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Abstract

The mole fraction solubility of salmeterol xinafoate was determined in various concentrations of dioxane in
aqueous binary mixture. Maximum solubility was observed in 90% v/v dioxane and solubility parameter of the solute
was estimated from solubility peak equal to 24.99 MPa0.5. The predicting capability of four different cosolvency
models was also evaluated employing a five data point training set. The solubility data at other cosolvent
concentrations were predicted using the trained models, with percentage average errors for 28 drug solubility data sets
in water–cosolvent mixtures lying between 12.5 and 15.0%. Further predictive model is proposed for accurate
solubility predictions based on a minimum number of experiments. The percentage average error where tested was
10.6%. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Salmeterol is a long acting selective b2-adreno-
ceptor agonist, which is indicated for the mainte-
nance treatment of adults and children with
asthma with duration of bronchdilation effect at
least 12 h. The long duration of action of salme-
terol makes it suitable drug for the treating pa-

tients with nocturnal asthma and improves their
sleep quality. Salmeterol is formulated as lung
delivery formulations (Adkins and McTavish,
1997) as a xinafoate salt that dissociates in solu-
tion to salmeterol and 1-hydroxy-2-naphthalate
(xinafoate).

The most common technique for dissolving a
poorly water-soluble drug is to add a water mis-
cible cosolvent. In order to find the optimum
cosolvent concentration to dissolve the drug,
pharmaceutical scientists often carry out a large
number of experiments. From this empirically
based approach, numerous cosolvency models
have been proposed for calculating drug solubility

* Corresponding author. Present address: Faculty of Phar-
macy, The University of Sydney, Sydney N.S.W. 2006, Aus-
tralia. Tel.: +61-2935-18586; fax: +61-2935-14391.

E-mail address: ghasem@pharm.usyd.edu.au (A. Jouyban-
Gharamaleki).

0378-5173/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0378-5173(00)00694-3



A. Jouyban-Gharamaleki et al. / International Journal of Pharmaceutics 216 (2001) 33–4134

in water–cosolvent mixtures (Martin et al., 1980;
Ochsner et al., 1985; Acree, 1992; Barzegar-Jalali
and Jouyban-Gharamaleki, 1997; Jouyban-
Gharamaleki, 1998). These models can be cate-
gorised into two groups, i.e. predictive models
and correlative equations. The principal advan-
tage of the predictive models, such as the univer-
sal functional group activity coefficient
(UNIFAC), is that experimental data are not
required. The UNIFAC model has shown some
success in estimating solid solubility in mixed
solvents from chemical structure information
(Acree, 1983). The correlative equations, such as
the combined nearly ideal binary solvent/
Redlich–Kister (Acree, 1992), employ curve-
fitting parameters to correlate experimental
solubility data with respect to the concentration
of the cosolvent. In order to calculate these curve-
fitting parameters, a set of experiments in mixed
solvents is determined to train the model. The
quality of curve-fitness of the available cosolvency
models has been evaluated using 30 sets of differ-
ent drug solubility data in various water-cosolvent
systems (Jouyban-Gharamaleki et al., 1999) and
the results showed that most of the models pro-
duced reasonably accurate results (percent aver-
age error between 3.1 and 7.8%).

From a practical point of view, the minimum
number of curve-fitting parameters provides the
best cosolvency model, because it needs a mini-
mum number of experiments as a training set to
calculate the curve-fitting parameters. In this
work, the predictive capability of the correlative
cosolvency models based on experimental solubil-
ity data at 0, 0.3, 0.6, 0.9 and 1 volume fractions
of the cosolvent is presented. The solubility data
of salmeterol xinafoate in water–dioxane mixture
from this work together with sets of solubility
data collected from the pharmaceutical literature
are examined.

2. Theoretical treatment

The curve-linear relationship between the loga-
rithm of the mole fraction solubility (Xm) in dif-
ferent concentration of the cosolvent can be
correlated by a power series of the volume frac-

tion of the cosolvent ( fc). This model has been
presented as an empirical equation by Wu and
Martin (1983) and a theoretical justification has
been provided recently (Barzegar-Jalali and Jouy-
ban-Gharamaleki, 1997). The model is:

lnXm=A0+A1 fc+A2 f c
2+A3 f c

3 (1)

where A0–A3 are the curve-fitting parameters.
Higher degrees of polynomial function can be
employed to correlate the experimental data
accurately.

The statistically based mixture response model
was introduced by Ochsner et al. (1985). The
authors showed that the mixture response model
produced more accurate results in comparison
with the results of the extended Hildebrand solu-
bility approach (Ochsner et al., 1985). The mix-
ture response model is:

ln Xm=B1 f %c+B2 f %w+
B3

f %c
+

B4

f %w
+B5 f %c f %w (2)

where f %c and f %w are the modified volume fractions
of the cosolvent and water which calculated by
f %=0.96 f+0.02 and B1–B5 denote the curve-
fitting parameters.

The combined nearly ideal binary solvent/
Redlich–Kister equation was derived from the
thermodynamic mixing model of Hwang et al.
(1991). The mixing model includes contributions
from two-body and three-body interactions. By
differentiating the Gibbs free energy expressions
of a ternary solution with respect to the number
of moles of the solute, the combined nearly ideal
binary solvent/Redlich–Kister equation was
derived (Acree, 1992) as:

ln Xm= fc ln Xc+ fw ln Xw

+ fc fw [M0+M1 ( fc− fw)

+M2 ( fc− fw)2], (3)

where Xc and Xw are the mole fraction solubility
in pure cosolvent and water and M0–M2 denote
the curve-fitting parameters representing solute–
solvent and solvent–solvent interactions (Acree,
1992). These parameters can be calculated by two
procedures:
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1. regressing (ln Xm− fc ln Xc− fw ln Xw)/fc fw

against fc− fw and ( fc− fw)2 by a classical
least square analysis (Acree et al., 1991);

2. regressing ln Xm– fc ln Xc− fw ln Xw against
fc fw, fc fw ( fc− fw) and fc fw ( fc− fw)2 by a no
intercept least square analysis (Jouyban-
Gharamaleki and Hanaee, 1997). This proce-
dure produced more accurate correlations for
the solute’s solubility in aqueous binary
solvent.

The original model was derived based on the
mole fractions of the solvents rather than the
volume fractions. However, the volume fraction
based form of the equation is derivable by ap-
proximating the weighting factor with molar
volumes.

The fourth model to be considered is the
modified Wilson equation (Jouyban-Gharamaleki,
1998). This model contains two curve-fitting
parameters and is expressed as:

− ln Xm=1−
fc (1+ ln Xc)

fc+l1 fw

−
fw (1+ ln Xw)

l2 fc+ fw

, (4)

where l1 and l2 are the adjustable parameters
which can be computed by a GW-BASIC pc
program (see Appendix A). Since l1 and l2 repre-
sent the interaction terms in the solution, the
numerical values should be greater than zero. It
should be noted that there are several l1 and l2

parameter pairs, which describe the solute solubil-
ity within reasonable PAE values and these nu-
merical values affect the prediction capability of
the model. Thus the optimised values are pre-
ferred to achieve the best predictions. The maxi-
mum l1 and l2 values for 30 different solubility
sets in water–cosolvent mixtures were 26.39 and
3.29, respectively (Jouyban-Gharamaleki, 1998).
Therefore, the maximum values of l1 and l2 are
chosen equal to 30 and 4 in this study.

Since the various models predict different solu-
bility values for a drug, i.e. some of them pro-
duced overestimated values and the others
underestimated solubilities, the mean predicted
solubility (MPS) at each volume fraction is also
calculated:

MPS=
�(Xm)1+ (Xm)2+ (Xm)3+ (Xm)4

4
n

, (5)

where (Xm)1, (Xm)2, (Xm)3 and (Xm)4 are the pre-
dicted mole fractions solubilities by Eqs. (1)–(4),
respectively.

3. Materials and methods

Salmeterol xinafoate was supplied by Glaxo
Wellcome (Ware, UK), 1,4-dioxane and methanol
were purchased from BDH (Poole, UK) and dou-
ble distilled water was used in this work. A slight
excess of salmeterol xinafoate powder was equili-
brated with the pure or mixed solvent in a fixed
temperature room at 1990.1°C. The solutions
were agitated by using a shaker under a constant
rate. After 72 h, the non-dissolved solid phase was
removed by filtration (0.2 mm pore size, NLG
Analytical, UK). The densities of the saturated
solutions were determined in a 10 ml density
bottle. The clear solutions were diluted with wa-
ter–methanol (50:50% v/v) and assayed by a spec-
trophotometer at 250 nm. The solvent mixtures
were prepared by mixing the appropriate volumes
of dioxane and double distilled water. All experi-
mental results are the average of three replicated
experiments. The relative standard deviation is
within 3% among replicated samples.

The solubility data at 0, 0.3, 0.6, 0.9 and 1 vol-
ume fractions of the cosolvent were employed as
the training set. Then the calculated model con-
stants from training sets were employed to predict
the solubility at other volume fractions of the
colsolvent. The correlation/prediction capability
of the models was evaluated by percent average
error (PAE) which calculated by:

PAE=
1
N

%
N

1

�Calculated−Observed�
Observed

, (6)

where N is the number of data points. All calcula-
tions were performed by SPSS software. The ad-
justable parameters of Eq. (4) were computed by
a GW-BASIC program.

4. Results and discussion

The logarithm of the mole fraction solubility of
salmeterol xinafoate and the back-calculated solu-
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Table 1
The experimental solubility of salmeterol xinafoate in water–dioxane a mixtures at 19°C and the back-calculated solubility values by
different equations

ln X2
bfc Equation

Eq. (1) Eq. (2) Eq. (3) Eq. (4) Eq. (5)

0.00 −5.5564 −5.4854 −5.5463 −5.5564 −5.5564 −5.5357
−5.0482 −5.1247 −4.93360.10 −4.9020−5.0146 −4.9982
−4.5214 −4.4276 −4.4173−4.4398 −4.31140.20 −4.4166

−3.87260.30 −3.9246 −3.7786 −3.9087 −3.7764 −3.8446
−3.2903 −3.1942 −3.35740.40 −3.2910−3.2910 −3.2815
−2.6643 −2.6791 −2.7606−2.7328 −2.85080.50 −2.7360

−2.20640.60 −2.1051 −2.2363 −2.1640 −2.4535 −2.2313
−1.6845 −1.8703 −1.6609 −2.1010 −1.81410.70 −1.6990
−1.4872 −1.5924 −1.3929−1.5066 −1.80610.80 −1.5581

−1.46880.90 −1.6110 −1.4500 −1.5496 −1.6302 −1.5577
−1.8274 −1.5175 −1.85950.95 −1.6890−1.6594 −1.7140
−2.1667 −2.3989 −2.3685−2.3685 −2.36851.00 −2.3212

PAE 7.99 7.10 5.80 12.12 3.94

a Dioxane is a toxic solvent and is not allowed to add to the pharmaceutical formulations. However, because of its miscibility with
water and lower polarity, it can be used as a model cosolvent in pharmaceutical studies.

b Average of three replicated experiments. The relative standard deviation is within 3%.

bility data in different volume fractions of diox-
ane are shown in Table 1. The salmeterol xi-
nafoate solubility increases with an increase in
dioxane concentration in the mixture, then it
reaches to a maximum value at fc=0.90 and
decreases with further increase in dioxane concen-
tration. These data were fitted to the equations
and the model constants were computed based on
whole data points. The fitness ability of the equa-
tions is evaluated by comparing PAE values. The
accuracy order of the equations is Eq. (5)\Eq.
(3)\Eq. (2)\Eq. (1)\Eq. (4). The accuracy
pattern for Eqs. (1)–(3) was also confirmed where
30 different solubility sets in water–cosolvent
mixtures were used for comparing the models
(Jouyban-Gharamaleki et al., 1999). Since Eq. (3)
produced the most accurate results (Jouyban-
Gharamaleki et al., 1999), a solubility curve by
Eq. (3) versus the solvent’s solubility parameter
(d1) was plotted (Fig. 1). From this the solubility
parameter of salmeterol xinafoate (d2) was esti-
mated equal to the d1 in solubility maximum with
d2=24.99 MPa0.5. The solute solubility parameter
is an intrinsic physicochemical property, which
has been employed to explain drug action

(Mullins, 1954), drug transport kinetics (Khalil
and Martin, 1967), structure activity relationship
(Khalil et al., 1976a,b), drug–plasma protein
binding (Bustamante and Sellés, 1986) and the
tablet process (Rowe, 1988). The pharmaceutical
applications of solubility parameters were re-
viewed recently (Hancock et al., 1997).

Fig. 1. Plot of salmeterol xinafoate mole fraction solubility in
water–dioxane mixtures versus the mixed solvent solubility
parameter (d1). (a) Solvent solubility parameter (d1) is calcu-
lated by d1= fcdCosolvent (c)+ fwdWater (w) where dc=20.3 and
dw=46.87 MPa1/2 are taken from Beerbower et al. (1984).
Maximum solubility is at fc=0.83 thus solubility parameter of
the solute is d2=24.99 MPa1/2.
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Table 2
The experimental and predicted salmeterol xinafoate solubility by using five data point training seta for different equations

ln X2fc Equation

Eq. (1) Eq. (2) Eq. (3) Eq. (4) Eq. (5)

0.10 −5.0146 −5.1062 −5.3717 −4.8260 −4.9507 −5.0436
−4.43980.20 −4.5753 −4.5986 −4.3204 −4.3908 −4.4642

−3.3034 −3.2288 −3.3818−3.2910 −3.39250.40 −3.3244
−2.73280.50 −2.6502 −2.6720 −2.8152 −2.9488 −2.7644
−1.69900.70 −1.6381 −1.8404 −1.6560 −2.1723 −1.8050

−1.4546 −1.5809 −1.3319−1.5066 −1.85680.80 −1.5378
0.95 −1.6594 −1.8858 −1.5561 −1.8018 −1.7025 −1.7289

9.02 12.66 12.40 16.02PAE 4.50

a The training set includes the solubility of salmeterol xinafoate at 0, 0.3, 0.6, 0.9 and 1 volume fractions of dioxane.

The experimental and predicted salmeterol xi-
nafoate solubilities using five data points and the
corresponding PAE values are given in Table 2
(see also Appendix B). The accuracy order is Eq.
(5)\Eq. (1)\Eq. (3)\Eq. (2)\Eq. (4). The
prediction error levels can be considered as rea-
sonable errors particularly in pharmaceutical ap-
plications where percentage error less than 30%
has been considered as an acceptable error (Beer-
bower et al., 1984; Reillo et al., 1995).

In order to provide more evidence for the accu-
racy and reliability of solubility prediction based
on five data points training sets, 28 different
solubility data in water–cosolvent mixtures col-
lected from the pharmaceutical literature. The
detail of the data and PAE for the predicted
solubilities by different equations is shown in
Table 3. The accuracy order for the models stud-
ied was Eq. (5)\Eq. (3)\Eq. (1)\Eq. (2)\Eq.
(4). In order to investigation further the pre-
dictability of the models, the Pearson’s correlation
coefficient between the experimental mole fraction
solubilities and the predicted values by different
equations were computed. The r values were
0.984, 0.994, 0.988, 0.986 and 0.995 for Eqs. (1)–
(5), respectively.

In conclusion, the MPS approach produced the
most accurate predictions. It is suggested that for

ab initio experiments for prediction purposes, the
volume fractions with equal intervals, i.e.
0, 0.25, 0.50, 0.75 and 1 can be used. It is expected
that this set is able to produce acceptable predic-
tive cosolvency model constants. Although a large
number of solubility data of non-pharmaceutical
compound in non-aqueous solvent mixtures have
been published in the literature, the number of
drug solubility data in water–cosolvent mixtures
is limited. The present study extends the database
on the drug solubility in aqueous binary solvents.
With this a pharmaceutical scientist can develop
more comprehensive cosolvency models to
provide more confident predictions and theories.
From a practical point of view, the cosolvency
models can be employed for rational approaches
to pharmaceutical formulation.
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Appendix B

Salmeterol xinafoate solubility calculation’s
detail:
The model constants of the Eqs. (1)–(4) were
calculated based on the five data points training
set by using a program in SPSS environment and
also a GW-BASIC program. The resulted equa-
tions are:

ln Xm= −5.533+3.711fc+5.632f c
2−6.091f c

3,
(7)

ln Xm= −1.148f %c−6.545f %w+
0.018

f %c
−

0.025
f %w

+4.953f %c f %w, (8)
ln Xm= −5.556fc−2.369fw

+ fc fw [4.589+5.603 ( fc− fw)

+6.980 ( fc− fw)2], (9)

− ln Xm=1−
fc(1−5.556)
fc+29.453fw

−
fw(1−2.369)
1.393fc+ fw

(10)

The solubilities of salmeterol xinafoate at other
fc values were predicted by Eqs. (7)–(10). Average
of 4 solubility values at each fc predicted by Eqs.
(7)–(10) is considered as the MPS. As an exam-
ple, the predicted solubilities at fc=0.5 are: Eq.
(7): ln Xm= −2.650, Eq. (8): ln Xm= −2.672,
Eq. (9): ln Xm= −2.815 and Eq. (10): ln Xm= −
2.949. MPS is (0.07383850+0.06917955+
0.05989348+0.05240490)/4 or 0.06382911. The
numerical values of the salmeterol solubility data
are as:

fc Xm Eq. (3)Eq. (1) Eq. (2) Mean of Eqs. (1)–(4)Eq. (4)
0.00664012 0.006359120.10 0.007078240.008018760.004649580.00568990
0.01179787 0.00983012 0.010073440.20 0.01329431 0.01239048 0.01139709

0.038012810.037216740.40 0.03362419 0.036315920.033985970.03964072
0.50 0.05240490 0.063829110.059893480.069179550.073838500.06503988

0.190727610.182865670.70 0.113916330.19090488 0.163637690.15900195
0.26398048 0.15617007 0.211629450.80 0.206263440.22166954 0.22010381
0.165000940.212451650.147761120.19024564 0.176861340.95 0.18223166
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