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bstract

The aim of this study was to develop a simple experimental methodology and to develop a mechanistic model to characterize the release
echanism from pellets developing cracks during the release process with special focus on osmotic effects. The release of remoxipride from pellets

oated with an ethyl cellulose film was chosen as a case study. Dose release experiments at different bulk osmotic pressures revealed that the
elease process was mainly osmotically driven. The model was used to calculate the solvent permeability of the coating, 1.1 × 10−10 m2 h−1 MPa−1.
he model was validated by release experiments using similar pellets having different coating thicknesses. The effective diffusion coefficient of

emoxipride in the coating was also calculated and found to be 1.7 × 10−10 m2 h−1. A series of experiments was performed in which the osmotic

ressure of the receiving solution was changed during the experiment. From the results of these experiments, the area of the cracks in the film,
ormed by the hydrostatic pressure built up inside the pellets, was estimated to be 3.5 × 10−5 m2/m2 coating. It could also be deduced that the
olvent permeability of the coating film was affected by swelling in the same way at different osmotic pressures.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Among novel drug delivery technologies, oral systems hold
he major market share because of their ease of administra-
ion and better patient compliance (Verma and Garg, 2001).
smotic systems play an important role in controlled release

nd a large number of design options are available (Santus
nd Baker, 1995). In osmotic systems, the coating is a semi-
ermeable film, and the release rate is primarily controlled by
olvent diffusion through the coating (Cussler, 1997). Solvent
ransport through the coating induces a hydrostatic pressure
n the drug delivery system. Drug transport occurs mainly by
onvection with a small contribution from pure diffusion. The
onvective out-flux of the drug through the coating can occur via
rilled holes (Theeuwes, 1975), via pores produced by leachable
ubstances (Zentner et al., 1985), or via cracks (Schultz and

leinebudde, 1997; Schultz et al., 1997). Cracks are formed
hen the hydrostatic pressure inside the pellet is higher than

hat tolerated from the coating. They are formed if there is

∗ Corresponding author. Tel.: +46 462228290; fax: +46 462224526.
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o drilled hole in the coating, or if the coating does not con-
ain an adequate amount of pore-forming agent. The lag time
efore crack formation depends on: the fluid permeability of
he coating, the difference in osmotic pressure across the coat-
ng, the geometry of the pellet/tablet, the coating thickness and
he mechanical properties of the coating. SEM is often used to
bserve crack or pore formation and to compare the film struc-
ure before and after the release (Nevsten et al., 2005; Ozturk
t al., 1990; Schultz and Kleinebudde, 1997; Verma and Garg,
004).

In the development of new pharmaceutical formulations for
ral delivery it is essential to study the properties of the film,
n order to elucidate the release mechanism (pure diffusion
nd/or convection) and to optimize the coating design. Knowl-
dge concerning fluid permeability and solute effective diffusion
oefficient is required to fully describe the film used. Exper-
mental methodologies have been developed to characterize
ransport through free, semi-permeable film (Hjärtstam et al.,
990; Lindstedt et al., 1989; Marucci et al., 2006). Some data

oncerning the measured fluid permeability of a free film can be
ound in the literature (Lindstedt et al., 1989; Theeuwes, 1975;
entner et al., 1986). The properties of a free film, however, may
iffer from those of a coating film. The influence of hydrostatic

mailto:mariagraziam@chemeng.lth.se
dx.doi.org/10.1016/j.ijpharm.2006.11.032
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Nomenclature

A area (m2)
A′ area of the intact coating film (m2)
A′′ area of the cracks (m2)
c drug concentration (kg/m3)
cs drug concentration at saturation (kg/m3)
D effective diffusion coefficient of the drug in the

coating (m2/h)
Dcoat. diffusion coefficient of the drug in the intact coat-

ing (m2/h)
D0 diffusion coefficient of the drug in the cracks

(m2/h)
h coating thickness (m)
J′ volume flow through the intact coating (m3/h)
J′′ volume flow through the cracks (m3/h)
Js drug flow (kg/h)
L′

p solvent permeability coefficient of the intact film
(m/h MPa)

L′′
p solvent permeability coefficient of the cracks,

(m/h MPa)
L′

ph solvent permeability of the intact film (m2/h MPa)

L′′
ph solvent permeability of the cracks (m2/h MPa)

P pressure (MPa)

Greek symbols
π, π′ osmotic pressure (MPa)
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σ reflection coefficient of the intact coating film
σ′′ reflection coefficient of the cracks

ressure, that is actually affecting coated pellets, is in general
ot considered in studies of free films. Thus, it is important to
easure or calculate the permeability of the final coating film

ormulation. However, data concerning the calculated fluid per-
eability of the coating film are seldom provided (Lindstedt et

l., 1991).
The primary objectives of this study were: (1) to develop

n easy experimental method of determining the release mecha-
ism for a coated formulation; (2) to further develop a theoretical
odel presented in the literature (Lindstedt et al., 1991) to

escribe the release process by osmotic pumping from pellets
oated with a semi-permeable film; (3) to use the experimental
ata and the model to quantify the transport properties of the
lm by calculating its solvent permeability and the effective dif-
usion coefficient of the drug; (4) to study the change in film
roperties during the initial lag time in the release process by
arying the osmotic pressure of the receiving bulk solution dur-
ng release experiments; (5) to gain a fundamental understanding
f the complete release process.

In this study, the release of remoxipride from pellets coated
ith a film containing ethyl cellulose with 10% (w/w) triethyl
itrate has been studied on a dose level. The pellets used were
rom the same batch as that used in previous studies (Borgquist
t al., 2002, 2004; Nevsten et al., 2005; Ringqvist et al.,
003).
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. Theory

For pellets coated with a semi-permeable film, there are
wo parallel transport processes through the coating: transport
hrough the intact coating and transport through pores, cracks or
drilled hole (Lindstedt et al., 1991). The volume flows through

he intact coating and through pores, cracks or a drilled hole, J′
nd J′′, respectively, can be derived from irreversible thermody-
amics theory (Mulder, 1991) and written as (Lindstedt et al.,
991):

′ = A′L′
p(σ′�π − �P) (1)

′′ = A′′L′′
p(σ′′�π − �P) (2)

n Eqs. (1) and (2), A′ is the area of the intact coating, A′′ the
rea of the cracks, L′

p the solvent permeability coefficient of
he intact part of the coating and L′′

p is the solvent permeability
oefficient of the cracks. The reflectivity of the coating film, σ′,
nd that of the crack area, σ′′, are expected to be different. The
ows J′ and J′′ are different in sign, J′ is an in-flow while J′′ is
n out-flow. At steady state, the sum of the flows J′ and J′′ is
qual to zero (Lindstedt et al., 1991) and the drug flow can be
ritten as Eq. (3) if �P is small compared to �π (Lindstedt et

l., 1991):

s = cs(1 − σ′′)A′L′
pσ

′�π + D

h
�c(A′ + A′′) (3)

qs. (1)–(3) are valid for pellets which contain only one drug
ubstance and which are immersed in a receiving solution where
he drug is the only solute. In Eq. (3), D is the effective diffusion
oefficient of the drug in the cracked coating, and Js is related to
he main parameters that characterize drug release by osmotic
umping. However, the calculation of the solvent permeability
f the coating by Eq. (3) is complicated by the fact that many
arameters are unknown at the same time in the equation.

To facilitate and enable an evaluation of the release mecha-
ism, we are introducing Eqs. (4) and (5). Eq. (3) changes to Eq.
4) when a solute that does not penetrate the membrane and that
s different from the drug is present in the receiving solution:

s = cs(1 − σ′′)A′L′
p(σ′�π − π′) + D

h
�c(A′ + A′′) (4)

n Eq. (4), π′ is the osmotic pressure caused by the presence of a
olute different from the drug in the receiving solution. The drug
eflectivity of the crack area is very small, σ′′ � 1. Differenti-
ting Eq. (4) with respect to π′, and subsequent rearrangement,
ives the following relationship for L′

p:

dJs

dπ′ = −L′
pcsA

′ (5)

he derivative of Js with respect to π′ can be calculated by
erforming release experiments at various osmotic pressures of
he receiving solution and calculating the drug release rate when

he drug is being released under steady state conditions. From the
erivative of Js it is possible to calculate the solvent permeability
f the coating. The main advantages of using Eq. (5) in the
alculation of the solvent permeability instead of Eq. (3) are
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Table 1
Physical and geometric data

Remoxipride solubility at 37 ◦C 540 kg/m3

Diameter of pellets with a coating of 40 mg polymer/g pellet 1.0 mm
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hat in Eq. (5) the solvent permeability is the only unknown
arameter, and the calculation does not require exact knowledge
f the osmotic pressure at saturation for the specific drug of
nterest. This method may, if shown valid, be of large general
nterest as the osmotic pressure across the film of coated pellets

ay be difficult to be measured and may depend not only on the
rug but also on any soluble excipient.

. Materials and methods

.1. Materials

Film-coated remoxipride (BrH23N2C16O3·HCl·H2O) pellets
ere obtained from AstraZeneca Tablet Production, Södertälje,
weden. The pellet core consists of remoxipride (∼80%) and
icrocrystalline cellulose. Ethyl cellulose and the plasticizer

riethyl citrate (10%, w/w) were dissolved in ethanol and sprayed
nto the primary pellets (Borgquist et al., 2002, 2004).

.2. Measurement of remoxipride and glucose osmolality in
ater and calculation of the corresponding osmotic
ressure

The measurement of the osmolality of remoxipride and glu-
ose solutions at different concentrations was performed with
n Advanced Micro-Osmometer®, model 3300 (Norwood, MA,
SA), which uses the freezing point depression method. From

he measured osmolality, it was then possible to calculate the
emperature of freezing point, the water activity and the osmotic
ressure of the aqueous solutions, according to a procedure
escribed in the literature (Kiyosawa, 2003).

.3. Drug release measurements

The release experiments were performed in an automatic
SP XXIII dissolution apparatus type 2 (Vankel VK 7010, Cary,
C, USA), in line with a UV–visible spectrophotometer (Varian
ary 50 Bio, Cary, NC, USA), set at the wavelength of maxi-
um absorbance of the active compound, 286 nm. The release

ate was studied at a stirring rate of 100 rpm. Previous work
Borgquist et al., 2004) has shown that the release profile is
ndependent of the stirring rate within the range of 50–150 rpm.

easurements were performed on pellets with a coating layer
f 40 and 70 mg polymer/g pellet. In both cases the drug release
rom 200 mg of pellets (about 220 pellets) was measured. The
eceiving solution had a volume of 900 ml. Experiments were
un at various osmotic pressures of the receiving bulk solution
o study the effect of the osmotic pressure difference across
he coating on the release kinetics. This was done in order to
nderstand the release mechanism, to calculate the solvent per-
eability of the coating and to calculate the effective diffusion

oefficient of remoxipride in the coating. The effect of bulk
smotic pressure in the release was studied for the case when

he bulk osmotic pressure was lower than that inside the pel-
et (2.6 MPa for a saturated solution of remoxipride at 37 ◦C)
s well as the case when it was higher. The osmotic pressures
nvestigated were: 0, 0.83, 1.77, 3.98, 5.42 and 10.47 MPa. It

f
t
t
3

ilm thickness of the coating at 40 mg polymer/g pellet 7.9 �m
iameter of pellets with a coating of 70 mg polymer/g pellet 1.0 mm
ilm thickness of the coating at 70 mg polymer/g pellet 12.7 �m

hould be noted that the osmotic pressures were only selected
o study the influence on drug release, and thus to investigate
he release mechanism. The aim was consequently not to mimic
ny in vivo situation, although the osmotic pressures character-
stic of gastric and jejunal fluid in the fasted state, 0.49 ± 0.09
nd 0.7 ± 0.04 MPa, respectively (Lindahl et al., 1997), were in
he range of osmotic pressures studied. The receiving solutions
sed were distilled water and solutions of glucose in distilled
ater. As the diffusion coefficient of glucose in water is three
rders of magnitude higher than in ethyl cellulose film, the rate-
etermining step for glucose diffusion from the bulk solution
nto the pellet is diffusion in the coating. Thus, the glucose resis-
ance in the boundary layer could be neglected, and, at stirring
ates between 50 and 150 rpm, glucose diffusion is not influ-
nced by stirring rate. Samples of the receiving solutions were
ollected continuously and the release experiments were moni-
ored for at least 23 h and at most 66 h to collect sufficient data
or the evaluation. Four or six replicates of each experiment
ere performed. Because of the very low coefficient of varia-

ion (∼2–3%), the number of experiments and the dose used
ere considered sufficient to obtain a representative description
f the dose release. This variation is in accordance with a previ-
us study on pellets from the same batch (Borgquist et al., 2004).
he pellets have been characterized in terms of pellet diameter
nd film coating thickness in an earlier study (Borgquist et al.,
002). Physical and geometric data used for the calculation of
olvent permeability and drug diffusion coefficient are given in
able 1.

. Results and discussion

.1. Osmotic pressure of remoxipride and glucose solutions

The osmotic pressure of remoxipride and glucose solutions
t different concentrations is shown in Fig. 1. At low concentra-
ions, for both the solutes, the osmotic pressure and the solute
oncentration were well correlated according to van’t Hoff’s
aw (remoxipride dissociates into two subunits) (Atkins, 1994).
owever, at higher concentrations, the systems deviate from the

deal behaviour. For glucose solutions, the measured osmotic
ressure at higher concentrations was higher than expected from
an’t Hoff’s law, while the opposite was observed for remox-
pride solutions. When measuring the osmolality of a solution
ith the freezing point depression method, it is necessary that

he saturated concentration of the solute at the temperature of

reezing point is higher than the concentration of the solute in
he solution investigated. Thus, it was not possible to measure
he osmotic pressure of a saturated solution of remoxipride at
7 ◦C. The osmotic pressure expected for a saturated solution
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ig. 1. Osmotic pressure for remoxipride and glucose solutions obtained with
he freezing point depression method.

t 37 ◦C was instead extrapolated from the experimental data
2.6 MPa). The range of measurement of the osmometer used in
his study was 0–2000 milliosmolal. Therefore, the osmotic pres-
ure corresponding to a 2.54 M solution of glucose was obtained
y extrapolating the experimental data, and was found to be
0.5 MPa.

.2. Characterization of the release mechanism and
alculation of the transport parameters

The effect of the osmotic pressure of the bulk solution on
emoxipride release rate was studied. The results of the release
xperiments using pellets with a coating thickness of 70 mg/g
re shown in Fig. 2. It can be observed that the drug deliv-
ry rate decreased considerably when the bulk osmotic pressure
as increased. This means that the main release mechanism of

emoxipride through the ethyl cellulose coating is by osmotic
umping for pellets immersed in a receiving solution with an
smotic pressure less than that inside the pellet. As the osmotic
ressure inside the pellet is 2.6 MPa when the solution is satu-
ated with remoxipride, it can be stated that, at receiving solution

smotic pressures of 0, 0.83 and 1.77 MPa, drug release occurred
ainly by convection with a small contribution from diffusion.
s cracks were observed on the coating at the end of the release

xperiments (Nevsten et al., 2005), it can be deduced that the

ig. 2. Release profiles of remoxipride (coating layer: 70 mg polymer/g pellet)
or different bulk solution osmotic pressures. Glucose was used to increase the
smotic pressure of the bulk solution.
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onvective flow occurred through these cracks. At the other
smotic pressures, there was not sufficient driving force to accu-
ulate water and to build-up a hydrostatic pressure inside the

ellet to an extent that would give rise to cracks. Thus, drug
elease occurred by diffusion. Drug release also occurred at a
egative difference in osmotic pressure between the pellet and
he receiving solution. This has been observed in another study
n pellets coated with a semi-permeable membrane (Herbig et
l., 1995). In all the present release experiments, the release rate
ncreased during an initial lag-time until a constant value was
eached (“zero order release”), and at the end decreased to a rate
lose to zero. Interestingly, the fraction of remoxipride released
uring the zero order release phase decreased at higher osmotic
ressure of the receiving solution, as can be observed in Fig. 2.
t can also be concluded from Fig. 2 that the concentration of
lucose inside the pellets never reached the concentration in
he bulk. In fact, if at the bulk osmotic pressures of 3.48, 5.42
nd 10.43 MPa the glucose concentration inside the pellet had
pproached the same value as in the receiving bulk solution, a
igher osmotic pressure would have been created inside the pel-
et, leading to increased osmotic transport of solvent, increasing
he release rate of remoxipride. But this was not observed.

The slopes of the release curves in the zero order release
egion, i.e. Js at steady state, were estimated by a linear inter-
olation of the release data. Typically, data collected between
0 and 200 min of the dissolution experiments were used for
inear interpolation. The regression coefficient was greater than
.997 for all the experiments. The values of Js at steady state
re shown in Fig. 3 as a function of the bulk osmotic pressure.
he data fit a straight line very well (R = 0.995) up to 1.77 MPa,

.e. the highest tested osmotic pressure of the receiving solu-
ion that did not exceed the osmotic pressure inside the pellet.
he derivative of Js with respect to the osmotic pressure of the

eceiving bulk solution was calculated. The solvent permeabil-
ty was then calculated according to Eq. (5) and found to be
.1 × 10−10 m2 h−1 MPa−1. The error in the calculation of the
olvent permeability introduced by using the initial pellet size is

egligible as the swelling of the pellet is only 2–3% (Ringqvist
t al., 2003). At sufficient osmotic pressure of the receiving solu-
ion, the convective transport will be negligible compared to the
iffusive transport (in the right-hand side of Eq. (4), the first term

ig. 3. Remoxipride release rate in the zero order release phase (coating layer:
0 mg polymer/g pellet). Data obtained from Fig. 2.
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ig. 4. Release profiles of remoxipride (coating layer: 40 mg polymer/g pellet)
or different bulk solution osmotic pressures. Glucose was used to increase the
smotic pressure of the bulk solution.

ecomes much smaller compared to the second one). Thus, the
ffective diffusion coefficient can be estimated by Eq. (4). In
his study, the effective diffusion coefficient of remoxipride in
he coating was estimated by extrapolating the fit of the release
ate data to the osmotic pressure of 2.6 MPa, and was calculated
o be 1.7 × 10−10 m2 h−1. Therefore, the pellet coating was fully
haracterized in terms of transport properties.

Release experiments were performed at different bulk
smotic pressures also with pellets with a smaller amount of
oating, 40 mg/g, and the results are shown in Fig. 4. The release
rocess was still osmotically driven. The slope of the linear
egion, i.e. Js at steady state, was calculated for the differ-
nt curves and is plotted in Fig. 5 as a function of the bulk
smotic pressure, in the same way as for the previous pellet
ystem. The solvent permeability of the coating was found to
e 1.5 × 10−10 m2 h−1 MPa−1. The effective diffusion coeffi-
ient of remoxipride in the coating was calculated and found to
e 2.8 × 10−10 m2 h−1. The calculated solvent permeability and
ffective diffusion coefficient are in good agreement with those
alculated for a coating thickness of 70 mg/g. This confirms the
alidity of using Eq. (5) and the methodology proposed to cal-

ulate the solvent permeability and the drug effective diffusion
oefficient. The small difference in the results between the 70
nd 40 mg/g compositions may be due to the fact that the two
oating films were slightly different, as crystals of remoxipride

ig. 5. Remoxipride release rate in the zero order release phase (coating layer:
0 mg polymer/g pellet). Data obtained from Fig. 4.
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f 70 and 40 mg polymer/g pellet. Glucose was used to increase the bulk osmotic
ressure of the receiving bulk solution. The lag time was calculated from the
ntercept of the line fitting the zero order release phase.

ere found on the surface of the pellets, and the amount of crys-
als was higher in the pellets with the thinner coating (Ringqvist
t al., 2003).

Fig. 6 shows the lag time in the release experiments for the two
oating thicknesses investigated at different bulk osmotic pres-
ures. As expected, the thicker the film the longer the lag time.
or the pellets with the thicker coating, the water influx is lower,
nd, moreover, a higher pressure can be withstood before the
oating rupture. The lag time data show the same trend for both
lm thicknesses, i.e. it is almost constant at bulk osmotic pres-
ures that are lower than the calculated osmotic pressure inside
he pellets, and then decreases to some extent at higher pressures.
or a cracking coating system, it is reasonable to assume that the

ag time is composed of two periods: the time required for the
racks to occur in the coating, and the time required for the pel-
ets to reach the internal pressure sufficient for steady-state flow
nce the film has ruptured. It can be seen from Fig. 6 that the lag
ime was not significantly affected by the bulk osmotic pressure.
he shorter lag time at an osmotic pressure of 3.98 MPa can be
xplained as the consequence of the significant contribution of
ure diffusion in the release process. Thus, the lag time was
ainly affected by the time required to establish steady-state

rug diffusion conditions.

.3. Crack characterization

In an osmotic pumping delivering system with a drilled hole,
he area of the hole should be large enough to avoid a build-up
f pressure greater than that tolerated by the coating and small
nough to minimize the contribution to the delivery rate of solute
iffusion through the hole (Theeuwes, 1975). For coating films
ubject to cracking, performing experiments at different bulk
smotic pressures allows the main delivery mechanism to be
dentified, providing information on whether the crack area is
mall enough to result in predominantly osmotic delivery. In the
resent study, the remoxipride release rate was 3.5 times higher

n distilled water than in a glucose solution with an osmotic
ressure of 3.98 MPa (Figs. 3 and 5). This proves that the area
f the cracks formed during the lag phase of the release was
ufficient to result in osmotically driven release.
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To study the area of the cracks, experiments were performed
n which the bulk osmotic pressure was changed from 0 to
0.47 MPa 50 min after the experiment had been started. (A time
f 50 min was sufficient to attain zero order release and, there-
ore, to cause crack formation in the coating while ensuring
hat the concentration inside the pellets was still at saturation.)

hen the bulk osmotic pressure is increased to such a high
alue, release no longer occurs by convection and diffusion,
ut only by diffusion. The release through the cracked coat-
ng is the result of two parallel contributions: diffusion in the
ntact part of the coating and diffusion in the cracks. When
he bulk osmotic pressure is 10.47 MPa for the whole experi-

ent, the release occurs only by diffusion through the coating
s no hydrostatic pressure is built up in the pellet and no cracks
re formed on the coating. A comparison between the release
btained when the bulk osmotic pressure is changed from 0
o 10.47 MPa and the release obtained when the bulk osmotic
ressure was 10.47 MPa for the whole experiment is shown
n Fig. 7. In Fig. 7, the amount of remoxipride released that
s present in the receiving vessel is plotted. This represents
he entire amount of remoxipride released when the receiv-
ng solution is not replaced, i.e. when the osmotic pressure is
ept constant. When the bulk osmotic pressure is changed, by
eplacing the whole receiving solution after 50 min by a fresh
olution of glucose, the remoxipride released during the first
0 min is completely removed from the receiving vessel. Thus,
n this case, the amount of remoxipride released that is present
n the receiving solution is 0 after 50 min. The release rate at
teady state was calculated for both the release profiles shown

n Fig. 7. In the experiments in which the bulk osmotic pres-
ure was varied from 0 to 10.47 MPa, remoxipride release rate
t steady state was 30% greater than when the bulk osmotic pres-

ig. 7. Comparison of remoxipride release (coating layer: 70 mg polymer/g pel-
et) between the case when the osmotic pressure of the receiving solution was
0.47 MPa for the whole experiment (�) and the case when the osmotic pressure
as changed from 0 to 10.47 MPa 50 min after the experiment had started (♦).
he receiving solution was not replaced in the experiments performed at a con-
tant bulk osmotic pressure. In the experiments in which the osmotic pressure
as changed, the whole receiving solution was replaced by another solution and

he remoxipride released during the first 50 min was completely removed from
he receiving vessel. The y-axis thus shows the release of remoxipride in the
eceiving solution. This coincides with the entire remoxipride released when
he receiving solution is not replaced.
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ure was 10.47 MPa for the whole experiment. Assuming that
he difference between the release rates is due only to diffusion
n the cracks, the area of the cracks A′′ can be estimated from
q. (6):

′′ = (Ja − Jb)h

D0cs
(6)

In Eq. (6), Ja is the steady-state release rate through the
racked coating, when the bulk osmotic pressure is changed
rom zero to a value equal to the osmotic pressure inside the
ellet after crack formation. Jb is the steady-state release rate
hat is attained when the difference in osmotic pressure across
he film is zero for the whole experiment. D0 is the drug diffu-
ion coefficient in the cracks and can be approximated by the
iffusion coefficient in solution for small drugs in thin mem-
ranes with negligible tortuosity. D0 is related to the effective
iffusion coefficient in the cracked coating, D, and to the dif-
usion coefficient in the intact part of the coating, Dcoat., by
q. (7):

D

h
�c(A′ + A′′) = D0

h
�cA′′ + Dcoat.

h
�cA′ (7)

he diffusion coefficient of remoxipride in the glucose solution
as been calculated at 37 ◦C with the Wilke–Chang equation
Cussler, 1997) and found to be 1.0 × 10−10 m2/s. The ratio
f the crack area to the coating area was then estimated to
e 3.5 × 10−5 m2/m2. In the osmotic pumping system devel-
ped by Theeuwes (1975) zero order release was achieved when
he ratio of hole to coating area was between 1.7 × 10−5 and
.7 × 10−4 m2/m2, which is in the same range as the crack area
alculated in the present study.

.4. Effect of crack-promoting osmotic pressure on the
olvent permeability of the coating

As discussed above (Section 4.2), it is possible to calculate
he solvent permeability from the derivative of Js with respect
o the osmotic pressure using Eq. (5). As shown experimentally,
ellets coated with a semi-permeable film swell however before
rack formation (Schultz and Kleinebudde, 1997). Interestingly,
he swelling of the pellet may depend on the bulk osmotic pres-
ure at which cracks occur (Schultz and Kleinebudde, 1997).
t has been shown that osmotic pressure may cause swelling
nd influence the drug release rate also in systems where no
pparent cracks are formed (Hjärtstam, 1998). The effect on
he drug permeability and on the solvent permeability may be
ue to factors such as decreased film thickness due to swelling,
idening of inherent pores in the coating. To verify that the

elease rate at different bulk osmotic pressures is a useful tool
o calculate the solvent permeability of the coating, it is nec-
ssary to study the potential effect of osmotic pressure per
e on solvent permeability. Thus, experiments were performed
n which the receiving solution was changed after two hours

rom pure water to a glucose solution with an osmotic pressure
f 1.77 MPa. (Two hours was sufficient to establish steady-
tate delivery, thus for cracks to occur, while ensuring that
he concentration inside the pellets was still at saturation.) A
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Fig. 8. Comparison of remoxipride release (coating layer: 70 mg polymer/g pel-
let) between the case when the osmotic pressure of the receiving solution was
1.77 MPa for the whole experiment (�) and the case when the osmotic pressure
was changed from 0 to 1.77 MPa 120 min after the experiment had started (♦).
The receiving solution was not replaced in the experiment performed at a con-
stant bulk osmotic pressure. In the experiments in which the osmotic pressure
was changed, the receiving solution was partially replaced by another solution
and a part of the remoxipride released during the first 120 min was removed
f
t
t

c
t
F
s
t
I
i
e
r
v
b
i
T
b
S
i
m
A
t
i
t
o
o
t
s
s
c

5

l

t
f
R
T
i
h
t

o
c
c
s
s
l
f
s
b
r

T
w
t
d
p
f
s

A

f

R

A
B

B

C

H

H

H

K

L

rom the receiving vessel. The y-axis thus shows the release of remoxipride in
he receiving solution. This coincides with the entire remoxipride released when
he receiving solution is not replaced.

omparison with the release experiments performed directly at
he receiving bulk osmotic pressure of 1.77 MPa is shown in
ig. 8. The swelling of the pellets before crack formation is
upposed to be different in the two series of experiments, as
he osmotic pressure at which cracks occurred was different.
n Fig. 8, the amount of remoxipride released that is present
n the receiving solution is plotted. This coincides with the
ntire remoxipride released when the receiving solution is not
eplaced. For the case in which the bulk osmotic pressure is
aried, the receiving solution is partially replaced after 120 min
y another solution, and part of the remoxipride released dur-
ng the first 120 min is removed from the receiving vessel.
he remoxipride release rate was calculated at steady state for
oth release curves, and no significant difference was obtained.
ince the release at these bulk osmotic pressures (0–1.77 MPa)

s mainly due to osmotic pumping, the release rate is deter-
ined essentially by the solvent permeability of the coating.
s no difference in the release rate was observed between

he two curves, it can be deduced that in both cases the coat-
ng had the same solvent permeability. This means that, at
he bulk osmotic pressures investigated (0 and 1.77 MPa), the
smotic pressure of the receiving solutions at which cracks
ccurred and the corresponding swelling had the same effect on
he solvent permeability of the coating. This also supports the
uggestion that release rate data at different bulk osmotic pres-
ures can be used to calculate the solvent permeability of the
oating.
. Conclusions

In this study, the release mechanism of remoxipride from pel-
ets coated with a film containing ethyl cellulose with 10% (w/w)

L

f Pharmaceutics 336 (2007) 67–74 73

riethyl citrate has been elucidated via release experiments per-
ormed in receiving solutions with different osmotic pressures.
emoxipride release was found to be mainly osmotically driven.
his means that the area of the cracks formed in the coating dur-

ng the lag time was small enough to ensure the build-up of the
ydrostatic pressure necessary for the convective transport of
he drug.

A model derived from irreversible thermodynamics the-
ry has also been further developed in order to easily
alculate the solvent permeability of the coating. For the cal-
ulation, the model requires data concerning release rate at
teady state, from release experiments performed in receiving
olutions at different osmotic pressures. For the ethyl cel-
ulose coating, the solvent permeability was calculated and
ound to be 1.1 × 10−10 m2 h−1 MPa−1. The effective diffu-
ion coefficient of remoxipride in the coating was found to
e 1.7 × 10−10 m2 h−1. Thus, the osmotic pumping release of
emoxipride through the coating was fully characterized.

A method of estimating the crack area was also developed.
he crack area was estimated to be 3.5 × 10−5 m2/m2 coating,
hich is in the range proposed by Theeuwes (1975) for his sys-

em. From experiments involving changing the osmotic pressure
uring the release process, it could be deduced that the solvent
ermeability of the coating was affected in the same way at dif-
erent osmotic pressures in the receiving bulk solution by the
welling before crack formation.
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