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Abstract

This study investigates the properties of sprayed films prepared from aqueous ethyl cellulose dispersions (ECD) containing hydroxypropyl
methylcellulose (HPMC) and plasticizers of different water solubility in order to clarify the drug release mechanisms of pellets coated with
the respective material. It is of special interest to measure the migration of the water soluble components as well as the physical properties of
the swollen ethyl cellulose film. Swelling experiments with sprayed films in 0.1 N-HCI at 37°C show that fairly water soluble plasticizers and
the pore forming agent (HPMC) migrated rapidly and almost completely out of the films. The water insoluble plasticizers remain predo-
minantly in the film and the migration rate of HPMC is reduced in a release medium of high ionic strength. The glass transition temperature
(T,) and the softening temperature (75) of these films after swelling are dependent on the water solubility of the plasticizer. The T, of ECD
films plasticized with triethyl citrate is above the swelling temperature of 37°C after migration of the plasticizer, transforming the polymer in
the glassy state. In contrast, dibutyl phthalate-containing ECD films demonstrate a 7, below the swelling temperature, leaving the polymer in
the rubbery state. The mechanical properties of dry and wet films are studied as a function of the state of curing of the films and of the
swelling temperature. On contact with water, a pronounced shrinkage of ECD/HPMC films plasticized with water insoluble plasticizers is
observed. All these results are used to explain the different drug release mechanisms of the coated pellets and to enable the prediction and
optimization of drug release-rates from coated pellets. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Ethyl cellulose dispersion; Hydroxypropyl methylcellulose; Plasticizers of different water solubility, Films prepared by spraying; Thermal
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1. Introduction

Aqueous polymer dispersions such as Aquacoat® ECD-
30, a 30% aqueous ethyl cellulose dispersion, are applied as
coatings for solid oral dosage forms. Theophylline pellets
coated with this aqueous ethyl cellulose dispersion (ECD),
hydroxypropyl methylcellulose (HPMC) and plasticizers
have previously been shown to display three different drug
release mechanisms as a function of the water solubility of
the plasticizers and the ionic strength of the release medium
[1]. Pellet coats plasticized with water soluble or fairly
water soluble plasticizers such as triethyl citrate (TEC) or
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diethyl phthalate (DEP) respectively lead to an approxi-
mately zero-order release rate. The drug diffuses through
water-filled pores after the migration of the water soluble
pore former and plasticizer [2-6]. A two-phase release
profile has been discovered in the case of coated pellets
plasticized with water insoluble plasticizers such as dibutyl
phthalate (DBP) and dibutyl sebacate (DBS) [1,6]. During
the first phase, the release is rapid and characterized by drug
diffusion through water filled pores after the migration of
the pore former. During the second phase, the free volume
between the polymer chains is dramatically reduced and
therefore the permeability of the coatings decreases.
However, a release medium of high ionic strength will
reduce the hydration of the water soluble pore former in
the coating [1]. Thus, the drug diffuses through a swollen
heterogeneous membrane containing EC and HPMC [1,7,8].

These results and hypotheses demonstrate the importance
of understanding the properties of coatings before and
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during the drug release process. The properties of coatings
in the dry state will be completely different to those of the
wet state according to the leaching of the plasticizers and the
pore former as well as the hydration of the film forming
agent [9,10]. Isolated sprayed films are a suitable model
for the examination of the physico-chemical and mechanical
properties of swollen and non swollen coatings [11,12]. The
thermal mechanical analysis, the swelling experiences with
isolated films as well as the puncture tests are methods to
explain the physical state of the film forming agent. Free
films may also be used to describe the mechanical stability
after swelling and to understand the changing film perme-
ability during the swelling process. The objective of this
study is to evaluate the properties of dry and wet films in
order to predict release mechanisms of coated pellets.

2. Materials and methods
2.1. Materials

2.1.1. Film former

Aquacoat® ECD-30 (FMC Corporation, Philadelphia,
USA). Aquacoat® ECD-30 is an aqueous ethyl cellulose
dispersion with a solid content of 29-32%. It contains
24.5-29.5% ethyl cellulose, 0.9—1.7% sodium lauryl sulfate,
1.7-3.3% cetylalcohol and small quantities of dimethyl
polysiloxane (FMC Corporation, 1985). The resulting
films without additives are called ECD films.

2.1.2. Pore former

Hydroxypropyl methylcellulose (HPMC, Pharmacoat®
603 or 606, ShinEtsu Chemical Co., Tokyo, Japan). The
viscosity of a 2% aqueous solution at 20°C amounts up to
3 and 6 mPa-s.

2.1.3. Plasticizers

Triethyl citrate (TEC; Boehringer Ingelheim, Ingelheim,
Germany; solubility in each case at 20°C in water [13]
¢y = 6.9%); diethyl phthalate (DEP, Rhone Poulenc, Frank-
furt, Germany; ¢, = 0.15%); dibutyl phthalate (DBP, Fluka
Chemie AG, Buchs, Switzerland; ¢, = 0.04%) and dibutyl
sebacate (DBS, Henkel KGaA, Diisseldorf, Germany;
¢, = 0.01%). The chemicals were used as received.

2.2. Methods

2.2.1. Preparation of the dispersion

Appropriate quantities of aqueous ethyl cellulose disper-
sion, plasticizer and HPMC solution were combined and
mixed with a glass blade stirrer for 30 min before and
after the standing time of 23 h. The pore former HPMC
was added as a solution of a maximum concentration of
10% to the aqueous dispersion. The percent of plasticizers
refers to the film without HPMC and the percent of pore
former refers to the entire film.

2.2.2. Swelling of sprayed films and measurement of
extractable components

2.2.2.1. Preparation of the films: The aqueous ethyl cellu-
lose dispersion containing the pore former and/or plastici-
zers were sprayed with a precision spray gun (Sata
Farbspritztechnik GmbH&Co., Ludwigsburg, Germany)
onto glass slides, distance from the surface was about 50
cm. The spraying process was alternated with a drying
process until a film thickness of 37.5 = 2.5 wm was reached.
The films were dried with a hair drier. The drying tempera-
ture was adjusted to 10°C above the minimum film forming
temperature, but at least to 40°C, and checked with a ther-
mometer. After the spraying process, the films were cured in
an oven for 1 h or 2 h at 70, 80, 90 or 100°C and stored for 24
h over silica gel. High curing temperatures had been used to
determine the conditions to reach a constant drug release
rate from coated pellets [1].

2.2.2.2. Content of plasticizer: A HPLC assay was used
for the analysis of the plasticizer in the films before
exposure to the aqueous medium and in the swelling
medium after exposure to the aqueous medium. The
samples were measured with the HPLC model LC-6A
(Shimadzu, Duisburg, Germany) with an automatic
sample injector (model SIL-6B), system controller (model
SCL-6B), UV-spectrophotometric detector (model SPD-
6AV), an integrator (model C-R4AX Chromatopac) and
an analytical column (LiChrospher® 100 RP-18, 5 pm
particle size, 125 mm length and 4 mm internal diameter;
E. Merck, Darmstadt, Germany). The mobile phase
consisted of methanol:distilled water 50:50% (v/v) for
DEP and acetonitrile:distilled water 70:30% (v/v) for
DBP. The volume of injection varied between 20 and 150
pl. The flow rate was 2 ml/min and the UV absorption was
measured at 230 nm for both plasticizers. External standards
were used for the validation of the method and for the
quantitative analysis of the plasticizer concentration.

After the spraying and curing processes, the glass slides
with the attached films were transferred into a 300 ml Erlen-
meyer flask containing 100 ml of methanol or acetonitrile
and were shaken for 24 h in order to measure the residual
DEP or DBP content in the films. 1.5 ml samples of the
aqueous swelling medium were analysed directly by the
HPLC assay. This method offers the possibility to quantitate
the amount of plasticizer, that migrated from the films
during the swelling period.

2.2.2.3. Swelling: The paddle apparatus was used with
1000 ml of 0.1 N-HCI or 1.5 N-NaCl solution at 20, 37 or
48°C and a stirring speed of 20 or 170 rev./min. The glass
slides were placed into the release medium at the bottom of
the vessel with the film side faced down. The paddle and the
glass slides were additionally separated with a punchplate of
teflon. The films were separated from the glass slide after 15
min if they were still adhered to the glass. After pre-
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determined swelling periods, the films were taken out of the
swelling medium and surface water was removed placing
the films between two filter papers under gentle pressure.
The water content of the films (V,,) as well as the extractable
components (Exc) were calculated from the weight of the
wet films (m;) and the weight of the dry films before and
after the swelling my, and m,, respectively [6]

mg — my,
Vo = ——=a 100 (%(v/v)) (1)
S a + —d
Py Py
Exc = 22 "™ 100 (%) )
ny,

where p, is the density of water, and p, is the density of the
polymer.

The swollen films were dried over silica gel until a
constant weight was reached. The calculation of the water
content assumes that the densities of water and polymer are
equal and/or that the extractable components migrate
completely out of the films. In order to distinguish the
extractable components with reference to the fraction of
the pore former and the plasticizer, the plasticizer content
was additionally analysed with the HPLC method.

2.2.3. Thermal mechanical analysis (TMA)

A Mettler TA 3000 model (Mettler Instrumente AG,
Greifensee, Switzerland) with an integrated TC 10 A
processor and a TMA 40 measuring cell was used for the
penetration experiments. The glass transition temperature
was measured with a small measuring probe, heating rate
of 2 K/min, applied force of 0.2-0.5 N and nitrogen as
washing gas with a rate of 200 ml/min.

Films of Aquacoat® ECD-30, Pharmacoat® 603 or a
mixture of both polymers were casted in petridishes. The
film thickness varied between 38 and 208 wm. Sprayed films
of plasticized polymers were prepared as described
previously (Section 2.2.2.). The glass transition temperature
(T,) and the softening temperature (7%) of the dry films were
measured directly using small parts of the films.

The influence of water on the T, and T were analysed
with isolated films after swelling for 24 h in 0.1 N-HCI at
37°C at a stirring speed of 50 rev./min in the paddle appa-
ratus. Films sprayed onto the glass slides were separated
from the glass slide after 15 min. The measurement was
carried out after removal of the surface liquid.

2.2.4. Mechanical properties of sprayed films

In the tensile test an attached force induces a displace-
ment of length (Al) of a polymeric film. The following
relation exists

Al 1 F

o EA ®)

where Al is the displacement of length, [, is the starting

length, E is the elastic modulus (N/m?), F is the force (N),
and A is the area (m?).From Eq. (3), the elongation €(%) can
be calculated
l - lo
lo

and the tensile strength o (MPa)

-100 (%) “)

&=

o= g (MPa) )

2.24.1. Preparation of films with a spraying
apparatus The spray apparatus for the preparation of
free films [14,15] consisted of a spray gun with a vertical
driving system, a hair drier, a rotary drum (7.5 cm high and
7.5 cm diameter) with a removable teflon sheet and a
temperature controlling system. The function as well as
the design of the spray apparatus was reported previously
[14,15].

The films were prepared under the following conditions:
18 cm distance between the spray gun and the drum, average
spray rate of 1 ml/min, spray and dry interval of 5 sec, a
drying temperature of 40°C on the drum surface and an inlet
air flow of 500 1/min. After the spraying process and an
additional curing period of 5 min, the sheets were removed
from the drum and cured in an oven for 1 h at 70°C or 2 h at
100°C. Then the polymer film was peeled off the teflon sheet
and cut into dumbbelled shaped (tensile test) or rectangular
(puncture test) specimens. The mechanical properties were
measured directly or after 5 days storage in a desiccator over
CaSO4.

2.2.4.2. Mechanical tests: The mechanical properties of
the films were evaluated using an Instron model 4201
universal testing apparatus, Instron, Boston (USA).

2.2.4.3. Tensile test method: The test apparatus for
measuring the tensile strength consisted of two pneumatic
grips and the test procedure is based on the ASTM D822-
75d method. The extension speed was 5 mm/min. Film
specimens which broke directly at the grips were
discarded. The film thickness is given in Fig. 7 and Table
2. The load (kg) and the displacement (mm) at film rupture
referred to the cross section area and starting length of the
film specimens and were converted to the nominal tensile
strength (MPa) at rupture and the nominal elongation (%) at
rupture.

2.2.4.4. Puncture test method The Instron model had to be
altered for the puncture test method: The two grips were
replaced by a film holder and a driving load cell [9,16].
The dry and wet rectangular film specimens (3.5 X 4 cm?)
were positioned between two mounting plates and were
fixed with four screws. The plates contain a hole of 22
mm in the center. The driving load cell was driven
downwards through the mounted film at a crosshead speed
of 5 mm/min. The calculation of the nominal puncture
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strength and the elongation at rupture is comparable to the
tensile test method. However, the elongation is based on the
displacement of the radius instead of the length.

2.2.4.5. Swelling The paddle apparatus with 1 1of 0.1 N-
HCI at 20, 37 and 48°C and with 50 rev./min was used for
the swelling experiments. The mechanical properties were
measured after predetermined time periods and removal of
the surface water. The polymeric films were put into plastic
net-bags in order to prevent the films from folding during
the swelling studies.

3. Results and discussion

3.1. Swelling of sprayed films and measurement of
extractable components

3.1.1. Volatility of plasticizers

The plasticizer content of films after manufacturing and
curing is of great interest. The plasticizer content has been
reported to influence the swelling of the film [17]. It is also
the basis for the calculation of the extent of the plasticizer
migration during the swelling. However, loss of plasticizer
can occur after spraying, curing [10,18] and/or after storage
under stress conditions [19,20].

DEP has a high tendency to volatilize from the films
during the spraying and curing processes. After curing 2 h
at 100°C, DEP volatizes almost completely. Nevertheless,
the films are mechanically stable and therefore usable for
the swelling experiments [18,21]. The plasticizer content in
the film decreased to 58% after curing for 1 h at 90°C and
stayed constant after curing for 1 h at 70°C. Films prepared
with DBP had a reduced plasticizer content of 90 to 98% of
the theoretical content after curing for 1 h at 70 or 80°C.
DBP was found to volatize only under extreme curing
conditions of 2 h at 100°C. The plasticizer content then
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Fig. 1. Leached pasticizer fraction (DEP), extractable components (Exc)
und water content (V,,) of films with and without pore former as a function
of the swelling time. Film: 80% ECD, 20.0% DEP and 90% ECD (20.0%
DEP), 10% HPMC. Curing: 1h-70°C; Swelling conditions: 0.1 N-HCI;
37°C; (mean = SD, n = 3). 20.0% DEP: (O) DEP; (A) Exc; () V.
20.0% DEP, 10% HPMC: (@) DEP; (A) Exc; (B) V,,.
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Fig. 2. Leached pasticizer fraction (DBP), extractable components (Exc)
und water content (V,,) of films with and without pore former as a function
of the swelling time. Film: 80% ECD, 20.0% DBP and 70% ECD (20.0%
DBP), 30% HPMC. Curing: 1h-70°C; Swelling conditions: 0.1 N-HCI;
37°C; (mean * SD, n=3) 20.0% DEP: (O) DEP; (A) Exc; (O) V,.
20.0% DEP, 30% HPMC: (®) DEP; (A) Exc; () V..

decreased to approximately 50%. These results are in accor-
dance with volatility measurements of coated pellets [13].

3.1.2. Swelling and migration as a function of the additives

Swelling experiments with sprayed films are useful to
measure the extractable components and the water uptake.
These values are helpful to interpret the permeability of
films and to characterize the physical state of the film form-
ing polymer. The aim of these investigations is to enable the
prediction of the permeability of coatings and the release
mechanism of coated oral dosage forms.

After 24 h of swelling, the extractable components of
ECD/20% DEP films without the pore former, and with
10% HPMC amount to 19.5 = 1% and 24.5 £ 1%, respec-
tively (Fig. 1). The plasticizer and pore former migrate
almost completely from the films. In both cases other exci-
pients of the film (see Section 2.1), especially sodium lauryl
sulfate may have migrated from the film. Films without the
addition of the pore former absorbed 14.3 * 2% water. The
comparable films containing 10% HPMC showed a water
content of 36.4 + 2% (Fig. 1). The water content of 14.3%
is nearly equivalent to the amount of leached plasticizer.
During and after the migration of the pore former and the
plasticizer the films show a disproportional high content of
water. Apparently the ethyl cellulose is in the glassy state
and contains pores and channels following the migration of
the water soluble components.

In contrast, ECD films plasticized with 20.0% DBP and
30% HPMC as additives show a totally different behavior in
comparison to the ECD/DEP films. The extractable compo-
nents reached 11.8 £ 1% in the case of films without HPMC
addition and 39.3 * 1% with 30% HPMC respectively (Fig.
2). These values can be explained by the partial leaching of
plasticizer, total migration of the pore former and further
film exipients. The water content of the films without
HPMC increased up to 30.5 £ 3% after 24 h of swelling
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Table 1

Leached plasticizer fraction (DEP or DBP), extractable components (Exc)
and water content (V,,) of films as a function of the ionic strength of the
swelling medium. Swelling conditions: 1.5 N-NaCl; 37°C; 24 h
(mean £ SD, n =3)

Film HPMC Curing Plasticizer Exc Vy
plasticizer (h-°C) (%) (%) (%o (vIv))
11.0% DEP 30 1-90 81.6 = 44 189 + 1.0 38.0 £4.1
30 2-100  90.1 =13 13.8 2.0 374x72
20.0% DEP 0 1-70 79.7 £ 0.9 196 0.6 132 *1.6
30 1-70 83.0 = 0.7 253 0.6 478 £1.7
12.5% DBP 30 1-80 8.7+ 09 174 £ 0.8 36.2 £0.8
30 2-100 8315 139 £ 0.6 36.8 =39
20.0% DBP 0 1-70 52+03 120 23 129 £43
30 1-70 Not analysed 18.6 £ 1.1 409 £ 1.4

(Fig. 2). In contrast, the water content of films with 30%
HPMC additive increased up to 52.2 = 4% after 15 min of
swelling, but then decreased to a plateau of 43.4 * 3%
during the next 5 h (Fig. 2). Further experiments with
ECD films plasticized with 12.5 and 20.0% DBP and 10,
20 or 30% HPMC additive confirm the high amounts of
incorporated water after 24 h of swelling in 0.1 N-HCl
[13]. One can assume that the plasticizer DBP remaining
in the film reduces the glass transition temperature of the
swollen ethyl cellulose below the swelling temperature of
37°C. Thus the polymer chains in the rubbery state squeeze
out the water after migration of the pore former (Fig. 2) and
shrink (Fig. 6) [13,22]. This phenomenon correlates with the
decreasing drug release rate of drug containing films and
coated pellets respectively prepared from such aqueous
polymer dispersions [1,6,23].

3.1.3. Swelling and migration as a function of the ionic
strength

It has previously be reported in the literature, that a high
ionic strength of the release medium reduces the swelling of
polymeric films [24,25]. Table 1 summarizes the properties
of HPMC containing ECD films plasticized with DEP or
DBP after 24 h of swelling in 1.5 N-NaCl. The fairly
water soluble plasticizer DEP migrates almost completely
from the polymeric films after 24 h of swelling in 1.5 N-
NaCl whereas the poorly water soluble plasticizer, DBP,
remains almost completely in the film (Table 1). Surpris-
ingly, ECD films with 11.0% DEP or 12.5% DBP and 30%
HPMC as additives show an amount of extractable compo-
nents of 18.9% and 17.4% respectively (Table 1) and not the
expected value of 30—40%. The high ionic strength of the
release medium reduced the hydration of the water soluble
pore former HPMC and therefore prevents its dissolution
and migration from the film. Accordingly, the water
contents are comparable between films plasticized with
DEP and DBP (Table 1) in contrast to swelling experiments
in 0.1 N-HCI (Figs. 1 and 2). The remaining amount of
HPMC was the primary determinant for the water uptake.
The drug release from pellets coated with EC dispersions,

HPMC, DEP or DBP changes from a diffusion mechanism
through pores and channels or partitioning, to diffusion
through a gel-like membrane [1].

Another interesting aspect is the reduced water content of
ECD/20% DBP films containing 20% HPMC from 30.5%
(Fig. 2) in 0.IN-HClI to 12.9% (Table 1) in 1.5 N-NaCl. The
Na™ and Cl~ ions apparently take away the swelling water
of the ethyl cellulose. The HPMC free ECD films with
20.0% DEP show no loss of water through the high ionic
strength of the release medium (14.3% in comparison to
13.2%).

3.2. Thermal mechanical analysis (TMA)

The measurement of the 7, of Aquacoat® ECD-30 films
with differential scanning calorimetry (DSC) is difficult
because of the slight thermal effects of the ethyl cellulose
[26] and because of the melting points of sodium lauryl
sulfate and cetylalcohol [27]. Therefore the thermal
mechanical analysis is used to measure the glass transition
temperature (1) and the softening temperature (1) [28-30].
The penetration measurement is based on the principle that
at the 7, the polymer chain segments are increasingly
moving, the free volume increases and therefore the flex-
ibility and penetrability of the films. At T the chain mobility

1 ECD/DBS films
— dry
— — — wet
E
=
uy
o~
T HPMC/DBS films
— dry
=3 c
1=
Ca ]
%
)
ECD (DBS)/HPMC films
\ — dry
= \ ——— wet
Al \
o~ \
\
\
= \
\
\
SO
T T T T =T T T
-30 40 10 180 250

temperature [°C]

Fig. 3. TMA-curves of dry and wet films. Film: 80% ECD/20.0% DBS;
68.2% HPMC/31.8% DBS and 70% ECD (20.0% DBS)/30% HPMC.
Curing: 1h-70°C; Swelling conditions: 24 h; 0.1 N-HCI; 37°C.
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Fig. 4. T,-values of dry and wet films. Film: 100% ECD; 100% HPMC;
70% ECD/30% HPMC; 68.2% HPMC/31.8% DBS or TEC; 80% ECD/20%
DBS or TEC; 70% ECD (20% DBS or TEC)/30% HPMC; Curing: 1h-70°C
(100% ECD: 1h-110°C). Swelling conditions: 24 h; 0.1 N-HCI; 37°C;
(mean = SD; n = 3).

is so high that the resistance to penetration decreases to a
minimum. Inter- and intrasegmental bonds of the polymer
chains are strongly reduced.

TMA curves of dry and wet ECD-, HPMC- and ECD/
HPMC- films plasticized with DBS are shown in Fig. 3. The
first inflection point is taken for the glass transition tempera-
ture and the second for the softening temperature. The
constant number of two inflection points is evidence for a
homogeneous mixture of ethyl cellulose and hydroxypropyl
methylcellulose [31]. The curves of the wet films are shifted
to lower temperatures in comparison to the dry films (Fig.
3). This does not hold for films with TEC [13].

Fig. 4 illustrates the effect of plasticizing and swelling on
the well defined softening temperature 7 of the ECD- and/
or HPMC-films. A swelling time of 24 h in 0.1 N-HCI at

Fig. 5. Shrinkage of ECD-films as a function of the swelling time. Film:
70% ECD (20.0% TEC); 30% HPMC 606; curing: 2h-100°C. Swelling
conditions: 0.1 N-HCI; 37°C; time: 0, 0.25, 1, 5 and 24 h.

Fig. 6. Shrinkage of ECD-films as a function of the swelling time. Film:
70% ECD (20.0% DBP); 30% HPMC 606; curing: 2h-100°C. Swelling
conditions: 0.1 N-HCI; 37°C; time: 0, 0.25, 1, 5 and 24 h.

37°C does not change the T of ECD films. The plasticizers
TEC and DBS are only effective for ECD films, the decrease
of T, of HPMC films is insignificant. As expected, after
swelling the 7Ty of ECD/DBS and ECD/HPMC/DBS films
are reduced from 80 + 1°C and 113 = 4°C to 58 * 4°C and
60 = 7°C, respectively. Comparing wet and dry films, it
becomes evident that incorporated water acts as an addi-
tional plasticizer. However the comparable swollen films
plasticized with TEC show 7, values which reach the
value of the ECD films. This effect can only be explained
by the almost complete migration of the plasticizer and pore
former. The more hydrophilic TEC migrates out of the film
(Fig. 1), the incorporated water looses its plasticizing effect.
Apparently it is only mechanically fixed in pores and chan-
nels but not between polymer chains. Nearly the same
tendencies as for T were observed for the T, [13]. The T,
of the ECD films plasticized with TEC is above the swelling
temperature of 37°C after migration of the plasticizer
(84 = 4°C). In contrast the T, of the relevant films plasti-
cized with DBS is below the swelling temperature
(14 £ 3°C) [13].

Summing up these results it becomes evident that the
softening temperature as well as the glass transition
temperature of non swollen films not only represent the
physical and chemical properties of the film forming poly-
mers, but rather these values elucidate the compatibility of
different polymers and the effectivity of plasticizers. The
thermal transition temperatures of swollen polymeric films
reflect the condition of pellet coatings during the release
process. The plasticizing effect of water as well as the
migration of plasticizer and pore former is documented by
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this method and related to the release behavior of coated
pellets described earlier [1].

An additional interesting aspect is the similarity of the
glass transition temperature and the minimum film forming
temperature as well as of the softening temperature and the
curing temperature for coated pellets to reach a constant and
low release rate [13].

3.3. Shrinkage of ethyl cellulose films

Some polymers shrink at temperatures above the glass
transition temperature [22]. Extremely high differences in
shrinkage are observed in Figs. 5 and 6 with isolated
sprayed ECD/HPMC films plasticized with TEC and DBP
respectively before and after 0.25; 1; 5 and 24 h of swelling
in 0.1 N-HCI at 37°C. These films were prepared for the
investigation of the tensile strength (see Sections 2.2.4 and
3.4.). ECD films plasticized with TEC additive do not shrink
(Fig. 5) after the migration of the water soluble plasticizer
and the pore former (Fig. 1). The ethyl cellulose is in the
glassy state (Figs. 3 and 4) and therefore the rather high
permeability of the films will not change during the swelling
period. In contrast, the DBP plasticized ECD/HPMC films
showed a remarkable shrinkage phenomenon (Fig. 6). The
poorly water soluble plasticizer mainly remains in the ethyl
cellulose (Fig. 2). Thus, the T, lies below the swelling
temperature (Fig. 3 and 4), the film remains in the rubbery
state.

The shrinkage of ECD/HPMC films containing almost
water insoluble plasticizers such as DBP or DBS correlate
to the changing release mechanism of pellets coated with
such coatings [1,6]. The permeability of the ECD film coat-
ing is distinctly reduced through the shrinkage of the films.

3.4. Mechanical properties of sprayed films

3.4.1. Effect of the curing conditions on the tensile strength
of dry films

Usually the physical stability of coated pellets is assessed
by drug release studies. The film formation of coatings from
aqueous dispersions seems to be optimal when the drug
release rates are independent of the curing conditions. At
that point, interdiffusion of the polymer chains of dispersion
droplets is assumed to be completed. SANS (small angle
neutron scattering) offers the possibility to measure directly
the interdiffusion of the polymer chains and illustrates that
the tensile strength of films increase with increasing inter-
diffusion of polymer particles until an optimum is reached
[31].

With increasing curing temperature and time the tensile
strength as well as the elongation of ECD/HPMC films
plasticized with TEC or DBP increase (Table 2). These
results are in agreement with previous studies with a
ready to spray dispersion [32]. The curing effect was more
pronounced with TEC. TEC tends to volatilize after curing
of 2 h at 100°C (see 3.1.1.). A reduced amount of plasticizer
in the polymeric films caused an increasing tensile strength

Table 2

Tensile strength (o) and elongation (eg) as a function of the curing condi-
tions of the sprayed films. Film: 70% ECD (20.0% plasticizer); 30% HPMC
606. Curing: 1h-70°C or 2h-100°C; storage conditions: 0 or 5 days over
CaSO0;. Film thickness: 120-140 um = 10% (mean = SD, n = 4-6)

Plasticizer Curing  Storage oy €Rr
h-°C (days) (MPa) (%)

Triethyl citrate 1-70 0 7.86 = 0.28 480 = 1.18
2-100 0 13.12 2091 11.04 £ 1.85
1-70 5 11.52 £ 2.50 1.97 + 0.64
2-100 5 16.97 = 1.33 4.48 = 0.69

Dibutyl phthalate ~ 1-70 0 841 = 0.25 8.64 £ 0.70
2-100 0 Not analysed ~ Not analysed
1-70 5 10.69 £ 0.70 6.34 = 094
2-100 5 12.83 £ 0.27 9.12 £ 0.97

along with a reduction in flexibility [9,11,18]. The described
effects can also be observed after five days of storage.

Curing conditions of 1 h at 70°C are known as sufficient
for pellets coated with aqueous ethyl cellulose containing
HPMC and 20% plasticizer [1,2]. If curing for 2 h at 100°C,
accompanied by a change in the mechanical properties of
the films, influences the permeability of the coating of
pellets for drugs, has not been yet investigated.

3.4.2. Effect of the swelling temperature on the mechanical
properties of wet films

The investigations of mechanical properties of swollen
and non-swollen ECD/HPMC films should reflect the differ-
ence of glassy and rubbery state of polymeric films. Fig.
7A,B illustrate the puncture strength and elongation of
TEC and DBP containing ECD/HPMC films before and
after 24 h of swelling in 0.1 N-HCI at 20, 37 and 48°C,
respectively. As expected, after swelling, the puncture
strength as well as the elongation of TEC plasticized films
significantly decreased from 1.10 to 0.04 MPa and from
0.81 to 0.13 %. The mechanical properties change dramati-
cally after migration of the water soluble plasticizer and
pore former. The films were characterized as weak and
soft [11,12]. ECD/HPMC films with the addition of DBP
show a strong dependence of their mechanical properties on
the temperature (Fig. 7A/B). The puncture strength and the
elongation decreased after swelling at 20°C but increased
again after swelling at 37 and 48°C. The values at 20°C are
comparable to the values of TEC containing films. At 37 and
48°C the ethyl cellulose is in the rubbery state. Water acts as
a plasticizer and the films attained a better mechanical stabi-
lity. These results agree with the swelling experiments (Fig.
2) as well as with the measurement of the glass transition
temperature (Fig. 4).

Considering the described results, tensile and puncture
tests are suitable methods to measure the physical and
mechanical properties of dry and wet polymeric films.
Thus, it is possible to evaluate the effectivity of plasticizers,
the influence of the standing time of the aqueous dispersion,
to determine optimal curing conditions, to investigate the
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Fig. 7. Puncture strength (op) (A) and elongation (ep) (B) of the ECD-films
as a function of the swelling temperature. Film: 70% ECD (20.0% TEC,
DBP); 30% HPMC; curing: 1h-70°C. Storage before swelling: five days
over CaSOy; film thickness: 125-135 wm = 10%; Swelling conditions: 0.1
N-HCI; 24 h (mean = SD, n = 3).

influence of storage conditions and to predict the release
mechanism of coated pellets. Even the influence of the
standing or stirring time of plasticized dispersions on the
resulting film properties, which is observed by a change of
the minimum film forming temperature [13,17], will be
reflected by the mechanical properties of the films. Spar-
ingly soluble plasticizers cause a clear time dependence to
the mechanical properties according to their slow dissolu-
tion and partition into the polymer particles [13].

4. Conclusion

Physico-chemical properties of polymer films containing
plasticizers and pore forming agents give insight in the
behavior of the respective coating of diffusion pellets, espe-
cially after contact with 0.1 N-HCI at 37°C. The temperature
dependence of the properties elucidates the complex struc-
ture of these coatings.

Water soluble plasticizers and HPMC migrate rapidly and
almost completely from the films, transferring EC in the
glassy state (T, > 37°C). Apparently, the incorporated
water does not act as plasticizer, is only mechanically
fixed in pores and channels, and enables the high perme-
ability of the films. These films have a relatively low
mechanical stability.

In contrast, water insoluble plasticizers mainly remain in

the ECD films during swelling in 0.1 N-HCI and migration
of HPMC. Thus, EC stays in the rubbery state (T, < 37°C).
During migration of the pore forming agent, the polymer
chains of EC interact to a higher degree, reducing the free
volume and squeezing out water from pores and channels.
The films visible shrink. The permeability of the film coat-
ings decreases at this stage. These films, plasticized with the
lipophilic plasticizer and water, have a good mechanical
stability.

The migration of the pore forming agent HPMC and the
water uptake of the films is strongly reduced in a release
medium of high ionic strength, irrespective of the type of
plasticizer. This correlates with the permeabilities of the
film coatings.

The knowledge of these film properties is indispensable
for the explanation of the three different drug release
patterns of pellets coated with such films. An approximate
zero-order release rate is observed with hydrophilic plasti-
cizers, HPMC as pore forming agent. Pellets coated with
ECD, HPMC and a poorly soluble plasticizer show a two-
phase release profile with a fast release at the beginning and
a slow release during the second phase. The third release
mechanism at high ionic strength is the drug diffusion
through a swollen, heterogenous membrane, with the
HPMC partially incorporated in the coating [1].

Knowing the swelling and shrinking behavior, the migra-
tion of the additives, and the thermo-mechanically and
mechanical features of sprayed films, it seems to be possible
to predict the release process of the respective coated
pellets. Furthermore, the optimization right from the begin-
ning should be much easier.
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