properties. The adhesion
mechanism of capillary attraction between a dry, water-absorbing polymer and a wet,
mucosal surface being dehydrated 1s quite different to the interactions between two
hydrogels (polymer and mucus) in equilibrium with a third liquid phase (Mortazavi and
Smart, 1993).

1.10 Aims of this study

The experiments presented 1n this thesis are designed to try and determine the factors that
effect the interaction between mucin and chitosan focussing on the effects of ionic
strength, degree of acetylation, and source of mucin on the interaction. Also studied was

Mpytilus edulis foot protein 1 another potential mucoadhesive.

This work follows on from two previous studies conducted by Immo Fiebrig (1995) and
Morag Anderson (1991). Anderson investigated the whether pig gastric mucin interacted
with anionic polymers (sodium alginate, sodium carboxymethyl cellulose and xanthan)
the interaction with a cationic polymer was also investigated (DEAE-dextran). No
interaction was found between the polyanions using analytical ultracentrifugation but an
interaction was measured between DEAE-dextran and mucin. Fiebrig (1995) followed on
this work by studying the interaction of mucin with other polycationic matenals,
including a preparation of chitosan. He found a strong interaction between pig gastric
mucin and chitosan and investigated it again using the technique of analytical

ultracentrifugation but also used electron microscopy, turbidimetry and static light

scattering.

Chapter 2 outlines the theoretical background of analytical ultracentrifugation and light

scattering. These techniques with atomic force microscopy have been used to characterise
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the mucin/chitosan complex. Chapter 3 describes the materials used in this thesis, the
purification of mucin the substrate for adhesion. Also described are the experimental
conditions used to charactenise the complex. The results of the characterisation of the
three mucin substrates are presented in Chapter 4. The substrates were characterised
using multi-angle laser light scattering linked on-line to size exclusion chromatography.
Chapter 5 contains the results for the determination of the sedimentation coefficient for
the mucin/chitosan mixtures under varying conditions. The effects of ionic strength on
the interaction are quantified using sedimentation velocity of control and mixture
solutions. In Chapter 6 the results from the Flow field flow multi-angle laser light
scattering study on the complex are presented. The results from atomic force microscopy
are presented in Chapter 7. The visualisation of the mucin macromolecule and the
mucin/chitosan complex at different 1onic strengths. Together with the results from
chapter 5 these are used to determine the effect of ionic strength on the complex. Chapter
8 contains the results for the characterisation of a new potential mucoadhesive Mytilus
edulis foot protein 1. It 1s characterised in dilute solution and its interaction with mucin
studied. Finally Chapter 9 draws conclusions from the work presented in this thesis, and

contains ideas for future work.
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Chapter 2

Analytical Ultracentrifugation and Static Light

Scattering

2.1 Introduction

Analytical ultracentrifugation and light scattering are absolute methods for the
determination of molecular weight (i.e. they do not require standards or calibration). This
parameter is of the utmost importance when characterising molecules in solution.
However, it 1s difficult to determine for substances such as mucins and polysaccharides
because of complications through non-ideality (caused by asymmetry, high solvent

affinity and polyelectrolyte behaviour) and heterogeneity (polydispersity or association

phenomena).

2.2 Analytical ultracentrifugation

Thé Svedberg is regarded as the grandfather of the analytical ultracentrifuge, it was his
pioneering work at the beginning of this century that led to the development of this
technique (see Rénby, 1987). The first ultracentrifuge was constructed in 1924 and by
1925 the first results with haemoglobin were obtained. Using the ultracentnfuge
Svedberg demonstrated that proteins existed with molecular weights in the tens of
thousands whereas previously proteins were thought to be reversible aggregates of much
smaller molecules. Svedberg won the Nobel Prize for Chemistry in 1926 for his work on
colloid chemistry (see Brohult, 1987). The analytical ultracentrifuge was subsequently
developed and used to calculate the absolute molecular weight of molecules using

sedimentation velocity and equilibrium. The basic theory of these is described below (for
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a more detailed description see for example Van Holde, 1998, Harding et al., 1992,
Ralston, 1993).

2.2.1 Sedimentation velocity

Sedimentation velocity experiments are performed to calculate the sedimentation
coefficient of the molecules/complexes under investigation. The material to be studied is
placed in an ultracentrifuge cell and accelerated to a high angular velocity such that a
sedimenting boundary forms. The boundary represents the difference between pure
solvent of the depleted region and the uniform distribution of the sedimenting solute. The

rate of movement of this boundary 1s then measured and the sedimentation coefficient, s,
determined. The sedimentation coefficient has two components, the molecular weight and

the shape (and hydration) of the molecule in solution. The shape of the sedimenting

boundary can also give an indication as to the heterogeneity of a sample.

When a molecule 1s dissolved in a solvent and placed in a centrifugal field there are three

main forces that act upon the molecule. Figure 2.1 illustrates these forces.

The sedimenting force, Fs in a spinning rotor is a function of the mass, m (g), of the
molecule, the square of the angular velocity, o (in radians per second), and the distance

of the particle from the axis of rotation, r (cm).

F =mw2r=%wzr 2.1

M is the molecular weight of the solute (g/mol) and N is Avogadro’s number.

The buoyant force, Fp, is equal to the weight of fluid that is displaced by the particle as it

sediments and opposes the sedimenting force.

F, =—-m w’r =——-'i7pa)2r 2.2
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Where my 1s the mass of fluid displaced by the particle (g), v is the partial specific
volume of the solute (ml/g) and p is the solvent density (g/ml).

If the density of the particle 1s greater than that of the solvent, i.e. F is greater than Fy, the

particle will sediment. As the particle sediments, its velocity increases due to an increase

in radial distance.

Figure 2.1 Forces acting upon a molecule in solution in an ultracentrifuge cell (taken

from Van Holde et al., 1998).
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The frictional force, F¢ is the frictional resistance between the moving solute and the

relatively stationary solvent molecules and also acts to oppose the sedimenting force.

F,=-=fv 2.3

Where v is the velocity of the solute (m/s) and f 1s the frictional coefficient (g/s) which
depends on the shape and size of the solute. Asymmetrical ‘rough’ molecules will

sediment much slower than spherical ‘smooth’ molecules.

Although forces Fp and Fy act to oppose the sedimenting force F,, once the centnfuge
rotor has begun turning, after only a very short period of acceleration (typically less than

10 seconds), the three forces come to equilibrium resulting in a net zero accelerating

force.

F,+F, +F, =0 2.4
and therefore

%—wzr-%Fpa)zr—fv=O 2.5
rearranging gives

-—Aia)zr(l -Vp)= fv 2.6

N
and further

M(l-vp) v _ 57

Nf @’r
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The term v/o’r corresponds to the velocity of the molecule per unit gravitational
acceleration and is termed the sedimentation coefficient, s. As previously mentioned, the
sedimenting force does not remain constant but increases proportionally with radial

distance, so the boundary will increase 1n velocity as it moves towards the cell base. As a
result of this the velocity must be expressed as a differential, v = dr/dt, and using the

identity (I/r) (dr/dt) = din r/dt, equation 2.7 becomes:

1 dinr

2.8
w® dt

S =

So during a sedimentation velocity experiment successive scans of the centrifuge cell at
regular time intervals will show displacement of the boundary from the meniscus to the

cell bottom. A plot of In r against t should be linear and the gradient can be used to

determine the sedimentation coefficient.
The sedimentation coefficient is also dependent on the concentration of the solute, C and

on the temperature, viscosity and density of the solvent. It should, therefore, be measured

at a number of different concentrations and corrected to standard conditions, i.e. those of

water at 20°C, using equation 2.9 (Tanford, 1961)

I—7
S20w =S74 s (L____"/_i_)z_o_w_ 2.9
7720.1# (1 - Vp) T.b

where st is the sedimentation coefficient at temperature, T, in buffer, b, | is the solvent

viscosity and w refers to water. The sy, values should then be corrected for radial
dilution (Fujita, 1975) and plotted against concentration. Radial dilution occurs because
the ultracentrifuge cell 1s sector shaped (to prevent convection (Ralston, 1993)) so as the
solute migrates it enters a larger volume of solvent. The corrected sedimentation
coefficients can then be extrapolated to infinite dilution (C = 0). The sedimentation
coefficient is concentration dependent, due to the solvent having an increased viscosity at

higher concentrations of solute and because the sedimenting solute particles must
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displace solvent backwards as they sediment. At infinite dilution the sozo,w value 1s
obtained (Tanford, 1961). The sedimentation coefficient 1s usually quoted in Svedbergs,

S, in honour of Thé Svedberg, where 1 S is equal to 1 x 10™'° seconds.

2.2.2 Sedimentation equilibrium

Sedimentation equilibrium experiments are performed to calculate the molar mass
(g/mol) of the solute (numencally equal to the molecular weight in Da). A small volume
of an initially uniform solution is centrifuged at a lower angular velocity than that

required for sedimentation velocity. As the solute sediments towards the cell bottom the

concentration at the bottom increases and the process of diffusion opposes that of
sedimentation. After a period of time the two opposing forces reach an equilibrium
(Figure 2.2) and the concentration of the solute increases exponentially towards the base
of the cell. Measurement of the concentration at different points leads to the

determination of the molar weight of the sedimenting solute.
For a single macromolecular species it can be shown that (Ralston, 1993):

2RT  d(InC) 510

X

M =e——
” (1-Vp)w® dr’

where M.y, is the apparent molecular weight of the macromolecule (g/mol), T 1s the
experimental temperature (Kelvin), R is the gas constant (8.314 J K! mol™) and C is the
concentration of the macromolecule (g/ml). A plot of log concentration against r* for a

single species at equilibrium will give a gradient proportional to the apparent molecular

weight.
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Figure 2.2 Representation of sedimentation equilibrium, the flow of solute due to
sedimentation increases with radial distance (black arrows), this is balanced by the

reverse flow from diffusion which increases with concentration gradient (open

arrows)(from Ralston, 1993).
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The apparent molecular weight is determined at a finite concentration while the true
molecular weight 1s obtained through extrapolation to zero concentration to remove the
effects of non-ideality. This means that the molecular weight should be measured at
several concentrations. However, this can frequently be avoided by keeping the (loading)
concentration low (<0.5 mg/ml), at which for proteins the effects of non-ideality can

reasonably be ignored and the apparent molecular weight assumed to be equal to the ideal

molecular weight.

[f the macromolecular species being investigated are polydisperse (e.g. mucins) each
molecular species will be distributed at sedimentation equilibrium according to equation
2.10. Higher molecular weight matenal will be selectively distributed towards the cell
base, whilst the lower molecular weight material will be distributed at the meniscus

(Yphantis, 1964). The molecular weight that is determined is, therefore, an average. If the
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optical system gives a direct measurement of concentration (absorption or Rayleigh
interference) then the molecular weight calculated will be the weight average apparent
molecular weight (M app). Substituting My, zpp for M,y In equation 2.10, the My, a5, that is
calculated corresponds to the whole cell or whole distribution weight average apparent
molecular weight. A convenient way of obtaining this is using the M* function, an
operational point average molecular weight. When the M* function is extrapolated to the
cell base it equals My, ., (Creeth and Harding, 1982). In addition to ‘whole distribution’

molecular weights, My, app, l0cal or point average molecular weights My, app(r) can also be
obtained as a function of radial position, r, by sliding strip fits to the ¢ vs r distributions
(see Teller, 1973). The program MSTAR (Célfen and Harding, 1997) evaluates both

My app and My, zpp().

2.3 Classical light scattering

There are three separate cases for light scattering of molecules, (i) scattering caused by

small molecules (maximum radius < A/20), (ii) Rayleigh-Gans-Debye scattering caused
by larger molecules (A20 < maximum radius < A) and Mie scattering by very large

macromolecular assemblies (maximum radius > A).

We have used light scattering to characterise mucins, which are in the Rayleigh-Gans-

Debye range — i.e. (i1). But before we consider (ii) we need to consider the simplest case

first, 1.e. (1).

2.3.1 Light scattering by small molecules (‘Rayleigh scattering®)

The theory of light scattering has been reviewed at length by many authors, see for
example Harding et al.,, 1992b; Van Holde et al, 1998. What follows is a brief

description of the basic theory of classical light scattering.
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If the solute molecules of an 1deal dilute solution are considered as independent scatterers

of light and it 1s assumed that they are small in comparison with the wavelength of the

incident light in these conditions, then it can be seen from the ratio of the intensities of
the incident light (Io) and the scattered light (I5), in equation 2.11, that the light scattered
by each particle is dependent upon its polarizability (Tanford, 1961).

1, _16z°a’sin’ g,
I =T 2.11

Here 0, is the angle between the dipole axis (the dipole being induced in the particle by
the incident light) and the line joining the point of observation to the dipole, r is the
distance of the observer from the particle, A is the in vacuo wavelength of the incident
light and o 1s the molecular polarizability. Molecular polarizability is easily related to the

excess refractive index of the solution (n) over that of pure solvent (ng) by equation 2.12

where N is the number of solute particles per cm® (Van Holde, 1998).

n*—nl=4No 2.12

By rearranging and introducing the weight concentration, C (g/ml) equation 2.13 can be
obtained which relates the polanzability of the molecule to the specific refractive index

increment (n-ng)/C. If this 1s linear for the system then this can be replaced by dn/dc to

give equation 2.14.

a = (n+n0)(n_n0)£ 713
4 C N
a=-ﬂ’—-—d-'-z—£ 2.14
27 dC N

C/N is equivalent to M/Nj, where Ny is Avogadro’s number and M is the molecular

weight. If we substitute all of this back into equation 2.11 then we obtain:
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2.2 2
_IL____z_’.z'_"Oz(_f'"/{E_)_CM(l+cosz 6’) 2.15
I, r'A'N,

This equation tells us that the excess scattering produced by a solution containing a

weight concentration, C, of particles of molecular weight, M, depends on the product
CM. It also depends on the angle with respect to the incident beam, O, but it is

symmetrical with regards to forward and backward scattering, if the scattering particles

are small compared to the wavelength of the light. For such scattering, which is called
Rayleigh scattering, we can define a quantity, the Rayleigh ratio, Rg, which corrects for

the 1 + cos’0 term, and is therefore independent of angle.

2
Ry = 2.16
I, 1+cos* @
Substituting this into equation 2.15 we obtain:
2_ .2 2
R, =MMCM=KCM 2.17
N A
where
2.2 2
x = 27°n(dn/ dC) -
N A

These equations demonstrate that light scattering measurements can be used for the
determination of molecular weights. With real solutions, the equations must be modified
to take into account the non-ideality of the solution caused by, for example, excluded
volume effects. A precise calculation can be made on the basis of the thermodynamic
theory of Einstein (1910) and Debye (1944). Light scattering from a solution arises from
local density fluctuations and from local fluctuations in the concentrations of the solute.

If the scatter arising from density fluctuations is equal to that arising in the pure solvent,
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then the excess scatter from the solution results entirely from concentration fluctuations
(Billingham, 1977). The free energy required to create a concentration gradient in a
solution is related to the osmotic pressure, «t, of the solution and the treatment of Debye
leads to equation 2.19 and for a non-ideal solution in equation 2.20, where A is the

thermodynamic second vinal coefficient.

dC

For a monodisperse polymer the osmotic pressure can be expressed in the form of a virial

expansion so that equation 2.19 becomes:

KC 1
—=—+2A4,C+34,C* +--- 2.20
R, M 2 ;C° +

where A, and Aj are the second and third virial coefficients etc.

Previously we have considered the case for a monodisperse solute, if we now consider
that the solute is polydisperse there will be a mixture of » macromolecular components,

of different individual molecular weights, M; and concentrations, C;. The total intensity

of scattering is the sum of intensities from all components, i.e. Rg is the sum of Rg;.

R& = iRa = iK.‘C;M,- 2.22

{=] i=1

If the specific refractive index increment is the same for all different species then

equation 2.22 can be rewntten as:

KC ——--—-—-Z:" ! 1 2.23
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M., 1s the weight average molecular weight, since each component 1s counted according
to its weight concentration in taking the average. The second virial coefficient for a

polydisperse solute is not a simple average, but depends upon the exact form of the molar
mass distribution function. For this reason thermodynamic parameters can only be

evaluated from light scattering data 1f the polymer is fractionated into near monodisperse

fractions (Wyatt, 1992).

2.3.2 Light scattering by large molecules (‘Rayleigh-Gans-Debye scattering’)

Large molecules with respect to light scattering are those that have a molecular weight
greater than 30,000 g/mol (Billingham, 1977). Molecules larger than this will give rise to
scattering from different points of the molecule that will reach the detector in different

phases. The beams scattered from different points of a particle are coherent and therefore
capable of interference. If the beams are out of phase and interfere, the intensity of the
resulting light is smaller than the sum of the intensities of the two beams. As this
interference is caused by different points in the same particle it is termed internal
interference. The consequence of this is that the scattered intensity at any angle to the
forward direction of the beam is greater than at the corresponding angle to the backward
direction and Rg will be dependent on 6. The scattered intensity is reduced due to internal
interference at all angles except for zero. It is possible to eliminate the effect by
measuring at low angles and extrapolating to zero angle. However, as internal
interference originates from the difference in distance between the scattering centres of
the molecule the vanation of scattering intensity with angle should yield information

about the size and shape of the molecule.

The angular dependence of the scattering intensity for large particles can be defined as

P(6) = ‘%‘ 2.24

0
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Where P(0) is the scattering function, at zero angle the effect of internal interference is

zero and so P(0) is equal to 1. The value for Ry cannot be measured experimentally as
most of the incident light 1s transmitted through the solution. Ry 1s therefore determined
by extrapolation to zero angle. Light scattered from different solute molecules can
interfere, reducing the sum of the individual scattering intensities of the solute molecules,

this effect 1s eliminated by extrapolation to zero concentration.

The particle scattering function can be related to the radius of gyration, Rg, of a molecule
(see Tanford, 1961) without having to make assumptions about the shape of the

molecule.

1 (R)
3

2.25

lim,_,, P(Q) =1-

4

where /z—(—)sing
1) 2

This is unique because all other measurements of the radius of gyration require some

assumption about the shape of the molecule. Equation 2.25 can be rearranged to give:

. - 1677 ., 0
Im,_,, P(Q) =1+ 37'(123;)81“2 -2- 2.26

and at zero concentration and zero angle KC/Rg = 1/M, therefore:

. KC 1 1 167 ., 0
Im ,_ o0y —=——=—|1+ R:)sin®*=  2.27
TR R, MP(6) M[ 37 )( o)t 2

The limits of the equation (extrapolation to zero angle/concentration) can be achieved
using the method developed by Zimm (1948). Figure 2.3 shows an example of a Zimm

plot where extrapolations to zero angle and zero concentration are plotted on the same
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graph. The extrapolation to zero angle, a plot of KC/Rg vs kC (where k is an arbitrary

scale factor), yields 1/M as the intercept and the second virial coefficient as the gradient.

The extrapolation to zero concentration, a plot of KC/Rg vs sin’(6/2), yields a direct

measure of the Rg (limiting slope/intercept = (167%/3A3)<Rg>>).

Figure 2.3 A typical Zimm plot (taken from Kratochvil, 1987).

sin¥(8/2)+ke

The particle scattering function can be derived for the three basic particle shapes, rod,
sphere and random coil (see Kratochvil, 1987; Tanford, 1961) and are illustrated in
Figure 2.4. It is reccommended, however, to evaluate the particle size from the radius of

gyration (Kratochvil, 1987). For the three basic shapes the following equations apply:

Rod (Ré) = % 2.28
Sphere (R2)= §§f_ 2.29
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Random coil <R§> = (1'62> 2.30

where L is the length of a rod, a is the radius of a sphere and r is the mean square end-to-

end distance of a random coil.

Figure 2.4 Particle scattering functions, P(0) for the three basic particle shapes: (1) the

/2

linear random coil, (2) thin rods and (3) Spheres (x and x"* are products from

dimensional and angular factors and differ depending upon particle shape) (taken from
Kratochwvil, 1987).
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Information about particle size 1s a result of the angular dependence of the scattering
intensity which is described by P(6). To show this graphically, plots of P™(8) vs sin®(6/2)
or a parameter proportional to sin®(6/2) (for example p’><Rg*> = (167*/A%)<Rg>>sin’(0/2)
are constructed. Similarly, KC/Re instead of P'(8) can be plotted against sin’(6/2),

allowing elucidation of the weight average molecular weight. However, if angular

dependencies of samples of different molecular weight are to be compared, it 1s
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preferable to use a plot of P (0) vs sin’(6/2). There are three typical shapes for P™(0)
shown 1n Figure 2.5. Line 1 corresponds to the angular dependence of small molecules
where Rg is independent of 0. For molecules with dimensions comparable to the

wavelength of the incident light, line 2, the angular dependence may either be linear with
a positive slope or moderately curved. Highly polydisperse solutions or those containing

small amounts of large particles results in the strongly curved line 3. This can be

explained by there being no angular dependence of Ry for small particles. There is,

however, high angular dependence for large particles where Ry decreases with increasing
angle of observation, resulting in a strong curvature at low angles which diminishes at
higher angles. This 1s analogous to broad continuous distributions of molecular size and
shape. For such systems 1t may be impossible to obtain any information from P(0)

functions as the eftect of polydispersity may outweigh the effect of particle shape.

Figure 2.5 Angular dependence of the Rayleigh ratio, Re, for a two component (large and
small particles) system. Line A represents the contribution from the small particles, line
B represents the contnibution from the large particles and Line C the total excess

Rayleigh ratio (taken from Kratochvil, 1987).
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Chapter 3

Materials and Methods

3.1 Materials

3.1.1 Solvents

For most of the work in this study an acetate buffer pH 4.5 was used (Dawson et
al., 1986), although for sedimentation velocity analyses performed at 230 nm a
phosphate buffer had to be used as acetate absorbs in this region (20 mM sodium
dihydrogen phosphate and sodium chloride to an ionic strength of 0.1 M, adjusted
to pH 4.5 using HCI). When necessary the ionic strength was adjusted using
anhydrous sodium chloride. All buffers were prepared using deionised distilled
water (dH,0) and chemicals were all of Fisher Analytical Reagent grade (Fisher
Scientific UK).

3.1.2 Samples

3.1.2.1 Chitosans

Sea Cure 210 + (‘SC210 +°), a glutamate salt of chitosan was provided by Pronova
Ltd. (Drammen, Norway). This is a preparation with a degree of acetylation of 11
% (i.e. of Fa = 0.11) and which has previously been well characterized (Errington,
1993). SC210 + chitosan solutions were prepared in acetate buffer to a

concentration of 4 mg/ml; this was then left to dissolve overnight.
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Chitosan A fractions 1-5 were a gift from Dr. G. Berth (Max Planck Institute,
Teltow, F.R.G.). Chitosan A has a degree of acetylation of 25 % (i.e. of F5 = 0.25),
determined by titration. Chitosan A has been characterised by Berth et al. (1998).

3.1.2.2 Mucins

The PGM (‘PGM-MD’) was purnfied according to the modified procedure of
Hutton et al. (1990). Fresh pig stomachs were obtained from a local abattoir. The
stomachs were cut open on the lesser curvature and emptied out. They were then
washed gently to remove any remaining matter and mucus gel was scraped from the
surface, using a microscope slide, into a proteinase inhibitor buffer chilled to 0°C

(Sodium phosphate 67mM, Iodoacetamide 1mM, o(6) Aminocaproic acid 100mM,

Benzamidine HCl 5mM, EDTA 10 mM, N-et