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Abstract: The experimental solubility of atenolol in ethanol + water mixtures at
different temperatures (298.2, 303.2, 308.2 and 313.2 K) was reported. The
solubility was calculated using five numerica methods. First, the Jouyban—
—Acree model (method 1), its combination with the van't Hoff equation (method
I1) and the extended version of the Jouyban—Acree model with Abraham para-
meters (method [11) were employed. The minimum number of data points (N)
were used to train the Jouybar—Acree model (N = 11) and its combination with
the van't Hoff equation (N = 22), then the obtained parameters of the models
were used to calculate the solubilites at other temperatures (methods 1V and V).
The accuracies of the calculated solubilites were evaluated by computing mean
percentage deviation (MPD). The obtained MPDs (+standard deviation) for
methods |-V were 5.6+7.1, 5.1+4.6, 34.1+28.0, 10.0+9.6 and 6.6+4.8 %, res-
pectively.

Keywords: mixed solvent; simulation; Jouyban—Acree model.

INTRODUCTION

Drugs are mostly hydrophobic compounds therefore their limited agueous
solubility is the most challenging problem in drug development that causes their
poor bioavailability. Many published works could be found regarding the imp-
rovement of the low bioavailability of poorly soluble drugs including solubil-
ization techniques. Among the broad variety of methods proposed for enhancing
drug solubility, the addition of pharmaceutical cosolventsisthe most widely used
technique for drugs in agueous medial=3 Furthermore, the solubility enhance-
ment of poorly soluble drugs can be achieved by the changes of temperature,4
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696 HAMIDI and JOUYBAN

which is a useful technique in recrystalization studies. Several methods have
been proposed to explain the solubility enhancement of organic compounds as
well asits temperature dependence.>6

Atenolol (Fig. 1) is awell-known drug used in pharmacotherapy of cardio-
vascular diseases, such as hypertension and stable angina pectoris. Furthermore,
it reduces mortality in patients with hypertension and is prescribed in the
treatment of patients with myocardial infarction.” On the other hand, the poorly
aqueous soluble drug needs a high dose to reach therapeutic plasma concen-
trations. It is well recognized that an injectable liquid formulation provides high
doses of drugs in small volumes.8 Although atenolol is one of the most fre-
quently used anti-hypertensive drugs, information on its solubility, which is one
of the important physicochemical properties, is not abundant.

NH
/I\NH m 2
o]
L~
OH

Solubility data are acquired in the pharmaceutical industry as well asin for-
mulation processes. Concerning variations of solubility with cosolvent concen-
tration and temperature, as the most important variables, the experimental mea-
surements of solubilities become a laborious and time-consuming procedure.
Severa mathematical models were developed to predict the solubility of drugs
beside their experimental measurements in mixed solvents.229 The Jouyban—
Acree model is one of the well-established models that provides the most accu-
rate computations for the solubility of drugs concerning temperature and solvent
composition. It is represented as:10

Fig. 1. Chemical structure of atenolol.

2
logCSEt: =wy logCF +w, logCs% +M_I\_NZZJi (W — W) (1)
i=0
in which Cn’ﬁ'ftT is the solute solubility in the solvent mixtures at temperature T,
wy and w» are the mass fractions of solvent 1 and solvent 2 in the absence of
solute, C and C5% imply the solubility of the solute in the neat solvents 1
and 2, respectively, and J; denotes the constants of the model, which are com-
puted by regression analysis.
Solubility data at different temperatures in a mono-solvent can be predicted
using the van't Hoff equation.11 The required data are solubilities at the lowest
and highest temperatures (logC$2 ):

logCsat =A+$ (2
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SOLUBILIZATION OF ATENOLOL 697

where A and B are model constants cal culated using the least square method.

A combination of the Jouyban-Acree model and van't Hoff equation!2 was
used to calculate the solubility of pharmaceuticals in solvent mixtures at different
temperatures without employing any further experimental values as independent
variable. Thus:

2
10gCE, =wa(A + )+ wo(hp +2) + M2 S s -we)  (3)

’ T T T 5
The solubility of drugs is influenced by the interactions in the solutions
between the solvents and the solute, represented by physical and chemical para-
meters similar to those proposed by Acree and Abraham.13 The Abraham model
includes five parameters for each solute and six solvent coefficients, which were
previously calculated for a number of solvents.14 The general Abraham mode is:

Iog[&]=c+eE+sS+aA+bB+vV (@]
Cw

where Cs and C,y, are the solubilities of the solute (in molarities) in the organic
solvent and water, respectively. E is the excess molar refraction, Sis the dipol-
arity/polarizability of the solute, A denotes the hydrogen-bond acidity of the
solute, B indicates the hydrogen-bond basicity of the solute and V is the
McGowan volume of the solute. Thus, E, S, A, B and V are the Abraham solute
parameters and ¢, €, s, a, b and v are the Abraham solvent coefficients. The
Abraham solute parameters for atenolol which were used in the following com-
putations are 1.45, 1.89, 0.55, 1.75 and 2.18 for E, S A, B and V, respectively.1>

The Jouyban—Acree model and the Abraham solvation parameters could be
combined for predicting the solubility of drugs in mixed solvents. The trained
version of the model for the solubility of drugs in agueous binary mixture of
ethanol is:16

log Xm 1 =W log Xy 1 +Wolog Xo 1 +

+ (@j (558.45 + 358,60 + 22.01S— 352.97 A+

+130.485_297.1W)+[Mj<45.67_165.775_ ©)

2
W — W
—321.55S + 479.48A— 409.51B + 827.63V) + { e (V\T& 2) ](—493.81—

—341.32E +866.22S - 36.17A+173.41B — 555.48V)
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698 HAMIDI and JOUYBAN

This extended version provided another prediction tool for computing the
solubility of drugs in aqueous binary mixtures of ethanol. The first two terms of
Eq. (5) represent the ideal mixing behaviors of saturated solutions of the analyte
in the mono-solvents, and the other moded constants and variables present the
effects of solvent composition and temperature on the non-ideal mixing behavior
of the saturated solution and the interactions between solvent 1-solvent 2 and the
solute in the mixed solvent system. These model constants for a single analyte
were explained in more detail in earlier reports.17:18 Concerning the modeling of
the solubility of different solutes in ethanol + water mixtures at various tempe-
ratures, the Abraham solute parameters for representing the effects of different
chemical structures of drugs on their solubilities were included. Although it
might be possible find some theoretical justifications for this numerical treat-
ment, we consider it preferable to consider Eq. (5) as a semi-empirical one, since
there are 18 model constants and it is very hard to explain this number of curve-
-fitting parameters as theoretical parameters.

Therefore, the objectives of thiswork are:

— To report the experimental solubility of atenolol in binary mixtures of
ethanol and water at 298.2, 303.2, 308.2 and 313.2 K.

—To predict the solubility of atenolol in ethanol + water mixtures at different
temperatures by means of the Jouyban—Acree model.

— To predict the solubility of atenolol in ethanol + water at different tempe-
ratures using a combination of the Jouyban-Acree model and the van't Hoff
equation.

To predict the solubility of atenolol at different temperatures using the Jouy-
ban—Acree model combined with the Abraham solute parameters.

To predicting the solubility of atenolol using a minimum number of experi-
mental data points.

EXPERIMENTAL
Materials

Atenolol (MW = 266.3 g-mol-1) was purchased from the Daru Pakhsh Company (Tehran,
Iran) and used without further purification. The claimed value for the purity of the solutein its
certificate was 0.993 (in mass fraction). Its purity was also verified by determination of its
melting point (425-427 K). Distilled water was used throughout this work. Ethanol (mass
fraction purity of 0.995 in mass fraction) was obtained from the Scharlau Chemie Company
(Sentmenat, Barcelona, Spain).

Solubility determination procedure

Various solubility determination methods used in the literature were reviewed in arecent
work.1® The solubility of atenolol was determined using the saturation shake-flask method of
Higuchi and Connors.2° Briefly, ethanol + water binary mixtures were prepared by mixing
appropriate masses of solvents (0.00 to 1.00 in mass fractions) varying by 0.10, in order to
study 9 mixtures and two mono-solvents. The solvent masses were measured using an
electronic balance (Sartorius, Germany) with an uncertainty of 0.01 g. Excess amount of drug
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SOLUBILIZATION OF ATENOLOL 699

was added to each flask and the flasks were placed in an incubator-shaker (Heidolph Unimax
1010, Germany) with atemperature controlling system having an uncertainty of 0.1 K. All the
experiments were performed at temperatures ranging from 298.2 to 313.2 K. The solutions
were shaken until the solubility equilibrium was reached and the saturation is verified by the
presence of undissolved drug. The saturated mixtures (after 3 days) were centrifuged (Epen-
dorph Centrifuge 5810R, Germany) and the solid phase was removed. In order to determine
the concentrations, aiquots of the solutions were diluted with distilled water. Both the
centrifuging and dilution steps were performed under the same temperature. The absorbance
of the diluted solutions was recorded at 275 nm using a UV—Vis spectrophotometer (Cecil CE
7250, UK) and the molar concentrations were determined using UV absorbance calibration
curve. Each experimental solubility datum indicates an average of at least three repeated
measurements.

Computational method

The J; constants of Eq. (1) for the solubility of atenolol in ethanol + water mixtures at
various temperatures were obtained using a no intercept least square analysis (method I). The
same procedure was used to compute the model constants of Eq. (3) (method I1). The
computed constants were used to back-calculate the solubility using Egs. (1) and (3). The
previously trained version of Jouyban—Acree model employing the Abraham solvation para-
meters (i.e., Eq. (5)) was used to predict the solubility of atenolol in ethanol + water mixtures
(method 111). The experimental solubility data at 298.2 K was used to train Eq. (1), and the
solubilities at other temperatures were predicted using the model (method V). The experi-
mental solubility data at the lowest and highest temperatures were fitted to Eq. (3) and the
model constants, i.e.,, A, B and J; values were correlated using a no intercept least square
analysis. Then the solubilities at the other temperatures were predicted using an interpolation
technique (method V).

The mean percentage deviations (MPDs) were calculated as an accuracy criterion of the
computations using:

Calculated Exprimenta
‘Cm,T - Cm,T

MPD:ﬁz

N Cn?('lpri mental (6)

where N is the number of data pointsin each set.
RESULTS AND DISCUSSION

The mass fractions of the binary solvent mixtures, the experimental and
back-calculated solubilites using numerical methods | and Il at four investigated
temperatures 298.2, 303.2, 308.2 and 313.2 K are listed in Table I. The solu-
bilites of atenolol increased with increasing temperature, as was expected and the
solubilites at a given temperature first increased with the addition of ethanol,
reached a maximum value and then decreased with further addition of ethanal,
which is the usual pattern for the solubility of drugsin ethanol + water mixtures.
The measured agueous solubility of atenolol was 0.072 mol-L-1 at 298.2 K,
which is in agreement with literatures data (i.e., 0.0772 and 0.075 mol -L-1(22)).
Equation (1) was used to fit the experimental data points and the obtained model
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700 HAMIDI and JOUYBAN

TABLE I. Experimental (Exp.) and calculated molar solubility of atenolol in ethanol (1) +
water (2) mixtures at different temperatures using methods | to V

Method

wp  T/K Exp. | T 1 IV Vv
100 2982 007264 007264  0.06265 - Z -
090 2982 010000 012101 010526  0.07396 - -
080 2982 013998 019556 017211  0.09663 - _
070 2982 026726 030275 026981  0.14321 - _
060 2982 044943 044074 039750  0.21728 - _
050 2982 059798 058859 053659  0.31098 - -
040 2982 064000 069921 064370  0.39490 - -
030 2982 068378 071209 066204  0.42729 - -
020 2982 056489 059552 056027  0.38620 - _
010 2982 038094 038938 037245  0.29182 - _
000 2982 018835 020743  0.18471 _ - -
100 3032 007518 007518  0.07442 0.07777

090 3032 0.13184 0.12516 0.12392 0.07713 0.10187 0.12298
0.80 3032 0.19105 0.20224 0.20088 0.10111 0.16098 0.19836
0.70 3032 0.32027 0.31328 0.31246 0.15004 0.26696 0.31399
060 3032 0.45912 0.45678 0.45721 0.22785 0.42553 0.46970
050 3032 0.61284 0.61186 0.61388 0.32671 0.60782 0.64010
040 3032 0.68041 0.73046 0.73389 0.41648 0.73833 0.76684
030 3032 0.78176 0.74950 0.75412 0.45356 0.73671 0.78010
020 3032 057905 0.63358 0.63967 0.41383 0.59371 0.65158
0.10 3032 0.44662 0.42043 0.42793 0.31660 0.38674 0.43250
0.00 3032 0.20743 0.20743 0.21460 - - 0.22103
100 3082 0.07804 0.07804 0.08791 - - 0.09250
090 3082 0.14844 0.13009 0.14510 0.08080 0.10623 0.14502
0.80 3082 0.22378 0.21057 0.23329 0.10646 0.16823 0.23185
070 3082 0.35277 0.32698 0.36013 0.15848 0.27936 0.36386
060 3082 051132 0.47840 0.52349 0.24134 0.44618 0.54014
050 3082 0.68138 0.64390 0.69923 0.34733 0.63972 0.73158
040 3082 0.75199 0.77385 0.83315 0.44525 0.78205 0.87289
0.30 3082 0.82259 0.80130 0.85539 0.48887 0.78785 0.88673
020 3082 0.68138 0.68572 0.72720 0.45099 0.64325 0.74197
0.10 3082 0.51898 0.46246 0.48946 0.34985 0.42598 0.49522
0.00 3082 0.23301 0.23301 0.24811 - - 0.25557
100 3132 0.09814 0.09814 0.10329 - -
090 3132 0.18000 0.16226 0.16906 0.10154 0.13293 -
0.80 3132  0.29492 0.26061 0.26964 0.13320 0.20895 -
0.70 3132 045767 0.40181 0.41319 0.19702 0.34415 —
060 3132 057386 0.58427 0.59681 0.29799 0.54553 -
050 3132  0.80000 0.78262 0.79315 0.42634 0.77762 —
040 3132 095110 0.93774 0.94202 0.54433 0.94751 -
030 3132 101324 0.97038 0.96635 0.59672 0.95435 -
020 3132 0.82259 0.83242 0.82332 0.55115 0.78166 -
0.10 3132 0.60098 0.56490 0.55743 0.42925 0.52101 -
0.00 3132 0.28773 0.28773 0.28553 — — —
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SOLUBILIZATION OF ATENOLOL 701

for representing the solubility of atenolol in ethanol + water mixtures at various
temperatures was:

log Cr%“tT = \/\qlongﬁt +ws log Cf—} + 837.039[%} +

- - 2
+365.522(wj +82_325[W_]_W2(V$ wp) j

Equation (7) is a significant correlation with an F value of 2540 and a p
value of <0.0005 and the MPD of the back-calculated solubilities was 5.6+7.1 %.
The main limitation of Eq. (7) for predicting the solubility of atenolol in ethanol
+ water mixtures at other temperatures is that it requires two experimental data
points for each temperature of interest, i.e., Cff%t and C%'-'tr . To cover this limit-
ation, Eq. (3) could be used. When Eq. (3) was trained using the generated data,
the obtained model was:

(7)

logC. = w; (3.216 - —1171800) (333010 78L

()
+832.494(W1T—W2j + 358.568(%) N 70.961[ Wi (\Ag —Wp)2 j

which is a significant correlation with F and p values of 1900 and <0.0005,
respectively, and with an MPD of 5.1+4.6 %.

In practical applications of the solubility data of drugs in mixed solvents at
various temperatures, it would be preferred to predict the data using in silico
models without using any experimentally measured data points. However, to the
best of our knowledge, there are no such models in the literature. As an ater-
native, a number of attempts were made to predict the solubility of drugs using a
minimum number of experimental data points, including the discussed numerical
methods I11-V. The predicted solubilities of atenolol in ethanol + water mixtures
at various temperatures along with the corresponding experimental values are
reported in Table I. In method |11, two experimental solubility data points at each
temperature are required as input experimental data and the rest of data points
could be predicted using a globally trained version of the model, i.e., Eq. (5). The
MPD for the predicted data points was 34.1+28.0 % (N = 36). When Eq. (1) was
trained using the solubility data of atenolol in ethanol + water mixtures at 298.2
K, and the solubilities at the other temperatures were predicted, (i.e., the numer-
ical method V), the obtained MPD was 10.0+9.6 % (N = 30). The corresponding
MPD for the numerical method V was 6.6+4.8 % (N = 22). The main advantage
of trained version of Eq. (3) is that it does not require any further experimental
data as input values. The MPD values of the different numerical methods are
listed in Table Il. As is evident, the more data point used as input values, the

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



702 HAMIDI and JOUYBAN

more accurate were the predictions made. In practice, one must decide on a
balance between the demanded accuracy of the solubility data and the time and
cost that has to be spent on the project. The experimental and simulated solubility
data of atenolol in various mass fractions of ethanol using the numerical methods
| to V areillustrated in Fig. 2. As shown in this figure, the most accurate simul-
ations were made when more experimental data were employed in the simulation
process, i.e., numerical methods | and I, but with the cost of requiring more
experimental data points.

TABLE II. Mean percent deviations + standard deviations (MPD+SD) for the solubility of ate-
nolol in ethanol + water mixtures at different temperatures for correlative (methods | and I1)
and predictive (methods 111-V) aong with the number of correlated and/or predicted data points

Method MPD+SD N
I 5.6+£7.1 44
I 5.1+4.6 44
Il 34.1+28.0 6
v 10.0+9.6 11
Vv 6.6+4.8 22

Fig. 2. Experimental and simulated molar solubility data of atenolol (CS2t; ) in various mass
fractions of ethanol (w;) at four investigated temperatures using numerical methods I-V.
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CONCLUSIONS

The experimental solubilities of atenolol in aqueous mixture of ethanol at
four temperatures were reported. The generated data was mathematically repre-
sented using numerical methods | and |1. These sorts of numerical analyses could
be used for screening the measured solubility data for detecting possible outliers.
In addition, they provide the most accurate predictions using the interpolation
technique. The expected MPDs for these analyses are < 6 %. Some data points
are predicted employing numerical methods 11, IV and V and reasonably accu-
rate predictions are provided. These predictive methods could be employed in the
early stages of drug development investigations, when solubilization of a drug
candidate is required and only a small quantity of the drug powder is available.
The expected MPDs for these analyses are between 6 to 35 % depend on the
number of experimental input data in the prediction procedure.

U3BOJ
PACTBOPJ/bBUBOCT ATEHOJIOJIA Y PACTBOPY ETAHOJI + BOIOA HA PA3JIMUUTUM
TEMIIEPATYPAMA

SAMIN HAMIDI' 1 ABOLGHASEM JOUYBAN??

1Liver and Gastrointestinal Diseases Research Center, Tabriz University of Medical Sciences, Tabriz, Iran,
2Drug Applied Research Center and Faculty of Pharmacy, Tabriz University of Medical Sciences, Tabriz
51664, Iran u SPharmaceutical Engineering Laboratory, School of Chemical Engineering, College of
Engineering, University of Tehran, P. O. Box 11155/4563, Tehran, Iran

IobujeHe cy excriepuMeHTalHe PaCTBOP/BUBOCTH aT€HOI0/a y CMELIX eTaHoJ + BOfAa Ha
pasnuuuTUM Temneparypama (298,2, 303,2, 308,2 u 313,2 K). PacTBOp/BUBOCTH Cy H3pauy-
HaTe KopuinhewmeM TeT meTona, Tj. Jouyban—Acree mozenom (Meton 1), meroBom komowu-
Hanuja ca van't Hoff jemnaunrnom (Metop I1), mpouripeHoM Bep3ujom Jouyban—Acree Mmozena
ca Abraham mnapamerpuma (mertorn III), kopuurhemem je MUHHUMAanIaHOT OpOj eKCIEPUMEH-
TanHux Tavaka (N) 3a Jouyban—Acree mogmen (N = 11), xao u weroBa komOuHauuja ca van't
Hoff jennauunom (N = 22), a 3aTUM cy oOHjeHU mapaMeTpu Mojesia kopuinheHe 3a U3pauy-
HaBame paCTBOP/bUBOCTH HA APYTUM TemrepaTypama (Metonu IV u V). TauHOCT U3payyHaTHX
PacTBOP/BMBOCTH Cy OLiEH€HE H3pauyHaBameM CPEIHmer NMpOLEeHTyaaHor ofcTynawa (MPD).
Hobujene MPD BpepHOCTH (*+ cTaHmapAHa Aesujaudja) 3a meroge 1-V cy: 5,617,1; 5,114,6;
34,1+28,0; 10,0+9,6 1 6,6+4,8 %, penom.

(ITpumibeno 17. jyna, pesupupano 17. centemdpa, mpuxsaheno 18. centembpa 2014)
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