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Abstract

Quantitative structure—property relationships (QSPRs) were developed for predicting the solubility enhancement (expressed as
log 9) of compounds in 45% (w/v) aqueous solution of BFED. A set of 25 structurally different drugs, whose 8§, values
were taken from literature, was used as a training set for building the computational models. Thirteen molecular descriptors,
including parameters for size, lipophilicity, cohesive energy density and hydrogen-bonding capacity, were calculated and together
with the experimental melting point (MP), used in multivariate analysis. Eight pertinent variables were detected after looking
at the results of principal component analysis (PCA) and cluster analysis, and two reliable four-descriptor models generated by
multiple linear regression (MLR) and by the partial least squares-projection to latent structures (PLS) methods. In both cases,
satisfactory coefficients of determination values were obtainedrf.equal to 0.793 or 0.763 for MLR and PLS, respectively).
The models were validated using a test set of six compounds. The equations generated can predict the aqueous solubility increase
of poorly soluble compounds by complexation in 45% (w/v) aqueous solution 48P with a reasonable accuracy. These
equations can allow formulation scientists to rapidly estimate, at the early stage of drug development, the potenflaCid HP-
in increasing solubility of poorly water-soluble drugs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The aqueous solubility of a drug is an important
"+ Corresponding author. Tel.: +39 080 5442764 mqlecular p'roper.ty thgt mainly mflugnces the extent
fax: +39 080 5442754, of its oral bioavailability. Due to their poor aqueous
E-mail addresstrapani@farmchim.uniba.it (G. Trapani). solubility, many drug candidates become unsuccess-
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ful to reach the market in spite of exhibiting poten-
tial pharmacodynamic propertidsginski et al., 1997;
Venkatesh and Lipper, 2000 herefore, it is very use-
ful to find appropriate formulation approaches to im-
prove aqueous solubility and thus the bioavailability
of poorly soluble drugs. Among the known strategies
aimed at improving the aqueous solubility, complex-
ation of drugs with cyclodextrins has a relevant place
in the pharmaceutical field. Cyclodextrins (CDs) are
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ods, and the quantitative structure—property relation-
ships (QSPR) Yalkowsky and Valvani, 1980; Klop-
man et al., 1992; Myrdal et al., 1995; Huibers and Ka-
tritzky, 1998; Jorgensen and Duffy, 2002; Nelson and
Jurs, 1994; Huuskonen, 2000; Bodor and Huang, 1992;
Zhong and Hu, 2003to the best of our knowledge, a
computational model for estimating the solubility in-
crease of chemical entities in the presence of CDs have
has never been suggested. Herein, we report on models

cyclic macromolecules, obtained by the degradation of helpful in estimating drug solubility enhancement in

starch bya-1,4-glucan-glycosyltransferase. They are
composed of &-CD), 7(3-CD), or 8¢y-CD) a(1-4)

linked glucose units. Inthe past two decades, cyclodex-

trins (CDs) have been widely used in drug formula-
tions as solubility enhancers because of their ability to
form water-soluble inclusion complexdsoftsson and
Brewster, 199% They have been also used to improve
drug stability, bioavailability or toxicity profiles. More-
over, chemically modified cyclodextrins have been ex-
tensively used to increase the solubility, dissolution rate
and bioavailability of poorly water-soluble drugs as
well as to increase the stability of labile drugeftsson
and Brewster, 1996; Szejtli, 1991; Uekama and Otagiri,
1987; Rajewski and Stella, 199p6Among the chemi-
cally modified CDs, 2-hydroxypropy#-cyclodextrin
(HP3-CD) deserves special attention due to its favor-
able physicochemical and biological propertiP&ltia

et al., 1986; Brewster et al., 1990; Irie and Uekama,
1997. Direct measurements of solubility in the pres-
ence of CDs are time-consuming and often difficult,
mainly due to the low availability of the guest molecule

the presence of HB-CD.

2. Methods

The solubility enhancement of guest molecules due
to HP{3-CD is quantified by lo¢dS), whereSand Sy
correspond to the solubilities of the drug in a 45%
(w/v) agueous solution of HB-CD and in water, re-
spectively. The following computational strategy was
pursued to develop models able to predict solubil-
ity enhancement: (i) retrieval of 25 liquid and solid
structurally different drugs with experimental 168§
values from the literature; (ii) selection of 14 poten-
tially relevant descriptors (melting point and com-
puted descriptors); (iii) selection of pertinent descrip-
tors through principal component analysis (PCA) on
the autoscaled matrix of the dataset, combined with
a cluster analysis based on correlation coefficients
among variables; (iv) search for a relationship between
the experimentally determined I&S, values and the

at the early stage of drug development. Computational computed variables, through multiple linear regression
models for estimating the solubility increase of chemi- (MLR) and the partial least squares projection to la-
cal entities in the presence of CDs are highly desirable tent structures (PLS) methods; (v) testing the derived
because, before any direct measurements, they allowequations on a test set of compounds.

to decide whether or not the inclusion complexation

strategy with CDs can be considered for solubilization 2.1. Selection of drugs

purposes.

The aim of the present study was to develop a  Thereliability of a QSPR prediction depends greatly
method for predicting the solubility enhancement of a on the size, quality and diversity of the training set. The
chemical compound in concentrated (45%, w/v) aque- case under examination is complicated by a general
ous solution of HR3-CD that can be applied to differ-  lack of detailed information to evaluate the quality of
ent drugs using calculated molecular descriptors. As a experimental solubility data, especially taking into ac-
consequence, an estimate of the behaviour at more ap-count that the solubility values are dependent upon the
propriate HPR-CD can be obtained. Although avariety type of HPB-CD utilized. We mostly used the exper-
of methods for predicting aqueous solubility has been imental solubility data reported b$zente and Strat-
reported in literature, including Yalkowsky's semi- tan (1991)that are intended to provide a convenient
experimental equation, the group contribution meth- source of information on complexes with HRED.
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Literature data were selected according to the follow-
ing criteria: (a) to consider only solubility increase val-
ues of unionized species in water at or around@5
(b) to rule out solubility increase values for multicom-
ponent systems; (c) to rule out compounds with very
high (>1500-fold) or very low (<10-fold) solubility in-
creases by HB-CD complexation. These criteriawere
motivated by the fact that it is well established that
complexation of unionized drugs with neutral CDs (as
HP-B-CD) is more effective than with the correspond-
ing ionized forms i et al., 1999; furthermore, the
solubilizing power of CDs can be enhanced by sev-
eral orders of magnitude in multicomponent systems
(Redenti et al., 2000 lastly, for compounds showing
a very low (<10-fold) solubility increase, the data may
be affected by large experimental errors wisesvery
close t0S), whereas for compounds with high solubil-
ity increases, formation of higher-order inclusion com-
plexes and/or self-association of CD complexes to form
water-soluble aggregates are possibleftsson et al.,
2002.

It should be noted that in some cases the original
Szente and Strattan (199d9mpilation was amended
by taking into account the results reported by others
(Loftssonetal., 199landissuesrelated to the influence
of pH on the solubility of ionizable drugs. Thuslbers
and Muller (1991, 1992)n their works on the HFB-

CD solubilizing ability for 17-methyl-testosterone and
testosterone, proved the steepest linear solubility in-
crease for the former. Therefore, it seems unlikely that
a log9Sy value for 17-methyl-testosterone would be
much lower than that of testosterone (i.e., 2.30 and
3.26, respectively) as reported in tBeente and Strat-
tan (1991 xompilation, the intrinsic solubilitiessp) of

the two drugs being quite comparable. In our regres-
sion analysis, we used the values taken fratbers
and Muiller (1991, 1992)On the other hand, exami-
nation of the literature reveals that different values of
intrinsic solubilities &) are reported for ketoprofen
and ibuprofen. This should be related to the fact that
the aqueous solubility of these drugs is pH dependent.
Taking into account the criterion for ionizable drugs of
considering only solubility increase values of union-
ized species, th§ values for ketoprofen suggested by
Orienti et al. (1991 pandZecchi et al. (1987(0.00027
and 0.00057 M, respectively) as well as the stability
constant K¢) value reported bylunquera and Aicart
(1997)(1430 M1 at 25°C) should be more appropri-
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ate since they were obtained at pH 2. Similarly, for
ibuprofen having a I, value of 4.4, the most appro-
priateS value should be 0.00004 M, obtained at pH 2
(Zecchi et al., 198)7 Again, for this drug we used the
log 9 corrected in the light of these findings. Thus,
the 25-compound dataset selected for the present study
spans a solubility increase range of more than 2log
units (from +1.00 to +3.18).

2.2. Molecular descriptors selection

In our study, we preferred to use global molecular
descriptors, thus avoiding problems generally related to
3-D descriptors (e.g., conformation, orientation, align-
ment). They are listed iffable 1 We selected these
parameters because they, as physicochemical descrip-
tors for size, lipophilicity, cohesive energy density and
hydrogen-bonding capacity, have been widely used in
predictions of aqueous drug solubilityargensen and
Duffy, 2002; Chen et al., 2002; Liu and So, 2001
Parameters of size and polarizability [i.e., molecular
weight (MW), molecular volume (MV), and molar re-
fractivity (MR)] are highly interrelated. The melting
point (MP) which is considered a key index of the cohe-
sive interactions in the solid statéofgensen and Duffy,
2002, should provide an assessment of the effect of
the solute’s crystal structure on solubilitiP€terson
and Yalkowsky, 200l As lipophilicity parameter we
used the lodP (log of octanol/water partition coeffi-
cient) which inversely correlates with aqueous solubil-
ity (Yalkowsky and Valvani, 1980 The commercially
available ACD/Labs and CLOG P computer programs
provided us with the MV an@log Pand CMR calcula-
tion, respectively (ACD/Labs package, release 5.0 (Ad-
vanced Chemistry Development Inc., Toronto, Ont.,
Canada; CLOG P for Windows Version 4.0 (BioByte
Corp., Claremont, CA, USA). The most obvious mea-
sure of hydrophilicity of a solute is its ability to form
hydrogen bonds. In many studies, the total number of
hydrogen bondsHiet) (Ren et al., 1996 the number
of oxygen and nitrogen atomady), and the number
of OH and NH groupsrionnt) have been used as hy-
drogen bonding descriptors. However, simple count of
Hiot, Non @ndnopnH Can give rise to inaccurate mea-
sure of hydrogen bonding capacity, whereas polar sur-
face area (PSA, molecular surface area contributed by
polar atoms, i.e., atoms capable of hydrogen bonding
such as nitrogen and oxygen) has been proposed as an
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Table 1

Molecular descriptors for the drugs studied

ID Descriptors Type of descriptor and/or calculation

X1 Molecular weight, MW (g/mol)

X2 Molecular volume, MV (crd) ACD/Labs computer program. ACD/Labs package, release 5.0 (Ad-
vanced Chemistry Development Inc., Toronto, Ont., Canada)

X3 Melting point (MP) The melting point data came from several sources: the Merck index,
Chemfinder website, and the Analytical profile of drug substdéhces

X4 Calculated molecular refractivity (CMR) CLOG P for Windows Version 4.0 (BioByte Corp., Claremont, CA,
USA)

X5 Calculated lodgPo/w (ClogP) CLOG P for Windows Version 4.0 (BioByte Corp., Claremont, CA,
USA)

X6 Topological surface area, TPSA%) Calculated by the procedure Bftl et al. (2000)

X7 Total number of hydrogen bondsl:) Calculated according tBen et al. (1996)

X8 Number of oxygen and nitrogen atonrgy() Calculated by the chemical formula

X9 Number of OH and NH group$16xnH) Calculated by the chemical formula

X10 8ot (total solubility parameter) b

X11 &4 (partial solubility parameter, dispersion component) b

X12  8p (partial solubility parameter, polar component) b

X13 8y (partial solubility parameter, hydrogen bonding component‘?
X14  §y (combined partial solubility parameter)

@ To account also for liqguid compounds they were included in the dataset by using for them a MP valG€ of 25
b Calculated by the SPWin Version 2.11 computer progrBrei(kreutz, 1998 Ethysterone cannot be parametrized by the SPWin program
because of missing ethinyl-fragment. Rough estimation was derived by using@+e frhgment.

appropriate descriptor of hydrogen bonding capacity tively. According to Fedors report, calculation of sol-
(Bergstbm et al., 200 A simple protocol to evaluate  ubility parameters for solutes can be made using the
PSA based on topological information was proposed group contribution method=edors, 1974 Recently,
by Ertl et al. (2000) who termed such a descriptor as the computer program SPWin Version 2.1 based on
topological PSA (TPSA). This protocol was used for the group contribution procedures has became avail-
quickly assessing TPSA of the chemicals investigated able and we used it to calculate both total and partial
herein. solubility parameters and the combined solubility pa-
The solubility parameter is a molecular descrip- rameters, defined assy = (52 + )1/2 (Breitkreutz,
tor, which is related to the cohesive energy density 199g.
(CED) (i.e., the cohesive energy per unit of vol-
ume) of a substance in its condensed state. CED can
be transformed into Hildebrand solubility parameter
8= (CEDY2=(AH — RTVy)Y2 in which AH is the
heat of vaporizationy, the molar volume at the de-
sired temperaturdR the gas constant, aridthe abso-

2.3. Regression analysis

Principal component analysis (PCA), cluster analy-
sis, the multiple linear regression (MLR) and the partial

lute temperature. Subsequently, to extend the original ﬁﬁ:::rsggagrss(zftsgrrgithgds ’gsgﬂe g (:;(Xmgg:?\]ncﬂfhe
Hildebrand theory of solubility to polar systems, par- W Ve £e9, ' '

tial solubility parameters were introduced bjansen way).
(2000) The sum of the squares of the partial param-
eters gives the total squared solubility parameter, that

is: 3. Results
82 =085+ 35 + 82 3.1. Model development
in which g, 8p, and 8, account for non-polar (dis- PCA can be used as useful tool for extracting uncor-

persive), polar, and hydrogen bonding effects, respec- related information from large matrices of predictors
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Fig. 1. PCA loadings plot of the two first principal components of the molecular descriptors examined. The first component explains 57% of

the variation and the second component 20%.

(independent variablesKétritzky et al., 2001 The
PCA of the autoscaled data matrix made up of 25 rows

cedures were performed to obtain an estimate of the
predictive performance (i.e., squared cross-validated

(compounds) and 14 columns (descriptors) showed thatcoefficient of determinatiorQ?). Other statistical pa-

the first two principal components accounted for more
77% of the total variance. The loading plot of the first
two PCs Fig. 1) shows that the hydrogen-bonding de-
scriptors TPSAHot, NoHNH, NON, anddy are grouped

in a cluster and contain similar information. The pa-
rameters of size such as MW, MV, and CMR are found
in the upper part of the ploClogP is found well sep-
arated from the other independent variables. On the

other hand, a cluster analysis based on correlation co-

efficients among variable$ig. 2 showed which pa-
rameters contain comparable information. Thus, look-

ing at PCA and cluster analysis results, seven calculated

predictors (MW, MV, CMR,ClogP, TPSA,Hyet, and
dtot) and the experimental one (MP) were selected and

used in the subsequent regression calculations. Since

there are a total of 2 ! possible combinations for a
dataset consisting ofdescriptors, in the case under ex-
amination there aré®2- 1 combinations of descriptors.
However, itis usually recommended to have at least five
compounds per variable in linear regression to produce
reliable models Yasri and Hartsough, 20p1Hence,

we considered only models containing no more than
five terms (descriptors) out of the 25 training set com-
pounds as initial input. The coefficient of determination
(R?) and the leave-one-out (LOO) cross-validation pro-

rameters including the root-mean-square-error Bnd
Fisher-test values were also used to assess the model’s
predictive power. A multiple linear regression (MLR)
analysis, carried out by using uncorrelated variables
and following the unambiguous criterion of maximiz-
ing the cross-validated explaingédrariance, yielded a
four-parameter equation (E€L)) which explains 79%
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Fig. 2. Dendrogram of similarity among all variables (molecular de-
scriptors and lo§'S) obtained using a hierarchical cluster analysis
(nearest neighbor method, squared euclidean distance) based on cor-
relation coefficients.
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Table 2

Predictive power of the devised models

Variables No. of X-Vars or PLS-LV Method R? @?

14 4 PLS 0.785 0.566
8 5 PLS 0.806 0.685
MW, MV, ClogP, TPSA 4 PLS 0.763 0.601
MV, ClogP, TPSA, 6ot 4 MLR 0.802 0.697

ClogP, TPSA, CMR étot 4 MLR 0.793 0.711

MV, ClOg P, Stots HtOt 4 MLR 0.766 0.628

MW, ClogP, TPSA,dot 4 MLR 0.767 0.654

MV, ClogP, TPSA,ét, MP 4 MLR 0.811 0.688

ClogP, TPSA, CMR étot, MP 5 MLR 0.807 0.712

ClogP, TPSA, CMR 8tot, Hiot 5 PLS 0.823 0.682
MV, ClogP, TPSA,étot, Hiot 5 PLS 0.790 0.677

a R2 is the coefficient of determinatiof? the cross-validated coefficient of determination.

of the logS'S data variance. although characterized by a lower statistic quality, the
S following four-term model (Eq(2)) involving MW,
|Og— = 3.766+ 0.182 CMR— 0.150C IOg MV, CIogP a_nd TPSA with a_maX|mum of fO_LII' PLS
So components is more appropriate when a rapid estima-
P — 0.00683 TPSA- 0.08448:01, tion of the log¥Sy value is required:
_ 2 _ 2 _ S
n=25R"=0793 0°=0711 log - = 1.827— 0.00508 MW+ 0.0122 MV
F-value= 19.17 1) 0

—0.179Clog P — 0.00547 TPSA
2 2
Table 2shows further MLR models obtained. How- n =25 R =0.763 0% = 0.605 )
ever, they were left out because characterized by a
lower Q? value or require incorporation of the exper- Since the descriptors cover significantly different
imental measurement of the melting point.Tiable 3 numerical ranges, to detect the relative contribution of
observed and calculated (by Ef)) log ¥S and resid- each independent variable to I8, the procedure
uals are reported. of MLR and PLS analyses was repeated on the matrix
The squared correlation matrix of the parameters of autoscaled data. The values for the MLR and PLS
(Table 4 shows that CMRClogP, TPSA, andsiot coefficients of the models expressed by Hds.and
are poorly interrelatedR€ <0.500) in the molecular  (2) with autoscaled parameters are givefTable 5
dataset examined. A plot of the predicted versus observed solubility in-
The partial least squares (PLS) method is particu- crease of the compounds according to @9is shown
larly suited for the extraction of a few highly signifi- in Fig. 3
cant factors from large sets of correlated descriptors.
Therefore, in this study, correlation between the eight 3.2. Model validation using testing set
selected descriptors and I8 values was also estab-
lished by PLSTable 2shows the PLS models gener- In this work, we used both the internal (cross-
ated and they all include the descriptigs;. However, validation procedures) and external model validation
this parameter is computationally more demanding and approaches employing a testing set of six compounds
time consuming, thus thwarting the objective to accel- that were representative of the training set used. The
erate the process of calculation. Moreover, it should testing set was made up of liquid and solid structurally
be also considered that some molecular fragments aredifferent drugs with experimental |&S values re-
missing in the database of the SPWin Version 2.1 pro- ported in the literature (entries 1, 3, 4, Table §. It
gram employed to calculateparameters. Therefore, should be noted that the I&S values of three com-
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Table 3
Observed and predicted I&S, for compounds in the training et
No. Drugs logSS observell logSS predicted (Eq.(1)) Residudl (%) logS9S predicted (Eq.(2)) Residud (%)
1 Alphaxalone 3.20 2.68 185 2.76 1375
2 Betamethasone 2.72 2.35 .66 2.49 845
3 Carmofur 2.15 1.99 44 2.01 651
4 Cholesterol 2.69 2.74 —1.86 2.80 —4.09
5 Citronellol 2.30 2.39 -3.91 2.45 —6.52
6 Diazepam 2.17 2.43 —-11.98 2.52 —16.13
7  Ethisterone 2.81 2.83 -0.71 2.81 000
8 Furosemide 1.38 1.64 -1884 1.70 —2319
9 Hydrocortisone 2.18 2.32 —6.42 2.55 -16.97
10 Ibuprofen 2.67 2.44 .81 2.29 1423
11 Indomethacin 2.32 2.36 -172 2.29 129
12 Ketoprofen 2.42 2.41 01 2.32 13
13 Limonene 2.38 2.56 —7.56 2.30 336
14 Lorazepam 2.14 2.08 .8 2.34 -9.35
15 Methotrexate 2.23 2.27 -1.79 1.88 1570
16 Naproxen 2.30 2.33 -1.30 2.25 217
17 Oxazepam 2.18 2.04 A2 2.17 046
18 Phenytoin 2.47 2.26 .B0 2.30 688
19 Piroxicam 1.74 191 -9.77 1.96 -1264
20 Prednisolone 2.27 2.37 —4.40 2.56 —12.77
21 Progesterone 3.00 2.99 .36 2.88 400
22 Retinol 2.74 2.86 —4.38 2.70 146
23 Spironolactone 3.13 3.30 —5.43 3.15 —0.64
24  Testosterone 2.69 2.69 .00 2.72 -0.01
25 17-Methyl-testosterone 2.66 2.72 —0.02 2.74 —0.03

2 The original literature sources used ®yente and Strattan (199%by their compilation are quoted ifable 2
b Observed experimental aqueous solubility enhancement.

¢ Calculated experimental aqueous solubility enhancement.

d Residual = (lof¥'S observed- log §S calculated/logyS observed) 100.

pounds in the testing set were experimentally measuredusing Eq.(1). For the six compounds in the testing set,
by us (entries 2, 5, 6 iTable §. To test the predic- the present model was able to estimate their solubility
tive power of the models for compounds with strong increase with a reasonable degree of accuracy. Out of
solubility increases, some compounds with enhance- the six compounds in the testing set, only one com-
ment factor greater than 3.18 log units were also con- pound, namely Zolpidem, had a residual of 1.09log
sidered (entries 7-9 ifable §. The aqueous solubility  unit, whereas the remaining five compounds were pre-
increase of compounds in the testing set was predicteddicted with a residual of <1log unit. Compounds with

Table 4
The squared correlation matrix of the physico-chemical variables
MW MV ClogP CMR Stot TPSA MP Hiot
MW 1
MV 0.584 1
ClogP 0.028 0.149 1
CMR 0.878 0.822 0.010 1
Stot 0.212 0.022 0.393 0.049 1
TPSA 0.395 0.012 0.479 0.156 0.443 1
MP 0.217 0.015 0.239 0.118 0.376 0.206 1

Hiot 0.383 0.009 0.455 0.138 0.476 0.962 0.206 1
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Table 5
Autoscaled MLR and PLS regression coefficients of the models based
on Egs(1) and (2)and on the selected set of variables

Descriptors Eq(1) Eq.(2)
CMR 0.835 -

ClogP —0.672 —0.803
TPSA —0.719 —0.576
Stot —0.759 -

MW - —0.933
MV - 1.641

log 9 values >3.18 (entries 7-9 Trable § were un-

derestimated by the model derived and showed residu-

als in the range of 1.2—1.5log units.

4. Discussion

4.1. Data set selection and physico-chemical
meaning of the models derived

The dataset used in the present work meets the cri-

teria recognized for developing sound computational
models, i.e., size, quality and diversity. In fact, the 25
compoundsincludedinthe training setrepresent acidic,
neutral, and basic compounds covering diverse struc-
tural classes. They are solid or liquid drugs at room

temperature and representatives of steroids, benzodi-y,

azepines, and anti-inflammatory agents. The quality of
the data plays a crucial role in developing a reliable
computational model. We were aware of the limits of
Szente and Strattan (199dataset, due to the fact that
no complete characterization, for instance in terms of
substitution degreeBlanchard and Proniuk, 199%f

the HPB-CD used in deriving the experimental solu-
bility values is reported. Furthermore, it should be also
taken into account that (i) many of the compounds ex-
amined have very lov values and an accurate mea-
surement of the solubility is difficult from the experi-
mental point of view and this must be added to the er-
rors associated with calculating tB&, values; (i) the
phase-solubility diagrams, at high concentrations of cy-
clodextrin, often show positive (Higuchi—Connors-A
type) Higuchi and Connors, 196%r negative (A-
type) deviation from linearity (A-type); (i) formation

of insoluble complexes (B-type phase solubility dia-
grams) can occur even at moderate cyclodextrin level,
(iv) drug/cyclodextrin complexes can self-associate to
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Fig. 3. Relationship between observed and predicte&/®gvalues
by using Eq(1). Bars represent the standard error of prediction.

form water-soluble aggregates or micelles, which can
further contribute to solubilize the drug through non-
inclusion complexationl(oftsson et al., 2002 For the
majority of the drugs examined an Aype profile had
been observed. However, the training set also included
cholesterol showing a phase-solubility diagram with a
positive deviation from linearity (i.e., a slight upward

Table 6
Observed and predicted I&fS, values for compounds in the vali-
dation set

Drugs [e]s SIS log 9, predicted
observefl (Eq. (1))

1 Chlorthalidone 1.81 1.93
2 Etizolam 1.46 2.35

3 Isorbide dinitrate 1.60 1.58
4 Linalool 1.54 2.42

5 Propofol 2.38 2.24

6 Zolpidem 1.7% 2.80

7 Carbamazepine 341 2.25
8 Dexamethasone 3.60 2.50
9 Estradiol 3.69 2.16

2 The validation set is represented by entries (1-6). Entries (7-9)
are drugs with lo@¥Sy beyond the upper limit (3.18) selected for the
training set.

b Unless otherwise stated, the observed values were deduced from
Szente and Strattan (1991)

¢ Experimental values measured by us using HED (from
Roquette, Italy) with a degree of substitution of 5.88 (calculated by
means of H NMR). For experimental details on the solubilization of
propofol with HP8-CD seeTrapani et al. (1998)For experimental
details on the solubilization of zolpidem with HRCD seeTrapani
et al. (2000) The experimental details about the solubilization of
etizolam with HPB-CD are similar to those employed for zolpidem.
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curvature and hence arpAype system)Rajewski et model validation, as discussed in detail in the next
al., 1995; Loftsson etal., 20D hus, the lod¥' S value section.
of cholesterol should be considered as roughly esti-  As for the physico-chemical meaning, from the re-
mated at 45% (w/v) HPB-CD concentration. Taking  sults of the MLR and PLS analyses, E¢t) and(2)
into account all the above, it can be stated that such prove that lodyS mainly correlates with descriptors
a dataset composition could also significantly affect thatencode chemicalfeatures governingthe dissolution
statistics and physicochemical meaning of the above process of a substance, such as bulkiness (MW, MV
reported MLR and PLS equations. A careful exami- and CMR), lipophilicity ClogP), hydrogen bonding
nation of Szente and Strattan’s original dataset led us (TPSA) and cohesive forcé). Moreover, proper-
to rule out those data that presumably can be affectedties such as lipophilicity, total polar surface area and
by large experimental errors. We therefore limited the cohesive force are negatively correlated with $§,
regression analysis to a dataset of 25 compounds thatwhile molar refractivity contributes positively to this
meets the criteria reported in Sectidri. ratio. To get a clearer insight in this regard, it must be
Distinct features of the models herein derived are taken into account that the total aqueous solubility of
that they involve easily calculated 1-D and 2-D de- drug in the presence of HB-CD (S) is essentially the
scriptors only and do not rely on experimentally deter- sum of the inherent solubility of the dru§g) and that
mined parameters. The models generated are validatedf the drug-CD complexed species. Thus, the influence
within the property space defined by six physicochem- of the above mentioned properties on &§ will be
ical descriptors and the training set utilized in model a resultant of the two single terms, namely the effect
development. A closer look at the literature data reveals on S and that on the solubility of drug-CD complexed
that theS' S, ratio for most pharmaceutical agents upon species. MR encodes for molecular volume and polar-
complexation with HR3-CD falls within four orders izability of a molecule. It can be regarded as a measure
of magnitude (i.e., from 0 to 4 log units). As a conse- of how important the dispersion forces are for the com-
quence of the criterion adopted in data selection (i.e., plexation procesein et al., 2000, and the positive
to rule out compounds that show very high or very low sign for its regression coefficient may be interpreted
solubility increases), thg-values (solubility enhance- as a favorable influence of the dispersion forces in the
ments) cover a narrow range (about 2.3log units) and host-guest complexation, but not the aqueous solubility
this could also affect the statistics and physicochem- of the free drug. Lipophilicity (lodP) is negatively cor-
ical meaning of the models generated. As shown in related with the aqueous solubility of the free drug. The
Table § compounds with an enhancement factor of role of hydrogen bonding (TPSA) and cohesive force
over 3.181og units (entries 7-9Table § are underes-  (3it) descriptors is more difficult to interpret because
timated by the models. This is unsurprising especially their effects on the complexation and water solubility
in the light of the limitations mentioned above. On the of the free drug still remain to be fully elucidated. In
other hand, it was found that compounds showing very this regard, indeed, it is reported that the increase in
low solubility increase (lo§fSy < 1) are overestimated  solubility is related to hydrogen-bonding effects, even
by the present models. This may be due to the fact that though intermolecular hydrogen-bond interactions will
these compounds were not represented in the traininglead to an increase in MP and hence to a decrease in
set. In conclusion, the models can be used for predict- solubility (Jorgensen and Duffy, 2002; Abraham and
ing solubility increases but the predictive power could Le, 1999; Bergstim et al., 2008 As for the effect of
be improved using an expanded training set compris- hydrogen bonding and cohesive forces on the solubility
ing accurate data both for compounds with 8§ < 1 of drug-CD complexed species, it seems very compli-
and logS¥'Sy > 3.18. Given the currently available train-  cated and difficult to understand.
ing set, we thought it more appropriate to use the
models generated as rapid screening filters to estimate4.2. Application of the models developed
whether HPB-CD is suitable for solubilizing a given
poorly water-soluble drug. It could also allow formu- It is generally accepted that a pharmaceutical for-
lation scientists to gain information on compounds at mulation for oral or parenteral administration should
the limits of or even outside the structural space of contain a drug concentration of at least 10 mg/ml. An
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Table 7
Predicted log8'S values for some drugs and their application for solubilization withg4€b
No. Compound MW MV ClogP TPSA log9% S2 (mg/ml) Time-fold CalculatedS NoteP
(g/mol) (cm®) (A2 predicted increase  (mg/ml) at 45%
(Eq.(2)) (w/v) of HP3-CD
1  Acetylsalicylic acid 180.2 139.5 .a2 6360 2.08 3198 120 384 Y
2 Cimetidine 252.3 198.2 .85 6510 2.55 6046° 355 2145 Y
3 Epristeride (SKF 105657) 399.6 352.0 .08 6640 2.83 <0001° 676 <0.676 N
4 Griseofulvin 352.8 255.1 15 7108 2.45 0005Z 282 1.47 N
5 Hydrochlorthiazide 297.7 175.8 —0.40 11836 1.88 0595 76 45.14 Y
6  Miconazole 416.1 296.0 .81 2706 2.14 004 138 5.52 N
7 Midazolam 325.8 239.8 .32 3019 2.36 <0002¢ 229 <0.23 N
8  Prazosin 383.4 2834 10 10696 2.56 0003Z 363 1.16 N
9 Probenecid 2854 2335 & 7468 2.21 00036 162 0.58 N
10  Propanidid 337.41 3101 .7B 6508 3.04 500 1096 5500 Y
11 Propranolol 2594 2371 /3 4149 2.68 0031° 479 14.84 N
12  Thiazolobenzimidazole 288.3 1958 .53 1783 2.02 00119 105 1.15 N
13 Acyclovir 225.2 1271 —-252 11906 2.03 121F 107 130 Y
14  Acetazolamide 222.3 127.3-1.25 11505 1.85 o7o? 71 49.56 Y
15 Taxol 853.9 6105 85 22131 284 000034 692 0.235 N
16 Itraconazole 705.6 502.0 .5 10472 2.63 0007 427 0.427 N

a8 & values reported in the literature.

b HP3-CD may be (Y) or not (N) the excipient of choice for efficient solubilization of this drug without the use of a cosolvent or hydrophilic
polymer or pH adjustment.

¢ Data fromBergstom et al. (2002)

d Data fromVeiga et al. (1998)

€ Data fromLoftsson (2002)

f Data fromMacKenzie et al. (1997)

9 Data fromTinvalla et al. (1993)

h Data fromLoftsson and Brewster (1996)

i Data fromPeters et al. (2002)

additional requirement when cyclodextrins are con- mulation. The concentration of 20 mg/ml is arbitrarily
sidered for solubilization purposes is that the amount assumed and should be regarded as a minimum value
of cyclodextrin in the formulation should be as small for successful formulation. It is also immediately ar-
as possible. Although liquid dosage forms containing gued that higher than 20 mg/ml tt&value, greater
40% (w/v) HPB-CD are commercially available, the the feasibility of the use of HB-CD as solubiliza-
choice of such a concentration is not suitable becausetion enhancerTable 7shows the increase in solubility
these solutions are viscous and potentially dangerous.calculated by Eq(2) of a number of drugs possess-
The models herein developed should allow theStsy ing different physicochemical properties. Thus, from
ratio to be evaluated and consequently an estimate ofthe calculated lo§'S) value a satisfactory solubiliza-
the behaviour at more appropriate and realistic@4P-  tion in HP3-CD at 20% (w/v) solution can be de-
CD concentrations (e.g., 20%, w/v) to be obtained. In duced for acetylsalicylic acid, cimetidine, hydrochlor-
detail, once the predicted I&S value is available  thiazide, and propanidid and assessment of the feasi-
through Eqgs(1) or (2), and the intrinsic solubility is bility warrants experimentation. In contrast, the anal-
known, the solubilitySat 45% (w/v) of HPB-CD can ysis of the results concerning epristeride, griseofulvin,
be quickly calculated. Wheis greaterthan 20 mg/ml,  miconazole, midazolam, prazosin, probenecid, propra-
then an appropriate solubilization (10 mg/ml) may be nolol, and thiazolobenzimidazole shows that an ap-
provided by a 20% (w/v) HPB-CD solution. By con- propriate solubilization of these drugs in a BFED
trast, wherSis less than 20 mg/ml, the solubilization solution at 20% (w/v) cannot be achieved. All these
capacity of a 20% (w/v) HPB-CD solution may not  analyses are in good agreement with the available ex-
be enough for an appropriate oral or parenteral for- perimental datal(oftsson and Brewster, 1996; Lofts-
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son et al., 1991, 1994; Veiga et al., 1998; Zia et al.,
2001; Loftsson, 2002; MacKenzie et al., 1997; Tin-
valla et al., 1998 In fact, a 50 mg/ml solution of
propanidid in 42% (w/v) HF3-CD has been evalu-

173

the same point is a predictive one and interestingly, an
estimation of the binding constant value of drug: BP-

CD complexes may also be performed provided that the
molar solubilities of the drug in concentrated aqueous

ated for intravenous anesthesia and found to be ansolution of CD and in wateiSandSy, respectively) are

alternative to the drug formerly marketed for clinical

use which employed the non ionic surfactant Cremo-

for EL (MacKenzie et al., 1997 Again, it has been
found that the amount of thiazolobenzimidazole solu-
bilized by a 40% (w/v) of HR3-CD solution in neutral
conditions was 2.79 mg/ml, very close to that shown
in Table 7at 45% cyclodextrin. Moreover, appropriate
solubilization of this drug in a HB-CD solution at
20% (w/v) cannot be achieved without pH adjustment
(Tinvalla et al., 1998 In Table 7four additional exam-

ples (entries 13-16) are provided to show the applica-

tion of Eq.(2) to drugs with physicochemical proper-

ties different from those of the training set. It seems that

HP-B-CD at 20% (w/v) might be useful to solubilize

known, and that an Atype profile of the correspond-
ing phase-solubility diagram is assumétiguchi and
Connors, 196p K¢, indeed, can be easily estimated
according to the following Eq(3) (Higuchi and Con-
nors, 196% employingS (mol/l) andS (mol/l) values
obtained as above discussed, and the total CD concen-
trationL (0.2922 mol/l). Then, by applying tiRao and
Stella (2003Yelationship, théJcp can be calculated

S —So

Ke= @ —(5—50)

3

We believe that both Rao and Stella’s approach and
the one herein presented are useful tools for determin-
ing the potential of HA3-CD complexation for solubi-

the hydrophilic drugs acyclovir and acetazolamide at |i;ation purposes.

the desired concentration of 10 mg/ml, whereas solubi-

lization of taxol and itraconazole in HR-CD at 20%
(w/v) is unlikely. In these latter cases, a combination of

In conclusion, the computational models developed
in this study can predict the solubility increase of
poorly water-soluble compounds by using a concen-

several approaches (use of cosolvents or water-solubley otaq (45%, wiv) aqueous solution of HRED with

polymers or pH adjustment and complexation with HP-
B-CD) could be useful. Actually itraconazole, an orally
active antifungal agent which is particularly insoluble
in water at physiological pH, was recently formulated
as a 40% (w/v) HR3-CD aqueous solution containing
propylene glycol for pH adjustment to 4.5 (Sporafipx
(Peters et al., 2002

Finally, the question of determining if cyclodextrins
can be used in the formulation of poorly water-soluble
drugs has been recently addressedRap and Stella
(2003)who introduced the dimensionless cyclodextrin
utility number,Ucp, which is defined by the following
equation:

KcSomcpMWp
14+ KcSompMWep

whereK is the binding constantip, andmep the drug
dose and workable amount of CD in mg, respectively,
MWp and MWcp the molecular weights of D and CD,

respectively. IfUcp is greater or equal to one, solubi-
lization is adequately provided by CD complexation.

Ucp =

a reasonable degree of accuracy. These models work
quite well both for liquid and solid drugs, and can serve
as atool for supporting the formulation scientist’s early
efforts for a rapid estimation of the suitable use of HP-
B-CD.

Acknowledgments

We thank Dr. drg Breitkreutz (Westphalien Wil-
helms University, Minster, Germany) who provided
us with the SPWin, v. 2.1 software. Thanks are also
due to Prof. Cosimo Altomare (Dipartimento Farmaco-
Chimico, Facok di Farmacia, Universitdegli Studi
di Bari) for helpful discussion, to Roquette Italia for
the kind gifts of HPB-CD, and to Anthony Green for
kindly checking our English.

References

As outlined by the authors, this number serves as aAbraham, M.H., Le, J., 1999. The correlation and prediction of the

guide but not as a predictive tool that the formulator

can follow. The method presented herein for addressing

solubility of compounds in water using an amended solvation
energy relationship. J. Pharm. Sci. 88, 868—880.



174

Albers, E., Miller, B.W., 1991. Effect of hydrotropic substances on
the complexation of sparingly soluble drugs with cyclodextrin
derivatives and the influence of cyclodextrin complexation on
the pharmacokinetics of drugs. J. Pharm. Sci. 80, 599-604.

Albers, E., Miller, B.W., 1992. Complexation of steroid hormones
with cyclodextrin derivatives: substituent effects of the guest
molecule on solubility and stability in aqueous solution. J. Pharm.
Sci. 81, 756—761.

Bergstbm, C.A.S., Strafford, M., Lazorova, L., Avdeef, A., Luth-
man, K., Artursson, P., 2003. Absorption classification of oral
drugs based on molecular surface properties. J. Med. Chem. 46,
558-570.

Bergstbm, C.A.S., Norinder, U., Luthman, K., Artursson, P., 2002.
Experimental and computational screening models for prediction
of agueous drug solubility. Pharm. Res. 19, 182-188.

Blanchard, J., Proniuk, S., 1999. Some important considerations in
the use of cyclodextrins. Pharm. Res. 16, 1796—-1798.

Bodor, N., Huang, M., 1992. A new method for the estimation of
the aqueous solubility of organic compounds. J. Pharm. Sci. 81,
954-960.

Breitkreutz, J., 1998. Prediction of intestinal drug absorption proper-
ties by three-dimensional solubility parameters. Pharm. Res. 15,
1370-1375.

Brewster, M., Estes, K., Bodor, N., 1990. An intravenous toxicity
study of 2-hydroxypropyB-cyclodextrin, a useful drug solubi-
lizer, in rats and monkeys. Int. J. Pharm. 59, 231-243.

Chen, X.-Q., Cho, S.J., Li, J., Venkatesh, S., 2002. Prediction of
aqueous solubility of organic compounds using a quantitative
structure—property relationship. J. Pharm. Sci. 91, 1838-1852.

Ertl, P., Rohde, B., Selzer, P., 2000. Fast calculation of molecular
polar surface area as a sum of fragment-based contributions and
its application to the prediction of drug transport properties. J.
Med. Chem. 43, 3714-3717.

Fedors, R.F., 1974. A method for estimating both the solubility pa-
rameters and molar volumes of liquids. Polym. Eng. Sci. 14,
147-154.

Hansen, C.M., 2000. Hansen solubility parameters. In: A User’s
Handbook. CRC Press, Boca Raton.

Higuchi, T., Connors, K.A., 1965. Phase solubility techniques. Adv.
Anal. Chem. Instrum. 4, 117-212.

Huibers, P.D., Katritzky, A.R., 1998. Correlation of the aqueous
solubility of hydrocarbons and halogenated hydrocarbons with
molecular structure. J. Chem. Inf. Comput. Sci. 38, 283-292.

Huuskonen, J., 2000. Estimation of agueous solubility for a diverse
set of organic compounds based on molecular topology. J. Chem.
Inf. Comput. Sci. 40, 773-777.

Irie, T., Uekama, K., 1997. Pharmaceutical applications of cyclodex-
trins. 1ll. Toxicological issues and safety evaluation. J. Pharm.
Sci. 86, 147-162.

Jorgensen, W.L., Duffy, E.M., 2002. Prediction of drug solubility
from structure. Adv. Drug Deliv. Rev. 54, 355-366.

Junquera, E., Aicart, E., 1997. Potentiometric study of the encap-
sulation of ketoprophen by hydroxypropgtcyclodextrin. Tem-
perature, solvent, and salts effects. J. Phys. Chem. B 101, 7163—
7171.

Katritzky, A.R., Petrukhin, R., Tatham, D., Basak, S., Benfenati,
E., Karelson, M., Maran, U., 2001. Interpretation of quantita-

A. Trapani et al. / International Journal of Pharmaceutics 295 (2005) 163-175

tive structure—property and —activity relationships. J. Chem. Inf.
Comput. Sci. 41, 679-685.

Klein, C.T., Polheim, D., Viernstein, H., Wolschann, P., 2000. A
method for predicting the free energies of complexation be-
tween-cyclodextrin and guest molecules. J. Incl. Phenom. 36,
409-423.

Klopman, G., Wang, S., Balthasar, D.M., 1992. Estimation of aque-
ous solubility of organic molecules by the group contribution
approach. Application to the study of biodegradation. J Chem.
Inf. Comput. Sci. 32, 474-482.

Li, P., Tabibi, S.E., Yalkowsky, S.H., 1998. Combined effect of com-
plexation and pH on solubilization. J. Pharm. Sci. 87, 1535-1537.

Lipinski, C.A., Lombardo, F., Dominy, B.W., Feeney, P.J., 1997. Ex-
perimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings.
Adv. Drug Deliv. Rev. 23, 3-25.

Liu, R., So, S.-S., 2001. Development of quantitative
structure—property relationship models for early ADME
evaluation in drug discovery. 1. Aqueous solubility. J. Chem.
Inf. Comput. Sci. 41, 1633-1639.

Loftsson, T., Brewster, M., 1996. Pharmaceutical applications of cy-
clodextrins. 1. Drug solubilization and stabilization. J. Pharm.
Sci. 85, 1017-1025.

Loftsson, T., Magnusdottir, A., Masson, M., Sigurjonsdottir, J.F.,
2002. Self-association and cyclodextrin solubilization of drugs.
J. Pharm. Sci. 91, 2307-2316.

Loftsson, T., Brewster, M.E., Derendorf, H., Bodor, N., 1991. 2-
Hydroxypropyl$-cyclodextrin: properties and usage in pharma-
ceutical formulations. Pharm. Ztg. Wiss. 1, 5-10.

Loftsson, T., Frioriksdottir, H., Siguroardottir, A.M., Ueda, H., 1994.
The effect of water-soluble polymers on drug-cyclodextrin com-
plexation. Int. J. Pharm. 110, 169-177.

Loftsson, T., 2002. Cyclodextrins and the biopharmaceutics classifi-
cation system of drugs. J. Incl. Phenom. 44, 3-7.

MacKenzie, C.R., Fawcett, J.P., Boulton, D.W., Tucker, |.G., 1997.
Formulation and evaluation of a propanidid hydroxypropyl-
cyclodextrin solution for intravenous anaesthesia. Int. J. Pharm.
159, 191-196.

Myrdal, P.B., Manka, A.M., Yalkowsky, S.H., 1995. AQUAFAC
3: aqueous functional group activity coefficients; application to
the estimation of aqueous solubility. Chemosphere 30, 1619—
1637.

Nelson, T.M., Jurs, P.C., 1994. Prediction of aqueous solubility of
organic compounds. J. Chem. Inf. Comput. Sci. 34, 601-609.

Orienti, I., Fini, A., Bertasi, V., Zecchi, V., 1991. Inclusion com-
plexes between non steroidal antinflammatory drugs @and
cyclodextrin. Eur. J. Pharm. Biopharm. 37, 110-112.

Peters, J., Neeskens, P., Tollenaere, J.P., Van Remoortere, P., Brew-
ster, M.E., 2002. Characterization of the interaction of 2-
hydroxypropylg-cyclodextrin with itraconazole at pH 2, 4, and
7.J. Pharm. Sci. 91, 1414-1422.

Peterson, D.L., Yalkowsky, S.H., 2001. Comparison of two methods
for predicting aqueous solubility. J. Chem. Inf. Comput. Sci. 41,
1531-1534.

Pitha, J., Milecki, J., Fales, H., Pannell, L., Uekama, K., 1986.
Hydroxypropyl{-cyclodextrin: preparation and characteriza-
tion; effects on solubility of drugs. Int. J. Pharm. 29, 73-82.



A. Trapani et al. / International Journal of Pharmaceutics 295 (2005) 163-175 175

Rajewski, R.A., Traiger, G., Bresnahan, J., Jaberaboansari, P., Stella, Trapani, G., Latrofa, A., Franco, M., Pantaleo, M.R., Sanna, E.,

V.J., Thompson, D.O., 1995. Preliminary safety evaluation of Massa, F., Tuveri, F., Liso, G., 2000. Complexation of zolpi-
parenterally administered sulfoalkyl ettiecyclodextrin deriva- dem with 2-hydroxypropyB-, methyl{3-, and 2-hydroxypropyl-
tives. J. Pharm. Sci. 84, 927-932. v-cyclodextrin: effect on aqueous solubility, dissolution rate, and

Rajewski, R.A., Stella, V.J., 1996. Pharmaceutical applications of ataxic activity in rat. J. Pharm. Sci. 89, 1443-1451.
cyclodextrins. 2. In vivo drug delivery. J. Pharm. Sci. 85, Uekama, K., Otagiri, M., 1987. Cyclodextrins in drug carrier sys-

1142-1169. tems. CRC Crit. Rev. Ther. Drug Carrier Syst. 3, 1-40.
Rao, V.M., Stella, V.J., 2003. When can cyclodextrins be considered Veiga, M.D., Diaz, P.J., Ahsan, F., 1998. Interactions of griseofulvin
for solubilization purposes? J. Pharm. Sci. 92, 927-932. with cyclodextrins in solid binary systems. J. Pharm. Sci. 87,

Redenti, E., Szente, L., Szejtli, J., 2000. Drug/cyclodextrin/hydroxy 891-900.
acid multicomponent systems. Properties and pharmaceutical ap- Venkatesh, S., Lipper, R.A., 2000. Role of the development scientist

plications. J. Pharm. Sci. 89, 1-8. in compound lead selection and optimization. J. Pharm. Sci. 89,
Ren, S., Das, A., Lien, E.J., 1996. QSAR analysis of membrane 145-154.

permeability to organic compounds. J. Drug Target 4, 103-107. Zecchi, V., Orienti, I., Fini, A., 1987. Control of the release from

Szejtli, J.,1991. Cyclodextrins in drug formulations. Pharm. Technol. solid dosage forms: NSAI-cyclodextrin complex. In: Pro-
Int. 3 (2), 15-22 and 3 (3), 16—24. ceedings of the Third European Congress on Biopharmaceutics
Szente, L., Strattan, C.E., 1991. In: Dédle, D. (Ed.), New Trends and Pharmacokinetics, vol. 1, pp. 526-531.
in Cyclodextrins and Derivatives. Editions de Sariaris, pp. Zhong, C., Hu, Q., 2003. Estimation of the aqueous solubility of or-
88-91. ganic compounds using molecular connectivity indices. J. Pharm.
Tinvalla, A.Y., Hoesterey, B.L., Xiang, T.X., Lim, K., An- Sci. 92, 2284-2294.
derson, B.D., 1993. Solubilization of thiazolobenzimidazole Zia, V., Rajewski, R.A., Stella, V.J., 2001. Effect of cyclodex-
using a combination of pH adjustment and complexation trin charge on complexation of neutral and charged substrates:
with 2-hydroxypropylg-cyclodextrin. Pharm. Res. 10, 1136— comparison of (SBEu-B-CD to HP-CD. Pharm. Res. 18,
1143. 667-673.
Trapani, G., Latrofa, A., Franco, M., Lopedota, A., Sanna, E., Yalkowsky, S.H., Valvani, S.C., 1980. Solubility and partitioning I:
Liso, G., 1998. Inclusion complexation of propofol with 2- solubility of nonelectrolytes in water. J. Pharm. Sci. 69, 912-922.

hydroxypropylg-cyclodextrin. Physicochemical, nuclear mag-  Yasri, A., Hartsough, D., 2001. Toward an optimal procedure for vari-
netic resonance studies, and anesthetic propertiesinrat. J. Pharm.  able selection and QSAR model building. J. Chem. Inf. Comput.
Sci. 87, 514-518. Sci. 41, 1218-1227.



	A rapid screening tool for estimating the potential of 2-hydroxypropyl-beta-cyclodextrin complexation for solubilization purposes
	Introduction
	Methods
	Selection of drugs
	Molecular descriptors selection
	Regression analysis

	Results
	Model development
	Model validation using testing set

	Discussion
	Data set selection and physico-chemical meaning of the models derived
	Application of the models developed

	Acknowledgments
	References


