
Biochemical Engineering Journal 28 (2006) 131–139

In vitro drug release rates from asymmetric-membrane tablet coatings:
Prediction of phase-inversion dynamics
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Abstract

Most of the controlled-release systems developed for drug delivery applications depend on membrane technology. The dense structure of
some membranes used in controlled-release systems can excessively prolong the release of drug due to the low permeability of the coating
to drug. To increase the drug release rate, asymmetric-membrane tablet coatings were prepared by a phase-inversion technique using cellulose
acetate/acetone/water solution. The roles of the composition of the membrane solution and the evaporation condition on the release rate of drug were
determined using in vitro dissolution and morphological studies and predicted phase diagrams. Results show that drug release from asymmetric-
membrane based tablet coatings is primarily governed by the dynamics of the phase-inversion process with zero-order or near-zero-order release
e ng solution,
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asily achievable. In an attempt to derive an empirical expression for the release rate of drug as a function of composition of the coati
statistical experimental design was used. Good fit of the experimental data by the empirical expression was obtained. In addition, th

apability of the model equation was also found to be satisfactory. Analysis of the significance of each term in the expression indica
ellulose acetate:acetone ratio has the most significant influence on the release rate of theophylline.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Different controlled-release systems were developed for drug
elivery applications to maintain a drug level in the body within
specificed therapeutic window. This usually implies achieving
rolonged, zero-order release rate over the desired duration of
rug delivery. Many controlled-release systems in pharmaceu-

ical industry rely on membrane technology in which a drug-
ontaining core is surrounded by a membrane, and the release
ate of the drug is controlled by its diffusion through the mem-
rane[1–5]. In addition to diffusional release, osmotic pumping
echanisms contribute to the total drug release rate, if either

he drug is highly soluble or an osmotic agent is added to the
ctive core[6–8]. The membrane coating used in conventional
evices usually has a dense structure with a hole drilled through

he coating through which the drug is delivered. In some cases,
rug delivery ports are formed by adding leachable materials to

he coating[9,10]. The release kinetics from dense membrane
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coated drug delivery systems is controlled by: (1) the con
tration difference and/or osmotic pressure difference acros
membrane; (2) the permeability of the membrane to wate
drug; (3) the thickness of the membrane. The main pro
with these systems, in the absence of a hole, is an exces
prolonged drug release due to the low drug permeability o
coating. In an effort to increase the permeability of the c
ing, plasticizers and water-soluble additives were incorpo
in the membrane forming solution and multilayer compo
coatings were prepared[9,11,12]. Recently, the advantage
using asymmetric-membrane capsules for osmotic and t
dermal delivery of drugs was illustrated by different rese
groups[6–8,13–17]. Compared to other conventional osmo
delivery devices, the permeabilities and the release rates
asymmetric-membrane capsules/tablets were determined
higher[6,7]. The structure of this type of membrane is charac
ized by a relatively thin, dense skin layer supported on a h
permeable, thicker and porous sublayer that provides mec
cal strength and durability[8]. Herbig et al.[6] have shown tha
the outer surface of the asymmetric-membrane coatings is
factor to control the drug release rates.
369-703X/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.bej.2005.09.009
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Asymmetric-membranes are usually made by a phase-
inversion technique in which an initially homogenous polymer
solution is transformed to a porous, solidified structure by dif-
ferent external effects, such as thermal quenching or exposure
to a nonsolvent bath. The morphology of the resulting mem-
brane structure that controls the rate of drug release is strongly
influenced by the phase-inversion dynamics. Thus, the abil-
ity to formulate efficient drug delivery systems based on the
asymmetric-membrane coatings requires a detailed study of the
effect of phase-inversion dynamics on the morphology of the
membrane and the drug release behavior.

The goal of the studies in this paper is to demonstrate the
relationship among the membrane preparation conditions, the
resulting morphology and the drug release properties of the
membranes. To achieve this goal, the in vitro release of a
model compound, theophylline, from asymmetric-membrane
tablet coatings is determined, and the morphology of the coatings
is examined. In addition, the dynamics of the phase-inversion is
quantified in terms of ternary phase diagrams coupled with com-
position paths determined from a mathematical model developed
previously by our group[18]. To draw meaningful and objec-
tive conclusions from experimental data and derive an empir-
ical expression for the release rate of drug, compositions of
the coating solution are chosen using statistical experimental
design.
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quantity of drug released from the tablets, samples were taken
periodically and assayed by UV spectrophotometry (Shimadzu
UV-1601) at a wavelength of 272 nm. Dissolution experiments
were performed on three tablets and the release profiles were
reported as the arithmetic average of the three experimental runs.
Morphology of the membranes was examined using scanning
electron microscope (SEM) (Philips, XL-30SFEG). Samples
were coated with gold palladium using a Magnetron Sputter
Coating Instrument. The thickness of the dense skin layer, the
overall porosity, and the average pore size were determined from
image analysis of micrographs showing cross sections of the
membranes.

3. Statistical design of experiments

To determine the influence of the composition of the coating
solution on the release rate of drug, experiments were statis-
tically designed using a commercial software package called
Design-Expert[19]. The system studied in this paper consists
of three components with compositional restrictions as shown
in Eq.(1) below:

5 ≤ ω1 ≤ 15, 70 ≤ ω2 ≤ 90, 5 ≤ ω3 ≤ 15 (1)

whereω is the wt.% of componenti and 1–3 represent cellu-
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. Materials and method

Tablet cores were prepared by compressing the drug
ut any excipient using a hydraulic press operated at 110
tainless steel die with a diameter of 1.2 cm was used to
uce 400 mg drug tablet cores. The model drug theophy
as supplied by Eczacibasi A.S. Asymmetric-membrane t
oatings were applied using a dip coating process (Dip C
ima, type: D1L, serial no.: 327). Coating solutions were
ared by dissolving cellulose acetate (Aldrich) in a solutio
cetone (Merck) and water. To eliminate variations in final c

ng thicknesses, the rate of withdrawal of the tablets from
olution was adjusted. Immediately after coating, tablets
otated for even distribution of the viscous membrane solu
ransferred into an environmental chamber (Angelantoni In
ries, Italy, Challenge Series, model number: CH250) and
here for 2 h to allow for evaporation of both the solvent (acet
nd nonsolvent (water). The temperature and relative hu

ty of air in the environmental chamber was adjusted as 2◦C
nd 50%, respectively. Tablets were allowed to dry furthe
minimum of 24 h at room temperature prior to dissolu

xperiments. The release rate of theophylline from the ta
as determined by the United States Pharmacopeia (USP)
issolution methodology (rotating paddles, 50 rev./min; tem
ture, 37◦C; dissolution medium, 900 ml) using a dissolut

ester (Caleva 10ST). To simulate the actual dissolution
onment in the body, the pH of the dissolution medium
ept at 3 during the first 3.5 h by adding 8.5 vol.% phosp
ic acid to 900 ml distilled water and then increased to 7.
dding 5.3 M NaOH to the dissolution medium and kept at
alue until the end of the dissolution test. To determine
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ose acetate, acetone, and water, respectively. Any compo
utside these limits will probably fail to produce a succ

ul asymmetric-membrane coating. In mixture experiments
actors are the compositions of the mixture components
he sum of the fractions of all components is equal to
herefore, the factor levels are mutually dependent. Thus

orial experimental designs are not suitable for response su
odeling of mixtures since such designs require that the e

mental treatment combinations be determined by indepe
djustments of each component level. In addition, a stan
esponse surface design cannot be used either due to the
onstraints. Consequently, using the constraint levels sho
q. (1), a D-optimal design was generated by Design-Ex
oftware package. The 14 experimental formulations determ
re shown inTable 1. The lower and upper limits on the weig

raction of each component are required to: (a) obtain ap
riate viscosity of the solution and coat the tablets unifor
nd (b) induce phase separation, thus, forming a porous
rane structure. These constraints were established bas
reliminary dissolution experiments, available literature
nd the simulation results reported by Altinkaya and O

18].
Of the 14 formulations listed inTable 1, six experimental run

ere required to fit the quadratic mixture model, four additio
istinct runs were used to check for the lack of fit and finally
uns were replicated to provide an estimate of pure error. De
xpert used the vertices, the edge centers, the overall ce
nd one point located halfway between the overall cen
nd one of the edge centers as candidate points. Additio

our vertices of the design region were used as check p
19].
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Table 1
Release rates of theophylline from the asymmetric-membrane tablet coatings, the results of fitting the release profiles to zero-order kinetics, and the precipitation
times determined from the model predictions

Compositon (wt.%) Release rate (mg/min) R2 Precipitation timea (s)

Cellulose acetate Acetone Water

15 80 5 0.036 0.9871 2671/2671
15 80 5 0.036 0.9864 2671/2671
5 90 5 0.45 0.9757 660/660
5 90 5 0.36 0.9864 660/660

15 70 15 0.036 0.9908 3374/3374
15 70 15 0.027 0.9925 3374/3374
5 80 15 0.36 0.9928 1000/1000
5 80 15 0.36 0.9876 1000/1000
5 85 10 0.27 0.9918 675/675

10 80 10 0.054 0.9958 1751/1751
15 75 10 0.054 0.9975 2314/2314
10 85 5 0.036 0.9887 2554/2554
12.5 77.5 10 0.036 0.9902 –
10 75 15 0.063 0.9889 1484/1484

a The first number corresponds to the precipitation time at the tablet/coating interface.

4. Determination of phase diagrams and composition
paths

Dynamics of the membrane formation process is predicted
by combining the kinetics and thermodynamics of the system
simultaneously. An appropriate thermodynamic model is nec-
essary to construct the ternary phase diagram and to formulate
the boundary conditions of the kinetic model. Phase separation
is considered to occur when a mass transfer path touches the
binodal curve. In this study, a robust algorithm developed pre-
viously by our group was used to construct the phase diagram
[18]. The algorithm utilizes Flory Huggins thermodynamic the-
ory with constant interaction parameters. The composition paths
were determined from the kinetic model equations, which con-
sist of coupled unsteady-state heat and mass transfer equations,
film shrinkage, and complex boundary conditions. The details
of both the thermodynamics and kinetic equations can be found
in our previous study[18]. We have assumed that the kinetic
model derived for a plane geometry can used to predict the mem-
brane formation process on a tablet surface. This assumption is
fairly reasonable since the thickness of the coating is very small,
thus, the cylindrical geometry can be approximated as the plane
geometry.

5. Results and discussion
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tions listed inTable 1. In all cases of the coating formulations,
the release profiles were measured for 5 h time period and the
frequency of data collection was the same. To find out whether
the drug release from the tablet coatings provides a zero-order
release kinetics, each data set was fitted to a linear equation.
The quality of the fitted model is determined by the coefficient
of determination,R2, and it is defined as:

R2 = σy − σ̂y

σy

(2)

where

σy = 1

n

n∑

i=1

(Yi − Ȳ )2 (3)

and

σ̂y = 1

n

n∑

i=1

(Yi − Ŷi)
2

(4)

denote the sample variance and the prediction error power,
respectively. Additionally,n is the number of experimental data
points,Yi the experimental observation,̄Y , the average of the
experimental data points and̂Yi denotes the predicted value by
the fitted model. The quantityR2 lies between 0 and 1 and if the
value is 1, it can be said that the fit of the model is perfect. High
R e is
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o

sition
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a asting
.1. Effect of composition of the coating solution

The effect of changing the composition of the casting solu
s well documented for asymmetric-membranes prepare
eparation applications[20–27]. However, there are relative
ew quantitative studies illustrating the relationship betwee
omposition of the casting solution and the drug release
rom the asymmetric-membrane coated tablets/capsules[6,16].
o investigate such a relationship, the in vitro release profil
he model drug theophylline were measured for the 14 form
r

e

f
-

2 values listed inTable 1for each data set indicate that ther
n excellent linear relationship between the concentration o
rug and the release time, thus, all tablet coatings prepare
rovide zero-order or near-zero-order drug release. The re
ates for each coating formulation were estimated from the s
f the average release profiles and they are also listed inTable 1.

The drastic change in the release rates with the compo
f the coating solution is shown inFig. 1. Within the experi
ental composition range covered, the highest release rat
bserved in the case of the lowest cellulose acetate (P: pol
nd the highest acetone (S: solvent) concentrations in the c



134 S.A. Altinkaya, H. Yenal / Biochemical Engineering Journal 28 (2006) 131–139

Fig. 1. Release rate of theophylline as a function of the cellulose acetate
(P)/acetone (S) weight fraction ratios.

solution (polymer (P)/solvent (S) weight fraction ratio = 5/90).
This is caused by the final coating structure consisting of a very
thin and dense top skin layer and highly porous lower sublayer
as illustrated inFig. 2. At the lowest level of polymer concentra-
tion (5%), the thicknesses of the dense skin layers of the coatings
are very small and similar to each other, thus, the structure of
the lower sublayer becomes an important factor in determining
the release rate of the drug. The porosity of the coating structure
in the case of 90% acetone is so high that an increase in water
concentration from 5 to 10% is not sufficient to produce a more
porous final structure, thus, the release rate of the drug decreases.
A further increase of water concentration to 15% results in an
opposite effect which makes the release rate increase to a level of
0.36 mg/min due to the dominant effect of water concentration
in increasing the porosity of lower sublayer.

An increment in the cellulose acetate concentration from 5
to 10% resulted in significantly lower release rates at all water
concentrations because the structure of the coatings changed

F th 5%
w

Fig. 3. SEM of the cross section of the asymmetric-membrane made with 5%
water and CA/acetone weight ratios of: (a) 10/85, magnification 5000× and (b)
15/80, magnification 12,000×.

from porous to dense ones. Keeping the polymer concentration
at 10%, while changing the water concentration from 5 to 15%
makes the release rates increase. This behavior is explained by
the formation of more porous structures by adding more non-
solvent into the casting solution, which is in agreement with the
observations of other groups[6,16].

When the polymer concentration increases from 10 to 15%,
no significant changes in release rates were observed. As a mat-
ter of fact, in the cases of 5 and 10% water concentrations, the
release rates did not change at all. This is due to unusual transport
characteristics of asymmetric-membranes, which are complex
functions of the properties of the different regions of the mem-
brane. In addition to the thickness of the dense skin layer and
the porosity of the lower sublayer, structural factors, such as
tortuosity, pore size, shape, and connectivity of the pores also
strongly affect the rate of transport through the coating. The
SEM pictures taken at high magnification, which are shown in
Fig. 3a and b, indicate that the tablet coating prepared with the
P/S ratio of 10/85 has a uniform and narrow pore size distribu-
tion with regular elliptic pore shapes, while the other one (P/S
15/80) has cylindrical pores with a wide pore size distribution,
forming a connected pore network. As a result, even though the
resistance of dense skin layer of the coating made with P/S ratio
ig. 2. SEM of the cross section of the asymmetric-membrane made wi
ater and CA/acetone weight ratio of 5/90, magnification 2500×.
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Fig. 4. SEM of the cross section of the asymmetric-membrane made with 10%
water and CA/acetone weight ratios of: (a) 10/80, magnification 10,000× and
(b) 15/75, magnification 10,000×.

of 15/80 is larger, its lower sublayer resistance is smaller due to
the connected pore network. Consequently, the release rate of
the theophylline becomes the same through both tablet coatings.
The comparison of the scanning electron micrographs shown in
Fig. 4a and b indicates that the tablet coating made with the P/S
ratio of 10/80 has a uniform pore size distribution, cylindrical
pore shapes and high tortuosity, while the tablet coating prepared
with the P/S ratio of 15/75 has elliptic, irregular pore shapes and
pores are isolated. Thus, the lower sublayer resistance of the
coating made with the P/S ratio of 10/80 is larger due to the rel-
atively higher tortuosity resulting in the same release rate with
the coating prepared with the P/S ratio of 15/75.

At the 15% polymer concentration level, the release rate
increases with the change in water concentration from 5 to 10%
which is mainly caused by the increased porosity. However, a
further 5% increment in the water concentration (to 15%) made
the release rate decrease back to the same level as in the case
5% water concentration. Even though higher water concentra
tion favors forming a more porous structure and a concomitan
higher release rate, the acetone level which decreased below
critical value distructed this mechanism.

Fig. 5. Ternary phase diagram and concentration paths for the coating made
with 5% cellulose acetate (CA) dissolved in 90% acetone and 5% water.

The results of dissolution studies along with the morpho-
logical observations clearly indicate that the drug release rate
is strongly influenced by the morphology of the membrane.
Thus, if one wishes to control the drug release characteristics of
the delivery system, a quantitative understanding of the dynam-
ics and morphology of the phase-inversion process is required.
The dynamics of the phase-inversion process can be quantified
in terms of the ternary phase diagram coupled with the heat
and mass transfer model equations. We have obtained infor-
mation about the structure of the tablet coating by plotting the
composition paths on the ternary phase diagram and the poly-
mer concentration profile at the moment of precipitation. As an
illustration inFig. 5, concentration paths in time for the tablet
coating prepared with 5% cellulose acetate, 90% acetone and
5% water are shown. According to this plot, the phase separa-
tion takes place since the concentration paths in time for the
drug tablet/coating and the coating/air interface cross the bin-
odal curve at the same time. In addition, the coating/air interface
enters the phase envelope at a polymer volume fraction of 0.76,
while the tablet/coating interface enters with a volume fraction
of 0.023. These two observations imply that the coating will be
porous and the asymmetric in which the top layer is more dense
than the lower sublayer, which was confirmed with the SEM
picture shown previously inFig. 2. The predictions have shown
that phase separation was achieved for all coating formulations
supporting the morphological observations and the precipitation
t
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imes calculated for each case are listed inTable 1. Model pre-
ictions can also be used to determine a rough thickness
igh polymer concentration region near the coating/air inter
nd the pore distribution of the sublayer structure when the
er concentration profiles at the moment of phase separati
lotted. As an illustration, such a plot is shown inFig. 6for coat-

ngs prepared with 10% cellulose acetate in the casting solu
xamination of these profiles leads to the following con
ions regarding the effect of increased water concentratio
he polymer concentration at the coating/air interface slig
ecreases and (2) more uniform porosity distribution thro
ut the lower sublayer is favored. Also, porosity increases w
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Fig. 6. Concentration profile of cellulose acetate in the membrane at the moment
of precipitation for different cellulose acetate to acetone weight fraction ratios.

is in complete agreement with our release studies and the obser-
vations of other groups[6,16].

5.2. Effect of evaporation condition

Previous studies on more traditional applications have inves-
tigated the effect of increased air velocity, i.e., forced convec-
tion conditions for a combination of dry/wet phase-inversion
techniques to produce defect free, ultrahigh flux asymmetric
membranes with ultrathin skin layers[28–30]. To investigate the
effect of evaporation condition on the release rate of drug, tablet
were dip coated with cellulose acetate solution containing 10%
cellulose acetate, 80% acetone, and 10% water and allowed
dry by blowing air across the surface with a blower (forced con-
vection). As a comparison, tablets coated with the same solutio
were air-dried under natural free convection conditions.

As illustrated inFig. 7, the release profiles of both tablet
coatings show a linear behavior only at small times, and then

F dis-
s er fre
a from
E d
c e
c

exponential increases in concentrations were observed. Based
on this behavior, the release profiles were fitted to an empirical
equation as:

C = kot[1 + eboCt ] (5)

whereko andbo are fitting parameters. The accuracy of Eq.(5)
for correlating the release rate data inFig. 7 was confirmed by
highR2 values, very close to 1 in both cases. Due to the presence
of the second term in Eq.(5), the release rate of the drug,dC

dt
, is

no longer constant and its dependency on concentration of drug
in the dissolution medium,C, can be expressed as follows:

dC

dt
= ko[1 + eboCt{1 + boCt}]

1 − kobot2eboCt
(6)

Using Eq.(6), the release rate of theophylline from the tablets
dried under forced and free convection conditions were deter-
mined as 0.047 and 0.078 mg/min, respectively. It should be
noted that both of these values correspond to the arithmetic
average of the release rates calculated at each average concen-
tration level shown inFig. 7. The difference in release rates can
be explained by comparing the scanning electron micrographs
shown inFig. 8a and b. It can be seen that the cross sectional
morphology of the tablet coating dried under forced convection
condition is dense and nonporous, while porous and asymmetric
structure is observed for the tablet coating dried under free con-
v ance
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ig. 7. Release of theophylline from tablet coatings made with 10% CA
olved in 80% acetone and 10% water. Coated tablets were dried und
nd forced convection conditions. The lines correspond to prediction
q.(5) usingko = 1.92× 10−5 mg/(ml min);bo = 0.1179 ml/(mg min) for force
onvection andko = 2.41× 10−5 mg/(ml min);bo = 0.1174 ml/(mg min) for fre
onvection.
-

s

to

n

e

ection conditions. In the dense coating, diffusional resist
o transport of the drug occurs through the overall thicknes
s larger than that in the asymmetric porous coating, hen
ower drug release rate is observed. To understand the
f air velocity on the formation of the coating structure,
ave utilized our model predictions. The composition paths

ed in Fig. 9 indicate that when the speed of air in the dry
tmosphere is significantly increased, the rate of evapor
f solvent (acetone) increases dramatically and within a

ime, its concentration at the surface drops to zero. This situ
eads to very strong diffusional resistance within the memb
olution, thus, slow evaporation of the nonsolvent (water). C
equently, phase separation is never achieved and the re
embrane structure becomes dense as supported by the
icture shown inFig. 8a.

.3. Statistical analysis of experimental design

The effect of the composition of the coating solution on
elease rate of drug was investigated in detail with the 14 fo
ations listed inTable 1. The drug release rate was chosen a
ppropriate response variable since zero-order release wa

ly achieved for all tablet coatings prepared. The data inTable 1
ere best fit by a special cubic equation as shown below:

elease rate= 70.94ω1 + 1.698ω2 + 37.55ω3 − 94.66ω1ω2

−354.3ω1ω3 − 49.3ω2ω3 + 357.66ω1ω1ω3

(7)

he results of regression analysis are given inTable 2. An excel-
ent fit of the experimental release rate data to Eq.(7) was
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Fig. 8. SEM of the cross section of the asymmetric-membrane made with 10%
CA dissolved in 80% acetone and 10% water: (a) coating solution was dried
under forced convection condition, magnification 6500× and (b) coating solu-
tion was dried under free convection condition, magnification 5000×.

Fig. 9. Ternary phase diagram and concentration paths for the coating mad
with 10% CA dissolved in 80% acetone and 10% water. Coating solution was
dried under forced convection condition.

Table 2
Statistical analysis of the release rate data

Model number R2 F values α = 0.05 α = 0.01

Fcritic
a �F Fcritic

a �F

1 (Full model) 0.9801 42.21 4.21 38 8.26 33.95
2 (ω1ω2ω3) 0.955 25.13 3.87 21.26 7.19 17.94
3 (ω2ω3) 0.953 23.57 3.87 19.7 7.19 16.38
4 (ω1ω3) 0.946 20.64 3.87 16.77 7.19 13.45
5 (ω1ω2) 0.881 8.65 3.87 4.78 7.19 1.46

a Determined from the statistical tables[32].

confirmed by the highR2 value of 0.9801. In addition to the
R2 values, the significance of Eq.(7) and each term in it to the
prediction of the release rate of theophylline was evaluated by
theF statistic orF value. TheF statistic is viewed as a ratio that
expresses variance explained by the model divided by variance
due to model error or experimental error and it is defined as
follows:

F = R2/k

(1 − R2)/(n − k − 1)
(8)

wherek is the number of variables in the model. Usually, the
computed value ofF is compared with the criticalF value,
Fk,n−k,1−α, whereα is a preselected significance level. If the
value of F is substantially greater than the criticalF value
(Fcritic), i.e., if �F, the difference betweenF andFcritic is large,
then the regression equation is considered as useful in predicting
the response. We have assessed the contribution of each interac-
tion term by comparing the change in�F andR2 values between
the full model given in Eq.(7)and reduced models. The reduced
models were obtained by deleting a specific interaction term in
the full model, e.g., model 2 includes all terms in Eq.(7) except
the term involvingω1ω2ω3. The results inTable 2indicate that
all binary and ternary interaction terms in the full model are
needed for accurate prediction of the release rate since the largest
�F values are calculated for the full model for both significance
l ned
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evelsα = 0.05 and 0.01. According to the criterion mentio
bove, among all interactions, CA–acetone (ω1ω2) was identi-
ed as the most influential factor on the response since the la
ecrease in both�F andR2 values compared to those of the f
odel were observed when the termω1ω2 was deleted from th

ull model. This simply implies that changing the CA:acet
atio in the coating formulation has the most significant effec
he release rate. Specifically, increasing the ratio of CA to
one from 5/90 to 15/80 resulted in a decrease of the releas
rom 0.45 to 0.036 mg/min since the porosity of the memb
ecreases and the thickness of the dense skin layer increas
atio of the composition of CA to water (ω1ω3) was also found t
e an important parameter on the release rate of drug as ind
y the second largest decrease inR2 and�F values compared

hose of the full model. Decreasing this ratio from 15/5 to 5
aused an increase in the release rate by a factor of 10 sin
hickness of the dense skin layer significantly decreases. B
n the decrease in�F andR2 values from those of the full mod
iven inTable 2, the relative importance of each interaction te
an be ranked as follows:ω1ω2 >ω1ω3 >ω2ω3 >ω1ω2ω3.
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In order to validate the predictive capability of the empir-
ical expression, two formulations denoted as A1 (ω1 = 7.5;
ω2 = 82.5; ω3 = 10) and A2 (ω1 = 10; ω2 = 82.5; ω3 = 7.5)
were selected randomly from the experimental design region.
Experimental release rates (ERR) determined from the slope
of the release profiles,R2 values for the release profiles
and corresponding rates predicted from Eq.(7) (PRR) are
as follows—formulation A1:ERR = 0.09 mg/min;R2 = 0.9816;
PRR = 0.125 mg/min; formulation A2:ERR = 0.027 mg/min;
R2 = 0.9858;PRR = 0.029 mg/min. According to the results, the
maximum absolute percentage difference between the exper-
imental and predicted release rates is 3.5%. This value lies
within the residuals obtained in deriving Eq.(7). Based on this
comparison, it is fair to conclude that the empirical expres-
sion derived in this study can be used as a tool to predict the
release rate for any composition within the experimental design
region.

6. Conclusions

In this study, the effects of coating solution and the evapo-
ration condition on the phase-inversion dynamics, the ultimate
coating structure and subsequent in vitro drug release properties
have been examined. Our results indicate that drug release from
the asymmetric-membrane based system is primarily governed
by the dynamics of the phase-inversion leading to the formation
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ery formulations capable of releasing drug at a constant and
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