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Purpose. This study examined the viscoelastic properties of bioadhe-
sive, chlorhexidine-containing semi-solid formulations, designed for
topical application to the oropharynx.

Methods. Oscillatory rheometry was performed using a Carri-Med
CSL2-100 rheometer at 20.0 * 0.1°C in conjunction with parallel plate
geometry (2 cm diameter, 0.5 mm sample thickness). Samples were
subjected to a constant strain (6.5 X 107 rad) and defined viscoelastic
parameters, namely storage modulus (G'), loss modulus (G"), loss
tangent (tan &) and dynamic viscosity (n'), measured over a defined
frequency range (0.01-1.0 Hz).

Results. As the oscillatory frequency was increased, G' G” of all
formulations increased, whereas both m’ and tan & significantly
decreased. The magnitude of increase of G’ and G” as a function of
frequency was relatively small, indicating that, in general, the formula-
tions were non-cross-linked elastic systems. Increasing concentrations
of HEC, PVP and PC significantly increased G', G”, i’ yet decreased
tan 8, observations that may be attributed to the physical state of each
polymer in the formulations. Formulation elasticity increased (i.e. tan
d decreased) as a result of increased entanglement of polymeric chains
of dissolved components (i.e. HEC and PVP) and the restrained exten-
sion of swollen, cross-linked chains of PC. Additionally, in formulations
where the saturation solubility of PVP was exceeded and/or insufficient
“free-water” was available for maximal swelling of PC, formulation
elasticity increased as a result of the increasing mass of dispersed solid
particles of PVP and/or PC. Formulation m' increased due to the
attendent effects of polymer chain entangiement and polymer state on
overall formulation viscosity.

Conclusions. Following application to the oropharynx, the formula-
tions will behave as elastic systems. Thus, these formulations would
be expected to offer advantageous clinical properties, e.g., prolonged
drug release, increased bioadhesion. However, it is noteworthy that
the final choice of formulation for clinical evaluation will involve a
compromise between viscoelastic characteristics and acceptable tex-
tural properties, e.g. ease of product application. This study has shown
the applicability of oscillatory rheometry for both the characterisation
and selection of candidate, topical bioadhesive formulations for clini-
cal evaluation.
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INTRODUCTION

Typically, solutions (e.g. mouthwashes and nasal drops)
containing the appropriate antimicrobial agent are employed
for the treatment of infection within the oropharynx (1). This
approach allows direct access of the antimicrobial agent to the
site of infection at higher concentrations than may be achieved
following systemic administration. However, as the retention
of aqueous solutions, and hence antimicrobial agents, within
the oropharynx is poor, increased retention (and hence improved
clinical efficacy) may be achieved by the use of bioadhesive
formulations. Reported examples of these include a multilay-
ered tablet containing cetylpyridinium chloride, which provided
super-inhibitory concentrations of this antimicrobial agent in
the saliva for greater than 3 h. (2), and a bioadhesive film
composed of a co-polymer (methacrylic acid and its methyl
ester) which provided prolonged salivary concentrations of met-
ronidazole for 5 h. (3). However, there are problems associated
with the use of bioadhesive tablets (compacts) and films. The
former, due to their relative inflexibility, may result in patient
discomfort whereas bioadhesive films, whilst comfortable, are
expensive to manufacture due to the need for solvent removal.
These problems may be overcome by the use of bioadhesive,
semi-solid preparations.

Recently, we have described the textural (mechanical)
properties of novel, bioadhesive semi-solid systems containing
chlorhexidine which have been designed for topical application
directly onto sites of infection in the oropharynx (4). These
formulations exhibited wide ranges of hardness, spreading prop-
erties (compressibility), adhesiveness (a property related to
bioadhesion) and cohesiveness, parameters all directly relevant
to the clinical performance of topical products (5). Textural
analysis was confirmed as a useful adjunctive technique for the
characterisation, and hence selection, of candidate formulations
for clinical application. However, this method did not provide
general information on the effects of each polymeric component
on the structural rheology (viscoelasticity) of the system, an
important determinant of overall product performance as
described by several authors. For example, Lin et al. (6) have
described the relationship between the viscoelastic properties
of hydroxypropylmethylicellulose gels and their clinical perfor-
mance. Whereas, more recently, Tamburic and Craig (7)
reported the relationship between formulation loss tangent and
bioadhesion. Therefore, in the development of formulations for
topical application, due consideration should be given to the
viscoelastic properties to ensure optimisation of product
performance.

Furthermore, products designed for prolonged residence
within the oropharynx will be subjected to oscillatory stresses
over a wide range of frequencies as a result of normal physiolog-
ical processes. Consequently, the effects of such oscillating
stresses on the rheological (viscoelastic) properties of each
formulation require evaluation to ensure that clinical perfor-
mance is not adversely affected. In a previous publication, Jones
et al. (5) described the viscoelastic properties of gels composed
of either hydroxyethylcellulose or sodium carboxymethylcellu-
lose and their relationship with both textural and mucoadhesive
properties, important determinants of clinical performance. This
study concluded that the viscoelastic properties of formulations
designed for use in the oropharynx should be consistent over
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the expected range of frequencies of oscillatory stresses and,
hence, the mechanical properties of such formulations will not
fluctuate following exposure to such oscillatory frequencies.

Therefore, this study examines the viscoelastic behaviour
of these novel, bioadhesive polymeric chlorhexidine-containing
semi-solid systems using the non-destructive technique of oscil-
latory rheometry. It is anticipated that this information would
be of further benefit for the ultimate selection of candidate
formulations for clinical evaluation. The data provided by this
method will therefore provide a rational basis for the selection
of optimum candidate formulations.

MATERIALS AND METHODS

Materials

Hydroxyethylcellulose (Natrosol 250 HHX-Pharm), poly-
vinylpyrrolidone (Kollidon K90) and polycarbophil (Noveon
AA1) were donated by Aqualon Ltd., (Warrington, England,
U.K.), BASF (Ludwigshafen, Germany) and B. F. Goodrich
Company (Clevland, Ohio, U.S.A.), respectively.

Chlorhexidine (as the diacetate salt) was purchased from
Sigma Chemical Company (St, Louis, PA, U.S.A))

All other chemicals were purchased from BDH Laboratory
Supplies, Poole, U.K. and were of AnalaR, or equivalent,
quality.

Manufacture of Bioadhesive Formulations Containing
Chlorhexidine

Initially, a primary gel was produced by dissolving hy-
droxyethylcellulose (HEC; 1, 3, 5% w/w) in the required weight
of phosphate buffered saline (PBS, 0.03M, pH 6.8) using a
high speed mixer. This pH value was selected to avoid the
potential cariogenic effects associated with acidic formulations.
The primary gel was transferred onto an ointment slab and into
this polyvinylpyrrolidone (PVP; 3% w/w), when required, and
then polycarbophil (PC; 0.5, 1% w/w) were thoroughly mixed
using a spatula. Finally, chlorhexidine (CHX; 5% w/w, as the
diacetate salt, particle size < 63 pm) was thoroughly dispersed
into the now semi-solid system until homogeneous. Following
removal of air under vacuum, all formulations were stored in
McCartney bottles at 4°C until required (4).

Oscillatory Rheometry of Chlorhexidine-Containing,
Bioadhesive Semi-solid Formulations

Oscillatory rheometry was performed using a Carri-med
CSL?- 100 rheometer with a stainless steel parallel plate geome-
try (2 cm diameter) at 20° = 0.1°C. Samples were removed
from their storage container, applied to the lower plate of the
rheometer and allowed to equilibrate for at least 1 hour prior
to analysis. This equilibration period was selected to ensure
sample recovery from deformation and was based on prior
knowledge of the thixotropic properties of the formulations
under examination (4). The linear viscoelastic region was deter-
mined by torque sweep from 0. 1-100 Pa at frequencies of
0.01 and 1.0 Hz and was identified as the region where stress
was directly proportional to strain, and, the storage modulus
(G') remained constant. A constant strain of 6.5 X 1073 rad.
was chosen for frequency sweep analyses and oscillatory mea-
surements were performed over a frequency range of 0.01-
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1.0 Hz. Calculation of the storage modulus (G"), loss modulus
(G"), loss tangent (tan 8) and dynamic viscosity (n') were
performed using proprietary software (TA Instruments, Leath-
erhead, UK).

Statistical Analysis of Results

The experimental design employed in this study was facto-
rial (3 X 2 X 2). The effects of each polymeric component on
G', G", tan 8 and m' at representative frequencies (0.01,0.1142,
0.5307, 0.9478 Hz) in oscillatory rheometry were statistically
evaluated using a three-way Analysis of Variance (ANOVA).
Post-hoc comparisons of the means of individual groups were
performed using Scheffe’s test. In all cases P < 0.05 was
accepted to denote significance (4,5).

RESULTS

The effects of each polymeric component on the oscillatory
properties of all formulations at representative frequencies
(0.01, 0.1142, 0.5307, 0.9478 Hz) are presented in Tables 1-4.
The effects of PVP and PC on the storage modulus (G") and
loss modulus (G") of formulations containing CHX (5% w/w)
and HEC 1%, 3% and 5% are presented in Tables | and 2,
respectively. As may be observed, both the storage and loss
moduli increased as a function of oscillatory frequency in all
formulations. Additionally, as the concentrations of HEC, PVP
and PC were increased, the storage and loss moduli of each
formulation significantly increased. Maximum and minimum
(= s.d.) storage moduli (G") were associated with formulations
containing 5% HEC, 3% PVP and 1% PC (at | Hz) and {%
HEC, 0% PVP, 0.5% PC (at 0.01 Hz) and were 8414.7 =
4443 and 1.5 = 0.1 Pa, respectively. Similarly, maximum and
minimum (* s.d.) storage moduli (G") were associated with
formulations containing 5% HEC, 3% PVP and 1% PC (at |
Hz) and 1% HEC, 0% PVP, 0.5% PC (at 0.01 Hz) and were
2594.0 = 143.1 and 3.0 = 0.1 Pa, respectively.

The effects of oscillatory frequency on the ratio of loss
modulus to storage modulus (tan &) of formulations containing
CHX (5% w/w), PVP (0 or 3%), PC (0.5 or 1%) and either 1,
3, 5% HEC are presented in Table 3. From this, it may be
observed that increasing both oscillatory frequency, and also
the concentrations of each polymeric component decreased tan
& of each formulation. At all frequencies, the magnitude of the
storage modulus (G’) was signifcantly greater than the loss
modulus (G”) (tan § < 1) with the exception of formulations
containing 1% w/w HEC, 0.5% w/w PC and either 0 or 3%
PVP, in which the loss modulus (G") exceeded the storage
modulus (G') at frequencies less than 0.4 and 0.2 Hz, respec-
tively, i.e. tan & exceeded unity. Maximum and minimum (=
s.d.) loss tangent values were observed in formulations con-
taining 1% HEC, 0% PVP, 0.5% PC (1.97 = 0.26 at 0.01Hz)
and 5% HEC, 3% PVP and 1% PC (0.28 = 0.00 at 0.9478 Hz).

The effects of oscillatory frequency on the dynamic viscos-
ities (n") of formulations containing CHX (5% w/w), PVP (0
or 3%), PC (0.5 or 1%) and either 1, 3, 5% HEC are presented
in Table 4. As the oscillatory frequency was increased, the
dynamic viscosity (m’) of each formulation decreased. Con-
versely, increased concentrations of HEC, PVP and PC signifi-
cantly increased formulation m". Maximum (=* s.d.) observed
dynamic viscosity " was 22.0 = 1.1 MPa.s (at 0.01 Hz) in
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Table 1. The Effects of Oscillatory Frequency on the Storage Modulus (G') of Bioadhesive Formulations Containing Chlorhexidine
(5% wiw as the Diacetate Salt)

Formulation components

Mean (= s.d.) G’ (Pa) of formulations at representative oscillatory frequencies

Conc™. of HEC ~ Conc”. of PVP  Conc". of PC 0.01 Hz 0.1142 Hz 0.5307 Hz 0.9478 Hz
1 0 0.5 1.5 = 0.1 104 = 09 314 % 20 438 = 05
1 0 1 2320 + 138 5023 £ 10.5 779.9 *+ 40.6 9237 = 67.6
1 3 0.5 49 * 00 284 * 1.8 68.2 = 4.1 853 = 3.9
1 3 1 380.5 = 24.2 686.8 + 32.4 9532 = 45.6 1093.7 + 53.3
3 0 0.5 203.8 * 11.7 515.5 + 20.5 868.9 + 19.3 10160 = 41.9
3 0 1 6292 * 26.8 1466.0 = 1066 22863 + 100.0  2663.3 = 114.9
3 3 0.5 2296 = 7.3 663.7 = 16.9 11380 * 21.5 13453 * 24.1
3 3 1 7500 * 47.3 1892.7 + 99.6 3006.0 = 204.6  3548.7 % 165.7
5 0 0.5 5247 = 309 1480.7 = 1069 23790 + 1722 2768.0 * 128.9
5 0 1 1736.7 = 141.7 38820 = 2542 57580 * 3394 65733 * 4015
5 3 0.5 847.1 = 46.5 22210 = 117.71 34207 + 1332 3908.7 * 200.1
5 3 1 22707 = 106.1 51257 = 3065 74433 £ 3781 84147 * 444.34

formulations containing 5% HEC, 3% PVP and 1% PC, whereas
minimum (* s.d.) 0/ (6.5 = 0.1 Pa.s) was observed at 1 Hz
in formulations containing 1% HEC and 0.5% PC.

Several significant statistical interactions were identified
within the factorial experimental design, namely between HEC
and PC and between HEC and PVP with respect to G', G”, tan
d and vy'. In these interactions, the increase in G, G”, ' and
decrease in tan 8 associated with increased concentrations of
either PVP or PC was significantly greater in the presence of
5% HEC than was observed in formulations containing either
1 or 3% HEC. Hence, the effects of either PVP or PC on the
rheological parameters of formulations containing 1, 3 or 5%
HEC were non-additive, leading to non-linearity (4,19). Similar
statistical interactions (between HEC and PC and between HEC
and PVP) with respect to textural parameters (hardness, com-
pressibility, adhesiveness, cohesiveness) have been previously
reported (4).

DISCUSSION

The rheological properties of semi-solid/gel systems are
important both in respect of their manufacture and ultimate

clinical performance (7-10). Traditionally, continuous shear
viscometry and, more recently, textural analysis, have been
employed to characterise the rheological properties of semi-
solid pharmaceutical products (4,11,12). However, these meth-
ods are destructive and information cannot be conveyed con-
cerning the structure of the sample. Consequently, non-
destructive rheological techniques, e.g. oscillatory rheometry,
have been employed to characterise the structural rheology
(viscoelasticity) of pharmaceutical gels and semi-solids
(5,8,13). Oscillatory rheometry was therefore employed in this
study to characterise the effects of polymeric formulation com-
ponents on the viscoelastic properties of novel, bioadhesive
semi-solid formulations for topical application to the
oropharynx.

The formulations under examination displayed wide
ranges of each viscoelastic parameter under investigation that
were both polymer concentration dependent and also dependent
on the oscillatory frequency. The relationship between G’ and
oscillatory frequency is consistent with the Maxwellian descrip-
tion of the response of viscoelastic materials to oscillatory
stresses (14). Interestingly, whilst the magnitudes of both G’

Table 2. The Effects of Oscillatory Frequency on the Loss Modulus (G") of Bioadhesive Formulations Containing Chlorhexidine
(5% wlw as the Diacetate Salt)

Formulation components

Mean (= s.d.) G” (Pa) of formulations at representative oscillatory frequencies

Conc". of HEC Conc". of PVP Conc". of PC 0.01 Hz 0.1142 Hz 0.5307 Hz 0.9478 Hz
1 -0 0.5 3.0 £ 0.1 144 = 09 310 % 1.5 384 £ 0.7
1 0 1 1444 * 64 265.2 = 8.0 358.7 = 7.1 4029 = 164
1 3 0.5 8.0 04 305 29 55.8 + 3.2 63.6 +29
1 3 1 2044 * 119 2953 * 169 376.6 = 19.4 415.1 = 203
3 0 0.5 167.3 + 3.5 3415 + 93 4504 = 17.8 481.5 = 27.0
3 0 1 389.9 + 27.2 7173 + 346 913.7 = 45.8 977.5 = 56.2
3 3 0.5 196.1 + 1.7 4183 + 49 5449 * 8.0 583.5 + 9.1
3 3 1 505.2 + 26.3 946.0 = 374 1202.7 = 89.11 1300.0 = 79.3
5 0 0.5 411.9 *+ 26.3 782.1 * 440 9589 > 62.1 996.1 + 62.9
5 0 i 1045.5 = 65.9 1695.7 = 80.2 1965.0 = 81.4 2040.3 + 925
5 3 0.5 626.7 * 37.2 1095.0 + 57.7 1243.3 = 41.5 1268.0 *+ 31.5
5 3 1 1383.0 = 72.9 2165.3 = 100.9 2519.3 = 131.0 2594.0 * 143.1
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Table 3. The Effects of Oscillatory Frequency on the Loss Tangent (tan 3) of Bioadhesive Formulations Containing Chlorhexidine
(5% wiw as the Diacetate Salt)

Formulation components

Mean (= s.d.) tan 3 of formulations at representative oscillatory frequencies

Conc". of HEC Conc". of PVP Conc". of PC 0.01 Hz 0.1142 0.5307 0.9478
1 0 0.5 1.97 = 0.26 1.39 = 0.01 0.99 = 0.03 0.88 * 0.01
1 0 1 0.55 = 0.01 0.53 = 0.01 0.46 = 0.01 043 = 0.02
1 3 0.5 1.68 = 0.43 1.08 + 0.04 0.82 = 0.01 0.75 = 0.01
1 3 1 0.54 = 0.08 0.43 = 0.02 0.40 * 0.02 0.40 = 0.01
3 0 0.5 0.82 + 0.03 0.66 = 0.04 0.52 = 0.01 0.47 = 0.01
3 0 1 0.62 = 0.03 0.49 = 0.01 0.40 = 0.01 0.37 + 0.01
3 3 0.5 0.86 = 0.05 0.63 = 0.01 0.48 * 0.01 0.43 = 0.01
3 3 1 0.68 * 0.05 0.50 + 0.03 0.40 = 0.01 0.37 = 0.01
5 0 0.5 0.79 = 0.04 0.53 % 0.01 0.40 = 0.01 0.36 = 0.01
5 0 1 0.60 = 0.01 0.44 + 0.01 0.34 = 0.01 0.31 = 0.01
5 3 0.5 0.75 + 0.06 0.49 = 0.01 0.36 * 0.01 0.32 = 0.01
5 3 1 0.61 = 0.02 0.42 * 0.01 0.30 = 0.00 0.28 = 0.00

and G” of each formulation increased over the examined range
of oscillatory frequency, the extent of these increases were
relatively small, indicating that G’ and G" were relatively unaf-
fected by (i.e. poor functions of) oscillatory frequency (9). For
example, in many cases G’ and G” increased by less than one
log cycle over a two cycle increase in oscillatory frequency.
These observations would suggest the presence of an apparent
“plateau region of viscoelasticity” in each formulation. The
presence of the “plateau region” has been reported to occur in
either highly cross-linked or alternatively high molecular weight
uncross-linked polymeric systems (15), the structured nature
of these systems preventing polymer chain rearrangements fol-
lowing exposure to a range of oscillatory frequencies. The
characteristic response of both moduli to oscillatory frequency
is indicative of the presence of a gel-like structure (9). The
plateau region of viscoelasticity has been reported for other
pharmaceutical semi-solids, including creams (13) and gels
composed of polyacrylic acid derivatives (10), xanthan gum
(9) and various cellulose polymers (5). From the observations
in this current study, and from a previous study (5), it is likely
that the oscillatory responses of the current formulations are a
result of both their primarily uncross-linked nature and also the
high molecular weight of the polymeric components.

The formulations under examination in this study have
previously been characterised in terms of continuous shear
(flow) rheometry and textural (mechanical) analysis (4). In this,
it was shown that the state of each polymeric component within
each formulation, namely whether dissolved or dispersed (with
respect to HEC and PVP) and swollen or unswollen (PC),
significantly affected both their mechanical and flow properties.
In these formulations, HEC (1, 3, 5% w/w) was dissolved to
form the primary gel. When required, PVP was then added into
this gel and dissolved until saturation solubility was attained.
Further additions of this polymer produced a two phase system
composed of a gel state (containing dissolved HEC and PVP)
and a solid, suspended state containing undissolved PVP. Fol-
lowing incorporation, PC did not dissolve but instead exhibited
swelling (due to its cross-linked structure), the extent of which
was dependent on the amount of “free” water within the formu-
lation, i.e. water not associated with dissolved polymer (4).
Similarly, in this current study, the state of each polymeric
component significantly affected the structural (viscoelastic)
properties of each formulation.

As the concentrations of HEC and PVP were increased,
G’ and G” of each formulation significantly increased. This
may be explained by increased entanglement/interactions of

Table 4. The Effects of Oscillatory Frequency on the Dynamic Viscosity (n') of Bioadhesive Formulations Containing Chlorhexidine
(5% wiw as the Diacetate Salt)

Formulation components

Mean (% s.d.) m’ (Pa.s) of formulations at representative oscillatory frequencies

Conc". of HEC Conc". of PVP Conc". of PC 0.01 Hz 0.1142 Hz 0.5307 Hz 0.9478 Hz
1 0 0.5 473 £ 34 20.1 = 14 93 04 6.5 = 0.1
1 0 1 2297.7 = 102.5 369.6 * 11.2 107.6 = 2.1 67.7 £ 2.8
1 3 0.5 126.8 + 6.6 425 20 167 + 1.0 10.7 £ 0.5
1 3 1 3253.0 * 149.1 411.5 = 279 112.9 £ 6.0 69.7 + 4.0
3 0 0.5 2663.3 * 559 4759 > 13.0 1350 £ 5.3 809 + 4.5
3 0 1 6205.3 = 250.6 999.8 = 30.2 2740 = 16.8 1642 £ 11.5
3 3 0.5 31213 = 21.8 582.8 = 6.9 1634 * 24 98.0 * 1.5
3 3 1 8040.3 * 3959 1318.7 = 46.1 360.7 = 21.7 218.3 = 11.1
5 0 0.5 6556.3 = 236.9 1089.8 = 47.0 287.6 = 13.7 167.3 £ 5.5
5 0 1 16633.3 = 680.9 2363.0 = 165.2 589.3 = 34.5 3426 *+ 15.6
5 3 0.5 9976.3 + 412.6 1525.7 = 60.8 3729 + 125 212.0 = 53
5 3 1 22013.3 + 1049.6 3017.3 = 180.1 755.5 = 41.2 435.6 = 25.7
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polymer chains in formulations containing 1% HEC and 3%
PVP and also 3% HEC and 3% PVP, in which both of these
polymeric components were totally dissolved. These physical
phenonmena have been previously reported for gels composed
of HEC, sodium carboxymethylcellulose (5), hydroxypropyl-
methylcellulose or xanthan gum (9). As the saturation solubility
of PVP was exceeded, i.e. in gels containing 5% HEC, further
additions of PVP and PC resulted in greater masses of suspended
solids, and hence the formulations adopted increasingly semi-
solid (elastic) character. In these formulations, the magnitude
of increase of G’ exceeded that for G” (i.e. tan & decreased),
further illustrating the shift towards greater elastic character.
In formulations containing 1% or 3% w/w HEC, 0% PVP and
0.5% w/w PC sufficient “free” water was available to allow
extensive swelling of PC. This swelling resulted in an increased
G’ due to the (restrained) extension of cross-linked polyacrylic
acid chains (10). Increasing the concentration of PC increased
product G’ and G” due to both the greater mass of swollen
polymers (in formulations containing lower concentrations of
HEC, i.e. 1 and 3% and 0 or 3 % PVP) and hence greater
polymer chain entanglement density, and also the greater mass
of unswollen (non-neutralised) particles of this polymer. Formu-
lations containing 5% HEC, 3% PVP and either 0.5 or 1% PC,
possessed significant elasticity that may be ascribed to both the
elastic network of dissolved HEC (and PVP) but, importantly,
to the large mass of unswollen, i.e. suspended solid, particles
of both PVP and PC. Interestingly, whilst the viscoelastic prop-
erties of these formulations offer enhanced mucoadhesion and
greater prolonged drug release, their textural properties, particu-
larly hardness, cohesiveness and spreadibility, were unaccept-
able for topical application (4). Again, the increasingly
semisolid nature of the formulations under examination was
evident from the marked decrease in tan 8. Whilst most formula-
tions exhibited predominantly elastic behaviour, i.e. tan & < I,
there were however two noticable exceptions, namely formula-
tions containing 1% HEC, 0. 5% PC and either 0% or 3%
PVP, which displayed predominatly viscous behaviour at lower
oscillatory frequencies (tan & > 1). It would be expected that
the structural (viscous) properties of these formulations would
be inappropriate for clinical application due to their susceptibil-
ity to structural deformation (and hence removal) following
application of shear stresses within the oropharynx.

The dynamic viscosity of each formulation was observed
to be dependent on the oscillatory frequency, in accordance
with the Maxwell model of viscoelasticity. Hence, at large
oscillatory frequencies, the elastic properties of the formulations
dominate whereas, at lower frequencies, the viscous contribu-
tions to the viscoelastic properties predominate. The dynamic
viscosity (G"/w) is commonly employed to characterise the
viscous nature of viscoelastic systems (14,16), primarily liquids,
and consequently, the magnitude of m’ will decrease as the
oscillatory frequency increases, i.e. shear-thinning under an
oscillatory stress. Increasing concentrations of each polymeric
component significantly increased m’, reflecting the effects of
each polymeric component on the overall viscosity of each
formulation, as previously reported by us (4).

The statistical interactions observed in the factorial analy-
sis between the effects of HEC and PC and between HEC and
PVP with respect to G, G”, tan 8 and n' may be assigned to
the effects of HEC on the physical states of PVP (dissolved/
dispersed) and PC (swollen/unswollen), as fully described in a
previous publication (4). Hence, formulations containing 5%
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HEC possessed the greatest mass of undissolved PVP and
unswollen PC, resulting in a dramatic increase in the semi-
solid nature and hence the unpredicted effects on viscoelastic
behaviour, namely increased G’, G”, " and decreased tan 3.
In formulations containing the lower concentrations of HEC,
the mass of suspended polymers was decreased and hence the
effects on the viscoelastic parameters were not as marked. These
apparent (formulation dependent) disparities accounted for the
observed statistical interactions.

Following application to the oropharynx, it is anticipated
that the formulations will encounter a wide range of non-
destructive shearing stresses associated with normal physiologi-
cal functions. Little information is available concerning the
shear rate associated with physiological functions within the
oropharynx, however, one study reported that the oscillatory
rate associated with ciliary movement was approximately 0.5—
3.0 Hz (17). Within this approximate frequency range, the for-
mulations under examination behaved primarily as elastic
systems. As a consequence, their clinical performance will be
directly affected by their specific viscoelastic character. For
example, increased polymeric entanglement (and hence
increased elasticity) has been observed to decrease the rate of
drug release from semi-solid formulations (18), an advanta-
geous property for the formulations under examination. Further-
more, it has been reported that the bioadhesion of gel
formulations increases as their relative elastic properties
increase, i.e. tan & decreases (5,7). Therefore, to ensure pro-
longed retention within, and prolonged drug release into the
oropharynx, formulations should be chosen that exhibit elastic
properties under the conditions of oscillatory stresses operative
at the site of application. In light of the consistency of viscoelas-
tic response of the majority of formulations over the range of
oscillatory frequencies that may be anticipated in vivo, these
formulations would be expected to exhibit uniform rheological
properties, and hence uniform clinical performance following
topical application.

In conclusion, the viscoelastic properties of bioadhesive,
chlorhexidine-containing semi-solids designed for topical appli-
cation to the oropharnx have been examined using oscillatory
rheometry. Previous studies have identified the possible clinical
benefits of formulation elasticity (structure) in the processes of
bioadhesion and drug release (5,7,18). To this end, formulations
containing 5% HEC, 3% PVP and 1% PC and chlorhexidine
(5% w/w, as the diacetate) were shown to possess both the
greatest elastic character (lowest tan d), lowest release rates
and also the greatest adhesiveness, a parameter related to bioad-
hesion (5), in textural analysis (4). However, these formulations
also displayed inappropriate spreading, cohesiveness and hard-
ness properties for use as topical formulations (4) and therefore
would be clinical unacceptable to patients. Conversely, the vis-
coelastic properties of formulations containing 1% HEC, 0 or
3% PVP and 0.5 or 1% PC were relatively intolerant to oscilla-
tory frequency, exhibited poor elasticity and thus would be
expected to exhibit variable performance in vivo. Therefore
these formulations are inapropriate for clinical use. Therefore,
in the choice of candidate formulations for clinical investigation,
acompromise is required between acceptable textural and visco-
elastic properties. In this current study, these requirements are
optimally fulfilled by formulations containing 3% HEC, PVP
(0 or 3% w/w) and 0.5 or 1% PC. These formulations were
tolerant of the range of oscillatory frequencies expected in vivo
and, additionally, exhibited acceptable textural and viscoelastic
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properties, the latter ensuring acceptable drug release and bioad-
hesive characteristics.
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