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bstract

The improvement of isoflavones bioavailability by complexation with chemically modified cyclodextrins (CyDs) has been exploited to analyse
he drug/macrocycle binding affinity by a conventional method with new useful measures. Genistein (Gen) and daidzein (Daidz) were investigated in
queous medium and in presence an amount of (2-hydroxypropyl)-�-cyclodextrin (HP-�-CyD) at different host/guest molar ratios. The solubility

−6 −6
n pure water, ∼3 × 10 M for Gen and ∼10 × 10 M for Daidz, was obtained by distributing the of guest molecule between water and the
rganic solvent. The stoichiometric ratios and stability constants describing the extent of formation of the complexes have been determined by
hase-solubility UV–vis measurements and confirmed by circular dichroism data. These results have implications in the determination of the
arrier’s capacity for the complexation of the drug in water solution.

2007 Published by Elsevier B.V.
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. Introduction

Phytoestrogens are diverse groups of plant-derived com-
ounds that structurally or functionally mimic mammalian
strogens and show potential benefits for human health. There
re several classes of phytoestrogens: steroidal estrogens, found
n a few plants and the more ubiquitous phenolic estrogens,
soflavone, coumestanes and lignans. Aglicones, genistein (Gen)
nd daidzein (Daidz) are naturally occurring isoflavones that
ave shown estrogenic activity.

Interest for these substances originated from epidemiologi-

al findings indicating that they may provide protection against
hronic diseases, such as hormone-dependent cancers [1] and
isorders of the cardiovascular system. Subsequent studies
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evealed that Gen and Daidz exhibit multiple pharmacologi-
al effects, with the result that at present the isoflavones are
merging as active ingredients for nutraceuticals or as prospec-
ive drug candidates [2–4]. These activities, along with low
oxicity, make isoflavones important candidates for experimen-
al anticancer therapy, and thus new lead compounds for drug
esign.

Nevertheless, Gen and Daidz seem to have some disadvan-
ages, which considerably limit their potential clinical utility.
hese include rapid in vivo metabolism and excretion, low serum

evel after oral administration, insufficient targeting of cancer
ells, and poor solubility in water that remarkably reduces their
ioavailability.

Complexation with cyclodextrins (CyDs) represents a valid

ethod to improve the physico-chemical characteristics and

educe the limitations of these substances.
Inclusion in CyD cavity modifies the physico-chemical prop-

rties of guest molecules [5]; for instance, the solubility of
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to evaluate the amount of isoflavone dissolved. Experiments
R. Stancanelli et al. / Journal of Pharmaceut

he highly insoluble guest is enhanced, labile guests are sta-
ilized against the degradative effects of oxidation and visible
r UV light and heat, volatility and sublimation are con-
rolled, incompatible compounds can be physically isolated
nd chromatographically separated. Moreover, the inclusion
henomenon can allow for taste modification by masking off
avours, unpleasant odours and for the controlled release of
rugs and flavours. Therefore, CyDs are used in food [6],
harmaceuticals [7], cosmetics [8], environment protection [9],
ioconversion [10], packing and the textile industry [11].

Many drugs are poorly soluble in the commonly used phar-
aceutical solvents and the use of solvent mixtures is often

xploited as a method to increase their solubility. Reliable solu-
ility values are of primary importance to test the effectiveness
f such systems.

To date, the thermodynamic stability of the CyD/drug sys-
ems have been studied by evaluation of the constant binding
rom UV–vis, circular dichroism, fluorescence, calorimetry,
MR, electron spin resonance (ESR), potentiometry, chro-
atography, capillary electrophoresis, etc. [12].
Generally, the water solubility of a free drug (S0) is deter-

ined by means of electronic and emission spectroscopy
mploying linear regression analyses from the phase-solubility
iagram. In literature, the macrocycle concentration for solubil-
ty phase study have been used in a range in which, probably,
here are molecular aggregates [13].

Lee and co-workers [14] have evaluated the inclusion effi-
iency of Gen and other guests in �-CyD and HP-�-CyD in
wt% solutions (∼9 mM). In particular, above 5 mM in the case
f �-CyD, non-consideration of the formation of aggregates
ould invalidate the quantitative analysis.

The aim of this work was to outline an accurate method to
etermine the complexation constants for isoflavones with HP-
-CyD starting from an experimental technique which measures

he S0 parameter. The stoichiometric ratios and stability con-
tants describing the extent of formation of the complexes have
een determined by UV–vis phase-solubility measurements and
onfirmed by circular dichroism (CD) data. The concentration
alues of macrocycle have been chosen in the range (0–9 mM) in
hich, as verified by light scattering measurements, the presence
f CyD aggregates were not registered.

. Experimental

.1. Materials

The following reagents and solvents were used: genis-
ein (4′,5,7-trihydroxyisoflavone, C15H10O5, FW 270.24) from
igma Aldrich Chemie® (Genay, France); daidzein (4′,7-

rihydroxyisoflavone, C15H10O4, FW 254.2) from Sigma
ldrich Chemie® (Genay, France); (2-hydroxypropyl)-�-

yclodextrin (HP-�-CyD, FW ≈1170.0, m.p. ≈ 278 ◦C dec.,
egree of substitution ≈0.6), from Fluka Chemie (Switzer-

and); 1-butanol (HPLC grade) from Merck (Germany). They
ere employed without any further purification. Water used

hroughout the study was double-distilled and deionised, then
ltered through 0.22 �m Millipore® GSWP filters (Bedford,

w
t
c
f

nd Biomedical Analysis 44 (2007) 980–984 981

SA). Solutions to be analysed were previously filtered through
.45 �m Sartorius Minisart®-SRP 15 PTFE filters (Germany).

.2. Apparatus

.2.1. UV–vis and circular dichroism spectroscopy
UV–vis absorption spectra were obtained with a Perkin-

lmer UV-VIS double beam spectrophotometer mod. Lambda
5 (resolution, 0.001 absorbance units; signal-to-noise ratio,
× 10−4). The pathlength of the quartz cell was 10.00 mm
xcept when explicity indicated. For each measurement the base-
ine was established by placing an aqueous solution of each
yclodextrin in the reference compartment at the same concen-
ration of the sample. All measurements were carried out at
5.0 ± 0.01 ◦C. The CD spectra were collected using a JASCO
-500A spectropolarimeter equipped with a 150 W Xenon lamp.
he instrument was interfaced with a PC for CD signals read-

ng. The measurements were performed at 25 ± 0.1 ◦C and the
amples were contained in rectangular quartz cuvettes of 2 mm
athlength.

All data shown represent the average of at least, three deter-
inations.

.2.2. Determination of isoflavones water solubility
All the solutions of isoflavones were prepared in butanol and

he extinction molar coefficient (ε) was determined. Experiments
ere carried out in triplicate and all are in good agreement
ithin the experimental error; the data reported are average
alues.

Equivalent volumes of each organic solution, previously pre-
ared for calibration curves, and pure water were put on a
eparatory funnel and shaken for 15 min; they were then kept
tanding until the total separation of the two solvents was
chieved. Later on, the organic phase of all solutions was anal-
sed spectrophotometrically and each experiment was repeated
ntil a constant value of absorbance was reached.

.2.3. Phase-solubility measurements
Phase-solubility studies were performed with a Telesystem

tirring bath thermostat 15.40 with a Telemodul 40 ◦C control
nit which allowed an accuracy of 0.01 ◦C. A fixed initial amount
f Gen (185 �M) and Daidz (18 �M) exceeding their solubility,
ere added to unbuffered aqueous solutions of HP-�-CyD (0.0

o 9.0 mM), then sonicated (15 min) in a Bandelin RK 514 water
ath (Berlin, Germany). The flasks were sealed to avoid changes
ue to evaporation and magnetically stirred for 3 days in a ther-
ostated bath at 25.0 ± 0.01 ◦C, shielded from light to prevent

ny degradation of the molecules. After the equilibrium was
eached (about 72 h), the suspensions were filtered. An aliquot
rom each vial was withdrawn by 1 mL glass syringe (Poulten

Graf GmbH, Germany) and assayed spectrophotometrically
ere carried out in triplicate and solubility data were all consis-
ent. The data were averaged and used to determine the binding
onstant for Gen/HP-�-CyD and Daidz/HP-�-CyD complexes
ormation, by UV–vis as well as by CD spectroscopy.
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Fig. 2. UV–vis absorbance of Gen (A) (d = 1 mm) and Daidz (B) alone in
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Fig. 1. Sketched structures of investigated isoflavones.

. Results and discussion

.1. Determination of isoflavones water solubility

In literature, Gen and Daidz (Fig. 1) are reported as
ubstances poorly soluble in water. To determine the sol-
bility of these isoflavones in pure water a method of
istribution in water/organic solvent was used, after having
lready calculated the ε of isoflavones in organic solvent
butanol as organic solvent was chosen because of the good
ompromise between its poor miscibility with water, good
olubility of isoflavones and its low volatility). In Fig. 2 (see
nset) carries the straight lines of Gen (y = 0.99x − 4.53) and
aidz (y = 0.86x − 3.70) after which the molar extinction

oefficients in butanol were obtained in accordance with the
quation ε = 10−intercept (εGen = 33,700 ± 200 cm−1 M−1 and
Daidz = 4900 ± 100 cm−1 M−1). Once ε in organic solvent was
btained, the concentration in the same organic phase was
chieved before and after shaking, and the difference between
hese concentrations gave the S0 value of isoflavones in water
S0Gen = 3 ± 0.5 �M; S0Daidz = 10 ± 3 �M). Then the molar
xtinction coefficient in water was determined by measuring
he absorbance value at S0 (A0 = ε0S0d), namely in the absence
f HP-�-CyD.

.2. Phase-solubility studies

In the literature, the solubility of the free guest in water
s often determined by strong dilution of a less-soluble sub-
tance (in the range 1–5 �M) or by linear regression analyses
rom a phase-solubility diagram. In the present paper the con-
entional method [15,16] has been adopted to determine the
inding constant of isoflavones to HP-�-CyD. Two steps are
sed: the measurement of S0 value by means of the distribu-
ion equilibrium of the guest between immiscible solvents (i.e.
ater–butanol), and the measurement of ε of the complex, which

n this case is strongly different from that of free isoflavones. The

bsorbance of the isoflavone in water solution increases with the
mount of HP-�-CyD (Fig. 2), suggesting that the apparent sol-
bility of the isoflavone is enhanced by a binding process with
P-�-CyD.

ε

t
i

ater and in presence of HP-�-CyD (4.0 mM). Inset: The calibration curves
f Gen and Daidz in butanol are reported (εGen ∼= 33,500 cm−1 M−1 and

Daidz ∼= 5000 cm−1 M−1).

From the plateau in the absorbance and optical density values
see insets of Fig. 3) measured at different amounts of HP-�-
yD it is possible to obtain the concentration of the complexed

soflavone, by considering the S0 values obtained with the debate
ethod that correspond to the concentration of Gen and Daidz

n pure water.
In the presence of a given amount of HP-�-CyD, the

bsorbance of the isoflavone is A = ε0dS0 + εcd[R·CyD] =
0 + εcd[R·CyD], where ε0 and εc are the molar extinction
oefficient of the isoflavone in water and of the complex
soflavone/HP-�-CyD, respectively, S0 is the solubility of the
soflavone in water, d the length of the optical cell and [R·CyD]
he concentration of the complex. By considering that ε0 is

easured as previously explained, the concentration of the
omplexed isoflavone is obtained through the determination
f εc as (Aplateau − A0)/[d(C − S0)], Aplateau being the saturated
bsorbance value for which all the available isoflavone con-
entration, (C − S0), is in the complexed form (that is, for
he saturated absorbance value, the concentration of the com-
lex [R·CyD] is C − S0). For the complexes Gen/HP-�-CyD
nd Daidz/HP-�-CyD were εc = 19,000 ± 1000 cm−1 M−1 and

c = 95,000 ± 5000 cm−1 M−1, respectively.

Fig. 3 shows the linear dependence of the concentration of
he complexed isoflavone on the amount of HP-�-CyD, suggest-
ng the formation of 1:1 complexes; the change of slope occurs
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Fig. 3. Concentration of complexed Gen (A) and Daidz (B) at different amounts
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Fig. 4. ICD spectra of Gen (10−4 M) (A) and Daidz (10−4 M) (B) at different
amounts of HP-�-CyD; the letters a, b, c, d, e, f, g, h and i indicate the amount
of HP-�-CyD 0, 1, 2, 3, 4, 5, 6, 7 and 9 mM, respectively. Inset: Shows the
concentration of the complexed isoflavones as a function of HP-�-CyD; the
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f HP-�-CyD (the slope gives the binding constant values of KGen ∼= 20,000 M−1

nd KDaidz ∼= 210 M−1). Inset: Reports their phase-solubility diagram obtained
y UV–vis spectra (path length d = 1 mm for Gen/HP-�-CyD).

hen all the available isoflavone concentration (C − S0) is in the
omplexed form. From the slope, α, of the linear fit the bind-
ng constant can be evaluated through K = α/(S0(1 − α)) [16]:

Gen = 20,000 ± 4000 M−1 and KDaidz = 210 ± 40 M−1.

.3. Circular dichroism investigation

The formation of the isoflavones/HP-�-CyD complexes is
ore evident from circular dichroism spectra, shown in Fig. 4,
hich are more explicative than UV–vis in the case of chiral

pecies. The spectra show the presence of an induced circular
ichroism (ICD) band in correspondence with the absorption
and of both isoflavones centred at 256 nm for Gen/HP-�-
yD and at 262 nm for Daidz/HP-�-CyD complexes solutions.
he ICD band amplitude (Acd) increases with the amount of
P-�-CyD used indicating that the concentration of the com-
lex increases progressively. By adopting the same approach
s in the UV–vis measurements, the concentration of the com-
lexed isoflavones (see the insets of Fig. 4) can be obtained:
R·CyD] = Acd/[θcd], where θc = Acd(plateau)/[d(C − S0)] is the
olar ellipticity of the complex (θc ∼= 90◦ cm−1 M−1 for

en/HP-�-CyD and θc ∼= 350◦ cm−1 M−1 for Daidz/HP-�-
yD). In this case, the integrated area of the spectra minimized
rrors due to the noise of the experimental data. The values
f the binding constants are in good agreement with those

b
t

a

lope of the plots gives the binding constant value of KGen ∼= 19,000 M−1 and

Daidz ∼= 190 M−1 for Gen and Daidz, respectively (the plateau value of ICD of
aidz is different from that for the absorbance because of the different initial

mount of Daidzein).

btained by the UV–vis method (KGen = 19,000 ± 4000 M−1

nd KDaidz = 190 ± 40 M−1).
According to the Kirkwood–Tinoco theory of polarizabilities,

he ICD Cotton positive effect suggests that both isoflavones can
eside inside the cavity which will have the axis of symmetry
arallel to the transition moment axis of chromophores [17,18].
lternatively, a positive ICD can be ascribed to the isoflavones

ocated outside the cavity possessing axis aligned perpendicu-
arly to the drug moment axis [19]. In the case of �-CyD/rutin
omplex [20,21], on the basis of NMR and molecular modelling
esults, the observed positive ICD band suggests that the phenyl
ortion (single ring of molecule) could be included in the cav-
ty. Furthermore, as previously reported [22], the changes of
and-shapes in FTIR-ATR spectroscopy were ascribed to par-
ial inclusion of phenyl moieties of Gen in the CyD cavity.
TIR-ATR (Fourier transform infrared used in attenuated total
eflectance geometry) spectroscopy revealed also differences in
he O H stretching profile, and in particular in the C O, C C,

O C and C O stretching vibrations. Finally, the out-of-plane

ending C H band of the phenyl group disappears by suggesting
hat this portion is hindered in the CyD cavity [22].

Comparison between the bands of the free Gen and CyD,
nd the physical mixture showed different profiles with respect
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o the complex indicating the hindering of the aromatic moiety,
robably, due to a close fit to the cavity.

. Conclusions

A conventional method with new useful measures was
mployed in order to determine accurately the binding constant
f isoflavones/HP-�-CyD inclusion complexes.

The focal points of this investigation were: (i) the absence
f aggregation of host macrocycle in the range of concentration
sed; (ii) the estimation of water solubility of the free substance
y distribution between two immiscible solvents. With this pro-
edure the phase-solubility study by UV–vis and ICD can give
ore reliable results for the binding affinity constant. In addi-

ion the induced band in CD spectra would indicate the inclusion
f isoflavones inside the CyD cavity, confirming the hypoth-
sis previously reported on flavonoid/�-CyD system [20,21].
hese findings can be helpful to compare the physical chemical
eculiarities of systems with their pharmaceutical properties.
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