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a b s t r a c t

Isoflavones are suitable guest molecules for inclusion complex formation with cyclodextrins (CDs). The
molecular encapsulation with CDs results in a solid, molecularly dispersed form and in a significantly
improved aqueous solubility of isoflavones. Genistein, a key isoflavone constituent of Ononidis spinosae
radix was found to form a supramolecular, non-covalent inclusion complex with both �-cyclodextrin (�-
CD) and �-cyclodextrin (�-CD), while it did not form a stable complex with �-CD. The guest genistein
was found to spatially located in the less polar cavity of cyclodextrin. The isolated binary genistein/CD
complexes appeared novel crystalline lattices. The in vitro dissolution of genistein entrapped into both �-
and �-CD, significantly surpassed that of the plain isoflavone.
Genistein
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. Introduction

Isoflavonoids are chemically flavonoids, in which the ring B is
ttached to the C-3 position of ring C. They predominantly occur
n their glycosidic form, as acetyl- or malonyl-glycosides. Best-
nown isoflavonoids are daidzin, genistin, glycytin; their aglycons
re daidzein, genistein, glycytein and another one is biochanin A
Fig. 1).

Isoflavones are considerably widespread constituents of the
edicinal plants. They can be found in Iridaceae, Rosaceae, Moraceae

amilies as well but occur especially in legumes (Fabaceae) and are
enerated largely in root of these herbs (Glycine max, soy bean;
haseolus vulgaris, bean; Medicago sativa, alfalfa; Astragalus, Tri-
olium, clovers; Ononis, restharrows).
Isoflavones such as genistein (5,7,4′-trihydroxyisoflavone) and
aidzein (7,4′-dihydroxyisoflavone) are regarded to be phytoestro-
ens because of their estrogenic activity in certain animal models
1,2].
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Many studies reported about antioxidant activity of isoflavones
3] and their use seems promising in the treatment of post-

enopausal osteoporosis, breast cancer, prostate cancer and
nhibition of platelet activation [4–7].

Isoflavones have rather poor water solubility. For nutraceutical
nd pharmaceutical purposes they need to be solubilized, to pro-
ide sufficient concentration of available monomeric forms of the
lant material.

The molecular interaction of isoflavones and cyclodextrin (CD)
erivatives has already been studied by UV, circular dichroism
nd FTIR spectroscopic methods by Crupi et al. [8] and Stan-
anelli et al. [9]. These studies focused on the molecular inclusion
etween isoflavones and highly soluble, non-aggregating, chemi-
ally modified �-cyclodextrins. Inclusion complex formation was
roven by spectroscopic and solubility methods, and the existence
f 1:1 molar stoichiometry between chemically modified CDs and
soflavones in water was found. The host–guest interactions have

een evidenced by monitoring the FTIR-ATR spectra, the changes

n some guest molecule’s bands relative to those observed in the
pectra of the 1:1 physical mixtures and complexes.

The molecular interaction of 2-hydroxypropyl-�-cyclodextrin
HP-�-CD) with genistein and daidzein was studied in aqueous

http://www.sciencedirect.com/science/journal/07317085
mailto:daruhazia@yahoo.com
dx.doi.org/10.1016/j.jpba.2008.06.007
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Fig. 1. Schematic representation of t

edium by UV–vis and CD techniques. The stoichiometric ratios
f complexes formed and stability constants were determined
y phase-solubility [10]. The reported stability constant values
around 10,000/M) indicated a very strong interaction between
soflavones and cyclodextrin derivatives.

So far, however, no data have been published in the literature on
he inclusion complex formation between isoflavones and native,
hemically non-modified �-, �- and �-CDs.

European Patent Application disclosed the use of cyclodextrins
both native and chemically modified CDs), to mask the bitter taste
f isoflavones when used as healthy food additives [11].

The purpose of this study was to enhance the aqueous sol-
bility, the in vitro dissolution rate and the bioavailability of

soflavone genistein by encapsulation with different commonly
sed well approved native, parent CDs preparing a technically fea-
ible isoflavone formulation for oral administration of the plant
aterial.

. Experimental

.1. Materials

Genistein substance of analytical purity and D2O (99.9%) were
urchased from Sigma–Aldrich.

Cyclodextrins: the �-, �- and �-CDs used for the present study
ere of pharmaceutical grade materials, manufactured by Wacker
hemie, Germany.

All other chemicals and reagents used in this study were of ana-
ytical grade.

.2. Computer modeling studies for visualization of host–guest
tting

Previously published [12,13] X-ray structures of �- and �-CD
CIWMIE10 and BCDEXD03) were downloaded from the database
f Technische Universität Darmstad and were used as an input [14].

All calculations were run on Spartan for Windows ‘06 software
ersion 1.1.1 [Wavefunction Inc. 18401 Von Karman Avenue, Suite
70 Irvine, CA 92612].

The input structure of ligand (genistein) was taken from the
atabase of SPARTAN.
In case of both CDs, explicit water molecules were removed and
issing hydrogen atoms were added. CD and ligand structures were

re-optimized separately using the PM3 semi-empirical method.
A centroid was defined for both CDs as the geometrical cen-

er of alpha-carbonic atoms their sugar units. The structures of

w
h
s

ucture of main isoflavone aglycons.

nput complexes were generated by the superposition and man-
al alignment of genistein’s 4H-pyran-4-on ring to these centroids.
yclodextrins and the inserted genistein were optimized together
sing the PM3 semi-empirical method. Optimizations were com-
leted successfully, the calculations were converged, and there was
o sign of major overlapping between Van der Waals surfaces of the
Ds and the ligand in the output complexes (see Fig. 2).

.3. Phase-solubility studies

The phase-solubility diagrams were registered in deionized
ater at 25 ◦C after a 10-h equilibration time according to Higuchi

nd Connors [15].
The phase-solubility studies were performed by equilibrating

xcess amounts of solid, crystalline genistein in aqueous cyclodex-
rin solutions that contained increasing CD concentrations in a way,
hat always excess, undissolved solid genistein remained in the sol-
bility test systems providing the required equilibrium conditions.

After stirring for 10 h at 25 ◦C the undissolved genistein was
ltered off on a membrane filter of 0.45 �m and the clear, equili-
rated cyclodextrin solutions were assayed for dissolved genistein
oncentration by UV-spectrophotometry.

It was also proved that the presence of �-, �-, and �-CDs had
o effect on the spectrophotometric determination of genistein in
ater.

.4. Preparation of the genistein cyclodextrin complexes

The genistein/CDs complex formulations were prepared by
he wet kneading method [16,17] in ceramic mortars. Calculated
mounts of CDs were wetted with deionized water and kneaded
or 10 min at room temperature. The calculated amount of genis-
ein substance was added into the wetted CD in one single portion
n solid state without using any co-solvents or detergents.

The reaction mixtures were then kneaded intensively for 30 min
ielding a nearly solid dense dough. The resulting material was
llowed to dry at room temperature in air, to constant weight. The
ry complexes were ground to fine powder and sieved.

.5. Methods for characterization of the genistein/cyclodextrin
omplexes
The quantitative determination of genistein in the CD complexes
as carried out by UV-spectrophotometry. Further evidences of
ost–guest interaction was proven by circular dichroism and NMR-
pectroscopy.
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Fig. 2. Cyclodextrin/genistein tight fitting: a host–guest inte

The CDs do not absorb in the 200–800 nm wavelength range
herefore they show no ellipticity (The native CDs could be inves-
igated with ORD spectroscopy only.). Incorporation of an achiral

olecule with measurable chromophore incorporates into the cav-
ty of CD, the chiral molecule can induce intermolecularly circular
ichroism (ICD) [18,19].

The spectra were recorded using a Jasco J720 Spectropolarimeter
sing a 10-mm cylindrical quartz cell was used for �-CD and a 2-
m cell was used for �-CD. The spectra were accumulated six times
ith a bandwidth of 1.0 nm and a scanning step of 0.2 nm at a scan

peed of 50 nm/min.
1H NMR measurements were carried out on a Varian Inova

pectrometer (600 MHz for 1H) equipped with a dual 5-mm
nverse-detection gradient (IDPFG) probehead. All spectra were
ecorded at 30.0 ± 0.1 ◦C and referenced to the residual HDO signal
4.72 ppm). The kneeded solid sample (containing �-CD or �-CD
nd genistein) was dissolved in D2O and shaked at room tempera-
ure for 48 h to achieve the equilibrium. The obtained suspension
as centrifuged and a 0.7-ml supernatant saturated solution was

ntroduced into the NMR tube.
The water content of the binary complexes was determined by

oss on drying method; at 105 ◦C in vacuum, to constant weight in
n open container over phosphorous-pentoxide.

The in vitro dissolution properties of the cyclodextrin-based
enistein formulations were tested and compared under non-sink
onditions in deionized water at 37.0 ◦C, by following the Uekama-
roposed so-called dispersed amount method [20].

Samples were withdrawn from the dissolution medium at dif-
erent time points (5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90 min)
nd the released genistein concentration was determined by UV-
pectrophotometry.

. Investigations and results

.1. Structural considerations of the molecular encapsulation of
enistein with cyclodextrins
The molecular dimensions of isoflavones are approximately
n the 0.5 × 1.5 nm range; showing a good size-wise correlation

ith the geometry of the central cavity of CDs (0.47–0.83 nm).
his is a good precondition for the formation of a tight-fit inclu-

s

t
p
t

n between genistein and �-CD (a and b) or �-CD (c and d).

ion complex between genistein and parent CDs. Based on these
tructural considerations and on the previous encouraging results
btained with the molecular inclusion of ipriflavon (a semisyn-
hetic 7-isopropoxy-isoflavone) by �-CD [21], a systematic work
as initiated to improve some biopharmaceutical properties of

enistein using CDs.
Optimizing the molecular fitting of genistein/�-CD and

enistein/�-CD spatially with semi-empirical PM3 method, it can
e seen that geometrical matching of the two molecules is really
ossible (Fig. 2). On the other hand, it was also indicated by the
omputer modeling study that �-CD will hardly form a well-fitted
ost–guest type complex with genistein.

1H NMR-spectroscopy is the most suitable method for quan-
ification of non-covalent interactions at the molecular level and
onfirms the inclusion [22]. Previous 1H NMR experiments on the
tructurally similar rutin revealed, that the single aromatic ring was
nserted into the CD cavity based on chemical shift differences (�ı)
23]. In our study two-dimensional rotating frame nuclear Over-
auser effect spectroscopy (ROESY) experiments were carried out
o identify the interacting host–genistein moieties. The sufficient
ignal to noise ratio for a typical 2D ROESY experiments was only
chieved in the genistein/�-CD system. A characteristic part of the
D ROESY spectrum is presented in Fig. 3. The expansion of the
pectrum contains intramolecular cross-peaks between the aro-
atic dubletts (7.06 ppm and 7.39 ppm) of the 4-hydroxyphenyl
oiety. The protons at 7.39 ppm show a weak cross-peak between

he singulet of the ring B (7.96 ppm) indicating that the protons
t 7.39 ppm are in the meta-position the others at 7.09 ppm are in
he ortho-position, respectively. From the viewpoint of encapsu-
ation, intermolecular cross-peaks of the 4-hydroxyphenyl dublets

ith the inner CD protons H-5 (at 3.88 ppm) and H-3 (at 3.97 ppm)
re important. The relative cross-peak intensities revealed that the
hole aromatic ring is in the �-CD cavity and the mode of pene-

ration occurred from the wider rim side, similar to our previous
ndings in case of imatinib [24]. A further evidence for this type
f orientation of genistein is a weak cross-peak between the ring B

ingulet (7.96 ppm) and the H-5 proton of �-CD (3.88 ppm).

The encapsulation was also proved by circular dichroism spec-
roscopy. The ICD spectra of the investigated cyclodextrins are
resented in Fig. 4. The induced band in circular dichroism spec-
rum indicates the inclusion of genistein into the cyclodextrin
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The UV-spectrophotometric determination of the genistein
complexes indicated the existence of formulations with around
1:2 mol/mol stoichiometry.
Fig. 3. Representative part of 2D ROESY spectrum showing the intermolecular p

avity. The UV and CD spectra show identical maximum at 262.5 nm
n case of both cyclodextrin, while the intensity of ICD spectrum of
enistein/�-CD complex is higher than that of genistein/�-CD, a
ore stable complex could be supposed in case of genistein/�-CD

ystem.

.2. Results of the phase-solubility study

The results of the solubility isotherms indicated that among the
tudied parent CDs �-CD forms the most stable inclusion complex
ith genistein in water. The slope of the solubility isotherms reg-

stered with �-CD indicated the formation of an inclusion complex
ith considerable stability. The solubility isotherm also showed the

ypical saturation type or Higuchi-Bs shaped curve, which indicates
he formation of inclusion complexes with different molar stoi-
hiometries (co-existence of 1:2, 2:3 mol/mol species) as well as
heir higher aggregates [20].

The solubility enhancement of the isoflavone in water at

mbient temperature was the most pronounced by using �-
D complexing host. This about 9-fold solubility improvement
chieved by �-CD was found reliably reproducible and of practical
ignificance.

ig. 4. Induced circular dichroism and UV spectra of genistein/�-CD (- - -) and
enistein/�-CD (––) complexes.

t

ities between genistein and �-CD (nt = 32, ni = 256, and mixing time = 300 ms).

The complex forming potency of �-CD under identical con-
itions appeared lower than that of the �-CD (see Fig. 5, the
-CD, �-CD and �-CD solubility isotherm graphics). The circular
ichroism spectra of genistein/�-CD and genistein/�-CD complexes
Fig. 4) further confirmed the UV-spectrophotometric results and
lso were in a good agreement with the results reported in Stan-
anelli’s work [10], despite the fact that those results were derived
rom the hydroxypropyl-�-CD-complexes of genistein.

The genistein complexation with �-CD was found, however,
nsignificant, and this experimental observation was in a good
greement with the results of the molecular modeling trials.

.3. Characterization of the composition of binary host guest
omplexes of genistein and cyclodextrins
The theoretical 1:2 guest/host complex refers to a genistein con-
ent of about 10% by weight.

Fig. 5. Solubility isotherms of genistein with �-CD, �-CD and �-CD in water.
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Table 1
Composition of the inclusion complexes of genistein with �-CD and �-CD in a 2:1
host:guest molar stoichiometry, determined by UV-spectrophotometry

Type of genistein complex Genistein content (%) Residual water content (%)

�-CD/kneaded 9.9 ± 0.04 7.5 ± 0.16
�-CD kneaded 10.0 ± 0.10 5.5 ± 0.11
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ig. 6. In vitro dissolution profiles of genistein alone and its 1:2 mol/mol complexes
ith �-CD and �-CD in water.

The compositions of genistein inclusion complexes prepared by
et kneading in the 1:2 molar ratios are listed in Table 1.

.4. In vitro dissolution profile of free- and
yclodextrin-encapsulated genistein

The in vitro dissolution profiles of plain genistein and genistein
ntrapped in �- and �-CD can be seen in Fig. 6.

It is clearly shown that the genistein/�-CD complex provides
he best dissolution rate with a peak concentration of 27 �g/ml,
n contrast to the plain genistein alone (around 3 �g/ml) and the
enistein/�-CD complex, which is just about 13 �g/ml).

The observed difference between the release properties of �-
D and �-CD complexed genistein can be explained with the much
etter wettability characteristics of the �-CD-based genistein bulk
ormulation in water.

. Discussion

Based on the molecular modeling investigations and on the
esults of the phase-solubility studies, a correlation between the
D cavity size and the inclusion of isoflavone genistein was found.
he interaction between genistein and the smallest cavity size �-
D was found to be negligible. It was further supported by the data
f phase-solubility study.

However, both native �- and �-CD were found to form an
nclusion complex with the isoflavone, the real encapsulation was
emonstrated with independent analytical techniques. The ICD
pectrum confirmed the suggested inclusion, and ROESY experi-
ent gave a clear explanation about the interacting moieties. In

ase of genistein, the 4-hydroxyphenyl ring immers from the nar-
ower rim into the �-CD cavity.

The formation of an inclusion complex in aqueous solution has

een proved by circular dichroism spectroscopy. The molecular
ntrapment of genistein with �- and �-CDs was found to lead to
n improved aqueous solubility and enhanced wettability and dis-
olution rate of the otherwise poorly soluble and hardly wettable
ubstance.

[

[

d Biomedical Analysis 48 (2008) 636–640

The rates of dissolution of genistein �- and �-CD complexes dif-
er only in the initial, oversaturated dissolved genistein, observed
n the first 1–10 min of the dissolution test. This oversaturated
enistein concentration will drop after 15–20 min to the level
chieved by �-CD complexed genistein, and will establish an
round 15 �g/ml dissolved genistein in the dissolution medium.
t was assumed that the bulk powder wetting properties of the two
omplexes are different. In order to find out the reason behind this
issolution difference, the wettability of bulk genistein/�-CD and
enistein/�-CD complex powders were compared. It was found that
he contact angle of the �-CD-based formulation was 18.8–20.5◦,
hile the contact angle value for the corresponding �-CD genistein

omplex was between 45.0◦ and 47.8◦.
Based on previous analogies and published results it is expected

hat these in vitro dissolution observations will result in enhanced
enistein transport and absorption in vivo.

The in vitro/in vivo correlation studies are in progress and will
oon be reported as the second part of the present study.
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