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Abstract

Xerostomia is commonly known as ‘dry mouth’ and is characterised by a reduction or loss in salivary production. A bioadhesive
gel for its localised treatment was formulated to help enhance the residence time of the product, based on th€adigpor
974P. The bioadhesion of various formulations was evaluated on different mucosal substrates, as simulations of the oral mucosa
of xerostomic patients. Depending on the type of model substrate used, the mechanism of bioadhesion could alter. When the
rheology of various formulations was examined, changes in bioadhesion were more easily interpreted, as the presence of other
excipients caused an alteration in the rheological profile, with a change from a fully expanded and partially cross-linked system to
an entangled system. Improving the lubricity of the product was considered important, with optimum incorporation of vegetable
oil causing a desirable lowering of the observed friction of the product. The final complex formulation developed also contained
salivary levels of electrolytes to help remineralisation of teeth, fluoride to prevent caries, zinc to enhance taste sensation, triclosan
as the main anti-microbial/anti-inflammatory agent and non-cariogenic sweeteners with lemon flavour to increase the palatability
of the product while stimulating any residual salivary function.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction creased risk o€andida infections and angular cheili-

tis (Chaushu et al., 2000Xerostomia may lead to dif-

Xerostomia is a condition characterised by a reduc-
tion or loss in salivary flow, often with a concurrent
change in the composition of the saliva, resulting in
dryness of the oral cavity. This leads to changes in
oral pH and microflora, causing an increased risk of
infection, dental caries, mucositis, gingivitis and peri-
odontitis Plankhurst et al., 1996There is also an in-
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ficulties with some or all of the following, polydypsia,
polyuria, sleeping, speaking, swallowing and mastica-
tion (Hamlet et al., 199) There may be also changes
in taste acuity Mossman and Henkin, 19Y.8

There are a number of conditions that can result in
the development of xerostomia. The most common are
radiation treatment of the head and neck region, anti-
cancer drug treatment and Sjogrens syndrome. How-
ever, other conditions have been reported to cause xe-
rostomiaincluding HIV Gchigdt et al., 1992brain tu-
mours and neurosurgical procedurgstihger, 1998.
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Xerostomia while not considered a serious iliness, can (Sweeney et al., 199.7However, it would appear that
result in symptoms which patients find very distress- many of the mucin-based products of bovine origin
ing. have now been discontinued, probably due to concerns
The treatment of xerostomia is dependent on a num- regarding transmissible spongiform encephalopathy.
ber of factors such as the severity of the condition, The presence of NaCMC or xanthan gum increases
does the person have any residual salivary function re-the apparent viscosity of the product and provides
maining to be stimulated and is the xerostomia tempo- adherence of the product in the oral cavity for a pro-
rary or permanent. The side effect profile of the cho- longed period of time. However, their duration of
sen treatment must also be considered, while the costaction is still considered to be too short, with a study
versus effectiveness of the chosen method needs to beby Olsson and Axéll (19913howing changed friction
evaluated. Treatments currently available vary consid- values for only about 15 min, which was just twice as
erably in effectiveness, cost, ease of use and side effectlong as obtained using water. Artificial salivas should
profile, and in many cases the results are highly sub- also contain electrolytes in concentrations similar to
jective. Pilocarpine is the systemic drug of choice for normal saliva and fluoride to help tooth remineralisa-
use as a salivary stimulant. It is only of use in patients tion. Usually they contain an artificial, non-cariogenic
where there is still residual function left. The drug sweetener like sorbitol and various flavourings.
also has a poor side effect profile, including causing  Other than for the mucin-containing products, there
sweating, increased urinary frequency, flushing, dizzi- have been few published studies regarding the bene-
ness and tachycardia, with all side effects being dose fits of artificial salivas. Anecdotal evidence refers to a
related British National Formulary, 2002 product called Oralbalance gel being a preferred prod-
The most common option employed to treat xerosto- uct (Ettinger, 1998, however, this has been replaced
mia is the use of an artificial saliva or saliva substitute recently with a similar product called Bioxtra gel,
(oral lubricants). Saliva substitutes are used in those which is hydroethylcellulose-based. There are some
patients who have little or no residual salivary gland available results from clinical trials on saliva substi-
function. There are many saliva substitutes available tutes that show while many of the products contain
on the market such as Luborant, Glandosane and Biox-a number of shortcomings, there is also a strong de-
tra, but none is ideal. This is due to the complex nature sire among most patients to continue using a saliva re-
of saliva, making it difficult to produce a product that placement. A NaCMC-based saliva substitute showed
adequately mimics its properties. Common criticisms no significant advantage over a glycerin and lemon
of currently available artificial salivas include little re-  swab, although a significant number of patients pre-
lief of symptoms, strange consistency, bad taste and ferred both of these options to distilled water (control)
short duration of actiorHuromoto and Carter-Hanson, (Weisenfeld et al., 1993 A mucin containing spray
1998. However, in their favour, they are a relatively (S. Orthana) showed no statistically significant dif-
cheap, safe and easy to use option with no problem- ference between active spray (mucin containing) and
atic side effects. The ideal saliva substitute should be placebo spray (no mucin), and neither spray had any
bioadhesive and lubricant, biocompatible and should major impact on oral microflora. However, the ma-
also help protect against some of the many problems jority of patients in both treatment groups wished to
associated with xerostomia such as dental caries andcontinue using the sprag(eeney et al., 1997In an-
Candida infections. It should also help relieve the dis- other clinical trial ofS. Orthana, significantly greater
tressing symptoms associated with xerostomia such asrelief was offered from xerostomia compared with its
difficulty in talking, chewing and swallowing. base (no mucin) or water, and tBeOrthana was sig-
Commercial saliva substitutes contain either bioad- nificantly better at relieving soreness than water. In
hesive agents e.g. sodium carboxymethylcellulose terms of preferenceS. Orthana was ranked signifi-
(NaCMC), xanthan gum or animal mucin (bovine sub- cantly higher than either alternativ®xbury et al.,
maxillary mucin as irSaliva Orthana) (Levine et al., 1989.
1987. Mucin is a normal constituent of saliva and the Collectively these studies indicate that an ideal sali-
mucin-based artificial saliva appears to be more ef- vary substitute for the treatment of xerostomia has yet
fective and better tolerated than NaCMC-based onesto be marketed, and this study describes the in vitro
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development of hopefully an improved product, which
will be tested subsequently in a panel of xerostomia
patients to confirm clinical efficacy.

2. Materials and methods
2.1. Materials

Calcium chloride, sodium chloride, zinc sulphate
(Merck), Carbopol 974P (BF Goodrich), cottonseed
oil, ethylenediaminetetraacetic acid (EDTA), phenyl-
methylsulphonylfluoride (PMSF), porcine gastric
mucin (type ll—crude), potassium chloride, potas-
sium phosphate (monobasic), sodium azide, sodium
fluoride, sodium lauryl sulphate (SLS), sorbitol
(Sigma), lemon flavouring (Dragoco), magnesium
chloride, triethanolamine (BDH), olive oil (Don Car-
los), sunflower oil (Tesco), triclosan 5000 (Kumar Or-
ganic Products), xylitol (Lancaster) and water (glass
distilled) were used. All reagents were GPR unless
otherwise indicated.

2.2. Method for preparation of formulations

Various formulations, some of which are detailed
in Tables 1 and 2were prepared as outlined in the
following method. The relevant quantities of sodium
fluoride, calcium chloride, potassium chloride, sodium
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chloride, magnesium chloride, potassium phosphate,
zinc sulphate, xylitol, sorbitol and flavouring agent
were added to 20 ml approximate of water and dis-
solved. The required quantity &arbopol 974P was
added with continuous stirring over 60 min and left
overnight at room temperature to allow complete hy-
dration of the polymer. In a separate beaker, SLS and
triclosan were placed in 10 ml approximate of water,
1.0 ml of triethanolamine was added and the prepara-
tion was sonicated until the triclosan was fully solu-
bilised. The solubilised triclosan solution was added to
the hydrated polymer system, which was partially neu-
tralised by the triethanolamine present in the triclosan
solution. The pH was further adjusted t&/6+ 0.05

as a simulation of oral pH using triethanolamine and
the product was adjusted to its final weight using
water. If vegetable oil was present in the formulation,
water was added to give the weight required before
the addition of the oil. The oil was added and emul-
sification was carried out using an Ultra-Turrax T25
shear rate mixer at 7500 rpm for a period of 4-5min.
The product was then centrifuged at 2000 rpm for
10min to remove any air bubbles trapped in the
emulsion.

2.3. Invitro testing for bioadhesive strength

Bioadhesive strength of the lead formulations was
determined in vitro using a texture analyser XT.RA

Table 1

Formulation of various products prepared for examination as saliva substitutes

Formulation 1 2 3 4 5 6 7 8 9 10

Sodium fluoride (mg) 0.42 0.42 0.42 0.42 0.42 0.42 0.42 - - 0.42
Calcium chloride (g) 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166 - - 0.0166
Potassium chloride (g) 0.12 0.12 0.12 0.12 0.12 0.12 0.12 - - 0.12
Sodium chloride (g) 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844 - - 0.0844
Magnesium chloride (g) 0.0058 0.0058 0.0058 0.0058 0.0058 0.0058 0.0058 - - 0.0058
Potassium phosphate (g) 0.0366 0.0366 0.0366 0.0366 0.0366 0.0366 0.0366 - - 0.0366
Xylitol (g) 3.0 5.0 5.0 15.0 15.0 15.0 15.0 15.0 15.0 -

Sorbitol (g) - - - 5.0 5.0 5.0 5.0 5.0 5.0 -

Zinc sulphate (g) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 - - 0.05
Triclosan (g) 0.15 0.3 0.15 0.1 0.1 - - 0.1 0.1 0.1

Na lauryl sulphate (g) 1.0 2.0 1.0 1.0 1.0 - - 1.0 1.0 1.0
Lemon flavour (g) 0.25 0.25 0.25 0.3 0.4 0.4 0.400 0.4 0.4 0.4

Olive oil (g) - - - - - - -

Carbopol 974P (g) 15 15 15 1.0 0.5 1.0 0.5 1.0 0.5 1.0

Water (g) 100 100 100 100 100 100 100 100 100 100
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Table 2

Formulation of various products prepared for examination as saliva substitutes continued

Formulation 11 12 13 14 15 16 17 18 19 20

Sodium fluoride (mg) 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42
Calcium chloride (g) 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166 0.0166
Potassium chloride (g) 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Sodium chloride (g) 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844 0.0844

Magnesium chloride (g) 0.0058  0.0058  0.0058 0.0058 0.0058  0.0058 0.0058 0.0058  0.0058  0.0058
Potassium phosphate (g)  0.0366  0.0366  0.0366  0.0366  0.0366  0.0366  0.0366  0.0366  0.0366  0.0366

Xylitol (g) - 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Sorbitol (g) - 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Zinc sulphate (g) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Triclosan (g) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Na lauryl sulphate (g) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Lemon flavour (g) 0.4 0.5 0.5 0.5 1.0 1.0 1.0 1.0 1.0 1.0
Olive oil (g) - 5.0 10.0 20.0 5.0 100 - - - -
Sunflower ail (g) - - - - 5.0 10.0 15.0 20.0
Carbopol 974P (g) 0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Water (g) 100 100 100 100 100 100 100 100 100 100

(Stable Micro Systems). The apparatus consisted of samples of tissue. The tissue was defrosted & ds

an upper metal probe (surface area 5.12)dmwhich required and used immediately.

the mucosa or mucus was attached. The sample was Fresh porcine gastric mucus was extracted from
placed in a secure position on the lower platform. The recently slaughtered porcine stomach, using a method
probe was lowered at a fixed speed until it came in modified from Mortazavi et al., 1993 Batches of
contact with the sample with a defined force, where crude mucus were obtained by scraping porcine stom-
it was held for a stated contact time. At the end of achs received just after slaughter. To the crude mucus
this time period, the probe retracted at a defined speedwas added an equal quantity of an isotonic solution
breaking the bioadhesive bond. This procedure was containing PMSF (0.0175% (w/v)), sodium azide
carried out under the adhesive mode. A profile of force (0.02% (w/v)), EDTA (0.186% (w/v)) and sodium
versus time was obtained from which the maximum chloride (0.9% (w/v)). This mixture was homogenised
force of detachmenfax was measured in mN. The by blending, with the resulting mixture centrifuged at
work of adhesion was determined from the area under 3000 g for 1.5 h at 4C using a temperature-controlled
the curve (Nmm). Testing was performed on three centrifuge (Sorvall, UK). The gel layers were removed
different systemsCarbopol 974 1%, product 4 and  from each centrifuge tube, pooled and exhaustively
product 15 using three different model substrates as dialysed for 24 h at 4C in a large volume of wa-
simulations of the oral mucosa in xerostomic patients, ter and finally homogenised. If the mucus obtained
dried porcine gastric mucin (DPGM), fresh porcine was not used immediately, it was frozen -a20°C

oral mucosa (FPOM) and fresh porcine gastric mucus until required and defrosted overnight at@ before
(FPGM). use.

Dried porcine gastric mucin (20% (w/w)) was pre- When using DPGM or FPGM, the probe was cov-
pared by adding the required quantity of powder to ered with a thin layer of each, which was then dried
distilled water and allowing it to hydrate overnight at using warm air {40°C). For FPOM, a thin layer of
4°C. Fresh porcine oral mucosa was obtained from the tissue was attached to the probe using an adhesive
freshly slaughtered pigs (within 1 h of slaughter). The backing layer. The product gels were placed in a glass
top layer of tissue was excised from the lower connec- jar to a depth of 20 mm, with the container anchored
tive tissue layers and cut into suitable sample sizes. to the platform. The probe was brought in contact with
The tissue was either used immediately or frozen at the test samples with a force of 0.1 N and held there
—20°C, with greaseproof paper separating individual for a specified period of time and then withdrawn at
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a speed of 0.1 mm/s. Five replicates were performed along the lower plate at varying speeds and differing

for each sample. distance, creating friction between the two surfaces
that could be measured and analysed using in-house
2.4. Rheology developed computer software.

A piece of Perspex® 10cm in length was covered
Rheological properties of various systems were with a soft piece of leather. The leather was used
evaluated using a Carri-Med rheometer €500 (TA to simulate the oral mucosalanco-Fuente et al.,
Instruments, UK). All experiments used cone and 1996. The upper probe was also covered with the
plate test geometry (anglé} The linear viscoelastic ~ same leather. The sample was loaded onto the 10cm
region of the systems was first determined by torque plate and spread evenly over it. The instrument was

sweep. put into run mode and the probe moved at a set speed
up and down the fixed 10 cm plate for a defined period

2.5. Rheological synergism with fresh porcine of time, measured in seconds. All samples were ex-

gastric mucus (FPGM) amined at the same speed and distance of travel. The

friction was measured in terms of the friction coeffi-

Two grams samples of FPGM were mixed with an cient, . (force in the direction of motion divided by
equal weight of the relevant system, and the pH was load applied to the slider). Testing was performed on
adjusted to 6.75 using 10% (w/v) triethanolamine. The Carbopol 974P 1% (w/w), product 4 and product 15.
final weight of the sample was adjusted to 4.5 g using
water. Further mixtures containing 2 g of each system
were adjusted to pH 6.75 and made up to 4.5g using 3. Results
water. A sample containing mucus 2g and distilled
water 2.5 g was prepared also to act as a control. Oscil-3.1. Theory of formulation
latory rheometry (triplicate determinations) was car-

ried out on all of the samples listed Trable 3 using Increased incidence of caries is a significant prob-
a frequency sweep of 0.1-10 Hz at¥7, with an os- lem associated with xerostomia, as the excretion of
cillatory torque of 135QuNm, which was determined  minerals in saliva is affected and the pH of the oral
to be within the linear viscoelastic range. cavity is reduced leading to demineralisation of teeth.
The functions of the ions present in saliva are to con-
2.6. Friction testing of xerostomic products tribute to the osmolarity of saliva and also to its buffer-

ing capacity. The buffering capacity of saliva is di-
Friction testing was performed on apparatus that had rectly related to its flow, with the difference in resting

been constructed in-house. It consisted of a lower fixed and stimulated saliva related to the sodium and bi-
plate onto which the test substrate and test substancecarbonate concentrations. Both sodium and potassium
could be placed, and an upper slider to which differ- were included in representative formulations listed in
ent geometries could be attached. The slider moved Tables 1 and 2as potassium is the predominant cation

in the buffer systems of resting saliva, but sodium pre-
Table 3 dominates in stimulated saliva. The quantities of min-
Carbopol 974P-based systems examined for rheological synergism erals used in the formulations developed in this project
were comparable to those levels of minerals found in
natural whole salivaEdgar, 1992 and are similar in
quantity to those in Luborant. Fluoride is an important

System 1 2 3 4 5 6 7

Porcine gastric 20 20 20 20

mucus () . . . . . .
Product 4 (q) 20 20 mineral in caries prevention and therefore is of partic-
Product 15 (g) 20 20 ular relevance to xerostomic patients. Fluoride is not
Carbopol 974P 2.0 2.0 found in the diet to any large extent and only small

1% (g) quantities are secreted in the saliva. Therefore, fluo-
PH (adjusted to) 6.75 6.75 6.75 675 6.75 6.75 ide supplementation is required to further improve
Water (g) 45 45 45 45 45 45 45

the patient’s chance of maintaining good oral health.
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Saliva has a number of anti-microbial agents  As xerostomia is usually a long-term condition, the
present as a defence mechanism against invasion byflavour of the formulation is important, with a ‘fresh
pathogenic bacteria e.g. lysozymes, histatins, per- mouth’ feeling preferable, as the product may be used
oxidase and lactoferrinWhelton, 199%. Another on a continual basis. Development of an acceptable
effective antibacterial mechanism of saliva is its flavour in the new products developed in this project
washing action i.e. swallowing results in clearance was difficult mainly due to the presence of triclosan
of large numbers of bacteria. A reduction in saliva and SLS. Triclosan has a phenolic flavour, which
production causes a rapid increase in the population if correctly masked confers a fresh mouth feeling,
and type of microorganisms present in the mouth however, if concentrations are too high it gives an un-
(Brown et al.,, 197h Therefore it was considered acceptable bitter aftertaste. Xylitol and sorbitol were
beneficial to include an anti-microbial agent in the chosen as the sweetening agents because they are
formulation. Triclosan was the agent chosen, as it non-cariogenic, while a lemon flavour was selected
is already present in a number of proprietary prod- due to its citrus, fresh taste and its ability to stimu-
ucts e.g. Colgate toothpaste, Sensodyne mouthwashate residual salivary function. Xylitol was the major
(Rosling et al., 199) Triclosan has been shown to be sweetener used as it is fermented to acid more slowly
an effective anti-microbial agent for products used in than sorbitol, and therefore it does not depress plaque
the oral cavity with broad-spectrum activity against pH.
both gram-positive and gram-negative organisms, The optimum product developed in this project,
with the agent affecting gram-negative anaerobes to unlike existing commercial products, contained sun-
a greater extent than gram-positive groupbdrgave flower oil as a stable o/w emulsion to help provide a
and Leonar, 1996 It has been shown also to have a lubricating effect similar to that of normal saliva, so
direct anti-inflammatory effect on the gingival tissues. facilitating ease of swallowing and speaking in xeros-
Gaffar et al. (1995)found that triclosan inhibited  tomic patients. A number of vegetable oils were ini-
several important mediators of gingival inflammation. tially screened at different concentrations e.g. olive olil
That study also suggested that the necessary triclosarb, 10 and 20%, cottonseed oil, 5 and 10% and sun-
concentrations could probably be achieved in local flower oil 5 and 10%. These oils were chosen due to
tissues, such as the gingiva, from topical applications. their commercial availability and broad dietary use.
In order to incorporate it into the formulation, SLS A product containing olive oil 5% was originally the
was chosen as a solubilising agent at a concentra-lead product, but the taste was not considered accept-
tion of 1%. This is a solubilising agent of choice as able. Cottonseed oil also gave an unpleasant after-
it has been shown to have a synergistic action on taste, but sunflower oil left no appreciable aftertaste
the anti-microbial effect of triclosanWaaler et al., and also seemed to give a less oily texture to the prod-
1993. SLS is already used in a number of phar- uct than was provided by olive oil. A concentration
maceutical preparations such as a wetting agent in of sunflower oil 5% was chosen as it was considered
dentrifices, tablet lubricant/wetting agent and anionic the lowest level that would provide adequate lubricat-
emulsifier. ing effect and its long-term use might elevate essential

Zinc has been shown to exert a modest anti-plaque fatty acid levels adequately in patients to be of addi-
effect in simple solutionsHarrap et al., 1983 but tional benefit in the treatment of Sjégrens syndrome
when combined with triclosan the anti-plaque effect (Horrobin, 1983.
is greatly enhanced to the extent that a gingival health It is important that if the saliva substitute is to help
benefit can be achieve8yatun et al., 1987 Zinc per- in lubricating and protecting the oral cavity, it must
forms also another possible function in the formula- be retained there for a prolonged period of time for
tion. A constant complaint of patients with xerostomia its actions to be effective. The use of a bioadhesive
is the loss of taste sensation. When a zinc salt was in- polymer will help ensure the retention of the prod-
cluded in a formulation in an uncontrolled study, there uct in the oral cavity for an increased period over that
was some evidence that zinc therapy may have beenachieved in its absenc€arbopol 974P, which is a
useful in ameliorating taste impairmeMd@ssman and lightly cross-linked polyacrylic acid, was chosen as the
Henkin, 1978. bioadhesive polymer of choice as this polymer type
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has been shown to have good mucoadhesive propertiesand lubricity compared to the optimum formulations
(Jones et al., 1996nd is used in toothpaste and other developed in this project.

orally administered products. On&arbopol 974P is

dispersed in water, the molecules begin to hydrate and 3.2. In vitro bioadhesion testing

partially uncoil. On conversion of the acidic polymer

to a salt thickening occursCarbopol 974P polymer Products 4 and 15 were examined for in vitro bioad-
must be neutralised in order to achieve maximum ap- hesion. Product 4 gave the largest peak detachment
parent viscosity. Concentrations of neutraliséar- force readings at 60s for bioadhesion with DPGM,

bopol 974P (pH 6.754+ 0.05) from 0.5 to 2.0% were  followed by FPOM and FPGMHig. 1). However, the
initially examined in order to achieve the correct tex- work of adhesion values at 60s did not follow the
ture and consistency considered necessary for the finalsame trend, with the greatest value being given by
product, while still maintaining adequate bioadhesive FPGM, followed by DPGM and FPOM. Over increas-
ability. Both 2.0 and 1.5% were considered to be too ing contact time, the peak detachment force of product
viscous for ease of application when compared to ex- 4 using FPOM showed a continual increase, there was
isting commercial products, none of which available a rapid decline in bioadhesion after 60 s with FPGM,
in Ireland contain this polymer, whil€arbopol 974P and DPGM showed little appreciable change over time
0.5% suffered from a lack of permanence. A concen- (Fig. 2). The largest average peak detachment force is
tration of 1.0% was chosen as suitable, as it showed seen with DPGM. This mucin substrate showed an in-
good bioadhesion but was also of adequate consistencycrease in bioadhesion for product 4 compare@ao-
for use in the oral cavity. bopol 974P 1%. The only possible explanation for this
Various concentrations of the bioadhesive polymer reverse trend is that a different method of bioadhesion
alone and in formulationsTables 1 and Pbased on is occurring with DPGM, perhaps mucin/polymer
the selected excipients as justified above were evalu-chain entanglement is becoming the predominant
ated for bioadhesive, rheological and lubricity proper- method due to the high concentration of mucin present.
ties considered important for its end-use. Some repre- This is a possibility due to the increased space between
sentative results of these studies, compared to aspectshe polymer chains as a result of the partial recoiling,
of commercial products available in Ireland, are pre- leaving room for the mucin chains to penetrate.
sented below as an aid to the development to the fi- Product 15, another complex formulation, showed
nal formulation. Preliminary studies on human saliva a different pattern of bioadhesion at 60s, with the
confirmed its lack of apparent viscosity, bioadhesion largest bioadhesive force being given by FPGM, fol-
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Fig. 1. Bioadhesion testing of product 4 at 60s using three different substrates.
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Fig. 2. Bioadhesion of product 4 with contact time using three different substrates (a) PDF and (b) work of adhesion.

lowed by DPGM, with the weakest bioadhesive force force of product 15 is examined with contact time, a
being observed with FPOM, for both peak detachment decline in bioadhesion is seen with FPGM after 60 s,
force and work of adhesiori{g. 3). The bioadhesion there is little change observed over time with DPGM
seen with product 15 is greater than that observed with and there is an increase in the value with FPOM over
product 4 for all substrates. When the peak detachmenttime, resulting in the FPOM showing the greatest peak
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Fig. 3. Bioadhesion of product 15 at 60s using three different substrates.
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Fig. 4. Bioadhesion testing of product 15 with contact time using three different substrates (a) PDF and (b) work of adhesion.

detachment force at 240Bi@. 4). The work of adhe-  final result taken at 10 HZA-{g. 5). The storage mod-
sion follows the same trend, however at 240 s all three ulus G (indicative of the solid-like or elastic com-
substrates show approximately the same work of ad- ponent of the material) o€Carbopol 974P 0.5% is

hesion. seen to be half the ‘Gor the 1% preparation through-
out the frequency range, indicating that theiGthis
3.3. Rheology particular Carbopol 974P sample would appear to

be concentration-dependent throughout the frequency
Both Carbopol 974 1% and 0.5% show similar re-  range applied. Th€arbopol 974P 0.5% shows almost
sponse over the frequency range, with a plateau re- equal storage and loss modulus’(@dicative of the
sponse being achieved at 2 Hz approximately for 1% liquid-like component of the material) at plateau fre-
and 4 Hz approximately for 0.5%, continuing until the quencies.

600 +

G&G"
(Pa)

Frequency (Hz)

—— 1% G —&—05%G —@— 05%G" --#--1%G"

Fig. 5. The storage and loss modulusQsdrbopol 974P 1% and 0.5%.
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Fig. 6. The storage and loss modulus of product 4 and product 15.

Product 4 and product 15 contain a number of added cross-over point between’@Gnd G, so they would
excipients. The presence of these excipients cause anot appear to have an impact on the polymer confor-
significant drop in the apparent viscosity of the system mation. In the absence of triclosan, SLS and the salts,
(Fig. 6) when compared t&€arbopol 974P 1%. The the intersection point shifts significantly downwards
excipients cause a significant change in the dynamic to 5 Hz approximately, with the storage and loss mod-
oscillatory rheology of theCarbopol 974P polymer uli almost equal in profile up to that point.
system, with a large loss in the storage modulus and
a change in the frequency dependence of the polymer.3.4. Correlation between oscillatory rheology and
The storage modulus of product 4, which contains bioadhesion
Carbopol 974P 1% shows a reduction to less than the
storage modulus dfarbopol 974P 0.5%. The plateau It is evident fromFigs. 6 and #hat the addition of
effect seen with bottCarbopol 974P 1% and 0.5%  various excipients has a profound effect on the rheol-
is not observed over the frequency range investigated ogy of the Carbopol 974P polymer dispersion, with
with product 4 or product 15, with a gradual increase significant changes in the storage modulus, loss mod-
in the storage modulus being seen over the entire fre- ulus and overall viscoelasticity being observed. The
guency range examined. The position of the intersec- strong viscoelastic response seen with @abopol
tion of G and @ is also significantly changed, with  974P 1% is far less evident in both product 4 and prod-
an increase to much higher frequencies of between uct 15, with the plateau effect observed@arbopol
8 and 9Hz, depending on the particular formulation 974P 1% from frequencies of 5Hz and upwards not
being examined. The loss modulus for product 4 is present in product 4 and product 15.
greater than the storage modulus over the frequency The relevance of these changes in oscillatory rhe-
range up to 8.5 Hz, where a cross-over occurs betweenology is of considerable significance in relation to the
G and G'. Product 15 again shows a decrease in the trends observed during bioadhesion testing. It is clear
storage modulus in comparison to product 4, with the from Fig. 8 that the lower the tad (ratio of G to
difference being more significant at lower frequencies. G”), the greater the bioadhesive force achieved. This
Product 4 can be seen to have a slight up curve overwould point to elasticity being an important factor in
the frequency range 0.1-4 Hz, with the curve flatten- determining bioadhesion, which has been previously
ing out above this point. noted in the literatureje Vries and Boddé, 1998

The presence or absence of the various excipients
also has a pronounced effect on the intersection point 3.5. Rheological synergism
of the storage and loss moduki@. 7). The absence
of the sweeteners xylitol and sorbitol, while causing  Rheological synergism is widely used to exam-
a reduction in the storage modulus does not affect the ine the mucoadhesive properties of polymers. The
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Fig. 7. The effect of excipients on the storage and loss moduli of
Carbopol 974P 1%.
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of 1 Hz showed no change in’@nd a reduction in
G” (Fig. 9. This resulted in a reduction in the tan
3, pointing to the system becoming more elastic in
structure. It is evident that there is a significant drop
in the G and @ in system 3 compared to system 7.
The frequency at which‘Gind @' intersect is lowered

by the presence of the mucus, pointing to a change
in the physical conformation of the system. A strong
positive interaction was observed for product 4 and
product 15 with a significant increase being seen in
the storage modulus of both when mixed with mucus.
This is considered to be due to interpenetration and
secondary chemical bonding occurring between the
system and the mucus. Product 15 shows a greater
increase in its elasticity.

3.6. Friction testing

Itis clear fromFig. 10(a)that the friction coefficient
of Carbopol 974P 1% increases rapidly with time. It
reaches 0.5 at 40 min. This is most likely due to de-
hydration of the polymer dispersion over time, result-
ing in the polymer dispersion becoming more concen-
trated, stickier and therefore having a greater friction
coefficient. This increasing high friction coefficient
would tend to give an unpleasant feeling and consis-
tency in the oral cavity. Therefore, it is necessary to
modify the polymer system to produce a lower friction
coefficient. Product 4 has a low friction coefficeint for
the first 6900 s (115 min), as seerfig. 10(b)and af-
ter that a gradual increase is seen to 9900 s (165 min),
with a more rapid increase occurring thereafter. The
friction coefficient of 0.5 is not reached until 15,000 s
(250 min), which is a six-fold increase in time over the
Carbopol 974P 1% polymer dispersion alone. Prod-
uct 15 Fig. 109 has the lowest initial friction coef-
ficient of the samples examined, with a value as low
as 0.18 approximately, where it remains until 7,800 s
(130 min). Thereafter, a gradual increase in the friction
coefficient occurs with time, with it only reachiry

method simulates the interpenetration layer in the 0.3 by the end of the experiment at 18,000 s (300 min).

mucoadhesion procedddgerstrém et al., 2000This

is a proposed mechanism of mucoadhesion, where 3.7. Comparison with commercial products
the mucus and the mucoadhesive molecules become

firstly entangled and secondly form non-covalent
bonds Mortazavi and Smart, 1994The systems ex-
amined are outlined ifable 3 The Carbopol 974P

The main xerostomic products available on the Irish
market are Luborant, Glandosane and Bioxtra gel.
Luborant has very low apparent viscosity and gave no

1%/mucus (system 3) at a representative frequency significant bioadhesion on testing, indicative of poor
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residence time in the mouth. Glandosane has a low 4. Discussion

pH and is therefore suitable for use only in edentulous
patients. Bioxtra gel shows an oscillatory profile sim-
ilar to Carbopol 974P 1%, with the intersection be-

tween storage and loss moduli occurring at a lower fre-
guency, indicating a gel structure with a higher level of

cross-links than entanglements. The bioadhesive pro-

file shows Bioxtra gel to have relatively good bioad-
hesion, similar to that seen with product 4 but signif-
icantly below that seen with products 15 or 17.

The three model substrates give different patterns of
bioadhesion dependent on the test substance used, and
they also give different results as to which system has
the strongest bioadhesion. Ovei@irbopol 974P 1%
and product 15 show the strongest bioadhesion, with
their bioadhesion being almost identical with FPGM
and DPGM. The bioadhesion @farbopol 974P 1%
was significantly greater than product 15 when using
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Fig. 10. Lubricity testing of (a)Carbopol 974P 1%, (b) product 4 and (c) product 15.

FPOM. Product 15 at nearly all times and with all affecting bioadhesion to mucus. In composition, the
substrates showed greater bioadhesion than product 4only difference between product 4 and product 15 was
The reduction in bioadhesion of product 4 and product the addition of 5% olive oil to the latter product. The
15 compared t&arbopol 974P 1% is most likely due presence of the oil appears to cause an increase in the
to the presence of salts in the formulation of products bioadhesive force of the product, which could be due
4 and 15.Carbopol polymers have been shown to to a number of reasons. It could cause a change in
be highly sensitive to ions, with electrolyte presence the chemical conformation of the polymer resulting
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in exposure of more binding sites. More likely the the system will not have significant cross-linking but
presence of the oil could help reduce overhydration at will have a much higher level of polymer chain entan-
the mucus/polymer interface by acting as a barrier to glement.
penetration by water, resulting in a reduction in the  These rheological results correlate well with bioad-
rate at which hydration is able to occur. The presence hesion resultsCarbopol 974P 1% is shown to be
of sunflower oil 5% (product 17) instead of the olive a strongly cross-linked and entangled system, which
oil 5% caused only a slight drop in bioadhesion. Some would make it difficult for mucin chains to penetrate
increase in bioadhesion was seen when the sunflowerinto the polymer Fig. 5. Figs. 6 and 7&how the re-
oil was increased to 10% (product 18), however, it duced level of cross-linking due to the presence of
was still less than that observed with product 15. It the excipients as they cause the polymer chains to
is clear from these studies that the substrate used, therevert to a partially coiled form. This will allow for
time allowed for bioadhesion to occur and the product inter-penetration and entanglement of polymer and
tested all affect the results obtained. mucus chains, which explains the increased bioadhe-
The rheology of the products ar@arbopol 974P sion seen with FPGM for product 4 and product 15,
was also examinedarbopol 974P 1% gave compar-  when compared to FPOM.
atively flat curves, indicating that cross-links or en- Friction testing was used to give an estimation of
tanglements within the gel prevent any substantial ar- the lubricity of the product. There was a significant
rangement of the molecules, with the width of the drop in the friction coefficient of product 4 compared
plateau reflecting the degree of association within the to Carbopol 974P 1% which is probably in part due
gel. A plateau region that extends into the low fre- to the reduced apparent viscosity of the sample. How-
guency region reflects a highly cross-linked structure ever, the further reduction in the friction coefficient

as was seen in the cross-over of &hd G for 1%
Carbopol 974P, which occurs at a much lower fre-
guency than in the 0.5%arbopol 974P, with the 1%
plateau occurring before the 0.5%. It is obvious from
the values determined that ti@arbopol 974P 1% is
predominantly elastic, with the storage modulus being

of an order of three times greater than the loss modu-

lus at plateau frequencies.
The presence of the salts in the gel formulation

causes significant changes in the rheology of the gel,

with their removal resulting in the largest increase in
storage modulus, followed by the effect of removal of
the triclosan and SLS{g. 7). The removal of the xyl-

itol and sorbitol causes a reduction in the storage mod-

ulus, implying that the sweeteners contribute to the
conformational structure of the polymer. This could be

seen with product 15 cannot be simply explained by
a reduction in apparent viscosity, as product 15 and
product 4 have approximately the same apparent vis-
cosity. The increase in the friction coeffecient over
time for theCarbopol 974P is most likely due to dehy-
dration of the sample, but this occurs more slowly in
product 4 due to the reduced amount of water present
and the increased number of excipients which help to
retain the water. Product 15 shows lower friction coef-
ficients than product 4, which is to be expected when
an oil is added due to its lubricating nature. What is
more interesting is the length of time that the friction
coefficeint remains at this low level. The most likely
reason for the lack of increase in the friction coeffi-
cient over time is that the oil forms a barrier to evapo-
ration, preventing the sample from dehydrating to the

due to the large quantity of sweetener present, which same level as the two other samples.

acts to increase the structural integrity of the system.

Collectively these findings help in the selection of a

These results are to be expected, as the ionic nature ofpreliminary product for testing in xerostomic patients
the salts will suppress electrostatic repulsion between and provide insight as to how the formulation of the

molecules of the polymer resulting in it reverting to a
more coiled form. This reduction in the expanded na-
ture of the polymer will prevent the polymer chains
coming into contact with one another and so will pre-

vent contact occurring between polymer chains. This

results in a change to the rheological profile with a

product might be altered if in vivo testing warrants it.

5. Conclusions

As previously discussed, xerostomia patients can ei

lower storage modulus and a higher loss modulus, asther suffer from prolonged total or partial loss of sali-
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vary function. Where there is total loss there will be
little mucus present in the oral cavity. It is therefore
important that the product be able to adhere to the

altered oral mucosal tissue. Product 15 showed good

bioadhesion with FPOM, having a bioadhesion only
26% less than th€arbopol 974P 1% alone, suggest-
ing that it should have prolonged activity in vivo. This

product also showed good bioadhesion in the presence

405

with oral symptoms in terminally ill patients. Cancer 88, 984—
987.

De Vries, M.E., Boddé, H.E., 1998. Hydrogels for buccal drug
delivery: properties relevant for mucoadhesion. J. Biomed.
Mater. Res. 22, 1023-1032.

Duxbury, A.J., Thakker, N.S., Wastell, D.G., 1989. A double-blind
cross-over trial of a mucin containing artificial saliva. Br. Dent.
J. 166, 115-120.

Edgar, W.M., 1992. Saliva—its secretion,
functions. Br. Dent. J. 172, 305-312.

composition and

of FPGM as another mucosal substrate rer)resemauveEttinger, R.L., 1996. Review: xerostomia: a symptom which acts

of oral conditions in xerostomic patients. This would
suggest that this product would be suitable for use
in patients suffering from partial or complete loss of
salivary function. The problem of the tackiness of the

polymer dispersion has been reduced with the addition

of oil, providing good lubricity to product 15. Product
17 gave similar friction reduction and other properties
to product 15, the change of lubricant to sunflower oil

improving the taste and was considered to be the op-

timal formulation developed for in vivo testing. It was
also considered likely to be more clinically effective
than existing commercial products because of its abil-
ity to provide wider symptomatic relief in xerostomic
patients.

Healthy human volunteers, while possibly useful
for taste studies, are not suitable for modelling condi-
tions in the oral cavity of patients requiring localised
treatment with the intended product. Preliminary
short-term studies in two patients suffering from xe-

rostomia confirmed that product 17, has acceptable

taste, mouth feel, lubricity and permanence, warrant-
ing its extensive long-term trial in such patients, where
the pertinent correlation between the in vitro formula-

tion development studies described in this project and
successful clinical treatment needs to be established.
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