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fntroduction

In this review we will consider how we can utilize the adhesive properties of certain
types of biopolymer to increase the residence time of orally administered drugs as they
pass through the stomach and small intestine. This utilization helps maximise the time
window a drug spends near its site of optimum absorption. The review updates and
builds on our earlier work (Fiebrig et ar., 1995a) which focussed more on the
macroscopic aspects, and where an extensive table (Table 18.3) reviewed mucoadhesive
performance; the reader is strongly recommended to cross-refer to that article. The
current article will attempt to focus more on the molecular aspects of biopolymers
interacting with mucus and its key macromolecular "o-pon"nf - mucin. we will:
' Consider the principles of mucoadhesion and the strategy for the oral administra-

tion of drugs
' Consider absorption enhancement and the strategies used to delay gastrointestinal

transit
' Look closely at the mucin substrate - on which there has been massive progress in

our understanding of the molecular nature of this substance - and potential
adhesive materials, particularly two types of polycationic polysaccharide and an
unusual protein from the feet of mussels

' consider the assay method: the 'macroscopic' 
mechanicaviz yivo methods and the

molecular mucin based methods
o consider a'case'study on the molecularhydrodynamics in some detail: namely

mucoadhesive interactions with gastric mucin
o conclude on the most likely candidate mucoadhesive(s) and how they could be

constructed into delivery systems.

*To whom correspondence may be addressed.

!,:::"!!?l.Cl ! A Genetic Engineering Reviews _ Vot. 16, Aprit 199
02&-4725199115141-86 $20.00 + g0.00 O Inr€rcept Ltd, p.O. Box 716, Andover, Hampshire Splo lyc, UK

4 l



42 S.E. HenmG et al.

Bio-adhesion and mucoadhesion
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Oral administration of drugs
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Figure 1. Drug administration through the gastrointestinal tract.

entire length of the small intestine, however the majority of drugs are actually
absorbed from the proximal small intestine (Booth, 1967). It the drug is poorly
soluble, or is in the form of a controlled release dosage form, significant absorption of
the drug may also occur in the large intestine (Davis, 1989). The limited surface area
of the large intestine can be compensated by a long transit time. More recent studies
with a once-a-day preparation (e.g. theophylline) have shown that therapeutic drug
levels can be maintained for periods of up to 24 h (Gruber et al., 1987) even though
these systems are expected to have emptied from a fasted stomach, passed through the
small intestine and have arrived at the ileocaecal junction after4 h (Davis, 1985). Oral
drug delivery ceases eventually with the faecal excretion of any unabsorbed drug.

Absorption enhancement in oral drug delivery systems

Too rapid a transit, or low residence time in the stomach and small intestine is just one
of three major problems in oral delivery. Low appearance of the drug in the systemic
circulation (bioavailability) can be due to 1. rapid transit of the drug-containing
delivery system past the ideal absorption site, 2. rapid degradation of the drug in the
gastrointestinal tract once it has been released (this can be serious for peptide drugs)
and, -?. low transmucosal permeability of the drug due to its size, ionisation, solubility
or other characteristics of the drug molecule. Although this review concems itself with
addressing item 1., it turns out that the one of the best potential mucoadhesive
materials (the polycationic polysaccharide chitosan) can also assist with solving the
permeability problem, 3.

A satisfactoryresolutionof probleml. will alsobebeneficialforpolardrugs suchas
hydrochlorothiazide, which are only poorly absorbed from selected regions of the
small intestine and whose bioavailability is believed to be dependent on the residence
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Figure 2. Strategies forretarding gastrointestinal drug transit.

time of the dosage form at orupstreamofits small intestinal absorption window (Beer-
mann et al., 1976;Lynch et al., 1987). Resolution of problem 1. will be particularly
important in the case of controlled release drug delivery systems (DDs), designed to
deliver drugs over extended periods of time (e.g. l2-24h). once in the colon, these DDS
may be delivering a proportion of drug to a non-optimal site for absorption (Davis,
1985). An ideal oral sustained release dosage form should be comparable to an intra-
venous infusion, which continuously supplies the arnount of drug needed to maintain
constant plasma levels once a steady state is reached (Fcirster and Lippold, l9g2)

strategies for retarding drug transit through the gastrointestinal tract

The strategies for delaying drug transit through the gastrointestinal (g.i.) tract fall into
one of three categories (Figure 2): pharmacological, physiological and pharma-
ceutical; the first two being less attractive than the last because of toxicity problems.
(Foranotherrecentreview of retentive systems see Hwanget at.(199g)). Apharmaco-
logical approach involves the co-administration or incorporation of a drug into the
dosage form. This drug delays gastrointestinal emptying. Examples include
antimuscarinics, e.g. propantheline, which are relaxants of the smooth muscle
(Beermann and Groschinsky-Grind, 1978; Manninen et al., 1973) or a drug that
changes motility, e.g. opiate analgesics or derivatives such as loperamide (Minami
and Mccallum, 1984). However, the potential side effects that may arise from such
treatments on a routine basis would not be acceptable for regulatory approval.

A physiological approach is the use of natural materials or fat derivatives such as
triethanolamine myristate (Grtining and Heun, 19g4, 19g9), which stimulate the
duodenal or jejunal receptors to slow gastric emptying. The use of large amounts of a'volume filling' polymer such as polycarbophil(Hariset al.. l990a,b) can also cause
a'slowing down'response in terms of gastrointestinal transit.

Pharmacological and physiological approaches thus set out to delay gastrointestinal

Strategies to retard drug transit in g.i. tract

(i) Swelling balloon hydrogel approach
e.g. xanthan, guar

(ii) Buoyanl density or llotation approach
'hydrcdynamically balanced systems"

(lll) Polysaccharlde mucoadheclves
e.g. carboxy-fii€thyl cellulose, DEAE-dextran, chilosan
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transit by modification of the rate of gastric emptying using 'passage-delaying

agents'. By contrast, the pharmaceutical strategies attempt to achieve the same
objective by actually retaining the dosage form at or upstream ofits absorption site for
as long as possible. This is achieved by a particular physical or physicochemical
characteristic. Mucoadhesion is one strategy (Figure 2).

(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 sizeof such systems has toincrease afteringestion to anextentthatgastricemptying
is totally inhibited (Mods, 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 aI., 1988, 1989). These have neverpassed 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 aI., 1983; Al-Dujaih et al., l9g3;
Wilson, 1990) or permanent retention in the stomach with cumulative effects (Brahams,
1984; Vere, 1984) could lead to life-threatening problems.

Another approach uses dosage forms of moderately high density, based on the
premise that high density formulations remain in the stomach longer than conven-
tional 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. > r.4 glml
(Bechgaard and Ladefoged, 1978). The effectiveness ofthis approach has not been
confirmed on a broad basis and the evidence remains controversial (Moes, 1993).

(1r) 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 Mods (1993): The first floating
dosage forms (F forms) (sheth and rossounian, 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 yiyo studies on diazepam HBS
capsules such as valium@ cR and valreleaseo and the L-dopa plus benserazide
containing formulation Madoparo HBS (prolopa@ HBS). Mo€s (1993) has attempted
to clarify the conflicting views on the gastric retention capabilities of floating systems
resulting from a number of in vivo trials by different authors (Mtller-Lissner and
Blum, l98l; Davis et al., 1986;Timmermans and Mo€s, 1990; Timmermans, l99l;
Kaus, 1987; Sangekar et al., 1987;Lippold and Giinther, l99l).

(iii) Polymer mucoadhesion. This involves attachment or encapsulation of the drug
with a polymer which interacts with either the mucosal epithelia/glycocalyx lining oi
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 a stability problem; enzymatic degradation and biotrans-
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Figure 3a. Adherent gastric mucus viewed under bright field microscopy on a transverse section ( I .6 mm
thick) of rat gastric mucosa. Three distinct phases are seen: mucosa, mucus gel layer and the 'bathing'

solution of free mucus. Reprinted with permission from Allen (1989) and Kerss et a/. (1982).

t50 200 25{)

Mucus Thicklcss Mcrsurcocntt (pr)

Figure 3b. Histogram of the mucus thickness from the antrum region of human stomachs. Overall mean
(from 300 measurements) = 144 Fm, standard deviation =29 pm and the median = 160 pm. The Schiff/
Alcian Blue statining technique on cryostat sections ofgastric mucosa was used. Reprinted with permission

from Jordan et al. (1998).

use on cryostat sections of gastric mucosa, and an example ofthe distribution of mucus
layer thicknesses obtained for human gastric antrum mucus is shown in Figure 3b.

It is believed that the adherent mucus layer plays a major role in protection of the
delicate underlying epithelium against the various endogenous and exogenous insults,

such as acidic pH (providing an 'unstirred 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 becomes 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

47
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Figure 3c. Structural hierarchy of a mucin from the g.i. tract: a colonic mucin of the MUC2 type (from
Iumel et al., 1997). The general structural scheme of mucins from a variety of sources is similar. See text.

extensively described by various authors e.g. Allen (1981, 1983, 1989), Silberberg
and Meyer (1982) and Bhaskar et aI. (1992). chemical analysis of the mucus gives
evidence of a rather 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, or more vividly, it could be seen as 'adhesion to water
in a semisolid form' where the mucins play a key role in maintaining the gel-like
properties of the substrate for a potential drug delivery platform. The mucins them-
selves display considerable heterogeneity that has been well described (e.g. Carlstedt
and Sheehan, 1984; Neutra and Forstner, 1987; Allen, 1989; Sheehan and Carlstedt.
1989; Harding, 1984, 1989).

Mucin

Mucins are large molecules with molecular weights ranging from 0.5x106 to over
2Oxl06 g/mol. They contain large amounts of carbohydrate (for gastrointestinal
mucins Tovo-80vo carbohydrate, l2vo-25vo protein and up to -5vo ester sulphate).
Undegraded mucins are made up of multiples of a basic unit (M -400,000-500,000),
linked together into the macroscopic mucin. Although originally thoughr to be
arranged in a windmill type of structure (Allen, 1978), this model was shown to be
incorrect: Instead the molecule is linked into linear ilrays as shown by Creeth,
Harding and coworkers (Harding et al., l983a,b) and by Carlstedt, Sheehan and
coworkers (Carlstedt and Sheehan, 1984). Although linear, the mucin molecule in
solution is loosely/randomly coiled into a spheroidal, highly swollen (by water
imbibement) domain as confirmed by molecular hydrodynamics. Examples from
electron microscopy clearly showing both these features are presented in Figure 4:
Figure 4a, the linear 'secondary structure' and Figure 4b the overall spheroidal
domain. The total architecture seems to be very similar for mucins from a variety of
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(ii)

Figurc 4. Electron microscopy of a bronchial mucins ofthe 'single subunit' type (molecular weight (-2-

i.5x lOuDa)preparedbyairdrlngontomica(i)orcriticalpointdrying(ii)andthenlinearshadowingwith
platinum. *iifr'tal the-mucini hive been strung out by the large shearing and-surface tension forces

experienced during air drying onto mica, leaving clear flattened (a) and linear (b) regions visible The

flaitened regions aie likely regions of high glycoiylation (Harding et al., 1983). (i) and images similar to

these clearlf demonrtrut" u lin-"- ussembly for mucin molecules and not 'windmill' or 'star-like' structures

as had been proposed earlier. With (ii) theiritical point drying method has preserved the overall spheroidal

domain ldari siherical regions) occupied by the rindomly coiled molecule in solution (Halletetal., 1984).

Magnification: (i) x161000, (ii) x75000.

sources (for example gastric, respiratory or cervical). The basic units are linked

together by regions of low or no glycosylation (Figure 4) which are subject to trypsin

dilestion: the -+OO-SOO tOa 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 a

49
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mucin is that of colcexrernauv"*"-'t"*T#:;(t'ffplililffil,",:"*:::1i""":;,r#ff 
Hi:T:

;TiJtJ: :ffiilXo 
suuunits in te;;,fi;;i wt < 5 MDa) ( o,ai7i "i.,r ee8). Mucins

trf J,'j:HI'J[Jil:,tililff llil#H1:';*,if t*:,T;::l;1ff",,1T:l
PRIMARY STRUCTURE OF MUCINS
These advances in <matchedby,,.d"ll'#1.,1'jil:['":j"*.ffi ;*:::T"T,?TlHffi ,H::
yp!'i".1':tf,','triffi $ffi :*'*:qlg.t:d#il;lieproteinchaincarbohydrate,"igr,il.,n",.",e"".,".J;;fi ",i"tjlilrr:j#ilH;*rfi*r;1:';
sequenced (see e-e.- Hounser ", "t-, tgsi';d*f...;;.:^;;;il:'fi"r" 

are cared
ffi"t ;t;:i[ 

-* known to oate aril the sources of mucin tr,"y "oo" for are

;;f**"mtilff#*it*::ffi 'Ti:ff ::;:-i[l*tm$:
The protein sequences emerging from elucidatingthese genes confirm the presenceof large amounts of s"rin" unitti*"a",'ru", ,", the o-grycosyrution, and also thelarge amounrs of prorine.-.which has u".i tno*n.roryd"iH;r;;; t aL, r983a,b)

f,:?:Hlff#**""""',-,"r,h;;;;#;.cure.rhisknowredgJorthegeneshasrin"u,porf peilffiffj:'#ff ;T,-T,T:""ffi ,,:#f HHjft ffitrff ,#:
::ff:ilJJt":,iTj'S36ti"Tl*t1y,:s#ffi i:ffi:in: ilixl",*",0""i

The o-rinked carbohvdrate ".l"t";;;t """iii.up t _nrr" different monosaccharides;nameryo-galactose, l-iucose, N-acetyrglucos;ine, N-acetfgalactosamine and sialicacid (Fisure i)' As multi-bran"h"d ;G;;;;;;des they are covarenrry attached viao-gtycosidic rinkages from N-u"rtyrg;;";;r-";ne to serine and threonine residues ofthe prorein core. The absence of uro"i" *ia "nJ"nryt u"" *ounis o-r?arinose (<t zo)

fi l#;i:f "::[:f::ffi *[ff"'.."Jog,vcans"i;;;;";;;tissueandacidic zugars rs"r,"""r, rss2) (in gastroin,rr,,nu?t*lj;ll-:h *lo$ to a family ofu muclns usually either N_acetyi or
Table 1' characterized MUC genes (from Hounseil et ar., 1997)

MUC gene Location

MUC I
MUC 2
MUC 3
MUC 4
MUC sAC
MUC 58
MUC 6
MUC 7
MUC 8

Il:T 1.9 *r:l ceil surface episiatin
r-oton andsmall intestine goblet cell secretionlntestinal tissue
Tracheobronchial tracr

|iiffi1il1,X1#ti::l1"* 
" secre ri on

uasrrc gland secretion
Salivary gland secretion
Kesplratory tlact
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Figurc 5. The principle sugars of gastrointestinal (also bronchial and cervical) mucins' The key ones' in

t"i,, of possibie interaction sites-for mucoadhesives are sialic acid (-COO- group for electrostatic

interactionl, N-acetyl glucosamine and N-acetyl galactosamine_1-coc.H: group, with the carbonyl for H-

bonding and the hydrophobic methyl residue, and fucose ({H, group)'

N-glycollyt-neuraminic acid), are usually in a terminal position on the carbohydrate

chiin, whereas ester sulphate residues occur in a more intemal position, e.g' as N-

acetylglucosamine-6-sulphate in pig gastric mucus (Allen, 1978; Slomiany and

rra"yei 1972). They both contribute in giving the molecule a net negative charge,

thought to be of importance in interactions with polycationic materials (Lelu et al"

tggib;Fiebiget a\.,1994a, b). Other potential residues for mucoadhesive interaction

are the carbonyl (hydrogen bonding) and methyl (hydrophobic bonding) groups on the

N-acetyl residu"r (CutN,t", GlcNAc, sialic acid) and another methyl group in fucose.

Is mucus an aPProPriate target?

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

gastrointestinal mucoadhesion: (i) tumover of the adherent mucus layer, (ii) interac-

Iions of the formulation with soluble, i.e. non-adherent mucus prior to adhesion and

(iii) gastrointestinal motility.

Fucose
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TURNOVER OF THE ADHERENT MUCUS LAYER
Adherent mucus is continuously lost into the gastrointestinar lumen by proteorysis andmechanical sloughing (e.g. Allen, l98l; Allen and Caroll, f 9g5). Theiatter, caused bythe ingested food and its dige.stion, is thought to be the majo. "u*" of ,h" loss of gastricmucin (Waldron-Edward, lg77). Aaynamic balance exists at the mucosal surface invivo' between mucus secretion and mucus erosion. Mucus erosion, "itrr". uy p"psin orby abrasion, must be replenished by the mucosal secretion of new materiar in order tomaintain a protective function (Aren et al., 1993). The difficulties in measuringmucus secretions in vivo have been outlined by Allen (lggg). studies on the turnovertime of intestinal mucus gel layer in the rat ir sira loop (poelma and rukker, l9g7) byLehr et aL(1991) have attempted to shed some light on the limitations to gastrointestinal

mucoadhesion. The view of these authors is that the maximal ."ridEn"" time of abioadhesive DDS at the site of adhesion would be limited uy ttr" tim" it takes for themucus gel layer to be renewed as determined by the steady uu" "rry"il.sis, secretionand degradation of the mucins (Allen, lggl). Although their estimate for the mucusrurnover time is relatively crude (47- 270 min),it is interesting to nnJ tnut this timescale is similar to the mean residence time found for mucoalhesive microspheres(94t18 min) in earlier experiments using the same animal model (rat). Furthermore ithas been observed that stimurating the mucus output, by perfusion with l0 mMsodium taurocholate, led to a signfficant shortening of the mean residence time ofmicrospheres' of even greater interest is the observaiion that the -i".osph"r"s did notbecome detached from dead mucosal tissue in vitro whenthe system was stirred formore than l8 h. This leads to a further consideration; trrat or choosing an approp.iatemodel system. This will be discussed in more detail below. Although";ucus rumoverin an in sira isolated gut loop in the rat (which has undergon, ,"r!"ry u"o has beenremoved from its normal function) may be different from mucus tl-ou". in healthyhumans or patients, this physiological factor will limit potential adhesion to theadherent mucus in the gastrointestinal tract.

COMPETITIVE INHIBITORY INTERACTIONS WTTH SOLI.IBLE MUCIN
Any formulation entering the gastrointestinal tract interacting with the mucus gel islikely also to interact with soluble mucins of the .slough, 

or luminal material. This isan unavoidable complicarion which wil reduce the effi-ci.".y "i;;ilil;sive sysrem:tnat 
i1.1y 

adhesive ty:r:T rarc:tled for groups on the mucus gel will arso have rhepossibility to interact with the soluble.nu*r. Even if the epitheiia cels are targetted,a 'competitive 
inhibition' for the mucoadhesive will recur as has been shown recentryby Lehr et al' (1992d): Those authors used tomato lectin, a material that specificallybinds to isolated pig enterocytes and monolayers of human caco-2 cell curtures, andwas proposed as a favourable candidate for specific bioadhesion t" "pi,Hi"r cels ofthe gastrointestinal tract..However, bindinj dso occurred with crude pig gastricmucus. Thus, no mucoadhesive strategy "* u. 10070 efficient! other competitiveinhibitors for mucoadhesion may aso oeriue from other soruble components withinthe gastrointestinal tract, such as bile salts (Anderson, l99l).

GASTROINTESTINAL MOTILITY

Gastrointestinar motility patterns and in particular the so calred .housekeeper 
wave,
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which involves strong gastrointestinal contractions, serves as a cleaning mechanism to

clear all indigestible materials, including non-disintegrating dosage forms, from the

stomach or froximal intestine (Code and Marlett, 1975; Grundy, 1985; Leung and

Robinson, tlts;. fnus, 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.

TARGET FOR MUCOADHESTVES

Although the most appropriate target phase that would appear to give the best

efficiency for a mucoadhesive system (if it were accessible) is the underlying mucosal

glycocalyx, the target phase (in the stomach, small intestine and colon) most relevant

io-the concept of mucoadhesion is the water insoluble mucus gel lining the mucosa of

the gastroiniestinal tract. This mucus layer has a variable thickness, 5H50 pm, in

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

differences: For example (A. Allen, personal communication) mucus thickness in the

stomach is variable but between a mean of 100-150 pm for the firm layer of adherent

gel and another 100 pm of viscous mobile mucus on top of that under unstirred

ionditions. In the colon the adherent gel has a mean thickness -65 pm with something

in the region of another 700pm mobile viscous mucus that can be removed by suction'

An important point is that in both cases the adherent gel barrier is continuous'

A variety oi g.oups on the sugar residues on mucins provide potential sites for

interaction of either an electrostatic, hydrogen bond or hydrophobic nature. The next

question is: which is the appropriate mucoadhesive?

The mucoadhesive

The most important requirement of a mucoadhesive is that it must be non-toxic with

no undesirabie physiological orpharmacological actions, and should not be expens-

ive. To this end, biopoiymers, and in particular food grade polysaccharides are

particularly attractive candidates (see Tombs and Harding, 1998). Other important

iriteriaare thatthe mucoadhesive shouldh avegoodwettability(andspreadingability)

and high drug loading and a suitable unloading capacity. The following molecular

prop"rti", *" important considerations: charge, hydrodgen-bonding, hydrophobicity'

it"iititity (ability to overcome steric hindrance problems) and molecular weighU

molecular weight distribution. The following molecular environmental factors are

important: sotuUitity, pH, ionic strength, presence of other salts (e.g. bile) and other

macromolecules (antibodies' enzymes, polysaccharide 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 (Huntsberger,1967i Chen and Cyr, l97O; Peppas and Buri' 1985)'

During the establishment of the adhesive bond the total surface energy between the

two materials is diminished, eliminating two free surfaces and creating a new

interface. This fust step is believed to be followed by physical or mechanical bond

formation obtained by diposition and inclusion of the adhesive material in the crevices

of the mucus and chain intanglement between polymer chains of both phases lalso

referred to as inter-diftusion) (Bodd6, 1990; Jabbari et al., 1993).Lebr et al' (1992c)

have used electron microscopy in an attempt to visualize intermixing between a
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polyacrylic acid derivative (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 and
Robinson, 1988; Duch€neet al.,l9gg). The formation of primary lcovient) chemical
bonds is important in hard tissue adhesion in orthopaedics and d"niitt.y. However, for
mucoadhesion, chemical reactions ofthis type have not been considered so far, since
a long term attachment is not required (peppas and Buri, l9g5).

POLYANIONIC AND NEUTRAL POLYMERS

Polymers with hydroxyl or carboxyl groups on their surface had been earlier claimed
as the most desirable candidates for bioadhesion, rather than polymers with other
functional groups or cationic moieties (peppas and Buri, t-eas;. rne synthetic
polyacrylic acidderivatives known as polycarbophils (Carbopol@EX-55) andcarbomer
(carbopol@ 934) have to date been by far the most studied mucoadhesive polymers
(Table 18.3 of Fiebri g et al., 1995a). Both materials are polyanionic and interaction
with mucus has largely been attributed to chain entanglement of the polymer chains
with mucin as a result of swelling of the polymer in water and hydrogen bonding due
to the carboxyl groups being in their unionised state at low pH (Robin'sone t al., l9g7;
Leung and Robinson, 1988; poncher et ar., lggia,b; rauuari et al., 1993). poly-
carbophil is described as a water insoluble but swellable polymer of polyacrylic acid
crosslinked with divinylglycol and used clinically in the treatment of iiurrnoeu and a,
a bulk laxative. Carbomer is a water 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., lgg2b)and molecular studies
(Anderson, l99l; Fiebrig,1996) have yielded little or no mucoadhesion for rhese
substances, possibly because both mucoadhesive and the mucin are polyanionic: the
findings for polycarbophil are therefore rather surprising.

POLYCATIONS

According to Anderson et al. (1989), Anderson (1991) and later Lehr et al. (1992b),
the need for hydrogen-bonding capabilities and negative charge in bioadhesive
materials should not be generalized. These worketr rugg.rt"d 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; senju, 1969). The method is based on tnl principle rhat
positively charged macromolecules will react with negatively charged macro-
molecules. The neutralisation reaction will proceed stoichiometrically, lllowing an
estimation of either material if a standard colloid solution is used. Katayarna et al.
(1978) used the methodforthe titration ofheparin usingpolydiallyldimethyl ammonium
chloride as a standard polycation. van Damme et al. (1992) -"urur"d the negative
charge content in cartilage using polydiallyldimethyl ammonium chloride as well.
Interactions between alginates and pectins with cationic polypeptides such as
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poly(l-lysine) and poly(Lys-Lys-Ala) have been studied using circular dichroism

isyti.i"ly et al., ts1o1. Differences in interaction efficiency between the polymers

*ere att.ibuted to differences in conformational flexibility of the polyanionic chains

in solution. Takahashiera/. (1990) studied the characteristics of polyion complexes of

chitosan with sodium alginate and sodium polyacrylate using viscometry and Fourier

transform infra-red spectroscopy (FI-IR). They found that chitosan and alginate

reacted with a defined binding ratio which was found 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

poody soluble above a PH -6).

CHITOSANS

Chitosan appears to be an ideal candidate as a mucoadhesive polycationic polymer -

it isproducedonalargescale(Jeuniauxetal., l989;AlimuniarandZainuddin' 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

livestock feed in the USA so long as the level of chitosan does not exceed O'lVo

(weiner, lgg2). lt is known to interact with molecules containing N-acetyl-

glucosamine, such as lysozyme (Colfenet a1.,1996). Its properties are quite different

irom polyanionic chitin derivatives, such as carboxy-methyl chitin (Komeeva et al.'

1996).
Chitosan (Figure6) has been approved as a food additive in Japan since 1983 (and

also apparently in some European countries) and has been placed onlhe'Japanese

ttatuiai ldaUive List' .It is uJed as a thickener and stabilizer (Weiner, 1992)' It is a

food ingredient in some dietary cookies and noodles from Hihon Kayaku Inc. and

T a n a m i F o o d s l n c . a s w e l l a s i n v i n e g a r s o f N a k a n o l n c . , m a k i n g u s e o f i t s
hypocholesterolaemic properties (Hirano, 1989). The food industry has also exploited

the chelating properties ofchitosan for the clarification ofbeverages such as apple and

canot juices (Imeri and lfuon, 1988; Soto Peralta et al',1989)'

R = A c o r H

Figure 6. Chitosan. Pure poly-N-acetyl p-D( I -+4) glucosamine is chitin and is insoluble' In chitosan' a

pripo.tion oftn" N-acetyl gioups are deacetylated leaving apositive charge except at high pH (>6'5, where

the molecule is again insoluble).
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The lack of acute orar,toxicity of chitor* 
11' been supported by experiments inmice (Arai et ar., r968).who a"t"'r-in"Jui"il*o or, l0 g&g. However the literarurelacks adequare scienrific rt"d;;;;;g; -a *ia"r-pr"uo iun,* exposurethrough food and pharmaczuticat p.oau"ts"ltvtc Curdy, 1992).Chitosan is a derivative of chitiq tf,"l"J,lUi,or rhe shen s or "'J' La rob srers ;" J ;ilfi'ffiT11ffi::f,:l,i""jT:tr1#;Harding, 1998); rhe chief produc;;; ;;*';ay: Japan, china and Russia. Likecellurose it is a0(l -+4Fo-glucan. unlike ""riuior" the residue on the number 2 carbonatom in the ring is N-acetylat ed (Figure o}-in outiu. ctritin trrese reJjues are fullyacerylated' However, after extracrir" ,r,"'"ii,i" molecule ;;;;;*yhted bvarying degrees to give a.polycationic mor".ur.. rrr" o"gree of acetylation is represented

i:i:"'tri,T:9":1il;$ft ;Jf:iiffi "Lar"""'.,p;;*il;;chitinand
," YffiTfitffiff#* Y."ight and degree of deacetyration togerher with the ab'ity
uivuvuvi"io,:6;T,fl?;"o"i:,o.,'\:Jr;i.rormurationd""c;i;;urk,re8q

DEAE DEXTRAN

DEAE-dextran(Figure z) is apolycationic derivative of dextran, obtained by reactionwith 2-chlorotriethyr-amin-rrya.*r,rrrrJ" 
*-"r,roro"oyr_diethyl-aminochloride (see

xrc_l
(Cl-), NH'-

urcJ

xrc_]

urcJ

n

"--l
l -  o r

t / '  \  r
K o "  )

Ho\  l , /  
-o

t-r
OH

Figure 7. DEAE_dextran. DEAE: di_ethylaminoethyl. From Soldani et at. (19g7).

n-500
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Soldaniera/., 1987).Dextranitselfisana(1+6)linkedbacterialpolysaccharidefrom
Leuconostoc mesenteroides, with many branches of either an a(l-+2), o(1+3) or
a( 1 -t4) type. In most cases the length ofthe side chains is short and branched residues
vary between 5 and 33 per cent. Partial hydrolysis and subsequent fractionation leads
to polysaccharides of a particular desired range of molecular weight. DEAE dextran
is used as a weak ion-exchange material for ion-exchange columns.

MUSSEL GLUE PROTEIN

The protein mefp-L is one of the major adhesive proteins used by marine mussels to
bind strongly to underwater surfaces. This behaviour has been related to its strong
surface active and adsorptive nature (Notter 1988; Olivieiet a1.,1992;Hansenet al.,
1994). This protein and related mussel adhesive proteins, are characterised by having
high lysine contents and hydroxylated amino acids: mefp-1 for example, consists of
tandemly repeated decapeptides each containing two residues of lysine, one to two
residues of Dopa (Waite, 1983; Laursen, 1992) one or two residues of trans-4-
hydroxyproline and a single residue of tans-2,3,cis- 3,4-dihydroxyproline (Taylor
et al., 1994). Several attempts have been made to make biomedical and commercial
useof theadhesivepropertiesof thesesubstances (BatyetaI., 1997),forexample,in
experimentalepikeroplastyandforcellularattachment(Robinera/., 1988;Olivieriet
al., 1992) such as in the attachment of osteoblasts and epiphyseal cartilage cells to
substrata (Fulkerson et al., 1990). The strong adhesive properties have recently
inspired a proposed use for these proteins as mucoadhesives for drug delivery

(D : non-repetitive globular region

: flexible segment [PIP*TYK]

: rigid segment [AKPSY]

Figure E. Consensus semi-flexible rod model for the mussel foot glue protein mefp-l from Myetilus
edulis. This model takes into account the linear flexible properties consistent with molecular hydrodynam-
ics by Deacon et al. ( 1998), earlier CD studies (Laursen, 1992) and the ability to adhere to surfaces (Baty
et al., 1997). The model consists ofa globularregion with a non-repetitive amino acid sequence and an
extended region consisting ofrepeat sequences of amino acid with altemating stiff and flexible segments.
Except at high pH (>7) and ionic strength, the chain will be relatively stiffdue to electrostatic repulsion of
segments. From Deacon et al. (1998).
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(schnurrer and Lehr, 1996) and these substances may offer an alternative to sub-
stances such as chitosans. However, applications have been hampered by the lack of
knowledge on the solution structure and adhesive nature of the purified protein (Baty
et al.' 1997) and until recently very little has been known of the oligomeric state or
overall morphology of these molecules in solution (dilute or otherwi=se). Two recent
studies have confirmed that the protein is monomeric in solution of molecular weight- I l0 kDa (Deaconet a1.,1996) and has an extended conformation in solution (Deacon
et al., 1998a) as illustrated in Figure g.

Direct and molecular strategies for studying mucoadhesion

Direct methods involve a study of a macroscopic interaction, usually involving whole
mucus, whereas the molecular methods focus on the interactions involving the
purified mucin component. Both strategies are highly complementary and should not
be used in isolation.

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 sorubilised or as gel (usually from pig stomach or bovine
submaxillary glands). whatever model material is used, its reievance to the human
mucus, whether in health or disease state, has to be considered (MacAdam, 1993).
Dead mucosal tissue may well not produce .rny 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 poies problems in terms of
reproducibility. For the mucin based procedures, mucins, once eitracted are subject to
degradation by enzymes and mechanical 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, lgg4)or with adJquate prorease
inhibitors present). Mucin carbohydrate composition also varies within the
gastrointestinal rract (Allen, 1989).

Small intestinal mucin is very difficult to solubilise and available usually in only
small quantities. Gastric mucin from pigs appears to be an alternative since it is
available in larger quantities and although its sialic acid content is low, its carbo-
hydrate 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 characteristics of native mucus (Sheehan and
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 dryingprocedure may have
altered the structure in such a way that it 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 differ_
ences see Gortschalk et al., 1972). Nevertheless, highly purified mucins can give
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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 DDS, 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 appli-
cations 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, how-
ever, excess water at the site of adhesion as well as excess in the amount of
surrounding liquid cannot be controlled.Lehr et al. (1992b) pointed out that numer-
ous 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., 1992b; 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 forces, although high
at the beginning, may become negligible as soon as the material 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 is quite different to the interactions between two hydrogels
(polymer and mucus) in equilibrium with a third liquid phase (Mortazavi and
Smart. 1993).

Direct assay methods for mucoadhesion

By direct we mean 'whole mucus'assay procedures, and one of the simplest and most
effective methods is tensiometry, which uses the force required to detach two surfaces,
one coated with the mucus substrate, the other with mucoadhesive, as an index of
mucoadhesion. Other direct methods (Table 2) include the 'flow through' technique,
colloidal gold staining (adhesion number) and the in-vivo methods (endoscopy,
radioisotope imaging)

TENSIOMETRY

The method employs putative mucoadhesive polymers that are usually in the form of
tablets made by direct compression of the polymer or polymer coated surfaces from
casting of polymer solutions. These are consequently put in contact with a mucus
surface usually with a given force applied to the system for a given period of time after
which the adhesive joint is destroyed by applying a vertical force in the opposite
direction or a shear force in the horizontal direction. The force required to destroy the
bond is taken as a qualitative and quantitative parameter for adhesion. If the experi-
ment is done under full hydration of the polymer and in an aqueous environment
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the likelihood of mimicking in vivo conditions is higher, given that a potential
formulation, which is usually swallowed with liquid woulo n'ot arrive at the target
site in a totally dry state. However, this method neglects the fact that a swailowed
formulation does not make intimate contact with the mucus gel spontaneousry.
Furthermore, the cohesion of mucus is also related to its thicknJss ana rheological
features. The method does not distinguish adhesion and cohesion (Huntsbeiger,
1967:Letr et al., 1992cI Although information on the screening of polym"., "un
easily be obtained, the method appears unsuitable for assessing uitr"riu" behaviour
of formulations intended for gastrointestinal application. Similar comments appry
to the related 'wilhelmy plare' method used by e.g. smart et ar. (l%4i.
Tensiometry seems more useful for buccal, vaginal or oth". applications where
liquid is controllable and more limited.

Despite these limitations, Lehr and coworkers found a very interesting spectrum of
results in terms of the mucoadhesive performance of a range of biopolylers (Lelv et
al., 1992b) and their results are summarised in Table 3. The disapiointing perform_
ance of the neutral and anionic polysaccharides is clearly shown. By contrast the
polycationic chitosans appear to give a very favourable inteiaction strongly indicative
of the importance of electrostatic interactions, although polycationic dJrtran deriva-
tives showed little adhesive potential. A possible exptanation for this is the branching
of the dextran which may shield off and provide steric blockage of any interaction with
anionic groups on the mucin glycoprotein substrate. Tabte i alsoshtws the potential
ofthe mussel foot glue protein (Schnurrer and Lehr, 1996). Lehr et al. (r992a) and
schnuner and Lehr (1996) also obtained the rather surprising result of a very
favourable interaction for the synthetic polyanionic polymei, polycarbophil. we will
consider these results again later when we have dealt wittr thl molecular hydro_
dynamics.

FLOW THROUGH SYSTEMS

Here mucoadhesive coated spheres are placed on a mucus gel surface and the shearing
flow of fluid required to dislodge them is used as an index of adhesion: this seems to
model the situation in the gastrointestinal tract better than tensiometry. A flow channel
device was first described by Mikos and peppas (1990). The channel had a length of
approximately 30 cm, a width of 4 cm and a height of approximately 0.5 cm, and it was
thermostatted by a jacket connected to a constant temperature water bath. A cavity
inside the channel allowed placement of a mucin gel or the mucosal of a tissue and the
placement of a single polymer microparticle on top of it. The channel was connected
through a set of valves to a gas cylinder. The volumetric flow rate was gradually
increased until the particle, which was observed by an optical microscope, was
detached from the mucous surface. This particular system could be suitable as a model
for studying nasal mucoadhesion. For gastrointestinal models a fluid has to be
substituted for the air and live tissue has been used to monitor intestinal drug
absorption at the same time (Junginger, et a1.,1990). The observation of adhesion of
a formulation (which ought to be insoluble so as to avoid dilution and rapid wash_off
as well as rapid drug leaching) from a flow of solution directly onto a mucus tissue
would be most desirable. A swellable, but insoluble formulation is usually achieved
by crosslinking of the polymer chains. This would lead ro chain rigidity which in turn
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Table3. Mucoadhesive performance: Tensiometric analysrs

Biopolymer
F (mN/cmr)

Neutral polysaccharides:
Hydroxy-propyl cellulose
Hydroxy-ethyl starch
Scleroglucan

Anionic polysaccharides:
Pectin
Xanthan
CMC (low viscosity)
CMC (medium)
CMC (high viscosiry)

Chitosans:
Wella low viscosity
Wella high viscosity
Knapezyk
Daichitosan-H
Daichitosan-VH
Sea-cure 240
Sea-cure 210+
Sigma

Cationic dextrans:
DEAE-dextran
Amino-dextran

Proteins:
Mussel glue protein mefp-l

-o (2.8+2.9)
-0 (0.610.8)
-0

-0
-0
1 . 8 +  l . l
-0 (0.3a0.3)
1 .3+ 1 .0

3 .9+1.2
6.7+0.7
5 .7+ l . l
8.0+5.7
9.5+2.4
4.1+2.9
9.5+2.5
6.6+3.0

-0
-0

-9

Adapted from Lehr et al. (1992) and Schnurrer and Lehr (1996)
F: Force required for detachment oftwo surfaces in.on,u"ii*i"ouahesive and mucus)

could limit mucoadhesion. since the proposed .interpenetration, 
or .interdiffusion,

mechanism would be restricted.

COLLOIDAL GOLD STAINING

Instead of measuring the adhesion strength or the duration of adhesion, the .adhesion
number' can be determined as a direct function of adhesion. In the method describedby Park (1989) the adherent material (or substrate) consisted of coloiaJgoroparticles
of an approximate diameter of rg nm with mucin adsorbed onto their surface (theparticular mucin used was a solurion of bovine submaxillary,nu"in i;;; I). colloidargold (cAu) sols were prepared by reducing HAuClo with reducinguglio rik" sodiumcitrate' Particle sizes varied depending on ttre reducing agent as welr as on thepreparation procedure.

The bioadhesive material used by parkwas acopolymer made fromacrylic acid andacrylamide cross-linked with \N;-methylene-bis-acrylamide [p(AA-co-AM)]. Thetransparent hydrogels made of this material were cut into rectangular shapes ofvarying thickness. The polymer strips were incubated with the ceu-m"ucin conjugatesand after a rinsing procedure, the absorbance of the strip was measured at a waverengthof 525 nm with a spectrophotometer using a transparent contror polymer strip as ablank. The values obtained were a functioi of the amount of cAu adsorbed onto thesurface' Alternatively the absorbance of the cAu-mucin preparation was measured
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before and after incubation. In this case, the magnitude of the decrease in the
absorbance value from an initial value was used as a quantitative parameter indicating
an interaction between cAu-mucin and hydrogel. An image analyser was also used to
quantify the intensity of red colour on the polymer surfaces. This approach was
necessary for mucoadhesive polymers which were not transparent.

The cAu-mucin conjugates prepared by park required the addition of albumin to
stabilise the preparation further. Albumin molecules are believed to adsorb onto small
bare spots on the cAu particle where mucin molecules do not cover (Horisberger and
Rosset, 1977;De Mey, 1984). However, it can be argued whether any interaction
phenomenon observed is due solely to the properties of the mucin. Moreover, if the
affinity of albumin to the cAu is higher than that of mucin, a displacement of mucin
from the cAu is also possible.

As outlined by Park (1989) an alternative approach using the colloidal gold staining
technique is that of developing cAu-(bioadhesive polymer) conjugates instead of cAu_
mucin conjugates. The polymer coated cAu particles acting as the adhesive this time
could be directly applied to the surface of target tissues. In this case the cAu_polymer
conjugate would act as a model drug delivery system. chitosan-stabilised cAu has
been successfully prepared by Horisberger and clerc (l9gg) to use as a marker for
anionic sites on various micro-organisms and by Fiebrig et al. (1994b, 1997) to
visualize the sites of interaction of chitosan in a mucin-chitosan complex.

IN VIVO METHODS

These involve animal models, human volunteers orpatients (see Table 18.3 of Fiebrig
et al-, 1995a for an extensive comparison). For buccal, vaginal, cervical or nasal
applications the residence time of the device can be inspected visually, while the
subject can give direct information on aspects of tolerance (discomfort, usefulness,
etc.) (Nagai, I 986; Bottenb er g, et al., I 99 1 ; smid-c orbar e t al., I 99 I ). plasma levels
of drug or pharmacodynamic effect (for e.g. delivery of insulin) can give indirect
evidence. Aspects of intersubject variability and disease condition wil-l need to be
taken into account.

with regards to gastrointestinal bioadhesive DDS we are faced with major experi_
mental difficulties. Once swallowed, the device has to reach the adherent mucus layer.
As has been outlined earlier, the process of bioadhesion r equiresintimate contqct inits
first step. There is little experimental evidence for this prerequisite actually taking
place in gastrointestinal bioadhesion. Lodged on the target ,urfu"" a delivery system
has to resist the dislodging forces of gastrointestinal motility. In humans this particular
aspect has been examined for the first time in a double blind study by Anderson ( l99l )
using coloured tablets made from DEAE-dextran and ethyic"ilulor" (l:l) with
ethylcellulose tablets as controls. Seven patients undergoing routine gastroscopy
examination swallowed both tablets with approximately 20 ml of water immediately
before endoscopy. Mucoadhesion, or the lack of it, was assessed using a finger
controlled waterjet attachment. The clinician sprayed the tablet with water, for a fixed
time period and at a constant rate, and assessed adhesion in terms of the number of
sprays required to dislodge the tablet. The results did not suggest any significant
adhesion of the test formulation to the gastric mucosa as compared to the control. In
50vo of the patients examined at longer time intervals 1up untit 65 min post dose)
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neither the control nor the test tablet could be found in the stomach. For those patients
where tablets could be observed, no significant differences in adhesive behaviour
between control and test tablet with the gastric mucosa could be detected when judged
using the finger controlled water jet attachment. There was no actual measurement of
the water spray properties. However, the results illustrate the probable lack of
adhesion for both tablet formulations as well as the intersubject variation in gastric
emptying times for tablet formulations in the fasted state as observed by other authors.

The rat as an in vivo model has a mucus layer about half the thicknesi of that in man
(Allen, 1978; Kersse t aI.,1982),while little is known about mucus turnovercompared
to man. It has been suggested that in the rat there is very little soluble gastric mucus
when compared with the dog where there are considerable amounts of this material
(Robinson er al.,1987). Although the mucin of the pig gastrointestinal tract is similar
to that of humans with regards to its carbohydrate and protein composition (Allen,
1989), gastric emptying in pigs has been shown to be slower than in man (Aoyagi et
al., 1992) and consequently this animal may not be the appropriate in vivo model. It is
however possible to deliver directly to the intestine if requir-d.

Molecular mucin-based assay methods

These methods focus on the interaction between the key macromolecular component
of mucus, namely the mucin, and the mucoadhesive material (Table 2). The use of a
standardised material throughout the experiments allows a comparison of results and
avoids inter-sample variations. Such methods also allow for thi study of the factors
that may influence the interactions (ionic strength, bile salts, tempeiature, proteins
etc.) andhence the elucidation ofinteraction mechanisms. The concentrations employed
can be very low, as in the case of analytical ultracentrifugation and dynamic light
scattering.

VISCOMETRY AND RTIEOLOGY

These approaches involve the measurement of either the intrinsic viscosity [q] of a
dilute solution using for example simple capillary viscometers with proper thermal
control (see, Harding, 1997a), or for more concentrated dispersioni and gels the
rheological parameters G' (loss modulus) and G' (storage modulus) representing
characteristic viscoelastic behaviour using e.g. cone-and plate type of viscometers
(see Ross-Murphy, 1995). If the size of the complex is to be orid u, an index of
mucoadhesive potential, the intrinsic viscosity can be related to the size of a complex
between mucoadhesive and mucin via the Mark-Houwink-Kuhn-sakurada (MHkS)'a' coefficient (see Harding, 1995,1997a) if an assumption is made about conform_
ation (namely the conformation of the complex is the same as that of the mucin):

lnl -M' (l)
(a = 0, 0.4-0.5, I .8 for respectively a sphere, coil and rigid rod). However this method
is complicated by the presence of unreacted mucin or mucoadhesive, and that
measurement of ftl normally requires extrapolation to zero concentration to avoid
complications of non-ideality. In addition, if complexation is a reversible process,
lowering the concentration may also cause dissociation.
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DYNAMIC LIGHT SCATTERINC (PHOTON CORRELATION SPECTROSCOPY)

This involves measuring the translational diffusion coefficient, D, and, where possible,

its distribution, g(D), using an autocorrelator, which correlates tirne fluctuations of
scattered light through Brownian motion of the scattering macromolecules/complex.
Like the intrinsic viscosity, the diffusion coefficient or g(D) can be related to the size

of a complex if assumptions are made about conformation. For example, in terms of
molecular weight by another MHKS relation (see Harding, 1995):

D -M*

(s = 0.33, 0.5-0.6, 0.85 for a sphere, coil and rod respectively), or (better) D is

combined with the sedimentation coefficient from analytical ultracentrifugation (see

below) to give M via a relation known as the Svedberg relation. Although the non-

ideality complications are not as critical as for intrinsic viscosify, for non-spherical
particles the autocorrelation function has to be extrapolated to zero angle because of

complications of rotational diffusion, and like viscometry, the results will be com-
plicated by the presence of unreacted mucin or mucoadhesive: although software can
provide a distribution g(D) and hence in principle resolve components of different D,

results have to be considered very tentatively, since such results are from mathemati-

cal manipulation of data rather than a genuine mechanical separation as would be
provided by chromatographic and sedimentation based procedures. The lack of

mechanical separation also means samples have to be scrupulously clean from dust

and large particulates that do not directly arise from the mucoadhesive-mucin

complexation process.

TURBIDITY/LIGHT SCATTERING

Turbidmetric methods, although approximate, have been succesfully applied to large

supramolecular assemblies such as the T-even bacteriophages (see Bahls and

Bloomfield, 1977; Harding, 1986) and have been recently used to study mucin-

mucoadhesive complexes (see Fiebrig, 1997). A good quality spectrophotometer is

required which measures only the loss of intensity of an incident beam as it passes

through a suspension, and does not record appreciable amounts ofscattered light. The

loss of intensity has to be due to scattering and not absoqption, so a wavelength is

chosen away from any absorption bands.
Although simple, turbidimetry is only an approximate way of sizing a macro-

molecular assembly. More useful information is found if a light scattering
photometer is used, which records the scattered intensity envelope away from the

incident angle. From this and an accurate knowledge of the concentration of the

scattering particles the molecular weight and radius of gyration can be measured
(see Tanford, 1961). Care has to be taken with the analysis of very large particles
(M> -50 million Da), since application of the simpler 'Rayleigh-Gans-Debye'

theory ceases to be valid. As with dynamic light scattering, samples and scattering
vessels have to be scrupulously free of dust and other large contaminating
particulates.

A revolutionary development has been the coupling on-line of light scattering

(2)
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Figure 9. Molecular weight distributions evaluated from the technique of size-exclusion chromatogra-
phy coupled to multi-angle laser light scattering, 'SEC-MALLS' for pig colonic mucin, in its native, tf,iol
reduced (or 'subunit') and papain digested ('T-domain') forms. From iumel et al. (1997).

photometers with size exclusion chromatography: this (i) provides an on-line clarifi-
cation system, and (ii) provides a physical (as opposed to mathematical) separation of
polydisperse systems (wyatt, 1992).The method is ideal for checking the molecular
integrity of a mucoadhesive and a mucin prior to mixing. The useiulness of size-
exclusion chromatogarphy coupled to multi-angle laser light scattering (SECA4ALLS)
as a rapid assay for mucin molecular weight was first demonstrated by Jumel et al-
(1995, 1997): Figure 9 shows an example of a characterisation of pig gastric mucin
(Jumel et al., 1995) and colonic mucin, its subunits and r-domain i (Jumel et al.,
1997). Beyond molecular weights of -10 million, sEC systems generally fail to
separate. However, other separation systems are now available, such as .field flow
fractionation' (FFq and work is currently in progress to monitor the effectiveness of
these systems for the characterisation of mucoadhesives (Deacon, 1999 : D eacon e t al..
r999)

ANALYTICAL ULTRACENTRIFUGATION

In analytical ultracentrifugation the sedimentating boundary (sedimentation velocity)
or equilibrium concentration distribution (sedimentation equilibrium) of a macro-
molecule or macromolecular complex in solution or suspension, under the influence
of a centrifugal field, is recorded using absorption (uv or visible) or refractometric
(schlieren or Rayleigh interference) optics. Although the method is nearly g0 years
old since its inception by T. svedberg and coworkers, this technique has undergone a
startling renaissance over the last decade, particularly in the protein biochemistry/
molecular biology fields, where its power in characterising the stoichiometries,
strengths and conformations of protein-protein interacting systems is now widely
recognised (see Harding and winzor, 1999). It has enormous potential for the study of
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mucoadhe sion. However, because of the generally much larger size and polydispersity
of mucin, mucoadhesive (if it is not a protein) and complex, -" huu" to apply
ultracentrifugation as an assay for mucoadhesion in a slighty different way than uied
for the analysis or protein-protein interaction phenomena:

' change in molecular weight, M, as a measure of mucoadhesion. provided the
molecular weight of the complex is within the the range -1000<M<50 million Da
we can apply the absolute molecular weight probe of sedimentation equilibrium in
the ultracentrifuge. The ratio of the molecular weight of the complex to that of the
largest of the reactants (normally the mucin, of molecular weight typically
between 2 and l0 million Da) can then be used as a measure of mucoadhesive
properties.

' change in sedimentation cofficient, s. For complex sizes within the range
10000<M<10eDa we can apply sedimentation velocity in the ultracentrifuge to
measure the sedimentation coefficient (sedimentation rate per unit centrifugal
field). This will also be a measure of molecular weight and will also be influenced
by conformation and hydration effects (see pavlover at., 1997).we can either use
the ratio of the sedimentation coefficients of the complex to the fastest sedimenting
reactant {normally the mucin, of s typically between 20 and60 svedbergs (s)} as
a measure of mucoadhesive potential, or we can assume a conformation for the
complex (mucin appears to adopt a random coil conformation in solution) and
convertthe ratioof sedimentation coefficients to aratioof molecularweights using
the MHKS 'b' coefficienr (see Harding, 1995, 1997b):

s -l,f (3)

where b = 0.667 ,0.4-0.5 and -0.15 for a sphere, coil and rod, respectively.
' Change in sedimentation concentration of reactants. If the complexes are too

large even for sedimentation velocity to pick up we can use a .fingerprinting' 
assay

whereby we determine the mucin or mucoadhesive loss (compared to a control)
caused by complexation as a measure of mucoadhesive properties. This is particu-
larly useful with the Schlieren refractometric optical systemon the ultracentrifuge.

SURFACE PLASMON RESONANCE

This method which has had a significant impact in the study of protein-protein
systems also has considerable potential for the study of mucoadhesion. It involves
immobilising one phase and flowing over the second phase: in many ways it
mimicks the 'flow through' technique described above in the .Direct' assay
procedures section. However, it has a serious disadvantage over the ultracentrifuge
in that the method is not 'clean' in the sense that a third .immobilising' phase is
necessary. This is conventionally dextran, so assumptions over inertness have to be
made. The greater the amount of material deposited from the mobile phase onto the
immobile phase will affect the 'evanescent wave'. After certain assumptions, these
affects can be related to a molar dissociation constant. If possible, experiments
should be repeated with the mobile and immobile phases reversed, and the best
application of this method is when used in conjunction with the analytical ultracen-
trifuge (see Silkowsh et al.,1997\.
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IMAGING METHODS

Another, but relatively new surface probe which 'images the surface' is Atomic Force
Microscopy. The atomic force microscope can be used to investigate the interaction
between mucin and mucoadhesive polymers. There are various modes of atomic force
microscopy which include contact, non-contact and tapping, all of which may be
performed in a liquid or a dry environment. In tapping mode the tip is brought into
contact with the surface in a rapid intermittent fashion with the probe making very
little contact with the sample. For standard forms of imaging (contact and non-contact)
the picture is built up due to the collected topographical information caused by the
deflection of a laser beam, targeted onto the reverse side of the cantilever, as it raster
scans the surface. As tapping mode has intermittent contact with the surface it is ideal
for soft samples, nearly achieving the resolution of contact mode with the non-
invasive nature of non-contact modes of imaging. Using tapping mode it is possible to
visualise mucin and polymers and study whether they are interacting without the harsh
preparations needed in other methods. Two recent papers have indicated the useful-
ness of combining these measurements with those from surface plasmon resonance
(Shakesheff et al., 1995; Chen et a:1., L996).

Transmission electron microscopy has provided valuable information about the
structure of mucins noted above(Figure 4). Ithas also beenusedtoprobe mucoadhesive
complexes, in terms of conventional rotary shadowing of unlabelled material, and also
on complexes where the mucoadhesive (chitosan) has been specifically labelled with
colloidal gold or with gold tagged wheat germ agglutinin (Fiebrig et at.,1997).

Case study: interaction of polycationic biopolymers with gastric mucin

we now illustrate the study of the molecular interactions between mucin and
mucoadhesives by considering some of the work conducted by ourselves and others at
Nottingham in conjunction with colleagues at Bristol, Lund, Trondheim and oslo on
the behaviour of mixtures of gastric mucin with DEAE-dextran, chitosan and mussel
glue protein. The techniques that have been the cornerstone of our 'molecular' based
approach have been primarily sedimentation velocity and electron microscopy. The
sedimentation coefficient and molecular weighVmolecular weight distributions
(measured either by sedimentation equilibrium in the ultracentrifuge or using SEC-
MALLS) has been routinely used by us as a measure of the structural integrity of the
mucins (Jumel et al.,1995,1997).

I. DEAE DEXTRAN _ cAsTRIc MUCIN

We use the criterion of ratio of sedimentation coefficients, J, as an index of
mucoadhesion between gastric mucin from pig stomachs. Two forms of the pig gastric
mucin were used: a low-molecular weight 'single subunit-type' form (M -2 million
Da, s (at 2OC) -17 Svedbergs, S, where 1S = 10-13 sec) and a 'whole mucin' form (M
-8 million, s -42s). A Beckman (Palo Alto, usA) XL-A analytical ultracentrifuge has
been used (Giebeler, 1992) with scanning uv-absorption optics. At 280 nm the mucin
shows an absorption maximum whereas the DEAE-dextran is transparent and cannot
be detected. Additionally, the DEAE dextran has a much smaller sedimentation
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Table 4. Sedimentation velocity assay: pig gastric mucin and DEAE denran

mucin : DEAE-dexran ratio Buffer and temperature r"d (S) control s., (S) complex s*&.*n

mucin subunits (M -2 million Da):
2.0:1.9 (mg/ml)

1 .8 :3 .2
whole mucins (M -8 million Da):
0.2 :  l �0

pH6.8, I=0.1,20€
pH6.8, I=0.1,37€
pH6.8, I=0.1,37€

pH6.8, I=0.1,20oC
pH7.0, I=0.1,20€

l9
20
25

65
55

T7
t 7
l 8

35
42

1 . 1
1 . 2
1 .4

1 .9
1 . 3

UV absorption optics (using the MSE Centriscan and Beckman XL-A analytical ultracentrifuges). DEAE dextran control :

sedimentation coefficient, i -2 Svedbergs (S). For the subunit data, r values at 37"C have been normalised (for fluid

density and viscosity) to 20"C (Anderson, l99l)

Table 5. Sedimentalion velocity assay: pig gastric mucin and chitosans

chitosan Buffer and temperature s.*, (S) control s.o (S) complex r.i,fu.*in

780
1990
1630
2340

sea-cure +210

KN50 Trondheim

pH4.5, I=().1,2(}C
pH4.5, I=0.1,37rC

pH4.5, I=0.1,20qC
pH4.5, l=0.1,37€

l 5
38

3 l
44

52
53
52
53

UV absorption optics (using the Beckman XL-A analytical ultracentrifuge).
Chitosan controls: sedimentation coefficient, J -1.5 Svedbergs (S)

Mucin:chitosan ratio,0.2 mg/ml: 1.0 mg/ml
Mucin M -l I million Da
Sea-Cure +210 (Pro-Nova, Drammen, Norway): degree of acetylation, F^ -0' I I
KN50 (NTH-Trondheim): degree of acetylation, F^ -0.42

coefficient (-2S, as measured by a different analytical ultracentrifuge, the Beckman

Model E with refractometric Schlieren optics) compared to the mucins (17-425)' so

the ratio of s for the mixture to that of the mucin control can be used. An inspection of

Tabte 4 shows clearly that the interaction between the mucin and DEAE dextran is

very modest for both 'subunits' and 'whole mucins' alike, with the maximum value of

s.i*/s.u.in being only 1.9. This is consistent with the results from macroscopic

tensioiiiitry analyses of Irehr et al. (1992c) (Table 3) and is probably a manifestation

of steric shielding of the charged residues by the cr(l+3) or cr(1-+4) branches in the

dextran chain. This finding is also consistent with the lack of bioadhesive effect for

coated tablets of DEAE-dextranin in-vivo trials (Anderson, 1991).

2. CHITOSANS - GASTRIC MUCIN

The very modest results for DEAE-dextran contrast dramatically with those for

chitosans which demonstrate a huge interaction with pig gastric mucin. ?cbIe 5 shows

the results for two chitosans of different prop€rties. Sea-Cure 21O+ is a commercial

high quality chitosan available fromPronovaLtd. (Drammen, Norway), and is highly

positively charged with a low degree of acetylation of the C2 N-groups (Fo -0.1l):

Tabte 5 shows the formation of large complexes of J.i.fu.u"in -15-38, with no residual

unreacted mucin left, corresponding (if we assume a coiled conformation for the

complex, i.e.s -145) toparticles of molwt -10e -10t0Da, andconsistentwith astrong

electrostatic interaction. The observations are consistent with the macroscopic



70

(o)
S.E. HenorNc eral.

F'lgure 10. Transmission ellfi ffi Xl'sffi :x*Hfii',l*"?i'ry:{f?H#l:flTffi ff ffi f i*;Ifift##trfr,$



Biopolymermucoadhesives 7I

tensiometry results of Lehr et al. (1992c) and also from electron microscopy studies
(Fiebriget aL, 1995b, 1997) using rotary shadowing of the complexes conventionally
prepared by air drying onto mica and where the chitosan had been labelled directly by
colloidal gold (Figure I0) and by whear-germ-agglutinin linked gold. with this
labelling strategy, the chitosan is seen to be distributed throughout the complex with'hotspots' clearly evident.

significantly however, the chitosan of much lower charge (KN50 of Fo -0.42) also
shows a very strong interaction of comparable magnitude (Table S).^This would
appear to indicate that substitution of a charged group on c2 with an acetyl group

Tabfe 6. sedimentation velocity assay: pig gastric mucin and chitosan (sea cure 2r0+\ and bile salt

sodium tauro-cholate conc. Temp s.n* (S) control s.," (S) complex s . / s

20"c
37rc
2UC
37.C
zAC
37.C

UV absorption optics (Beckman XL-A analytical ultracentrifuge).
Chitosan control: sedimentation coefficient, s -1.5 Svedbergs (S)
Mucin:chitosan ratio,0.2 mg/ml: 1.0 mgftnl. Bile salt: sodium taurocholate
Mucin M -l I million Da

Table 7. sedimentation velocity assay: pig gastric mucin and chitosan (sea cure 2lo+). Effect of pH.

Temp rmmn (S) control s.," (S) complex r.,,fr,*,o

980
t626
780
1990
1524
1580

OmM

3mM

6mM

52
53
52
53
52
53

1085
936
1375
1877
973
736

2 l
l 8
26
35
l 9
l 4

pH

22
t2
l5
38
48
34

45
t32
52
53
32
46

2.O

4.5

6.5

20c
37rc
20t
37{
zAC
37'C

UV absorption optics (Beckman XL-A analytical ultracentrifuge).
Chitosan controls: sedimentation coefficient, s -1.5 SvedbergJlSl
Mucin:chitosan ratio, 0.2 mg/ml: 1.0 mg/ml.
Mucin M -l I million Da

Table E. Sedimentation velocity assay: chitosan (sea cure 210+) and dffirent gastric mucins

mucin mucin:chitosan ratio s.*," (S) control s*" (S) complex J.i"fum*in

PCM

HGM

OGM

0.2: 1.0 (mg/ml)

0.3: 1.0

1.0: 1.0

l5

20

I

780

222

7*

) J

l l

7

UV absorption optics (Beckman XL-A analytical ultracentrifuge).
Chitosan control: sedimentation coefficient, r - 1.5 Svedbergs 15;
PGM: pig gastric mucin
HGM: human gastric mucin(Dr A. Corfield, University of Bristol)
OGM: Orthma (sialic acid free) pig gastric mucin (Orthana Ltd., Kastrup)* A trace amount sedimenting at 4lSS was jusi visible
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Figure 11. Sedimentation Schlieren 'fingerprinting' of mucoadhesive interaction. Top image: Schlieren
image forresidual chitosan (SeaCure +210) leftaftertheresthadcomplexed withpiggastric mucin at0.lM
ionic strength. Bottom image: chitosan control under the same conditions. Area under top Schlieren

boundary = 247 pixels. Area under bottom Schlieren boundary = l0l7 pixels. 96 chitosan interacted =

75.7%. Rotor speed = 35000 rev/min, temperature = 2OC. Schlieren data captured via a CCD camera onto
a PowerMac computer. From Deacon et al. (1999).

(containing a carbonyl group for possible H-bonding and a hydrophobic methyl
group) does not compromise the interaction. This suggests that non-electrostatic
interactions may also be significant, or it may suggest there was still enough charge on

the chitosan to interact sufficiently with all the mucin.
The addition of bile salts (Table 6) does not appear to compromise the interac-

tion significantly, except at -6mM, but still significant complex sizes were present
(r.,,fo.u"in -14-18). Lowering the pH from 6.5 towards and below the pKa of the

sialic acid residues on the mucin appears to reduce the complex siz€ (J,,Au",n

drops from -48 to -22 at2UC and from -34 to -12 at37"C), but the interaction is

still significant (Table D.The observations of Tables 6 and 7 are therefore support-

ive of the view that there may be a significant contribution from non-electrostatic

as well aS electrostatic types of interaction in the chitosan-mucin system. Table 8
compares different types of gastric mucin, and although the preparation of the

human gastric mucin is of much smaller molecular weight (s -115 corresponds to
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a molecular weight between that of a T-domain and subunit), the interaction is not

compromised. However, a much smaller pig gastric mucin preparation that is sialic

acid free (from orthana Ltd., Kastrup, Denmark) appears to give very little inter-

action.
Building on this investigation of the performance of mucins from different sources,

Deacon elat. (1998b)trave very recently investigated the mucoadhesive perfomance

of chitosan with highly specif,rc mucins from different regions of the stomach: corpus,

(o)
lonic strength: 0.1M
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Figure 12. Comparison of amount of chitosan (Sea-Cure +210) interacted with pig gastric mucin for

nat ivepiggastr icmuctnpreparedatNott ingham(PGM-MD)withthreehighlyspeci f icmucinsfrom
Jiif"r"nti"lgions of the siornach prepared ailund (Cardia, Corpus and Antrum)' using the Schlieren

nng".printiig pt*edure (a) ionic strength 0.lM; (b) ionic strength = 0'2M. Other conditions as Figure I 1'
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Figune 13' sedimentation velocity analysis demonstration ofmucoadhesion ofthe mussel glue proteinmefp- I withpiggastric mucin. XL-A analytical ultracentrifuge used equipped with scanning uv-absorptionoptics (a) mefu'l control. Rotor_speed = 40,000 rev/min, teiperature = zo.ooc, scan intJrval = l0 min,loading concentration = 0.8mg/mr. sedimentation coefiicient, s" = (2.3410.17)s. (b) rze.lp-1: mucincomplex (Concentration of mucin aftermixing = 0.1 mg/ml; concen'il_ati onot^"7p_i uirmixing = e.4 s1g,r
;t;i:$;T" 

= 2,000 rev/min, temperarure: 20.0qc; scan intervat = l0 ;;l; : ?000s. 1r.orn n"u.o-n

antrum and cardia, and compared them with the performance of the .whole' 
pig gastric

mucin. Because of scarcity of material, the sedimentation .fingerprinting' 
technique

(Figure 1I) had to be employed (see page 67). This involved the use of the crirerion
of 'amount 

of chitosan interacted', as determined from the areas under refractive index
gradient curves (schlieren optics on the analytical ultracentrifuge, linked on_line via
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a CCD camera to a PowerMac computer). Figure 12 shows a clear difference (under

0.lM ionic strength solvent conditions) of the interaction strength in the order
cardia>corpus>antrum. Although at 0.2M insufficient cardia material was available,
interestingly the corpus and antrum showed an increase in interaction strength, again
consistent with the hypothesis that non-electrostatic types of interaction play arole in
mucin-chitosan binding.

3. MUSSEL GLUE PROTEIN - GASTRIC MUCIN

The highly positively charged 'glue protein' mefp-I from the feet of Mytilus edulis,
has to date given the strongest demonstration of an interaction with mucin, at least on

thebasisof molecularhydrodynamics (DeaconetaL, 1998). Figure 13comparesthe

sedimentation velocity profile for native mefp-L and the mixture of mefu-l wirh
mucin. The sedimentation coefficient for the native mefp-|, sro.* of 2.3S is consistent
with an extended conformation for this protein (model shown in Figure 8) of mole-
cular weight M -l10,000 Da which has been shown by sedimentation equilibrium in
the ultracentrifuge to be monomeric in solution. However, when mixed with mucin,
themefp-Lis completely reacted, and moves down at an s -70005, and conesponds to
il r.i*fo.u"in of -130 (Table 9).

From molecular hydrodynamics to dosage form

The next problem is constructing an adequate delivery system out ofthe mucoadhesive
polymer. The best strategy would appear to be encapsulalion via microspheres, and
indeed similar encapsulation strategies have been invoked also for intravenous
systems. The delivery system could be typically microspheres using e.g. alginate
beads for the encapsulation of insulin producing islet of langerhans cells for the
treatment of diabetics (Soon-Shiong et al., 1994), or for mimicking secretory granule
encapsulation systems (Siegel, 1998)

He et al. (1998a) have recently investigated the use of chitosan microspheres for
gastroretention. Non-crosslinked and crosslinked chitosan microspheres were pre-
pared by a spray drying method. The microspheres so prepared were spherical in shape
and positively charged. The particle sizes ranged from 2 to 10 pm. The size and zeta
potential of the particles were influenced by the level of crosslinking. With decreasing
amount of crosslinking agent (either glutaraldehyde or formaldehyde), both particle
size and zeta potential were increased. He et al. (1998a), found that the preparation
conditions also had an influence on the particle size. DSC studies revealed that drugs
incorporated in the microspheres (H2 antagonist drugs cimetidine, and famotidine)
were molecularly in the form of a solid solution. The release of model drugs

Table 9. Sedimentation velocity assay: pig gastric mucin and mussel gfue protein mefi- I

mucin:mefp- l ratio Buffer and temperature ,r.o, (S) control r*, (S) complex J,i/J,*in

0.1 mg/ml: 0.4 mg/ml pH6.8, I=0.1M 2OC 53 7000 130

UV absorption optics (Be.kman XL-A analytical ultracentrifuge).
Mefp-l controls: sedirncntation coefficient, J - 2.3 S
Mucin M -l I million Da
Mefp-l M -l 10000 Da
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(cimetidine, famotidine and nizatidine) from these microspheres was fast, and accom-
panied by a burst effect.

A modified spray drying method in the form of a novel w/o/w emulsion-spray
drying technique was developed by He et aI. (1998 b) to prepare chitosan micro-
spheres with a sustained drug release pattern. The release of the model drugs
(cimetidine, famotidine), from the microspheres prepared by the emulsion-spray
drying method, was greatly retarded with release lasting for several hours, compared
with drug loaded microspheres prepared by conventional-spray drying or emulsion
methods where drug release was almost instantaneous. The slow release of the drug
was partly due to the poor wetting ability of the microspheres, which floated on the
surface of the dissolution medium. The addition of a wetting agent increased the
release rate significantly. The coating of the microspheres with gelatin decreased the
rate of release of drug in the presence of wetting agents.

The mucoadhesive properties of chitosan and chitosan microspheres has been
evaluated by Heet al. (1998c) studying the interaction between mucin and chitosan in
aqueous solution by turbidimetric measurements and the measurement of mucin
adsorbed on the microspheres. A strong interaction between chitosan microspheres
and mucin was found. Adsorption studies were carried out for the adsorption of mucin
to chitosan microspheres with different crosslinking levels. The adsorption of type III
mucin (lvo sialic acid content), to chitosan microspheres followed Freundlich or
Langmuir adsorption isotherms. When the content of sialic acid was increased (i.e.
type I-S mucin, l2vo sialic acid content), the adsorption type followed more closely an
electrostatic attraction type of isotherm. The heat of the adsorption was found to be
13-23 kJ/mol. A salt-bridge interaction was proposed for the interaction of the
negatively charged mucus glycoprotien with chitosan microspheres. The level of
mucin adsorption was found to be proportional to the absolute values of the positive

Chltosan Mlcrospheres

FtS0rc 14. Mucoadhesive measurement of chitosan microspheres on rat small intestine by a particle
counting technique. (EC - Ethyl cellulose microsphere).
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zeta potential of chitosan microspheres and negative 'zeta potential' of mucin glyco-
protein. Factors leading to a reduction or a reversal of these absolute values (e.g.
different crosslinking levels of chitosan microspheres, different types of mucin,
different pH, or ionic strength of the medium used) led to a reduction in the amount
absorbed.

Biological studies have shown that chitosan microspheres were retained by a
biological tissue; rat small intestine (Figure 14). Non-adhesive microsphere of the
same size prepared from ethyl cellulose (EC) were used as a control. More than 507o
of the administered chitosan microspheres were absorbed to the tissue, whereas but
few of the EC microspheres were bound.

Futher experiments are now in progress to include phase 1 clinical studies in human
subjects, where the retention of the microspheres can be followed in a non-invasive
manner through a process of labelling of the microspheres with a gamma emitting
radionuclide (Indium-1 I l)

Processes involving the coating ofchitosan onto delivery systems can also be used
to achieve mucoadhesion. Takeuchi et al. (1996) have developed a chitosan coated
liposome system. The liposomes were loaded with insulin. Preferential adsorption of
the coated liposomes in the rat small intestine was demonstrated. The blood glucose
levels were reported to be reduced significantly after one administration of the system
to rats.
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