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Summary

One proposed mechanism of mucoadhesion involves the interpenetration of the mucus/ mucoadhesive molecules, followed by
the formation of non-covalent interactions. In this study, the effect of introducing a mucoadhesive macromolecule, the polyacrylic
acid Carbopol 934P (paa), on the rheological behaviour of a mucus gel was evaluated using mechanical spectroscopy. It was found
that a large increase in G’ (the storage modulus) occurred in comparison to the values obtained when the mucus gel and the paa
gel were evaluated separately at the same concentration. This gel strengthening was markedly affected by pH (i.e., it was minimal at
pH values below 4.5 and above 8), while temperatures up to 45°C did not break down this gel. It was concluded that molecular
interpenetration resulting in strengthening of the layer between the mucoadhesive / mucosal surface may offer an explanation for

the large forces required to break a mucoadhesive joint.

Introduction

Bioadhesion is defined as the attachment of
synthetic or biological macromolecules to a bio-
logical tissue (Peppas and Buri, 1985). When ap-
plied to a mucosal epithelium, bioadhesive inter-
actions occur primarily with the mucus layer, and
this phenomenon is referred to as ‘mucoadhe-
sion’. In the last decade, bioadhesive polymers
have received considerable attention as platforms
for controlled delivery due to their ability to
prolong the residence time of dosage forms in the
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gastrointestinal tract as well as localizing in spe-
cific regions to enhance drug bioavailability (Gu
et al., 1988).

Formation of an adhesive bond between a
polymer and mucus gel can be examined in terms
of the contributions of three regions: the surface
of the bioadhesive polymer, the interfacial layer
between the bioadhesive and mucosa, and the
mucosal surface (Peppas and Buri, 1985). The
weakest component in the adhesive joint would
be predicted to be the interfacial layer consisting
(at least initially) predominantly of mucus. Mucus
is a weak viscoelastic gel that adheres to the
epithelium whose major structure-forming com-
ponent is glycoprotein (molecular weight of 2—-14
X 10%) (Marriott and Gregory, 1990). These gly-
coprotein molecules associate with each other by
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non-covalent interactions to form the gel matrix
which is responsible for the rheological proper-
tics of mucus. It is inconceivable that strong
mucosal adhesion can occur (i.c., withstanding
applied tensile forces of up to 3-5 N cm ~2 (Smart,
1991)) without a considerable change in the rheo-
logical properties of this layer.

The following stages in mucoadhesion have
been proposed (Duchene et al., 1988). Initially,
an intimate contact is formed by wetting of the
mucoadhesive surface by the mucus gel. The sec-
ond stage is the penetration of the mucoadhesive
molecules into the mucus gel network, followed
by the formation of secondary chemical bonds
between the mucus and the mucoadhesive macro-
molecules. The importance of the surface energy
thermodynamics of mucus and the hydrated mu-
coadhesive polymers has been considered in other
work (Lehr, 1991). In this investigation, the scc-
ond stage, i.c., the molecular interpenetration of
the mucus/ mucoadhesive macromolecules, is
considered and the cffect that this would have on
the rheological and cohesive nature of the inter-
facial layer.

In previous work, Hassan and Gallo (1990)
performed a simple viscometric method to quan-
tity mucin-polymer bioadhesive bond strength and
used this to calculate the viscosity component of
bioadhesion. Kerr ¢t al. (1990) used mechanical
spectroscopy to investigate the interaction be-
tween glycoprotein gels and polyacrylic acids and
the effect of pH and polymer chain length on
this. Mucoadhesive materials have been identi-
fied in previous work (Smart et al., 1984) and this
investigation will consider the effect of introduc-
ing a known mucoadhesive polymer (the poly-
acrylic acid Carbopol 934P) on the rheological
properties of mucus, along with some of the fac-
tors that may affect this.

Materials and Methods

Materials

Carbopol 934P (paa) was obtained as a gift
from B.F. Goodrich (Hounslow, U.K.), sodium
azide, sodium chloride and sodium edetate (dis-
odium salt) from BDH Chemicals (Poole, U.K.),

and phenylmethylsulphonyl fluoride (PMSF) and
anhydrous glucose from Sigma Chemical Co. Ltd
(Poole, U.K.).

Preparation and characterisation of the homog-
enised mucus gels

Batches of crude mucus were obtained by
scraping 5~20 porcine stomachs obtained fresh
from slaughter. These were homogenised by
blending for 4 min with an equal portion of an
isotonic solution containing PMSF (0.0175%
w/v), sodium azide (0.02% w /v), sodium cdetate
(0.186% w /v) and sodium chloride (0.9% w /v).
The resulting mixture was centrifuged at 2500 X g
for 1 h at 1°C. The gel layers were removed from
cach centrifuge tube, pooled, exhaustively dial-
ysed for 24 h at 4°C and finally homogenised by
blending (when producing a high concentration
gel, the sample was dialysed., centrifuged at
20000 X g for 1 h and the supernatant discarded
and recentrifuged at 120000 X g for 1 h and the
gel layers taken). The dry weight was determined
for each batch by leaving a small portion (0.5 g)
in an open glass vial at 50°C for 48 h. If neces-
sary, the content (% w/w) of solids in the ho-
mogenised gel was adjusted to give a value be-
tween 2.8 and 3% (9% for the concentrated gel).

The gel layer and the supernatant of the first
batch were analyzed by SDS-polyacrylamide gel
electrophoresis for the presence of glycoprotein
and protein fractions using a procedure similar to
that described by Laemmli (1970). The samples
were prepared for electrophoresis by mixing with
a loading solution and heating to 100°C for 2 min
in a similar manner to the procedure described
by Mantle and Allen (1981). The presence of
protein and carbohydrate was detected using a
Coomassie brilliant blue stain and a danzyl hy-
drazine stain, respectively. This confirmed the
presence of glycoprotein (Mol. Wt > 300000) and
lower molecular weight components in the gel.
The staining of the supernatant fraction was simi-
lar to that of the gel, thus indicating that the
mucus components discarded during the ho-
mogenisation procedure were similar to those
remaining in the gel. The infrarcd spectrum of
the gel layer was then recorded using a Perkin
Elmer 377 spectrophotometer over the range



4000-600 cm ™', and all further batches of ho-
mogenised mucus compared with this to ensure
that no gross differences in the components of
the gel occurred from batch to batch. Each set of
comparative experiments was completed using
homogenised mucus from the same batch.

Experimental procedure

1.5-g samples of homogenised mucus were
mixed with an equal quantity of paa gel (5 mg/ml)
and the pH was adjusted to the required value
(initially 5.1) using either 0.1 M NaOH or 0.1 M
HCI. The final weight of the sample was then
adjusted to 4.5 g using purified water.

Further mixtures containing 1.5 g mucus alone
and 1.5 g paa alone were adjusted to pH 5.1 and
diluted to 4.5 g. 1.5 ml of a 3% glucose solution
was also added to 1.5 g of paa 5 mg/ml gel, the
pH adjusted to 5.1 and then made to 4.5 g.

Using a similar procedure, the effect of pH
was investigated by making mucus/paa mixtures
at various pH values between 2 and &.

Each sample was allowed to equilibrate at 4°C
overnight prior to testing at 15°C (to minimise
drying and sample degradation) using a Carri-Med
CSL 100 Rheometer (Carri-Med Ltd, Dorking,
England) fitted with a 4 ¢cm stainless-steel parallel
plate and a gap setting of 0.5 mm. Samples were
then individually loaded, allowed to equilibrate
for a further 5 min, tested using a frequency
sweep between 10 and 0.1 Hz and the mean
storage modulus (G') and loss modulus (G") cal-
culated.

This work was repeated using the concentrated
(9% w/w) mucus sample which, on mixing with
the paa gel and adjusting the pH, gave a final
concentration of 3% dry weight of solids, which is
closer to the in vivo situation.

TABLE 1

Comparative rheological assessment of mucus / paa, mucus /
water and paa / water mixtures at pH 5.10 (n=3)

Sample G’ (S.D.)(Pa) G” (8.D.) (Pa)
paa/mucus 33.44 (4.21) 6.83 (0.31)
paa/water 0.91 (0.49) 5.06 (1.74)
Mucus /water 1.31 (0.07) 5.17(0.89)
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A temperature sweep between 5 and 45°C was
then completed on the original ‘dilute’ homoge-
nized mucus/paa mixture at pH 6.18, at a fre-
quency of 1 Hz. This was completed in order to
ensure that the rheological behaviour did not
completely change when the temperature was
increased.

Results

A gel was seen to form within the vial when
paa was mixed with mucus and adjusted to pH
5.10 at room temperature, while the mucus /water
and paa/water mixtures alone behaved like low-
viscosity liquids. This was confirmed when exam-
ined by mechanical spectroscopy (Table 1). A
much larger G’ (a measure of the resistance to
elastic deformation) was found for the mucus /paa
mixture in comparison with the mucus and paa
separately, confirming the formation of a strong
gel network. The G” (a measure of the resistance
to liquid flow) was much smaller and did not alter
significantly.

When a 3% glucose solution was added to the
paa gel in place of the mucus, little effect was
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Fig. 1. Effect of pH on the rheological behaviour of paa /mucus
mixtures.
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TABLE 2

Comparative rheological assessment of concentrated mucus /
paa, concentrated mucus / water and paa /water mixtures at
pH 6.2

Sample G' (Pa) G" (Pa)
paa/mucus 60.33 13.56
paa/water 3.02 5.89
Mucus /water 2.74 4.15

observed (G’ 1.01 Pa, G” 5.35 Pa) compared to
the values obtained for the paa/water mixture in
Table 1.

pH was observed to exert a dramatic effect on
this gelling phenomenon (Fig. 1). Visible signs of
gel breakdown were observed at pH 4.25, which
was confirmed by the low G’ value.

Similar increases in G’ were observed with the
concentrated mucus gel at pH 6.2 (Table 2),
which was also affected by pH (Fig. 2).

An increase in temperature reduced the G’
and G" values (Fig. 3), but the mixture retained
its gel properties throughout this range.

Discussion

In a previous study (Smart et al., 1991) it was
proposed that mucus gel dehydration could in-
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Fig. 2. Effect of pH on the rheological behaviour of paa/con-
centrated (9% w/w) mucus mixtures.
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Fig. 3. Effect of temperature on the rheological behaviour of
the paa/mucus mixture.

crease the cohesive and adhesive nature of mu-
cus, thus strengthening the interfacial layer be-
tween the bioadhesive and the mucosal surface.
This study indicates that interpenetration of the
mucus/ mucoadhesive molecules will also have a
marked effect on the rheological and hence the
cohesive nature of this layer. This implies an
interaction between the mucosa-adhesive and gly-
coprotein molecules leading to the formation of
the greatly strengthened gel network. If this ef-
fect could be explained in terms of a reduction in
the available water causing the formation of a
paa gel, then the addition of glucose, which would
be expected to interact with a similar amount of
water, would be predicted to have a similar ef-
fect. Although it was necessary to complete this
work at a temperature of 15°C to minimise evap-
oration and instability, the temperature sweep
confirmed that this gel structuring was stable at
temperatures above that observed physiologically.

The optimum pH for this gel strengthening
phenomenon is in the weakly acid to neutral



region, around the pK, of polyacrylic acid (Park
and Robinson, 1987). Kerr et al. (1990), using
purified glycoprotein, did not report a similar gel
breakdown at lower pH values, implying that this
may be caused by other, non-glycoprotein compo-
nents of the mucus gel. This change in the rheo-
logical properties of the mucus not only may
strengthen the mucosa-adhesive joint, but also
may affect the rate of clearance of mucoadhesive
dosage forms (e.g., from the nasal cavity) by the
mucociliary transport system or the rate of loss of
mucus into the gastrointestinal lumen during nor-
mal mucus turnover. It would also confirm the
possibility that gel formulations of bioadhesive
polymers may interact with the mucus layer and
be retained for prolonged periods.

It may be concluded that the process of mu-
coadhesion is a very complex procedure, that may
involve surface wetting, mucus gel dehydration
and molecular interpenetration. It is probable
that the relative importance of each factor will
vary, depending on the contact time, the nature
of the mucosal surface, the presence and thick-
ness of the mucus layer (it is possible, for exam-
ple, that when the mucus layer is comparatively
thick, complete interpenetration will be inhibited
by the formation of this strengthened gel layer at
the interface) and the nature and degree of hy-
dration of the mucoadhesives. The application of
one theory for all these circumstances may not
therefore be appropriate.

In future work, other factors (e.g., ionic
strength and the use of purified glycoprotein frac-
tions) affecting this gel strengthening phe-
nomenon will be considered for polyacrylic acids
and other bioadhesive polymers, along with the
nature of the interactions between the macro-
molecules.
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