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Abstract

The film forming properties of a commercial aqueous ethylcellulose dispersion (Surelease) mixed with a range of ratios of an amylose/
butanol complex in the presence of a range of concentrations of a plasticiser has been studied by measuring the minimum film forming
temperature (MFFT). Contrary to what was to be anticipated from the literature, it was found that an additional 4% of the plasticiser (dibutyl
sebacate), normally present in the standard formulation of the ethyl cellulose dispersion, was sufficient to lower the MFFT to allow the
formation of films at 35°C. This was confirmed by assessment of the glass transition temperature of free films prepared by casting and drying
at 35°C by the application of dynamic mechanical analysis. This technique also demonstrated that the ethylycellulose and the amylose were
not miscible. The ability of faecal slurry to digest the films formed at low temperatures was confirmed by the use of a batch fermenter. The
extent of digestion was directly related to the amylose content of the films, ensuring the potential to provide films, which could function as
colon specific coatings. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The application of films containing amylose and ethylcel-
lulose as a specific colonic delivery system has been
described by Milojevic et al. [1,2] and Cummings et al.
[3]. The preparation of such films was undertaken with the
dispersion heated to temperatures above 60°C before spray-
ing and using air inlet temperatures in the fluid bed coater in
excess of 40°C. The use of such temperatures arises from the
involvement of both an aqueous dispersion of ethylcellulose
and an aqueous/butanol dispersion of amylose. The reasons
that these systems both require elevated temperatures,
differs for the two systems. These will now be considered.

1.1. Ethylcellulose

When placed in an aqueous environment, films prepared
from amylose swell and become permeable. To overcome
this problem, ethylcellulose was added to the system [1-3].
Ethylcellulose is an ethyl-substituted cellulose ether, where
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the glucose units are joined by [3-1,4 links. The ethoxyl
substitution values of commercial products range from a
degree of substitution of 2.2-2.6 ethoxyl groups per anhy-
drous glucose units. This corresponds to an ethoxyl content
of 44.5— > 49% [4]. Ethylcellulose is hydrophobic and has
been successfully formulated into commercially available
aqueous coating dispersions.

1.2. The mechanisms of film formation from ethylcellulose
coating dispersions

These commercially available aqueous coating disper-
sions contain discrete ethylcellulose spheres. Each of
these ethylcellulose spheres, with less than 1 pm in
diameter, contains hundreds of ethylcellulose chains.
During deposition of these discrete spheres onto the surface,
the water evaporates, the dispersion is condensed and the
ethylcellulose particles become closely packed. If the condi-
tion favours coalescence, these particles would become
deformed and fused together to form a film [5]. The forma-
tion of a homogenous film from an aqueous dispersion of
discrete ethylcellulose spheres is a complex, multistage
process [6].
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The initial stages of coalescence would only occur if the
various strong driving forces overcome the inherent hard-
ness of the ethylcellulose spheres and their repulsive elec-
trostatic forces. Various models have been proposed to
explain the driving forces, which cause coalescence of
these polymeric spheres to occur. These are reviewed in
detail in the literature [5,7,8].As more water is driven
from the closely packed polymeric particles, a strong capil-
lary pressure, located among interparticulate contact points,
is generated. This pressure compresses the polymeric parti-
cles and forces them to fuse. How far particle fusion can
proceed at this stage would depend on the rate of disappear-
ance of the aqueous phase in addition to the surface tension
and mechanical properties of the polymeric phase. After
water is completely evaporated, the pressure caused by
water-polymer interfacial tension is replaced by air-polymer
surface tension. This new pressure forces the polymers to
fuse further, provided the polymeric particles are deform-
able. A dry, transparent, apparently continuous film is
formed. This is generally accepted as the first stage of the
process of coalescence.

The second stage, often considered to occur after the
coating process, is a gradual completion of coalescence
observed during ageing of the film. A post coating high
temperature treatment may speed up this process, which is
time and temperature related. This process of stabilisation of
the film coat is known as curing [9-11].

1.3. The heat requirement for the formation of ethylcellulose

film

Both the first and the second stages of coalescence
involve energy. Sheetz [6], using the thermodynamic analy-
sis of latex film formation theory, pointed out that the most
important source of energy in ensuring particle fusion is the
environmental heat energy. Heat is converted to useful work
by evaporation of the water to overcome the repulsion
forces to form a film. Satisfactory film formation depends
on the prevailing temperature at which film formation is to
take place. The minimum temperature below which the
polymer particles do not possess sufficient energy to
coalesce into a film is known as minimum film forming
temperature (MFFT). The value of the MFFT is influenced
by a number of factors, including the Tg of the polymer
component. The relationship between the polymer Tg and
the MFFT is complex as the MFFT is a property of the entire
latex formulation and not just the polymer phase [12,13].
One of the coating formulation additives shown to affect the
MFFT is the plasticiser. Effective plasticisers tend to lower
the MFFT of the coating dispersion. The MFFT of the ethyl-
cellulose dispersions has been shown to be successfully
lowered using various plasticisers to around 40°C [9,14].
Nevertheless, these plasticised ethylcellulose dispersions
still required high coating temperatures, i.e. higher than
37°C to achieve complete coalescence [14-17].

1.4. Amylose

Amylose is defined as that starch polysaccharide which
binds 19.5% of its weight of iodine at 20°C [18]. It is the
high molecular weight component of starch and is made up
of a-1,4-bonds and is essentially linear although evidence is
now accumulating that some amyloses may contain a few
very long branches [19,20]. The degree of polymerisation of
natural amylose can vary from 300 to 3000, depending on
the botanical origin. The amount of amylose usually present
in starch is between 20 and 35%, although breeders have
managed to develop starches, which contain no amylose
(waxy type) or those, which contain between 50 and 80%
amylose [21].

1.5. The formation of glassy amylose film

Amylose can be extracted from starch by an aqueous
leaching process [22,23]. The extraction process involves
leaching an aqueous slurry of raw granular starch above
its gelatinisation temperature. When heated above the gela-
tinisation temperature, the granular order is lost. The gran-
ules swell to many times their original size and amylose is
preferentially solubilised. The solubilised amylose in water
is separated from other insoluble granular starch fractions
by centrifugation and filtration. The amylose solution is then
further purified and stabilised with the addition of butan-1-
ol. The final product is an aqueous amylose/butanol
complex dispersion. The aqueous complex dispersion is
used as a coating material. A schematic representation of
how amylose in the form of an aqueous amylose-butanol
complex dispersion is converted to glassy amylose is shown
in Fig. 1.

Glassy amylose would be successfully formed only when
the preceding stages are well controlled. Therefore, an
understanding of each stage is vital. The first stage involves
the regeneration of amylose solution from amylose-butanol
complex dispersion. The temperature required to melt the
complex would depend on the nature of the complex, i.e.
crystalline (Tm = 68°C) or amorphous (Tm = 48°C) [24].
Generally, it is preferable to form amylose film from regen-
erated amylose solution, as films cast from the dispersion
are usually hazy in appearance rather than being completely
clear [25].

Once the metastable amylose solution is formed, depend-
ing on its concentration, as it cools, either a gel or a preci-
pitate would form. Below a concentration known as the coil
overlap concentration, C*, a precipitate would form. Above
C*, a gel would form. The value of C* is dependent on the
linearity and degree of average polymerisation [23]. If gela-
tion is favoured, as the amylose solution cools, the amylose
chains reassociate or retrograde leading to phase separation
of polymer rich and polymer deficient regions. In the contin-
uous polymer rich phase, the molecular level re-association
of amylose chains results in the supermolecular formation of
amylose filaments. These filaments are assemblies of many
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Fig. 1. Schematic representation of amylose film coating formation from an
amylose-butanol complex dispersion. C* is the coil overlap concentration.

amylose chains. The filaments form an interpenetrating
matrix structure, i.e. a gel [26-28].

Upon further rapid drying of the gel, the amylose fila-
ments pack more densely forming a glassy amylose film.
The formation of any glassy material can be visualised as
follows: as the solution forms a super-cooled liquid, there is
a simultaneous increase in viscosity, until at a temperature
known as the glass-transition temperature, Tg, when the
viscosity is around 12 Pas, the liquid-like structure is ‘frozen
in’. The polymer chains in the liquid-like structure are not
packed in a regular manner; hence, a glassy, amorphous
material is formed. The main determining factor of whether
a glassy or crystalline material is formed is in the rate of
drying. If a very slow drying rate is used, the polymers have
sufficient time to reorganise in a regular manner; hence, a
partially crystalline material is formed. During the coating
process where rapid drying is essential, only glassy amylose
is likely to be formed.

1.6. The reasons for the specificity of glassy amylose for
colonic delivery

Glassy amylose was chosen for oral colonic delivery
because not all forms of amylose are resistant to digestion
in the upper gastrointestinal tract (GIT). For example,
amylose solution and amylose found in the starch granules
are not necessarily resistant. Only retrograded amylose
resists upper gastrointestinal (GI) digestion by pancreatic
amylases [29-31]. In retrogradation the free amylose chains
are re-associated. The amylose chains become entangled

and the intra- and inter-molecular hydrogen bondings of
amylose reduce their flexibility to fit into the active site of
the enzymes making retrograded amylose resist digestion in
the upper GIT [32,33].

Apart from the inherent resistance of amylose due to
inter- and intra-molecular hydrogen bonding, a second
mechanism of resistance involving filaments of amylose
was also proposed [33,34]. Amylose filaments are formed
when a large number of reassociated amylose chains are
assembled. These 20 nm wide filaments form a three dimen-
sional network which can be viewed under standard error of
the mean [35]. As the degree of entanglement increases, the
rate and extent to which the enzyme can diffuse into the core
of the amylose substrate decreases. This leads to a further
decrease in the hydrolysis of amylose.

1.7. Glassy amylose is a form of retrograded amylose, which
is believed to resist upper

GIT digestion by both these mechanisms [34]. However,
once the upper GIT resistant amylose is passed into the
colon, it is digested by the bacterial microflora [29,32,36].
The end products are shown to be fatty acids and non-toxic
gases. The amylose, which escapes digestion in the upper
GIT, can be digested by the colonic microflora because
bacterial cell-bound amylases are considerably more effi-
cient than the pancreatic amylases in the initial stages of
starch hydrolysis [37]. The difference in efficiency of
mammalian and microbial a-amylases could be explained
in terms of the enzyme structure. In addition to its increased
efficiency, there is an abundance of these enzymes in the
colon to aid digestion of resistant amylose. Macfarlane and
Englyst [37] have shown that there is a group of amylolytic
bacteria, rather than just one species, which is responsible
for the amylolytic activity. These amylolytic bacteria make
up to over 50% of the bacteria count of faeces. Therefore, it
is not surprising that the amylose could be digested in the
colon. These amylolytic activities are not uniformly distrib-
uted along the colon but are highest in the caecum and
ascending colon [38,39], allowing drug from amylose-
coated dosage forms to be released all along the colon.

1.8. The heat requirements for the formation of glassy
amylose

During the formation of glassy amylose, the highest input
of heat energy occurs in the regeneration of the amylose
solution from amylose-butanol complex dispersion. The
aqueous amylose-complex dispersion has to be heated to
~70°C to melt the complex. Once amylose solution is
formed, it has to be maintained at a high temperature to
prevent it from solidifying. Hence, the coating material
was sprayed at 60°C to prevent clogging of the spray nozzle.
These steps would have to be omitted to achieve formula-
tions suitable for low temperature coating.

Thus from a consideration of the literature, it would not
be anticipated that the films prepared from mixtures of Sure-
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lease and an aqueous dispersion of amylose, which would be
colon specific in its release properties, could not be prepared
unless they were formed at temperatures in excess of 37°C.
Under these conditions heat labile materials such as
enzymes and bacteria, which could be used to treat the
colon, would be inactivated. The aim of the current work
was to establish whether in fact this was the case.

2. Materials and methods

The aqueous amylose/butanol complex dispersion was
supplied by the Institute of Food Research, Norwich, UK
and had a solids content of 6%. The amylose was extracted
from smooth pea starch (Nastar, Cosucra, Belgium) as
described by Adkins and Greenwood [22]. The aqueous
ethyl cellulose dispersion was Surelease grade EA7100
(Colorcon Ltd, Dartford, UK). This is the direct replacement
for the Ethocel reported in previous publications [1,2] and
contains a total solid content of 25% of which 19% is ethyl-
cellulose. The mixtures of amylose and Surelease are
expressed as the ratio of the solid amylose to ethylcellulose
present in the two dispersions. The dibutyl sebacate (DBS)
was of reagent grade (Sigma Chemicals, Poole, UK). All
other chemicals were of analytical grade (Merck Ltd.,,
Poole, UK).

2.1. Determination of the minimum film forming
temperature (MFFT)

A modified ASTM D 2354-91 MFFT apparatus was
constructed. The single container was divided into four
equally sized sections to increase the number of samples,
which could be tested on one occasion. The number of
temperature sampling points was increased to improve the
accuracy of the assessment. Care was taken to ensure that
the device was level, a fixed quantity of the aqueous disper-
sion was spread evenly along the channels and the tempera-
ture gradient was maintained by keeping the cold water bath
at one end of the bar set at 3 + 1°C while the other end was
maintained at temperatures between 20 and 46°C, depend-
ing on the sample being tested. The need for different
temperatures for this water bath was to try and ensure that
the MFFT was not too close to the end of the equipment.
The results therefore do not always provide precise values
for the MFFT at the lower and upper ends of the temperature
scales. A value of the MFFT below 12°C would allow the
films to form at temperatures of about 22°C (a suitable
temperature for enzymes or bacteria). If values below this
temperature were obtained, no further experiments were
carried out. Similarly, if temperatures above 30°C were
found, such values would require coating temperatures in
excess of 40°C, i.e. too high a temperature. All experiments
were carried out in duplicate.

2.2. Preparation of cast films

While the films prepared by casting can differ from those
produced by spraying, the initial experiments were carried
out on cast films as these represent the conditions used to
determine the MFFT. One could expect spray films to
respond in a similar way to the changes in plasticiser
concentration.

Cast films were prepared from appropriate dispersions by
pouring into circular wells cut to give a smooth surface in
polytetrafluoroethylene (PTFE) blocks, drying in a hot air
oven (Hotbox, Gallenkamp London, UK) at 35°C, to constant
weight. The thickness of the films was maintained as uniform
as possible by the use of dispersions containing a constant
total amount of solids. The films were stored at 20°C and 44%
relative humidity (RH) for 7 days before testing.

2.3. Dynamic mechanical analysis (DMA)

The cast films were tested in compression mode between
3 mm diameter stainless steel parallel plates with a Perkin-
Elmer DMA-7 Analyser (Perkin-Elmer, High Wycombe,
UK). Initial dynamic stress scans were undertaken on the
various film samples to determine the best test conditions
for measuring the value of Tg. The temperature was main-
tained at 25°C, with a static force of 2100 mN at a scan rate
of 20 mN per min over the scan range of 10-1000 mN.
These test indicated that, with static force of 2100 mN,
dynamic conditions of a frequency of 1 Hz, a dynamic
force of 100 mN with a temperature range of —65-100°C
and a heating rate of 5°C/min, were appropriate to evaluate
the Tg. The tests were carried out in triplicate.

2.4. Evaluation of the digestibility of films

This was carried out in batch fermenters as described by
Siew et al. [40]. The conditions used were those used at the
Dunn Institute of Nutrition for food digestibility studies.
Control experiments involved buffer in place of the faecal

slurry.

3. Results and discussion
3.1. MFFT

The values for the MFFT of the films tested are presented
in Table 1. The film prepared from Surelease alone had a
value greater than 32°C. Hence, it would be expected to
require spraying at temperatures of at least 42°C. The
MFFT of the amylose itself was found to be <7.5°C and
therefore, amylose would clearly be able to form films
below 37°C, but the digestibility in the colon and ability
to prevent drug release from formulations in the upper GI
tract is not known. As the ethylcellulose and amylose are
mixed in a range of solids ratios, just using the Surelease
product as supplied could be possible at high amylose



Table 1

The minimum film forming temperatures (MFFT) of mixed dispersions®

Ethylcellulose: Additional plasticiser MFFT °C
amylose ratio (%0WIW)
T, T, Tay

1:0 0 >31.8 >323 >32.1
3:1 0 <12.0 13.7 12.9
5:1 0 247 20.7 22.7
7:1 0 27.7 26.3 27.0
1:0 4 242 22.6 23.6
3:1 4 <l12.1 <12.1 <l12.1
5:1 4 <l12.1 <l12.1 <l2.1
7:1 4 <l12.1 <12.1 <l121
1:0 8 15.3 15.6 15.5
3:1 8 <9.5 <95 <95
5:1 8 <9.5 <95 <95
7:1 8 <9.5 <95 <95
1:0 12 13.9 14.0 14.0
3:1 12 <8.0 <80 <8.0
5:1 12 <8.0 <80 <8.0
7:1 12 <8.0 <80 <8.0
0:1 0 <75 <75 <15

* T, and T,, are duplicate measures and T,, is the average value.

contents, although at low amylose contents, a MFFT of 27°C
may be marginally effective. The addition of the extra 4% of
dibutyl sebacate reduces the value of the MFFT to a value
below 12.1°C. Hence, all the ratios of ethylcellulose to
amylose should be capable of forming a coat at temperatures
below 37°C. Increasing the extra dibutyl sebacate to levels
of 8 and 12% should also ensure that coating could be
undertaken below 37°C but again such a coat may not be
digestible by the bacterial enzymes. Therefore the proper-
ties of films containing 4% dibutyl sebacate were studied
further.

3.2. DMA evaluation

Initial experiments were undertaken to establish that there
was linearity in the stress/strain scans, i.e. measurements are
being made in the linear elastic region. The films containing
an extra 4% of DBS show a complex tan d (the ratio of the
loss to storage modulus) profile (Fig. 2a). There are three
peaks recorded at —37.7, 0 and 50°C. Only the peak at 50°C
was accompanied with a sudden drop in storage modulus
and was therefore considered to be the o transition, repre-
senting the glass transition temperature Tg. The other peaks
were considered to be secondary transition of band vy in
decreasing order of temperature appearance. This value
approximates to the Tg values previously reported for Sure-
lease without additional plasticiser [41]. Curves for amylose
alone show one tan 8 peak at —25°C with a rapidly increas-
ing tan 8 above 25°C (Fig. 2b). There was little change in the
value of the storage modulus at —25°C and when the posi-
tion of the probe was considered, a sharp drop in probe
height was noted. This suggests that the sample had shrunk.
The tan & at —25°C was unlikely to correspond to the Tg of
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amylose due to the lack of change in the storage modulus.
This peak is most likely to be due to localised motions in the
main chains. This is in good agreement with previously
reported results, which suggested that the value for the Tg
of amylose was most likely to be above its thermal decom-
position temperature [42,43]. The position of the secondary
relaxation peak would depend on the water content of the
amylose film and has been reported to be between —85 and
—25°C for amylose films formed from DMSO/water disper-
sions [42]. The second broad rise in tan 8 at about 25°C was
most likely due to water loss, which will be accompanied
with stiffening and shortening of the sample.

The results for different ratios of Surelease and amylose
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Fig. 2. DMA temperature time scans for: (a) Surelease and 4% DBS film;
(b) amylose film; and (c) Surelease/amylose and 4% DBS mixed films: —
Surelease 3 amylose 1; — — — Surelease 5 amylose 1; and —-—-— Surelease 7
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when an extra 4% DBS is added, are presented in Fig. 2c.
There are two prominent tan & peaks at approximately —20
and 55°C for the 3:1 and 5:1 ratios. The peak height at
—20°C decreased relative to that at 55°C as the ratio of
Surelease to amylose increased. This peak at —20°C disap-
peared altogether as the Surelease to amylose ratio
increased to 7:1. The tan & temperature profile for this
ratio consisted of a tan & peak at approximately 55°C with
a shoulder at 0°C. The peaks at —20°C were most likely to
be due to the secondary loss transition of the amylose
component in the mixed film. The peaks at 0 and 55°C
were most likely to be due to the B and « loss transitions
of Surelease. Within limits of experimental error, the
temperatures at which these peaks appeared in the mixed
film correlated very well to the temperatures of the indivi-
dual components. This suggests that, the main chain compo-
nents of the Surelease and the amylose are immiscible.
However, it is not clear if there was some degree of misci-
bility between the side chains of the ethylcellulose and the
amylose. The disappearance of the 3 and y peaks of Sure-
lease (i.e. at 0 and —37.5°C, respectively) from the tan &
temperature curve of the mixed polymer film could be due
to the ‘overlay’ effect of the tan 8 peak from the amylose or
it could be due to the shift of these secondary peaks as a
result of partial miscibility of the side chains. In general the
results confirm that amylose and ethylcellulose are not
miscible, hence the amylose should be available for diges-
tion.

3.3. Digestibility of mixed polymer films

The ability of the films to be digested under the condi-
tions, which exist in the colon are fundamental to the whole
concept of the system. Even if a film can be formed at
temperatures below 37°C, if the bacterial enzymes present
in the colon cannot digest the film, it will not provide a colon
specific coating. The use of a controlled faecal slurry system
used in food digestibility studies, has been described
previously as a method of testing free films [40].

The result for the % of film weight lost after 24 h incuba-
tion for mixed films containing the additional 4% of dibutyl
sebacate are shown in Fig. 3. The % of weight lost is clearly
related to the initial content of the amylose film and that the
slope of the line is close to unity suggests that the loss in
weight is associated with the loss of amylose from the film.
For equivalent films incubated under control conditions, the
weight loss was never more than 5%. Films prepared from
amylose alone, lost 43% of their weight in 6 h and 100% in
24 h. Under control conditions, these films did not lose any
weight.

4. Conclusions

The addition of further quantities of the plasticiser
already present in Surelease was found to lower the mini-
mum film forming temperature and when mixed with a

100 1
80
o
= 60 - y = 0.99x + 0.15
E r? = 0.996
=
40
n
20
0 T T T 1 1
0 20 40 60 80 100

X of amylose present in the film

Fig. 3. The percentage of film left digested after 24 h of incubation in faecal
slurry as a function of the percentage of amylose present in the Surelease/
amylose mixed films containing additional 4% dibutyl sebacate.

dispersion of amylose, the values of the minimum film
forming temperature were such that it would be possible
to spray into a fluid bed coater operating at temperatures
below 37°C. Measurements of the glass transition tempera-
ture of ethylcellulose dispersions, to which a 4% additional
level of plasticiser had been added prior to mixing with the
amylose, by DMTA indicated that the two polymers were
immiscible. Such findings indicate that the amylose is
present in the film in domains, which are accessible to the
bacterial enzymes for digestion. When mixed films were
assessed for digestibility by use of a faecal slurry test, the
presence of 4% additional plasticiser was found not to inhi-
bit digestion. Hence such films have the potential to function
as colon specific coating systems and can be applied from
dispersions prepared and applied at temperatures below
37°C, which extends the range of systems which can be
coated by amylose/ethylcellulose dispersions previously
reported [1-3].
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