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Abstract

The aim of this study was to develop a simple experimental methodology and to develop a mechanistic model to characterize the release
mechanism from pellets developing cracks during the release process with special focus on osmotic effects. The release of remoxipride from pellets
coated with an ethyl cellulose film was chosen as a case study. Dose release experiments at different bulk osmotic pressures revealed that the
release process was mainly osmotically driven. The model was used to calculate the solvent permeability of the coating, 1.1 x 10~ m> h~! MPa~"'.
The model was validated by release experiments using similar pellets having different coating thicknesses. The effective diffusion coefficient of
remoxipride in the coating was also calculated and found to be 1.7 x 1071 m?>h~!. A series of experiments was performed in which the osmotic
pressure of the receiving solution was changed during the experiment. From the results of these experiments, the area of the cracks in the film,
formed by the hydrostatic pressure built up inside the pellets, was estimated to be 3.5 x 107> m?*/m? coating. It could also be deduced that the

solvent 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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1. Introduction

Among novel drug delivery technologies, oral systems hold
the major market share because of their ease of administra-
tion and better patient compliance (Verma and Garg, 2001).
Osmotic systems play an important role in controlled release
and a large number of design options are available (Santus
and Baker, 1995). In osmotic systems, the coating is a semi-
permeable film, and the release rate is primarily controlled by
solvent diffusion through the coating (Cussler, 1997). Solvent
transport through the coating induces a hydrostatic pressure
in the drug delivery system. Drug transport occurs mainly by
convection with a small contribution from pure diffusion. The
convective out-flux of the drug through the coating can occur via
drilled holes (Theeuwes, 1975), via pores produced by leachable
substances (Zentner et al., 1985), or via cracks (Schultz and
Kleinebudde, 1997; Schultz et al., 1997). Cracks are formed
when the hydrostatic pressure inside the pellet is higher than
that tolerated from the coating. They are formed if there is
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no drilled hole in the coating, or if the coating does not con-
tain an adequate amount of pore-forming agent. The lag time
before crack formation depends on: the fluid permeability of
the coating, the difference in osmotic pressure across the coat-
ing, the geometry of the pellet/tablet, the coating thickness and
the mechanical properties of the coating. SEM is often used to
observe crack or pore formation and to compare the film struc-
ture before and after the release (Nevsten et al., 2005; Ozturk
et al., 1990; Schultz and Kleinebudde, 1997; Verma and Garg,
2004).

In the development of new pharmaceutical formulations for
oral delivery it is essential to study the properties of the film,
in order to elucidate the release mechanism (pure diffusion
and/or convection) and to optimize the coating design. Knowl-
edge concerning fluid permeability and solute effective diffusion
coefficient is required to fully describe the film used. Exper-
imental methodologies have been developed to characterize
transport through free, semi-permeable film (Hjirtstam et al.,
1990; Lindstedt et al., 1989; Marucci et al., 2006). Some data
concerning the measured fluid permeability of a free film can be
found in the literature (Lindstedt et al., 1989; Theeuwes, 1975;
Zentner et al., 1986). The properties of a free film, however, may
differ from those of a coating film. The influence of hydrostatic
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Nomenclature

A area (mz)

A’ area of the intact coating film (m?)

A" area of the cracks (m?)

c drug concentration (kg/m>)

Cs drug concentration at saturation (kg/m3)

D effective diffusion coefficient of the drug in the

coating (m2/h)

Dcoar,  diffusion coefficient of the drug in the intact coat-
ing (m?/h)

Dy diffusion coefficient of the drug in the cracks
(m%/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; solvent permeability coefficient of the intact film
(m/h MPa)

Lg solvent permeability coefficient of the cracks,
(m/h MPa)

L]’Dh solvent permeability of the intact film (m?%/h MPa)

Lgh solvent permeability of the cracks (m?/h MPa)
P pressure (MPa)

Greek symbols

w, ' osmotic pressure (MPa)

o’ reflection coefficient of the intact coating film
o’ reflection coefficient of the cracks

pressure, that is actually affecting coated pellets, is in general
not considered in studies of free films. Thus, it is important to
measure or calculate the permeability of the final coating film
formulation. However, data concerning the calculated fluid per-
meability of the coating film are seldom provided (Lindstedt et
al., 1991).

The primary objectives of this study were: (1) to develop
an easy experimental method of determining the release mecha-
nism for a coated formulation; (2) to further develop a theoretical
model presented in the literature (Lindstedt et al., 1991) to
describe the release process by osmotic pumping from pellets
coated with a semi-permeable film; (3) to use the experimental
data and the model to quantify the transport properties of the
film by calculating its solvent permeability and the effective dif-
fusion coefficient of the drug; (4) to study the change in film
properties during the initial lag time in the release process by
varying the osmotic pressure of the receiving bulk solution dur-
ing release experiments; (5) to gain a fundamental understanding
of the complete release process.

In this study, the release of remoxipride from pellets coated
with a film containing ethyl cellulose with 10% (w/w) triethyl
citrate has been studied on a dose level. The pellets used were
from the same batch as that used in previous studies (Borgquist
et al.,, 2002, 2004; Nevsten et al., 2005; Ringqvist et al.,
2003).

2. Theory

For pellets coated with a semi-permeable film, there are
two parallel transport processes through the coating: transport
through the intact coating and transport through pores, cracks or
adrilled hole (Lindstedt et al., 1991). The volume flows through
the intact coating and through pores, cracks or a drilled hole, J'
and J”, respectively, can be derived from irreversible thermody-
namics theory (Mulder, 1991) and written as (Lindstedt et al.,
1991):

J' = A'Ly(o' A — AP) (D
J' = A”Lg(o”An — AP) )

In Egs. (1) and (2), A’ is the area of the intact coating, A” the
area of the cracks, L; the solvent permeability coefficient of
the intact part of the coating and LI’D’ is the solvent permeability
coefficient of the cracks. The reflectivity of the coating film, ¢”,
and that of the crack area, o”, are expected to be different. The
flows J' and J” are different in sign, J' is an in-flow while J” is
an out-flow. At steady state, the sum of the flows J' and J” is
equal to zero (Lindstedt et al., 1991) and the drug flow can be
written as Eq. (3) if AP is small compared to Az (Lindstedt et
al., 1991):

/! rr/ / D I Vi
Js= el = 0NA'Lo A + - Ac(A” + A”) 3)

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

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

D
Js =cs(1 — a”)A’L;)(o/An -+ EAC(A/ +A") “)

In Eq. (4), 7’ is the osmotic pressure caused by the presence of a
solute different from the drug in the receiving solution. The drug
reflectivity of the crack area is very small, 0" < 1. Differenti-
ating Eq. (4) with respect to 7/, and subsequent rearrangement,
gives the following relationship for Lj;:

dJs
dn’
The derivative of J; with respect to 7’ can be calculated by
performing release experiments at various osmotic pressures of
the receiving solution and calculating the drug release rate when
the drug is being released under steady state conditions. From the
derivative of Jg it is possible to calculate the solvent permeability
of the coating. The main advantages of using Eq. (5) in the
calculation of the solvent permeability instead of Eq. (3) are

= —Ljc,A' 5)
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that in Eq. (5) the solvent permeability is the only unknown
parameter, and the calculation does not require exact knowledge
of the osmotic pressure at saturation for the specific drug of
interest. This method may, if shown valid, be of large general
interest as the osmotic pressure across the film of coated pellets
may be difficult to be measured and may depend not only on the
drug but also on any soluble excipient.

3. Materials and methods
3.1. Materials

Film-coated remoxipride (BrH23N>C1603-HCI-H,O) pellets
were obtained from AstraZeneca Tablet Production, Sodertilje,
Sweden. The pellet core consists of remoxipride (~80%) and
microcrystalline cellulose. Ethyl cellulose and the plasticizer
triethyl citrate (10%, w/w) were dissolved in ethanol and sprayed
onto the primary pellets (Borgquist et al., 2002, 2004).

3.2. Measurement of remoxipride and glucose osmolality in
water and calculation of the corresponding osmotic
pressure

The measurement of the osmolality of remoxipride and glu-
cose solutions at different concentrations was performed with
an Advanced Micro-Osmometer®, model 3300 (Norwood, MA,
USA), which uses the freezing point depression method. From
the measured osmolality, it was then possible to calculate the
temperature of freezing point, the water activity and the osmotic
pressure of the aqueous solutions, according to a procedure
described in the literature (Kiyosawa, 2003).

3.3. Drug release measurements

The release experiments were performed in an automatic
USP XXIII dissolution apparatus type 2 (Vankel VK 7010, Cary,
NC, USA), in line with a UV—-visible spectrophotometer (Varian
Cary 50 Bio, Cary, NC, USA), set at the wavelength of maxi-
mum absorbance of the active compound, 286 nm. The release
rate was studied at a stirring rate of 100 rpm. Previous work
(Borgquist et al., 2004) has shown that the release profile is
independent of the stirring rate within the range of 50-150 rpm.
Measurements were performed on pellets with a coating layer
of 40 and 70 mg polymer/g pellet. In both cases the drug release
from 200 mg of pellets (about 220 pellets) was measured. The
receiving solution had a volume of 900 ml. Experiments were
run at various osmotic pressures of the receiving bulk solution
to study the effect of the osmotic pressure difference across
the coating on the release kinetics. This was done in order to
understand the release mechanism, to calculate the solvent per-
meability of the coating and to calculate the effective diffusion
coefficient of remoxipride in the coating. The effect of bulk
osmotic pressure in the release was studied for the case when
the bulk osmotic pressure was lower than that inside the pel-
let (2.6 MPa for a saturated solution of remoxipride at 37 °C)
as well as the case when it was higher. The osmotic pressures
investigated were: 0, 0.83, 1.77, 3.98, 5.42 and 10.47 MPa. It

Table 1

Physical and geometric data

Remoxipride solubility at 37 °C 540 kg/m?
Diameter of pellets with a coating of 40 mg polymer/g pellet 1.0mm
Film thickness of the coating at 40 mg polymer/g pellet 7.9 pm
Diameter of pellets with a coating of 70 mg polymer/g pellet 1.0mm
Film thickness of the coating at 70 mg polymer/g pellet 12.7 pm

should be noted that the osmotic pressures were only selected
to study the influence on drug release, and thus to investigate
the release mechanism. The aim was consequently not to mimic
any in vivo situation, although the osmotic pressures character-
istic of gastric and jejunal fluid in the fasted state, 0.49 4 0.09
and 0.7 £ 0.04 MPa, respectively (Lindahl et al., 1997), were in
the range of osmotic pressures studied. The receiving solutions
used were distilled water and solutions of glucose in distilled
water. As the diffusion coefficient of glucose in water is three
orders of magnitude higher than in ethyl cellulose film, the rate-
determining step for glucose diffusion from the bulk solution
into the pellet is diffusion in the coating. Thus, the glucose resis-
tance in the boundary layer could be neglected, and, at stirring
rates between 50 and 150 rpm, glucose diffusion is not influ-
enced by stirring rate. Samples of the receiving solutions were
collected continuously and the release experiments were moni-
tored for at least 23 h and at most 66 h to collect sufficient data
for the evaluation. Four or six replicates of each experiment
were performed. Because of the very low coefficient of varia-
tion (~2-3%), the number of experiments and the dose used
were considered sufficient to obtain a representative description
of the dose release. This variation is in accordance with a previ-
ous study on pellets from the same batch (Borgquist et al., 2004).
The pellets have been characterized in terms of pellet diameter
and film coating thickness in an earlier study (Borgquist et al.,
2002). Physical and geometric data used for the calculation of
solvent permeability and drug diffusion coefficient are given in
Table 1.

4. Results and discussion
4.1. Osmotic pressure of remoxipride and glucose solutions

The osmotic pressure of remoxipride and glucose solutions
at different concentrations is shown in Fig. 1. At low concentra-
tions, for both the solutes, the osmotic pressure and the solute
concentration were well correlated according to van’t Hoff’s
law (remoxipride dissociates into two subunits) (Atkins, 1994).
However, at higher concentrations, the systems deviate from the
ideal behaviour. For glucose solutions, the measured osmotic
pressure at higher concentrations was higher than expected from
van’t Hoff’s law, while the opposite was observed for remox-
ipride solutions. When measuring the osmolality of a solution
with the freezing point depression method, it is necessary that
the saturated concentration of the solute at the temperature of
freezing point is higher than the concentration of the solute in
the solution investigated. Thus, it was not possible to measure
the osmotic pressure of a saturated solution of remoxipride at
37°C. The osmotic pressure expected for a saturated solution
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Fig. 1. Osmotic pressure for remoxipride and glucose solutions obtained with
the freezing point depression method.

at 37°C was instead extrapolated from the experimental data
(2.6 MPa). The range of measurement of the osmometer used in
this study was 0—2000 milliosmolal. Therefore, the osmotic pres-
sure corresponding to a 2.54 M solution of glucose was obtained
by extrapolating the experimental data, and was found to be
10.5 MPa.

4.2. Characterization of the release mechanism and
calculation of the transport parameters

The effect of the osmotic pressure of the bulk solution on
remoxipride release rate was studied. The results of the release
experiments using pellets with a coating thickness of 70 mg/g
are shown in Fig. 2. It can be observed that the drug deliv-
ery rate decreased considerably when the bulk osmotic pressure
was increased. This means that the main release mechanism of
remoxipride through the ethyl cellulose coating is by osmotic
pumping for pellets immersed in a receiving solution with an
osmotic pressure less than that inside the pellet. As the osmotic
pressure inside the pellet is 2.6 MPa when the solution is satu-
rated with remoxipride, it can be stated that, at receiving solution
osmotic pressures of 0, 0.83 and 1.77 MPa, drug release occurred
mainly by convection with a small contribution from diffusion.
As cracks were observed on the coating at the end of the release
experiments (Nevsten et al., 2005), it can be deduced that the
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Fig. 2. Release profiles of remoxipride (coating layer: 70 mg polymer/g pellet)
for different bulk solution osmotic pressures. Glucose was used to increase the
osmotic pressure of the bulk solution.

convective flow occurred through these cracks. At the other
osmotic pressures, there was not sufficient driving force to accu-
mulate water and to build-up a hydrostatic pressure inside the
pellet to an extent that would give rise to cracks. Thus, drug
release occurred by diffusion. Drug release also occurred at a
negative difference in osmotic pressure between the pellet and
the receiving solution. This has been observed in another study
on pellets coated with a semi-permeable membrane (Herbig et
al., 1995). In all the present release experiments, the release rate
increased during an initial lag-time until a constant value was
reached (“zero order release”), and at the end decreased to a rate
close to zero. Interestingly, the fraction of remoxipride released
during the zero order release phase decreased at higher osmotic
pressure of the receiving solution, as can be observed in Fig. 2.
It can also be concluded from Fig. 2 that the concentration of
glucose inside the pellets never reached the concentration in
the bulk. In fact, if at the bulk osmotic pressures of 3.48, 5.42
and 10.43 MPa the glucose concentration inside the pellet had
approached the same value as in the receiving bulk solution, a
higher osmotic pressure would have been created inside the pel-
let, leading to increased osmotic transport of solvent, increasing
the release rate of remoxipride. But this was not observed.

The slopes of the release curves in the zero order release
region, i.e. Js at steady state, were estimated by a linear inter-
polation of the release data. Typically, data collected between
50 and 200 min of the dissolution experiments were used for
linear interpolation. The regression coefficient was greater than
0.997 for all the experiments. The values of Jg at steady state
are shown in Fig. 3 as a function of the bulk osmotic pressure.
The data fit a straight line very well (R=0.995) up to 1.77 MPa,
i.e. the highest tested osmotic pressure of the receiving solu-
tion that did not exceed the osmotic pressure inside the pellet.
The derivative of Jg with respect to the osmotic pressure of the
receiving bulk solution was calculated. The solvent permeabil-
ity was then calculated according to Eq. (5) and found to be
1.1 x 10719m? h~! MPa~!. The error in the calculation of the
solvent permeability introduced by using the initial pellet size is
negligible as the swelling of the pellet is only 2-3% (Ringqvist
etal., 2003). At sufficient osmotic pressure of the receiving solu-
tion, the convective transport will be negligible compared to the
diffusive transport (in the right-hand side of Eq. (4), the first term
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Fig. 3. Remoxipride release rate in the zero order release phase (coating layer:
70 mg polymer/g pellet). Data obtained from Fig. 2.
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Fig. 4. Release profiles of remoxipride (coating layer: 40 mg polymer/g pellet)
for different bulk solution osmotic pressures. Glucose was used to increase the
osmotic pressure of the bulk solution.

becomes much smaller compared to the second one). Thus, the
effective diffusion coefficient can be estimated by Eq. (4). In
this study, the effective diffusion coefficient of remoxipride in
the coating was estimated by extrapolating the fit of the release
rate data to the osmotic pressure of 2.6 MPa, and was calculated
tobe 1.7 x 10719 m? h~!. Therefore, the pellet coating was fully
characterized in terms of transport properties.

Release experiments were performed at different bulk
osmotic pressures also with pellets with a smaller amount of
coating, 40 mg/g, and the results are shown in Fig. 4. The release
process was still osmotically driven. The slope of the linear
region, i.e. Js at steady state, was calculated for the differ-
ent curves and is plotted in Fig. 5 as a function of the bulk
osmotic pressure, in the same way as for the previous pellet
system. The solvent permeability of the coating was found to
be 1.5x 1071 m>h~! MPa~!. The effective diffusion coeffi-
cient of remoxipride in the coating was calculated and found to
be 2.8 x 1071 m? h~!. The calculated solvent permeability and
effective diffusion coefficient are in good agreement with those
calculated for a coating thickness of 70 mg/g. This confirms the
validity of using Eq. (5) and the methodology proposed to cal-
culate the solvent permeability and the drug effective diffusion
coefficient. The small difference in the results between the 70
and 40 mg/g compositions may be due to the fact that the two
coating films were slightly different, as crystals of remoxipride
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Fig. 5. Remoxipride release rate in the zero order release phase (coating layer:
40 mg polymer/g pellet). Data obtained from Fig. 4.
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Fig. 6. Lag time derived from the release experiments on pellets with a coating
of 70 and 40 mg polymer/g pellet. Glucose was used to increase the bulk osmotic
pressure of the receiving bulk solution. The lag time was calculated from the
intercept of the line fitting the zero order release phase.

were found on the surface of the pellets, and the amount of crys-
tals was higher in the pellets with the thinner coating (Ringqvist
et al., 2003).

Fig. 6 shows the lag time in the release experiments for the two
coating thicknesses investigated at different bulk osmotic pres-
sures. As expected, the thicker the film the longer the lag time.
For the pellets with the thicker coating, the water influx is lower,
and, moreover, a higher pressure can be withstood before the
coating rupture. The lag time data show the same trend for both
film thicknesses, i.e. it is almost constant at bulk osmotic pres-
sures that are lower than the calculated osmotic pressure inside
the pellets, and then decreases to some extent at higher pressures.
For a cracking coating system, it is reasonable to assume that the
lag time is composed of two periods: the time required for the
cracks to occur in the coating, and the time required for the pel-
lets to reach the internal pressure sufficient for steady-state flow
once the film has ruptured. It can be seen from Fig. 6 that the lag
time was not significantly affected by the bulk osmotic pressure.
The shorter lag time at an osmotic pressure of 3.98 MPa can be
explained as the consequence of the significant contribution of
pure diffusion in the release process. Thus, the lag time was
mainly affected by the time required to establish steady-state
drug diffusion conditions.

4.3. Crack characterization

In an osmotic pumping delivering system with a drilled hole,
the area of the hole should be large enough to avoid a build-up
of pressure greater than that tolerated by the coating and small
enough to minimize the contribution to the delivery rate of solute
diffusion through the hole (Theeuwes, 1975). For coating films
subject to cracking, performing experiments at different bulk
osmotic pressures allows the main delivery mechanism to be
identified, providing information on whether the crack area is
small enough to result in predominantly osmotic delivery. In the
present study, the remoxipride release rate was 3.5 times higher
in distilled water than in a glucose solution with an osmotic
pressure of 3.98 MPa (Figs. 3 and 5). This proves that the area
of the cracks formed during the lag phase of the release was
sufficient to result in osmotically driven release.
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To study the area of the cracks, experiments were performed
in which the bulk osmotic pressure was changed from 0O to
10.47 MPa 50 min after the experiment had been started. (A time
of 50 min was sufficient to attain zero order release and, there-
fore, to cause crack formation in the coating while ensuring
that the concentration inside the pellets was still at saturation.)
When the bulk osmotic pressure is increased to such a high
value, release no longer occurs by convection and diffusion,
but only by diffusion. The release through the cracked coat-
ing is the result of two parallel contributions: diffusion in the
intact part of the coating and diffusion in the cracks. When
the bulk osmotic pressure is 10.47 MPa for the whole experi-
ment, the release occurs only by diffusion through the coating
as no hydrostatic pressure is built up in the pellet and no cracks
are formed on the coating. A comparison between the release
obtained when the bulk osmotic pressure is changed from 0
to 10.47 MPa and the release obtained when the bulk osmotic
pressure was 10.47 MPa for the whole experiment is shown
in Fig. 7. In Fig. 7, the amount of remoxipride released that
is present in the receiving vessel is plotted. This represents
the entire amount of remoxipride released when the receiv-
ing solution is not replaced, i.e. when the osmotic pressure is
kept constant. When the bulk osmotic pressure is changed, by
replacing the whole receiving solution after 50 min by a fresh
solution of glucose, the remoxipride released during the first
50 min is completely removed from the receiving vessel. Thus,
in this case, the amount of remoxipride released that is present
in the receiving solution is O after 50 min. The release rate at
steady state was calculated for both the release profiles shown
in Fig. 7. In the experiments in which the bulk osmotic pres-
sure was varied from O to 10.47 MPa, remoxipride release rate
at steady state was 30% greater than when the bulk osmotic pres-
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Fig. 7. Comparison of remoxipride release (coating layer: 70 mg polymer/g pel-
let) between the case when the osmotic pressure of the receiving solution was
10.47 MPa for the whole experiment () and the case when the osmotic pressure
was changed from 0 to 10.47 MPa 50 min after the experiment had started (¢).
The receiving solution was not replaced in the experiments performed at a con-
stant bulk osmotic pressure. In the experiments in which the osmotic pressure
was changed, the whole receiving solution was replaced by another solution and
the remoxipride released during the first 50 min was completely removed from
the receiving vessel. The y-axis thus shows the release of remoxipride in the
receiving solution. This coincides with the entire remoxipride released when
the receiving solution is not replaced.

sure was 10.47 MPa for the whole experiment. Assuming that
the difference between the release rates is due only to diffusion
in the cracks, the area of the cracks A” can be estimated from
Eq. (6):

4 Ga= o)h ©
Dycs

In Eq. (6), J, is the steady-state release rate through the
cracked coating, when the bulk osmotic pressure is changed
from zero to a value equal to the osmotic pressure inside the
pellet after crack formation. Jy is the steady-state release rate
that is attained when the difference in osmotic pressure across
the film is zero for the whole experiment. Dy is the drug diffu-
sion coefficient in the cracks and can be approximated by the
diffusion coefficient in solution for small drugs in thin mem-
branes with negligible tortuosity. Dy is related to the effective
diffusion coefficient in the cracked coating, D, and to the dif-
fusion coefficient in the intact part of the coating, Dcoat., by

Eq. (7):

D coat.

D ’ ” Dy ” ’
M Ac(A"+ A7) = o AcA” + AcA @)
The diffusion coefficient of remoxipride in the glucose solution
has been calculated at 37 °C with the Wilke—Chang equation
(Cussler, 1997) and found to be 1.0 x 10719 m?/s. The ratio
of the crack area to the coating area was then estimated to
be 3.5 x 107> m?/m>. In the osmotic pumping system devel-
oped by Theeuwes (1975) zero order release was achieved when
the ratio of hole to coating area was between 1.7 x 10~ and
2.7 x 10~* m?/m?, which is in the same range as the crack area

calculated in the present study.

4.4. Effect of crack-promoting osmotic pressure on the
solvent permeability of the coating

As discussed above (Section 4.2), it is possible to calculate
the solvent permeability from the derivative of Jg with respect
to the osmotic pressure using Eq. (5). As shown experimentally,
pellets coated with a semi-permeable film swell however before
crack formation (Schultz and Kleinebudde, 1997). Interestingly,
the swelling of the pellet may depend on the bulk osmotic pres-
sure at which cracks occur (Schultz and Kleinebudde, 1997).
It has been shown that osmotic pressure may cause swelling
and influence the drug release rate also in systems where no
apparent cracks are formed (Hjartstam, 1998). The effect on
the drug permeability and on the solvent permeability may be
due to factors such as decreased film thickness due to swelling,
widening of inherent pores in the coating. To verify that the
release rate at different bulk osmotic pressures is a useful tool
to calculate the solvent permeability of the coating, it is nec-
essary to study the potential effect of osmotic pressure per
se on solvent permeability. Thus, experiments were performed
in which the receiving solution was changed after two hours
from pure water to a glucose solution with an osmotic pressure
of 1.77MPa. (Two hours was sufficient to establish steady-
state delivery, thus for cracks to occur, while ensuring that
the 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 (A) and the case when the osmotic pressure
was changed from O 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
from the receiving vessel. The y-axis thus shows the release of remoxipride in
the receiving solution. This coincides with the entire remoxipride released when
the receiving solution is not replaced.

comparison with the release experiments performed directly at
the receiving bulk osmotic pressure of 1.77 MPa is shown in
Fig. 8. The swelling of the pellets before crack formation is
supposed to be different in the two series of experiments, as
the osmotic pressure at which cracks occurred was different.
In Fig. 8, the amount of remoxipride released that is present
in the receiving solution is plotted. This coincides with the
entire remoxipride released when the receiving solution is not
replaced. For the case in which the bulk osmotic pressure is
varied, the receiving solution is partially replaced after 120 min
by another solution, and part of the remoxipride released dur-
ing the first 120 min is removed from the receiving vessel.
The remoxipride release rate was calculated at steady state for
both release curves, and no significant difference was obtained.
Since the release at these bulk osmotic pressures (0—1.77 MPa)
is mainly due to osmotic pumping, the release rate is deter-
mined essentially by the solvent permeability of the coating.
As no difference in the release rate was observed between
the two curves, it can be deduced that in both cases the coat-
ing had the same solvent permeability. This means that, at
the bulk osmotic pressures investigated (0 and 1.77 MPa), the
osmotic pressure of the receiving solutions at which cracks
occurred and the corresponding swelling had the same effect on
the solvent permeability of the coating. This also supports the
suggestion that release rate data at different bulk osmotic pres-
sures can be used to calculate the solvent permeability of the
coating.

5. Conclusions

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

triethyl citrate has been elucidated via release experiments per-
formed in receiving solutions with different osmotic pressures.
Remoxipride release was found to be mainly osmotically driven.
This means that the area of the cracks formed in the coating dur-
ing the lag time was small enough to ensure the build-up of the
hydrostatic pressure necessary for the convective transport of
the drug.

A model derived from irreversible thermodynamics the-
ory has also been further developed in order to easily
calculate the solvent permeability of the coating. For the cal-
culation, the model requires data concerning release rate at
steady state, from release experiments performed in receiving
solutions at different osmotic pressures. For the ethyl cel-
lulose coating, the solvent permeability was calculated and
found to be 1.1 x 10719m?h~! MPa~!. The effective diffu-
sion coefficient of remoxipride in the coating was found to
be 1.7 x 10719m? h~!. Thus, the osmotic pumping release of
remoxipride through the coating was fully characterized.

A method of estimating the crack area was also developed.
The crack area was estimated to be 3.5 x 10> m2/m? coating,
which is in the range proposed by Theeuwes (1975) for his sys-
tem. From experiments involving changing the osmotic pressure
during the release process, it could be deduced that the solvent
permeability of the coating was affected in the same way at dif-
ferent osmotic pressures in the receiving bulk solution by the
swelling before crack formation.
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