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When using aqueous polymer dispersions for the preparation of controlled-release film coatings, insta-
bility during long-term storage can be a crucial concern. Generally, a thermal after treatment is required
to assure sufficient polymer particle coalescence. This curing step is often performed under static condi-
tions in an oven, which is a time-consuming and rather cumbersome process. Dynamic curing in the flu-
idized bed presents an attractive alternative. However, yet little is known on the required conditions, in
particular: temperature, time, and relative humidity, to provide stable film structures. The aim of this
study was to better understand the importance of these key factors and to evaluate the potential of
dynamic curing compared with that of static curing. Recently proposed ethylcellulose:poly(vinyl alco-
hol)–poly(ethylene glycol) graft copolymer (PVA–PEG graft copolymer) dispersions were coated on the-
ophylline and metoprolol succinate-loaded starter cores, exhibiting different osmotic activity.
Importantly, processing times as short as 2 h were found to be sufficient to provide long-term stable
films, even upon open storage under stress conditions. For instance, 2-h dynamic curing at 57 �C and
15% relative humidity are assuring stable film structures in the case of theophylline matrix cores coated
with 15% ethylcellulose:PVA–PEG graft copolymer 85:15. Importantly, the approach is also applicable to
other types of drugs and starter cores, and the underlying drug release mechanisms remain unaltered.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Polymeric film coatings can efficiently control the release rate
of a drug out of a pharmaceutical dosage form [1–3]. They can be
applied either from organic solutions or from aqueous dispersions
[4–7]. Water offers the advantage of being non-toxic, non-explo-
sive, and environmentally friendly. However, the film formation
mechanisms are different when using aqueous- versus organic-
coating formulations, and eventually, the underlying drug release
mechanisms from the final dosage forms can significantly differ
[8]. One particular challenge when using aqueous polymer disper-
sions for the preparation of controlled-release film coatings is the
assurance of long-term stable systems. If the polymer particles
do not completely fuse during coating, further coalescence might
occur during storage, resulting in denser film structures and less
permeable barriers. Consequently, the resulting drug release rate
might significantly decrease upon storage [9–11]. To overcome this
restriction, a thermal after treatment (‘‘curing’’) can be applied
[12,13]. Obviously, the curing temperature, time, and relative
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humidity can have a major impact on the resulting polymeric
structures: With increasing temperature, the mobility of the mac-
romolecules increases, facilitating polymer particle coalescence.
Also, increasing relative humidity enhances film formation, since
water is an efficient plasticizer for many polymers (including eth-
ylcellulose) [14].

Curing can be performed either under static conditions, e.g., on
trays in an oven, or under dynamic conditions, e.g., in a fluidized
bed. The major disadvantage of static curing is that it is generally
cumbersome to realize, necessitating the transfer of the coated
dosage forms into an oven and often requiring prolonged curing
times. To be able to control the relative humidity during static cur-
ing, also special equipment is needed. An interesting alternative is
dynamic curing, performed in the same equipment as the coating
process. Thus, transfer steps are avoided and the relative humidity
in the curing chamber can generally be easily controlled by spray-
ing water at appropriate rates. However, yet little is known on the
impact of the key factors, namely: time, temperature, and relative
humidity during dynamic curing on the resulting drug release pat-
terns from the coated dosage forms and on the long-term stability
of the systems.

It was the aim of this study to better understand the impact of
the curing conditions during static as well as dynamic curing on
the resulting drug release rates and storage stability of different
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types of coated pellets. In particular, the importance of the curing
time, temperature, and relative humidity was to be investigated.
Recently proposed aqueous ethylcellulose:poly(vinyl alcohol)–
poly(ethylene glycol) graft copolymer (PVA–PEG graft copolymer)
dispersions [15–19] were used for film coating. Two types of beads
were studied: (i) theophylline matrix cores and (ii) sugar cores lay-
ered with metoprolol succinate. Thus, pellet cores exhibiting very
different osmotic activity were investigated and also drugs with
very different solubility.
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Fig. 1. Effects of the curing temperature during static curing in an oven on drug
release from theophylline matrix cores coated with ethylcellulose:PVA–PEG graft
copolymer 85:15 in: (a) 0.1 N HCl and (b) phosphate buffer pH 7.4 (curing time: 24 h).
2. Materials and methods

2.1. Materials

Theophylline matrix pellets (70% drug content, diameter: 0.71–
1.25 mm; FMC BioPolymer, Philadelphia, USA); sugar cores (sugar
spheres NF, diameter: 0.71–0.85 mm; NP Pharm, Bazainville,
France); metoprolol succinate (Salutas, Barleben, Germany);
hydroxypropyl methylcellulose (HPMC, Methocel E 5; Colorcon,
Dartford, UK); Ethylcellulose Aqueous Dispersion NF (Aquacoat
ECD; FMC Biopolymer, Philadelphia, USA); poly(vinyl alcohol)–
poly(ethylene glycol) graft copolymer (PVA–PEG graft copolymer,
Kollicoat IR; BASF, Ludwigshafen, Germany); triethyl citrate (TEC;
Morflex, Greensboro, USA).

2.2. Preparation of drug-layered starter cores

Sugar starter cores were coated with an aqueous solution of
metoprolol succinate (18.2% w/w) and HPMC (0.9% w/w) in a fluid-
ized bed coater (Strea 1, Wurster insert; Niro; Aeromatic-Fielder,
Bubendorf, Switzerland). The process parameters were as follows:
batch size = 500 g, inlet temperature = 40 �C, product tempera-
ture = 40 ± 2 �C, spray rate = 1–3 g/min, atomization pressur-
e = 1.2 bar, nozzle diameter = 1.2 mm, air flow rate = 100 m3/h.
The final drug loading was 10% w/w.

2.3. Preparation of coated pellets

Metoprolol succinate-layered sugar cores as well as theophyl-
line matrix cores were coated with aqueous ethylcellulose disper-
sion containing small amounts of PVA–PEG graft copolymer in a
fluidized bed coater (Strea 1, Wurster insert). The coating disper-
sions were prepared as follows: The aqueous ethylcellulose disper-
sion was plasticized overnight with triethyl citrate (25% w/w,
based on the ethylcellulose content) under magnetic stirring.
Aqueous PVA–PEG graft copolymer solution (3.7% w/w in the case
of metoprolol succinate-layered sugar cores and 6.0% w/w in the
case of theophylline matrix cores) was added so that a final solids’
content of 15% w/w was obtained in both cases. The respective
blends were stirred for 30 min prior to coating. The coating param-
eters were as follows: batch size = 500 g, inlet temperature = 38 �C,
product temperature = 38 ± 2 �C, spray rate = 1–3 g/min, atomiza-
tion pressure = 1.2 bar, nozzle diameter = 1.2 mm, air flow
rate = 100 m3/h.

2.4. Pellet curing

Static curing: The pellets were further fluidized in the coater for
10 min and subsequently cured for 2–48 h at 40–60 �C (as indi-
cated) in an oven.

Dynamic curing: The pellets were further fluidized in the coater
for 0.5–3 h at 45–57 �C and 15–28% relative humidity (as indi-
cated). During curing, water was atomized at a spray rate of 5.0,
5.2, and 5.5 g/min (at 45, 50 and 57 �C). The temperature and rela-
tive humidity were monitored using a ‘‘High Accuracy Humidity
and Temperature Data Logger’’ (EL-USB-2; Lascar Electronics, Salis-
bury, UK).

2.5. Drug release measurements

Drug release from pellets was measured in 0.1 M HCl and phos-
phate buffer pH 7.4 (USP 33) using the USP 33 paddle apparatus
(Sotax, Basel, Switzerland) (900 mL; 37 �C, 100 rpm; n = 3). At pre-
determined time intervals, 3 mL samples were withdrawn and
analyzed UV-spectrophotometrically (k = 270.4 nm in 0.1 N HCl
and k = 272.2 nm in phosphate buffer pH 7.4; UV-1650PC, Shima-
dzu, Champs-sur-Marne, France).

2.6. Storage stability

Coated pellets were stored in open glass vials at room tempera-
ture (25 ± 2 �C)/ambient RH (60 ± 5%) as well as under stress condi-
tions: 40 �C/75% RH. Drug release was measured before and after
storage as described in Section 2.5.

3. Results and discussion

3.1. Static curing

Fig. 1 shows drug release from theophylline matrix cores coated
with 15% ethylcellulose:PVA–PEG graft copolymer 85:15 in:
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Fig. 2. Effects of the curing time during static curing in an oven at (a) 50 �C, (b)
60 �C on drug release from theophylline matrix cores coated with ethylcellu-
lose:PVA–PEG graft copolymer 85:15 in 0.1 N HCl, and phosphate buffer pH 7.4
(medium change after 2 h).

8 h 50°C 

0

25

50

75

100

0 2 4 6 8
time, h

dr
ug

 re
le

as
ed

, %

before storage

after 12 months storage

pH 1.0 pH 7.4

2 h 60 °C 

0

25

50

75

100

0 2 4 6 8
time, h

dr
ug

 re
le

as
ed

, %

before storage

after 12 months storage

pH 1.0 pH 7.4

24 h 60°C 

0

25

50

75

100

0 2 4 6 8
time, h

dr
ug

 re
le

as
ed

, %

before storage

after 12 months storage

pH 1.0 pH 7.4

Fig. 3. Storage stability of ethylcellulose:PVA–PEG graft copolymer 85:15 coated
theophylline matrix cores, cured in an oven for ‘‘8 h at 50 �C’’, ‘‘2 h at 60 �C’’, or
‘‘24 h at 60 �C’’ (as indicated) (storage under ambient conditions in open glass vials).
The release medium was 0.1 N HCl during the first 2 h, followed by phosphate
buffer pH 7.4.

S. Muschert et al. / European Journal of Pharmaceutics and Biopharmaceutics 78 (2011) 455–461 457
(a) 0.1 M HCl and (b) phosphate buffer pH 7.4. The pellets were
cured in an oven for 24 h at 40, 50, and 60 �C, as indicated. For rea-
sons of comparison, also drug release from uncured pellets is
shown. Clearly, drug release was most rapid from uncured pellets,
irrespective of the type of release medium. This indicates that film
formation was not complete under the given coating conditions.
Twenty-four-hour curing at 40 �C led to decreased drug release
rates in both cases, indicating improved polymer particle coales-
cence. The increase in temperature leads to increased macromolec-
ular mobility and thus facilitated film formation. Increasing the
curing temperature to 50 �C resulted in a further pronounced de-
crease in the release rates (Fig. 1). Importantly, the release patterns
from pellets cured at 60 �C were virtually overlapping with those
from pellets cured at 50 �C, in 0.1 M HCl as well as in phosphate
buffer pH 7.4. Thus, a stable system is likely to be obtained under
these conditions. Comparing Fig. 1a and b, it becomes obvious that
drug release is faster in phosphate buffer pH 7.4 than in 0.1 M HCl
in the case of not fully coalesced film coatings (upon curing at
40 �C). This can at least partially be attributed to the presence of
the stabilizer sodium dodecyl sulfate (SDS) in the aqueous ethyl-
cellulose dispersion: At low pH, SDS is protonated and neutral,
whereas at pH 7.4 it is de-protonated and negatively charged. Thus,
SDS located in channels in only partially coalesced film coatings
can be expected to lower the surface tension more efficiently at
pH 7.4, resulting in facilitated water penetration. The pH-depen-
dent drug release cannot be attributed to a difference in drug sol-
ubility in the media: theophylline is even slightly better soluble in
0.1 M HCl than in phosphate buffer pH 7.4: 15.4 versus 12.0 mg/mL
[20].
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Fig. 4. Effects of the curing time on theophylline release from ethylcellulose:PVA–PEG graft copolymer 85:15 coated drug matrix cores, cured in a fluidized bed at ‘‘45 �C &
28% RH’’, ‘‘50 �C & 18% RH’’, or ‘‘57 �C & 15% RH’’ (as indicated).
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The impact of the curing time of static curing in an oven on drug
release from theophylline matrix cores coated with 15% ethylcellu-
lose:PVA–PEG graft copolymer 85:15 is illustrated in Fig. 2. The re-
lease medium was 0.1 M HCl during the first 2 h, which was
completely replaced by phosphate buffer pH 7.4 for the subsequent
6 h. The curing temperature was 50 or 60 �C (Fig. 2a and b). The
curing time was varied from 0 to 24 h. Importantly, virtually over-
lapping drug release profiles were obtained in the case of 8 and
24 h curing at 50 �C and in the case of 2, 8, and 24 h curing at
60 �C. Thus, stable film coatings seem to be achieved already after
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Fig. 5. Storage stability of ethylcellulose:PVA–PEG graft copolymer 85:15 coated theophylline matrix cores cured for 2 h in a fluidized bed at ‘‘45 �C & 28% RH’’, ‘‘50 �C &
18% RH’’, or ‘‘57 �C & 15% RH’’ under ambient (left column) and stress (right column) conditions. The release medium was 0.1 N HCl during the first 2 h, followed by phosphate
buffer pH 7.4.
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these curing times at these temperatures. This is of significant
practical importance during production.

Achieving virtually overlapping drug release profiles at different
temperatures and curing times is promising with respect to the
systems’ long-term stability, but it is not a proof of storage stabil-
ity. Fig. 3 shows the release of theophylline from matrix pellets
coated with 15% ethylcellulose:PVA–PEG graft copolymer 85:15
in 0.1 M HCl for the first 2 h, followed by phosphate buffer pH 7.4
for the subsequent 6 h. The dotted curves show drug release before
storage, the solid curves drug release after 12 months storage
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Fig. 6. Metoprolol succinate release from drug-layered sugar cores coated with 30% ethylcellulose:PVA–PEG graft copolymer 90:10, cured in a fluidized bed at 57 �C & 15% RH
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and dotted curves show drug release after 10-month open storage under ambient or stress conditions.
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under ambient conditions in open glass vials. The pellets were
cured for 8 h at 50 �C or for 2 or 24 h at 60 �C. As it can be seen,
the drug release patterns were stable, irrespective of the curing
conditions and storage times. This confirms the hypothesis that
the polymer particles coalesced to a sufficient degree during coat-
ing and curing to avoid any alterations during long-term storage.

3.2. Dynamic curing

In order to avoid transferring the pellets into an oven, the
pellets were further fluidized in the coater after coating. The tem-
perature was held at 45, 50, or 57 �C and the corresponding relative
humidity at 28%, 18%, and 15% (by spraying water at 5.0, 5.2 and
5.5 g/min). The curing time was varied in the range of 0.5–3 h.
Drug release from theophylline matrix cores coated with 15% eth-
ylcellulose:PVA–PEG graft copolymer 85:15 was measured in
0.1 M HCl and phosphate buffer pH 7.4 (complete medium change
after 2 h). Interestingly, the resulting release patterns were very
similar upon dynamic curing at 45 �C & 28% RH for 0.5–2 h, at
50 �C & 18% RH for 1 and 2 h, and at 57 �C & 15% RH for 0.5–3 h
(Fig. 4). This potentially indicates that stable film coatings were
formed even after these short curing steps. However, caution must
be paid, as it can be seen in Fig. 5 [illustrating the long-term
(in)stability of the investigated systems]. Drug release was mea-
sured before and after 3 or 6 months open storage in glass vials un-
der ambient and stress conditions (left and right column). Clearly,
the release rate decreased in the case of pellets cured in the fluid-
ized bed for 2 h at ‘‘45 �C & 28% RH’’ as well as at ‘‘50 �C & 18% RH’’
upon storage under stress conditions. This can probably be attrib-
uted to further polymer particle coalescence during long-term
storage, resulting in reduced film coating permeability for the drug
[21]. In contrast, pellets stored under ambient conditions showed
stable drug release patterns. The instability under stress conditions
can be attributed to the fact that water acts as a plasticizer for eth-
ylcellulose and to the increased temperature: The mobility of the
macromolecules is increased, resulting in facilitated polymer parti-
cle coalescence. Similar tendencies have been observed by Wil-
liams III and Liu with cellulose acetate phthalate (CAP) aqueous
dispersion [22,23]. Importantly, the theophylline release rate was
not altered upon long-term storage even under stress conditions,
if the pellets were cured for 2 h at 57 �C & 15% RH in the fluidized
bed (Fig. 5, bottom raw). Thus, long-term stable film coatings can
be provided after only 2-h dynamic curing under appropriate con-
ditions. This is of great practical importance.

In order to evaluate the transferability of the proposed dynamic
curing to other types of drugs and other types of starter cores, also
metoprolol succinate-layered sugar cores were coated with ethyl-
cellulose:PVA–PEG graft copolymer. According to previously pub-
lished results [17], ethylcellulose:PVA–PEG graft copolymer
90:10 blends and a coating level of 30% are a good starting point
if 8–12 h controlled release is targeted for freely water-soluble
drugs layered onto osmotically active starter cores. The closed
symbols in Fig. 6 show the experimentally determined release
kinetics of metoprolol succinate from drug-layered sugar cores
coated with 30% ethylcellulose:PVA–PEG graft copolymer 90:10
prior to storage. The pellets were cured in the fluidized bed for 1
or 2 h at 57 �C & 15% RH. For reasons of comparison, also drug re-
lease from uncured pellets is illustrated. The release medium was
0.1 M HCl for the first 2 h, which was completely exchanged with
phosphate buffer pH 7.4 for the subsequent 6 h. Importantly, the
release patterns from pellets cured for 1 or 2 h are virtually over-
lapping, a promising observation with respect to long-term stabil-
ity (although caution must be paid as discussed above).

In order to better understand the underlying drug release mech-
anisms, an appropriate mathematical model was used to quantita-
tively describe the experimentally measured metoprolol succinate
release profiles [24]. The theory considers:

� The spherical geometry of the pellets.
� Perfect sink conditions (which were provided throughout the

experiments).
� Diffusion through the polymeric film coating as the dominant

mass transport step with constant diffusion coefficients.
� The initial amount of drug in the pellets, M0.
� Drug partitioning from the pellet core into the polymeric film

coatings.
� The dimensions of the system.

Under these conditions, the following analytical solution of
Fick’s law of diffusion can be derived:

Mt ¼ M0 1� exp �ADKt
Vl

� �� �
ð1Þ
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where A is the total surface area of a coated pellet; D denotes the
apparent diffusion coefficient of the drug in the polymeric mem-
brane; K represents the partition coefficient of the drug between
the film coating and the pellet core; V is the volume of the pellet
core and l the thickness of the film coating.

As it can be seen in Fig. 6, good agreement was obtained be-
tween the experimentally determined and theoretically calculated
drug release patterns before storage (closed symbols and solid
curves). This indicates that drug diffusion through the intact film
coatings seems to be the dominant mass transport mechanism.
Based on these calculations, the following ‘‘D � K’’ (apparent diffu-
sivity of metoprolol succinate in ethylcellulose:PVA–PEG graft
copolymer 90:10 � partition coefficient of the drug between the
coating and the release medium) values were determined: 4.7,
2.7, 2.5 � 10�9 cm2/s for 0-, 1-, and 2-h dynamic curing.

The open symbols and dotted curves in Fig. 6 indicate the drug
release patterns from the pellets after 10-month storage under
ambient and stress conditions. Clearly, the drug release rate de-
creased upon long-term storage under stress conditions in the case
of uncured pellets, but remained stable in all other cases. Thus, the
approach of dynamic curing for short time periods is applicable to
different types of drugs and starter cores. In all cases, the underly-
ing drug release mechanisms remained the same (diffusion
through the intact film coating being dominant). The following
‘‘D � K’’ values were determined for metoprolol succinate-layered
sugar cores coated with ethylcellulose:PVA–PEG graft copolymer
90:10 and cured for 0, 1, and 2 h at 57 �C & 15% RH after 10-month
storage under ambient and stress conditions: 4.5, 2.7,
2.6 � 10�9 cm2/s and 3.1, 2.6, 2.2 � 10�9 cm2/s.

4. Conclusions

Long-term stable film coatings prepared from aqueous ethylcel-
lulose dispersion containing small amounts of PVA–PEG graft
copolymer can be obtained after only 8-h curing at 50 �C or 2-h sta-
tic curing at 60 �C in an oven. Alternatively, also dynamic curing in
the fluidized bed is possible under further water spraying for only
2 h. This is of significant practical importance since long-term sta-
bility of controlled release formulations prepared with aqueous
polymer dispersions is critical.
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