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a b s t r a c t

Tartaric acid, metoprolol free base and metoprolol tartrate act as plasticisers for Eudragit RL, in the
dry but also in the wet state. Fitting analytical solutions of Fick’s second law of diffusion allowed for
the determination of the apparent diffusivities of water and of tartaric acid, metoprolol free base and
metoprolol tartrate upon exposure of thin films to 0.1 M HCl, phosphate buffer pH 7.4 and distilled water.
Based on these calculations, it could be shown that water penetration into the systems is predominantly
controlled by pure diffusion, irrespective of the type of bulk fluid. Interestingly, the plasticising effect
of metoprolol tartrate was much more pronounced than that of tartaric acid, resulting in monotonically
increasing diffusion coefficients with increasing initial drug content. In contrast, the plasticising activity of
metoprolol free base was very limited in the wet state, due to drug precipitation in aqueous environments.
odelling
rug polymer interaction

Partially observed film shrinking (after an initial system swelling) could be attributed to the leaching of
the plasticising compound into the release medium, resulting in less flexible polymeric networks and
squeezing out of water. Also the release of tartaric acid, metoprolol free base and metoprolol tartrate
into the investigated bulk fluids was predominantly diffusion controlled. However, the precipitation of
the free base in wet films rendered the mass transport mechanisms more complex, at moderate and high
initial drug loadings. The obtained new insight into the underlying drug release mechanisms in Eudragit

acilit
RL networks can help to f

. Introduction

Drug delivery systems based on poly(acrylic acid) derivatives
re highly suitable in order to provide time-, and/or position-
ontrolled drug delivery within the gastro intestinal tract (Semdé
t al., 2000; Moustafine et al., 2005; Goole et al., 2008; Albers et al.,
009; Sauer et al., 2009). This type of polymers can be used either
s a matrix former, or for controlled release film coatings (Lecomte
t al., 2003; Schilling et al., 2008). However, despite of the signifi-
ant practical importance of this type of advanced pharmaceutical
osage forms, the underlying mass transport phenomena are not
et fully understood (Jenquin and McGinity, 1994; Siepmann and
iepmann, 2008) and device optimisation is often based on time-
nd cost-intensive series of trial-and-error experiments.

In order to better understand the underlying drug release mech-

nisms in a particular dosage form, the latter should be thoroughly
haracterised before and upon exposure to different release media
Siepmann and Peppas, 2001; Siepmann and Goepferich, 2001).
his includes the determination of the water uptake kinetics as well

∗ Corresponding author. Tel.: +33 3 20964708; fax: +33 3 20964942.
E-mail address: juergen.siepmann@univ-lille2.fr (J. Siepmann).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.01.031
ate the optimisation of this type of dosage forms.
© 2010 Elsevier B.V. All rights reserved.

as of the mechanical properties of the systems and changes thereof
upon exposure to different types of release media at 37 ◦C. Impor-
tantly, the presence of water can fundamentally alter key features of
the dosage form (Bodmeier and Paeratakul, 1993, 1994; Siepmann
et al., 2008). For instance, Eudragit L films are very brittle in the dry
state, but become highly flexible in the wet state, because water acts
as a potent plasticiser for this polymer (Lecomte et al., 2004). The
lowering of the glass transition temperature (Tg) also affects other
crucial system properties, including the mobility of the macro-
molecules and, thus, the free volume available for the diffusion of
incorporated drug molecules/ions. Furthermore, the type of release
medium might significantly affect the resulting properties of the
dosage forms, in particular in the case of poly(acrylic acid) deriva-
tives (Knop, 1996; Wagner and McGinity, 2002). Consequently, the
polymeric systems should be characterised upon exposure to dif-
ferent types of bulk fluids, exhibiting different pH values (if the
dosage forms are intended for oral administration). Based on the
obtained experimental results, appropriate mathematical theories

should be identified and applied. These theories should consider
the given initial and boundary conditions, including the geometry
of the systems, degree of homogeneity of the initial drug distribu-
tion, the “initial drug concentration:drug solubility” ratio as well
as the maintenance or absence of perfect sink conditions. Such

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:juergen.siepmann@univ-lille2.fr
dx.doi.org/10.1016/j.ijpharm.2010.01.031
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alculations allow for the determination of system-specific param-
ters. For instance, the apparent diffusion coefficient of the drug
ithin a polymeric network can be quantified. Knowing these val-
es, the dominant mass transport phenomena in the investigated
rug delivery systems can be identified.

It has recently been shown that tartaric acid, metoprolol free
ase and metoprolol tartrate act as plasticisers for Eudragit RL-
ased networks in the dry state (Glaessl et al., 2009). However,
he impact of the presence of water on the interactions of these
ompounds with the polymer is yet unknown. It was the aim of
his study to experimentally monitor the effects of the system
omposition on the water uptake kinetics, tartaric acid, metopro-
ol free base and metoprolol tartrate release kinetics as well as
n the mechanical properties of Eudragit RL films. Based on these
esults, appropriate mathematical theories were to be identified
nd system-specific parameters to be determined in order to better
nderstand the underlying drug release mechanisms.

. Materials and methods

.1. Materials

The following chemicals were used as received: tartaric acid
Acros Organics, Halluin, France), metoprolol tartrate (Novartis,
arleben, Germany) and Eudragit RL PO [poly(ethylacrylate-
ethylmethacrylate-trimethylammonioethylmethacrylate

hloride) 1:2:0.2, Evonik Roehm, Darmstadt, Germany]. The
etoprolol free base was obtained from metoprolol succinate

Novartis, Barleben, Germany) by first dissolving the salt in a
odium hydroxide solution, and subsequent extraction with
ichloromethane, followed by drying with water-free sodium
ulphate. For further water elimination, the resulting oily liquid
as dried at 80 ◦C in a rotary evaporator (Buechi Rotavapor model
110, Buechi, Flawil, Switzerland), connected to a vacuum pump.
he resulting yellowish liquid was cooled down to 4–7 ◦C, inducing
rystallisation of the free base in the form of white crystals,
hich were subsequently gently ground with a mortar and pestle.

he chemical structures of tartaric acid, metoprolol free base,
etoprolol tartrate as well as of Eudragit RL are shown in Fig. 1.

.2. Film preparation

Thin Eudragit RL films were prepared with a casting knife (Mul-
icator 411, Erichsen, Hemer, Germany) and a PTFE plate from
thanolic polymer solutions, optionally containing tartaric acid,
etoprolol free base or metoprolol tartrate (0–20%, w/w, based

n the polymer mass). The films were dried for 3 d at room tem-
erature, followed by 1 d at 50 ◦C. The thickness of the films was
easured using a thickness gauge (Minitest 600, Erichsen, Hemer,
ermany).

.3. Water uptake of thin, polymeric films

Thin compound free and compound containing polymeric films
ere cut into pieces of approximately 4 cm × 4 cm, and placed into
lastic flasks filled with pre-heated release medium [0.1 M HCl,
hosphate buffer pH 7.4 (USP 32) or distilled water], followed by
orizontal shaking for 8 h (37 ◦C, 80 rpm; GFL 3033, Gesellschaft
uer Labortechnik, Burgwedel, Germany). The films were weighed
efore exposure to the media [dry weight (t = 0), mdry] (about
00–400 mg, accuracy of the balance: 0.1 mg). At pre-determined
ime points, the films were withdrawn from the media, carefully
ried from adhering water and accurately weighed [wet weight
Fig. 1. Chemical structures of tartaric acid, metoprolol free base, metoprolol tartrate
and Eudragit RL.

(t)]. The water uptake (%) at time t was calculated as follows:

water uptake (t) (%) = mwet(t) − mdry

mdry
· 100 (%) (1)

All experiments were conducted in triplicate.
The following analytical solution of Fick’s second law of diffu-

sion considering the given initial and boundary conditions (initial
homogeneous film structure, excess amounts of water at the film
surfaces, negligible edge effects) was fitted to the experimentally
determined water uptake kinetics:

Mt

M∞
= 1 −

∞∑
n=0

8

(2n + 1)2 · �2
· exp

(
− (2n + 1)2 · �2

4 · L2
· D · t

)
(2)

Here, Mt and M∞ denote the absolute cumulative amounts of water
taken up at time t and t = ∞, respectively (in the case of shrinking
films, the relative maxima of the water contents were considered
as M∞ values); D represents the apparent diffusion coefficient of
water within the system and L the half-thickness of the film.

2.4. In vitro release from thin, polymeric films

The release of tartaric acid, metoprolol free base and metoprolol
tartrate from thin films was measured by placing film pieces into
plastic flasks filled with pre-heated release medium [0.1 M HCl,
phosphate buffer pH 7.4 (USP 32) or distilled water], followed

by horizontal shaking for 8 h (37 ◦C, 80 rpm, GFL 3033) (n = 3). At
pre-determined time points, samples of 3 mL were withdrawn
and replaced with fresh, pre-heated medium. The respective
compound was detected UV-spectrophotometrically (UV-1650;
Shimadzu, Champs sur Marne, France) (� = 212.0/204.3/220.0,
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74.7/275.0/274.7, and 274.7/274.7/274.7 nm for tartaric
cid/metoprolol free base/metoprolol tartrate in 0.1 M HCl,
hosphate buffer pH 7.4 and distilled water, respectively), except
or tartaric acid released in distilled water, which was quantified by
socratic HPLC analysis [HPLC ProStar 230 (Varian, Paris, France),
quipped with a ProStar 230 pump, a Prostar 410 autosampler and
Prostar 325 UV–vis detector]. The reverse-phase column (Synergi
u Hydro-RP 80A, 250 mm × 4.6 mm, Phenomenex, Auckland, New
ealand) was kept at 30 ◦C. The flow rate of the mobile phase
20 mM potassium phosphate buffer pH 2.9 (Phenomenex)] was
.7 mL/min. Fifty �L samples were injected and the drug detected
t � = 220 nm. Data was analysed using the Galaxie software (Var-
an). Tartaric acid standard solutions containing 400, 300, 200, 150,
00 and 50 �g/mL were used for calibration (linear standard curve

n the range of 50–400 �g/mL, correlation coefficient R2 > 0.999.
ntra-day and inter-day variability as well as assay precision and
ccuracy were satisfactory (data not shown).

The apparent diffusion coefficients of the compounds within
he polymeric systems were determined by fitting an appropriate
nalytical solution of Fick’s second law of diffusion to the exper-
mentally determined release kinetics from thin polymeric films,
n which the compounds were molecularly dispersed (monolithic
olutions). As the surface of the films was very large compared to
heir thickness, edge effects were negligible and the mathematical
nalysis could be restricted to one dimension. Hence, the release
inetics can be described by Fick’s second law of diffusion in a plane
heet (Crank, 1975):

∂c

∂t
= D · ∂2c

∂x2
(3)

here c denotes the concentration of the compound within the
olymeric system, as a function of time (t) and position (x). The

nitial condition for this partial differential equation is as follows,
xpressing the fact that the compounds are uniformly distributed
hroughout the film at the beginning of the experiment:

= 0 c = cini − L ≤ x ≤ +L (4)

Here, cini represents the initial tartaric acid, metoprolol free base
r metoprolol tartrate concentration in the system, L is the half-
hickness of the film. The concentration of the compounds far away
rom the surface of the film are assumed to be constant and equal
o zero because the release medium is well stirred and perfect sink
onditions are maintained during the experiments. Adjacent to the
urface of the film an unstirred liquid layer is considered (even
n well-agitated systems thin unstirred layers exist, leading to an
dditional mass transfer resistance). As there is no accumulation
f any of the compounds on the surface of the films, the rates at
hich they are transported to the surface by diffusion through the
lm are always equal to the rates at which they leave the film. These
ates, per unit area, are proportional to the differences of the actual
oncentrations on the surface, csur, and the concentrations required
aintaining equilibrium with the surrounding environment, c∞.

he proportionality constant is called the mass transfer coefficient
n the boundary layer (h). As the thickness of the boundary layer
ssentially depends on the rate of stirring, h is a function of the
tirring rate. This boundary condition is mathematically expressed
s:

∣∣ ∣∣

> 0 − D · ∣∣∂c

∂x
∣∣
x=±L

= h(csur − c∞) (5)

This initial value problem (Eqs. (3)–(5)) can be solved using
Laplace transformation, leading to (Carslaw and Jaeger, 1959;
harmaceutics 389 (2010) 139–146 141

Vergnaud, 1993):

Mt

M∞
= 1 −

∞∑
n=1

2 · G2

ˇ2
n · (ˇ2

n + G2 + G)
· exp

(
−ˇ2

n

L2
· D · t

)
(6)

where ˇn is the positive root of:

ˇ · tan ˇ = G (7)

with

G = L · h

D
(8)

Here, Mt and M∞ are the cumulative amounts of tartaric acid, meto-
prolol free base or metoprolol tartrate released at time t and t = ∞,
respectively; G denotes a dimensionless constant. The diffusion
coefficients of the compounds, D, were determined by fitting Eqs.
(6)–(8) to experimentally measured in vitro release kinetics.

2.5. Solubility measurements

The solubility of tartaric acid, metoprolol free base and meto-
prolol tartrate in 0.1 M HCl, phosphate buffer pH 7.4 (USP 32) and
distilled water at 37 ◦C was determined as follows: a known excess
amount of the respective compound was exposed to 1 mL of the
media in a horizontal shaker (GFL 3033; 37 ◦C, 80 rpm). Every 24 h,
20 �L pre-heated medium was added, until all drug excess was
dissolved.

2.6. Mechanical properties of wet polymeric films

The mechanical properties of the films were determined by a
puncture test using a texture analyser (TA.XT Plus; Swantech, Gen-
nevilliers, France). Film specimens (7 cm × 7 cm) were mounted on
a film holder, which was placed into a flask filled with release
medium (37 ◦C). The puncture probe (spherical end: 5 mm diam-
eter) was fixed on the load cell (5 kg) and driven downwards with
a cross-head speed of 0.1 mm/s to the centre of the film holder’s
hole. Load versus displacement curves were recorded until rupture
of the films occurred and used to determine the energy at break
(J/m3) as follows:

Energy at break = AUC
Vc

(9)

where AUC is the area under the load versus displacement curve
and Vc is the volume of the film located in the die cavity of the film
holder (the energy at break is normalised to the volume of the film).
Average values from nine measurements are reported.

3. Results and discussion

3.1. Water uptake kinetics

The symbols in Fig. 2 show the experimentally determined
water uptake kinetics of thin, free Eudragit RL-based films con-
taining 0–20% tartaric acid, metoprolol free base or metoprolol
tartrate upon exposure to 0.1 M HCl, phosphate buffer pH 7.4 or
distilled water at 37 ◦C. As can be seen, the water uptake of tar-
taric acid-loaded films is almost unaffected by the initial content
of this compound. In contrast, metoprolol free base and metopro-
lol tartrate containing films showed significantly increasing water
uptake rates and extents with increasing initial concentrations of

these substances. This can probably be attributed to the consid-
erable plasticising effects of the two compounds on Eudragit RL,
which have recently been demonstrated in the dry state (Glaessl
et al., 2009). In contrast, tartaric acid has been shown to have only
minor plasticising effects on this polymer in the dry state. It has
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ig. 2. Water uptake kinetics of thin Eudragit RL films containing 0% (closed squ
iamonds) tartaric acid, metoprolol free base or metoprolol tartrate (as indicated
olumn) at 37 ◦C. The symbols indicate the experimentally determined results, the

o be pointed out that the presence of water can significantly alter
he properties of a macromolecular network, acting as a plasticiser
or many polymers. However, the results shown in Fig. 2 indicate
hat the plasticising activity of tartaric acid, metoprolol free base
nd metoprolol tartrate on Eudragit RL follow similar trends as in
he dry state. The plasticising activity of metoprolol free base on
udragit RL can probably be attributed to drug interactions with the
olymer backbone, whereas also ionic interactions with the qua-
ernary ammonium groups of the macromolecules are involved in
he case of metoprolol tartrate. The more rapid uptake of water into

etoprolol tartrate containing films compared to metoprolol free
ase containing films can be explained by the more hydrophilic
ature of the salt compared to the free base. However, it should
e noted that the extents of water uptake are higher in the case
f metoprolol free base containing films compared to those loaded
ith metoprolol tartrate.

The observed initial increase and subsequent partial decrease
n the water contents of the films containing metoprolol free base
nd metoprolol tartrate (Fig. 2, middle and bottom row) can be
xplained as follows: metoprolol free base and metoprolol tartrate
ct as plasticisers for the polymer and assure very flexible polymer
etworks at early time points, which allow for significant initial

ater penetration into the systems. However, due to the given
rug concentration gradients, these compounds diffuse out of the
olymeric systems into the bulk fluids. Thus, the plasticiser content
ecreases with time, resulting in reduced film flexibility and subse-
uent water squeezing out of the systems. Similar tendencies have
5% (open diamonds), 10% (closed triangles), 15% (open squares), or 20% (closed
exposure to 0.1 M HCl, phosphate buffer pH 7.4 or water (left, middle and right
the fitted theory (Eq. (2)). Note the different scaling of the y-axes.

been reported on Eudragit NE:Eudragit L blends upon exposure to
phosphate buffer pH 7.4 (Lecomte et al., 2005).

Comparing the left, middle and right column in Fig. 2, it becomes
obvious that the type of bulk fluid (0.1 M HCl, phosphate buffer
pH 7.4, distilled water) does not fundamentally affect the water
uptake kinetics of the polymeric systems (irrespective of the type
of compound), with one exception: the shrinkage phenomenon
of metoprolol free base containing films is less pronounced upon
exposure to phosphate buffer pH 7.4 compared to 0.1 M HCl and
distilled water. This can be explained by partial drug precipitation
in these films, a phenomenon which has been shown previously in
the dry state (Glaessl et al., 2009). Metoprolol free base precipita-
tion slows down drug release and, thus, the loss of the plasticiser
(Fig. 3).

The curves shown in Fig. 2 show the theoretically calculated (Eq.
(2)) water uptake kinetics of tartaric acid, metoprolol free base and
metoprolol tartrate containing Eudragit RL films upon exposure to
0.1 M HCl, phosphate buffer pH 7.4 and distilled water, respectively.
The theory is based on Fick’s second law of diffusion and considers
the given initial and boundary conditions (e.g., homogenous initial
film composition and excess amount of water at the films’ surface).
As it can be seen, good agreement between theory and experiment

is obtained in all cases at early time points. This indicates that water
penetration into the systems is predominantly controlled by pure
diffusion (at least at the beginning). In the case of partially shrinking
films, the relative maxima of the water contents were considered to
be the M∞ values in Eq. (2). In the case of tartaric acid-loaded films,
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the case of film exposure to distilled water, the water diffusivity
surprisingly monotonically increased with increasing initial meto-
prolol free base content throughout the investigated range (despite
of the low solubility of the drug in this medium, Table 1). This
phenomenon is yet not fully understood but might be attributed

Table 1
Solubility of tartaric acid, metoprolol free base and metoprolol tartrate in the inves-
tigated release media at 37 ◦C, in g/100 mL. Note that the pH in the saturated solution
does not necessarily correspond to the initial pH of the bulk fluid.
ig. 3. Release kinetics of tartaric acid, metoprolol free base and metoprolol tartrate
5% (open squares), 20% (closed diamonds), 25% (open triangles), or 30% (closed sq
left, middle and right column) at 37 ◦C (normalised to the film thickness). The sym
6)–(8)).

he plateaus obtained after 1–2 h were considered as M∞ values.
ased on these calculations, the apparent diffusion coefficients of
ater within the polymeric systems could be determined.

As can be seen in Fig. 4, the water diffusivity only slightly
ncreased with increasing initial tartaric acid content and sig-
ificantly increased with increasing metoprolol tartrate content,

rrespective of the type of bulk fluid (white, grey and black bars).
his indicates that metoprolol tartrate is a potent plasticiser for
udragit RL, also in the wet state, whereas the plasticising activ-
ty of tartaric acid is only limited (as in the dry state). In the case
f metoprolol free base containing films, the water diffusivity: (i)
rst increased and then decreased again with increasing initial drug
ontent upon exposure to 0.1 M HCl (white bars), (ii) monotoni-
ally decreased with increasing initial drug content upon exposure
o phosphate buffer pH 7.4 (grey bars), and (iii) monotonically
ncreased with increasing initial drug content upon exposure to
istilled water (black bars). The monotonic decrease in the case
f phosphate buffer pH 7.4 might be attributable to the low solu-
ility of metoprolol free base in this medium (Table 1). Although
his drug is soluble up to 20% in Eudragit RL films in the dry
tate (Glaessl et al., 2009), once significant amounts of water have

enetrated into the system (Fig. 2), the nature of the polymeric
etwork fundamentally changes (becoming more hydrophilic) and
he free base is likely to precipitate. Visual observation confirmed
hat the respective films became turbid within a few minutes upon
xposure to phosphate buffer pH 7.4. Thus, the absolute amount
hin Eudragit RL films initially containing 5% (open diamonds), 10% (closed triangles),
) of this compound upon exposure to 0.1 M HCl, phosphate buffer pH 7.4 or water
indicate the experimentally determined results, the curves the fitted theory (Eqs.

of dissolved plasticiser does not increase with increasing initial
metoprolol free base content, whereas the presence of increas-
ing amounts of precipitated free base is likely to render the films
more hydrophobic and less permeable for water. In the case of
0.1 M HCl, the solubility of the drug is almost twice as high as in
phosphate buffer pH 7.4 (Table 1). Thus, metoprolol free base pre-
cipitation occurs only at higher initial drug contents. This leads to
initially increasing water diffusivities with increasing initial drug
contents (metoprolol free base acting as a plasticiser for this poly-
mer). However, as soon as drug precipitation in the wet films
occurs, the water diffusion coefficients decrease again (Fig. 4). In
0.1 M HCl Phosphate
buffer pH 7.4

Distilled
water

Tartaric acid 137 137 137
Metoprolol free base 4.8 2.5 1.8
Metoprolol tartrate 368 356 363
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Fig. 4. Apparent diffusion coefficient of water in thin Eudragit RL films containing
0, 5, 10, 15, or 20% tartaric acid, metoprolol free base or metoprolol tartrate (as indi-
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Fig. 5. Apparent diffusion coefficient of tartaric acid, metoprolol free base and meto-
prolol tartrate in thin Eudragit RL films initially containing 0, 5, 10, 15, 20, 25, or 30%
of this compound (as indicated) upon exposure to 0.1 M HCl (white bars), phosphate
buffer pH 7.4 (grey bars), or water (black bars) at 37 ◦C (determined by fitting Eqs.
ated) upon exposure to 0.1 M HCl (white bars), phosphate buffer pH 7.4 (grey bars)
r water (black bars) at 37 ◦C (determined by fitting Eq. (2) to the experimentally
easured water uptake kinetics shown in Fig. 2). An asterisk indicates that Eq. (2)

s not applicable.

o the creation of super-saturated drug solutions under the given
icro-environmental conditions in the polymeric network.

.2. Compound release kinetics

The symbols in Fig. 3 show the experimentally determined
elease kinetics of tartaric acid (top row), metoprolol free base
middle row) and metoprolol tartrate (bottom row) upon expo-
ure to 0.1 M HCl (left column), phosphate buffer pH 7.4 (middle
olumn) and distilled water (right column), respectively. The ini-

ial compound concentration was varied from 5 to 15% in the case
f tartaric acid, from 5 to 20% in the case of metoprolol free base
because it has recently been shown that above these concentra-
ions, compound precipitation occurred in the dry state (Glaessl et
(6)–(8) to the experimentally measured compound release kinetics shown in Fig. 3).
An asterisk indicates that Eqs. (6)–(8) are not applicable.

al., 2009)] and 5–30% in the case of metoprolol tartrate. The curves
in Fig. 3 show the theoretically calculated compound release kinet-
ics. The theory considers an initial homogeneous and molecular
distribution of tartaric acid, metoprolol free base and metoprolol
tartrate within the thin films and the maintenance of perfect sink
conditions throughout the experiments. Under these conditions
and taking into account the additional mass transfer resistance
due to the presence of liquid, unstirred boundary layers on both
sides of the films, Eqs. (6)–(8) can be derived (see Section 2.4).

Good agreement between theory (curves) and experiment (sym-
bols) was obtained in most cases (except for films with moderate
to high initial metoprolol free base contents and high initial tartaric
acid contents). Interestingly, the mass transfer resistance within
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Fig. 6. Effects of the molality of the phosphate buffer pH 7.4 (indicated in the dia-
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15% of these compounds (Fig. 6). The resulting compound release
kinetics was very similar in all cases for the investigated osmolali-
ties of the phosphate buffer. Thus, ion exchange processes with the
buffer ions do not appear to play a crucial role in these systems.
rams) on the release of tartaric acid, metoprolol free base and metoprolol tartrate
rom thin Eudragit RL films initially containing 15% of the respective compound.

he liquid unstirred boundary layers at the surfaces of the films
as found to be negligible compared to the mass transfer resis-

ance within the polymeric networks (high dimensionless number
= L × h/D > 100) in all cases, in which the theory was applicable

Siepmann et al., 1999). This indicates that diffusional mass trans-
ort through the polymeric networks is predominant for the control
f the release of tartaric acid, metoprolol tartrate and metopro-

ol free base (in the latter case at low initial concentrations) from
udragit RL films, irrespective of the type of bulk fluid. To account
or slight differences in the film thickness (each experiment was
onducted in triplicate), the compound release kinetics shown in
harmaceutics 389 (2010) 139–146 145

Fig. 3 were normalised with respect to the length of the diffusion
pathways (“time/thickness2” is plotted on the x-axes). Based on
these calculations, the apparent diffusion coefficients of the inves-
tigated compounds in Eudragit RL films upon exposure to 0.1 M HCl,
phosphate buffer pH 7.4 and distilled water could be determined
(Fig. 5).

The relative release rate of metoprolol tartrate monotonically
increased with increasing initial content of this compound (Fig. 3,
bottom row), corresponding to monotonically increasing drug dif-
fusion coefficients (Fig. 5). This can predominantly be attributed
to the considerable plasticising effect of metoprolol tartrate on
Eudragit RL. This phenomenon was independent of the type of
release medium (left, middle and right column in Fig. 3), and the
apparent drug diffusivities were very similar in all media (white,
grey and black bars in Fig. 5). In contrast, in the case of tartaric
acid containing films, the increase in the relative release rate with
increasing initial content of this compound was limited (Fig. 3,
top row), irrespective of the type of bulk fluid. This corresponds
to non-systemic (arbitrary) variations in the determined apparent
diffusion coefficients (Fig. 5). Note that the applied theory (Eqs.
(6)–(8)) is not applicable to films initially containing 20% tartaric
acid. This can be attributed to the limited solubility of this com-
pound in Eudragit RL, as it has recently been shown in the dry
state (Glaessl et al., 2009). Also, visual observation of the wet films
showed that the systems became turbid upon exposure to the
release media. In the case of metoprolol free base containing films,
the presented theory (Eqs. (6)–(8), based on Fick’s law) was only
applicable to systems with an initial drug concentration of 5 and
10% (middle row in Fig. 3). At higher concentrations, the free base
precipitated in the wet films (visual observation), a phenomenon
which is not considered in the theory. Thus, only at low initial drug
contents, the apparent diffusivities could be determined (Fig. 5).

The observed increase in the diffusion coefficient of metoprolol
tartrate in the Eudragit RL films with increasing initial drug content
might also partially be attributable to the increased porosity of the
systems upon drug leaching. However, the importance of this effect
is likely to be limited, because the diffusivity of tartaric acid was not
very much affected by the initial compound content.

In order to evaluate the importance of the osmolality of the
release medium on drug release from the investigated films, the
molality of the phosphate buffer pH 7.4 was varied from 0.025 to
0.075 M and the release of tartaric acid, metoprolol free base and
metoprolol tartrate was measured from films initially containing
Fig. 7. Changes in the energy at break of thin Eudragit RL films initially containing
10, 20 and 30% metoprolol tartrate (as indicated) upon exposure to phosphate buffer
pH 7.4 at 37 ◦C.
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.3. Mechanical properties

The mechanical properties of thin Eudragit RL films initially con-
aining 10, 20 or 30% metoprolol tartrate were determined using
texture analyser and the puncture test upon exposure to phos-
hate buffer pH 7.4 at 37 ◦C. It can be seen in Fig. 7 that the energy
equired to break the films decreased with time, irrespective of the
nitial drug concentration. This can be explained by the leaching of

etoprolol tartrate into the bulk fluid (Fig. 3), the drug acting as a
lasticiser for this polymer. Interestingly, this effect was not com-
ensated (or overcompensated) by the penetration of water into
he polymeric networks (Fig. 2). Water is known to be an effective
lasticiser for many polymers. Thus, the backbone and ionic inter-
ctions of metoprolol tartrate with Eudragit RL are likely to be more
mportant than water–Eudragit RL interactions.

. Conclusion

The importance of drug–polymer interactions in controlled
rug delivery systems is often underestimated and poorly under-
tood. The impact of the presence of water further complicates
he involved physical phenomena and the effects of formulation
arameters on the resulting drug release kinetics can be surprising.
he present study can help to better understand the importance
f drug precipitation, drug–polymer interactions and the role of
ater and drug diffusion and/or drug dissolution in Eudragit RL-

ased drug delivery systems. Thus, the optimisation of this type of
osage forms can be facilitated, product development accelerated
nd trouble shooting during production becomes more efficient.
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