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Abstract 

Dielectric spectroscopy is an analytical technique which involves the application of an oscillating electric field to a sample and 
the measurement of the corresponding response over a range of frequencies, from which information on sample structure and 
behaviour may be extrapolated. This method has recently been applied to a number of pharmaceutical systems, including 
bioadhesive gels. In this review, the principles of the technique will be outlined, followed by a discussion of work that has been 
conducted to date on bioadhesive systems. In particular, studies on sodium alginate gels will be described whereby a model was 
proposed in order to relate the low frequency response to the gel structure. Studies on cross-linked polyacrylic acids will then be 
outlined, including investigations into the effects of additives such as propylene glycol and chlorhexidine gluconate, the influence 
of the choice of neutralising agent and the effects of ageing on the gel structure. 0 1997 Elsevier Science B.V. 

Kqwo~~ls: Alginate: Bioadhesion; Chlorhexidine gluconate; Diclofenac sodium: Dielectric; Polyacrylic acid; Rheology 

1. Introduction 

Bioadhesive dosage forms have generated consider- 

able interest in recent years as means of providing 
extended dosage form residence time, localising drug 

delivery in specified regions and providing intimate 
contact with an absorbing membrane, with the ultimate 
view of improving drug bioavailability [I]. More re- 

cently, there has been focus on certain physiological 
properties of bio(muco)adhesive polymers such as the 
inhibition of proteolytic enzymes and the induction of 
increased epithelial permeability, these being of particu- 
lar interest in the field of proteimpeptide delivery [2]. 
Consequently, a wide range of approaches have been 
adopted in order to study the potential efficacy of 
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hydrophilic polymers as bio- or mucoadhesives, largely 
centering around the measurement of the adhesion of 
bioadhesive polymers to ex vivo tissue or mucin sur- 

faces, usually by force of detachment tests. However, 

such approaches inevitably involves certain inherent 
difficulties, notably the choice of substrate, the method 

of detachment from the surface and the physical form 
of the bioadhesive polymer. For example, several stud- 

ies have indicated that the force of detachment of a 
bioadhesive polymer may be largely associated with the 
viscoelastic properties of the polymer itself, rather than 
necessarily a specific interaction with mucin (e.g. [3]). 
There is therefore a strong necessity for a greater 
understanding of the gel properties of the bioadhesive 
polymers themselves. 

While much of the literature relating to bioadhesion 
describes the functionality of the polymer systems as 
potential dosage forms, less information is available on 

the polymeric gel structure, hence it has proved difficult 
to associate the properties of the gel to bioadhesive 
performance. This is largely because, despite the appar- 
ent chemical simplicity of these gels, there is a paucity 
of techniques available for characterising the physical 
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structure of these systems. The techniques that have 
been used to study both the gels themselves and their 

interaction with mucin [4] include rheological tests [5,6] 
and ATR-FTIR [7]. In this review, the use of dielectric 
analysis as a further means of characterising the struc- 
ture of bioadhesive gels will be described. This tech- 

nique has been extensively used in the physics, colloid 
and polymer sciences, but has only recently been used 

in the study of pharmaceutical systems [8]. The princi- 
ples behind the technique, the applicability of the 
method to gel systems and the work to date on the 

study of bioadhesive polymers will be described. 

with the relationship between the two parameters given 

by 

E*(W) = tO{ 1 + Cz’(w)} - iC;(“(w) (5) 

The real and imaginary susceptibilities may not be 
measured directly; instead, a number of pairs of extrin- 
sic parameters may be assessed. For the purposes of the 
following discussion, the capacitance C and dielectric 

loss (G/o, where G is the conductance) will be de- 
scribed, although several other equivalent parameters 

may also be measured. The capacitance and loss are 

related to the real and imaginary susceptibilities via 

1.1. Principles of dielectric unalysis C(w) = 9 (x’(w) + E(X)) (6) 

Dielectric analysis involves the application of a sinu- 
soidal electric field to a sample and the measurement of 
the corresponding response over a range of frequencies. 
In the simplest case, one can consider the sample to be 

composed of a set of dipoles which will reorientate with 
the field, thereby generating a polarisation current. The 
efficiency of this dipolar response will be frequency 

dependent; at any frequency, some energy will be stored 
by the system in the form of the reorientation process 
while some energy will be lost as heat. 

and 

G/w(w) = 2 x”(w) (7) 

The nature and significance of the dielectric response 

can be best visualised by considering the polarisation 
(P) generated in a sample subjected to a unidirectional 
field of magnitude E, given by 

These two parameters are measured over a range of 
frequencies, thereby generating a spectrum from which 

information on the structure and behaviour of the 
sample may be obtained by observing both the absolute 
magnitude of the parameters and the shape of the 

spectral curve. In addition to the symbols given above, 
the capacitance and loss are also sometimes written as 
C’ and C”. 

P = (E, - l)E,E (1) 

where E, is the relative permittivity (dielectric constant) 
and co is the permittivity of free space, which has a 

constant value. In an alternating field, the polarisation 
will be frequency dependent and may be given by 

Dielectric measurements have been extensively used 
to assess the electrical properties of sample such as 
semiconductors, while temperature-scanning analysis 
has been widely used in the polymer science field. For 
example, the technique has been used for detecting 
glass transitions and monitoring cross-linking reactions 

[91. 

P*(w) = E&*(w) E*(w) (2) 

where P*(w) and E*(o) are the polarisation and field 
at frequency o, while x is the susceptibility of the 
sample, which is an intrinsic property of the material 
and hence contains information on the material struc- 
ture and behaviour. As it is necessary to consider both 
the magnitude and phase behaviour of the response, it 
is convenient to express the susceptibility as a complex 

variable (denoted by *), i.e. 

x*(w) = x’(w) - ix”(u) (3) 

where x’(o) and X”(W) are the real and imaginary 
components of the susceptibility and are a reflection of 
the energy stored and lost within the system, respec- 
tively. The susceptibility is mathematically related to 
the permittivity, which is often used in the dielectric 
literature, given by 

The use of this type of analysis in the study of 

pharmaceutical systems is comparatively recent. In 
terms of the type of information obtained, the method 

is probably analogous to rheologicdl and thermal mea- 
surements in that it is not particularly effective in 
identifying specific chemical structures but is instead 
more useful when one is already aware of the chemical 
composition of the sample but wishes to know more 
regarding the physical structure of the systems under 
study. Clearly, there are many more aspects to the 
theoretical interpretation of the data than can realisti- 
cally be presented here; the interested reader is referred 

to one of a number of texts on the topic [S- 111. 

1.2. The low jlequency dielectric response 

E*(W) = E’(O) - k”(0) (4) 

Dielectric analysis is unusual in that responses of 

interest may take place over a very wide frequency 
range (between lop4 and 10” Hz); no single instrument 
can reliably cover this range, hence a number of instru- 
ments are available, each with different measuring ca- 
pabilities. The work described in this review covers the 
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log frequency log frequency 

Fig. 1. Schematic representation of the Hill and Pickup [12] model for the low frequency dielectric response of a two-phase system, including 

equivalent circuit model showing surface (s) and bulk (b) responses. (a) ideal case: (b) real case, showing power law behaviour given by indices 

II and p. Adapted from [IS] with permission. 

measuring range between approximately 10 ~ ’ and 1 O5 
Hz (i.e. kHz and sub-kHz range). The dielectric re- 
sponse in this region has been extensively studied by the 

group of Hill (e.g. 10) and a model for liquid and 
semi-solid systems has been developed [12]. The ‘low 
frequency’ (sub-kHz) response is considered to be a 
reflection of two layers within the sample, as indicated 
in Fig. 1. The higher frequency layer is dominated by 
the conductivity of the sample (the bulk response); in 

the scenario depicted in Fig. la, the conductance G is 
constant (as the gradient of the log-log plot of loss 
against frequency is - 1). The response at lower fre- 

quencies is a reflection of the behaviour of a layer of 
sample adsorbed at the electrode surface. This surface 

(barrier) layer predominantly acts as a charge blocking 
layer, as depicted by the constant, frequency-indepen- 
dent capacitance; the layer can therefore be thought of 
primarily as a capacitor in which charge is stored. The 
loss slopes reflect the conductance of the barrier and 
bulk layers at low and high frequencies respectively, 
with a response being seen at intermediate frequencies 

which reflects the change in dominance of the bulk and 
barrier loss processes as the frequency increases or 
decreases. 

The above scenario refers to systems which behave 

effectively ideally. In a real situation, one may observe 
deviations from this situation. For example, one may 
observe frequency dependence of the low frequency 
capacitance or non-unity slopes for the dielectric loss, 
as shown in Fig. lb. These deviations may themselves 
contain information regarding the sample. In particu- 
lar, the slope of the capacitance is a reflection of the 
‘leakiness’ of the barrier layer, hence in physical terms 
the slope may be a reflection of the integrity of this 
layer. It is also worth noting that the model predicts 
that the values of the low and high frequency capaci- 
tance slopes will equal - 2. Similarly, deviations from 

loss slopes of - 1 indicate that the charge transport 
process is no longer d.c. in nature. In most aqueous 

systems, one would expect the conductance of the sys- 
tem to be due to linear charge movements through a 

continuous medium. In certain circumstances, however, 
the charge transport mechanism may be such that the 
ions or electrons move between certain allowed sites 
within the bulk of the sample, so called charge-hop- 
ping. This is a function of structuring within the sys- 
tems resulting in some form of tortuosity of the charge 

mobility path. Deviations from negative unity slope 
may therefore indicate some form of network forma- 
tion within the system. 

2. Dielectric analysis of bioadhesive systems 

2.1. Dielectric characterisation of alginate systrms 

Alginates are polysaccharides derived from brown 
algae and comprise D-mannuronic (M) and L-guluronic 
acid (G) residues joined linearly by I,4 glycosidic link- 

ages. These materials have found numerous applica- 
tions in the pharmaceutical sciences, including raft 
forming systems, controlled release systems, tablet dis- 

integrants, suspending agents, wound dressings and im- 
plants. In addition, these materials have been reported 

to be reasonably effective bioadhesives [ 13,141. 
The dielectric response of a series of sodium alginate 

solutions has been studied by Binns et al. [15]. Fig. 2 
shows the response of a 1% sodium alginate solution in 
comparison with water. Examination of the alginate 
spectrum shows differences between the low and high 

frequency responses of five orders of magnitude, this 
being a reflection of the different thicknesses of the 
bulk and surface layers. If one assumes that the permit- 
tivity of both layers is approximately equal. the surface 

layer may be calculated to be in the order of 10 nm in 
thickness; it is therefore reasonable to postulate that the 

layer comprises adsorbed alginate molecules, unlike the 
water response, where no clearly defined barrier layer is 
seen. 
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Fig. 2. Capacitance and dielectric loss for: (a) 1% sodium alginate 
solution; and (b) pure water. Alginate data: C: and + , capacitance 
and loss. Water data: 0 and x, capacitance and loss. Reproduced 
from [15] with permission. 

The loss slope in the high frequency region for both 
the alginate solution and the water is approximately 
- 1, indicating that G is frequency independent, as one 
would expect for a d.c. transport process in an aqueous 
solution. It is also interesting to note that the sum of 
the low and high frequency capacitances is - 2.02, 
which is close to the predicted value of - 2. The 
responses of a range of alginate concentrations are 
shown in Fig. 3. At the lowest concentration shown 
(0.0082%), the response is similar to that seen for water 
but indicates a more well-defined barrier region, while 
at the highest concentration shown (5%) the response of 
the barrier region dominates the spectrum, with the d.c. 
conductivity process only seen at the highest frequen- 
cies studied. It was interesting to note that the bulk 
response increased linearly with alginate concentration, 
despite non-linear increases in viscosity being observed. 

.- 
-3 -2 -1 0 1 2 3 L 

log frequency (log Hz) 

Fig. 3. Dielectric responses of three sodium alginate concentrations: 
(a) 5; (b) 10 0.0082% w/v. Reproduced from [15] with permission. 
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Fig. 4. Dielectric response of 1% sodium alginate containing O.l’% 
diclofenac sodium. 1% alginate data: 0 and + , capacitance and loss. 
Systems containing sodium diclofenac: 0 and x, capacitance and loss. 
Reproduced from [15] with permission. 

Similarly, the addition of calcium ions caused only a 
modest increase in the dielectric response, while a sub- 
stantial increase in viscosity was observed. The chelat- 
ing properties of calcium are well known, with the 
divalent cations forming an ‘egg-box’ structure between 
adjacent guluronic acid blocks [16]. These observations 
suggest that while the rheological behaviour of the 
system is a function of the polymer network, the dielec- 
tric behaviour reflects the movement of ions or other 
charges through the system. 

The dielectric response of systems containing 0.1% of 
a model drug, diclofenac sodium, was also studied (Fig. 
4). The addition of a comparatively small quantity of 
the drug had a marked effect on the dielectric response, 
not so much in terms of absolute values but in terms of 
the shape of the response curve. In particular, the high 
frequency conductance became frequency dependent, 
with G cc w”.“. This indicates that charge is no longer 
moving freely through the system but is instead moving 
between specific sites in the gel, i.e. a charge hopping, 
rather than a d.c. transport process is in operation. This 
response is compatible with the presence of an interac- 
tion between the drug and the gel network itself. While 
the exact mechanisms involved are not yet clear, the 
ability to detect such interactions has potentially con- 
siderable practical implications for understanding drug 
release processes. 

These early studies therefore provided some basic 
indications as to the potential applicability of the low 
frequency dielectric technique to the study of gel sys- 
tems. In particular, the ability to simultaneously moni- 
tor both the low (barrier) and high (bulk) frequency 
responses and the potential for studying drug-gel inter- 
actions provided the basis for further studies using 
other bioadhesive gel systems. The use of the technique 
in conjunction with rheological studies is also of inter- 
est, with the results presented above indicating that 
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rheology gives information regarding the polymer net- 
work structure, while dielectric analysis yields informa- 
tion on charge movement through that system. 

2.2. Dielectric unalysis of poly(ucrylic acid) (PAA) 
systems 

2.2.1. Structural churacteristics of PAA hydrogels 
The polymers of acrylic acid are the most widely used 

materials in the bio(muco)adhesion field, both in terms 
of fundamental research into bioadhesive mechanisms 
[17] and in the development of practical formulations 
[ 181. They are long-chain, high-molecular weight, lightly 
cross-linked anionic macromolecules with a large num- 
ber of COOH groups along the polymer backbone, 
thereby fulfilling the important structural requirements 
for good mucoadhesives [19]. 

A wide range of PAA polymers are on the market, 
including homopolymers cross-linked with allylsucrose 
or allylpentaerythritol (carbomers), homopolymers 
cross-linked with divinyl glycol (polycarbophils) and 
some copolymers. The best known representative of the 
carbomer group is Carbopol 934 (and its purified ver- 
sion, Carbopol 934P, intended for oral and mucoadhe- 
sive applications). Noveon AA-l is the main 
representative of the polycarbophil group, having a 
tetra-functional cross-linker divinyl glycol, as opposite 
to the two-functional ones in carbomers. 

In the dry state, the resin molecules are highly coiled 
and tightly packed. When placed in water, PAA poly- 
mers behave as anionic electrolytes, i.e. dissociate and 
partially uncoil due to the repulsion of negative charges 
generated along the polymer chains. The subsequent 
swelling is caused and determined by the difference in 
osmotic pressure inside the vicinity of the polymer 
chain clusters and the bulk medium. In the presence of 
a neutralising agent, the processes of ionisation, uncoil- 
ing and hydration are enhanced, leading eventually to 
the formation of a stable three-dimensional polymer 
network. It is a usual procedure, therefore, to neutralise 
PAA resins when including them in the formulation of 
semisolid dosage forms. However, when used in a non- 
hydrated (‘dry’) dosage form, PAA polymers swell at 
the site of application to form an acidic hydrogel. It is 
therefore of interest to study the properties of both 
neutrdlised and unneutralised PAA systems. 

2.2.2. The dielectric response of Curbopol 934 
Initial studies on the dielectric response of polyacrylic 

acid gels focused on Carbopol 934 [20], which has been 
widely studied as a potential bioadhesive. Fig. 5 com- 
pares the response of 5% w/v gels with and without 
added neutralising agent (8% triethanolamine). The re- 
sponse again corresponds to the model proposed by 
Hill and Pickup [12], with a high frequency bulk pro- 
cess dominated by a d.c. conductance process and a 

lower frequency barrier layer. The addition of neutralis- 
ing agent, which resulted in a marked increase in the 
rheological storage and loss moduli, caused an increase 
in the high frequency bulk response, although the low 
frequency barrier response remained largely unchanged. 

The effects of adding 5 and 15% propylene glycol as 
a plasticiser and rheology modifier were also investi- 
gated. Fig. 6 shows the rheological response of the 
various systems. Both the storage and loss moduli 
increased on addition of the propylene glycol. While the 
former showing a trend with propylene glycol concen- 
tration, the rank order of the loss moduli for the 5 and 
15% propylene glycol systems was frequency depen- 
dent. The tan 6 values also increased on adding propy- 
lene glycol, indicating an increase in the viscous, as 
opposed to elastic behaviour of these gels. The dielec- 
tric behaviour is shown in Fig. 7, with both the high 
and low frequency responses being altered. The low 
frequency capacitance slope is more negative on addi- 
tion of propylene glycol, indicating that the barrier 
layer has become less effective at blocking charge. 

The effects of adding a model drug, chlorhexidine 
gluconate, at a concentration of 0.1% is shown in Fig. 
8. Clearly, the presence of the drug has a profound 
effect on the dielectric response, more so than the 
addition of considerably greater quantities of tri- 
ethanolamine. In particular, the barrier layer has be- 
come considerably less well-defined, indicating a more 
‘leaky’ structure, i.e. the gel structure is becoming more 
open. Examination of the corresponding rheological 
data (Fig. 9) indicates that at low frequencies, the 
presence of the drug has a marked effect on the vis- 
coelastic response, with a considerable increase in the 
tan 6 values caused by both a decrease in G’ and an 

-9 I 
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log frequency (log Hz) 

Fig. 5. Effect of the addition of triethanolamine on the dielectric 

response of Carbopol 934. n , +: C, G/W 5% Carbopol 934. C, 0: 

C, C/W 5% Carbopol 934 @O/I TEA). Reproduced from [20] with 

permission. 
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Fig. 6. Effect of propylene glycol on: (a), the storage modulus; and 

(b), the loss modulus of neutralised Carbopol 934. W 2.5% Carbopol 

934, + 2.5% Carbopol 934 with 5% propylene glycol, 0 2.5’!A 

Carbopol 934 with 15% propylene glycol. Reproduced from [20] with 

permission. 

increase in G”. Taken together, these data suggest that 

the chlorhexidine gluconate is altering the gel structure, 

despite the low concentrations used. These findings 

have implications for understanding the mechanisms 
and kinetics of drug release from these systems. 

Further studies [21] involved the examination of the 

effects of changing the neutralising agent on the struc- 

ture and performance of a range of polyacrylic acids, 
namely Carbopol 934P, 974P, Noveon AA-l and Car- 

bopol EX-214. Carbopol 974P is a toxicologically pre- 

ferred alternative to the widely used Carbopol 934P, 
while Noveon AA-1 (polycarbophil) is an insoluble, 

water-swellable PAA polymer. Carbopol EX-214 is the 
sodium salt of Carbopol 974P, hence in theory the gels 

formed should be equivalent to sodium hydroxide neu- 
tralised Carbopol 974P gels. The effects of changing the 
neutralising agent on these gels was studied using 

sodium hydroxide, triethanolamine (TEA) and 
tromethamine (Tris). 

The effects of changing the neutralising agents on the 
dielectric response of Carbopol 974P is shown in Fig. 
10, with Carbopol EX-214 included for comparison. A 
number of trends may be seen from these data sets. For 

example, the unneutralised gels show lower high fre- 
quency conductance values than do the neutralised 

systems for the reasons described earlier. TEA neu- 
tralised gels showed a greater low frequency conduc- 
tance for all the polymers studied, indicating an 
increased accumulation of charge in the barrier (gel) 
layer present at the electrodes compared with the other 
agents. Examination of the high frequency conductance 

values, however, indicates no such trend. It may there- 
fore be suggested that the charges present in TEA 

neutralised systems are more closely associated with the 

gel structure than with other neutralising agents. When 

compared with rheological measurements, the TEA sys- 
tems were found to have higher G’ and lower tan b 
values, i.e. the gels were more elastic, which is consis- 
tent with a greater degree of polymer chain extension. 
There may therefore be an association between the 

charge distribution anomalies detected by the dielectric 
analysis and the chain conformation, which in turn 
influences the rheological properties. 

Examination of the rheological tan 6 response of 
these systems and the force of detachment from a 

mucin surface also show differences, depending on both 
the choice of polymer and neutralising agent. The stud- 

ies show Carbopol 974P and 934P to yield similar 
detachment values, with Noveon AA-1 and Carbopol 
EX-214 showing weaker bioadhesive properties under 

the experimental conditions used. However, while the 
differences between the neutralising agents are not as 
great, certain trends may be observed. In particular, the 
sodium hydroxide gels yield higher tan d values and 
lower detachment forces. Indeed, there appeared to be 
an inverse association between these two parameters, at 
least within single data sets. 

The effects of storage were then examined; neu- 
trdlised and unneutralised gels were sealed in airtight 

plastic containers, protected from light and stored at 

room temperature (25 f 3°C) for 6 months [22]. The 
storage and loss moduli showed marked changes over 

the storage period, with the G’ values decreasing sub- 
stantially (Table l), although smaller changes were seen 
for the rheological tan S values due to the proportion- 
ate decrease in G’ and G”. Comparatively little is 
known regarding ageing effects in these systems, al- 
though likely mechanisms include chain scission or 
physical alterations in gel structure. Examination of the 
rheological data shows a number of trends. The tan 6 
values remained similar for the TEA and Tris neu- 
tralised systems, while a decrease in this parameter was 
seen for the sodium neutralised gels. Similarly, the 
detachment forces for the sodium systems showed an 
increase, while the values for the other neutralised 
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Fig. 7. Effect of propylene glycol on: (a), the capacitance; and (b), the dielectric loss of neutralised Carbopol 934. 0 2.5% Carbopol 934, 0 2.5% 
Carbopol 934 with 5% propylene glycol, 0 2.5% Carbopol 934 with 15% propylene glycol. Reproduced from [20] with permission. 

systems remained essentially constant. These results 
demonstrate a consistency in the observation of an 
inverse relationship between the tan 6 values and the 
detachment force, suggesting a direct association be- 
tween the viscoelastic properties of the gels and the 
force of detachment. 

Examination of the dielectric data shows that the 
high frequency conductance increased on storage, al- 
though a similar universal trend was not observed for 
the low frequency response. However, a consistent de- 
crease in dielectric loss at 0.1 Hz was seen for TEA 
neutralised systems (Fig. 11) suggesting a redistribu- 
tion of charges may have taken place. While more work 
is required in order to clarify the 
changes in the dielectric response 

association between 
with changes in gel 

iz 
-4 

1 

-6 

-I I 

-2 -II A ; ; ; 1 k 

log frequency (log Hz) 

Fig. 8. Effect of chlorhexidine gluconate on the dielectric properties 
of neutral&d 2.5% Carbopol 934. n , 0 C, G/w Carbopol 934. 0, 
0: C, G/o Carbopol 934 with 0.1% chlorhexidine gluconate. Repro- 
duced from [20] with permission. 

structure, these studies suggest that dielectric analysis 
may have a role in elucidating the mechanisms by 
which ageing processes take place in gels. 

3. Conclusions 

This review has outlined some of the ways in which 
dielectric analysis may be used in the study of bioadhe- 
sive gels. The use of this technique for the study of 
pharmaceutical systems is still in its infancy, hence over 
and above the objective of yielding information on the 
structure and behaviour of the gels, these studies were 
also intended as a means of examining the potential of 
the technique itself. The investigations described above 
have arguably been encouraging on both fronts, as the 

0.01 0.1 1 

Frequency (Hz1 

10 

Fig. 9. Effect of chlorhexidine gluconate on the rheological properties 
of neutral&d 2.5% Carbopol 934. n , + G’, G” Carbopol 934. C, 0: 
G’, G” Carbopol 934 with 0.1% chlorhexidine gluconate. Reproduced 
from 1201 with permission. 
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Fig. IO. Low frequency capacitance and (a) dielectric loss (b) of 2.5% 

Carbopol 974P gels with a range of bases in comparison to Carbopol 

EX-214. Reproduced from [21] with permission. 

technique has given insights into, for example, the 

effects of added drugs, neutralising agents and storage 

effects on the gel system. Similarly, the technique is 

sensitive to certain changes in gel structure, particularly 

in terms of added drugs. 

It is perhaps useful to draw an analogy between the 

use of this technique and that of oscillatory rheology, 

which is reasonably well established within the bioadhe- 

sion field. Oscillatory rheology yields information on 

the relative elastic and viscous properties of gel systems, 

but as yet there has been limited success in modelling 

the frequency dependent response to specific structural 

features within the sample, at least within the pharma- 

ceutical field. The ability to detect changes and rank 

various bioadhesive systems has, however, proved to be 

highly useful. With dielectric analysis, whereby an oscil- 

lating electric, rather than mechanical stimulus is ap- 

plied, the modelling aspects of the approach are 

arguably at a more sophisticated stage, the disadvan- 

tage being that the applicability of knowing the electri- 

ii 
-3 -I 

$ = 
v) 

-4 - 

4 

0 - : -5 

g 
s -6 - 

.Z 

li: 
Q -7- 

J 
UJ I 

0 B * capacitance 
0 8 * dielectric loss 

Noveon AA-l + TEA 

0 B 0 fresh sample 
+ B * aged sample 

_a -6g 
-3 -2 -1 0 1 2 3 4 5 

log frequency (log Hz) 

Fig. it. Low frequency dielectric response of fresh (open symbols) 

and aged (solid symbols) 2.5”/;1 Noveon AA-I gels neutralised with 

triethanolamine. Reproduced from [22] with permission. 

cal properties of a material is less immediately apparent 
than it is for rheological studies. By conducting studies 
such as those outlined here, we are building up a 

knowledge base of the types of system and phenomena 
for which dielectric analysis shows sensitivity, with a 
view to interpretation of the data in terms of specific 
structural features. Clearly, more work is required in 

order to fully explore the relationship between the 
dielectric response and the gel structure, but ongoing 

work continues to yield encouraging results. Procure- 
ment of more advanced dielectric equipment and curve 
fitting software has enabled us to place far greater 

emphasis on the modelling of the dielectric response, 
and it is this aspect of the work that is currently 

dominating our activities. It is therefore hoped that. 
with further study, dielectric analysis may become fur- 
ther established as useful tool for the study of pharma- 
ceutical systems. 
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